
 

UNIVERSIDAD POLITÉCNICA DE MADRID 

ESCUELA TÉCNICA SUPERIOR DE INGENIEROS DE MONTES 

 

 

 

 

 

UNEARTHING THE ROOTS OF DEGRADATION OF Quercus 

pyrenaica COPPICES: AN INTEGRATIVE PERSPECTIVE FROM 

CLONAL STRUCTURE TO CARBON BUDGETS 

 

 

TESIS DOCTORAL  

 

 

ROBERTO LUIS SALOMÓN MORENO 

Ingeniero de Montes 

 

 

 

2015 

  



 

  



 

INVESTIGACIÓN FORESTAL AVANZADA 

ESCUELA TÉCNICA SUPERIOR DE INGENIEROS DE MONTES 

 

 

 

UNEARTHING THE ROOTS OF DEGRADATION OF Quercus 

pyrenaica COPPICES: AN INTEGRATIVE PERSPECTIVE FROM 

CLONAL STRUCTURE TO CARBON BUDGETS 

 

 

 

ROBERTO LUIS SALOMÓN MORENO 

Ingeniero de Montes 

 

 

DIRECTORES: 

 

    LUIS GIL SÁNCHEZ                                          MARÍA VALBUENA CARABAÑA 

Doctor Ingeniero de Montes                                        Doctora en Ciencias Biológicas 

 

2015 

  



 

  



 

Tribunal nombrado por el Mgfco. y Excmo. Sr. Rector de la Universidad Politécnica de Madrid, 

el día.......... de.............................. de 2015 

 

Presidente: .................................................................................................. 

Vocal: ......................................................................................................... 

Vocal: ......................................................................................................... 

Vocal: ......................................................................................................... 

Secretario: .................................................................................................. 

Suplente: .................................................................................................. 

Suplente: .................................................................................................. 

 

Realizado del acto de defensa y lectura de la Tesis el día  ........  de .......................... de 2015 en 

Madrid. 

 

Calificación ………………………………………………… 
 

 

 

 

EL PRESIDENTE                                                                LOS VOCALES 

 

 

EL SECRETARIO 

  



 

 

  



MENCIÓN DE DOCTORADO INTERNACIONAL 

INTERNATIONAL DOCTORATE MENTION 

 

 

Esta Tesis ha sido informada positivamente para su defensa en exposición pública por los 

siguientes investigadores: 

 

This PhD Thesis has been positively evaluated for its defense by the external reviewers: 

 

 

Serge Rambal, Centre d’Ecologie Fonctionnelle et Evolutive (CNRS), Montpellier, France 

 

Kathy Steppe, Laboratory of Plant Ecology, Ghent University, Gante, Bélgica 

 
  



 

 



Contents 

i 

CONTENTS 

ABSTRACT ................................................................................................................................. 1 

RESUMEN ................................................................................................................................... 3 

1. INTRODUCTION AND THESIS OBJECTIVES ............................................................ 5 

1.1. Distribution and ecology of Quercus pyrenaica Willd. ........................................... 5 

1.2. Historical use and current situation of Q. pyrenaica coppices ................................. 8 

1.3. Matas de Valsaín as study case .............................................................................. 10 

1.4. Thesis objectives and hypothesis ........................................................................... 15 

2. CLONAL STRUCTURE INFLUENCES STEM GROWTH IN Quercus pyrenaica 

Willd. COPPICES: BIGGER IS LESS VIGOROUS ............................................................. 19 

Abstract ......................................................................................................................... 19 

2.1. Introduction ............................................................................................................ 20 

2.2. Material and Methods ............................................................................................ 22 

2.2.1. Study area........................................................................................................ 22 

2.2.2. Genetic analysis and clonal assignment .......................................................... 22 

2.2.3. Stool characteristics ........................................................................................ 23 

2.2.4. Stem normal section growth model ................................................................ 24 

2.2.5. Competitive effects ......................................................................................... 26 

2.3. Results .................................................................................................................... 26 

2.3.1. Genetic analysis and stool characteristics ....................................................... 26 

2.3.2. Stem normal section growth model ................................................................ 28 

2.3.3. Competitive effects ......................................................................................... 30 

2.4. Discussion .............................................................................................................. 32 

2.4.1. Genetic analysis and stool characteristics ....................................................... 32 

2.4.2. Stem normal section growth model ................................................................ 33 

2.4.3. Competitive effects ......................................................................................... 35 

2.4.4. Silvicultural implications ................................................................................ 36 

2.4.5. Conclusions ..................................................................................................... 38 



Contents 

ii 

3. XYLEM AND SOIL CO2 FLUXES IN A Quercus pyrenaica Willd. COPPICE: ROOT 

RESPIRATION INCREASES WITH CLONAL SIZE ......................................................... 39 

Abstract ......................................................................................................................... 39 

3.1. Introduction ............................................................................................................ 40 

3.2. Materials and Methods ........................................................................................... 43 

3.2.1. Experimental site ............................................................................................ 43 

3.2.2. Clonal assignment ........................................................................................... 43 

3.2.3. Flux of root-derived CO2 through xylem (FT) ................................................ 44 

3.2.4. Soil CO2 efflux measurements (FS) ................................................................ 46 

3.2.5. Data analysis ................................................................................................... 47 

3.3. Results .................................................................................................................... 49 

3.4. Discussion .............................................................................................................. 53 

3.4.1. FT as a proportional index of root respiration ................................................. 53 

3.4.2. Relationship between FT, FS and clonal structure ........................................... 54 

3.4.3. Conclusions ..................................................................................................... 57 

4. UNEARTHING THE ROOTS OF DEGRADATION OF Quercus pyrenaica Willd. 

COPPICES: A ROOT-TO-SHOOT IMBALANCE CAUSED BY HISTORICAL 

MANAGEMENT? ..................................................................................................................... 59 

Abstract ......................................................................................................................... 59 

4.1. Introduction ............................................................................................................ 60 

4.2. Materials and Methods ........................................................................................... 62 

4.2.1. Experimental site and clonal structure ............................................................ 62 

4.2.2. Aboveground biomass .................................................................................... 62 

4.2.3. Belowground biomass ..................................................................................... 63 

4.2.4. Total non-structural carbohydrates ................................................................. 64 

4.2.5. Root structure and connections ....................................................................... 64 

4.2.6. Root radiocarbon dating .................................................................................. 65 

4.2.7. Data analysis ................................................................................................... 65 

4.3. Results .................................................................................................................... 66 

4.3.1. Aboveground and belowground biomass ........................................................ 66 



Contents 

iii 

4.3.2. Total non-structural carbohydrates ................................................................. 70 

4.3.3. Root structure, connections and age ............................................................... 71 

4.4. Discussion .............................................................................................................. 75 

4.4.1. Root-to-shoot ratios ........................................................................................ 75 

4.4.2. Centennial and connected root systems .......................................................... 77 

4.4.3. Conclusions ..................................................................................................... 80 

5. TEMPORAL AND SPATIAL PATTERNS OF INTERNAL AND EXTERNAL STEM 

CO2 FLUXES IN A SUB-MEDITERRANEAN OAK ........................................................... 81 

Abstract ......................................................................................................................... 81 

5.1. Introduction ............................................................................................................ 82 

5.2. Materials and Methods ........................................................................................... 84 

5.2.1. Experimental plot and set-up .......................................................................... 84 

5.2.2. Climate, diameter increment, and shoot water potential ................................. 85 

5.2.3. CO2 efflux to the atmosphere (EA) .................................................................. 86 

5.2.4. Internal [CO2] and the mass balance approach ............................................... 87 

5.2.5. Data analysis ................................................................................................... 89 

5.3. Results .................................................................................................................... 89 

5.3.1. Climatic conditions, water potential, and stem growth ................................... 89 

5.3.2. Stem CO2 efflux (EA) and daytime depression in EA ...................................... 90 

5.3.3. Internal [CO2] and resistance to radial CO2 diffusion ..................................... 92 

5.3.4. Components of stem respiration by a mass balance approach ........................ 94 

5.4. Discussion .............................................................................................................. 96 

5.4.1. Stem CO2 efflux and daytime depression across the season ........................... 96 

5.4.2. Internal [CO2] and its relationship to EA (resistance to radial CO2 diffusion) 97 

5.4.3. Seasonal dynamics of stem respiration and its contributors ........................... 99 

5.4.4. Conclusions ................................................................................................... 101 

6. LONG-TERM STEM [CO2] AND SAP PH VARIABILITY IN SUB-

MEDITERRANEAN OAK STEMS ...................................................................................... 103 

Abstract ....................................................................................................................... 103 

6.1. Introduction .......................................................................................................... 104 



Contents 

iv 

6.2. Material and Methods .......................................................................................... 106 

6.2.1. Study site and climatic data .......................................................................... 106 

6.2.2. Stem [CO2] and temperature measurements ................................................. 107 

6.2.3. Sap flow measurements ................................................................................ 109 

6.2.4. Tree phenological stages ............................................................................... 109 

6.2.5. Sap pH measurements ................................................................................... 109 

6.2.6. Data analysis ................................................................................................. 110 

6.3. Results .................................................................................................................. 111 

6.3.1. Long-term variations of stem [CO2] ............................................................. 111 

6.3.2. Seasonal and diel pH variations and potential misestimation of sap [CO2] .. 114 

6.3.3 Diel variations of stem [CO2] and dissolved sap [CO2
*] ................................ 115 

6.4. Discussion ............................................................................................................ 117 

6.4.1. Diel and seasonal variability of stem [CO2] .................................................. 117 

6.4.2. Seasonal and diel sap pH variations. Potential misestimation of sap [CO2
*] 118 

6.4.3. Conclusions ................................................................................................... 120 

7. ALTERNATIVE SILVICULTURAL TREATMENTS IN ABANDONED COPPICES: 

ROOT TRENCHING AND STEM GIRDLING. PRELIMINARY RESULTS ................ 121 

Abstract ....................................................................................................................... 121 

7.1. Introduction .......................................................................................................... 122 

7.2. Materials and Methods ......................................................................................... 124 

7.2.1. Study site and clonal assignment .................................................................. 124 

7.2.2. Treatment application ................................................................................... 124 

7.2.3. Total non-structural carbohydrates ............................................................... 124 

7.2.4. Xylem [CO2] measurements ......................................................................... 125 

7.2.5. Leaf and twig traits ....................................................................................... 127 

7.2.6. Data analysis ................................................................................................. 127 

7.3. Results .................................................................................................................. 128 

7.3.1. Non-structural carbohydrates ........................................................................ 128 

7.3.2. Xylem [CO2] ................................................................................................. 129 



Contents 

v 

7.3.3. Leaf and twig traits ....................................................................................... 129 

7.4. Discussion ............................................................................................................ 130 

7.4.1. Root trenching ............................................................................................... 130 

7.4.2. Stem girdling ................................................................................................. 131 

8. GENERAL DISCUSSION .................................................................................................. 133 

8.1. Clonal size influence on physiological performance ........................................... 133 

8.2. Respired CO2 fluxes and carbon budgets ............................................................. 137 

SUPLEMENTARY INFORMATION ................................................................................... 143 

REFERENCES ........................................................................................................................ 149 



 

 



Abbreviations 

vii 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

Abbreviation 

AIC Akaike information criterion 
CO2 Carbon dioxide 
BAF Basal area factor  
CI Competition index 
CSM Competition selection method 
D, dbh Stem diameter at breast height 
DM Dry matter 
DOY Day of the year 
LA:SA Leaf area-to-sapwood area ratio 
LAI Leaf Area Index 
LMC Leaf moisture content 
MLL Multilocus genetic lineage 
NDIR Non-dispersive infrared 
nSSRs Nuclear microsatellite markers 
NSC Non-structural carbohydrates 
PCA Principal component analysis 
Psex Probability to have sexual origin 
MSER Mean square error reduction 
QMD Quadratic mean diameter 
R:S Root-to-Shoot 
RMSE Root mean square error 
SE Standard error 
SG Shoot length growth 
SLA Specific leaf area 
SRBI Stump root biomass indicator 
SWS (Ch.2) Stem number within stool 
SWS (Ch.6) Soil water storage 

 

  



Abbreviations 

viii 
 

 
Symbol Description Unit 
BBR Branch biomass Kg 
BCR Coarse root biomass Kg 
BFL Foliage biomass Kg 
BFR Fine roots biomass Kg 
BST Stem biomass Kg 
BTR Tap root biomass Kg 
[CO2] Gaseous CO2 concentration % 
[CO2

*] Dissolved CO2 concentration mmol CO2 L-1 
Δ[CO2

*] Difference in dissolved CO2 measured above 
and below the stem segment  

mmol CO2 L-1 

ΔD Stem diameter increment cm 10years-1 
ΔG Stem normal section increment cm2 10years-1 
ΔS CO2 storage flux µmol CO2 m-3 s-1  
EA CO2 efflux to atmosphere µmol CO2 m-3 s-1 or  

mol CO2 day-1  
EA(S) EA on a surface basis µmol CO2 m-2 s-1 
EA(V) EA on a volume basis µmol CO2 m-3 s-1 
FH2O Sap flux L day-1 or L s-1, 
FS Soil CO2 efflux μmol s-1 m-2  or 

mol CO2 day-1  
FS-ROOT Root-respired CO2 through soil mmol CO2 stem-1 day-1 

FT (Ch.3) Root-respired CO2 through xylem  mmol CO2 stem-1 day-1 

FT (Ch.5) CO2 flux through xylem  µmol CO2 m-3 s-1 
L Stem water content L m-3 
Q10 Change in rate for a 10ºC change in 

temperature 
- 

RH Heterotrophic respiration in soil μmol CO2 s-1 m-2 
RL Litter respiration μmol CO2 s-1 m-2 
RR Root respiration mmol CO2 stem−1day−1  

mol CO2 clone-1day-1 
RS Stem respiration µmol CO2 m-3 s-1 or 

mol CO2 clone-1 day-1  
T Elapsed time between measurements s 
Tstem Stem temperature ºC 
V Sapwood volume of measured stem segment m3 
   

 



Abstract 

1 

ABSTRACT 

Quercus pyrenaica is a vigorous root-resprouting species intensively and historically 

coppiced for firewood, charcoal and woody pastures. Due to the rural exodus and the 

appearance of new energy sources, coppicing was abandoned towards 1970. Since then, tree 

overaging has resulted in stand stagnation displayed by slow stem growth, branch dieback, and 

scarce acorn production. The urgent need to find new alternative uses for abandoned coppices is 

recognized as one of the biggest challenges which currently faces Mediterranean silviculture; 

conversion into high forest by thinning is one of the preferred alternatives. For this aim, 

thinning has been broadly applied and seldom tested, although without a comprehensive 

understanding of the causes of stand stagnation. In this PhD study, we test the hypothesis of an 

imbalance between above- and below-ground organs, result of long term coppicing, as the 

underlying cause of Q. pyrenaica decay.  

In an experimental plot coppiced since at least the 12th century, genetic analyses were 

performed a priori to elucidate inconspicuous clonal structure of Q. pyrenaica to evaluate how 

clonal size affects the functioning of these multi-stemmed trees. Clonal size negatively affected 

diametric stem growth, whereas root respiration rates, measured by internal fluxes of CO2 

through xylem (FT) and soil CO2 efflux, increased with clonal size. These results suggest root-

to-shoot (R:S) imbalance intensifying with clonal size: periodic removal of aboveground organs 

whilst belowground organs remain undisturbed may have led to massive root systems which 

consume a great proportion of non-structural carbohydrates (NSC) for maintenance respiration, 

thus constraining aboveground performance. Furthermore, excavation of two multi-stemmed 

trees, composed by four and eight stems, revealed R:S ratios (0.5 and 1, respectively) greater 

than those reported for sexually regenerated trees. Moreover, as similarly observed in several 

root-resprouting species, NSC allocation to roots was favored ([NSC] > 20% in spring): a large 

proportion of sapwood maintained throughout the root system (52%) stored a remarkable NSC 

pool of 87 kg in the case of the largest clone. In this root system of the eight-stemmed tree, 248 

root connections were counted and, by radiocarbon dating, its age was estimated to be 550-

years-old. Persistence of massive, old and highly interconnected root systems suggests that 

enhanced belowground NSC storage and consumption reflects a trade-off between vegetative 

resilience and aboveground development. 

For a better understanding of tree carbon budget and the potential role of carbon 

starvation in Q. pyrenaica decay, internal and external stem CO2 fluxes and soil CO2 effluxes 

were monitored to evaluate respiratory costs above- and below-ground. On a seasonal scale, 

stem and root respiration (RS and RR) mirrored sap flow and stem growth dynamics. Respiration 

was determined to the greatest extent by external fluxes of CO2 to the atmosphere or soil, since 

FT accounted for a low proportion of RS and RR (< 10% and < 2%, respectively). On a diel scale, 
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the contribution of FT to RS increased up to 25% at high transpiration rates. Comparatively low 

FT was determined by the low concentration of xylem CO2 registered ([CO2] as low as 0.11%), 

likely as a consequence of constrained xylem respiration and reduced resistance to CO2 radial 

diffusion imposed by summer drought. Xylem [CO2] pulses following first autumn rains support 

this idea. Averaged over the growing season, soil CO2 efflux was the greatest respiratory flux 

(39 mol CO2 day-1), three and four times greater than RS (12 mol CO2 day-1) and RR (8-9 mol 

CO2 day-1), respectively. Ratios of RR/RS below one evidence an additional and important weight 

of aboveground respiration as a tree carbon sink.  

Finally, root trenching and stem girdling were tested as complimentary treatments to 

thinning as a means to improve carbon reserves in stems of clonal trees. Preliminary results 

discouraged root trenching due to the high cost likely incurred for wound closure. Stem girdling 

successfully blocked NSC translocation downward, increasing starch concentrations above the 

girdled zone whilst the root system is fed by non-girdled stems within the clone. Further 

measurements and ancillary data are necessary to verify that this positive effect hold over time. 

To conclude, the need of multidisciplinary approaches for an integrative understanding on 

the functioning of abandoned Q pyrenaica coppices is highlighted for an appropriate 

management of these stands.  
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RESUMEN  

Quercus pyrenaica es una especie rebrotadora de raíz intensa e históricamente 

aprovechada en monte bajo para la obtención de leñas, carbón y pastos. Debido al éxodo rural y 

a la aparición de nuevas fuentes energéticas, este aprovechamiento fue abandonado en la década 

de 1970. Desde entonces, las bajas producciones de madera y bellota y el puntisecado de los 

pies evidencian el generalizado estancamiento de estas masas. Uno de los mayores retos 

actuales de la selvicultura en el ámbito mediterráneo es encontrar usos alternativos para estos 

montes abandonados, siendo la conversión a monte alto una de las alternativas preferidas. Se 

han realizado resalveos de conversión, sin embrago, éstos se aplican sin un conocimiento 

integral de las causas de la degradación. En esta tesis doctoral, estudiamos un hipotético 

desequilibrio entre la parte radical y la parte aérea (R:S) de las cepas de rebollo como causa 

subyacente de su decaimiento. 

En una parcela experimental, aprovechada al menos desde el siglo XII, se realizaron 

análisis genéticos a priori para elucidar la estructura genética del rodal, y así estudiar la 

influencia del tamaño clonal en el funcionamiento de las cepas. Las cepas de mayor tamaño 

presentaron un menor crecimiento diametral de sus pies, así como mayores tasas de respiración 

radical, estimadas a partir de flujos internos de CO2 a través del xilema (FT) y de los flujos de 

CO2 del suelo. Estos resultados sugieren que el desequilibrio R:S aumenta con el tamaño clonal, 

dado que la eliminación periódica de órganos aéreos, al mismo tiempo que las raíces 

permanecen intactas, da lugar a un gran desarrollo del sistema radical que consume gran parte 

de los carbohidratos no estructurales (NSC) en respiración de mantenimiento, comprometiendo 

así el desarrollo de órganos aéreos. Se excavaron y pesaron dos cepas compuestas por cuatro y 

ocho pies, las cuales mostraron ratios R:S (0.5 y 1, respectivamente) superiores a los registrados 

en pies de origen sexual. Al igual que en otras especies rebrotadoras de raíz, se observaron altas 

concentraciones de NSC en las raíces (> 20% en primavera) y una gran proporción de albura en 

el sistema radical (52%) que alberga una notable reserva de NSC (87 kg en la cepa de mayor 

tamaño). En el sistema radical de dicha cepa, estimada mediante dataciones radiocarbónicas en 

550 años de edad, se contaron 248 uniones radicales. La persistencia de sistemas radicales 

grandes, viejos, y altamente interconectados sugiere que la gran cantidad de recursos 

almacenados y consumidos en las raíces compensan un pobre desarrollo aéreo con una alta 

resiliencia vegetativa.  

Para un mejor entendimiento de los balances de carbono y del agotamiento de NSC en las 

cepas de rebollo, se midieron los flujos internos y externos de CO2 en troncos y los flujos de 

CO2 del suelo, y se estimó la respiración de órganos aéreos (RS) y subterráneos (RR). 

Estacionalmente, RS y RR reflejaron las dinámicas de flujo de savia y de crecimiento del tronco, 

y estuvieron determinadas principalmente por los flujos externos de CO2, dada la escasa 
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contribución de FT a RS y RR (< 10% y < 2%, respectivamente). En una escala circadiana, la 

contribución de FT a RS aumentó hasta un 25% en momentos de alta transpiración. Las bajas 

concentraciones de CO2 en el xilema ([CO2] hasta un 0.11%) determinaron comparativamente 

unos bajos FT, probablemente causados por una limitada respiración del xilema y una baja 

resistencia a la difusión radial del CO2 impuestos por la sequía estival. Los pulsos de [CO2] 

observados tras las primeras lluvias de otoño apoyan esta idea. A lo largo del periodo 

vegetativo, el flujo medio de CO2 procedente del suelo (39 mol CO2 day-1) fue el mayor flujo 

respiratorio, tres y cuatro veces superior a RS (12 mol CO2 day-1) y RR (8-9 mol CO2 day-1), 

respectivamente. Ratios RR/RS menores que la unidad evidencian un importante peso de la 

respiración aérea como sumidero de carbono adicional.  

Finalmente, se ensayó el zanjado de raíces y el anillamiento de troncos como tratamientos 

selvícolas alternativos con el objetivo de aumentar las reservas de NSC en los troncos de las 

cepas. Los resultados preliminares desaconsejan el zanjado de raíces por el alto coste derivado 

posiblemente de la cicatrización de las heridas. El anillado de troncos imposibilitó el transporte 

de NSC a las raíces y aumentó la concentración de almidón por encima de la zona anillada, 

mientras que sistema radical se mantiene por los pies no anillados de la cepa. Son necesarias 

más mediciones y datos adicionales para comprobar el mantenimiento de esta respuesta positiva 

a largo plazo. 

Para concluir, destacamos la necesidad de estudios multidisciplinares que permitan una 

comprensión integral de la degradación de los rebollares ibéricos para poder aplicar a posteriori 

una gestión adecuada en estos montes bajos abandonados.  
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1. INTRODUCTION AND THESIS OBJECTIVES 

The latin term repullare refers to the capacity of resprouting. This word is, precisely, the 

origin of one of the widespread common names for Quercus pyrenaica Willd.: “rebollo” 

(Jiménez Sancho et al. 1998). The resprouting ability of this species is the main attribute 

conditioning traditional use and modulating tree physiognomy and physiological performance, 

subjects that will be studied throughout this thesis. 

1.1. Distribution and ecology of Quercus pyrenaica Willd. 

Quercus pyrenaica is currently located in siliceous sub-mediterranean mountains from 

western France to northern Morocco, being the Iberian Peninsula the main core of its 

distribution (Costa et al 2005, Figure 1.1a), where it covers 1,208,768 ha in Spain (DGCN 

2006). In the Iberian Peninsula, the Duero Basin -delineated by the mountain ranges of Sistema 

Central, northern Sistema Ibérico and Cordillera Cantábrica- is the center of the species 

distribution. Its presence beyond the Duero Basin is scattered: to the north (in Galicia), stands of 

Q. pyrenaica are found at the boundaries of the eurosiberian region; to the south, it is mainly 

located in the Montes de Toledo, Sierra Morena and Sierras Béticas; and in eastern Iberia, it is 

found in southern Sistema Ibérico and marginally in southern Catalonia (Figure 1.1b). It is 

commonly distributed at an altitudinal range between 400 and 1,600 m above sea level. 

Notwithstanding, it can be punctually observed at sea level in western France, northern Spain 

and western Portugal, as well as at higher altitudes up to 1,700 m in Sistema Central, and up to 

2,000 m in Sierra Nevada and the Moroccan Rif ridge at southern latitudes.  

 
Figure 1.1 Distribution of Quercus pyrenaica Willd. at world (a) and national (b) scales. Maps elaborated 
by the National Forest Research Center (CIFOR-INIA). 
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Figure 1.2 Photographs and illustration displaying ecological features and traditional uses of Quercus 
pyrenaica. Its marcescent behavior is characterized by the maintenance of withered leaves attached to 
twigs throughout winter, likely to protect buds from frost temperatures and minimize nutrient loss (a). 
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Vigorous root-resprouting after repeated coppicing or thinning events makes impossible clonal 
delineation by nude eye (b). The toponym of the village of “Rebollo” in Segovia allude to former 
vegetation; nowadays, cereal crops in flat areas with fertile soils (c) have confined rebollo oak woodlands 
to steep slopes unsuitable for agriculture (d). Q. pyrenaica is coppiced to provide firewood and charcoal 
(d, e), the main domestic fuels up to the 70´s. Open woodland was other less common use for pastures, 
acorns and related woody products (f). After the abandonment of traditional coppice, stand decay is 
displayed by slow stem growth, high mortality rates, high stem density (in this plot ~ 2,000 stems ha-1) (g) 
and stem top-drying (h).  

Q. pyrenaica shows a transitional character compared to temperate oak species between 

Atlantic and Mediterranean climates evidenced by its tolerance to both drought stress and 

continental temperatures. Its area of distribution is characterized by average temperatures 

varying from -5 to 22 oC at an annual basis, and by an annual rainfall ranging between 650 and 

1,200 mm, with episodes of summer drought characterized by summer rainfall of 100-200 mm. 

Q. pyrenaica is an acidophilus species that commonly grows on siliceous and oligotrophic soils, 

often on humic or eutric cambisols. Notwithstanding, it is able to stand calcareous soils where 

basis-lixiviation occurs tending to neutral soils (Costa et al. 2005; Ruiz de la Torre 2006). Due 

to the widespread distribution of Q. pyrenaica throughout the Iberian geography, high 

heterogeneity on stand structure and co-existing species can be found (Crespo Rodrigo and 

García Quintana 2013). In general terms, Q. pyrenaica stands are characterized by a 

monospecific tree stratum (rarely exceeding 15 m height) with rare presence of Ilex aquifolium, 

Prunus avium, Frangula alnus or Pinus spp. The understory is scarce, except in open gaps, and 

common species are Crataegus monogyna, Cytisus scoparius, Genista florida sspp., Corylus 

avellana, Erica arborea, and Rubus spp. The continuous herbaceous stratum is commonly 

dominated by Arenaria montana, Hyacinthoides non-scripta, Holcus mollis, Melica uniflora, 

Festuca rubra, Luzula forsteri, Luzula sylvatica, and Pteridium aquilinum (Costa et al. 2005). In 

cases of mixed stands, Q. pyrenaica can be observed together with Quercus robur, Fagus 

sylvatica, Betula spp. or Quercus petrea in Atlantic climates, and Q. faginea and Q. ilex. in 

more Mediterranean areas. Additionally, it also grows close to Pinus pinaster throughout its 

entire distribution due to similar ecological requirements (Jiménez Sancho et al. 1998).  

Adaptation to sub-mediterranean climates is displayed by morphological and 

phenological traits. Leaf life span is remarkably short, as bud-burst and leaf expansion occur 

relatively late to avoid late frost (between May and June). Moreover, the marcescent character 

of the species (Figure 1.2a) is likely a strategy to protect buds from unfavorable cold conditions 

by the retention of withered leaves throughout winter. To minimize water loss during summer 

drought, leaf abaxial surface is characterized by dense pilosity, and leaves are relatively leathery 

in adult stages in comparison to deciduous oaks (Costa et al. 2005; Ruiz de la Torre 2006). Q. 

pyrenaica is a vigorous resprouter able to vegetatively regenerate in both juvenile and adult 
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stages (Ximénez de Embún, 1961; Bravo et al., 2008). Furthermore, Q. pyrenaica has the 

remarkable ability to sprout -besides from stump- from the whole root system. Contrarily to 

stump-resprouters, clonal aggregates are inconspicuous (Figure 1.2b), especially after multiple 

cycles of disturbances and resprouting (Valbuena-Carabaña and Gil 2013a; b). The strong 

resprouting behavior of Q. pyrenaica confers an ecological advantage over other tree species to 

cope frequent disturbance regimes, promoting its persistence in areas where other species of 

similar ecological requirements succumb. Moreover, development of horizontal root system 

represents an ecological value to prevent soil erosion in steep slopes (Ruiz de la Torre 2006). 

This remarkable ability to resprout has widely determined Q. pyrenaica intense traditional use. 

1.2. Historical use and current situation of Q. pyrenaica coppices 

Man has profoundly shaped Iberian landscapes during, at least, 4,500 years (Valbuena-

Carabaña et al. 2010; and references therein), extending agricultural and grazing areas at the 

expense of natural forests, usually by fire-mediated changes (e.g. Carrión et al., 2003, 2007). 

Under this general scenario, Q. pyrenaica distribution was progressively confined to mountain 

slopes unsuitable for agriculture (Ruiz de la Torre 2006) (Figure 1.2c, d). Resprouting species 

have been subjected to coppice systems since Ancient times, being coppicing one of the most 

antique and profitable forest use in Europe (Rackham 2003) as it provides continuous output of 

woody products, namely charcoal, firewood and woody pastures, with relatively low 

investments. The strong resprouting behavior of Q. pyrenaica has determined its intense use, so 

that Q.pyrenaica stands are recognized in Spain as the coppice system par excellence (Ximénez 

de Embún 1961), and nowadays, regardless of their current forest structure, very few stands in 

the Iberian Peninsula are sexually regenerated (Ruiz de la Torre 2006; Valbuena-Carabaña and 

Gil 2013b). Stands were subjected to cutting cycles ranging between eight and 13 years, rarely 

exceeding 20 years, mainly for charcoal and firewood (Serrada et al. 1992; Allué 1995; Jiménez 

Sancho et al. 1998) (Figure 1.2d, e); less common, stands were managed as open parklands in 

which few mature trees were kept to provide grazing areas for livestock and pruned for 

firewood and acorns (Ruiz de la Torre 2006; Tárrega et al. 2009) (Figure 1.2f). The appearance 

of fossil fuels and the rural exodus experienced in Spain during the decade of the 70´s reduced 

the need for resources formerly obtained from the forest, contributing to the abandonment of 

coppices. Neglect of ancestral practices ceased traditional cutting cycles, leading to over-aging 

of stems and extremely high densities of resprouts (Figure 1.2g), which bring about important 

management problems including increasing risk of forest fires. General stand decay is displayed 

by slow stem growth, branch dieback (Figure 1.2h), high mortality rates and scarce acorn yield, 

which impedes woodland regeneration and the application of alternative management plans 

(Serrada et al. 1992; Cañellas et al. 2004; Corcuera et al. 2006; Bravo et al. 2008; Serrada and 

Bravo 2012). Therefore, abandonment of Q. pyrenaica use entails ecological, economic and 
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social constrains; and due to the wide distribution and significant ecological value of oak 

coppiced stands, the urgent need to find for them new alternative uses is recognized as one of 

the biggest challenges which currently faces Mediterranean silviculture (Cañellas et al. 2004; 

Montes et al. 2004; Bravo et al. 2008; Adame et al. 2008). 

Conversion into high forests, transformation into open woodlands, reforestation with 

coniferous species (especially Pinus sp.), restoration of coppice systems and no intervention are 

suggested proposals for the current situation of Q. pyrenaica coppices depending on site quality 

and economic resources (Serrada et al. 1993; Cañellas et al. 1996, 2004; Bravo et al. 2008; 

Serrada 2008; Serrada and Bravo 2012). In this scenario, difficulties for the systematization of 

silvicultural practices is highlighted on these abandoned coppices due to their complex 

structural diversity, the large variability of potential uses, the absence of clearly stated 

management objectives and insufficient economic resources (García González 2005, 2007). 

Conversion into high forests by thinning is the preferred alternative, consistently suggested in 

silvicultural handbooks, as supposedly, current problems of degradation would be avoided 

(Serrada et al. 1992; Allué 1995; Bravo et al. 2008; Serrada 2008; Serrada and Bravo 2012). 

Nevertheless, thinning conversion trials have been tested with less frequency (San Miguel, 

1986; Cañellas et al., 1996, 2004; Montes et al., 2004; De Pedro et al., 2009; Lafuente et al., 

2009). Immediate positive effects have been observed after thinning, e.g., reduction of stand 

density and stem competition, enhanced growth of residual trees and fire risk reduction 

(Cañellas et al. 2004; Montes et al. 2004; Lafuente et al. 2009). However, there are scarce 

reports on the thinning effect in seed production, and none of them show any boost in terms of 

acorn yield (San Miguel 1986; Cañellas et al. 1996), a necessary step for sexual recruitment and 

later shift in the regeneration mode that would lead to coppice conversion. No evidence of 

improvement on carbohydrate availability in leaves and twigs after thinning (De Pedro et al. 

2009), would partially explain the lack of response on acorn yield. Therefore, conversion into 

high forest has not been accomplished to date, and the theoretical transitional stage wherein 

only one large stem per clone remains (the so-called “fustal sobre cepa” or ‘‘taillis sous futaie” 

in Spanish and French, respectively) which is often considered as sufficient final stage for these 

stands (García González 2007; Bravo et al. 2008), has neither been attained (Valbuena-

Carabaña and Gil 2014). Alternatively, restoration of traditional coppice systems in sites of low 

productivity (Cañellas et al. 2004) or transformation into open parklands (Tárrega et al. 2009) is 

gaining attention the last years; not only for economic and ecological reasons, but also for the 

social benefit involved in rural re-settlement and development. However, given the current 

economic frame, the low value of woody products hinders the reestablishment of these 

traditional uses (Bravo et al. 2008). 
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This uncertain scenario to guarantee sustainable management plans for Q. pyrenaica 

stands relies on the undetermined causes and underlying mechanisms leading to coppice 

degradation. Conversion into high forest by thinning is repeatedly proposed as the solution for a 

problem whose causes have not been surveyed on detail. However, a comprehensive 

understanding on how Q. pyrenaica degradation takes root is an essential step to successfully 

achieve forest conversion, or any other management alternative; and therefore, a thorough 

diagnosis of the drivers leading to coppice stagnation should be done a priori before proposing 

and establishing any forest policy. Several consequences of long-term coppicing have been 

repeatedly pointed as ultimate causes for stand decay: high stand densities and acute stem 

competition, substrate oligotrophication, carbon starvation of clonal individuals, imbalance 

between root and shoot organs, and low genetic diversity (Serrada et al. 1992, 2011; Cañellas et 

al. 2004; Corcuera et al. 2006; Bravo et al. 2008; Serrada and Bravo 2012). Although the later 

has been recently discarded by genetic studies (Valbuena-Carabaña et al. 2008; Valbuena-

Carabaña and Gil 2013a; b), the contribution of the remaining factors to coppice decay is still 

largely unknown. The main constrain to evaluate stand stagnation relies on the lack of 

knowledge of what constitutes a functional unit in Q. pyrenaica coppices. Historical coppicing 

and vegetative regeneration result in clonal assemblies composed by several stems, likely 

connected by a parental root system, that hinder identification of discrete individuals. Despite 

the capital influence of root dynamics and clonal structure on tree physiological performance 

and stand dynamics among resprouting species (Bellingham and Sparrow 2009; Baret and 

DesRochers 2011; Tanentzap et al. 2012), clonal structure of Q. pyrenaica has been an 

overlooked factor due to difficulties to study belowground organs. Therefore, disentangling 

causes for coppice degradation requires an integrative approach that considers clonal structure 

and physiological performance of above- and below- ground organs. Moreover, in this long 

lasting coppiced species, knowledge of historical records would facilitate an interpretation of 

the past use that led to the current clonal structure, which in turn contribute to stand decay of Q. 

pyrenaica.   

1.3. Matas de Valsaín as study case 

The studies performed in this thesis took place in an experimental plot located at the 

northern slopes of the Guadarrama mountain range, in a public woodland called Matas de 

Valsaín (Segovia) (Figure 1.3a, b). This stand was selected due to its particular context, since 

the proximity of Matas de Valsaín to the Real Sitio de San Ildefonso and the incorporation of 

this forest into the Crown estate, generated abundant information on its historical use and 

management. The surveyed plot of one hectare extension is located at an altitude of 1,140 m, 

and consists on a one-storied regular stand dominated by Q. pyrenaica of 781 stems ha-1 with a 

basal area of 17.64 m2 ha-1 (including four standards larger than 35 cm of diameter at breast 
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height). The last inventory reflects stem size homogeneity within the plot: 82% of stems belong 

to diameter classes of 15 and 20 cm (Delgado 2010). Dendrochronological analysis confirmed a 

unimodal age-cohort structure (Chapter 2) resultant from the last coppicing event, estimated to 

occur in 1967 (see Figure 1.3c, d, e), and two thinnings performed afterwards on unknown 

dates (J. Donés, personal communication). The top canopy height is about 11 m, and the 

understorey is dominated by Cistus laurifoilius L., densely packed in open gaps, with sparse 

presence of Prunus spinosa L., Ramnhus catartica L., Ligustrum vulgare L., Lonicera sp., 

Crataegus monogyna Jacq. and Adenocarpus complicatus (L.) J. Gay.  

 
Figure 1.3 Location of the experimental plot in the Sistema Central of Spain (a) at the northern slopes of 
the Guadarrama mountain range (b). Aerial views from 1956 and 2014 show relatively stable vegetation 
cover over the last 60 years (c, d). The contemporary view displays the over-aged stand grown after the 
last coppicing event. The resulting experimental plot consists on stems of similar diameter ranging 
between 15 and 20 cm at breast height (e). The 1956 image was obtained from the photogrammetric flight 
carried out by the American Map Service of USA. The orthophoto of 2014 was obtained from the PNOA 
flight of the Instituto Geográfico Nacional.  
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Figure 1.4 Illustration of 1760 of Pinares y Matas de Roble de Balsain y Riofrío, where the experimental plot is located in the Mata de Nava el Parayso. Note that the term 
“mata” denotes vegetative origin of the trees (Ximénez de Embún 1961). The treelines of Pinus sylvestris and Quercus pyrenaica are depicted by discrete dark-green stems 
and light-green aggregates of trees, respectively. Note close proximity of the Real Sitio de San Ildefonso to the experimental plot, located 2.1 Km away. The illustration was 
made by an unknown painter with JPF initials (a). Croquis del Monte Valsain of 1874 with clear delineation of the Real Pinar de Valsaín y Riofrío and the different Matas, 
where Navalparaiso is located (Rivero 1874) (b). Both illustrations belong to the Archivo General de Palacio (National Heritage). 
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The study area is characterized by large temperature fluctuations throughout the year with 

mean daily temperatures ranging from -6ºC to 28ºC, annual averages of 10.5ºC, and common 

late frosts episodes until April (Figure 6.2a). Mean annual rainfall is 885 mm, most of it 

occurring between October and May, resulting in summer drought characteristic of 

Mediterranean climates (Figure 6.2b). Edaphic parent materials are granites and gneisses, and 

soil type is humic cambisol with sandy loam texture. For detailed soil chemical and physical 

parameters see Table 2 in Díaz-Pinés et al. (2011). 

Since the Christian conquest of the central sector of the Iberian Peninsula (XI century), 

Valsaín forest was destined for communal use of the inhabitants of the Comunidad de Ciudad y 

Tierra de Segovia. An extract of the 1371 decree redacted under the reign of Enrique II de 

Castilla, by which rural and urban commoners were allowed “to take each week one load of 

candlewood and one of firewood, and the inhabitants of the area to cut oak from such state as 

their need dictate without any penalty whatsoever” illustrates the intense use to which this 

precise stand has been subjected since the Middle Ages (Manuel Valdés and Rojo y Alboreca 

1993; Manuel Valdés 2008). First and few attempts to sustainably manage this forest by the 

ordinances of the XVI century were commonly disobeyed by the inhabitants; and leasing 

contracts became the generalized system of forest use during the early modern period (XVI and 

XVII century), which main purpose was to guarantee enough supply of forest products to the 

Segovian community. By the middle of the XVIII century, before the acquisition by the Crown 

(1761) of the Valsaín forest, the studied area was already known by the term “matas” (Figure 

1.4a), denoting the resprouting nature of the stand and its traditional use (Ximénez de Embún 

1961). The purpose of Carlos III by incorporating Pinares y Matas de Roble de Balsain y 

Riofrío into his estate was to avoid forest decay caused by uncontrolled exploitation ensuring 

supply of firewood to the Real Fábrica de Cristal and the Real Sitio de San Ildefonso. Over one 

hundred years later, between the disentailment process of Crown estates (1870) and the 

restitution of the forest to the Crown (1877), the constitution of the first committee to manage 

Valsaín forest (1872) led to detailed documentation on forest delineation, inventory and 

management proposals (e.g. Figure 1.4b). The first management plan “Memoria de la 

Ordenación de las Reales Matas de Valsaín” was written on 1882, and cutting cycles of 13 

years were suggested (Rivero 1882). However, there is no evidence that these recommendations 

were followed, and coppicing was abandoned approximately on 1970 leading to the over-aged 

stand nowadays surveyed. 

Clonal structure, i.e., the composition and distribution of clonal aggregates (stools) in the 

experimental plot was previously known by means of genetic studies performed in the research 

group I belong to. Seven nuclear microsatellites developed for Quercus species were scored and 

screened to assign stem clonal identity; and clonal membership was assigned by GeneClone 
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software (Arnaud-Haond and Belkhir 2007). Detailed methods and partial results can be found 

in (Valbuena-Carabaña and Gil 2013a; b). In the whole hectare experimental plot, an overall of 

545 stems were genotyped in a hierarchical way to assess clonal delimitation throughout the 

plot (un-genotyped stems located among stems sharing the same genotype were deducted to 

belong to the same clone). A total of 153 different genotypes were found among sampled stems, 

indicating that the contribution of asexual reproduction (vegetative regeneration) was above 

80% [(781-153)/781]. Substantial variability in clonal size was observed, in terms of both clonal 

extension (up to 155 m2) and number of stems within clones (up to 34). Clonal expansion did 

not follow any regular pattern varying from round-regular shapes to elongated ones (Figure 

1.5). Given the heterogenic clonal structure with such different shapes and sizes of clones, this 

experimental plot is a proper place to assess the underlying working hypothesis of this thesis 

which focuses on the relationship between the clonal structure and the physiological functioning 

of Q. pyrenaica trees.  

 
Figure 1.5 Clonal structure of the experimental plot of Quercus pyrenaica Willd. located in Valsaín. 
Stems with the same genotype (depicted by points of the same color) belong to the same clone 
constituting a multi-stemmed tree (depicted by enclosing polygon). Of the 781 stems, 153 different 
genotypes were found in the plot, 110 of them aggregated on multi-stemmed trees, and 43 of them were 
unique genotypes. Largest clone was constituted by 34 stems and covered an area of 155 m2. 
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1.4. Thesis objectives and hypothesis 

The main objective of this thesis is to determine the influence of clonal structure on the 

physiological performance of Q. pyrenaica trees. As long-term coppicing entails periodic 

removal of aerial tree organs whereas root systems remain unaffected, we hypothesized massive 

development of root systems, leading to a root-to-shoot imbalance that constrains aboveground 

growth due to disproportionate investment in root maintenance (Figure 1.6). Consequently, 

since stems connected by roots may functionally behave as common units rather than discrete 

individuals (Fraser et al. 2006; Tarroux and DesRochers 2011; Baret and DesRochers 2011), we 

predicted strong influence of clonal size on stem growth, root respiration rates, root-to-shoot 

ratios of biomass and carbohydrate pools of Q. pyrenaica trees. To provide further support to 

this hypothesis, root connections, root age and maintenance of root functionality were assessed 

on two excavated clonal trees. 

 
Figure 1.6 Schematic recreation of the root-to-shoot imbalance hypothesis. One tree sexually regenerated 
(a) is coppiced (continuous arrow) resulting in four root-suckers (b). After a given time span (dashed 
arrow), suckers reach the desired size (c) and are coppiced again. After periodical coppicing performed 
for centuries, trees might be constituted by several stems connected by a common and massive root 
system (d) that would consume a large portion of carbohydrates synthesized aboveground to satisfy the 
respiration demand belowground. 
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Moreover, to better understand physiological performance, especially carbon budgets and 

the potential role of carbon starvation (Bravo et al. 2008; McDowell et al. 2008; Landhäusser 

and Lieffers 2011) in relation to stem decay and clonal structure in Q. pyrenaica, CO2 fluxes 

derived from respiration processes were studied at different temporal and spatial scales. Since 

carbohydrate pools of root-resprouting species, mainly stored in belowground woody tissues 

(Bell and Ojeda 1999; Verdaguer and Ojeda 2002; Zhu, Xiang, et al. 2012), may incur a penalty 

in terms of carbon loss (Landhäusser and Lieffers 2002; Drake et al. 2009), we investigated 

maintenance associated costs on root and stem respiration. For this goal, internal and external 

stem CO2 fluxes (Teskey et al., 2008; see Figure 1.7), as well as soil CO2 effluxes were 

monitored. Internal flux of CO2 at the base of the stem is of particular interest in this research, 

since it may be an indicator of root respiration activity (Teskey and McGuire 2007), subject of 

capital relevance on the hypothetical root-to-shoot imbalance of Q. pyrenaica coppices. 

 
Figure 1.7 Tree stems release carbon dioxide (CO2) through bark. Part of the CO2 measured in an 
external point of the stem, for example using a portable infra-red gas analyzer system (A), comes from the 
respiration of the living cells beneath. However, part of the CO2 recorded at that point can come from the 
roots or even the soil transported in the transpiration stream (B). Moreover, the CO2 respired locally does 
not fully or immediately diffuse to the atmosphere. Several physicochemical barriers limit CO2 radial 
diffusion, such as the cambium, phloem and bark, and make CO2 accumulates in the xylem (C), where it 
can dissolve in the sap and move upwards (D) or be re-assimilated through non-photosynthetic and 
photosynthetic (E) reactions. Figure from Rodríguez-Calcerrada et al. (2015). 
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Finally, alternative silvicultural treatments were tested with the ultimate goal of 

proposing additional management tools that could improve the current situation of abandoned 

coppices. Due to the multi-stemmed architecture of Q. pyrenaica, its response to classical 

silvicultural practices such as thinning might differ from that expected for non-clonal 

individuals (Tarroux et al. 2010). Tested treatments consider the clonal structure of the species 

and consisted on root trenching and stem girdling. We expected an improvement of the carbon 

status aboveground by reducing carbon expenditures belowground. Uniquely preliminary results 

will be shown due to the long-term response to silvicultural treatments relative to the limited 

time span of this thesis.  

To summarize, general and specific objectives of this thesis are: 

1.- Determine the influence of clonal structure on the physiological performance of Q. 

pyrenaica: 

1.1- Influence of clonal structure on stem growth (Chapter 2). 

1.2 - Influence of clonal structure on root respiration (Chapter 3). 

1.3 - Influence of clonal structure on root-to-shoot ratios of biomass, 

carbohydrate pools and root systems (Chapter 4). 

2.- Assess CO2 fluxes derived from respiration to investigate carbon budgets in Q. 

pyrenaica): 

2.1- Model temporal and spatial variations of external and internal stem CO2 

fluxes (Chapter 5) 

2.2- Study long-term variations on xylem CO2 concentrations (Chapter 6) 

3.- Test alternative silvicultural treatments considering the clonal structure of the species 

(Chapter 7). 
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Figure 1.8 General (in circles) and specific (in squares) objectives of this thesis. 
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2. CLONAL STRUCTURE INFLUENCES STEM GROWTH IN 
Quercus pyrenaica Willd. COPPICES: BIGGER IS LESS VIGOROUS 

Roberto Salomón, María Valbuena-Carabaña, Luis Gil, Inés González-Doncel  

Forest Ecology and Management (2013) 296:108-118 

Abstract 

Quercus pyrenaica Willd. had been historically subjected to intense coppice management 

in order to supply firewood, charcoal and cattle forage. Due to the emergence of new energy 

sources and rural exodus, more than 1,200,000 hectares of coppice stands in Spain have been 

abandoned since 1970. Stand degradation, stem top drying, low production, scarce acorn yield 

and absence of sexual regeneration are major problems of these coppices. The need to establish 

new uses by conversion to high forest has been widely recognized and several attempts by 

thinning have been tested. We suggest that through a shift in the scale of species knowledge, 

from stand to clonal individual level, we can achieve a better understanding of Q. pyrenaica 

dynamics for the purpose of applying more effective silvicultural methods. Our objective in this 

study was to evaluate the effect of individual stool (clonal clump) characteristics influencing 

stem growth. We performed genetic analyses to assess clonal membership in a one-hectare plot, 

and 145 stems belonging to 15 different stools were sampled to model individual stem section 

growth, considering both stem and clonal stool variables. Principal component and cluster 

analyses were performed to analyze variability among stools. Results revealed that initial stem 

diameter explained most of the variability in stem growth (R2
adj = 61.3%). However, the 

inclusion of clonal stool variables and clonal membership as a qualitative variable improved 

every modeling performance criterion, reducing mean square error 11 and 25%, respectively. 

Stems belonging to large biomass stools (determined by large spatial extent, high number of 

stems within stool, and a high value of a stump root biomass indicator) had lower growth 

potential than those belonging to small biomass stools. Based on these results, we suggest that 

root aging (enlarged root biomass) leads to a root/shoot imbalance increase, which consumes, 

through root respiration, a great proportion of the resources supplied by photosynthesis, thus 

limiting stem growth. This work attempts to highlight the importance of multidisciplinary 

perspectives to successfully face management challenges in these forests. 
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2.1. Introduction 

Radical changes in the use and management of Mediterranean forest areas have occurred 

in Spain since the 7th decade of the last century. Significant rural exodus has contributed to a 

profound socio-economic transformation, altering traditional rural activities and prompting 

substantial changes in Spanish landscapes. The appearance of new products in the market 

reduced the need for resources formerly obtained from the forest and contributed to the 

abandonment of ancestral practices; particularly, the coppicing of Quercus sp. for charcoal and 

firewood. Cessation of logging activities lengthened traditional cutting cycles, leading to over-

aging of stems in most coppices and causing stand stagnation (Serrada et al. 1992; Corcuera et 

al. 2006). Currently, oak coppices show severe ecological, economic and social constraints. 

High tree densities raise fire risk and generalized stand decay, evidenced by stem top drying and 

poor stem growth, limits alternative productive uses (Serrada et al. 1992; Cañellas et al. 2004; 

Montes et al. 2004). In this general framework, the current state of Quercus pyrenaica Willd. in 

Spanish forests raises major concerns due to the wide distribution of the species in the Iberian 

Peninsula and its significant ecological value. 

Quercus pyrenaica is often a major component of the landscape in siliceous sub-

Mediterranean mountains from south-western France to northern Morocco (Costa et al. 2005). 

The species presents a high resprouting capability, mainly from the whole root system. This trait 

gives it an ecologically important advantage over other tree species after environmental 

disturbances and determined the success of intense coppice management to which the species 

has traditionally been subjected. Historically, natural populations were reduced to coppice 

stands on sub-Mediterranean steep slopes largely unsuited for agriculture (Ruiz de la Torre 

2006). Over the centuries, these coppices provided firewood, charcoal, woody forage for 

livestock and other valuable products such as tannins (Ximénez de Embún 1961). 

Currently, Q. pyrenaica covers 1,208,768 ha in Spain in which at least 43% has coppice 

structure (DGCN 2006). Regarding stand origin, this percentage is likely much larger since this 

classification is not based on reproductive mode (vegetative vs. sexual), but on stand structure 

(stem size). Thus, most of the former coppices are currently classified as high forests although 

the mode of reproduction has not shifted in these stands. Paradoxically, a change in the mode of 

reproduction from asexual resprouting to sexual regeneration is the pursued aim (and the 

required condition) for forest conversion, but the scarcity of acorn production in these coppice 

systems limits sexual regeneration. The generalized lack of sexual reproduction is thought to be 

a consequence of the assumed low genetic diversity, in addition to the low forest structure. 

Vegetative reproduction through centuries is believed to have resulted in a strong clonal 

structure wherein clonal clumps (stools) are composed of numerous stems widely distributed 

and spread across the landscape. However, there is scant literature providing evidence for these 



Chapter 2 

21 

views, which are commonly accepted by the forestry community and were recently compiled in 

a handbook of applied silviculture for Spain (Bravo et al. 2008; and references therein). The 

genetic analyses published on Q. pyrenaica coppices to date showed that there were high levels 

of genetic variability, high densities of genotypes and little clonal expansion (Valbuena-

Carabaña et al. 2008; Valbuena-Carabaña and Gil 2013b). 

The significant surface occupied by Q. pyrenaica, 5.7% of the Spanish forest area, 

highlights the need to increase scientific understanding of changing stand dynamics of these 

abandoned coppices. The urgent need to discover new uses and guarantee sustainable 

management for Q. pyrenaica stands has been widely recognized as one of the biggest 

challenges in Spanish forestry research (Adame et al. 2008). Conversion of these coppices to 

high forest is an accepted recommendation on the bases of productivity (timber, firewood and 

herbaceous forage) and environmental services such as water management, landscape value, 

carbon sequestration and recreation (Serrada et al. 1992; Cañellas et al. 2004; Bravo et al. 

2008). A few attempts at conversion by thinning at different intensities have been tested in order 

to evaluate effects on growth, stand structure and acorn production. Individual tree diameter, 

biomass, current growth, as well as improvement of stand structure were shown to be stimulated 

by thinning (Cañellas et al. 2004; Montes et al. 2004); similar results were found for the other 

main coppiced Iberian species, Quercus ilex L. (Ducrey and Toth 1992; Mayor and Roda 1993) 

and Quercus faginea Lam. (Montes et al. 2004). However, in the case of Q. pyrenaica, no 

response was found for height growth, stand basal area, stand biomass (Cañellas et al. 2004), 

nor acorn yield (San Miguel 1986; Cañellas et al. 1996). 

At the present time, the tested silvicultural treatments are not advanced enough to indicate 

a change in this degradation trend. To address changes in management needs related to the 

recent shift in the importance of the species, from the productive perspective of coppices to the 

ecological and conservational values of high forests (Habitats Directive 43/92/EC; Habitat 

9230), a shift in the scale of species knowledge, from stand to clonal individual level, may be 

useful. As a result of continual root sprouting in these coppices, Q. pyrenaica forms 

inconspicuous clonal aggregates that are an obstacle to forest conversion (Valbuena-Carabaña et 

al. 2008) in contrast to other coppiced species that typically sprout only from stumps. Therefore, 

the theoretical transitional stage required to maintain maximal genetic diversity during the 

conversion processes (wherein only one standard per clone remains, so-called in French “taillis 

sous futaie”), is seriously impeded. Conversely, for stump-sprouting species, the distinguishable 

clonal limits allow the evaluation of individual-related determinants for coppice management 

(e.g., Dey and Jensen 2002; Espelta et al. 2003; Gracia and Retana 2004). In Q. pyrenaica, 

selective thinning has been applied without knowledge of stand clonal structure (i.e., number of 

stools, number of stems per stool, extension and distribution of stools within stand, etc). We 



Chapter 2 

22 

hypothesize that clonal structure could influence individual stem growth, conditioning any 

attempt to coppice conversion by selective thinning. Additionally, clonal stool aging (i.e., stool 

stagnation and degradation) along with unknown features of root system anatomy and 

physiology may condition the response of Q. pyrenaica to any silvicultural treatment such as 

thinning.  

In this framework, more knowledge of the ecological, physiological and genetic factors 

modulating the natural regeneration processes of coppice systems is needed. Answers to pivotal 

questions regarding clonal composition, competitive effects within and among stools, and clonal 

growth history remain unexplored, and should help to successfully achieve the sought-after 

conversion of Q. pyrenaica coppices into high forest. The present work aims to assess the effect 

of clonal structure on single stem section growth to assist in application of suitable silvicultural 

treatments. With this purpose, we performed genetic analyses by nuclear microsatellite markers 

(nSSRs) to assess clonal membership of the stems in a coppice stand in order to develop a stem 

normal section growth model taking into account both individual stem and stool variables. 

2.2. Material and Methods 

2.2.1. Study area 

This study was conducted in the Guadarrama mountain range in central Spain, in a public 

woodland called “Matas de Valsaín” located in Segovia province at an altitude of 1,140 m. 

Stand site annual rainfall is 885 mm, average temperature is 10.5 °C and soil type is humic 

cambisol. The forest has been historically managed as coppice with standards since at least the 

XIIth century, when community inhabitants used Valsaín forest for pastures, firewood and 

timber (Manuel Valdés and Rojo y Alboreca 1993). Traditional management in the stand was 

abandoned ca. 1970, when the last cut was performed, leaving several standards. The surveyed 

plot covers one hectare of a one-storied pure stand of Quercus pyrenaica consisting of 781 

stems (basal area 17.64 m2 ha-1). Diameter distribution reflects stem size homogeneity: 82% of 

stems in the plot belong to diameter classes of 15 and 20 cm (see Chapter 1 for further details). 

2.2.2. Genetic analysis and clonal assignment 

A total of 781 stems and 480 stumps in the plot were geo-referenced using a total station 

(TOPCOM GPT-3005N). Stem diameter at breast height (dbh) and stump diameter at root collar 

were measured. Leaves were collected in summer 2009 from every stem for genetic analyses, 

which was made in a hierarchical manner by gradually increasing sampling density. Overall, 

analysis by DNA markers of 541 stems was needed to delimit clonal stools, with stems 

surrounded by others bearing the same genotype considered as belonging to the same clone. 
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After collection, leaves were stored in Silica Gel 3-6 mm with indicator QP (Panreac) 

until total dehydration. The total genomic DNA was isolated from dry leaves using Invitek kit 

(Invisorb® Spin Plant Mini Kit). Seven nuclear microsatellites developed for Quercus species 

(QpZAG9, QpZAG36, QpZAG110, MSQ4, MSQ13, QrZAG11 and QrZAG39) were scored 

and screened to assign stem clonal identity. PCR was performed in a Perkin-Elmer GeneAmp 

PCR system 9700 thermal cycler and electrophoresis and scoring of fragments was performed 

on a 4300 Li-Cor automated DNA sequencer (Li-Cor Biosciences, Lincoln, NE, USA) using 

conditions described in Valbuena-Carabaña et al. (2007). 

Clonal membership was assigned by GeneClone software (Arnaud-Haond and Belkhir 

2007), based on the probability of occurrence of a given multilocus genotype at the observed 

frequency in the sample, and on the likelihood that all identical replicates were actually clones. 

The occurrence of scoring errors was ruled out by PCR re-amplification and repeated 

electrophoresis; in cases where differences in one allele of the 14 examined persisted, 

somaclonal variation was inferred. We considered those stems to belong to the same multilocus 

genetic lineage (MLL = clonal stool). Clonal stools were defined as polygons whose stems had 

identical or almost identical genotypes (MLL) including un-genotyped stems and stumps 

located among them. Finally, a 50 cm buffer was applied to estimate stool root extension using 

ArcGIS 9.3 software. 

2.2.3. Stool characteristics 

Above ground clonal variables, such as stool surface area, number of stems within the 

stool (SWS) and stem quadratic mean diameter (QMD) were considered for modeling. 

Additionally, due to technical and economical constrains hindering the direct inspection of 

below ground features, several proxies for root biomass were tested: a stump root biomass 

indicator (SRBI), obtained by multiplying stump number within the stool by its stump QMD2, 

was selected. Statgraphics Centurion XV software (StatPoint, Inc.) was used for all statistical 

analyses. Principal component analysis (PCA) was performed to explore the intercorrelation 

among stool characteristics and reduce them to one or more explanatory axes. Variables were 

standardized to prevent bias. Number of components selection criteria was minimum eigenvalue 

of one. 

Cluster analysis was conducted to group stools according to stool features described by 

the performed PCA. A single-linkage grouping method was applied to standardized variables 

using square Euclidean distance. 
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2.2.4. Stem normal section growth model 

Of the 781 stems in the plot, 145 belonging to 15 different stools identified by the genetic 

analyses were used to model stem normal section growth (Figure 2.1). 

 
Figure 2.1 Map of experimental plot in Q. pyrenaica coppice in Matas de Valsain, Spain. Sampled stools, 
stems, stumps, standards and outlier in the model are depicted. Stems are represented proportionally to 
dbh. 

Two wood cores in perpendicular directions were extracted from all stems included in the 

sample. Stems were bored at breast height with a Pressler increment borer (Haglöf CO300, 

Sweden) to age them and quantify annual diameter and normal section increment. Wood cores 

were dried at room temperature, sanded and scanned at high resolution (600 dots per inch). 

Rings widths were measured from pith to bark using scaled images with ArcGIS 9.3 software. 

Stem radius, radial increment and normal section increment for each stem were calculated as the 

average of values from both wood cores. In cores with missing pith, which is common in 
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asymmetric stems (Adame et al. 2008), the number and width of missing rings was assumed 

equal to the other available core; in the case of injuries, presence of reaction wood, and other 

aberrant features, the core was discarded and only one core was used for that stem. 

The growth period of the previous 10 years was considered to avoid climatic effects. 

Stem normal section increment (ΔG = G2-G1), stem normal section increment rate (ΔGrate =  

ΔG/G1), dbh increment (ΔD = D2-D1), diameter growth rate (ΔDrate = ΔD/D1), and the natural 

logarithm of each were tested as dependent variables. The constant value 1 was added to each 

growth observation before making the logarithm transformation to obtain normally distributed 

residuals with constant variance (Hökkä et al. 1997; Adame et al. 2008). All explanatory 

variables were considered at the beginning of the growing period. Independent variables were 

structured hierarchically in two levels: 

(i) Single stem variables: dbh, D (cm); dbh2, D2 (cm2); age (years); and dbh/age 

(cm/years). Natural logarithmic transformations were performed. 

(ii) Stool variables: Stool surface, SWS, QMD, and SRBI in their reduced form provided 

by two uncorrelated axes after the previously described PCA. 

To quantify variation in stem normal section increment explained by data at the stool 

level, growth models were fitted in two steps: (i) linear regressions including solely single stem 

variables, and (ii) linear regressions adding stool variables, and a mixed linear model including 

each MLL as a qualitative variable captured by creating dummy variables for each stool. 

Models were fitted by ordinary least squares. To evaluate the performance of the model 

predictions, absolute bias, root mean square error (RMSE), and the adjusted coefficient of 

determination (R2
adj) were estimated. To satisfy modeling hypotheses, linearity and 

homoscedasticy were tested by studentized residual plots analysis, normality of residuals was 

analyzed by Kolmogorov-Smirnov test, and multicollinearity was detected by variance inflation 

factors (VIF) with accepted values up to 2. Values of studentized residuals greater than 3 were 

considered as outliers that were not discarded from the sample, but were located on the map to 

shed light on the causes for anomalous growth. 

To test the significance of including clonal membership information in addition to single 

stems variable, mean square error reduction (MSER) was calculated using the following 

expression: 

1001
1

2










MSE
MSEMSER

 

where MSE2 is the mean square error of the extended model and MSE1 is the mean square 

error of the previous model (Biging and Dobbertin 1992, 1995; Corral Rivas et al. 2005). 
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2.2.5. Competitive effects 

Competition indices (CI) were not included in the growth models because CI were 

algorithms calculated uniquely from tree dbh (as neither tree crown nor height information was 

available), and therefore, CI were highly correlated with dbh, violating the requirement of 

independence of variables for regressions. Additionally, dbh was unknown for most of the 

competitor trees at the beginning of the growing period since only subject trees were bored. 

Consequently, sampling to assess competitive effects was reduced to 65 stems whose 

competitors were bored in a fixed radius of 9 m. 

A factorial design was employed to evaluate competitive effects on stem growth. The 

coefficient of determination (R2
adj) for linear simple regressions was calculated and compared 

considering (i) different CI, (ii) different competitor selection methods (CSM), and (iii) 

different stem weighting based on whether the competitor tree belonged to the same stool as the 

subject tree. 

Six CI were selected due to their wide use in tree competition studies. Two are distance-

independent (Wykoff et al. 1982; Daniels et al. 1986) and four are distance-dependent (Hegyi 

1974; Alemdag 1978; Martin and Ek 1984; Biging and Dobbertin 1995) (equations to calculate 

CI in Table S.1 in Supplementary Information). CSM considered as competitors all trees 

included within a circle of fixed radius surrounding the subject tree (Hegyi 1974) or all trees 

included in variable radii weighted by their dimensions (Daniels 1976). Fixed radii of 3, 5, 7 

and 9 m, and variable radii using the Bitterlich method (Bitterlich 1952) with basal area factors 

(BAF) of 4, 3, 2 and 1 m2 ha-1 were tested. 

In order to elucidate if stems of the same clonal stool exert greater competition on subject 

tree than stems of different stools, a weighting procedure was tested. Normal section of 

competitors within stool were weighted by several coefficients (1.2, 1.4, 1.6, 1.8 and 2), while 

stems belonging to different stools were not weighted. Therefore, if R2
adj increases as weighting 

values do, within-stool competition would be increasingly greater than among-stool 

competence. Natural logarithmic transformations were also tested. 

2.3. Results 

2.3.1. Genetic analysis and stool characteristics  

High levels of polymorphism found in Valsaín lead to low probabilities of finding the 

same genotype in more than one stem by chance. Therefore, clonal assignments were made 

without ambiguity. In all cases, stems with the same MLL were contiguously distributed in the 

space, supporting the clonal origins of these stems. Of the 541 stems analyzed by nSSRs (of the 

781 stems present in the plot), 146 different genotypes were found. Therefore, contribution of 
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clonal reproduction was above 80% (146 lineages over 781 stems). Moreover, there was an 

important variability in stool size, both in the number of stems per stool (from 1 to 34) and the 

surface they occupied (from unique genotypes to ~130m2). 

The 15 stools sampled for modeling were located in the centre of the plot; stool extension 

and shape are displayed in Figure 2.1. Table 2.1 shows stool characteristics of the surveyed 

sample. Remarkably, QMD is the only homogenous feature among stools: 11.47 ± 2.03 cm. 

Stool extensions ranged between ~6 and 130 m2, and SWS ranged between 3 and 30. 

Therefore, high variability in extension, SWS and, additionally, in SRBI occurred, for which 

means and standard deviations were of the same order. 

Table 2.1 Summary statistics of the features of 15 clonal stools and the 145 bored stems. 

  Mean S.D. Min-Max 

Stool variables 

Stool surface (m2) 38.88 37.38 5.78-130.43 
Stem number within stool (SWS) 9.66 8.50 3-30 
Quadratic mean diameter (QMD, cm) 11.47 2.03 8.60-15.76 
Stump Root Biomass Indicator (SRBI, m2) 0.15 0.14 0.0-0.42 

Stem variables 
D (cm) 10.96 2.97 4.80-24.63 
Age (rings BH) 31.58 5.42 23-76 
ΔG(cm2/10years) 33.69 20.42 4.60-108.93 

Variables described at the beginning of the 10 years of the modeled growing period.  

Principal component analysis showed that two axes explained 92% of the variation 

gathered by stool characteristics. Axis I explained 66% of variation and was determined by stool 

extension, SWS and SRBI with similar loads. Axis II explained 26% and was mainly 

determined by QMD (Table 2.2). 

Table 2.2 Principal Component Analysis of stool characteristics and component loads. 

 Axis I Axis II 

Principal Component Analysis 
Eigenvalue 2.65 1.02 
Variance percentage (%) 66.21 25.53 

Component loads 

Stool surface 0.6084 0.0023 
Stems within stool (SWS) 0.5741 -0.0924 
Quadratic mean diameter (QMD) -0.0366 0.9827 
Stump Root biomass indicator (SRBI) 0.5468 0.1603 

 

Cluster analysis regarding stool features distinguished four different groups of stools, 

considering square Euclidean distance threshold of 2.5. Figure 2.2 shows the outcome of the 

PCA wherein clustering of stools is also depicted. The first group (G1) consisted of eight stools 

characterized by little extension and low values of SWS and SRBI (Axis I negative values) 

regardless of QMD (Axis II). The second group (G2) consisted of five stools of large extension 

and SWS, and low QMD. Two remaining groups consisted of a unique stool each: G3 was 
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distinguished by its large extension (~130 m2) and SWS (30 stems), whereas G4 differed from 

G2 due to its higher SRBI and larger QMD among large extension stools. 

 
Figure 2.2 Bigraphic of principal component analysis and stool clustering. 

2.3.2. Stem normal section growth model 

The summary of stem variables used for stem normal section modeling is shown in Table 

2.1. Stem diameter and age at breast height was quite homogeneous (10.96 ± 2.97 cm and 31.59 

± 5.42 years, respectively) at the beginning of the growing period. It is noteworthy that the 

presence of two standards of 68 and 76 years influenced the age variable; if those standards are 

omitted from the sample, age was 31.02 ± 2.50 years. 

The logarithm of stem normal section increment (ln(ΔG+1)) was chosen as the dependent 

variable since absolute bias, RMSE, and R2
adj performed better than with any other form of 

section growth. Models were constructed using all combinations of independent variables. Any 

variable whose associated parameter was not statistically significant at α = 0.05 was eliminated. 

Four models were selected based on their statistical properties and biological relevance to 

illustrate how stem normal section growth was explained by single stem variables (1a, 1b) and 

also by clonal stool characteristics (2a, 2b): 

ln(ΔGij+1)=β0+β1ln(Dij)      (1a)  

ln(ΔGij+1)=β0+β1ln(Dij)+β2Ageij    (1b)  

ln(ΔGij+1)=β0+β1ln(Dij)+β2Ageij+β3PC1j+β4PC2j  (2a)  

ln(ΔGij+1)=β0+β1ln(Dij)+β2Ageij+ βkMLLj   (2b) 
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where ΔGij =stem normal section increment at breast height (cm2 10years-1) at observation 

i in stool j; Dij = diameter at breast height (cm); Ageij = years at breast height; PC1j = principal 

component I in stool j; PC2j = principal component II in stool j; MLLj = stool qualitative 

parameter specific to the observation taken in the j clonal stool. 

Estimated coefficients, fit statistics and MSER for the models obtained are shown in 

Table 2.3. Most of the variability in sectional stem growth was explained by dbh (model 1a; 

R2
adj = 61.3%, p < 0.001). Including age (model 1b), and additionally, the PCs (model 2a) or the 

MLL (model 2b) variables, progressively improved every performance criterion (R2
adj, Bias and 

RMSE), and hence, mean square error was reduced in each model. When clonal stool 

characteristics were considered (model 2a), MSER was above 11%. Additionally, when dummy 

variables for each distinct stool (MLL) were included (model 2b), MSER was above 25% and 

the model had the best performance statistics (R2
adj = 73.07%, p < 0.001). 

Table 2.3 Model coefficients, performance criterion, and mean square error reductiona (MSER). 

 
 

 Models considering  
stem variables 

 Models considering both  
stem and stool variables 

   (1a) (1b)  (2a) (2b) 

Coefficient 
estimators 

β0  -0.9013 -0.7691  -0.3478  
β1  1.8130 2.0434  1.9463  2.0661 
β2   -0.0215  -0.0248 -0.0296 
β3     -0.0614  
β4     0.1255  
β k      -0.8023 – 0b 

Performance  
criterion 

R2
adj  0.6134 0.6395  0.6797 0.7307 

Bias  0.2989 0.2823  0.2663 0.2346 
RMSE  0.3686 0.3559  0.3355 0.3076 

MSER   6.73%  11.18% 25.30% 

Italic type indicates statistical significance (p< 0.5)                                                                                        
a MSER values are referred to model (1b), except MSER of model (1b) which is referred to model (1a).     
b βk has 15 different values since the stool qualitative variable is captured by creating dummy variables 
for each stool. The range of coefficients for dummy variables is shown. 

Coefficient signs and values remained stable in the four models. Diameter and age 

variables were highly significant at p ≤ 0.001 in every model. Nevertheless, the age variable was 

statistically significant due to the presence of standards in the sample; if standards were 

excluded from the model, age was discarded due to variable homogeneity, but the remaining 

estimated coefficients, fit statistics and MSER in models 2a and 2b were similar to those in 

Table 2.3 (data not shown). Regardless, the age variable was included in the model due to its 

statistical and biological significance. 
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With respect to stool variables, stool extension, SWS and SRBI (PC1), were negatively 

correlated with ΔG (p < 0.01), whereas QMD (PC2) was positively correlated with ΔG (p < 

0.01) (Table 2.3). Consequently, positive values of PC1 (stools G2 and G3) predicted lower 

stem normal section increment (Figures 2.2, 2.3). On the contrary, stools characterized by 

negative values of PC1 (stools G1) had greater stem normal section growth. Remarkably, stool 

G4, which had positive values of PC1 but also high values of PC2, presented high stem normal 

section growth. 

 
Figure 2.3 Normal section increment [ln(ΔG+1)] means and 95% least significant difference intervals for 
each stool (Multilocus Lineage, MLL). 

2.3.3. Competitive effects 

Table 2.4 shows R2
adj values for simple regressions between ln(ΔG+1) and various CI, 

considering different CSM and stem weighting according to clonal membership. Due to the 

factorial design of the regressions, three observations can be extracted from these results. 

 (i) In general terms, distance-independent CI (CI1 and CI2) performed better than 

distance-dependent CI. Competition indices that better explained stem normal section growth 

were in descending order CI1, CI3, CI2, CI4, CI5 and CI6. Considering a fixed radius of 9 m, the 

first three CI regressions surpassed R2
adj of 50%, CI4 attained R2

adj above 40%, whereas CI5 and 

CI6 R2
adj attained 30%. 

 (ii) The best competitor selection method was the least restrictive. In most cases, when 

radii increased, either fixed or variable, R2
adj increased. In general, fixed radius performed better 

than variable radii. 

(iii) There was no indication of greater within-stool than among-stool competition. 

Increased weighting of competitor trees within stools generally caused lower R2
adj values. 
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Table 2.4 R2
adj values for simple regressions between stem normal section increment and surveyed competition indices, considering different competitor selection methods 

and stem weighting depending on clonal structure. The highest R2
adj values for each CI are in bold type. 

   ln(CI1)  CI2  ln(CI3) 

Fixed radius (m) 

3  .408 .412 .413 .414 .414 .414  .173 .170 .168 .166 .165 .164  .197 .195 .208 .205 .203 .201 
5  .464 .465 .462 .456 .449 .442  .293 .283 .275 .268 .262 .257  .324 .308 .299 .290 .282 .276 
7  .533 .531 .523 .510 .496 .481  .453 .422 .396 .375 .358 .343  .477 .445 .396 .376 .359 .345 
9  .559 .560 .552 .540 .526 .511  .537 .515 .492 .470 .450 .432  .542 .515 .485 .463 .444 .427 

Variable radii BAF 
(m2/ha) 

4  .423 .429 .433 .435 .437 .438  .133 .133 .134 .134 .133 .133  .150 .149 .198 .197 .195 .194 
3  .471 .477 .481 .483 .484 .484  .102 .104 .106 .107 .108 .109  .147 .147 .176 .175 .174 .173 
2  .581 .578 .566 .551 .534 .517  .325 .306 .290 .276 .264 .254  .384 .356 .321 .305 .292 .282 
1  .593 .590 .578 .563 .545 .527  .459 .430 .404 .382 .364 .348  .469 .435 .393 .373 .357 .344 

   CI4  ln(CI5)  CI6 

Fixed radius (m) 

3  .087 .085 .084 .083 .083 .082  .088 .104 .116 .124 .131 .135  .004 .006 .009 .011 .013 .014 
5  .166 .160 .155 .152 .148 .145  .093 .120 .140 .155 .166 .174  .048 .050 .052 .053 .054 .055 
7  .303 .285 .270 .259 .249 .240  .228 .261 .279 .287 .292 .294  .191 .189 .187 .186 .185 .184 
9  .419 .399 .382 .367 .354 .343  .257 .297 .317 .328 .334 .337  .295 .288 .282 .277 .272 .269 

Variable radii BAF 
(m2/ha) 

4  .078 .077 .076 .075 .074 .074  .153 .157 .159 .158 .157 .155  .003 .005 .008 .010 .012 .013 
3  .059 .058 .058 .057 .057 .057  .148 .153 .156 .157 .157 .156  .006 .009 .011 .014 .016 .017 
2  .166 .157 .151 .145 .141 .137  .162 .191 .213 .229 .241 .251  .046 .048 .050 .052 .053 .054 
1  .253 .239 .228 .219 .211 .205  .159 .195 .221 .242 .257 .269  .110 .112 .113 .115 .116 .117 

Weighting 
coefficient 

 
1.0 1.2 1.4 1.6 1.8 2.0 

 
1.0 1.2 1.4 1.6 1.8 2.0 

 
1.0 1.2 1.4 1.6 1.8 2.0 
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2.4. Discussion 

For the first time, it has been shown that clonal structure influences stem growth in Q. 

pyrenaica coppice stands. Results showed that the inclusion of clonal stool variables in stem 

normal section modeling improved the performance of the predictions. The outcome of this 

work highlights the importance of multidisciplinary perspectives to successfully face the 

challenges of managing conversion and land use changes that are taking place in Mediterranean 

ecosystems. 

2.4.1. Genetic analysis and stool characteristics 

Of the 781 stems within the one-hectare plot, 146 different genotypes were found, 

indicating the substantial influence of clonal regeneration in this stand (above 80%). High 

heterogeneity in stool extension, number of stems per stool, and stool shape was found, in 

accordance with other genetic studies performed in Q. pyrenaica coppice (Valbuena-Carabaña 

and Gil 2013b). Such heterogeneity suggests large temporal differences in stool recruitment 

within stands. Moreover, comparisons of different coppices reveal high heterogeneity in clonal 

structure among stands. For instance, in La Dehesilla of Montejo, a coppice stand located ~50 

km from Valsaín with more than 6.660 stems/ha, about 877genotypes/ha were found (six-fold 

greater than Valsaín genotypes), resulting in clonal propagation of ~14% (Valbuena-Carabaña et 

al. 2008). Thus, more coppice systems should be analyzed to obtain general conclusions 

concerning clonal structure and genetic diversity in Q. pyrenaica forests. 

PCA showed that nearly 92% of variance in stool variables can be reduced to two 

explanatory axes. On one hand, PC1 explained 66% of this variance and it was determined with 

similar loads by stool extension, SWS and SRBI. These variables reflecting stool biomass could 

be related to stool age; large extension stools composed of numerous stems and large amount of 

root biomass are likely older than smaller stools. Since older stools have been coppiced more 

times, they may have developed a massive root system from which numerous stems grow, 

accumulating large quantities of underground biomass. However, although several researchers 

have used the area covered by a clone as a proxy for clone age, this assumption must be made 

with caution (Ally et al. 2008). On the other hand, PC2 explained 26% of stool feature 

variability and it was determined mainly by QMD. Since all the stools were cut in the same 

period and thus stems are even-aged, PC2 might indicate the presence of standards within the 

stool or stool vigor for stem growth. The biological relevance of PCs will be further discussed in 

the following section (2.4.2). 
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2.4.2. Stem normal section growth model  

Most of the variability in stem normal section growth was determined by initial size of 

the stem (R2
adj=61.3%). Larger stems had greater growth potential than smaller ones, agreeing 

with previous results obtained in coppice stands of Q. pyrenaica (Cañellas et al. 2004; Adame et 

al. 2008). However, the negative age coefficient predicts slower stem growth with age. The 

decline in latewood production, leading to deterioration of hydraulic conductivity properties, 

has been suggested as the cause for growth reduction in over-aged stems in abandoned coppices 

of Q. pyrenaica (Corcuera et al. 2006). The skewed unimodal shape of the current growth curve 

is typical of tree growth dynamics. Similar results were shown in a Q. pyrenaica diameter 

growth model: dbh2 behaved in a similar manner (negative coefficient), suggesting it was a 

surrogate for age (Adame et al. 2008). Accordingly, in our model, dbh2 behaved similar to age 

although its performance was worse (data not shown).  

In the present work, although stem normal section increment was determined to the 

greatest degree by single stem variables rather than clonal variables, every performance criteria 

improved when genetic data was considered. This is the first evidence suggesting that stem 

growth potential in coppiced Q. pyrenaica stands is conditioned by clonal structure, i.e. the 

membership of stems in clonal stools. When stool characteristics and stool as a qualitative 

variable were included in the model, MSER reached 11 and 25%, respectively (Table 2.3). 

Therefore, particular stool characteristics determining stem growth potential within the same 

plot can be partially explained by variables measured in the field and summarized in PC1 and 

PC2 (model 2a). Notwithstanding, when stool as a qualitative variable was considered (model 

2b) instead of PCs, MSER further increased 14 points. Thus, unknown stool features explain the 

significant improvement of our model efficiency. These features might be related to: (i) the 

unexplored root complex and its balance with the aerial system, (ii) genetic differences, (iii) 

resource availability due to competitive effects, and (iv) particular micro-site quality 

differences. In the same way, the inclusion of a plot random parameter in a multi-stand diameter 

growth study of Q. pyrenaica greatly improved the fixed model (efficiency rose from 17.5 to 

44.4%), suggesting that causes for variability among plots were differences in silvicultural 

treatments, past incidents such as fires, soil attributes or climatic annual characteristics (Adame 

et al. 2008). 

PC1 had a significant influence on stem growth (Table 2.3). The negative coefficient of 

PC1 indicates that stool biomass (which might be a surrogate for stool age) led to low stem 

growth, suggesting stool stagnation. Senescence of coppice stands as a possible explanation for 

low productivity has already been suggested for coppiced Quercus species such as Q. ilex in 

Southern France (Cartan-Son et al. 1992), and Quercus alba L., Quercus coccinea Muenchh. 

and Quercus velutina Lam. in eastern North America (Dey and Jensen 2002). It is plausible that 
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after coppicing, shoot removal lead to partial root die off in old stools and some stems are not 

connected anymore. However, hydraulic excavation of root systems of Populus tremuloides 

showed that parent roots connected to dead trees stumps remain functional and alive for up to 

70 years (A. DesRochers and Lieffers 2001). The abundant formation of root grafts and the 

persistence of original root connections increased interconnection among stems leading to large 

clonal individuals and suggesting that stool stagnation might be explained by the large amount 

of living tissues in the root systems of old stools which required considerable amounts of 

carbohydrates for maintenance respiration processes, thus reducing growth efficiency (Annie 

DesRochers and Lieffers 2001; Landhäusser and Lieffers 2002). Accordingly, our results 

suggest that a large root system (continuously growing) in disequilibrium with the aerial system 

(periodically removed) may act as a burden for the stool, since these roots will have a large 

respiratory demand that cannot be compensated by the insufficient production of photosynthates 

(Corcuera et al. 2006; Bravo et al. 2008). Although it has been shown that root non-structural 

carbohydrate pool is directly related to resprouting ability and vigor of coppiced Quercus 

(Kabeya et al. 2003; Zhu, Xiang, et al. 2012), after an initial resprouting stage, there might be a 

threshold in which large root capable of allocating important reserve pools, (previously 

necessary for vigorous resprouting), became a burden for stem growth due to resources 

consumption. Furthermore, because root grafting has been observed in Q. pyrenaica (Sevilla 

2008), a functional root connection between different clones could accentuate this hypothetical 

root/shoot imbalance, since genetically different stools could behave physiologically as a unique 

stool.  

PC2 was significantly related to stem growth and it was determined by QMD within the 

stool (Table 2.2). The positive relationship indicates that stools with larger stems at the 

beginning of the growing period have greater growth potential. It is worth noting that the 

presence of standards within the stool in the cases of clones ”b” and “o” (Figures 2.1, 2.2 and 

2.3) determined the high values of PC2. When these stools were discarded from the sample, 

PC2 lost statistical significance, and therefore, the role of QMD in growth potential might be a 

consequence of the presence of standards, suggesting that the expanded crowns of standards in 

the stools could provide enhanced resource availability. Nevertheless, the presence of only two 

data points hinders any attempt to establish the role of standards within stools, which could be 

discussed by studying symmetric and asymmetric competition effects (Weiner 1990; Dolezal et 

al. 2009) in larger samples. In this regard, the assessment of carbon source-sink relationships 

between aerial and root systems may be crucial for understanding stool stagnation and 

senescence processes in Q. pyrenaica coppices. Dissimilar carbohydrate source-sink ratios 

among stools in terms of resources concentration might be responsible for the observed stem 

growth differences. 
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Additionally, nine trees bearing unique genotypes (UGs) were sampled in the present 

study but were not included in the models due to the imprecision of calculating their stool 

variable values (model 2a) and the pitfall of creating a qualitative variable for each stool when 

group size is one (model 2b). It is not possible to accurately elucidate root extension with a 

unique point, and possible root connections with surrounding stumps could not be assessed. In 

any case, considering the stool surface of UGs as a 0.5 m radius circle and SRBI as zero, when 

including UGs in model (2a) every performance criterion (R2
adj, Bias and RMSE) was 

improved, and MSER increased approximately one point (data not shown). The same growth 

pattern discussed here (a small stool consisting of a unique stem having greater growth 

potential) together with a sample increment, might explain this observation. Accordingly, if 

stool features are not considered (model 1b), results revealed that the observed growth of UGs 

was greater than predicted in 8 of 9 UGs. Growth behavior of UGs did not differ remarkably 

from stems belonging to clonal clumps since 8 of 9 observed growth results were included in 

prediction intervals (data not shown). In accordance with the hypothesis suggested here 

regarding stool growth and senescence, sexually originated trees might have much greater 

growth potential than clonal sprouted stems since disproportional root system aging may not 

have occurred. In this light, we suggest that the sampled UGs were the sole remaining stems of 

coppiced stools and the slightly higher growth they exhibited was due to higher resource 

concentration. Unfortunately, the sexual or vegetative origin of Q. pyrenaica stems in coppice 

forests cannot be ascertained with accuracy. Nevertheless, growth models of trees having known 

sexual origin (high forest never submitted to coppice activities) may help elucidate the origin of 

trees bearing UGs. 

Regarding the only outlier found in the model (Figure 2.1), its great growth may result 

from its particular emplacement conditions, since the closest stem was located more than 3.6 m 

away, thus the development of its crown was enhanced by reduced competition effects. 

However, 12 stumps were found in 4 m radius (an uncommonly high number), suggesting a 

large amount of respiring root tissues that could inhibit the growth of this outlier. In this 

particular case, reduced competition effects and large crown extension seem to determine stem 

growth potential to a greater extent. 

2.4.3. Competitive effects 

Large clonal sizes have been shown to lead to greater growth differences and shading 

among stems, which stimulates intra-clone competition in some woody species including oaks 

(Peterson and Jones 1997; Dolezal et al. 2009). This general idea has been commonly adopted 

by Spanish foresters, who suggest that in coppice stands within-stool competition is greater than 

among-stool competition (Bravo et al. 2008). However, to our knowledge, there are no studies 

that address this question in Q. pyrenaica stands. 
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In the present study, we tried to demonstrate this assertation by applying diameter 

weighting depending on stool membership prior to the calculation of the six different CI with 

eight different CSM. No evidence for greater within-stool than among-stool competition was 

found, suggesting that any stem could exert the same competitive influence independent of its 

clonal membership. This can only be explained by considering that competition does not depend 

on root distribution and hence clonal structure, although putative generalized root grafting 

among different stools could also contribute to explain the lack of effect of clonal membership 

in competitive processes. In any case, this fact suggests that these stems compete for above 

ground resources more than for below ground resources. One-sided or asymmetric competition 

occurs when larger trees have a disproportionate competitive advantage over smaller ones. This 

usually happens for resources such as light. On the contrary, two sided or symmetric 

competition occurs when all trees impose some competition on their neighbors regardless of 

their size (Weiner 1990). Similar to our results, Adame et al. (2008) found that one-sided 

competition explained more variability in stem growth than two sided competition, suggesting 

that in dense coppice stands, light competition may have greater influence than below-ground 

competition. 

2.4.4. Silvicultural implications 

Conversion of coppice stands of Q. pyrenaica into high forest is a commonly accepted 

management alternative to recover degraded stands (Serrada et al. 1992; Bravo et al. 2008). To 

achieve this aim, the tested silvicultural practice since the abandonment of coppicing activities 

consists of thinning at different intensities (Cañellas et al. 1996, 2004; Montes et al. 2004). 

Although individual tree growth and stand structure improvement have been observed (Cañellas 

et al. 2004; Montes et al. 2004), an acorn yield increment necessary for sexual regeneration, 

which is a greater impediment to forest conversion, has not been achieved (San Miguel 1986; 

Cañellas et al. 1996; Bravo et al. 2008). 

Several studies performed in oak coppice stands highlight the benefits of thinning due to 

growth improvement of standards (Ducrey and Toth 1992; Mayor and Roda 1993; Cañellas et 

al. 2004). However, thinning should be performed with caution in coppiced forests of Q. 

pyrenaica since inconspicuous clonal aggregates impede the determination of genetic structure, 

resulting in the removal of genotypes and the reduction of genetic diversity. In the particular 

case of this study, where 146 genotypes per hectare have been found, the disappearance of 

genotypes caused by thinning would exacerbate the already-low amount of distinct genotypes. 

Furthermore, the heterogeneity in stool extension and number of stems per stool observed 

suggests even greater risk of genetic diversity reduction after thinning. Unique genotypes as 

well as small stools composed of few stems would more likely be removed than large biomass 

stools composed of several stems. According to our results, small-biomass stools are precisely 
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those with greater growth potential. These stools suggest recruitment in a later stage, and hence 

in a less advanced state of senescence due to root aging. Therefore, it seems advisable that 

younger genotypes should remain for the purpose of forest conversion. Conversely, the putative 

valuable genetic background of extended stools, which may have reached several hundreds 

years old, should not be overlooked when selecting seed source trees. In this regard, stems 

belonging to large biomass stools would remain with higher probability after thinning. These 

standards would grow at lower densities, and light availability should improve individual tree 

growth as well as crown development; nevertheless, disequilibrium between aerial and root 

system (source and sink) would be increased since a lower number of stems at a large distance 

apart would be connected by the former root system. 

In light of these results, we suggest that root resource consumption and its disequilibrium 

with photosynthate production have major relevance regarding previous unsuccessful attempts 

at forest conversion. This hypothesis has been previously suggested (Corcuera et al. 2006; 

Bravo et al. 2008), but to our knowledge, this is the first study wherein stool extension was 

estimated by molecular techniques and related to the root/shoot imbalance. 

Coppiced forests of Q. pyrenaica currently occupy more than 1,200,000 ha in the Iberian 

Peninsula. We suggest that prior to the establishment of any silvicultural practices for forest 

conversion, an integral perspective should be considered. Several factors, such as genetic 

structure, root dynamics, and clonal physiology (root/shoot imbalance), should be examined to 

better understand the current degradation of these forests with the ultimate purpose of applying 

efficient silvicultural treatments for their conversion to productive ecosystems. 

Additionally, we suggest that thinning could be applied together with enhancing practices 

that might be tested such as root system reduction. Standards could be isolated from that part of 

the unbalanced consuming root system that could be acting to restrict stem growth, flowering, 

and fruiting. A similar idea was proposed by Bravo et al. (2008) and authors cited therein, but it 

has never been executed. Root isolation treatment should be applied to large stems with greater 

growth and crown expansion potential to enhance flowering and fruiting within the stand. To 

further this line of research, some stems within the Valsaín plot have been trenched. Responses 

over the next years will be analyzed. 

Finally, it is important to acknowledge the alternative to forest conversion. The re-

establishment and improvement of traditional coppice management in some stands should not 

be rejected (Cañellas et al. 2004; Bravo et al. 2008), not only for economic purposes such as the 

emerging biomass industry, but for additional socioeconomic and environmental values that 

could be achieved by rural re-settlement and employment, such as reduction of the rural exodus, 

maintenance of cultural and historical practices, and reduction of fire risk by brush clearing and 

dead wood removal. 
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2.4.5. Conclusions 

Here we have shown that clonal structure influences stem growth in Q. pyrenaica 

coppices, i.e., every single stool had particular characteristics affecting section growth of its 

stems. Results revealed that stems belonging to large biomass stools (determined by large 

extension, high number of stems within stool and high values of a stump root biomass indicator) 

had lower growth potential than those belonging to small biomass stools. Notwithstanding, there 

was also an unexplained difference in stem growth among clones that may be related to the 

unexplored stool root system, genetic vigor, and particular micro-site quality differences. 

We suggest that root aging (increasing root biomass), due to coppice management to 

which the species has been traditionally subjected, leads to disequilibrium between root and 

aerial systems. Consequently, root respiration consumes a great proportion of the resources 

produced aboveground by photosynthesic processes, thereby diminishing stem growth, 

flowering, and fruiting. 

Further research, not limited to thinning, is needed for a better understanding of Q. 

pyrenaica dynamics in order to apply a more efficient silviculture. Studies of root respiration, 

stand genetic structure, and root anatomy and dynamics will contribute to provide an integral 

perspective to manage the land use changes taking place in these forests. 
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Willd. COPPICE: ROOT RESPIRATION INCREASES WITH 
CLONAL SIZE 
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Doug Aubrey, MaryAnne McGuire, Robert Teskey, Luis Gil, Inés González-Doncel 
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Abstract 

Our understanding of root respiration is limited, particularly in root-resprouting species 

with many stems and a large system of interconnected roots resulting from long-term coppicing. 

We tested the hypothesis that clone size influences the internal flux of CO2 dissolved in xylem 

sap (FT) from roots into the stem and soil CO2 efflux (FS) as indicators of root respiration. We 

predicted that large clones would exhibit higher FT per stem and FS than small clones due to 

larger root system per stem in large clones. Genetic analyses were performed to elucidate clonal 

grouping. FT was measured continuously for 100 days in 16 similar-sized stems of Quercus 

pyrenaica belonging to two large and two small clones. FS was measured in 20 clones of 

varying size. FT per stem and FS were higher in large clones. FT was 2% of the root-respired 

CO2 that diffused through soil to the atmosphere. Relative to other studies the contribution of FT 

to root respiration was very low, pointing to large differences depending on species or site. 

Higher stem FT and FS in large clones compared with small clones suggest greater carbon 

consumption by roots in large clones, pointing to a root/shoot biomass and physiological 

imbalance resulting from long-term coppicing that would partially explain the degradation of 

currently-abandoned stands of Q. pyrenaica. 
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3.1. Introduction 

Resprouting woody species are distributed worldwide among tropical, temperate, and 

Mediterranean forests. Resprouting is the dominant regeneration strategy in areas of low 

productivity or frequent disturbances (Del Tredici 2001; Bond and Midgley 2001; Bellingham 

and Sparrow 2009), such as Mediterranean landscapes where natural and anthropogenic 

perturbations have historically shaped vegetation and modes of ecosystem regeneration (see 

refernces in Valbuena-Carabaña et al. 2010). Although resprouting constitutes an important 

mechanism of natural ecosystem regeneration (Dietze and Clark 2008), in the general frame of 

plant ecology, the study of vegetative regeneration has been frequently disregarded in favor of 

sexual recruitment (Del Tredici 2001; Bond and Midgley 2001; Dietze and Clark 2008). In 

ecophysiological studies, trees have been traditionally considered as discrete individuals 

regenerating from seeds. Nevertheless, recent studies challenge this assumption as the processes 

of root grafting and resprouting can result in trees with multiple stems that share resources and 

function physiologically as a unit (Fraser et al. 2006; Tarroux et al. 2010; Baret and DesRochers 

2011). Technical difficulties in the study of belowground structures have limited our 

understanding of root system dynamics, their relationships with aboveground structures, and 

their implications for ecosystem regeneration in clonal resprouting species. 

Root respiration (RR, list of acronyms presented in Table 2.1)  is an important component 

of the carbon budget of trees (Ryan et al. 2004) and contributes to soil CO2 efflux (FS) (Hanson 

et al. 2000; Rey et al. 2002; Tang and Baldocchi 2005), which constitutes the largest contributor 

to total ecosystem respiration (Reichstein et al. 2002; Guidolotti et al. 2013). RR can be fueled 

by either recently assimilated (Högberg et al. 2001) or stored carbon (Aubrey et al. 2012). The 

non-structural carbohydrate pool is particularly important for root growth and maintenance in 

resprouting species. In fact, non-structural carbohydrate pools stored in root systems of 

resprouters are directly related to resprouting ability and initial growth (Drake et al. 2009; Zhu, 

Xiang, et al. 2012) and have been shown to be much larger in resprouters than in nonsprouting 

species (Bond and Midgley 2001; and references therein). A greater amount of parenchyma and 

more carbohydrate storage may lead to higher maintenance respiration costs in root systems of 

vegetatively regenerated trees relative to sexually originated ones. In coppiced stands, periodic 

removal of all or part of aboveground biomass – while underground biomass remains preserved 

–  initiates an imbalance in root/shoot biomass that may persist over time (A. DesRochers and 

Lieffers 2001; Landhäusser and Lieffers 2002; Corcuera et al. 2006; Bravo et al. 2008; Drake et 

al. 2009). Since fine-root shedding likely occurs after coppicing in relation to lower 

transpiration needs, persistence of coarse roots would contribute to a greater extent to this 

disequilibrium. Assuming clonal size as a proxy of clonal age (Steinger et al. 1996; Wesche et 

al. 2005), older and larger clones subjected to more coppicing events would be constrained by a 
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larger imbalance. For instance, the root biomass left after a stem is felled in a clonal tree can be 

partially maintained by connected stems for several years, as has been shown in Populus 

tremuloides (A. DesRochers and Lieffers 2001; Jelínková et al. 2009). Therefore, an increasing 

disequilibrium may arise over time if the foliage that develops after repeated coppicing barely 

compensates for the disproportionately large amount of carbon consumed by the intact coarse 

root system (Iwasa and Kubo 1997; Landhäusser and Lieffers 2002). The general stagnation in 

growth observed worldwide in many overaged coppices after abandonment could be related to 

the high demand for carbohydrates by the root system, which draws resources from above-

ground tree parts that would otherwise be used for stem growth and seed yield. This might be 

the case of Quercus pyrenaica Willd., a marcescent, root-resprouting species distributed in 

siliceous sub-Mediterranean mountain ranges over south-western France, the Iberian Peninsula 

and northern Morocco. Woodlands of Q. pyrenaica have been historically subject to short turns 

(7-15 years) of coppicing to obtain charcoal, firewood, and woody pastures. Currently, most of 

these coppices are abandoned due to the general rural exodus and the transition away from 

wood as a primary energy source that has occurred since the middle of the 20th century. 

Repeated coppicing of these woodlands likely produced large clonal assemblies within stands 

(Valbuena-Carabaña and Gil 2013b). The resulting large root-to-shoot ratio due to heavy 

coppicing may cause an unbalanced respiratory demand for carbohydrates in the root system 

which could contribute to the current degraded state of many Q. pyrenaica stands as evidenced 

by low productivity, high mortality rates, stem top drying, and scarce acorn yield (Cañellas et al. 

2004; Bravo et al. 2008). 

Table 3.1 Acronym, unit and description of respiration rates (R), and CO2 and water fluxes (F). 

Respiration rates and CO2 and water fluxes Units  Acronym 
Root respiration mmol day-1 stem-1 RR 
Root-respired CO2 through xylem  mmol day-1 stem-1 FT 
Sap flux L day-1 stem-1 FH2O 
Dissolved CO2 at stem base mmol L-1 [CO2*]BASE 
Soil CO2 efflux μmol s-1 m-2 FS 
Soil CO2 efflux at 16°C μmol s-1 m-2 FS16 
Heterotrophic respiration in soil at 16°C μmol s-1 m-2 RH16 
Litter respiration at 16°C μmol s-1 m-2 RL16 
Root-respired CO2 through soil at 16°C mmol day-1 stem-1 FS16-ROOT 

 

Measuring RR presents a number of difficulties. It has been demonstrated that CO2 

originating from respiration of woody tissues can diffuse radially to the atmosphere and/or 

dissolve in sap and move upwards in the transpiration stream (e.g. Aubrey and Teskey 2009; 

Cerasoli et al. 2009; Bloemen et al. 2014). Thus, the internal flux of CO2 through xylem (FT) 

may be responsible for large inconsistencies found in rates of woody tissues respiration, 
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classically estimated by measurements of radial CO2 flux (Teskey and McGuire 2002). It was 

observed that a substantial portion of locally respired CO2 in woody tissues was transported 

upward instead of diffusing to the atmosphere, e.g., 35% for tropical trees (Angert et al. 2012), 

45-55%, 14% and 15% for sycamore, sweetgum, and beech trees, respectively (McGuire and 

Teskey 2004; Teskey and McGuire 2007), and 11% for rimu trees (Bowman et al. 2005). 

Moreover, Teskey and McGuire (2007) suggested that a large portion of CO2 dissolved in tree 

xylem could originate in the root system, and that large among-tree variability in [CO2] at the 

base of the stem might be explained by root size. Using different techniques such as carbon 

isotopes, xylem [CO2] monitoring and stem girdling, it has been demonstrated that the 

autotrophic (root) component of belowground respiration is underestimated by FS measurements 

by up to 50%, because root-respired CO2 dissolves in xylem sap and moves upward to the stem 

and leaves (Aubrey and Teskey 2009; Grossiord et al. 2012; Bloemen et al. 2014). Aubrey and 

Teskey (2009) estimated that, in a Populus deltoides plantation, the amount of root-respired 

CO2 transported aboveground via the xylem stream was twice that diffusing to the soil 

atmosphere. The authors calculated that only a small portion (7.8%) of FT at the base of the stem 

resulted from root uptake of CO2 dissolved in soil water. Soil [CO2] is much lower than xylem 

[CO2] at the base of the stem (Teskey and McGuire 2007; Aubrey and Teskey 2009), suggesting 

that most movement of CO2 is in the direction from root to soil along the concentration gradient. 

Therefore, under the same soil structure and environmental conditions, differences in the 

relative contribution of soil water CO2 to FT among trees are likely negligible. Thus, 

measurements of FT at the base of the stem could be used as a proportional indicator of RR 

activity (Teskey and McGuire 2007; Aubrey and Teskey 2009) for comparison among different 

stems of the same species under the same conditions. This recently developed approach avoids 

the pitfalls of classic measurements of radial CO2 fluxes from roots, which are methodologically 

complicated by root inaccessibility and perturbations; or measurements of FS, which are 

controversial due to the difficulty of discriminating between heterotrophic and autotrophic 

respiration and their high spatial variability (Hanson et al. 2000). 

Recently, the effect of clonal clump characteristics on stem growth of Q. pyrenaica was 

evaluated: stems belonging to large-biomass clones (characterized by large spatial extent and 

high number of within-clone stems and stumps) exhibited slower growth than those belonging 

to small-biomass clones (Chapter 2). Reduced stem growth in large clones might be 

conditioned by high RR, which consumes resources otherwise available for stem growth, flower 

production, and fruiting. To address this hypothesis, genetic and physiological approaches were 

integrated in this experiment: (i) genetic analyses were used to assess clonal membership since 

this species does not form clearly visible clonal assemblies (Valbuena-Carabaña and Gil 2013b), 

and (ii) continuous measurements of FT were used as a proportional index to compare RR in 

dominant similar-sized Q. pyrenaica stems belonging to clones of differing size. Additionally, 
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FS was measured to estimate FT contribution to RR across different clonal sizes. We predicted 

that large clones would have higher FT per stem and FS than small clones due to respiration of a 

root system disproportionate to stem size. 

3.2. Materials and Methods 

3.2.1. Experimental site 

The study was performed in an experimental plot located in the Matas de Valsaín public 

woodland, in the Guadarrama mountain range located in central Spain. This monospecific Q. 

pyrenaica forest was historically managed as coppice since at least the XIIth century (Manuel 

Valdés and Rojo y Alboreca 1993) and abandoned after 1970. The one-hectare study plot 

represents a one-storied stand of Q. pyrenaica (781 stems ha-1) with 45 year-old stems. Site 

annual rainfall is 885 mm, average temperature is 10.5 oC and soil type is humic cambisol. 

Climatic conditions were monitored by a weather station located 2.1 km away from the plot. 

Soil water content was recorded by a Dielectric Aquameter sensor (ECH2O, Decagon Devices, 

Inc.) inserted at 15 cm depth.  

3.2.2. Clonal assignment 

Prior to the start of physiological measurements, the clonal membership of all stems in 

the plot was elucidated by performing genetic analyses in a hierarchical manner by gradually 

increasing sampling density. At the end, 541 stems were analyzed to delimit clonal clumps. The 

total genomic DNA was isolated from dry leaves collected in 2009 using an Invitek kit 

(Invisorb_SpinPlant Mini Kit). Genetic analyses were made using seven nuclear microsatellite 

markers (QpZAG9, QpZAG36, QpZAG110, MSQ4, MSQ13, QrZAG11 and QrZAG39, 

developed by Dow et al. 1995, Steinkellner et al. 1997, Kampfer et al. 1998) scored by PCR in a 

thermal cycler (Gene Amp ® PCR system 9700, Applied Biosystems, Foster City, CA, USA) 

following conditions described in Valbuena-Carabaña et al. (2007). Electrophoresis and scoring 

of fragments were performed on a Li-Cor 4300 automated DNA sequencer (Li-Cor Biosciences, 

Lincoln, NE, USA) using SAGA GT software (Li-Cor Biosciences, Lincoln, NE, USA) with 

commercial (Sequamark TM, Invitrogen, Carlsbad, CA, USA) and specific internal standards. 

Multilocus genotypes were used to assign clonal membership of stems by GeneClone software 

(Arnaud-Haond and Belkhir 2007), based on the probability of occurrence of a given genotype 

at the observed frequency in the sample (which depends on the allele frequencies) and on the 

likelihood that all identical replicates were actually clones (which also depends on the sample 

sizes). The probabilities of the clonal stems to have a sexual origin were extremely low (Psex 

ranging from 2.31·10-19 to 1.08·10-205), thus clonal assignment was performed with high 
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statistical confidence. Clonal groups were defined as polygons whose stems had identical 

genotypes, including non-genotyped stems located among them. 

Four clones of contrasting surface extension and stem number were selected and 

classified as large or small clones (two of each size class). Four even-sized and even-aged stems 

within each clone were selected for measurement, for a total of 16 stems. Figure 3.1 shows the 

spatial distribution of selected clones and the location of measured stems. Stem and clonal 

features are shown in Tables 2.2 and 2.3, respectively. Clonal and stem growth were obtained 

from Chapter 2 wherein two wood cores per stem were used to measure average normal section 

increment during the last ten-year growing period. 

 
Figure 3.1 Map of clones and stems in an experimental plot in a coppiced Quercus pyrenaica stand at 
Matas de Valsaín, Spain.  Sampled stems measured continuously from DOY101 to DOY200, 2012 for 
sap flux, temperature and xylem [CO2]; sampled soil measured on DOY198, 2014 for soil CO2 efflux. 

3.2.3. Flux of root-derived CO2 through xylem (FT) 

To calculate FT, measurements of sap flux and dissolved CO2 in xylem sap were needed. 

Sap flux density (L cm-2 sapwood s-1) was measured using constant heat thermal dissipation 

probes operated similar to those originally designed by Granier (1985). Pairs of thermocouples 
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were inserted 20 mm deep into each stem at breast height and separated 100 mm vertically. Sap 

flux density was calculated from the temperature difference between the upper and lower 

thermocouple. Zero flow was calculated daily from the maximum temperature difference 

between 04:00 and 06:00 h. Two pairs of probes were placed on each stem on opposite sides. 

Data from the two pairs were averaged to account for circumferential non-uniformity of sap 

flow. Calibration parameters developed by Sun et al. (2011) were applied to improve accuracy 

of the measurements according to the ring porous xylem anatomy of the Q. pyrenaica stems. 

Sap flux (FH2O, L day-1) for each stem was calculated by multiplying 15-minute average sap flux 

density integrated over 24 hours by sapwood area. Sapwood area was determined from the color 

change between heartwood and sapwood of stem cores. 

Table 3.2 Characteristics of instrumented stems in two large and two small clones in a coppiced Quercus 
pyrenaica stand at the beginning of the 2012 growing season. 

Clone   Stem Diametera 

(cm) 
Annual wood 

ringsa 
 Clone Stem Diameter 

(cm) 
Annual wood 

rings 

LARGE1 

1 19.35 47  

SMALL1 

9 22.30 45 

2 21.40 46  10 20.75 43 

3 20.05 46  11 19.90 43 

4 22.75 42  12 22.75 46 

LARGE2 

5 21.70 47  

SMALL2 

13 21.90 44 

6 21.35 46  14 19.20 47 

7 18.95 48  15 20.45 43 

8 20.25 46  16 21.55 46 

a Diameter and annual wood rings at breast height 

Table 3.3 Features of two large and two small clones in a coppiced Quercus pyrenaica stand at the 
beginning of the 2012 growing season. 

Clone 
Surface 

extension 
(m2) 

Number of 
stems 

Mean stem 
diameter (cm) 

Min-Max stem 
diameter (cm) 

Mean stem 
growtha (cm2 

year-1) 
Psexb 

LARGE1 130 30 16.9 (0.6) 9.1 – 22.8 2.92 (0.26) 1.08 ·10-205 

LARGE2 82 24 17.1 (0.6) 12.8 – 21.7 3.14 (0.38) 1.02 ·10-158 

SMALL1 10 4 21.4 (0.7) 19.9 -22.8 4.27 (0.50) 2.31 ·10-19 

SMALL2 6 4 20.8 (0.6) 19.2 – 21.9 6.25 (1.24) 6.17 ·10-21 

a Stem growth: mean stem normal section increment in the previous ten years.                                              
b Psex is the probability of the stems bearing the same genetic variables to have been originated by sexual 
events 
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Xylem [CO2] was measured by inserting a solid state non-dispersive infrared (NDIR) CO2 

sensor (model GMM221, Vaisala, Helsinki, Finland) into the stem 10 cm above ground level. 

Holes of 40 mm length and 25 mm diameter were drilled to place the sensor, which measures 

gaseous [CO2] (%) in equilibrium with CO2
 dissolved in xylem sap ([CO2

*]). NDIR sensors 

were isolated from the external atmosphere with rubber sealant. Gas concentration measured at 

the base of the stem was converted to dissolved CO2 ([CO2
*]BASE, mmol L-1) by applying 

Henry’s Law (McGuire and Teskey 2002). For this calculation, xylem temperature and sap pH 

were measured. A type-T thermocouple was inserted in the xylem 50 mm away from the CO2 

sensor to measure temperature. pH of sap expressed from twigs was determined using a portable 

pH meter (model 25+, Crison, Barcelona, Spain) and a pH electrode (model 52 07, Crison, 

Barcelona, Spain). The scarce published data regarding sap pH indicates that pH remains 

relatively constant within a diel period but can fluctuate during the growing season, which 

would affect calculations of internal [CO2
*] (Aubrey et al. 2011; Erda et al. 2014). Therefore, 

we measured pH every 20-25 days at peak sap flow, when FT reaches maximum values, and 

interpolated daily pH values between measurements. For detailed information on FT 

measurement methodology see Aubrey and Teskey (2009). Xylem temperature, xylem [CO2], 

and sap flux density were measured every minute, averaged every 15 minutes, and recorded 

with a data logger (model CR23X, Campbell Scientific, Barcelona, Spain). Data recorded at 15-

minute intervals were scaled to daily total FH2O and daily average [CO2
*]BASE. FT (mmol day-1) 

was integrated over 24 hours as the product of 15-minute averages of FH2O and [CO2
*]BASE.  

Data recorded for individual stems were averaged per clone. Measurements were conducted in 

2012 and lasted from Day of Year (DOY) 101 until DOY 200. 

3.2.4. Soil CO2 efflux measurements (FS) 

Ten large clones (≥ nine stems and 30 m2) and ten small clones (≤ five stems and 15 m2) 

(Figure 3.1) were selected for measurements of FS on DOY 198 of 2014. In each clone, three 

soil collars made of PVC, 10 cm diameter and 4.5 cm long, were inserted 1.5 cm into the soil at 

random locations one week before measurements. Additionally, FS was measured in six collars 

located in an excavated (in autumn 2013) and refilled (in spring 2014) soil area where roots and 

herbaceous ground cover had been removed, to eliminate the autotrophic (i.e. root) respiratory 

component of FS. These measurements of root-free soil CO2 efflux were assumed to equal 

belowground heterotrophic respiration. FS was measured with a portable infrared gas analyzer 

(LI-6400, Li-Cor Inc., Lincoln, NE, USA) and a soil chamber (LI-6400-09). Measurements of 

gas exchange between soil and chamber were made in closed configuration by attaching the 

chamber to each collar, reducing CO2 concentration inside the chamber, and then letting it 

increase to an upper concentration limit. These limits varied depending on efflux rate and 

ambient CO2 concentration. Measurements were made at ambient [CO2] and humidity across 
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three consecutive cycles per collar. Each collar was sampled twice, at early morning and 

afternoon, to calculate the temperature Q10 of efflux, as in Zaragoza-Castells et al. (2007). From 

mean Q10, FS was estimated at 16ºC, the mean soil temperature during FT monitoring (FS16, 

µmol m-2 s-1). We calculated this estimate based on the relationship between soil temperature 

and air temperature (R2=0.7345, p<0.001) and the average air temperature from DOY 146 to 

200 of 2012, when substantial transpiration occurred (Figure 3.2), to provide a means to 

compare the single-day measurements of FS with season-long measurements of FT. FS16 was 

partitioned into autotrophic and heterotrophic components as in Rey et al. (2002). The 

contribution of soil organic matter decomposition by heterotrophs (belowground heterotrophic 

respiration, RH16) to FS16 was obtained from the ratio root-free FS16 / root FS16. The contribution 

of aboveground litter decomposition (RL16) was assumed to be 50% of the remaining FS16 – RH16, 

based on measurements in a Mediterranean coppice of Quercus cerris (Rey et al. 2002). The 

portion of root-respired CO2 that diffused through soil to the atmosphere (FS16-ROOT) was 

calculated as: 

FS16-ROOT = FS16 – RH16 – RL16 

Additionally, to express FT and FS16-ROOT in the same units (mmol CO2 day-1 stem-1) for 

comparison, FS16-ROOT (on surface area basis) was multiplied by clonal extension (m2) and 

divided by the number of stems within the clone (Table 3.3). 

3.2.5. Data analysis 

Since FH2O (and FT) was negligible before budburst, only data from DOY 146 to 200 

(Figure 3.2) was used to calculate daily average of [CO2]BASE and daily accumulated FH20 and 

FT per stem. Within-clone variation in [CO2]BASE, FH20 and FT was examined by performing 

multiple comparisons of daily values (Tukey’s test). Differences between the two clone sizes in 

FH20, [CO2]BASE and FT were compared with hierarchical mixed models performed in R (version 

3.1.1, R Development Core Team, 2014) using the lme function in the nlme library (Pinheiro et 

al. 2015). Clone size (n=2) was treated as a fixed factor whereas individual clone (n=4) was 

treated as a random factor. Logarithmic transformation was made to satisfy Shapiro-Wilk 

normality tests. To assess variability in FS16 (on area basis) and FS16-ROOT (per stem) with clonal 

size (as a qualitative variable, n=2) and clonal extension (as a quantitative variable, m2) mixed 

models were performed, and clone was treated as a random factor (n=20). Additionally, to 

assess relationships between clonal extension and clonal average FH20, [CO2]BASE, FT, FS16 and 

FS16-ROOT we performed linear regressions to provide R2 as an estimate of the variance explained 

by the model, and compare magnitudes between root-respired CO2 transported in the xylem (FT) 

and diffused through soil to the atmosphere (FS16-ROOT). All values presented in the text are mean 

(SE). 
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Figure 3.2 Seasonal patterns of daily mean air temperature and daily total precipitation (a); daily total sap 
flux (FH2O) (b); and mean dissolved [CO2

*] in sap solution at stem base ([CO2
*]BASE) (c) in a coppiced 

Quercus pyrenaica stand measured during the growing season in 2012 in two large and two small clones. 
Daily total sap flux and [CO2

*]BASE are mean of four sampled stems per clone (three stems in clone 
SMALL1). Vertical dashed line on DOY 145 shows the first day on which substantial FH2O was observed.  
Beginning on this day, daily FH2O and [CO2

*]BASE were considered for comparison among clonal sizes. 
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3.3. Results 

Average temperature during the experiment was 14.7 (0.7) oC. Temperature reached its 

minimum of -1.9 ºC on DOY 108 and its maximum of 35.2 ºC on DOY 178. Total rainfall from 

DOY 101 to 200 was 157 mm, of which 90% occurred before DOY 143 (Figure 3.2a). Soil 

water content ranged from 17.5% on DOY 175 (sensor installation) to 9.2% on DOY 200. 

Average sap pH to calculate [CO2
*]BASE was 6.43 (0.03). Budburst took place ca. between DOY 

137 and 145, when a substantial increase in FH20 was registered (Figure 3.2b). STEM9 had 

visual symptoms of wilting, remarkably low levels of FH2O, and high [CO2
*]BASE (Figure 3.3). 

FH2O in STEM9 was 4.1 times lower than the lower quartile of the data distribution, and so, 

according to the standard boxplot rule, STEM9 was considered an outlier and excluded from 

statistical analyses to avoid bias in clone SMALL1. 

 
Figure 3.3 Mean daily sap flux (FH2O), CO2 flux through xylem (FT) and dissolved CO2 concentration at 
stem base ([CO2*]BASE) of 16 stems belonging to two large and two small clones in a coppiced Quercus 
pyrenaica stand measured during the growing season of 2012. Since FH2O and FT were insubstantial 
before and during budburst (DOY 101-145), data from DOY 146 to 200 were used to calculate means. 
Different letters indicate significant differences within clone for [CO2

*]BASE (italic), FH2O (capital) and FT 
(lower case) (Tukey’s test at p<0.05). 
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In general terms, before budburst, daily mean [CO2
*]BASE was high and positively 

correlated to daily mean temperature (R2=0.688, p<0.001), and showed no relationship with 

daily FH20 (p=0.420). After budburst, [CO2
*]BASE relationships with both temperature (R2=0.397, 

p=0.004) and FH2O (R2=0.428, p=0.002) were positive. Overall mean daily (from DOY 146 to 

200) per-stem [CO2
*]BASE, FH2O  and FT were 0.27 (0.07) mmol CO2 L-1, 26.66 (2.02) L day-1 and 

8.21 (2.89) mmol CO2 day-1, respectively. FH2O was not affected by clonal size (p=0.308) (Table 

3.4, Figure 3.2b). However, stems of large clones had higher [CO2
*]BASE than stems of small 

clones at α=0.10 significance level (p=0.084) (Table 3.4, Figure 3.2c). Stems belonging to 

large clones transported larger amounts of CO2 dissolved in the sap than stems of small clones; 

there were significant differences in FT among clonal sizes at α = 0.10 (p=0.095) (Table 3.4). 

FH2O made only a small contribution to the differences in FT among clonal sizes, which were 

affected to a greater extent by [CO2
*]BASE (see Tukey’s test similarities between [CO2

*]BASE and 

FT, Figure 3.3). Differences in [CO2
*]BASE and FT were found not only among clones, but also 

among stems within the same clone (Figure 3.3). Linear regressions between clonal extension 

and clonal average FH2O, [CO2
*]BASE and FT lead to the same conclusions: [CO2

*]BASE and FT 

were directly related to clonal extension (R2=0.849, p=0.079 and R2=0.838, p=0.085, 

respectively), whereas FH2O was not (p=0.219) (Figure 3.4). 

Mean FS16 and its Q10 were 6.91 (0.31) µmol m-2s-1 and 1.44, respectively. Given that the 

heterotrophic component of belowground respiration (RH16) measured in the root-free soil was 

4.42 (0.75) µmol m-2 s-1, average FS16-ROOT estimated per stem was 333.47 (53.69) mmol day-1. 

FS16 and FS16-ROOT were positively related to clonal extension (p= 0.027 and p=0.023, 

respectively, n=20) (Table 3.4, Figure 3.4). However, when clonal size as a qualitative variable 

was considered, FS16 and FS16-ROOT were not significantly different among large and small clones 

(p=0.312 and p=0.247, respectively). Since FS was not measured in SMALL1 and SMALL2 

(which were root trenched or harvested prior to FS measurements), comparison between FS16-

ROOT and FT was assessed from the relationships of FS16-ROOT and FT with clonal extension 

(Figure 3.4c, 3.4e). The average ratio (%) between FT and FS16-ROOT per stem over the sampled 

range of clonal extension (from 6 to 155 m2) was 1.8%. Similarly, the FT/FS16-ROOT ratio of the 

mean measured values was 2.5%; i.e., root-respired CO2 flux through xylem was ca. 2% of the 

root-respired CO2 that diffused to the atmosphere through soil (Table 3.5). 

Mean stem diameter increment of large clones was lower compared to that of small 

clones: 2.92 and 3.14 cm2 year-1 for large clones and 4.27 and 6.25 cm2 year-1 for small clones 

(Table 3.3). Relationships between individual stem growth and stem FH2O, [CO2
*]BASE and FT 

were not significant (data not shown). 
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Table 3.4 ANOVA tables for mixed models to compare daily average of sap flux (FH2O, L day-1), 
dissolved [CO2

*] at the base of the stem ([CO2
*]BASE, mmol L-1),  internal flux of CO2 dissolved in xylem 

sap (FT, mmol CO2 day-1), of Q. pyrenaica stems among large and small clones (class variable); and 
modeled soil CO2 efflux (FS16, µmol m-2 s-1) and root respiration that diffused through soil to the 
atmosphere (FS16-ROOT, mmol stem-1 day-1) among clonal extension (quantitative variable, m2). 

  numDF DenDF F-value p-value 

FH2O 

Intercept 1 11 174.1781 <.0001** 

Clonal size 1 2 1.8351 0.3083 

[CO2
*]BASE 

Intercept 1 11 112.5734 <.0001** 

Clonal size 1 2 10.4784 0.0836· 

FT 

Intercept 1 11 74.5154 <.0001** 

Clonal size 1 2 9.1012 0.0945· 

FS16 

Intercept 1 35 2363.8111 <.0001** 

Clonal extension 1 18 5.7967 0.0270* 

FS16-ROOT 

Intercept 1 35 1438.6130 <.0001** 

Clonal extension 1 18 6.1742 0.0230* 

[CO2*]BASE, FT, FS16 and FS16-ROOT were log transformed to satisfy Shapiro-Wilk normality tests.         
Italic type indicates statistical significance (p< 0.10) Significance codes: p< 0.0001 **, p< 0.05 *; p< 0.1· 

Table 3.5 Fluxes of root-respired CO2 through xylem (FT, mmol CO2 stem-1 day-1) and root-respired CO2 
diffused through soil to the atmosphere (FS16-ROOT, mmol CO2 stem-1 day-1). To compare magnitudes 
between fluxes, the ratio FT/FS16-ROOT is shown on a percentage basis. FS16-ROOT estimated at 16 oC for 
comparison. 

 FT FS16-ROOT FT/FS16-ROOT (%) 
Average fluxes among clonesa 8.21   (2.89) 333.47   (53.69) 2.46 
Average fluxes within clone LARGE1a 15.63 (10.45) 881.85 (231.99) 1.77 
Average fluxes within clone LARGE2a 9.35   (1.31) 511.92 (192.42) 1.83 
Average fluxes over the sampled range 
of clonal extensionb 7.08   (0.90) 399.53   (53.96) 1.77 
a Measured values. FS16-ROOT was not measured in clones SMALL1 and SMALL2.                                     
b Fluxes predicted from FT and FS16-ROOT relationships with clonal extension (Figures 3.4c, 3.4e). 
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Figure 3.4 Linear regressions between clonal extension and clonal average sap flux (FH2O, L day-1) (a), 
[CO2] dissolved at stem base ([CO2

*]BASE, mmol CO2 L-1) (b), and CO2 flux through the xylem (FT, mmol 
CO2 day-1) (c) in two large and two small Quercus pyrenaica clones measured during the growing season 
of 2012. Soil CO2 efflux on surface basis (FS16, µmol m-2s-1) (d) and root respired CO2 diffused through 
soil to the atmosphere per stem (FS16-ROOT, mmol CO2 day-1) (e) in 20 Quercus pyrenaica clones measured 
during the growing season of 2014. [CO2*]BASE, FT, FS16 and FS16-ROOT were log transformed to satisfy 
Shapiro-Wilk normality tests. Statistics (R2 and p values) apply to transformed regressions. Back 
transformed values were used to display (geometric) means, SE intervals and regression lines. Only 
significant (p<0.1) regression lines are depicted. 



Chapter 3 

53 

3.4. Discussion 

Two methodologies were combined to understand root carbon flux in a clonal sprouting 

species and its possible importance to stand degradation. First, genetic analyses provided 

information on the origin of the stems, and second, FT and FS were measured to compare root 

respiration among clonal sizes. This integrative approach provided experimental support for our 

hypotheses: different clonal sizes exhibited different FT and FS16-ROOT, indicating that larger 

clones have higher respiration per stem than smaller clones. Moreover, in contrast to other 

studies, the proportion of root respired CO2 transported through xylem (FT) was low compared 

to root respired CO2 diffused through soil in our experimental system (2%), suggesting that 

there will be large differences in the FT contribution to root respiration depending on species 

and/or site. 

3.4.1. FT as a proportional index of root respiration 

Measurements FS are often used to elucidate RR. However, unambiguous discrimination 

of autotrophic (FS-ROOT) and heterotrophic (RH) components of FS, together with FT 

measurements are necessary to accurately estimate RR (RR= FS-ROOT + FT) (Hanson et al. 2000; 

Aubrey and Teskey 2009). Considering the same species under the same plot conditions, we 

assumed that values of FT were proportional to total RR. In a poplar plantation, Aubrey and 

Teskey (2009) estimated that FT was approximately 66% of total RR. In a study on Quercus 

robur, at high transpiration rates, the relative contribution of the autotrophic component of 

belowground respiration increased from 25 to 45.4% when FT was considered (Bloemen et al. 

2014). From those data, it can be inferred that 45% [i.e. (45.4-25)/45.4] of RR was transported in 

the xylem stream.  However,  over a five day period, which included periods of lower 

transpiration, the calculated FT portion of RR decreased to 18% [(32.8-27)/32.8]. Similarly, 

carbon-isotope techniques applied in a Eucalyptus plantation showed that there was a reduction 

in the FS-ROOT component of FS during the day, which was attributed to diversion of respired 

CO2 to FT, estimated to be 17% of RR on a daily basis and 24% at high transpiration rates 

(Grossiord et al. 2012). Compared to these observations in temperate and tropical trees, the 

magnitude of FT relative to FS-ROOT in Q. pyrenaica was much lower (2%). 

The estimated RH16 contribution to FS16 was 64% (i.e. 4.42 to 6.91 µmol m-2 s-1), slightly 

higher than the 55% and 59% reported for a Q. cerris coppice and a Q. douglasii parkland in the 

dry season (Rey et al. 2002; Tang and Baldocchi 2005). Assuming a similar contribution of RL 

and FS-ROOT to FS as in the Q. cerris Mediterranean coppice, the proportion of root-respired CO2 

transported through xylem (FT) relative to the root respired CO2 that diffused through soil to the 

atmosphere (FS-ROOT) was 2%. We suspect this upscaling  underestimates the magnitude of FT 

compared to FS16-ROOT because of the drier conditions in 2012 (when FT was measured) than in 
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2014 (when FS was measured), since FS increases with soil water availability in drought-prone 

regions (Reichstein et al. 2002; Rey et al. 2002; Tang and Baldocchi 2005; Guidolotti et al. 

2013). In any case, FT accounted for a low proportion of RR in Q. pyrenaica. This observation 

highlights large variability of FT among species. In Q. pyrenaica, measured values of [CO2
*] in 

sap solution, ranging from 0.06 to 0.93 mmol L-1 (Figure 3.3), were lower than those previously 

reported for several species applying this methodology (Table 1 in Teskey et al. 2008). 

Nevertheless, this is the first time that [CO2
*] was measured in the Mediterranean region during 

summer drought (note that the study of Cerasoli et al. (2009) was performed during autumn). 

Summer drought in Mediterranean climates restrains respiratory processes at the ecosystem 

(Reichstein et al. 2002; Guidolotti et al. 2013; Rambal et al. 2014), soil (Rey et al. 2002; Tang 

and Baldocchi 2005), stem, and foliage levels (Maseyk et al. 2008; Rodríguez-Calcerrada, 

Martin-StPaul, et al. 2014), and may be the cause of the comparatively low [CO2
*] and FT 

measured in this study. Moreover, lower root water content caused by limited soil water 

availability would enhance FS-ROOT to the detriment of FT due to reduced resistance to radial 

CO2 diffusion (Steppe et al. 2007). Accordingly, [CO2
*] as low as 0.3 mmol L-1 was observed 

for Q. robur in the only [CO2
*] - drought experiment existent to date after nine days without 

watering, with a sharp increase in [CO2
*] once watering resumed (Saveyn et al. 2007a), as was 

seen in this species after first autumn rain. 

3.4.2. Relationship between FT, FS and clonal structure 

Differences in FT and [CO2
*]BASE between clonal sizes were significant at α = 0.10. 

Considering the low sample size for FT (two clones per clonal size), the α = 0.10 significance 

level was considered reasonable to detect actual differences. In this regard, it is worth noting 

that monitoring 16 stems simultaneously over 100 days represents the largest investment in the 

study of FT to date. Soil CO2 effluxes (FS16 and FS16-ROOT) showed similar relationships with 

clonal structure. Clonal extension and FS16 and FS16-ROOT were positively related (Table 3.4, 

Figure 3.4), despite no differences among large and small clones when clonal size was 

considered as a qualitative variable (n=2), likely due to the large range of extension of the ten 

large clones. Therefore, larger clones showed higher [CO2
*]BASE, FT, FS16 and FS16-ROOT than 

smaller clones (Table 3.4, Figure 3.4), which suggests higher consumption of carbohydrates for 

root metabolism with increasing clonal size. Although FT and stem growth were not related in 

this study, likely due to the reduced sample size, higher root respiratory costs per stem in larger 

clones could partially explain lower stem diameter growth relative to stems of smaller clones 

reported in temperate and Mediterranean coppices (Tanentzap et al. 2012; Chapter 2). Similarly 

in this study, despite even-size and even-age of sampled stems, mean stem diameter growth 

increment over the last 10 year period was lower for stems in larger clones compared with 

smaller clones (4.44 [0.31] and 5.26 [0.72] cm2 year-1, respectively). This difference in growth 
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might be explained by higher initial growth of stems in larger clones (Zhu, Xiang, et al. 2012) 

followed by a greater rate of decline after 15-20 years (Corcuera et al. 2006) compared with 

stems in smaller clones. The root-to-shoot biomass ratio (R/S) is higher in clonal tree species 

compared to nonsprouters (Bond and Midgley 2001; and references therein). For instance, in 

oak species, a review of R/S measurements reported median values of 0.3 in temperate forests 

(Table 2 in Mokany et al. 2006), whereas R/S of resprouting Q. coccifera and Q. aquifolioides 

showed average values of 3.5 and 2.2, respectively (Cañellas and San Miguel 2000; Zhu, Xiang, 

et al. 2012). The ratio of aerial to belowground biomass can approach unity along broad ranges 

of stem size in Q. ilex (e.g. Rambal et al. 2014). However, as clonal extension increases in Q. 

ilex, the relationship deviates from an isometric one due to the development of massive root 

systems (Canadell and Roda 1991). Assuming that clonal extension increases with age (Steinger 

et al. 1996; Wesche et al. 2005), the larger FT, larger FS, lower stem growth and higher R/S ratio 

in large clones reinforce the hypothesis that age-related growth decline is caused partly by 

increased carbon allocation to storage in roots in old trees (see Ryan et al. 2004; Genet et al. 

2010; Sala et al. 2012). In the particular case of old abandoned coppices, a disproportionately 

large energetic demand to maintain living parenchyma in the root system could become a 

burden because the means of carbohydrate production has been repeatedly removed 

(Landhäusser and Lieffers 2002). The strong root sink for carbohydrates may reduce not only 

above-ground growth, but also flowering and fruiting and the large carbohydrate demand would 

increase with increasing clonal age and size (Iwasa and Kubo 1997) in clones subjected to more 

coppicing events. Therefore, this physiological imbalance between root demand and shoot 

production should be considered as a potential cause of the degraded state of abandoned 

coppiced stands in Mediterranean regions, such as Q. pyrenaica stands in the Iberian Peninsula 

(Corcuera et al. 2006; Bravo et al. 2008). 

It is worth noting that the hypothetical carbon disequilibrium holds at both stem and clone 

scales. When the average FT of the four stems sampled in large clones was extrapolated to the 

rest of their stems, accumulated FT increased to 469 and 224 mmol CO2 day-1 in LARGE1 and 

LARGE2, respectively, whereas in the small clones the FT sum was 17 and 11 mmol CO2 day-1. 

Since stem density within the clone (stem number/clonal extension) decreased with clonal 

extension (p=0.003), differences in FS16-ROOT between large and small clones increased when 

FS16-ROOT was expressed on a stem basis (multiplying by clonal surface and dividing by stem 

number, data not shown) suggesting higher root biomass supported per stem. However, we must 

be cautious with these extrapolations because high intra-clonal variability was found in FT and 

FS16-ROOT (Figure 3.4c, 3.4e), suggesting an irregular distribution of living root biomass within 

clones, and because stem diameter was variable in the large clones. In this regard, high intra-

clonal variability in FT, mainly caused by differences in [CO2
*]BASE (Figure 3.3), may be 

explained by the particular interconnection of roots to stems within the clone. Stems closely 
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connected to a large amount of live root biomass might exhibit higher [CO2
*] at the base of the 

stem than those with fewer connections to live root biomass. It has been seen in Populus 

tremuloides that stump roots with connections to living stems could remain alive and functional 

for 70 years (A. DesRochers and Lieffers 2001). A similar phenomenon was observed at our 

experimental site, in which one excavated clone composed of eight stems and more than 50 old 

stumps was inter-connected by more than 200 living root grafts and parental roots (Chapter 4). 

This observation highlights the structural complexity that might develop in root systems of 

resprouting coppiced forests. For instance, this particular stand has been subjected to coppicing 

since at least the 12th
 century (Manuel Valdés and Rojo y Alboreca 1993) and clonal extension 

exceeds 100 m2 in some cases (Figure 3.1).  

The carbon imbalance suggested by our results has silvicultural implications. 

Management of oak coppices is one of the largest problems currently facing Mediterranean 

silviculture (Cañellas et al. 2004; Montes et al. 2004). The increasing interest in implementing 

new uses for these abandoned stands justifies the urgent need to study them. These systems of 

root-resprouting clonal species present unique challenges to the application of ecophysiological 

and silvicultural studies. The main problems result from a lack of knowledge about what 

constitutes a functional unit in these ecosystems, and the technical difficulties of surveying the 

belowground attributes of individuals. Thinning has been advised for conversion of abandoned 

oak coppices into high forest, as it can enhance growth of residual trees, improve stand 

structure, and reduce excessive stand density (Montes et al. 2004; Bravo et al. 2008; Rodríguez-

Calcerrada et al. 2011). However, thinning multi-stemmed trees could also intensify structural 

and physiological imbalances between shoots and roots. The reduction of stem density would 

result in a decrease of carbon input, whereas, for an unknown amount of time, root biomass 

would remain unaffected and continue to consume resources in respiratory processes. Similarly, 

a thinning experiment with jack pine (P. banksiana) revealed that the positive growth response 

of living residual trees connected by grafts to the root systems of removed trees was lower than 

that of non-grafted trees within the plot, suggesting that living residual trees were supporting 

roots and stumps of removed trees at the cost of their own growth (Tarroux et al. 2010). In the 

same way, since stems in coppiced stands are connected by the parental root system, their 

response to thinning could differ from that expected in classic silviculture in non-clonal stands, 

which could explain the limited success of thinning in Mediterranean Quercus stands to date 

(Valbuena-Carabaña and Gil 2013b). 
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3.4.3. Conclusions 

This work highlights the importance of clonal structure in research on root respiration and 

tree carbon budgets of resprouting species. The low and constant magnitude of FT compared to 

FS16-ROOT (2%) emphasizes the large variability of the contribution of FT to RR depending on 

species or site. On the other hand, in a formerly coppiced stand of Q. pyrenaica, large clones 

showed higher FT and FS16-ROOT per stem than small clones (Table 3.4, Figure 3.4), pointing to 

a direct relationship between clonal extension and the carbohydrate demands of roots. These 

results suggest an increasing physiological imbalance between the shoot and the root system 

with increasing clonal size. The genetic analyses we performed allowed identification of 

individual clones and provided more specific information about factors causing constrained 

stem growth and the general observed decay of abandoned coppiced oak stands in 

Mediterranean environments. High intra-clonal variability implies that in some clonal species, 

belowground attributes cannot be estimated from allometric relationships with aboveground 

features, such as stem diameter. Clonal structure after centuries of coppicing and the subsequent 

root biomass distribution within clones are commonly overlooked factors, although they may 

have important effects on respiratory carbon losses, physiological performance of individual 

stems, and stand dynamics. 
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Abstract 

Slow growth, branch dieback and scarce acorn yield are visible symptoms of decay in 

abandoned Quercus pyrenaica coppices. A hypothetical root-to-shoot (R:S) imbalance 

provoked by historical coppicing is investigated as the underlying driver of stand degradation. 

After stem genotyping, 12 stems belonging to two clones covering 81 and 16 m2 were harvested 

and excavated to measure above- and below-ground biomass and nonstructural carbohydrate 

(NSC) pools, and to study root system functionality, root connections and root longevity by 

radiocarbon analysis. Seasonality of NSC was monitored on five additional clones. NSC pools, 

R:S biomass ratio and fine roots-to-foliage ratio were higher in the large clone, whose 

centennial root system was most probably 550 years old and maintained large amounts of 

functional sapwood (51.8%) for NSC storage. 248 root connections were observed within the 

large clone, whereas the smaller clone showed comparatively simpler root structure (26 

connections). NSC concentrations were higher in spring (before bud burst) and autumn (before 

leaf fall), and lower in summer (after complete leaf expansion); they were always higher in roots 

than in stems or twigs. The persistence of massive and highly inter-connected root systems after 

coppicing may lead to increasing R:S biomass ratios and NSC pools over time. We highlight the 

need of surveying belowground organs to understand aboveground dynamics of Q. pyrenaica 

and suggest that enhanced belowground NSC storage and consumption reflect a trade-off 

between clonal vegetative resilience and aboveground performance. 
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4.1. Introduction 

Quercus pyrenaica Willd. is a marcescent oak located in siliceous sub-Mediterranean 

regions from northern Morocco to south-western France, generally in montane slopes unsuitable 

for agriculture. Q. pyrenaica has been traditionally coppiced for firewood, charcoal and woody 

pastures. The vigorous root-resprouting ability of this species has determined its intense coppice 

use, consisting on short cutting cycles ranging from 7 to 15 years. Abandonment of historical 

coppicing towards 1970 has contributed to current degradation of many stands with overaged 

multi-stemmed trees of low stem growth and acorn yield, and high branch and stem dieback  

(Cañellas et al. 2004; Bravo et al. 2008). Several consequences of long-term coppicing are 

repeatedly suggested since the 1990´s as determinants of such decay: excessive stem density 

and acute competition among clonal stems, substrate oligotrophication, clonal carbon starvation, 

low genetic diversity, and imbalance between belowground and aboveground tree organs 

(Serrada et al., 1992; Cañellas et al., 2004; Corcuera et al., 2006; Bravo et al., 2008, and 

references therein). Although genetic diversity loss has been already discarded (Valbuena-

Carabaña et al. 2008; Valbuena-Carabaña and Gil 2013b), actual causes of degradation remain 

unknown, and forest managers continue to unsuccessfully convert coppices into high forests by 

thinning trials. 

Belowground factors are rarely taken into account when planning management practices 

due to difficulties in surveying belowground attributes and delineating genotypes by naked-eye. 

And yet, in Q. pyrenaica coppices, clonal structure and root biomass influence aboveground 

performance (Chapter 2 and 3). Genetic analyses have revealed heterogeneous clonal structure 

and clones of up to 43 stems covering areas  as large as 258.5 m2 in some Q. pyrenaica stands 

(in prep.). Belowground influence on aboveground performance comes partly from the trade-off 

between carbon allocation to growth and storage. Since nonstructural carbohydrate (NSC) 

allocation can be actively regulated to invest in safety-storage organs to cope with unfavorable 

conditions (Sala et al. 2012; Dietze et al. 2014), enhanced NSC storage in roots is consistently 

displayed by resprouters to support vegetative regeneration after disturbance (e.g. Knox and 

Clarke 2005; Paula and Ojeda 2009; Zhu, Xiang, et al. 2012; Zeppel et al. 2014), often at the 

cost of growth and sexual effort in periods with no disturbance (Iwasa and Kubo 1997; Bond 

and Midgley 2001; Poorter and Kitajima 2007; Clarke et al. 2013). Moreover, large amounts of 

living parenchyma needed to store NSC might entail high maintenance costs derived from root 

respiration processes. In this line, favored root NSC storage may lead to constrained 

aboveground performance and greater belowground maintenance costs, supporting the 

hypothesis of a root-to-shoot (R:S) imbalance as the main cause of tree decay (Corcuera et al. 

2006; Bravo et al. 2008; Chapter 2 and 3). Such imbalance would be higher in older and larger 

clones (Iwasa and Kubo 1997) long subjected to coppicing and now unmanaged. From a 
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physiological perspective, coppicing entails a limitation to carbon gain (via foliage 

photosynthesis) but not carbon loss (via root respiration) which may temporarily reduce root 

carbon reserves after stem re-growth (Paula and Ojeda 2009; Zhu, Xiang, et al. 2012). On the 

contrary, low disturbance regimes in stands intensively coppiced in the past – the current 

sutuation in most stands in the Iberian Peninsula – may result in large belowground NSC pools, 

overfed to cope with next (unlikely) coppicing event.  

For experimental simplicity the relationship between resprouting ability, root traits and 

storage patterns has been predominantly studied in herbaceous and shrub species (see Clarke et 

al. 2010, and refences therein), as well as in young trees grown under controlled conditions (e.g. 

Knox and Clarke 2005; Schwilk and Ackerly 2005). However, given the laborious and costly 

task of excavating extensive soil areas, the study of root and carbon reserve dynamics in mature 

trees grown under natural conditions and subjected to actual disturbances remains largely 

unknown, as pointed out by Sala et al. (2012) and Clarke et al. (2010), and mostly limited to 

poplar trees (Jelínková et al. 2009; Ally et al. 2010). Quantification of the extent of root survival 

and, contrarily, root dieback and duraminization after aboveground disturbance (Tarroux et al. 

2010) would help to evaluate R:S imbalance in terms of living biomass. Likewise, assessing the 

longevity of parental roots supporting younger resprouts is necessary to evaluate stand decline 

and senescence, as well as individual tree resilience to frequent disturbances (Ally et al. 2010; 

de Witte and Stöcklin 2010; Genet et al. 2010). Furthermore, whether original root connections 

persist and root grafting occurs to maintain clonal integrity or, oppositely, root disruption causes 

clonal partitioning and stem discretization is of paramount importance to understand tree 

functioning and stand dynamics (Fraser et al. 2006; Baret and DesRochers 2011). 

In this work we study biomass, architecture and carbon storage capacity of the root 

system of Q. pyrenaica clonal trees in a coppice stand. The overarching goal is to shed light on 

a hypothetical R:S imbalance causing generalized stagnation in abandoned Q. pyrenaica 

coppices. We aim to answer several related questions: does the R:S ratio of multi-stemmed oak 

trees vary with clonal size? Is it similar to reported ratios of seed regenerated oaks? How NSC 

allocation patterns change temporally, spatially and with clonal size? How old are belowground 

organs supporting vegetatively regenerated stems? Do multi-stemmed trees remain functionally 

connected through the roots? If so, to what extent roots maintain functionality after shoot 

removal? An integrative approach was applied to answer these questions: (i) genetic analyses 

were performed to elucidate the clonal structure of the stand in an experimental plot; (ii) eight 

and four stems belonging to two different clones covering 100 m2 were harvested and excavated 

to measure R:S ratios of total biomass, living woody biomass, NSC pools, as well as  fine roots-

to-foliage ratios; (iii) NSC seasonality was monitored on roots, stems and twigs in seven clones 
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for a total  of 24 stems; (iv) unearthed root systems were dissected  and root connections were 

quantified; and finally, (v) root longevity was evaluated using radiocarbon dating.  

4.2. Materials and Methods  

4.2.1. Experimental site and clonal structure 

The study took place in a monospecific Q. pyrenaica abandoned coppice located in the 

buffer zone of the National Park of “Sierra de Guadarrama” (Valsaín, Segovia, Spain), at an 

altitude of 1.140 m, in humic cambisol (40°52´ N latitude, 04°01´ W longitude). The stand was 

subjected to coppicing since at least the 12th century for firewood, charcoal and woody pasture 

production until traditional management was neglected towards 1970 (Manuel Valdés and Rojo 

y Alboreca 1993); afterwards two thinning events (J. Donés, personal communication) resulted 

in a regular even-aged coppice of 781 stems ha-1. Mean annual temperature is 10.5 ºC and mean 

annual rainfall is 885 mm.  

Genetic analyses were performed to assess the clonal structure of one-hectare 

experimental plot (see Chapter 1 and references therein for detailed information). Due to the 

laborious work of excavating massive root systems of multi-stemmed trees, 12 stems belonging 

to two genotypes of contrasted clonal sizes were harvested and excavated for biomass 

partitioning. The larger clone covered 81 m2 and was composed by eight stems (12 taking into 

account four stems felled in 2008 for other purposes) whereas the smaller clone was composed 

by four stems covering 16 m2. Clonal surface was estimated from polygons enclosing stems 

with the same genotype and adding an outer conservative buffer of 1.5 m using ArcGIS 10.1 

software (see Table 4.1 for aboveground features of the sampled stems). 

4.2.2. Aboveground biomass  

Twelve stems were harvested in 2013 before leaf fall, from DOY 280 to 282. Diameter at 

breast height (dbh), stem height, and height of the life crown were measured after felling. Stem 

disk samples were taken at the stem base, breast height, 3 m height, and every two meters from 

this point. To quantify the contribution of the functional wood containing living parenchyma 

(sapwood) to total stem biomass, different tissues (i.e. heartwood, sapwood and bark) were 

measured on four perpendicular radii at every disk sample, and considered as three coaxial 

cylinders for cubication using Newton equation. Densities (dry matter/fresh volume, g cm-3) 

were estimated per stem and tissue (heartwood, sapwood and bark) in subsamples from the 5 m-

disk; they were cubicated by the Archimedes principle and weighted to the nearest 0.1 mg 

(Adventurer precision balance, Ohaus Corporation, NJ, USA) after 48h at 65 ºC. Stem biomass 

(BST, kg of dry matter [DM]) was partitioned into heartwood, sapwood and bark after 

calculating the corresponding products of volume and density. Branch biomass (BBR, kg DM) 
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was calculated from fresh weight to the nearest 20 g (BMM-BR80, Baxtran, Spain) minus the 

average relative water content of the disk samples. The proportion of heartwood, sapwood and 

bark in branches was estimated as a function of branch radius (Figure S.1 in Supplementary 

Information, equations derived from stem disks). Three branches per stem were defoliated and 

dry foliage biomass (BFL, g DM) per branch was weighted. BFL in non-defoliated branches was 

calculated as a function of BBR (P<0.0001, R2=0.872).  

4.2.3. Belowground biomass  

Prior to excavation, soil trenches of 1.5 m depth and width were dig downstream with a 

backhoe to facilitate water and soil evacuation. Root systems were hydraulically excavated up to 

1 m depth using water sprays, water pumps, and tankers of the National Park firefighters to load 

water from the nearest water source (the Eresma river, 3 km away from the plot). Once 

unearthed, root systems were extracted with a backhoe. Biomass of coarse roots and taproots 

(BCR and BTR, kg DM) was estimated from fresh weight measurements minus the average 

relative water content of ten sampled roots, subsampled every meter for an overall of 39 root 

disk samples. The biomass of non-weighted coarse roots growing beyond the excavated area 

was calculated as a function of the root diameter (mm) at its distal end (biomass= 0.0094 × 

diameter1.4571, n=39). The proportion of heartwood, sapwood and bark within coarse roots was 

estimated from the average relative volume observed in the root disks, as calculated for stems 

given the regular cylindrical shape of coarse roots. Taproots were classified in three groups: 

young taproots of felled trees in 2013, young taproots of felled trees in 2008, and old taproots 

from previous unrecorded cuttings events visible after excavation. The proportion of heartwood, 

sapwood and bark within taproots was estimated by two different approaches depending on the 

taproot shape and its degree of degradation. (i) Non-degraded taproots with regular cylindrical-

conical shapes (n = 25) were axially cut in four wedges. Radii of different tissues were 

measured horizontally at different taproot depths every 3.5 cm. Coaxial and superimposed 

cylinders of revolution were assumed for cubication. (ii) Degraded taproots of irregular shape (n 

= 20) were cut across the plane with largest surface. Surfaces of different tissues were measured 

on both sides with a mechanical planimeter (Haff, No. 317E, Germany) and spherical shapes 

were assumed for cubication. Since hydraulic excavation lead to small-roots loss, soil cores 

were previously sampled with a soil borer to estimate small-roots abundance at six locations per 

clone and two depths (0-30 and 30-60 cm). Soil cores were carefully washed to remove soil and 

stones. Biomass of soil cores was classified into three groups: small fine roots (diameter < 2 

mm), large fine roots (diameter = 2-5 mm) and small coarse roots (diameter > 5 mm), and then 

dried and weighted (Vanninen and Makela 1999; Barbaroux et al. 2003). Densities of small fine 

roots, large fine roots and small coarse roots were estimated on a soil volume basis (g dm-3). To 

assess fine root biomass lost during excavation, fine root density (BFR, g dm-3, considering both 
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small and large fine roots) was extrapolated to the soil volume surveyed per clone (81 and 16 m2 

by 0.6 m depth). 

4.2.4. Total non-structural carbohydrates 

Twigs, stems and roots were sampled for NSC determination in the 12 harvested stems. 

Samples were collected in one year-old twigs, at stem breast height, and in coarse roots located 

50-100 cm away from the stem base. NSC sampling took place during 2013 at three 

phenological stages: before budburst (DOY 99, April), after complete leaf expansion (DOY 

170, June), and at the end of the growing season, before leaf fall (DOY 275, October). 

Additionally, 12 stems belonging to five extra clones of contrasted sizes (two large clones  > 45 

m2, and three small clones < 20 m2) were sampled in June and October, during the expected 

lowest and highest NSC concentrations, respectively (Barbaroux et al. 2003). Total NSC was 

determined on sapwood as described by Oleksyn et al. (2000) as the sum of soluble sugars and 

starch concentrations. After collection, samples were frozen in liquid nitrogen for transportation 

to the laboratory and stored at -80 °C until lyophilization. Soluble sugars were extracted from 

oven-dried (65 °C, 48 h) tissue powdered in methanol:chloroform:water solution (12:5:3 by 

volume), and the residue was used for starch determination. Soluble sugar concentration was 

measured colorimetrically in a spectrophotometer at 625 nm wavelength within 30 minutes, 

following a color reaction with anthrone reagent. Starch was converted to glucose with 

amyloglucosidase and further oxidized using the peroxidase-glucose oxidase complex; its 

concentration was measured at 450 nm, following the reaction with dianisidine. [NSC] was 

expressed on a dry matter basis (%).  

4.2.5. Root structure and connections 

Root connections were classified into two categories: (i) parental roots from which stems 

resprouted and (ii) root grafts occurring after stem resprouting (Annie DesRochers and Lieffers 

2001). Root grafts were confirmed after bark removal to assess common annual tree rings 

between roots. In the large clone, a string grid of 0.5 m by 0.5 m was arranged above the soil 

level to photograph in detail the root system. Total of 269 photographs were binded with 

Photoshop software to obtain a picture of the whole root system where every taproot and root 

connection was identified by its corresponding label and depicted using Adobe Illustrator. The 

small clone was photographed without the grid. To quantify graft size, the smallest root within 

the graft was considered and its cross (connecting) section was estimated from two 

perpendicular diameters at each graft side. To estimate cross connecting section of parental 

roots, their average diameter was measured at the midpoint between connected taproots. 

Accumulated connecting sections per clone were estimated for grafts and parental roots. 
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Accumulated sapwood connecting section was estimated from the relationship between stem 

radius and its relative sapwood section (Figure S.1). 

4.2.6. Root radiocarbon dating 

With the purpose of dating the age of the trees, we targeted the apparently oldest roots 

within the clones, taproots with clear symptoms of rotting and duraminization, for radiocarbon 

dating. Three taproots from the large clone and one taproot from the small clone were chosen. 

For radiocarbon analysis, α-cellulose was extracted using a modification of the James-Wise 

protocol (Capano et al. 2010), because its low mobility in wood make it suitable for annual 14C 

signatures (Tandoh et al. 2013). We took a subsample of wood from the innermost part of each 

taproot cross section because the oldest wood is expected to be in that position. Wood 

subsamples for 14C dating spanned the lowest possible number of tree rings to better constrain 

the age, and were carefully cleaned to avoid contamination with modern carbon. Analyses were 

performed at the Center for Isotopic Research on the Cultural and Environmental Heritage 

(CIRCE, Naples, Italy). Measured 14C ages were converted into calendar years using the 

program CALIBomb (Reimer and Reimer 2004) coupled with the INTCAL13 calibration curve 

(Reimer et al. 2013) and the Northern Hemisphere Zone 1 compilation for radiocarbon dates 

younger than 1950 AD (Hua et al. 2013). 

4.2.7. Data analysis 

To estimate R:S ratios, aboveground biomass (BST, BBR and BFL) was first estimated 

individually per stem and then summed per clone, whereas belowground biomass (BTR, BCR and 

BFR) was directly estimated per clone. The relative volume of heartwood, sapwood and bark 

within taproots was estimated with linear models using R software (R Core Team 2014). For 

non-linear regressions (as weight-diameter relationships), nls function in the stats library was 

used. Differences in fine root density between clones (n=2) and soil depths (n=2) were assessed 

with linear models. To study variability in NSC, soluble sugars and starch concentrations, 

hierarchical mixed models were performed using the lme function in the nlme library, in which 

sampling date (n=3), organ (n=3), clonal size (n=2) and their interactions were treated as fixed 

factors whereas stem (n=24) nested within its corresponding clone (n=7) was treated as a 

random factor. Backward selection was used to select the most appropriate model until all 

variables were significant at α = 0.05. Multiple comparisons on the [NSC] among sampling 

dates and tree organs were performed with the glht function in the multcomp library. NSC pools 

in trunks and branches (kg) were calculated per stem as the product of their corresponding 

sapwood biomass by their average [NSC] across sampling dates for stems and twigs, 

respectively. Belowground NSC pool was calculated as the product of average root [NSC] 
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across sampling dates and root sapwood biomass. All values presented in the text are means and 

standard errors. 

4.3. Results 

4.3.1. Aboveground and belowground biomass 

Average stem dbh and number of annual wood rings (used as an estimator of stem age) 

were 18.6 (1.0) cm and 45.8 (0.7) (Table 4.1), and similar between clones (P = 0.377 and P = 

0.870, respectively). Pooling data from the large and small clones, the relative contribution of 

leaves, branches and stems to the total aboveground biomass was 3.2%, 28.6 and 68.2%, 

respectively (Figure 4.1a, Table 4.1). Heartwood, sapwood and bark densities were 0.72 (0.01), 

0.61 (0.01) and 0.50 (0.01) g cm-3, respectively. The contribution of heartwood, sapwood and 

bark to the aboveground woody biomass (BST and BBR) was 27.5%, 46.5% and 26.0%, 

respectively (Figure 4.1b, Table 4.1). Overall, aboveground biomass in the large clone was 2.5 

times that of the small clone (1450.5 and 588.6 kg, respectively). 

 
Figure 4.1 Biomass partitioning in two clones of Quercus pyrenaica of contrasted size, displayed by (a) 
plant organ (leaves, branches, stems, taproots, coarse roots and fine roots) and (b) plant tissue (heartwood, 
sapwood and bark) excluding leaves and fine roots. Sapwood non-structural carbohydrate (NSC) pools of 
the clones (c), calculated as the product of NSC concentration on a dry matter basis by its corresponding 
sapwood dry biomass. The larger clone was composed by eight stems and it had a clonal extension of 81 
m2, whereas the smaller clone was composed by four stems and it had a clonal extension of 16 m2. 
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Table 4.1 Aboveground features and dry biomass partitioning of 12 measured stems belonging to two different clones of Quercus pyrenaica. Aboveground biomass was 
separated by organs (stem, branches and leaves); and woody biomass (stem and branches) was divided by tissue (heartwood, sapwood and bark). 

Clone dbha (cm) Height (m) 
Annual 

wood ringshb 
Biomass (kg)   Woody biomass (kg) 

Stem Branches Leaves Total  Heartwood Sapwood Bark 

LARGE 
(81 m2) 

15.75 12.67 48 100.8 31.0 4.8 136.6  33.53 63.50 34.79 
21.75 13.75 50 171.6 95.5 8.6 275.7  72.50 124.12 70.42 
20.38 11.65 44 137.8 105.6 8.4 251.8  64.79 115.27 63.38 
21.50 13.46 46 151.8 69.2 7.0 228.0  58.25 103.19 59.57 
17.00 12.51 47 112.5 23.7 3.5 139.7  37.04 65.39 33.77 
22.60 13.27 46 191.5 102.7 10.0 304.2  82.45 134.35 77.38 
12.40 10.97 43 55.3 8.1 2.2 65.6  19.75 26.06 17.65 
11.75 9.94 42 41.4 5.7 1.8 48.9  10.32 23.10 13.63 

SMALL 
(16 m2) 

21.28 10.46 45 125.1 43.0 5.8 173.9  47.77 80.45 39.92 
19.30 9.78 48 106.1 22.0 3.5 131.6  35.47 59.80 33.73 
19.18 9.89 44 95.8 33.3 4.4 133.5  39.32 57.53 31.18 
20.05 9.42 47 100.3 43.9 5.6 149.8  41.68 64.73 37.76 

a dbh: diameter at breast height                                                                                                                                                                                                                                      
b Annual wood rings counted at breast height at the end of 2013 growing season 
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Pooling data from the large and small clones, fine roots, coarse roots and taproots 

accounted for 8.7%, 62.7% and 28.6%, respectively, of the belowground biomass (Figure 4.1a, 

Table 4.2). The contribution of heartwood, sapwood and bark to the belowground woody 

biomass (BCR and BTR) was 23.0%, 52.1% and 24.9%, respectively. Taproots maintained 

relatively large amounts of functional biomass over the years: although the proportion of 

heartwood was higher in old taproots than in young taproots to the detriment of sapwood, the 

reduction in the relative sapwood volume was limited to 14.2% (i.e., from 53.3% to 39.1%, 

Figure 4.2). Small fine roots, large fine roots and small coarse roots accounted for 62.4%, 8.8% 

and 28.8% of the biomass within the soil cores (Table 4.2). Density of fine roots tended to 

increase in the large clone (P = 0.061), and was constant between soil depths (P = 0.294). 

Estimates of BFR were 124.4 and 24.6 kg for the large and the small clones. Overall, belowground 

biomass in the large clone was 4.4 times that of the small clone (1390.2 and 315.3 kg, 

respectively). 

Root-to-shoot ratios of total biomass, woody biomass (excluding BFL and BFR), sapwood 

within woody biomass, and fine roots-to-foliage were consistently higher in the large clone 

(Figure 4.3).  

Table 4.2 Belowground biomass in two clones of Quercus pyrenaica measured after hydraulic excavation. 
Belowground biomass was separated by root type (taproots, coarse root and fine roots); and woody biomass 
(tap- and coarse roots) was divided by tissue (heartwood, sapwood and bark). Fine roots were measured by 
extracting 24 soil cores and classified by their root diameter. 

Root type Tissue Clone LARGE (81 m2) Clone SMALL (16 m2) 

Taproots  
biomass (kg) 

Heartwood 166.8 31.5 
Sapwood 178.6 35.4 
Bark 66.7 8.5 

Coarse roots  
biomass (kg) 

Heartwood 127.1 32.0 
Sapwood 477.1 120.3 
Bark 249.6 62.9 

Soil cores 
biomass (g dm-3) 

Coarse roots (>5 mm) 0.52 (0.27) 1.65 (0.44) 
Large fine roots (2-5 mm) 0.29 (0.09) 0.37 (0.11) 
Small fine roots (<2 mm) 3.27 (0.71) 1.43 (0.54) 
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Figure 4.2 Relative volume of heartwood, sapwood and bark (on a percentage basis) of taproots originated 
from stems harvested at three different dates. Young taproots corresponded to stems felled in 2013 (n = 12) 
and 2008 (n = 4), and old taproots from undated previous cutting (n = 29), most of them exposed after 
excavation. Different letters indicate significant differences (P < 0.05) of relative volumes of tissues among 
different taproot types. Note the relatively high proportion of functional sapwood in old taproots. 

 
Figure 4.3 Root-to-shoot ratios of total biomass, woody biomass, sapwood biomass, fine roots to foliage 
and sapwood NSC pools in two clones of Quercus pyrenaica of contrasted size. The horizontal arrows 
depict the expected R:S ratio of total biomass (0.28) based on a compilation of 31 reports on Quercus 
species (Genet et al. 2010).   
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4.3.2. Total non-structural carbohydrates 

Pooling tree organs (roots, stems and twigs), average [NSC] at April, June and October was 

13.2(1.4), 6.7(1.1) and 14.3(1.1)% respectively. Similar temporal fluctuations were observed for 

roots and stems separately: [NSC] dropped to minimum values after leaf expansion (June) and 

increased after the growing season (October) to values similar to those observed prior to budburst 

(April) (Figure 4.4). A similar temporal trend was found for twigs, although differences in [NSC] 

between April and June were not significantly different (P = 0.063). Vertical variations were also 

observed: [NSC] in April increased downward from twigs to roots; whereas in June and October, 

differences were uniquely observed between roots and aboveground organs (Figure 4.4). Pooling 

sampling dates, average [NSC] for roots, stems and twigs was 15.4 (1.1), 8.9 (1.1) and 7.9 

(1.1)%, respectively. Multiple comparisons showed that temporal and vertical variability in 

[NSC] was mainly driven by fluctuations in starch concentrations (Figure 4.4). Differences in 

[NSC] between the large and small clone were uniquely observed before budburst in roots (P = 

0.002, Figure 4.5), also due to differences in starch concentrations (P = 0.004). Higher root 

[NSC] and biomass in the large than in the small clone led to much higher NSC pools in the 

former (Figure 4.1.c), and to R:S ratios for NSC pools >1 in the large clone (Figure 4.3). 

 
Figure 4.4 Seasonal variations of starch (lower bars), soluble sugars (upper bars) and total non-structural 
carbohydrates (NSC = soluble sugars + starch) in roots, stems and twigs of seven clones of Quercus 
pyrenaica. Different letters indicate significant differences (P < 0.05) in NSC (letters on compiled bars) and 
starch (letters on lower bars) within organs (lower case letter) and sampling dates (capital letters). Note the 
highest concentrations in roots in comparison with aboveground organs at any sampling date. 
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Figure 4.5 Starch (lower bars), soluble sugars (upper bars) and total non-structural carbohydrates (NSC = 
soluble sugars + starch) at three sampling dates in roots, stems and twigs of three large (> 45 m2) and four 
small (< 20 m2) clones of Quercus pyrenaica. The asterisk indicates significant differences in NSC 
(P=0.002) and starch (P = 0.004) between clonal sizes for roots at the dormant period. 

4.3.3. Root structure, connections and age 

A shallow root system was observed in both clones, with most coarse roots growing 

horizontally within a soil layer of one meter depth, and rare vertical roots growing below. Within 

the large clone, 74 taproots were counted; twelve taproots correspond to harvested stems on 2013 

and 2008; the remaining 62 old taproots showed high heterogeneity in size, shape and degradation 
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state. Taproots were connected by a total of 248 root connections: 189 root grafts and 59 parental 

roots (Table 4.3, Figure 4.6). Of the 189 root grafts, 73 (39%) connected young taproots, 70 

(37%) connected young to old taproots, and 46 (24%) connected old taproots. Of the 59 parental 

connections, 6 (10%) connected young taproots, 29 (49%) connected young to old taproots, and 

24 (41%) connected old taproots. The root system of the smaller clone was comparatively 

simpler: it was composed by four young taproots and two old taproots connected by 20 grafts and 

6 parental roots. In both clones, although parental root connections were less frequent than root 

grafts they were larger in size, resulting in greater accumulated connecting section (Table 4.3). 

Very large size of two parental roots in the small clone substantially reduced differences in the 

sapwood-connecting section between the large and small clones.  

Table 4.3 Root connections within two Q.pyrenaica clones of contrasted size observed after hydraulic 
excavation. The larger clone covered 81 m2 and was composed by 12 young and 62 old taproots. The 
smaller clone covered 16 m2 and was composed by four young and two old taproots. 

Clone Connection 
 type Number Mean (SE) root  

diametera (cm) 
Σ total  

sectionb (dm2) 
Σ sapwood 

sectionc (dm2) 
LARGE 
(81 m2) 

Graft 189 2.05 (0.07) 7.75 4.8 
Parental root 59 4.42 (0.31) 11.68 6.68 

SMALL 
(16 m2) 

Graft 20 2.59 (0.42) 1.58 0.93 
Parental root 6 14.78 (6.52) 20.32 6.36 

a Diameter of the smallest grafted root was considered for root grafts, and diameter at the midpoint between 
connected taproots was considered for parental roots.                                                                      b 
Accumulated total section was the sum of sections at the diameter measuring point of grafts and connecting 
parental roots considering bark, sapwood and heartwood.                                                           c 
Accumulated total section was the sum of sections of grafts and connecting parental roots considering 
uniquely sapwood, estimated from Figure S.1 (Relative sapwood section = - 0.02 × root radius + 0.65). 

The results of the radiocarbon dates are summarized in Table 4.4. The main finding is that 

the oldest taproot of the large clone (VAL-3) is at least nearly 400 years old (1631 AD) if we 

consider the most conservative scenario. The period from 1397 to 1523 AD (roughly 500-600 

years ago) is the likeliest for the formation of this root (Table 4.4, Figure 4.7), and the median of 

the probability distribution of the age is 1450 AD, thus over 550 years old. The other two dated 

taproots from the large clone (VAL-2, VAL-4) have proven to be younger, with a likeliest age of 

around 80-200 years, although VAL-4 could have been formed even more recently, 50-60 years 

ago. Median ages for these taproots are ca. 150 years (1850-1860 AD). The small clone is 

younger than the large one, and its age most likely lies within the intervals 1644-1694 and 1726-

1813 AD, roughly speaking 200-370 years old, although we cannot discard it is only 60-80 years 

old. The median age is around 240 years (1770 AD). 
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Figure 4.6 Aerial view of the root system of a hydraulically excavated clone of Quercus pyrenaica. The 
clonal root system covered 81 m2 and was composed by 74 taproots: eight young taproots belonging to 
felled trees in 2013 (in red), four young taproots of felled trees in 2008 (in blue), and old taproots from 
previous unrecorded cuttings events (in dark grey). 248 root connections were accounted among taproots: 
189 root grafts (in red, connected roots in white) and 59 parental root connections (in yellow). Figure by 
Manuel Iglesias 

 
Figure 4.7 Confidence intervals (2σ, 95.4%) for the ages of the radiocarbon-dated taproots, Sample VAL-1 
belongs to the clone SMALL (16 m2) whereas samples VAL-2 to VAL-4 come from the clone LARGE (86 
m2). Black crosses denote the location of the median of the probability distribution of ages.   

Table 4.4 Radiocarbon dates of wood samples from the roots of the two clones. 

Clone Sample 
name 

Radiocarbon age (14C 
yr BP) 

Calibrated age, 95.4%  
confidence interval (cal yr BP)a 

Estimated age,  
median (cal yr BP) 

LARGE 
(81 m2) 

VAL-4 70 ± 68 
1685 – 1732 AD (21.8%) 
1807 – 1928 AD (66.7%) 
1955 – 1958 AD (11.6%) 

1860 AD 

VAL-3 450 ± 50 

1331 – 1338 AD   (0.6%) 
1397 – 1523 AD (87.1%) 
1559 – 1564 AD   (0.4%) 
1570 – 1631 AD (11.9%) 

1450 AD 

VAL-2 53 ± 45 
1683 – 1736 AD (26.5%) 
1805 – 1934 AD (73.1%) 

1955 AD   (0.4%) 
1850 AD 

SMALL 
(16 m2) VAL-1 198 ± 35 

1644 – 1694 AD (25.7%) 
1726 – 1813 AD (52.4%) 
1838 – 1842 AD   (0.4%) 
1853 – 1867 AD   (1.2%) 
1918 – 1955 AD (20.3%) 

1770 AD 

a The probability of the true age is inside each interval is indicated in brackets. 
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4.4. Discussion 

4.4.1. Root-to-shoot ratios 

R:S biomass ratios in a large and a small clone of Q. pyrenaica were 0.96 and 0.54, 

respectively. These values are higher than those previously reported for this species (0.30-0.35 in 

Montero et al., 2005 and Ruiz-Peinado et al., 2012) and other Quercus tree species (0.25 for Q. 

petraea in Barbaroux et al., 2003; 0.36 for Q. douglasii in Millikin et al., 1997; and 0.28 to 0.52 

for seven species of Iberian Quercus in Montero et al., 2005; Ruiz-Peinado et al., 2012). 

Similarly, lower mean R:S biomass ratios have been reported across major terrestrial biomes: 

0.30 in temperate oak forests (Mokany et al. 2006), 0.25 for angiosperms (Cairns et al. 1997), and 

0.27 in temperate forests (Poorter et al. 2012). One reason for the higher R:S biomass ratios in our 

study is the consideration of the clonal structure of the tree, since trees are commonly considered 

as discrete units (originated from seeds) in most R:S reports. We suspect that R:S ratios of 

resprouting species are systematically underestimated when neglecting their clonal structure due 

to the large amount of non-sampled roots (Robinson 2004; Poorter et al. 2012). For instance, if 

uniquely taproots and crown roots initially extracted by pulling the stumps were considered for 

root biomass (as in Montero et al., 2005), the average R:S ratio for the 12 surveyed stems would 

have been lower (0.44). Accordingly, mean R:S ratios of other clonal Quercus tree species was 

high when the whole root system of multi-stemmed trees was excavated: 1.2 and 0.91 for Q. ilex 

(Canadell and Roda 1991; Serrada Hierro et al. 2013; respectively), and 2.2 and 3.5 for Q. 

aquifolioides and Q. coccifera shrubs, respectively (Cañellas and San Miguel 2000; Zhu, Xiang, 

et al. 2012). Another reason explaining high values of these studies and of Q. pyrenaica here is 

the resprouting nature of the species. Resprouters allocate more biomass into roots than seeders 

under similar growing conditions (Bond and Midgley 2001; Clarke et al. 2013), leading to mean 

R:S ratios of 0.64 and 0.30, respectively (see meta-analysis of Poorter et al., 2012, ratios inferred 

from the root mass fraction). The exponential decrease of the R:S ratio with stand age reported in 

a compilation of 31 studies on Quercus species (Genet et al. 2010) yielded a R:S ratio of 0.28 for 

the age of the stems studied here (46 years). This predicted value is lower than the ones we 

observed (0.96 and 0.54) thus denoting root systems proportionally larger in comparison to 

similar aged Quercus trees of sexual origin. Furthermore, the R:S ratio was higher in the larger 

clone, suggesting massive root development in old clones (Figures 4.6, 4.7) subjected to more 

coppicing events. In support of this pattern, increasing clonal size in Q. ilex resulted in higher R:S 

ratios, ranging from 0.23 in a single-stemmed tree to 1.92 in a seven-stemmed tree, with 

intermediate ratios of 0.86 and 0.84 in three- and four-stemmed trees (Canadell and Roda 1991). 

Similarly, Serrada et al. (2013) also observed progressive increment of R:S ratios from 0.69 to 

0.99 with increasing number of stems within clones of Q. ilex. In any case, the costly and 
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laborious work required to excavate large trees vegetatively regenerated from root suckers limited 

this study to two multi-stemmed individuals (entailing 100 m2 excavation); therefore, any 

extrapolation should be taken with caution. 

Since woody biomass accounted for most of tree biomass (94.3%), differences in the R:S 

ratios of woody biomass between clones remained constant (0.90 and 0.51 for the large and small 

clone, respectively). Moreover,  due to the large contribution of sapwood to belowground woody 

biomass (52.1%), R:S ratios of sapwood increased up to 1.00 and 0.59 (Figure 4.3), showing 

sapwood maintenance 15% higher within root tissues compared to stems and branches. 

Consistently, the sapwood volume of old taproots compared to young taproots only decreased by 

14% over time (Figure 4.2), revealing high maintenance of living tissues belowground to cope 

with disturbances aboveground and maintain integral functionality of root-connected stems, as 

previously observed in clonal poplar trees (Annie DesRochers and Lieffers 2001; Jelínková et al. 

2009) and grafted pine trees (Tarroux et al. 2010). The persistence of massive parental root 

systems is consistent with the greater amount of fine roots in the larger clone. Since leaf biomass 

per stem (and branches) was similar between clones (P = 0.572, Table 4.1), greater soil volume 

(containing fine roots) per stem in the larger clone resulted in higher fine roots-to-foliage ratio 

compared to the smaller clone: 2.69 and 1.28, respectively (Figure 4.3). These values are above 

the reported range (up to 1.25, e.g. Ryan et al., 1996; Vanninen & Makela, 1999; Helmisaari et 

al., 2007) denoting relatively high metabolic activity belowground in these individuals. The fine 

roots-to-foliage ratio plays a pivotal role in tree water and carbon fluxes (Vanninen and Makela 

1999; Mokany et al. 2006), despite the low contribution of fine roots and foliage to total biomass 

(5.7%). Higher leaf water supply and carbon uptake would be expected in the larger clone 

because of the greater amount of fine root biomass per leaf biomass. However, under conditions 

of restricted soil water content and photosynthesis, allometric differences could lead to 

physiological imbalance between the carbon source and sinks. Accordingly, increasing root 

respiration rates per stem in larger clones (Chapter 3) may be partially explained by great 

amounts of fine roots (metabolically more active than woody tissues), and could contribute to 

reduced stem growth with increasing clonal size, as shown in the same experimental plot 

(Chapter 2) and  in other multi-stemmed species (Tanentzap et al. 2012). 

High maintenance of sapwood within woody roots in old root systems also implies higher 

NSC storage capacity (Figure 4.1). Moreover, enhanced starch allocation to roots was observed 

across the seasons (Figure 4.4), consistently with literature of resprouting species regenerating 

from stumps or roots (e.g. Knox and Clarke 2005; Paula and Ojeda 2009; Zhu, Xiang, et al. 2012; 

Zeppel et al. 2015). Starch is mainly stored in parenchyma rays (see Clarke et al. 2013 and 

references therein), as denoted by the positive relationship between [starch] and size of 

parenchyma across several species of Ericaceae (Bell et al. 1996; Bell and Ojeda 1999), Fagaceae 
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and Rosaceae (Rodríguez-Calcerrada, López, et al. 2014). This positive linear relationship holds 

within Q. pyrenaica trees (data reanalyzed from Rodríguez-Calcerrada et al., 2014), suggesting 

that the size of the NSC pool is determined by the quantity of living cells and that the maximum 

[NSC] per living cell is rather constant. Anatomical observations of the surveyed roots confirmed 

the large width of root parenchyma rays, that were up to 40 cells wide (Figure S.2 in 

Supplementary Information). 

Seasonal fluctuations of [NSC] reached lowest values after leaf expansion (June) and 

maximum values before leaf fall  (October) and at end of the dormancy period (April) (Figures 

4.4, 4.5), as similarly observed in Q. petraea and Q. aquifolioides (Barbaroux and Bréda 2002; 

Zhu, Cao, et al. 2012), and as evidence of the use of NSC reserves to satisfy spring demand for 

leaf production and stem growth. NSC reserves during the dormant period favor tree resilience 

under unfavorable conditions (Li et al. 2008; Zhu, Cao, et al. 2012). Here, differences in 

belowground [NSC] between clones were observed before budburst (Figure 4.5), suggesting an 

increasing resilience of resprouting species with clonal size (Tanner 2001; Tanentzap et al. 2012). 

Such higher resilience to aboveground perturbations may come at the cost of growth (Bond and 

Midgley 2001; Poorter and Kitajima 2007; Sala et al. 2012; Clarke et al. 2013) and lead to high 

ratios of “storage to production” in long-lived larger individuals (Iwasa and Kubo 1997), as here 

denoted by the high R:S ratios of NSC pools (Figure 4.3). In a review on carbon allocation 

patterns, Sala et al. (2012) noticed the scarce data on the variability of stored NSC per unit of 

living biomass with plant size due to the difficulty to quantify total NSC pools and living biomass 

on large individuals. Here, despite the small sample size, we observed increasing belowground 

[NSC] and R:S ratio of NSC pools with clonal size and age, and we report a remarkable 

belowground NSC pool for a single tree (87.2 kg). 

4.4.2. Centennial and connected root systems 

Contrary to common expectations of root disruption causing clonal partitioning and stem 

discretization (Bravo et al., 2008, and references therein), a high number of root connections was 

observed for both clones (248 and 26 for the large and the small clone, respectively). The number 

of root connections on a surface basis was greater in the larger and older clone (3.1 vs. 1.6 

connections m-2) as the degree of interdependence may increase over time (Annie DesRochers 

and Lieffers 2001; Jelínková et al. 2009). The scarce literature for comparison showed that root 

grafting in Q. pyrenaica was much more frequent (Table 4.3) than in other species: e.g. 0.5 grafts 

tree-1 in Populus tremuloides (Annie DesRochers and Lieffers 2001; Jelínková et al. 2009), and 

0.3 to 0.9 grafts tree-1 in Pinus banksiana (Tarroux et al. 2010; Tarroux and DesRochers 2011). 

Moreover, we suspect that the degree of clonal intra-connection in Q. pyrenaica is actually 

higher, considering missed connections beyond the excavated area, and the difficulty to find root 

grafts below 30-40 cm depth within these tangled systems. Furthermore, since root graft 
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frequency depends on stem physical proximity rather than genetic proximity (Tarroux et al. 

2014), we also suspect the occurrence of inter-clonal grafts that would result in larger functional 

individuals integrated by different genotypes. Larger excavations in Q. pyrenaica coppices, that 

usually reach extremely high stem densities, would confirm this hypothesis. The importance of 

root grafting for tree performance is evident by NSC sharing within trees to support growth of 

suppressed stems (Fraser et al. 2006) and even roots of removed stems (Tarroux et al. 2010). 

Since NSC transfer among stems is dependent on the size of the root connection (Fraser et al. 

2006), it is worth to note that the accumulated connecting area of root grafts and parental roots 

(11.5 and 7.3 dm2 for the large and the small clone, respectively; Table 4.3) was 25% higher than 

the clonal-accumulated basal area at breast height (considering uniquely functional sapwood 

area). Frequent root connections and large connection sizes may explain higher homogeneity in 

[NSC] among stems within the same clone (standard deviation = 0.78) than among the seven 

monitored clones (standard deviation = 2.54). Moreover, physiological interactions among stems 

in water and carbon fluxes may occur through root connections (see Baret & DesRochers, 2011) 

and were suggested here by the positive relationship between the accumulated connecting area 

per stem and [CO2] at the base of the stem (used as an indicator of the root respiration activity, 

Chapter 5). Cooperative functioning among connected stems may contribute to tree colonization 

and space occupation, and so to tree persistence and competition (Bond and Midgley 2001; 

Tarroux and DesRochers 2011; Tanentzap et al. 2012), a strategy that might govern stand 

dynamics in abandoned Q. pyrenaica coppices. As example, our unpublished data indicate that 

stems of Q. pyrenaica clones can be separated by linear distances of 38.8 m in some coppices.  

Knowledge of the longevity of clonal species is crucial to understand population dynamics 

and interpret R:S ratios. However, age assessment is not straightforward in these species, since 

ages of above- and below-ground organs are decoupled (de Witte and Stöcklin 2010). 

Accordingly, clonal size is commonly suggested as a proxy of age because of the radial 

vegetative spread of long-lived clonal plants (de Witte & Stöcklin, 2010 but see Ally et al., 2010). 

Our radiocarbon dates suggest an older origin for the more complex and more inter-connected 

large clone (Table 4.4, Figure 4.7). However, these dates should be considered as minimum 

estimates for the actual age of Q. pyrenaica individuals. For an accurate date, the taproot 

developed from the original acorn should be identified and sampled (if it still persists), an 

extremely difficult task given the uncertain life history of clones and the unknown expansion 

mode of roots. Three radiocarbon samples in the large clone did probably not capture the whole 

life history of this individual, and greater sampling intensity would have helped to find other roots 

older than 500 years. More intensive sampling would have also improved dating accuracy of the 

small clone; however, its comparatively younger age could be explained from its relatively simple 

root structure, likely consequence of less coppicing events. In any case, the old age observed for 

the large clone shows that Q. pyrenaica maintains its resprouting ability for at least 400-500 
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years, thus much longer than previous speculations of 200 (Ximénez de Embún 1961) or 300 

years (Bravo et al., 2008, and references therein).  

Vegetative regeneration predominates in certain resprouting species to the detriment of 

sexual recruitment, particularly in Mediterranean ecosystems subjected to frequent disturbances 

(Bond and Midgley 2001). In the case of Q. pyrenaica, regeneration dynamics is determined to a 

great extent by vegetative resprouting induced by anthropogenic perturbations in different types 

of forest structures (Valbuena-Carabaña and Gil 2013b; Camisón et al. 2015), as is the case in this 

experimental plot where the contribution of clonal regeneration is above 80% (Chapter 2). 

Palynological research conducted on sediments from a mire close to the study plot shows a 

marked decline in the concentration of pollen from deciduous Quercus ca. 400 years ago (Figure 

S.3 in Supplementary Information). This important drop could be linked to decreased pollen 

productivity as a consequence of the shift from sexual to vegetative regeneration. Historical 

sources support this interpretation, as the general establishment of leasing contracts for forest use 

in the early modern period (Manuel Valdés and Rojo y Alboreca 1993) would have intensified 

oak wood exploitation and promoted vegetative regeneration in detriment of pollen yield. In this 

line, short cutting cycles (ranging from 7 to 15 years) limiting sexual recruitment of Q. pyrenaica 

since at least the 12th century (Manuel Valdés and Rojo y Alboreca 1993), may have reduced its 

reproductive performance over time. We conclude that symptoms of poor aboveground 

performance in overaged stems, commonly interpreted as clonal decay or starvation may instead 

suggest strong vegetative resilience. In this framework, current attempts of conversion of Q. 

pyrenaica coppices into high forests by thinning would be hindered by the progressive increase in 

R:S ratios together with the reduction of the sexual function, despite the positive stem growth 

response of residual trees (Cañellas et al. 2004; Corcuera et al. 2006; Bravo et al. 2008). 
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4.4.3. Conclusions 

Survey of tree organs hidden from our view is essential to understand what remains visible 

to us. An integral view of the whole tree – including belowground roots – is necessary to explain 

the poor performance of Q. pyrenaica above ground after the abandonment of traditional 

coppicing. Periodical and sustained coppicing lead to massive root systems with large amounts of 

living biomass and root NSC pools that ensure persistence by resprouting after above ground 

perturbations, but that could contribute to stand decline (e.g. limited stem growth and acorn yield) 

conditioned by root respiration expenditures. Moreover, the promotion of vegetative regeneration 

may have resulted in centennial, multi-stemmed and highly inter-connected individuals with a 

cooperative behavior that would favor clonal resilience, but that would hinder attempts to high 

forest conversion. 
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5. TEMPORAL AND SPATIAL PATTERNS OF INTERNAL 
AND EXTERNAL STEM CO2 FLUXES IN A SUB-
MEDITERRANEAN OAK 

Roberto Salomón, María Valbuena-Carabaña, Luis Gil, Mary Anne McGuire, Robert 

Teskey, Doug Aubrey, Inés González-Doncel, Jesús Rodríguez-Calcerrada 

Manuscript in prep. 

Abstract 

To accurately estimate stem respiration (RS), measurements of both CO2 efflux to the 

atmosphere (EA) and internal CO2 flux through xylem (FT) are needed because xylem sap 

transports respired CO2 upward. However, studies of seasonal dynamics of FT and EA are scarce, 

and absent in Mediterranean species under drought stress conditions. Internal and external CO2 

fluxes at three stem heights, together with stem growth, temperature, sap flow, and water 

potential were measured in Quercus pyrenaica in four measurement campaigns during one 

growing season. Low internal [CO2] and seasonality in the resistance to radial CO2 diffusion 

were related to drought stress. Low internal [CO2] resulted in low contributions of FT to RS 

throughout the growing season. RS was mainly explained by EA (>90%), which varied 

seasonally mirroring sap flow and stem growth trends. Nevertheless, at midday, when sap flow 

was high, FT accounted for up to 25% of RS. Internal [CO2] was also found to vary vertically 

along the stems and in relation to root biomass among stems. Water deficit in sub-

Mediterranean drought-adapted species and/or historical coppicing may lead to down-regulation 

of respiration of woody tissues that cause low internal [CO2] and FT. Long term studies 

analyzing temporal and spatial variation in internal and external CO2 fluxes and their 

interactions are needed to comprehensively understand and model respiration of woody tissues. 
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5.1. Introduction 

Ecosystem respiration consumes 30-70% of CO2 assimilated by photosynthesis (Waring 

et al. 1998; Amthor 2000; Acosta et al. 2008; Ryan et al. 2009). Among terrestrial ecosystems, 

respiration from forests is a large component of the global carbon budget, yet knowledge of 

respiration processes, particularly woody tissue respiration, is limited, especially in comparison 

to our understanding of photosynthesis (Ryan et al. 2009; Guidolotti et al. 2013; Rambal et al. 

2014). Stem respiration (RS) has been estimated to contribute 5 to 40% to total forest ecosystem 

respiration, depending on forest type and season (Rodríguez-Calcerrada, Martin-StPaul, et al. 

2014). Yet the abiotic and biotic factors controlling RS and contributing to its variability over 

time and space remain unclear. 

To study variability in RS, CO2 efflux to the atmosphere (EA) has been commonly used as 

a proxy of RS (Stockfors and Linder 1998; Damesin et al. 2002; Lavigne et al. 2004; Acosta et 

al. 2008; Brito et al. 2010; Yang et al. 2012; Rodríguez-Calcerrada, López, et al. 2014; 

Tarvainen et al. 2014). However, in the last decade it has been demonstrated that internal CO2 

fluxes in stems play an important role in estimating woody tissue respiration, since a portion of 

the CO2 released by respiration dissolves in sap and is transported upward in the xylem stream. 

Measurements of EA have generally underestimated respiration (Teskey et al. 2008; Hölttä and 

Kolari 2009; Angert et al. 2012; Trumbore et al. 2013; Bloemen et al. 2015), although CO2 

movement from the roots upward can also result in overestimations (Zach et al. 2010; Bužková 

et al. 2015). Using a mass balance approach, McGuire and Teskey (2004) revealed significant 

misestimation of RS from EA measurements, and the absence of a consistent relationship 

between RS and EA (Teskey and McGuire 2007). Briefly, the mass balance approach considers 

the sum of three respiration components within a stem segment to estimate total respiration on a 

volume basis. RS components are: (i) EA from the measured stem segment; (ii) internal flux of 

dissolved CO2 through the xylem (FT); and (iii) the change in CO2 concentration ([CO2]) (i.e. 

CO2 stored in the stem segment) across two consecutive measurements (ΔS). The mass balance 

approach has demonstrated that relative contributions of FT to total RS can be highly variable. 

For example, the daily contribution of FT to RS was as high as 55% for sycamore trees (McGuire 

and Teskey 2004; Teskey and McGuire 2007), approximately 15% for beech and sweetgum 

trees (McGuire and Teskey 2004), 10.6% for rimu trees (Bowman et al. 2005), and 3-18% for 

Populus species depending on weather conditions (Saveyn, Steppe, McGuire, et al. 2008). By 

measuring the ratio of CO2 efflux to O2 influx, Angert et al. (2012) estimated that 35% of 

locally respired CO2 was transported upward. The relevance of FT for forest carbon budgets was 

noted by Aubrey and Teskey (2009), who reported that the amount of CO2 transported from 

roots into the stem was in the same magnitude as soil CO2 efflux in a poplar plantation. On the 

contrary, internal CO2 transport had no apparent effect on CO2 efflux in large conifer trees 
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(Ubierna et al. 2009), or young pine trees during springtime (Maier and Clinton 2006). It is 

becoming apparent that internal [CO2] measurements are necessary to better integrate 

physiological processes at the cellular level with CO2 fluxes from stem surfaces (Trumbore et 

al. 2013), and to more accurately estimate RS (McGuire and Teskey 2004). 

Previous research on RS has revealed interesting interactions among FT, EA and internal 

[CO2]. For instance, increased FT during daytime is associated with lower EA. Daytime 

depressions in EA compared to nighttime values at the same temperature have been attributed to 

transport of locally respired CO2 (Bowman et al. 2005; Gansert and Burgdorf 2005; Hölttä and 

Kolari 2009), even though direct assessments of upward transport of CO2 are commonly 

missing. Moreover, [CO2] has been shown to be directly related to EA (Teskey and McGuire 

2002, 2007; Cerasoli et al. 2009), with the slope of this relationship determining the resistance 

to radial CO2 diffusion (Steppe et al. 2007; Teskey et al. 2008). Resistance to radial CO2 

diffusion is dependent on stem water status, tissue properties and temperature (Sorz and Hietz 

2006). Diffusion resistance influences the quantity of internal [CO2] that diffuses to the 

atmosphere through cambium, phloem and bark tissues, and it could help explain the substantial 

variation in CO2 efflux observed among and within tress and across stands (Steppe et al. 2007). 

Another significant factor affecting RS is vertical position on the stem. A positive relationship 

between EA and height has been observed, presumably due to higher growth rates in the upper 

stem and tree crown (Damesin et al. 2002; Araki et al. 2010; Tarvainen et al. 2014). In parallel, 

a slightly increasing vertical gradient in [CO2] was also observed from stem base to 3 m height 

(Teskey and McGuire 2007), and Hölttä and Kolari (2009) modeled higher ratios of CO2 efflux 

to CO2 production in the upper stem as CO2 is transported upward. Internal [CO2] and CO2 

fluxes, especially at the stem base, could also be affected by the extent and structure of the 

supporting root system (Teskey and McGuire 2007), which has never been examined in natural 

conditions. 

EA varies seasonally, driven by abiotic factors such as temperature and water availability, 

and biotic processes such as photosynthesis, phloem transport, and cambial activity. In the same 

way, [CO2] and FT might also vary seasonally. However, concomitant studies of EA and [CO2] 

have rarely lasted more than two weeks (see review by Teskey et al., 2008). To date, the only 

published data in which both internal and external CO2 fluxes have been simultaneously 

monitored in a long term experiment consists of measurements on two Norway spruce trees 

instrumented for 19 months (Etzold et al. 2013). This study revealed a close link between 

internal [CO2] and both temperature and cambial activity.  

Previous work based on EA measurements has suggested that summer drought reduces 

respiration (Maseyk et al. 2008; Brito et al. 2010; Rodríguez-Calcerrada, Martin-StPaul, et al. 

2014). However, data on EA, and more so internal [CO2] and FT, are scarce in drought-prone 
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regions (but see Cerasoli et al., 2009). Here, we aim to assess the main drivers of diel, seasonal, 

and vertical variability of EA, internal [CO2], RS, and their interactions in a sub-Mediterranean 

tree species (Quercus pyrenaica Willd.) under natural conditions. Variables EA, FT, and internal 

[CO2] were examined at three different stem heights on four dates during the 2013 growing 

season, with contrasting sap flow rates, drought stress, and growth rates. First, we examined 

variation in EA during the growing season, and the effect of sap flow and FT on the widely 

reported daytime depression in EA. We predicted that annual peak EA would occur at the 

beginning of the growing season, when water availability and early-wood formation are highest 

(Barbaroux and Bréda 2002; Lavigne et al. 2004; Corcuera et al. 2006; Courty et al. 2007), and 

that EA would decrease over the course of the growing season in response to drought and 

reduced growth (Maseyk et al. 2008; Brito et al. 2010; Rodríguez-Calcerrada, Martin-StPaul, et 

al. 2014). We also predicted increasing daytime depression in EA with increasing sap flow rate 

as respired CO2 is transported from the measurement point and released in the upper stem 

(Gansert and Burgdorf 2005), or with drought severity as water limitation causes loss in cell 

turgor reducing respiration rates (Saveyn et al. 2007b). Second, we examined seasonal variation 

in internal [CO2] and how its relationship with EA (i.e. the resistance to radial CO2 diffusion) 

changes as drought stress increases. We expected [CO2] would follow a similar pattern to EA in 

response to cambial activity (Etzold et al. 2013), and resistance to radial CO2 diffusion would 

decline as water deficit increased (Sorz and Hietz 2006; Steppe et al. 2007). Third, we 

calculated the contribution of FT to RS across the growing season and at different stem heights. 

Using the mass balance approach proposed by McGuire and Teskey (2004), we hypothesized 

that the contribution of FT to RS would be greater in the middle of the growing season, 

coinciding with high sap flow rates (Saveyn, Steppe, McGuire, et al. 2008), as well as at higher 

stem positions, due to the buildup of CO2 along the stem (Hölttä and Kolari 2009). Fourth, we 

examined the relationship between internal [CO2] and root properties (living biomass and root 

connections), with the expectation of higher [CO2] in stems supported by larger root systems 

(Teskey and McGuire 2007).  

5.2. Materials and Methods 

5.2.1. Experimental plot and set-up 

The study was performed in the central mountain range of the Iberian Peninsula, in the 

buffer zone of the national Park of Sierra de Guadarrama, in the “Monte Matas de Valsaín”. The 

experimental plot was located at an altitude of 1140 m.a.s.l. Average annual rainfall and 

temperature are 885 mm and 10oC, respectively. Soil type is humic cambisol. The study plot is a 

pure stand of Q. pyrenaica. Stem density is 781 stems ha-1, with most of the stems ranging from 

15 to 25 cm diameter at breast height. Due to the high root-resprouting capability of Q. 
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pyrenaica, the stand has been traditionally coppiced but was abandoned after 1970, when the 

last cutting was performed. Q. pyrenaica is a marcescent oak found in siliceous sub-

Mediterranean mountains, at altitudes ranging between 400 and 1600 m.a.s.l. It is distributed 

mainly in the north-west of the Iberian Peninsula, although marginal populations can be found 

in North Morocco and South France (Costa et al. 2005). 

Eight stems were instrumented to measure internal and external CO2 fluxes at their base. 

All stems were part to the same clone. Only one clone was used because in conjunction with 

this study, we planned to excavate the root system of the entire multi-stemmed clone to link 

stem [CO2] with root properties. For detailed methodology on clonal assignment see Chapter 1. 

Diameter at breast height (dbh) of the eight stems ranged from 12.4 to 23.9 cm, and total height 

from 10.5 to 13.8 m. Four measurement campaigns were made during the growing season of 

2013. On each measurement date we completed 24 hours of measurements, starting and 

finishing at approximately 12:00 h. The first measurement date, (D1), was on DOY 143-144 

(end of May), during bud-burst, when sap flow was negligible. The second and third 

measurement dates (D2 and D3) were on DOYs 183-184 (beginning of July) and 218-219 

(beginning of August), respectively, with warmer temperatures and higher sap flow rates. 

Finally, D4 was on DOY 266-267 (end of September) when transpiration was reduced, stem 

growth had ceased, and drought stress, indicated by shoot water potential, was maximum 

(Figure 5.1). 

Stem harvesting and root excavation started on DOY 280. Stems were felled to quantify 

sapwood volume per stem segment to calculate RS by the mass balance approach (see below). 

The root system was hydraulically excavated with a high-pressure water pump down to 1m 

depth. Root connections were then quantified and categorized as parent roots, from which stems 

sprout, and root grafts, formed after stem sprouting (Annie DesRochers and Lieffers 2001). The 

cross section of each root connection (cm2) was measured at the midpoint between connected 

stems (in the case of parental roots), or estimated from two perpendicular diameters at each graft 

side (considering the smallest root within the graft). After these measurements were complete, 

the root system was lifted with a backhoe, coarse and taproots were separated and all roots were 

weighted in situ to the nearest 20 g (BMM-BR80, Baxtran, Spain).  

5.2.2. Climate, diameter increment, and shoot water potential 

Air temperature (Tair, ºC) and precipitation were monitored every 30 minutes by a 

weather station located 2.1 km away from the plot. Diameter increment of every stem was 

measured by dendrometer bands (DS20, GIS Iberica, Spain) placed at 1.3 m height and 

inspected ca. every two weeks. As a surrogate of tree water status, shoot water potential was 
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measured on every measurement date with a pressure chamber (PMS Instrument Co., OR, USA) 

at predawn (between 04:00 and 06:00 h) and midday (between 13:00 and 15:00 h). 

 
Figure 5.1 Daily air temperature (Tair), precipitation, and average sap flow per tree (FH20) (a); and 
accumulated diameter increment, and predawn and midday shoot water potential (b) across the growing 
season in an experimental plot of Quercus pyrenaica. Stem growth resumed before budburst and leaf 
expansion and ceased at the end of the dry season before first autumn rains (DOY 249). Four 
measurement campaigns are depicted by grey vertical bars. The gap in the FH20 series from DOY 236-253 
corresponds to the theft of power supply that occurred on DOY 236. 

5.2.3. CO2 efflux to the atmosphere (EA)  

CO2 efflux to the atmosphere was measured every six hours at the base (20 cm 

aboveground level) of each stem (at 12:00, 18:00, 00:00 and 06:00 h). Additionally, two stems 

were intensively measured (18 times per day) at the base and two additional heights (1.5 m and 

3 m). These two stems (S1 and S2) had dbh of 22.9 and 21.0 cm, respectively. EA was measured 

with a portable infrared gas analyzer (LI-6400, Li-Cor Inc., Lincoln, NE, USA) and a soil 

chamber (LI-6400-09) as described in Xu et al., (2000). Measurements were made at the same 
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stem location each time by fixing permanent PVC collars to the stem. Loose bark was removed 

and the PVC collars were sanded to better fit stem curvature. Silicone sealant and liquid rubber 

(Plasti-Dip, TRP, Spain) were applied to prevent leaks. Measurements were made by reducing 

CO2 concentration inside the chamber and then letting it increase to an upper concentration limit 

(i.e., gas analyzer operated in closed system configuration). These limits changed depending on 

the respiration rate of the measured stem and the atmospheric [CO2] concentration, which 

averaged 370 ppm during the day and 420 ppm at night. The rate of change of [CO2] inside the 

chamber was calculated at ambient [CO2] and humidity in three consecutive measurement 

cycles. EA values were corrected to account for stem collar volume, which was measured at the 

end of the experiment by sealing the open end of the collar and filling it with water through a 

hole in the top from a graduated cylinder. A correction was applied to account for stem 

curvature using the equations developed by Xu et al. (2000), so that EA was calculated on stem 

surface area basis (EA(S) [µmol m-2 s-1]). 

Stem temperature (Tstem, ºC) was continuously measured with type-T thermocouples 

(copper-constantan) inserted at 2 cm depth and 5 cm away from each stem collar. Temperature 

sensitivity of EA (Q10) was assessed by the equations: 

ln (EA) = a + b Tstem        (1) 

Q10 = e (b10)          (2)  

For comparison among measurement campaigns, EA(S) was standardized to 15oC (EA(S)15), 

a temperature registered in all four campaigns and widely reported in literature, using Q10 values 

obtained by pooling nighttime and daytime data. 

To assess daytime depressions in efflux, residuals (EA(S)_RES) were calculated in the 

intensively measured stems (S1 and S2) as the difference between EA(S) predicted from the 

nighttime relationship between Tstem and EA(S) (from 22:00 to 06:00 h) and measured daytime 

EA(S). 

5.2.4. Internal [CO2] and the mass balance approach 

Internal [CO2] was measured at the base (10 cm aboveground level) of the stems. 

Additionally, in the intensively measured stems (S1 and S2), internal [CO2] was measured 5 cm 

above and below the stem collars (at 1.5 and 3 m height) to calculate respiration by mass 

balance as proposed by McGuire and Teskey (2004). Internal [CO2] was measured with solid 

state non-dispersive infrared (NDIR) CO2 sensors (model GMM221, Vaisala, Finland) inserted 

into the stem. Holes of 40 mm length and 25 mm width were drilled to place the sensor. NDIR 

sensors were isolated from the external atmosphere with rubber sealant. To minimize 

temperature effects associated to stem position and height, stem collars, NDIR sensors and 

thermocouples were all oriented facing north (Stockfors and Linder 1998; Acosta et al. 2008).  
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NDIR sensors measure internal [CO2] in gaseous phase (%) in equilibrium with CO2 

dissolved in sap solution ([CO2
*], mmol L-1). Sap [CO2

*] is estimated by Henry’s law from sap 

temperature and sap pH. Sap pH was measured at midday, at maximum transpiration rates, 

using a portable pH meter (model 25+, Crison, Barcelona) and a pH electrode (model 52 07, 

Crison, Barcelona) on sap expressed from twigs of each stem. To measure sap flux density (L 

cm-2 h-1), two thermal dissipation probes (Granier 1985) were inserted to a depth of 2 cm into 

the sapwood on opposite sides of each stem (west and east oriented) at 1 m height. The paired 

needles of each probe were separated 10 cm vertically. Daily zero flow was calculated for each 

probe from the temporal mean of the temperature difference of the thermocouple pair between 

04:00 and 06:00 h. Data from the two probes per stem were averaged to account for 

circumferential variability in sap flux. Calibration parameters developed by Sun et al. (2011) 

were applied to sap flux density to improve accuracy according to the ring porous xylem 

anatomy of Q. pyrenaica stems. Sap flux density was multiplied by sapwood area to determine 

sap flow (FH2O, L h-1). Stem temperature, sap flux density, and internal [CO2] were measured 

every minute and averaged every 15 minutes with a data logger (model CR23X, Campbell 

Scientific, Spain).  

The mass balance approach was applied to calculate the relative contributions of EA, FT, 

and ΔS to RS following equations in McGuire and Teskey (2004): 

RS = EA + FT + ΔS         (3) 

FT = (FH2O/V) Δ[CO2
*]        (4) 

ΔS = ([CO2
*]T1 - [CO2

*]T0) L/T       (5) 

where RS, EA, FT and ΔS are the stem respiration components on a volume basis (µmol 

CO2 m-3 s-1), FH2O is sap flux (L s-1), V is sapwood volume of stem segment (m3), Δ[CO2
*] is the 

difference in sap [CO2
*] above and below PVC collar, [CO2

*]Ti is the mean of sap [CO2
*] above 

and below the collar at i-th time period, L is the stem water content (L m-3), and T is the elapsed 

time (s) between consecutive measurements. 

EA was initially estimated on a stem surface area basis (EA(S)). To express EA on a volume 

basis (EA(V)), we assumed uniform efflux around the stem circumference and used this equation:  

𝐸𝐴(𝑉) =   𝐸𝐴(𝑆)
𝑆

𝑉
= 𝐸𝐴(𝑆)

2𝜋𝑟ℎ+𝑠ℎ𝑒𝑖𝑔ℎ𝑡

𝜋(𝑟ℎ+𝑠
2 − 𝑟ℎ

2 ) ℎ𝑒𝑖𝑔ℎ𝑡
=  𝐸𝐴(𝑆)

2𝑟ℎ+𝑠

(𝑟ℎ+𝑠
2 − 𝑟ℎ

2 )
  (6) 

where S and V are the axial surface area and volume of sapwood of the stem segment, 

respectively, rh and rh+s denote the radius of heartwood and heartwood plus sapwood, 

respectively, and height is the vertical length of the stem segment. The mass balance approach, 

on a sapwood volume basis, was applied on the four dates and at two heights (1.5 and 3 m) of 

the intensively measured stems (S1 and S2). However, in one stem segment (S2 at 3 meters) a 

NDIR probe failed on two sampling dates and these values were removed from analyses. 
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5.2.5. Data analysis  

To study the influence of Tstem on diel EA and internal [CO2], linear regressions were 

performed (Eq. 1). Seasonal differences in EA and internal [CO2] at the stem base were assessed 

with hierarchical mixed models performed in R using the lme function in the nlme library 

(Pinheiro et al. 2015) considering measurement date as a fixed factor (n=4) and stem as a 

random factor (n=8). To evaluate the influence of stem height on EA and [CO2], mixed models 

were performed considering date (n=4) and height (n=3) as fixed factors and stem (n=2, 

intensively measured stems S1 and S2) as a random factor. Backward selection was used to 

determine the most appropriate model until all variables included in the model were significant 

(P < 0.05). To evaluate the effect of root size and root connections on internal [CO2] at the stem 

base, average [CO2] per stem was linearly regressed against root variables. Multiple 

comparisons of means were performed using glht function in the multcomp library (Hothorn et 

al. 2008). 

To evaluate the influence of sap flow on daytime depression of efflux, mixed models 

were performed. At a diel scale (dates separately examined), EA(S)_RES (µmol CO2 m-2 s-1) was 

regressed against FH2O (L h-1) which was treated as a fixed factor, while stem segment nested 

within its corresponding stem (n = 2) was treated as a random factor. To test differences in 

slopes between FH2O and EA(S)_RES among dates, ANCOVA was performed. At a seasonal scale, 

and to further distinguish between water status and internal CO2 transport as potential drivers of 

daytime depression in efflux (Saveyn et al. 2007b), daily accumulated EA(S)_RES (mmol CO2 m-2 

day-1) was regressed against accumulated FH20 (L day-1) and predawn and midday shoot water 

potential (MPa) considering the four measurement dates. Additionally, to estimate the portion of 

efflux depression attributed to the internal transport of CO2, the ratio between FT and EA(V)_RES 

(on a volume basis, mmol CO2 m-3 day-1) was calculated for the four dates. According to Fick´s 

first law, the resistance to radial CO2 diffusion (s m-1) was calculated by the ratio Δ[CO2]/EA(S), 

where Δ[CO2] is the difference in [CO2] (µmol m-3) between the xylem and the atmosphere 

(Steppe et al. 2007; Teskey et al. 2008). Resistance to radial CO2 diffusion across dates was 

assessed with mixed models and differences among dates were tested by ANCOVA. All values 

presented in the text are means ± (SE). 

5.3. Results 

5.3.1. Climatic conditions, water potential, and stem growth  

Over the growing season (from DOY 100 to 304), average Tair was 15.7 oC (daily means 

ranged from 0.6 to 26.6 oC) and total precipitation was 214 mm, 60% of which occurred before 

or during budburst (from DOY 140 to150, Figure 5.1a). Summer was hot and dry: from DOY 
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160 to 270, mean Tair was 19.7 oC (daily means ranged from 8.7 to 26.6 oC) and total 

precipitation 37.6 mm. Mean predawn and midday shoot water potential at the end of the 

growing season (DOY 267) reached minimum values of -1.4 and -2.7 MPa, respectively. Stem 

growth started by DOY 110 and finished by DOY 260. Mean accumulated diameter growth was 

0.8 mm, of which 25% took place before and during budburst (Figure 5.1b). 

5.3.2. Stem CO2 efflux (EA) and daytime depression in EA  

EA(S) was strongly related to Tstem. On a diel basis, Tstem explained 82-97% of the 

variability in EA(S) during the night (Table 5.1). The Q10 values were 1.85, 1.60, 1.76 and 1.99 

for the four sampling periods, D1 to D4. Pooling nighttime and daytime data reduced the 

number of significant relationships between Tstem and EA(S), as well as the variability in EA(S) 

explained by Tstem (33-64%); the Q10 values decreased to 1.33, 1.30, 1.30 and 1.39 for the four 

sample periods, respectively.  

Table 5.1 Relationships of stem temperature (Tstem, ºC) with stem CO2 efflux (EA(S), µmol CO2 m-2 s-1) 
and internal [CO2] (%). Nighttime data (from 22:00 to 6:00 h) and pooled nighttime and daytime data are 
separately analyzed. Number of significant relationships (NSR) across stem segments and dates, average 
R2 and Q10 obtained from these relationships are shown.  

DOY 

log(EA(S)) = f (Tstem)  log([CO2]) = f (Tstem) 

Nighttime data 
 Nighttime and  

daytime data 
 

Nighttime data 
 Nighttime and  

daytime data 
NSRa R2 Q10  NSRa R2 Q10  NSRb R2 Q10  NSRb R2 Q10 

143-
144 6/6 0.97  1.85   3/3 0.33 1.33  8/8 0.98 2.54  8/8 0.60 1.72 

183-
184 6/6 0.91 1.60   5/5 0.48 1.30  8/8 0.92 2.32  7/7 0.23 1.36 

218-
219 5/5 0.82 1.76  5/5 0.52 1.30  5/7 NAc 1.05  2/7 NAc 0.78 

266-
267 5/5 0.88 1.99  6/6 0.64 1.39   8/8 0.76 2.68  4/8 NAc 1.01 
a Number of significant positive relationships (P < 0.05) / Number of significant relationships (P < 0.05), 
for the 6 stem segments intensively measured (2 stems at 3 heights).                                                                  
b Number of significant positive relationships (P< 0.05) / Number of significant relationships (P< .05), for 
the 8 stem segments measured at stem base.                                                                                                   
c Data not available, average R2 was not calculated due to the opposite slopes of the relationships. 

Stem CO2 efflux was standardized to 15°C (EA(S)15) to examine the effect of season on 

EA(S). For the four sampling periods EA(S)15 varied significantly from 1.28 (0.14), 2.00 (0.27), 

2.39 (0.36) and 1.65 (0.28) µmol CO2 m-2 s-1, for D1, D2, D3 and D4, respectively (n = 8, P < 

0.001), and every contrast examined among dates was significant (P < 0.05). EA(S) at actual 

temperature showed greater differences: 1.09 (0.13), 2.18 (0.28), 2.76 (0.37) and 1.86 (0.27) 

µmol CO2 m-2 s-1, measured at Tstem of 11.1 (0.2), 17.6 (0.2), 18.4 (0.1) and 18.9 (0.1) oC, on the 

four dates, respectively. In the intensively measured stems at three heights (S1 and S2), EA(S)15 



Chapter 5 

91 

was marginally influenced by stem height (P = 0.085). Stem efflux (EA(S)15) was similar at the 

base of the stem and at 1.5 m height (P = 0.744), but at 3 m it was lower than at 1.5 m (P = 

0.027) and tended to be lower than at the stem base (P = 0.059). 

Hysteresis between diel Tstem and EA(S) was observed on all measurement dates, stems, 

and heights; i.e., for a given temperature EA(S) was higher at nighttime than at daytime (Figure 

5.2). At a diel scale (dates separately examined), hysteresis (EA(S)_RES, i.e. predicted EA(S) - 

measured EA(S), µmol CO2 m-2 s-1) was related to FH20 from D2 to D4, which was the period in 

which transpiration occurred (P < 0.001, Figure 5.3). ANCOVA showed that the slopes of these 

relationships were similar on D2 and D3 (P=0.378), whereas slopes on D2 and D3 were 

different than the slope on D4 (P < 0.001). Interestingly, on D1, during budburst, hysteresis 

occurred in the absence of sap flow, and EA(S)_RES was as large as on the dates with fully 

developed leaves (Figure 5.3). Therefore, at a seasonal scale, daily accumulated EA(S)_RES (µmol 

CO2 m-2 day-1) per measurement date was not influenced by daily accumulated sap flux (L m-2 

day-1) (P=0.525) but tended to increase with decreasing shoot water potential at predawn ( P = 

0.066) and midday (P=0.054). Considering daily accumulated FT (calculated by the mass 

balance approach) and EA(V)_RES (both on a sapwood volume basis, mmol CO2 m-3 day-1), the 

mean ratio FT/ EA(V)_RES was -0.01 (0.01), 0.70 (0.23), 0.80 (0.26) and 0.49 (0.28) for dates D1 

to D4, indicating that hysteresis in EA was not fully explained by FT, and not at all on D1 when 

transpiration was negligible. 

 
Figure 5.2 Example of hysteresis in the relationship between stem temperature (Tstem) and stem CO2 
efflux on a surface basis (EA(S)). Measurements started at midday and follow a counterclockwise pattern. 
Shaded area indicates nighttime. In the example, for a given temperature, EA(S) was higher at nighttime 
than at daytime at negligible sap flow rates (DOY 143-144, during budburst). Similar hysteresis was 
observed throughout the course of the experiment.  
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Figure 5.3 Residual stem CO2 efflux (EA(S)_RES) regressed against sap flow (FH2O). Residual stem CO2 
efflux was calculated as the difference between predicted (from the nighttime relationship between efflux 
and temperature, Eq. 1) and measured CO2 efflux during the daytime. Significant regression lines (P < 
0.05) per stem and date are depicted. On leafless measurement date (D1), sap flow and EA(S)_RES were not 
related (P = 0.319), whereas positive relationships (P < 0.001) were found on the remaining dates after 
leaf expansion (R2 = 0.604, 0.699, 0.618 for D2, D3, and D4, respectively). The slopes of these 
relationships were similar on D2 and D3 (P = 0.378), whereas slopes on D2 and D3 were different to the 
slope on D4 (P < 0.001). 

5.3.3. Internal [CO2] and resistance to radial CO2 diffusion 

Relationships between internal [CO2] and Tstem at the base of the stem were 

predominantly positive at night throughout the growing season, but pooling nighttime and 

daytime data substantially reduced the number of significant positive relationships between 

internal [CO2] and Tstem (Table 5.1). The shifting pattern of this relationship prevented us from 

estimating [CO2] at a reference temperature as we had done for EA using EA(S)15. Internal [CO2] 

decreased over the growing season from 0.26 (0.06), 0.14 (0.03), 0.13 (0.02) to 0.11 (0.02)%, 
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on D1, D2, D3, and D4, respectively (P<0.001). Seasonal mean of internal [CO2] at the base of 

the stem was positively related to taproot biomass (P = 0.049; R2 = 0.50, n = 8), and the 

accumulated cross section of its root connections (P = 0.027; R2 = 0.58). In the intensively 

measured stems at three heights (S1 and S2), internal [CO2] was influenced by date, height, and 

their interaction (P < 0.001), varying from 0.52% (at 3 m height on D1) to 0.12% (at the stem 

base on D2; Figure 5.4). Pooling dates, internal [CO2] increased from 0.17 (0.02)% at stem 

base, to 0.26 (0.02)% at 1.5 m, and finally 0.40 (0.02)% at 3 m height (P < 0.001).  

 
Figure 5.4 Mean internal [CO2] across the growing season at three stem heights. Mean internal [CO2] 
was calculated from the two stems for which measurements were made at different heights.  

The relationship between Δ[CO2] and EA(S), i.e. the resistance to radial CO2 diffusion, 

changed across the growing season (Figure 5.5). On D1, this resistance was the highest (1.08 x 

105 (3.63 x 103) s m-1), and a strong positive relationship between Δ[CO2] and EA(S) was found 

(average R2 = 0.96, P < 0.001). On the remaining measurement dates, the relationships between 

Δ[CO2] and EA(S) were weaker: average R2 values were 0.72 , 0.19 and 0.66 for D2, D3 and D4 

respectively. On D2 to D4, resistance to radial CO2 diffusion was lower, decreasing by up to 1/3 

compared to D1: 3.68 x 104 (2.07 x 103), 2.61 x 104 (6.98 x 103) and 3.85 x 104 (3.12 x 103) s m-

1, respectively (P < 0.001) (Figure 5.5). The contrasts comparing slopes (i.e., resistance to radial 

CO2 diffusion) by ANCOVA were significant among D1 and all other dates (P < 0.001), but not 

among D2, D3, and D4 (P > 0.1). Resistance to diffusion tended to decrease with decreasing 

midday shoot water potential (R2 = 0.893, P = 0.055, n = 4) but not with predawn shoot water 

potential (P = 0.924, n = 4), suggesting that the resistance to diffusion was influenced by 

midday water status. 
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Figure 5.5 CO2 concentration gradient between xylem and atmosphere (Δ[CO2

*]) in relation to stem CO2 
efflux to the atmosphere (EA(S)) on four measurement dates across the growing season. The slope of this 
relationship represents stem resistance to radial CO2 diffusion. Measurements at three heights on two 
Quercus pyrenaica stems are depicted by open and closed circles. Only significant regressions (P < 0.05) 
are shown. Resistance to radial CO2 diffusion was highest on the first measurement date (P < 0.001). 

5.3.4. Components of stem respiration by a mass balance approach 

Daily values of RS and its components (EA(V), FT, and ΔS), as well as their proportional 

contributions to RS, varied with date, stem, and stem height (Table 5.2; Figure 5.6). On D1, the 

lowest RS was found, 4.68 (0.37) mol m-3 day-1; and Rs increased to 13.67 (0.86), 13.92 (0.63) 

and 13.72 (2.30) mol m-3 day-1 on the three subsequent dates. The contribution of ΔS to RS was 

always negligible, with daily contributions ranging from -0.4 to 0.1%. However, a linear model 

testing the contribution of FT to RS by date and height showed that FT contributions changed 

significantly across the growing season (P=0.046) and also changed marginally with stem height 
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(P=0.071). The average contribution of FT to RS was nil at D1 due to negligible transpiration 

and increased to 5 - 6.5% on the remaining dates (P = 0.046), among which no significant 

differences were found (P > 0.1). The contribution of FT to RS tended to be 3.3% larger at 3 m 

compared to 1.5 m height (P = 0.071). EA(V) was the main component of daily RS, with 

contributions above 90% in most cases (Table 5.2). At a diel scale, the contribution of EA(V) to 

RS was close to 100% at night (Figure 5.6). In the daytime, the contribution of EA(V) to RS 

declined (in some cases to 75%) at high sap flow rates, and the contribution of FT to RS reached 

maximum values close to 25% (Figure 5.6a).  

 
Figure 5.6 Diel variations in stem respiration (RS) components - stem CO2 efflux to the atmosphere 
(EA(V)), internal CO2 transport through xylem (FT) and CO2 storage flux (ΔS) - on four dates over the 
growing season. Mass balance at 1.5 m stem height calculated from average of two stems. Mass balance 
at 3 m stem height calculated for one stem due to NDIR probe failure in the second stem at two dates. 
Shaded areas indicate nighttime. 
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Table 5.2 Mean daily stem respiration (RS) components and their relative contribution to RS calculated by 
the mass balance approach. Flux components are CO2 efflux to the atmosphere (EA(V)), internal CO2 flux 
through xylem (FT) and storage flux (ΔS). Measurements were made during four campaigns over the 
2013 growing season in two Quercus pyrenaica stems (S1 and S2) at two heights (1.5 m and 3 m).  

DOY 
Stem segment 

Flux components (mol m–3 day–1) 
 

Relative contribution to RS (%) 
RS EA FT ΔS 

 
EA FT ΔS 

143-144 

S1_1.5m 3.59 3.59 0.00 0.00 
 

100.0 0.0 0.0 
S2_1.5m 5.04 5.04 0.00 0.00 

 
100.0 0.0 0.0 

S1_3m 4.96 4.96 0.00 0.00 
 

100.0 0.0 0.0 
S2_3m 5.15 5.18 -0.02 -0.01 

 
100.6 -0.4 -0.2 

183-184 

S1_1.5m 12.04 11.70 0.35 -0.01 
 

97.2 2.9 -0.1 
S2_1.5m 14.06 13.02 1.05 -0.01 

 
92.6 7.5 -0.1 

S1_3m 14.95 13.61 1.35 -0.01 
 

91.0 9.0 -0.1 
S2_3ma NA 13.56 NA NA 

 
NA NA NA 

218-219 

S1_1.5m 13.89 13.90 0.03 -0.04 
 

100.1 0.2 -0.3 
S2_1.5m 15.74 14.71 1.05 -0.02 

 
93.5 6.7 -0.1 

S1_3m 13.25 12.20 1.09 -0.04 
 

92.1 8.2 -0.3 
S2_3m 12.89 12.32 0.62 -0.05 

 
95.6 4.8 -0.4 

266-267 

S1_1.5m 18.33 18.14 0.21 -0.02 
 

99.0 1.1 -0.1 
S2_1.5m 11.51 10.90 0.64 -0.03 

 
94.7 5.6 -0.3 

S1_3m 11.42 10.12 1.34 -0.04 
 

88.6 11.7 -0.4 
S2_3ma NA 8.32 NA NA 

 
NA NA NA 

a Data not available due to NDIR sensor failure 

5.4. Discussion 

5.4.1. Stem CO2 efflux and daytime depression across the season  

Stem CO2 efflux varied from 1.28 to 2.39 µmol CO2 m-2 s-1 at a reference temperature of 

15ºC, which is within the range of values reported for different Quercus species (Edwards and 

Hanson 1996; Saveyn et al. 2007a; b; Yang et al. 2012; Rodríguez-Calcerrada, López, et al. 

2014; Rodríguez-Calcerrada, Martin-StPaul, et al. 2014). According to Barbaroux and Bréda 

(2002), Corcuera et al. (2006) and Courty et al. (2007), accumulated stem diameter increment 

before and during budburst accounted for one fourth of total annual stem diameter increment. 

Thus, we expected high EA(S)15 at the beginning of the growing season, driven by the absence of 

drought stress and high rates of wood production (Lavigne et al. 2004). However, EA(S)15 was 

lowest on D1. Negligible respiration associated with phloem transport (Amthor 2000) and no 

supply of new assimilates (Wertin and Teskey 2008; Maier et al. 2010) may result in low EA(S)15 

before leaf expansion. EA(S)15 showed maximum values in mid-summer (D2 and D3), coinciding 

with maximum transpiration and high stem growth rates (e.g. Damesin et al., 2002; Acosta et 
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al., 2008; Yang et al. 2012; Guidolotti et al., 2013; Tarvainen et al., 2014). The decrease in 

EA(S)15 at the end of the growing season (D4) could be explained by stem growth cessation and 

reduced water availability (Figure 5.1b). Yet, contrary to other studies in drier Mediterranean 

regions (Maseyk et al. 2008; Brito et al. 2010; Rodríguez-Calcerrada, Martin-StPaul, et al. 

2014), mild drought stress (with minimum predawn shoot potential being -1.4 MPa) did not 

result in large reductions of EA(S)15 in our study. We hypothesized that EA would increase with 

height due to increased metabolic activity (Damesin et al. 2002; Araki et al. 2010; Tarvainen et 

al. 2014) and internal upward movement of CO2 (Hölttä and Kolari 2009). However, stem 

height barely affected EA(S)15. The short vertical gradient (3 m) and the fact that the highest 

sampling point was below the tree crown may have contributed to the limited spatial variability 

observed in EA(S)15.  

Sap flow was a reliable index of depression in daytime efflux (Bowman et al. 2005; 

Gansert and Burgdorf 2005; Hölttä and Kolari 2009), but only after leaf expansion (from D2 to 

D4). The ratio between FT and EA(V)_RES ranging from 0.49 to 0.80 from D2 to D4 suggests that 

50% or more of the hysteresis in EA(V) could be attributed to the internal transport of CO2 after 

leaf expansion. However, measurements on D1 during budburst, when hysteresis in EA(S) could 

not be ascribed to transpiration, showed EA(S)_RES as large as after leaf expansion (Figure 5.3), 

suggesting that transpiration is not the only process determining daytime depression in EA(S) 

(Saveyn et al. 2007b). Similarly, Etzold et al. (2013) found that relationships between 

depressions in EA(S) and sap flow in Norway spruce trees were significant only during the 

growing period. The inverse relationship (P < 0.1) between daily accumulated EA(S)_RES and 

shoot water potential observed in this study reinforces the idea of Saveyn et al., (2007a) that 

low water availability and turgor pressure limit respiration and elicit a daytime depression in 

EA(S). 

5.4.2. Internal [CO2] and its relationship to EA (resistance to radial CO2 diffusion)  

Internal [CO2] varied between 0.11 and 0.52%. These values were an order of magnitude 

lower than those generally observed using this methodology. However, internal [CO2] lower 

than 0.5% was also observed for several species using different methodologies (see Table 1 in 

Teskey et al., 2008), and in this site during the 2012 growing season (Chapter 3). 

Comparatively low xylem [CO2] and EA(S) similar to commonly reported rates might be 

explained by the combination of low respiration of xylem living cells and facilitated radial 

diffusion of CO2. First, low xylem respiration in roots and stems can be attributed to an 

acclimation to summer drought and/or the particular context of this site, historically coppiced 

since at least the XIIth century (Manuel Valdés and Rojo y Alboreca 1993). Reduction in 

carbon expenditures by an acclimation of respiration may enhance carbohydrate storage to 

support resprouting (Zeppel et al. 2015), the life tree strategy of this species. Acclimation of 
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respiration is displayed by the limited growth of over-aged stems (Figure 5.1, Chapter 2, 

Corcuera et al. 2006), the low relative proportion of sapwood volume within stems (mean 

sapwood thickness was 2.5 cm), and might also be affected by down-regulation of respiration 

rates, as drought stress in sub-Mediterranean species reduce turgor pressure in xylem cells and 

their metabolic activity (Saveyn et al. 2007b; Rodríguez-Calcerrada, Martin-StPaul, et al. 2014). 

Second, limited water availability in drought-prone regions may have a key role explaining the 

amount of respired CO2 that built up in roots and stems or diffuses to the soil and atmosphere. 

Gas diffusion is much higher (~104) in gas than in water (Nobel 1999). Thus, soil drying along 

the growing season might result in great proportion of root-respired CO2 that diffuses through 

soil to the atmosphere relative to the CO2 that dissolves in sap solution and is transported 

upward. Consistently, FT as low as 2% of the root-respired CO2 that diffused through soil to the 

atmosphere was observed in this experimental site (Chapter 3) and likely affected the [CO2] 

registered at the base of the stem. In this line, this is the first study in which [CO2] was 

measured in a sub-Mediterranean species during the dry season. To date, [CO2] has been 

monitored in temperate and boreal species where water availability is not a limiting factor for 

stem respiration. In the only manipulative drought experiment using this methodology, values as 

low as 0.3 mmol L-1 (≈ 0.3% in the gaseous phase assuming Tstem = 15oC and sap pH = 6.5) 

were observed in Q. robur trees at higher midday water potential than in this study (Saveyn et 

al. 2007a). To lend support to this idea, it is worth noting that the previous year, in the same 

experimental site, [CO2] exhibited a 20-fold increase after a heavy rain at the end of the dry 

season (manuscript in prep.), similar to observations by Saveyn et al. (2007b) after rewatering. 

Furthermore, due to the steep decline in latewood formation in over-aged stems of Q. pyrenaica 

(Corcuera et al. 2006), the high proportion of large early-wood vessels would contribute to 

facilitate the radial evacuation of respired CO2 (Sorz and Hietz 2006). 

Resistance to radial diffusion of CO2 was estimated from the relationship observed 

between internal [CO2] and EA(S) (Teskey and McGuire 2002, 2007; Steppe et al. 2007; Cerasoli 

et al. 2009). Although no relationship between [CO2] and EA(S) has been found in some studies 

(see Maier & Clinton, 2006 and Saveyn et al., 2007b), in the case of Q. pyrenaica, a strong 

direct relationship between internal [CO2] and EA(S) was found on D1 during budburst (R2 = 

0.96, P < 0.001; Figure 5.5) and, similar to findings of Saveyn et al. (2007b), the strength of the 

relationship diminished during the dry season (Figure 5.5). Changes in environmental 

conditions along the growing season do not uniquely affect respiration rates, but they also alter 

stem permeability to CO2, since the rate of diffusion varies with the relative volume of gas and 

water within stems and with temperature (Nobel 1999). Thus, the resistance to radial CO2 

diffusion has an important role determining the fate of locally respired CO2 since it changes the 

ability of CO2 to diffuse out and contribute to EA(S) or accumulate and dissolve in the xylem sap 

and contribute to FT. Seasonality in the resistance to radial CO2 diffusion might be an ignored 
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and important factor to comprehensively understand and model stem respiration. In our study, 

resistance to radial CO2 diffusion was 3-4 times higher on D1 compared to D2, D3 and D4. 

Similarly, Fick’s radial diffusion coefficient increased 5- fold in Q. robur when gas volume 

increased (to the detriment of water volume) from 15 to 40% (Sorz and Hietz 2006). The direct 

relationship between the resistance to radial CO2 diffusion and midday water potential (R2 = 

0.89, P = 0.06), suggests that greater drought stress concomitantly reduced stem water content 

and the resistance to radial diffusion. Low resistance to radial CO2 diffusion after leaf expansion 

(from D2 to D4) might be an underlying cause of the low contribution of FT to RS observed 

during dates of substantial transpiration.  

On the other hand, the fact that [CO2] was highest on D1 compared with the other dates 

was most likely due to the absence of [CO2] dilution by transpiration (Teskey and McGuire 

2002), but increasing drought could also contribute to the seasonal decline. Moreover, enhanced 

cambial activity due to primary root elongation (Courty et al. 2007) and early-wood formation 

in Q. pyrenaica branches (Corcuera et al. 2006) during spring may also increase [CO2] at the 

stem base and at 3 m, respectively, compared with measurements later in the season. This 

pattern of [CO2] did not hold at 1.5 m, which highlights the date-by-height interaction observed 

in pioneering studies (Chase 1934). In any case, pooled data showed an increasing vertical 

gradient in [CO2], suggesting that respired CO2 was transported upward (Teskey and McGuire 

2007; Hölttä and Kolari 2009). Recent work has provided interesting data on the amount of CO2 

that moves from the roots upward (Bloemen et al. 2015). But there are still challenging issues 

on the topic of internal CO2 transport, such as the linkage of internal [CO2] with root structure. 

Multi-stemmed trees offer a good opportunity to study how root-respired CO2 moves 

horizontally and upward. Here we found that stems supplied by larger taproots connected to 

greater amounts of belowground biomass had higher [CO2] at the base than those connected to 

fewer and smaller roots. This possibility was suggested by Teskey & McGuire (2007) and has 

found empirical support here, in natural conditions. 

5.4.3. Seasonal dynamics of stem respiration and its contributors  

Stem respiration (Rs) was calculated by the mass balance approach proposed by McGuire 

and Teskey (2004), which elucidates the contributions of EA(V), FT, and ΔS to RS. Average RS on 

D1 was 4.7 mol m-3 day-1, and increased to 13.7, 13.9, and 13.8 mol m-3 day-1 on D2, D3, and 

D4, respectively. Values of RS were similar to the range of reported values applying this 

methodology: 7.4, 5.8 and 4.2 mol m-3 day-1 for beech, sycamore and sweetgum, respectively 

(McGuire and Teskey 2004); 3.3 mol m-3 day-1 for rimu trees (Bowman et al. 2005); 5.1 mol m-3 

day-1 for sycamore trees (calculated from Teskey & McGuire, 2007); and from 21.3 to 49.5 mol 

m-3 day-1 in young poplar trees (Saveyn, Steppe, McGuire, et al. 2008). The contribution of ΔS 

to Rs was negligible, ranging from -0.4 to 0%, as consistently observed in previous studies. 
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Thus FT and particularly EA were the main contributors to Rs. The contribution of FT during 

budburst was nil and then increased to an average of 5 - 6.5% of RS after leaf expansion (Table 

5.2). This contribution is in the lower range of reported values: 15 and 14% for beech and 

sweetgum (McGuire and Teskey 2004); 55 and 34% for sycamore (McGuire and Teskey 2004; 

Teskey and McGuire 2007); 10.6% for rimu trees (Bowman et al. 2005); and 3 - 18% for poplar 

trees (Saveyn, Steppe, McGuire, et al. 2008). Although [CO2] in Q. pyrenaica stems was an 

order of magnitude lower than in previous studies, the contribution of FT to Rs was within the 

same order of magnitude. This apparently counterintuitive observation is explained by the fact 

that FT is not proportional to the absolute internal [CO2], since FT is directly calculated from the 

difference in dissolved [CO2
*] between two stem points here separated by 25 cm (Eq. 4). For 

instance, in Platanus occidentalis trees, [CO2] showed an average increase from 7.6 to 8.9% 

from 0.1 to 3 m height (Teskey and McGuire 2007), whereas in Q. pyrenaica stems, [CO2] 

increased from 0.17 to 0.40% along the same distance. That is, although [CO2] in the gaseous 

phase in P. occidentalis trees was on average 29 times higher than in Q. pyrenaica, the Δ[CO2] 

difference was reduced to 6-fold (1.3% to 0.23%), and 3-fold when calculated in the liquid 

phase (given that mean sap pH was 5.8 and 6.6 for P. occidentalis and Q. pyrenaica, 

respectively). Moreover, the low relative proportion of sapwood in Q. pyrenaica stems also 

increased FT on a sapwood volume basis.  

The only significant variation in the contribution of FT to RS across the growing season 

was explained by the resumption of transpiration that occurred between D1 and D2. After leaf 

expansion (from D2 to D4) the contribution of FT did not show substantial changes (< 2%) 

despite temporal variations in water availability and cambial activity. This indicates that the 

contribution of EA to RS was constant and high during the vegetative period, once leaves had 

expanded, and suggests EA is a good surrogate of RS at large temporal scales in Q. pyrenaica 

and probably other drought-adapted species (Rodríguez-Calcerrada, Martin-StPaul, et al. 2014). 

Comparatively low transpiration rates characteristic of sub-Mediterranean species, together with 

reduced resistance to radial CO2 diffusion and low internal [CO2], probably caused by low stem 

water content under drought conditions, may explain the strong coupling between EA and RS. 

However, despite a low contribution of FT to RS on a daily basis, we emphasize the relevance of 

internal transport of CO2 in stem respiration of Q. pyrenaica at a diel scale (FT accounting up to 

25% of RS in daytime) to address the fate of locally respired CO2.  
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5.4.4. Conclusions 

Relative to previous reports, low xylem [CO2] in Q. pyrenaica stems might be explained 

by limited respiration of stem and root woody tissues to acclimate to drought stress and/or 

historical coppicing. Limitation of carbohydrate expenditures to maintain large storage pools for 

resprouting may occur through comparatively low proportion of sapwood volume within stems, 

slow growth, and down-regulation of respiration rates. Due to low [CO2], FT did not account for 

more than 10% of total RS on a daily basis, suggesting that EA is a suitable estimator of RS under 

specific conditions. Moreover, low [CO2] and FT might be conditioned by the high permeability 

to CO2 through phloem and bark tissues driven by water deficit, as the resistance to radial CO2 

diffusion, measured by the relationship between internal [CO2] and EA(S), decreased along the 

growing season with midday water potential. Seasonal variation in the resistance to radial CO2 

diffusion in relation to environmental conditions might be an overlooked and important factor in 

our understanding of stem respiration. 
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6. LONG-TERM STEM [CO2] AND SAP PH VARIABILITY IN 
SUB-MEDITERRANEAN OAK STEMS 

Roberto Salomón, Jesús Rodríguez-Calcerrada, María Valbuena-Carabaña, Robert 

Teskey, Doug Aubrey, Mary Anne McGuire, Inés González-Doncel, Luis Gil 

Manuscript in prep. 

Abstract 

Since a substantial portion of respired CO2 remains within the stem, diel and seasonal 

trends in stem [CO2] are of major interest in plant respiration and carbon budget research. 

However, continuous long-term stem [CO2] studies are scarce, and even absent in 

Mediterranean climates. In this study, stem [CO2] was monitored every 15 minutes together 

with stem and air temperature, sap flow and soil water storage during a growing season (from 

April to October) in 16 stems of Quercus pyrenaica to elucidate main drivers of stem [CO2] at 

different temporal scales. Sap pH fluctuations were also assessed during two growing seasons to 

evaluate potential errors in sap [CO2] estimations by Henry´s law. At diel and seasonal scales, 

stem temperature was best predictor of stem [CO2] and explained more than 65% of stem [CO2] 

variability during periods of absent drought stress. Under dry conditions, soil water storage 

became main driver of stem [CO2]. Likewise, first rains after summer drought provoked intense 

stem [CO2] pulses suggesting enhanced stem and root respiration. Sap flow played a secondary 

role in controlling stem [CO2] variations. Moreover, we observed nighttime sap pH acidification 

and progressive seasonal alkalinization, which made that assumptions of constant pH resulted in 

substantial nighttime sap [CO2] overestimation and annual CO2 transport slight misestimation, 

respectively. Our work highlights the importance of diel and seasonal variations in temperature, 

tree water availability and sap pH on xylem concentration and transport of respired CO2. 
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6.1. Introduction 

“About ten years ago, while cutting down some cottonwood trees, the writer observed the 

formation of bubbles in the sap upon the freshly cut trunk, stump and chips”.  This is how 

Bushong (1907) introduced the first report on gas composition inside tree stems. Despite  high  

CO2 concentration [CO2] registered in the stems (7.2%), it has taken almost a century to 

seriously consider the role of  internal fluxes of CO2 through xylem (FT) in plant respiration 

research (see Teskey et al. 2008 review and references therein).  

Stem respiration (RS) has been commonly underestimated by stem CO2 efflux to the 

atmosphere (EA), as the transpiration stream carries up a portion of locally respired CO2 (Negisi 

1979; Teskey and McGuire 2002; Bloemen et al. 2014; Rodríguez-Calcerrada et al. 2015). 

Systematic RS underestimation, reaching in certain cases values above 33% (Teskey and 

McGuire 2007; Aubrey and Teskey 2009; Angert et al. 2012), is likely affecting estimations of 

ecosystem respiration and its components. This is illustrated by the importance of autotrophic 

respiration, which accounts for ca. half of plant gross primary production (Amthor 2000; 

Rambal et al. 2014) and is ca. seven times higher than anthropogenic CO2 emissions derived 

from fossil fuels and cement production (King et al. 2006; Ciais et al. 2013), and the importance 

of RS for autotrophic respiration (ca. 20-30%; Rambal et al., 2014). In spite of this, little is 

known about respiration responses to environmental changes in comparison to well-studied and 

well-modeled photosynthesis (Xu et al. 2004; Piao et al. 2010; Guidolotti et al. 2013). 

Furthermore, neglecting FT as a component of RS hinders any attempt to integrally understand 

and/or model respiration in woody tissues (Teskey et al. 2008; Trumbore et al. 2013). 

Stem [CO2] has shown variable patterns depending on abiotic, such as temperature and 

water availability, and biotic drivers, such as tree transpiration. In some cases, stem [CO2] 

reaches maximum values during nighttime at negligible sap flow rates (McGuire and Teskey 

2002; Teskey and McGuire 2002; Maier and Clinton 2006; Saveyn, Steppe, McGuire, et al. 

2008) as respired CO2 accumulates in the xylem in absence of transpiration. In others, the 

opposite pattern has been observed, with maximum stem [CO2] values found at midday due to 

temperature effects on RS (Saveyn et al. 2007a; Saveyn, Steppe, and Lemeur 2008; Etzold et al. 

2013; Erda et al. 2014). Likewise, water availability could become a major driver of stem [CO2] 

under water stress conditions. Sharp reductions in stem [CO2] have been observed under water-

deficit conditions (Saveyn et al. 2007a) due to limited respiration rates (Maseyk et al. 2008; 

Rodríguez-Calcerrada, Martin-StPaul, et al. 2014) and reduced resistance to radial CO2 

diffusion (Steppe et al. 2007). Furthermore, the relationship of stem [CO2] with its main drivers 

varies over time, and hence, continuous long-term studies are necessary to understand stem 

[CO2] dynamics and stem respiration processes at diel and seasonal temporal scales (Etzold et 

al. 2013). To date, any attempt at modelling stem [CO2]  in the long term seems unaffordable 
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given that (i) stem [CO2] seems to be governed by different drivers at different environmental 

conditions (ii) the response of respiration processes to abiotic drivers is expected to vary 

distinctly at different temporal scales (Reichstein et al. 2005; Rodríguez-Calcerrada, Martin-

StPaul, et al. 2014), and (iii) there are no reports on continuous long-term fluctuations of stem 

[CO2], with the only exception of two Norway spruce trees monitored during 19 months (Etzold 

et al. 2013).  

An additional limitation for modeling internal CO2 concentrations and fluxes comes from 

sap pH temporal variations, which may result in large errors when calculating [CO2] dissolved 

in the sap solution (sap [CO2
*]). According to Henry’s law, stem [CO2] and sap [CO2

*], in 

gaseous and liquid phases, respectively, are in equilibrium. To calculate sap [CO2
*] from stem 

[CO2] measurements, sap temperature and pH also need to be known (see McGuire and Teskey 

[2002] for detailed equations and Levy et al., [1999] or Erda et al., [2014] to  visualize the 

exponential variation of sap [CO2
*] with pH). Whilst sap temperature can be easily and 

continuously monitored with thermocouples inserted into the stem, there are no devices to 

continuously measure sap pH to calculate sap [CO2
*]. This leads to assume pH is constant 

through time (e.g. Saveyn, Steppe, McGuire, et al. 2008; Aubrey and Teskey 2009; Etzold et al. 

2013; Bloemen et al. 2014). To date, there are uniquely two reports in which sap pH temporal 

variation in relation to sap [CO2
*] has been studied: assumptions of constant pH at diel and 

seasonal periods appeared to be valid in one of them (Aubrey et al. 2011), but  pH fluctuations 

at seasonal scale resulted in slight sap [CO2
*] misestimation in the other (Erda et al. 2014). In 

any case, both studies highlighted that assumptions of constant pH through time should be taken 

with caution when other species and environmental conditions were considered. 

In this study, sixteen stems of the sub-Mediterranean tree Quercus pyrenaica Willd. were 

instrumented during a growing season. We aimed to investigate the response of stem [CO2] to 

natural variations in biotic and abiotic factors, and how these drivers -namely temperature, sap 

flow and soil water availability- affect stem [CO2] at different temporal scales: diel, and 

monthly-bimonthly. We hypothesized a major influence of temperature on stem [CO2] in the 

absence of water stress, and an increasing importance of water availability as a driver of stem 

[CO2] as drought severity increased. The second objective of this work was to evaluate diel and 

seasonal fluctuations on sap pH (measured during two consecutive growing seasons), and assess 

how these potential variations could affect estimates of sap [CO2
*] and internal CO2 transport.  
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6.2. Material and Methods 

6.2.1. Study site and climatic data 

The study was performed in a monospecific Q. pyrenaica stand located in Valsaín 

(Segovia, Spain), at an altitude of 1,140 m in the buffer zone of the National Park Sierra de 

Guadarrama, over 2012 growing season. The study plot was subjected to coppice management 

since at least the XIIth century and was abandoned on ca. 1970, resulting in a regular coppice of 

781stems ha-1 (Figure 6.1). Mean annual temperature is 10.5oC, annual rainfall is 885 mm, and 

soil type is humic cambisol. Climatic data was recorded by a weather station (Vantage Pro2, 

Davis Instruments´, CA, USA) located in La Granja de Valsaín, 2.1 km away from the 

experimental plot. Mean daily values of air temperature, precipitation, solar radiation and air 

relative humidity during the surveyed period are displayed in Figure 6.2a, 6.2b, 6.2c. Soil water 

content (%) was initially recorded by a Dielectric Aquameter sensor (ECH2O, Decagon Devices, 

Inc.) inserted at 15 cm depth. However, sensor failure led to temporal gaps, and so soil water 

storage (SWS, in mm) was used instead for modeling purposes. SWS was calculated using the 

Thornthwaite and Mather model (see Rodríguez-García et al. 2015 and references therein for 

detailed equations). SWS was strongly related to soil water content (R2 = 0.850, P < 0.001) 

when simultaneous data were available. SWS capacity was 125 mm according to the observed 

soil depth and sandy loam texture (Díaz-Pinés et al. 2011); a correction factor of 1.3 was used to 

account for differences in stand structure relative to the original formulation of the model (see 

Rao et al., 2011). Genetic analyses were previously performed to elucidate clonal structure of 

the one hectare experimental plot (Chapter 1). Sixteen stems belonging to four different clones 

(see Table 6.1 and Figure 6.1 for clonal and stem features) were instrumented to monitor stem 

[CO2], sap flow (FH2O), and stem temperature (Tstem).  

Table 6.1 Features of instrumented clones and stems in a coppiced Quercus pyrenaica stand 

Clone 

Clonal variables  Instrumented stem 
variables 

 

Surface 
extension 

(m2) 

Number 
of stems 

Mean stem 
diameter 

(cm) 

Min-Max 
stem 

diameter 
(cm) 

 
Number 
of stems 

Min-Max 
diameter 

(cm) 

 

LARGE1 130 30 16.9 (0.6) 9.1 – 22.8  4 19.4 - 22.8  
LARGE2 82 24 17.1 (0.6) 12.8 – 21.7  4 19.0 - 21.7  
SMALL1 10 4 21.4 (0.7) 19.9 - 22.8  4 19.9 - 22.8  
SMALL2 6 4 20.8 (0.6) 19.2 – 21.9  4 19.2 - 21.9  
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Figure 6.1 Clonal structure of the Quercus pyrenaica experimental plot in Valsaín, Spain. Sampled 
clones and instrumented stems are depicted.  

6.2.2. Stem [CO2] and temperature measurements 

Stem [CO2] was measured with non-dispersive infra-red (NDIR) CO2 sensors inserted at 

stem base, 10 cm above soil level. NDIR sensors were atmosphere-isolated with rubber sealant 

(Plasti-Dip, TRP, Barcelona, Spain) and its state was visually checked every 2-3 weeks. Stem 

temperature (Tstem) and sap pH were measured to calculate sap [CO2
*] according to Henry´s law 

(McGuire and Teskey 2002). Tstem was measured with type-T thermocouples inserted 5 cm away 

from the NDIR sensor. Both NDIR sensors and thermocouples were north oriented to minimize 

variability related to solar radiation. For detailed methodology on stem [CO2] measurements and 

sap [CO2
*] calculation see Teskey & Mcguire (2007), and references therein. Stem [CO2], Tstem 

and FH2O (see below) were measured every minute, averaged every 15 minutes, and recorded 

with a data logger (model CR23X, Campbell Scientific, Barcelona, Spain). Data recorded at 15-

minute intervals were averaged to daily values of stem [CO2] and Tstem. Data recorded for 

individual stems were averaged per clone. Measurements were conducted in 2012 and lasted 
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from Day of Year (DOY) 101 until DOY 302. Two of the four clones (LARGE2 and SMALL1) 

were root trenched for other purposes during the growing season (see Chapter 7), and data 

from these two clones registered after trenching (DOYs 201-202) was excluded from analysis. 

Solar energy fed the electric installation. 

 
Figure 6.2 Daily values of climatic variables in the experimental plot (a, b, c), and physiological 
variables of instrumented Quercus pyrenaica stems during the experimental period. Mean daily air 
temperature (a), daily accumulated precipitation (b), solar radiation and relative air humidity (c) was 
measured continuously every 30 minutes by a weather station located 2.1 km from the experimental plot. 
Soil water storage (SWS) (b) was estimated by Thornthwaite and Mather model using climatic and soil 
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data. Mean daily stem [CO2] (d) and accumulated daily sap flow (FH20, e) were measured in 16 stems 
grouped in four different clones. For better data visualization uniquely clonal average values are shown. 
Two clones were root trenched (DOY 201-202, depicted by a dashed vertical line), and data after 
trenching was excluded from analysis. 

6.2.3. Sap flow measurements  

Sap flux density (L cm−2 sapwood s−1) was measured with constant heat thermal 

dissipation probes (Granier 1985). Two pairs of thermocouples were inserted in opposite stem 

sides, west and east oriented, and averaged to account for irregular circumferential sap flux 

density. Probe thermocouples were inserted 2 cm depth and were separated vertically 10 cm. 

Daily zero sap flux was obtained from measurements between 04:00 and 06:00 h. Calibration 

parameters to improve the accuracy of measurements for the ring-porous anatomy of Q. 

pyrenaica were considered (Sun et al. 2011). Sap flow (FH2O, L s-1) for each stem was calculated 

by multiplying sap flux density by sapwood area measured from stem cores. Data recorded at 

15-minute intervals were scaled to daily total sap flow (FH2O, L day−1). Sap flow for individual 

stems was averaged per clone. 

6.2.4. Tree phenological stages 

The growing season was split in four phenological phases to study the influence of Tstem, 

FH20 and SWS on stem [CO2] and sap pH at a seasonal scale (see Etzold et al. 2013). Spring 

covered bud swelling and budburst, when daily FH20 was < 10% of the year maximum (Figure 

6.2e, DOYs 101 to 142). Early summer covered leaf expansion and lasted until maxima yearly 

FH20 was reached (DOYs 143 to 200). Then FH20 rates started to decrease over late summer, 

when SWS reached minimum values (Figure 6.2b, DOYs 201 to 269). And finally heavy rains 

after the dry season initiated the autumn stage, coinciding with SWS progressive increase and 

air temperature decrease (Figure 6.2a and 6.2b, DOYs 270 to 302). 

6.2.5. Sap pH measurements 

Sap pH was measured from sap expressed from twigs placed in a pressure chamber using 

a portable pH meter (model 25+, Crison, Barcelona, Spain) and a pH electrode (model 52 07, 

Crison, Barcelona, Spain). To evaluate seasonal pH variability, pH was measured at midday 

(14:00 h solar time, at highest FH20 and FT) on 16 stems in 11 seasonal campaigns across two 

growing seasons (seven on 2012, Chapter 3, and four on 2013, Chapter 5). To evaluate diel 

pH variations, four diel campaigns of 24 h were carried out. On the first diel campaign (2012, 

DOYs 156-157), pH was measured every 2-3 hours (9 measurements day-1) on five stems. On 

the three remaining campaigns (2013, DOYs 183-184, 218-219 and 266-267), pH was measured 

every four hours (six measurements day-1) on one stem. 
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6.2.6. Data analysis 

To evaluate seasonal effects of Tstem, FH20 and SWS on stem [CO2], mean daily values 

were calculated for each variable, and  mixed models were performed in R using the lme 

function in the nlme package (Pinheiro et al. 2015). Note that both air and stem temperature 

were similarly related to stem [CO2]. Since Tstem was slightly better predictor of stem [CO2] than 

air temperature (data not shown), the latter was removed from further statistical analysis to 

avoid colineality problems (R2 = 0.953, P < 0.001). One model was performed for each 

phenological stage and one more model was performed pooling 2012 data. Tstem, FH20 and SWS 

were treated as fixed effects whereas clone and stem nested within its corresponding clone were 

treated as random effects. AIC criterion was used to select the best model with the stepAIC 

function in the MASS package (Venables and Ripley 2002). Because linear mixed model lack 

an obvious criterion to assess model fit, additional linear models were performed to provide R2 

by averaging stems.  

Seasonal and diel sap pH variations were evaluated by mixed models. To study pH 

seasonality, each seasonal campaign (n = 11) was assigned to its corresponding phenological 

stage (n = 4). Phenological stage was treated as the fixed-effect factor whereas stem was treated 

as random factor. To study diel pH variations, diel campaigns (n = 4) were split in three eight-

hours periods according to diel FH20 dynamics: morning (from 06:00 to 14:00 h), afternoon 

(from 14:00 to 22:00 h), and night (from 22:00 to 6:00 h). Diel period (n = 3) was treated as a 

fixed-effect factor and measuring campaign was treated as random factor. Differences among 

different seasonal and diel periods were assessed by Tukey tests with the glht function in the 

multcomp package (Hothorn et al. 2008).  

To evaluate sensitivity of sap [CO2
*] to fluctuations in pH, three different scenarios of pH 

modeling were tested: (i) pH was constant over the day (measured at midday) and seasons 

(mean yearly value), (ii) pH varied over the seasons but was constant over the day, and (iii) pH 

varies over the day and with seasons. Annual accumulated CO2 flux through xylem (FT), 

obtained by multiplying sap [CO2
*] and FH20 (Aubrey and Teskey 2009), was calculated for 

every instrumented stem under these three pH scenarios. FT misestimation due to assumptions 

of constant pH when pH fluctuation occurred was assessed by comparison of pH scenarios: 

FT relative error = (FT (pH=k) – FT (ph≠k)) / FT (ph≠k) 

where FT (pH=k) is FT calculated under a scenario of constant pH and FT (ph≠k) is FT 

calculated under a scenario of varying pH. FT relative error was averaged among stems. To 

study diel dynamics of stem [CO2], Tstem, FH20 and sap [CO2
*] under different pH scenarios, 15-

minutes data was normalized to the corresponding daily maxima to eliminate long-term 

seasonality (Etzold et al. 2013) and averaged among stems. 
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6.3. Results 

6.3.1. Long-term variations of stem [CO2] 

Stem temperature was the main driver of stem [CO2] on the long term, as Tstem was 

positive and consistently related to stem [CO2] within and across seasons (Table 6.2 and Figure 

6.3). Stem temperature explained more variability of stem [CO2] than any other variable and 

Tstem was first included in the mixed models by AIC, except on late summer (Table 6.2). Linear 

models showed good fit between Tstem and stem [CO2] in spring, early summer and late summer 

(R2 = 0.753, 0.686 and 0.524; respectively, P < 0.001), but not in autumn, when just a trend was 

detected (R2 = 0.081, P = 0.110) (Figure 6.3a). Nevertheless, if data registered the week 

following first autumn rain is excluded, the Tstem - stem [CO2] relationship became significant 

(R2 = 0.770, P < 0.001). 

 
Figure 6.3 Daily mean stem temperature and stem [CO2] in Quercus pyrenaica stems in different 
phenological phases during two consecutive years. Average values from 16 stems were considered. Only 
significant regression lines are depicted. 
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Water availability played an important role governing long-term stem [CO2] variations 

under drought conditions. Soil water storage was the best predictor of stem [CO2] in late 

summer, the driest surveyed period (Table 6.2), and first heavy rains after summer drought 

substantially increased stem [CO2] (Figure 6.4a, 6.4b). Considering the week preceding and the 

week following first autumn rain, SWS was positively related to stem [CO2] (Figure 6.4c). Note 

that in Figure 6.4 only one stem per non-trenched clone is depicted for clarity, the one with 

highest [CO2]. The response of stem [CO2] to improved water status was also observed in the 

three remaining stems within clone LARGE1 (P < 0.001), however, it was not observed in two 

stems within clone SMALL2 (P > 0.05), the ones with lowest [CO2]. 

Sap flow subsidiarily influenced stem [CO2]. In spring and early summer, FH2O was 

positively related to stem [CO2], although it was included in the model in the latest position 

(Table 6.2). In late summer and autumn, FH2O did not affect stem [CO2] (P > 0.05). 

It is worth noting that stem [CO2] variability among and within clones can be evaluated 

by the standard deviation of the random effects in Table 6.2: xylem [CO2] variability within 

clones was higher than among clones at any phenological stage. 

Table 6.2 Parameters from mixed models testing the effect of stem temperature (Tstem, ºC), sap flow 
(FH2O, L day-1) and soil water storage (SWS, mm) on stem [CO2] (%). Best model was selected by 
forward stepwise selection by AIC. 

Phenological 
phase 

DOY 
 Fixed effects  Random effects 

 Intercept Tstem FH20 SWS  Clone 
Stem nested 

in clone 
Residual 

Spring 101-
142  -2.219*** 

0.071*** 

(1) 
0.018* 

(3) 
-0.009*** 

(2) 
 0.60 0.66 0.36 

Early 
summer 

143-
200  -3.076*** 

0.086*** 

(1) 
0.003* 

(2) 
  0.33 0.69 0.27 

Late 
summer 

201-
269  -3.134*** 

0.053*** 

(2) 
 

0.056*** 

(1) 
 1.05 1.14 0.25 

Autumn 270–
302  -2.851*** 

0.055*** 

(1) 
   0.76 1.42 0.33 

Year 2012 101–
302  -3.259*** 

0.071*** 

(1) 
0.012*** 

(2) 
0.003*** 

(3) 
 0.47 0.73 0.52 

Stem [CO2] was log transformed to solve heteroscedasticity                                                                                                                                                                                
Numbers in parenthesis in the line below the coefficients of the fixed effects (from 1 to 3) indicate the 
order in which each variable was included in the model denoting its relative relevance                                                                                                                         
Significance codes: P < 0.001 ***; P < 0.01 **; P < 0.05 * 
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Figure 6.4 Effect of first heavy 
rain after summer drought on 
stem [CO2] in sub-
Mediterranean stems of 
Quercus pyrenaica, and 
correlation between stem [CO2] 
and soil water storage (SWS). 

Daily mean stem [CO2] 
throughout 2012 growing 
season (a) and zoomed to the 
previous and following week to 
the first heavy rain (b) are 
depicted together with 
precipitation and SWS. 
Correlation between stem 
[CO2] and SWS (c) was 
obtained considering this two-
week period in which stem 
[CO2] pulse was observed. 
Stem [CO2] and SWS were 
averaged every six hours for 
regressions. The stem with 
highest [CO2] within each non-
trenched clone is depicted for 
clarity. 
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6.3.2. Seasonal and diel pH variations and potential misestimation of sap [CO2] 

Midday sap pH varied seasonally (P < 0.001). Sap pH progressively increased from 6.18 

in spring to 6.68 in autumn. Early and late summer showed intermediate and roughly constant 

pH values (6.41 and 6.46, respectively; P = 0.783) (Figure 6.5a), slightly lower to the annual 

mean pH (6.47, obtained by pooling stems and campaigns). Sap pH also experienced diel 

variations (P = 0.001, Figure 6.5b). Afternoon and morning pH showed similar values of 6.50 

and 6.46, respectively (P = 0.958); whereas night pH decreased significantly to 6.10 (P = 0.001). 

Neglecting seasonal pH variations resulted in annual FT overestimation of 6.3% (Table 6.3). 

Disregarding diel pH shifts resulted in annual FT underestimation of 2.6%, which partially 

compensated seasonal FT overestimation. Neglecting both seasonal and diel pH fluctuations 

overestimated annual FT by less than 4%.  

 
Figure 6.5 Seasonal and diel variations in xylem sap pH of Quercus pyrenaica stem. pH seasonal 
variations (a) modeled from 11 measuring campaigns through 2012 and 2013 in 16 sampled stems. Four 
phenological phases were discerned according to sap flow and stem growth dynamics. pH diel variations 
(b) modeled from four 24-hours campaigns. Day was split in three circadian periods according to diel sap 
flow dynamics: afternoon, night and morning. Means sharing a letter are not significantly different 
(Tukey test, α = 0.05). 
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Table 6.3 Mean (SE) relative error (in %) in estimates of annual accumulated CO2 transport through 
xylem (FT, mmol CO2 stem-1 year-1) when temporal variations in sap pH are neglected under three 
different scenarios of constant or fluctuating pH.  

 Neglecting seasonal 
changes in pH 

Neglecting diel 
changes in pH 

Neglecting seasonal and 
diel changes in pH 

Equation  (SC1-SC2)/SC2 (SC2-SC3)/SC3 (SC1-SC3)/SC3 
Annual FT relative 
error (%) 6.31 (1.27) -2.58 (0.21) 3.60 (1.43) 

FT misestimation due to assumptions of constant pH was assessed by comparison of pH scenarios with 
the equation: FT relative error = (FT (pH=k) – FT (ph≠k)) / FT (ph≠k), where FT (pH=k) is FT under a scenario of 
constant pH and FT (ph≠k) is FT under a scenario of varying pH. FT relative error was averaged among 
stems.                                                                                                                                                               
SC1: pH seasonally constant & pH 24 h constant                                                                                     
SC2: pH seasonally variable & pH 24 h constant                                                                                     
SC3: pH seasonally variable & pH 24 h variable 

6.3.3 Diel variations of stem [CO2] and dissolved sap [CO2
*] 

On a diel basis, Tstem was better predictor of stem [CO2] than FH2O (Table 6.4). Stem 

[CO2] lagged behind Tstem by 1:30 hours (Figure 6.6), when best fit was observed (Pearson´s 

correlation = 0.991). Contrarily, sap [CO2
*] was better explained by FH2O than Tstem. 

Assumptions of constant pH along the day resulted in important misestimation of sap [CO2
*] on 

a diel basis: normalized nighttime sap [CO2
*] decreased from 90 to 65% of the daily maxima 

when diel pH fluctuations were considered (Figure 6.6b). When diel pH was assumed constant, 

sap [CO2
*] mimicked stem [CO2] fluctuations, whereas if pH was allowed to vary, as here 

observed, sap [CO2
*] reached maximum values at midday mirroring transpiration rates (Figure 

6.6). 

Table 6.4 Pearson´s correlations among normalized values of stem temperature and sap flow as diel 
explanatory variables of stem [CO2] and dissolved sap [CO2

*]  

 Tstem FH2O 
Stem [CO2] 0.916 0.337 
Sap [CO2

*] 0.609 0.985 
15-minutes data was normalized relative to the daily maxima to avoid long-term seasonality                 
Sap [CO2

*] was estimated by Henry´s law under a scenario of varying sap pH along the day as here 
observed                                                                                                                                                     
Every correlation was significant (P < 0.001) 
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Figure 6.6 Diel variations of normalized values of stem temperature (Tstem) and sap flow (FH2O) (a), as 
well as stem [CO2] and dissolved sap [CO2

*] (b) averaged across 16 stems of Quercus pyrenaica during 
2012 growing season. Sap [CO2

*] was estimated by Henry´s law under two scenarios of constant or 
varying (as here observed) sap pH along the day. 15-minutes data was normalized relative to the daily 
maxima to avoid long-term seasonality. Note that the normalized value of one is not reached because the 
time of daily maxima varies over the year. 
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6.4. Discussion 

6.4.1. Diel and seasonal variability of stem [CO2]   

Stem [CO2] in Q. pyrenaica stems was generally lower than 1% and thus one order of 

magnitude lower than in most studies on stem [CO2], although within the reported range (see 

Table 1 in Teskey et al. 2008 and references therein). Only after first heavy rains following 

summer drought stem [CO2] exceeded 1% (Figure 6.2d), denoting the importance of water 

availability on stem respiration and stem [CO2] in drought-prone regions. 

On a diel basis, Tstem explained more than 90% of stem [CO2] variability with a time lag 

of 1:30 h (Figure 6.6), as previously observed in several species (Saveyn et al. 2007a; Saveyn, 

Steppe, and Lemeur 2008; Etzold et al. 2013; Erda et al. 2014). The well-known dependence of 

respiratory processes on temperature displayed by van´t Hoff–Arrhenius models explains the 

close coupling between Tstem and stem [CO2]: as temperature rises, respiration is enhanced and 

respired CO2 remains within the stem due to resistance to radial gas diffusion by cambium and 

bark layers (Steppe et al., 2007; Teskey et al., 2008). Since Tstem lagged behind FH20 by one hour 

(Figure 6.6a), Tstem and FH20 were positively related (P < 0.001), and hence, stem [CO2] also 

increased with FH20. Nevertheless, FH20 was weaker predictor of stem [CO2] compared to Tstem 

(Table 6.4), suggesting that FH20 has a subsidiary role to Tstem in stem [CO2] variations. In any 

case, the opposite dilution effect of high FH20 reducing stem [CO2], commonly observed on a 

diel basis (McGuire and Teskey 2002; Teskey and McGuire 2002; Maier and Clinton 2006; 

Saveyn, Steppe, McGuire, et al. 2008), was not observed in Q. pyrenaica stems. 

On a seasonal basis, Tstem was also the best predictor of stem [CO2] except under drought 

stress conditions (Table 6.2) and it explained more than 50% of stem [CO2] variability at any 

phenological stage, excluding the week following first autumn rains. Accordingly, in the only 

continuous long-term report of stem [CO2] in spruce trees, stem and soil temperature explained 

80% of stem [CO2] variation (Etzold et al., 2013). Reports on stem [CO2] seasonality are scarce 

and mostly pioneering (MacDougal, 1927; MacDougal and Working, 1933; Chase, 1934; 

Eklund, 1990, 1993). In these studies, stem [CO2] was obtained by discrete gas extraction 

techniques, and was consistently higher in the growing season compared to the dormant season, 

suggesting that part of respired [CO2] remains within the stem. Temperature-related effects 

could also intensify stem [CO2] differences between growing and dormant periods, especially in 

cases of temperate-boreal climates (Chase, 1934; Eklund, 1990, 1993). The effect of high 

transpiration rates during the growing season cannot be discarded either. However, FH20 

explained less variability in stem [CO2] than Tstem in spring and early summer, and even more, 

FH20 effect in stem [CO2] was not significant in late summer and autumn (Table 6.2). Similarly, 

in the work of Etzold et al., (2013), despite mean daily values of FH20 and stem [CO2] were 
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overall positively related, FH20 had no significant effect in multi-variable models, and when it 

was the case, FH20 negatively affected stem [CO2]. Therefore, weaker and shifting relationships 

between FH2O and stem [CO2] suggests that, in the long-term, sap flow also plays a secondary 

role in controlling stem [CO2] variations. 

Water availability was the main driver of stem [CO2] during summer drought, as SWS 

was the best predictor of stem [CO2] in late summer (Table 6.2). The positive relationship 

between SWS and stem [CO2] (Figure 6.4c) suggests that higher soil water content enhances 

woody respiration. Constrained respiration with drought severity in Mediterranean climates is 

widely reported at ecosystem, tree and cell levels (e.g. Maseyk et al. 2008; Guidolotti et al. 

2013; Rambal et al. 2014; Rodríguez-Calcerrada, Martin-StPaul, et al. 2014). However, not only 

the quantity of respired CO2 determines the amount of CO2 accumulated within stems, but also 

the resistance to radial CO2 diffusion to the atmosphere, for which stem water status is crucial. 

Stem water content determines the resistance of cambium and bark layers to gas radial 

movement, since diffusion in water is ca. four orders of magnitude lower than in air (Sorz and 

Hietz 2006; Steppe et al. 2007). Consequently, improved water status results in increased 

resistance to radial CO2 diffusion, as observed in poplar trees at nighttime (Steppe et al. 2007) 

and in Q. pyrenaica during periods of nil water stress compared to summer drought (Chapter 

5). Substantial reductions in stem [CO2] under drought stress in manipulative experiments in 

oak (Saveyn et al. 2007a) and  poplar (in prep.) stems, and this study, might be thus the 

consequence of reduced respiration together with facilitated evacuation of CO2 through the 

stem. In line with this, first heavy rains after summer drought resulted in [CO2] sharp increases 

in most monitored stems (Figure 6.4a, b). Likewise, rewatering after manipulative drought 

provoked the same stem [CO2] increases in young Q. robur trees (see Figure 1g in Saveyn et al. 

2007). At the ecosystem scale, rain pulses in arid climates resulted in a 60-fold increase in 

ecosystem respiration relative to values before the rain event (Xu et al. 2004). This respiratory 

pulse was attributed to bacteria and fungi respiration. Hence it is possible that the peak in stem 

[CO2] registered at bole base was partly originated by the uptake and transport via sap stream of 

heterotrophic CO2 (Aubrey and Teskey 2009). 

6.4.2. Seasonal and diel sap pH variations. Potential misestimation of sap [CO2
*] 

Sap pH mean values ranged between 6.1 and 6.8, falling within the reported range of sap 

pH (from 4.5 to 7.4, Teskey et al. 2008). Sap pH seasonality showed a clear progressive 

alkalinization from spring to autumn, from 6.18 to 6.68 (Figure 6.5a). A similar sap pH 

seasonal pattern has been observed in other  species (e.g. Sauter 1988; Rennenberg et al. 1994; 

Fromard et al. 1995). These authors suggested that cambial reactivation and budburst trigger 

different physiological processes, such as nutrient (Rennenberg et al. 1994) and sugar 

mobilization (Sauter 1988), as well as the enzymatic activation of plasma membrane H+-ATPase 
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of vessel-associated cells (Fromard et al. 1995; Alves et al. 2004) that might cause the observed 

spring pH acidification. Other authors, however, have reported different or missing pH seasonal 

patterns (e.g. Glavac et al. 1990; Aubrey et al. 2011; Erda et al. 2014). This suggests that 

specific sap pH measurements should be carried out to estimate sap [CO2
*] and FT. In our case, 

common assumptions of constant pH at a seasonal scale resulted in mean annual FT 

overestimation of 6% (Table 6.3). Because FH20 and pH scale positively with FT, the 

overestimation of FT during summer months (early and late summer pH < annual mean pH) 

overrode autumn FT underestimation (autumn pH > annual mean pH) and resulted in relatively 

small errors in FT at an annual basis; spring data having minor influence on FT estimations due 

to negligible transpiration rates. The small magnitude of this 6% relative error was consequence 

of the similarity between mean annual pH and early and late summer pH; however, larger pH 

differences at high FH20 would have resulted in more substantial misestimation. To illustrate this 

point, if spring pH acidification did not occur and led to mean annual pH values 0.05, 0.1 or 0.2 

units higher than the actual one (6.47), the relative annual FT overestimation would increase up 

to 12.4, 20.3 and 39.1%, respectively (data not shown). Thus, the magnitude of misestimation 

will vary among species and environmental conditions according to the measured range of pH. 

As example, pH sensitivity analysis on sap [CO2
*] in plum trees revealed that a 0.23 bias in sap 

pH could lead to 4% misestimation in sap [CO2
*]; but much larger deviations would have 

occurred in this study if the pH were closer to neutrality (Erda et al. 2014). In the case of poplar 

trees, sap pH remained rather stable throughout the growing season and hence assumptions of 

constant pH to estimate sap [CO2
*] and FT seemed valid (Aubrey et al. 2011). 

Scarce reports on sap [CO2
*] and pH have found no predictable diel fluctuations on sap 

pH (Teskey and McGuire 2007; Erda et al. 2014), in contrast with a nighttime sap pH increase 

registered at stem base, but not at higher tree heights, in poplar trees (Aubrey et al. 2011). Based 

on these studies, and for experimental simplicity, diel pH variations are commonly disregarded 

to estimate sap [CO2
*] (e.g. Teskey and McGuire 2002, 2007; Saveyn, Steppe, McGuire, et al. 

2008; Aubrey and Teskey 2009; Etzold et al. 2013). However, substantial sap pH increases 

during daytime were found in reports unrelated to sap [CO2
*] research (Schurr and Schulze 

1995; Stoll et al. 2000; Beis et al. 2009) and here (Figure 6.6b). Q. pyrenaica diel pH 

difference of 0.4 units was lower than the observed in Ricinus communis (0.6, Schurr and 

Schulze 1995) and similar to grapevine (Stoll et al. 2000; Beis et al. 2009). Water stress has 

been pointed out to be related to daytime pH rise. Sap pH would act as a stress sign that would 

lead to enhanced abscisic acid concentration and eventually to leaf stomatal closure and 

minimization of water loss under drought conditions (Wilkinson et al. 1998; Wilkinson 1999; 

Stoll et al. 2000; Wilkinson and Davies 2008; Beis et al. 2009). Reasons for inconsistency in 

diel sap pH fluctuations may respond to differing environmental conditions among studies. 

Reports on diel pH variations in relation to sap [CO2
*] have been performed in temperate 
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climates wherein limited drought stress may result in no diurnal change in xylem sap pH, as 

observed by Wilkinson et al., (1998). On the contrary, this first report of the role of sap pH in 

sap [CO2*] in a drought-prone species showed a clear daytime pH alkalinization, as observed in 

Mediterranean grapevine (Stoll et al. 2000; Beis et al. 2009) and in tomato leaves as the soil 

dried out (Wilkinson et al. 1998). Common assumptions of constant diel pH from midday 

measurements may consequently overestimate nighttime sap pH and [CO2
*]. In Q. pyrenaica, 

normalized nighttime sap [CO2
*] decreased from 90 to 65% of daily maxima when pH was 

considered to vary over the day (Figure 6.6b). Nevertheless, errors in estimating FT on annual 

basis made by neglecting diel pH fluctuations are small (2.6%, Table 6.3) because, despite 

substantial sap [CO2
*] overestimation at nighttime, FH20 and thus FT were negligible at this time. 

Frequent reports of nighttime sap [CO2
*] increases, commonly attributed to CO2 accumulation 

under negligible transpiration (e.g. McGuire and Teskey 2002; Teskey and McGuire 2002; 

Maier and Clinton 2006; Saveyn, Steppe, McGuire, et al. 2008), could partly respond to 

nighttime sap [CO2
*] overestimations due to assumptions of constant pH. Moreover, Henry´s 

law determines positive and negative relationships of pH and temperature with sap [CO2
*], 

respectively. Hence, concomitant nighttime temperature and pH reductions (and daytime 

increases) would tend to equilibrate internal CO2 concentrations in both gaseous and liquid 

phases.  

6.4.3. Conclusions 

Under no drought conditions, Tstem was the best predictor of stem [CO2] at both diel and 

seasonal temporal scales. During drought stress periods, water availability appeared as the main 

driver of stem [CO2]. On the other hand, sap flow showed subsidiary relationships with stem 

[CO2], suggesting a secondary role in governing stem [CO2] temporal variations. Moreover, sap 

pH showed significant variations at both diel and seasonal scales highlighting the need of 

specific sap pH survey for an accurate estimation of sap [CO2
*]. 
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7. ALTERNATIVE SILVICULTURAL TREATMENTS IN 
ABANDONED COPPICES: ROOT TRENCHING AND STEM 
GIRDLING. PRELIMINARY RESULTS 

Abstract 

Widespread decay of tree growth and acorn production is observed in formerly coppiced 

Quercus pyrenaica stands. Attempts to convert coppices into high forests by thinning have 

failed to date, possibly hindered by the massive root system that clonal trees have developed 

after centuries of coppicing. In this work we test two alternative treatments to improve carbon 

reserves in stems of clonal trees: root trenching and stem girdling. We expected that root 

trenching would enhance the concentration of non-structural carbohydrates (NSC) in trenched-

isolated stems by reducing carbon losses associated to root respiration. Similarly, we expected 

that stem girdling would enhance NSC concentrations above the girdled zone due to phloem 

transport arrestment, whilst roots would be maintained by non-girdled stems within the clone. 

After clonal structure elucidation, root trenching and stem girdling (before budburst and after 

leaf expansion) were applied to 12 stems belonging to five different clones per treatment. NSC 

in twigs, stems and roots, xylem [CO2] (as an indicator of root respiration), leaf moisture 

content, specific leaf area (SLA), leaf-to-sapwood area ratio and twig growth were measured. 

Root trenching increased xylem [CO2] and had no positive effect on NSC concentrations. 

Girdling after leaf expansion slightly increased starch concentration in stems (P = 0.0597). 

Girdling before budburst negatively affected leaf expansion and twig NSC concentrations, 

likely because of problems in xylem formation, water transport and leaf photosynthesis. These 

results dissuade from applying root trenching and stem girdling before budburst in Q. pyrenaica 

stands. Further measurements are needed to verify that the positive effect of girdling after leaf 

expansion in starch concentrations and the maintenance of root function by non-girdled stems 

within the clone hold over time. Moreover, ancillary data such as stem growth and acorn yield 

are necessary.  
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7.1. Introduction 

The generalized stand decay of Quercus pyrenaica coppices and the need to find new 

alternative uses for these stands is one the biggest challenges of Mediterranean forest managers 

(Cañellas et al. 2004; Montes et al. 2004; Bravo et al. 2008; Adame et al. 2008). The 

abandonment of traditional coppicing for firewood, charcoal and woody pastures in 1970’s has 

resulted in overaged stands with high mortality rates, extremely high densities, branch die-back, 

slow growth and scarce acorn yield (Serrada and Bravo 2012). Several management practices 

alternative to lack of intervention, such as conversion into high forests, transformation into open 

woodlands, reforestation with coniferous species, and restoration of coppice systems have been 

suggested for these stands (Bravo et al. 2008). Of those, conversion into high forests is the 

preferred alternative in sites of good quality, and it has been tested by thinning trials at different 

intensities. A positive effect on stem growth of residual trees and fire risk reduction have been 

observed in response to thinning (Cañellas et al. 2004; Montes et al. 2004; Lafuente et al. 2009); 

however, there are no evidences of improvement in carbohydrate availability (De Pedro et al. 

2009), nor in acorn production (San Miguel 1986; Cañellas et al. 1996), a necessary step for 

sexual recruitment and conversion into high forests.  

Historical coppicing entailed numerous periodical removal of aboveground biomass while 

belowground biomass was maintained. Therefore, a hypothetical root-to-shoot biomass 

imbalance may have developed over the centuries and resulted in a physiological imbalance 

between carbon sinks (root) and sources (shoot). This imbalance could be an underlying factor 

explaining stand decay (Corcuera et al. 2006; Bravo et al. 2008; Chapter 2, 3 and 4) and 

hindering attempts of forest conversion. Here, we study the effects of two treatments rarely 

considered in forestry management practices to improve carbon reserves aboveground and 

potentially stem growth an acorn yield: stem girdling and root trenching.  

Root trenching is proposed as a means to isolate roots from the parental root system. As 

traditional coppicing results in massive root system development (Canadell and Roda, 1991; 

Cañellas and San Miguel, 2000; Serrada Hierro et al., 2013) with large NSC pools (Chapter 4), 

derived root maintenance costs might compromise aboveground performance (Chapter 2 and 

3). If root system is a burden for stem growth and reproductive effort, root isolation by 

trenching could mitigate root-to-shoot imbalance by reducing the size of the root system 

sustaining the trenched stem and so carbon costs of root maintenance respiration. A similar idea 

of root partitioning has been suggested to rejuvenate and isolate resprouts in this species (De 

Simón and Bocio 1999; Bravo et al. 2008); nevertheless, to our knowledge, there are no 

literature on the physiological response of Q. pyrenaica (or any other root resprouting species) 

to root isolation. 
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Stem girdling is commonly used as a means to kill trees (Reque and Bravo 2007) by the 

termination of carbohydrate supply to the root system through the removal of bark and phloem 

tissues (Högberg et al. 2001). On the other hand, branch girdling is a cultural practice to 

improve fruit set in cultivars (Williams and Ayars 2005; Rivas et al. 2007; Mahouachi et al. 

2009), by enhancing carbohydrate availability in girdled branches (Iglesias et al. 2003). 

Similarities between branches of single-stemmed trees supported by a common trunk and stems 

of vegetatively regenerated trees supported by a common root system invite to test stem girdling 

as a non-killing treatment for seed-set improvement in root resprouting species (Bravo et al. 

2008). The girdling of a limited number of stems in a multi-stemmed clone might enhance NSC 

concentrations above the girdled zone without causing root starvation or malfunction, provided 

that the communal root system continues to be fed by NSC from non-girdled stems. In the long 

term, stem growth and acorn yield could be improved, together with chances of natural 

regeneration in coppiced stands.  

The aim of this experiment is to assess functional changes on trenched and girdled trees 

to propose alternative treatments that facilitate conversion of abandoned coppices of Q. 

pyrenaica into high forests. Treatments are tested under the expectation that the potential 

improvement in carbohydrate availability will surpass in the long run the negative effects 

caused by trenching and girdling, namely carbon investment for wound healing (Passam et al. 

1976; Uritani and Asahi 2014), photosynthesis reduction due to feedback inhibition (Cheng et 

al. 2008; Fan et al. 2010; De Schepper et al. 2010), or enhanced drought stress resulting from 

reductions in hydraulic conductivity (Zwieniecki et al. 2004). With this objective, stem 

genotyping was performed a priori in an experimental plot of Q. pyrenaica to delineate clonal 

individuals. Thereafter, we studied the response to the treatments of several physiological 

variables: (i) NSC concentrations in roots, stems and twigs as indicators of tree carbon status; 

(ii) xylem [CO2] in root-isolated stems to evaluate a potential reduction in root respiration 

(Teskey and McGuire 2007); and (iii) leaf moisture content, specific leaf area, leaf-to-sapwood 

area ratio and growth in shoots. Eventually, we aim to evaluate changes in stem growth and 

acorn yield, but since any potential positive response would be expected at large temporal 

scales, we have not these data yet. In this work, we uniquely report preliminary results.  
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7.2. Materials and Methods 

7.2.1. Study site and clonal assignment  

The experimental plot is located in the Guadarrama mountain range (Matas de Valsaín 

Forest, Segovia), at an altitude of 1,140 m, and consists on a regular stand dominated by Q. 

pyrenaica at a density of 781 stems ha-1 (see Chapter 1 for details). Once clonal structure was 

known (Chapter 1), four sets of dominant even-sized stems were selected for treatment 

application, namely root trenching, stem girdling before budburst, stem girdling after budburst, 

and no treatment application (control). Each set consisted on 12 stems belonging to five 

different clones (Figure 7.1).  

7.2.2. Treatment application 

Root trenching was performed in 2011 before budburst (from DOY 91 to 95, April). 

Trenches were 80 cm deep, 20 cm wide and were performed one meter away from the stem 

(Figure 7.2a). Stems were root-isolated using a mechanical chainsaw trencher (Figure 7.2b). In 

areas of remarkable resistance, a backhoe was complimentarily used to facilitate root isolation. 

Stem girdling (Figure 7.2c) was performed in 2013 on two different phenological phases: 

before budburst (DOY 99, April), and after leaf expansion (DOY 170, June) to allow earlywood 

growth and water transport, given that ring-porous species such as Q. pyrenaica rely on current-

year earlywood for water transport (Barbaroux and Bréda 2002; Corcuera et al. 2006). Girdled 

stems were covered with several layers of Parafilm M (Pechiney Plastic Packaging, Menasha, 

WI) hold by duct tape to minimize stem desiccation and protect from pathogen invasion 

(Murakami et al. 2008; De Schepper et al. 2010) (Figure 7.2d). 

7.2.3. Total non-structural carbohydrates 

NSC was determined on roots, stems (above the girdled zone in the case of girdled stems) 

and twigs of nine stems per treatment (twelve in control trees). Samples were collected after 

complete leaf expansion (DOY 170, June), and at the end of the growing season before leaf fall 

(DOY 303, October), when lowest and highest NSC concentrations, respectively, were expected 

(Barbaroux et al. 2003). Samples were collected in coarse roots located 50-100 cm away from 

the stem base, at stem breast height and in one-year-old twigs. Samples were oven-dried (65 °C, 

48 h) and powdered in methanol:chloroform:water solution (12:5:3 by volume). Soluble sugars 

were extracted from the obtained powder and the residue was used for starch determination. A 

spectrophotometer at 625 nm wavelength within 30 minutes was used for colorimetric 

measurement of soluble sugar concentration, following a color reaction with anthrone reagent. 

Starch concentration was measured at 450 nm, following the reaction with dianisidine, after 



Chapter 7 

  125  

starch conversion to glucose with amyloglucosidase and further oxidation using the peroxidase-

glucose oxidase complex. See Oleksyn et al. (2000) for further details on NSC determination. 

[NSC] was expressed on a dry matter basis (%). Total NSC concentration ([NSC]) was 

determined on sapwood as the sum of soluble sugars and starch concentrations.  

 
Figure 7.1 Clonal structure in an experimental plot of Quercus pyrenaica in Segovia. Four sets of stems 
were selected for treatment application: root trenching, stem girdling before budburst (in April), stem 
girdling after budburst (in June), and control. 

7.2.4. Xylem [CO2] measurements 

Xylem [CO2] was measured as a proportional indicator of root respiration (Teskey and 

McGuire 2007; Aubrey and Teskey 2009; Chapter 3) to assess any potential reduction in root 

respiration after root trenching. For this goal, eight additional stems (non-sampled for NSC or 

leaf and twig traits) were trenched on DOYs 201-202 of 2012 for xylem [CO2] monitoring 

during two consecutive growing seasons (2012 and 2013). These eight stems (belonging to 
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clones SMALL1 and LARGE2 in Figure 6.1) were monitored togheter with eight control stems 

(belonging to clones SMALL2 and LARGE1 in Figure 6.1).  

 
Figure 7.2 Applied treatments consisted on root trenching (a, b) and stem girdling (c,d). 

Briefly, xylem [CO2] was measured with solid-state non-dispersive infrared (NDIR) CO2 

sensors (model GMM221; Vaisala, Helsinki, Finland), which measure gaseous [CO2] (%) in 

equilibrium with CO2 dissolved in xylem sap. Sensors were inserted into the stem 10 cm 

aboveground in drilled holes of 40 mm in length and 25 mm in diameter. NDIR sensors were 

isolated from atmospheric air with rubber sealant (see Chapter 3, 5 and 6 for detailed 

methodology on xylem [CO2] measurements). Data immediately after trenching (2012) was 

excluded for analysis due to the potential bias determined by (i) enhanced root wound-

respiration (Uritani and Asahi 2014), and (ii) CO2 accumulation in xylem due to limited 

transpiration (Teskey et al. 2008). Therefore, only data after one year of root recovery (2013) 

were used for comparison. Since the four stems of a trenched clone (SMALL1) died weeks after 
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trenching; xylem [CO2] was uniquely measured and compared between four trenched and four 

control stems (clones LARGE1 and LARGE2 in Figure 6.1). 

7.2.5. Leaf and twig traits 

Twelve stems per treatment (Figure 7.1) were sampled on DOY 241 of 2013 to measure 

leaf moisture content (LMC), specific leaf area (SLA, leaf area/dry mass, cm2 g-1), leaf area-to-

sapwood area ratio (LA:SA), shoot length growth during the year of girdling (SG0, mm) and the 

ratio of SG between two consecutive years (SG0:SG-1). One sun-exposed twig per stem was 

sampled at a similar height and stored on zip-lock plastic bags containing wet paper to avoid 

sample drying. Plastic bags were stored in a cooler for transportation to the laboratory, kept in 

the refrigerator overnight, and measured the following day. Leaf moisture content was estimated 

on a fresh mass basis following Suszka et al. (1996) [LMC = (fresh mass – dry mass) / fresh 

mass, %]. For LMC determination one leaf per twig was selected, and fresh and dry mass (65 

°C, 48 h) was weighted to the nearest 0.1 mg (Adventurer precision balance, Ohaus 

Corporation, NJ, USA). For SLA determination, leaf area of the selected leaf was measured 

prior to drying using WINFOLIA image analyzer software (Regent Instrument Inc., Canada). 

For LA:SA determination, total twig LA was extrapolated by the accumulated dry mass and its 

SLA, and twig SA was measured by two perpendicular diameters at the twig base to the nearest 

10 µm with an electronic digital caliper. Longitudinal twig growth was measured for 2013 (SG0) 

and 2012 (SG-1) to the nearest 1 mm; total SG was added in case of ramification.  

7.2.6. Data analysis 

To study the effect of root trenching and stem girdling on [NSC] and [starch], linear 

models were performed in R software, in which treatment (n=4), organ (n=3) and their 

interaction were fixed factors. Since both treatments isolated the stem from its parental root 

system, we discarded to nest stem into its corresponding clone as a random factor. Datasets 

from DOYs 170 and 303 (after leaf expansion and before leaf fall, respectively) were 

independently modeled. Backward selection was used to select the most appropriate model. 

Post-hoc multiple comparisons among treatments (within organs) were performed with the glht 

function in the multcomp library (Hothorn et al. 2008). Values of continuous xylem [CO2] 

measurements were averaged per stem and year. Mean stem [CO2] values were also averaged 

per clone and year for comparison between root trenched and control clones. To study 

differences on leaf and twig traits among treatments, ANOVAs were performed and post-hoc 

comparisons were analyzed in cases of a significant treatment effect.  

  



Chapter 7 

128 

7.3. Results 

7.3.1. Non-structural carbohydrates 

Immediately after leaf expansion (DOY 170), differences in [NSC] and [starch] were 

uniquely observed among organs (P < 0.0001). Treatment and the interaction treatment x organ 

did not affect [NSC] or [starch] (P > 0.1). Mean [NSC] in roots, stems and twigs was 12.0 (0.5), 

5.4 (0.5), and 4.6 (0.5)%, respectively; whereas respective mean [starch] was 9.2 (0.5), 2.3 (0.5) 

and 1.0 (0.5)%. Before leaf fall (DOY 303), NSC and starch concentrations substantially 

increased relative to previous values (Figure 7.3). Organ, treatment, and their interaction had 

significant effect on [NSC] (P<0.0001), mainly determined by [starch] (note similarities 

between [NSC] and [starch] comparisons). In roots, trenching and girdling reduced significantly 

[NSC] and [starch] (P < 0.0001). In stems, differences in [NSC] between control and treated 

stems were no significant (P < 0.1); however, girdling after leaf expansion marginally increased 

[starch] (P = 0.0597). In twigs, girdling before budburst (April) reduced [NSC] (P = 0.0229), 

coupled with a marginal reduction in [starch] (P = 0.0781). 

 
Figure 7.3 Concentration of starch (lower bars), soluble sugars (upper bars) and total non-structural 
carbohydrates (NSC = soluble sugars + starch, compiled bars) in roots, stems and twigs of Quercus 
pyrenaica before leaf fall (DOY 303). Trees subjected to root trenching and stem girdling before budburst 
(April) and after leaf expansion (June). Different letters indicate significant and marginal differences (P < 
0.1) in NSC and starch concentrations among treatments (within organs). 
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7.3.2. Xylem [CO2] 

Differences in xylem [CO2] were found between clones before and after root trenching (P 

< 0.0001, Figure 7.4). Before root trenching, mean xylem [CO2] in the control clone was twice 

that in the trenched one (0.43% and 0.24%, respectively); whereas the year after trenching, 

xylem [CO2] in the trenched clone exceeded by almost three-fold xylem [CO2] in the control 

clone (0.59% and 0.22%, respectively). 

 
Figure 7.4 Mean daily stem [CO2] was measured in eight stems belonging to two different 
clones and four stems belonging to the trenched clone were root isolated (DOY 201-202, 
trenching depicted by a dashed vertical line). For better data visualization uniquely clonal 
average values are shown. 
7.3.3. Leaf and twig traits 

Treatment application affected LMC and SLA (P < 0.05), whereas it had no significant 

effect on LA:SA, SG0 or SG0:SG-1 (P > 0.1) (Table 7.1).  Girdling before budburst (April) 

reduced LMC (P = 0.0022, Figure 7.5). SLA diminished with girdling, either applied before 

budburst or after leaf expansion (P < 0.05).  

Table 7.1 Effect of root trenching and stem girdling applied in Quercus pyrenaica on leaf and twig traits: 
leaf moisture content (LMC), specific leaf area (SLA), leaf area-to-sapwood area ratio (LA:SA), 
longitudinal twig growth during the year of girdling (SG0) and the ratio of longitudinal twig growth 
between two consecutive years (SG0:SG-1).  

Trait F value P value 
LMC 3.6711 0.0210 
SLA 5.6638 0.0004 
LA:SA 1.7865 0.1867 
SG0 0.3332 0.7497 
SG0:SG-1 0.943 0.3545 

Italic type letter indicates a significant effect of the treatment on the surveyed trait (P < 0.05). 
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Figure 7.5 Leaf moisture content [LMC = (fresh mass – dry mass)/fresh mass] and specific leaf area 
(SLA= leaf area/dry mass) of Quercus pyrenaica subjected to root trenching and stem girdling before 
budburst (April) and after leaf expansion (June). Different letters indicate significant differences (P < 
0.05) among treatments. 

7.4. Discussion 

7.4.1. Root trenching 

No differences in [NSC] or [starch] aboveground were observed between control and 

trenched trees (Figure 7.3). Root trenching did not affect any measured leaf or twig trait either 

(Table 7.1, Figure 7.5). Trenching led to [NSC] and [starch] depletion in roots (P < 0.05, 

Figure 7.3), likely as a consequence of carbon allocation to respiration for wound healing 

(Passam et al. 1976; Uritani and Asahi 2014), pointed by enhanced xylem [CO2] (Figure 7.4) as 

an indicator of root respiration (see Teskey and McGuire 2007 and Chapter 3). Thus, the 

pursued limitation in root carbon expenditures was not achieved. Root damage by trenching 

leads to transient wound respiration, related to the formation of lignin, suberin and callus tissues 

(Uritani and Asahi 2014). The period during which respiration rates are affected by wound 

respiration might be directly related to the magnitude of the damage inflicted. However, it is 

difficult to estimate this period in root trenched and adult trees based on literature, given the 

shorter temporal scale (rarely exceeding one season) and the comparatively low damage caused 

in most wound-respiration experiments (e.g. Lafta and Fugate, 2011; Serrano et al., 2004). Our 

results suggest that only one growing season after trenching is not enough for healing, which 

may override any decrease in root respiration pursued by the reduction in root size and any 

related improvement in NSC availability aboveground. We cannot discard positive effects of 
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root trenching at larger temporal scales (De Simón and Bocio 1999; Bravo et al. 2008). 

However, the observed response in terms of carbon, together with the death of one clone (of an 

overall of 11 trenched clones for other purposes), does not suggest root trenching as an 

advisable treatment for improving growth and sexual regeneration in Q. pyrenaica stands.  

7.4.2. Stem girdling 

The response to stem girdling differed depending on the phenological stage in which it 

was applied. Increases in carbon reserves above the girdled zone were uniquely observed when 

girdling was performed after leaf expansion, with a marginal difference in [starch] between 

control and girdled trees having been observed in the stem at the end of the growing season (P = 

0.0597, Figure 7.3). This marginal difference became significant at P < 0.05 when data from 

two additional control clones monitored for other purposes (Chapter 4) were added (P = 0.0015 

and 0.0054, for [starch] and [NSC], respectively). This suggests that, in the short term, girdling 

effectively blocked translocation of NSC downwards retaining recently assimilated carbon 

above the girdle, as similarly observed for different species (e.g. Daudet et al., 2005; De 

Schepper et al., 2010; Mahouachi et al., 2009; Regier et al., 2010), and also noted by the 

reduction in [starch] and [NSC] in roots (Figure 7.3). Contrarily, no improvement in terms of 

NSC was observed when girdling was performed before budburst. Actually, a significant 

reduction in [NSC] was registered in twigs. Lessened LMC (Figure 7.5) suggests 

impoverishment in water status, probably caused by problems in xylem formation and water 

transport which might affect leaf expansion, water content (Figure 7.3) and photosynthetic 

rates. Formation of large earlywood vessels in this ring-porous species takes place before leaf 

expansion and seems necessary to recover full hydraulic conductivity after xylem winter 

cavitation (Barbaroux and Bréda 2002). Corcuera et al. (2006) estimated that spring vessels 

contribute up to 96% of xylem hydraulic conductivity in Q. pyrenaica. In addition, girdling 

itself (Christman et al. 2012) might inhibit vessel refilling (Sperry et al. 1987; Taneda and 

Sperry 2008). On the other hand, girdling (either before budburst or after leaf expansion) 

significantly reduced SLA from 122 to 108 cm2 g-1 (Figure 7.5) – values that are within the 

reported range for Q. pyrenaica under high irradiance conditions (Quero et al. 2006) –. SLA 

reduction could negatively affect net photosynthetic rates (Reich et al. 1998; Meziane and 

Shipley 2001; Quero et al. 2006).  

It remains unknown if the initial limitation in water transport (Zwieniecki et al. 2004; De 

Schepper et al. 2010) and photosynthetic CO2 uptake associated to cambium injuries by girdling 

compromises, at larger temporal scales, the detected starch increment in stems girdled after leaf 

expansion or if, otherwise, enhanced NSC above the girdled zone is maintained over successive 

growing seasons. Cumulative NSC storage above the girdled zone could limit branch dieback 

(see Figure 14 in Bréda et al. 2006) and trigger an increment in acorn production, as similarly 
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occurs in fruit trees (Iglesias et al. 2003; Rivas et al. 2006; Mahouachi et al. 2009), given that 

non-girdled stems within the clone continue providing [NSC] to roots, and ensuring proper 

water and nutrients uptake and transport to girdled stems.   

In any case, the excessive stem density of Q. pyrenaica stands (Bravo et al. 2008; Serrada 

and Bravo 2012) cannot be solved by girdling; and thus, girdling could be uniquely encouraged 

when applied complimentarily with other practices reducing stand density. Thinning reduces 

stem competition, enhances growth of residual trees (Cañellas et al. 2004; Lafuente et al. 2009) 

and reduces fire risk (Montes et al. 2004). Nevertheless, thinning has not achieved the pursued 

conversion into high forest to date (García González 2007; Bravo et al. 2008). There are no 

evidences of an increment in acorn yield (San Miguel 1986; Cañellas et al. 1996) that would 

lead to sexual recruitment. The limited success of thinning could be underpinned by the clonal 

structure of Q. pyrenaica, since the response to thinning in root-connected stems could differ 

from that expected by classical silviculture, commonly considered for single-stemmed trees 

(Tarroux et al. 2010). To illustrate this idea, in this experimental plot, the excavation of one 

eight-stemmed clone likely older than 550 years showed a highly interconnected and functional 

root system, with an isometric relationship between below- and above- biomass (Chapter 4). 

Furthermore, clonal trees composed by up to 43 stems extending up to 259 m2 have been 

observed in different stands (in prep.). Carbon investment for the maintenance of such 

belowground biomass likely constrains aboveground performance (Corcuera et al. 2006; De 

Pedro et al. 2009; Chapter 2 and 3). The removal of photosynthetic tissues by thinning would 

transiently enhance this root-to-shoot imbalance, thus limiting the positive effects of thinning, 

as similarly observed in grafted pine trees (Tarroux et al. 2010). 

Negligible increment in NSC concentrations after thinning (De Pedro et al. 2009) could 

reflect increased growth of residual stems and explain the lack of response in terms of acorn 

yield. Thinning and girdling applied conjointly can be envisaged to increase NSC pools 

aboveground and acorn production, as similarly practiced in fruit trees (Williams and Ayars 

2005; Rivas et al. 2007; Mahouachi et al. 2009). This study needs to be prolonged over time. 

Moreover, ancillary data such as stem growth and acorn yield are needed and will be measured 

in the following years. 
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8. GENERAL DISCUSSION 

The main objective of this PhD study was to disentangle causes of decay in formerly 

coppiced and currently abandoned stands of Quercus pyrenaica. Along this research we 

assessed (i) the influence of the clonal structure on the physiological performance of Q. 

pyrenaica, and (ii) CO2 fluxes derived from respiratory processes to evaluate carbon budgets 

and the potential role of carbon starvation in relation to stand decay. In this concluding chapter 

results are synthetically discussed.  

8.1. Clonal size influence on physiological performance 

Genetic analyses allow to detect clonal grouping in Q. pyrenaica stands (Valbuena-

Carabaña et al. 2008; Valbuena-Carabaña and Gil 2013b) and help to elucidate their root 

structure given that trees with identical genotypes share a common root system, at least in 

origin, from which stems resprouted. The integration of genetic, dendrochronological and 

physiological approaches showed that increasing clonal size results in limited stem growth and 

enhanced root respiration expenditures (Chapters 2 and 3, summarized in Figure 8.1a). These 

results provide empirical support to a hypothetical root-to-shoot imbalance promoted by 

historical coppicing as an underlying driver of stand decay. Furthermore, root excavations shed 

light on the belowground functioning of the species. Contrary to assumptions of root disruption 

and clonal partitioning (Bravo et al. 2008; Serrada and Bravo 2012), parental root systems of 

two multi-stemmed trees maintained functionality throughout centuries of coppicing (at least 

during 550 years in one case), and profuse root grafting increased connectivity within clones 

(Chapter 4). Root-to-shoot ratios of total biomass, woody biomass, sapwood, fine roots to 

foliage, and NSC pools in multi-stemmed trees were higher than those reported for single-

stemmed trees (Montero et al. 2005; Genet et al. 2010; Ruiz-Peinado et al. 2012); and were also 

consistently greater in the larger clone (Figure 8.1b). These R:S ratios suggest development of 

massive root systems with repeated coppicing (Chapter 4). To correctly interpret these results, 

the snapshot registered and summarized in Figure 8.1 need to be considered within a larger 

temporal scale of historical coppicing (Manuel Valdés and Rojo y Alboreca 1993; Manuel 

Valdés 2008). Figure 8.2 illustrates a hypothetical long-term scenario that explains Figure 8.1 

by the theoretical evolution of two clones established in different centuries. 

Growth of new coarse roots developed after coppicing and suckering (Annie DesRochers 

and Lieffers 2001) expands the soil area explored by the root system of clonal trees, and allow 

the progressive increment of clonal size with successive coppice cycles (Figure 8.2a). The 

recurring and continuous development of new structural roots and thickening of parental roots 

result in massive root systems (Canadell and Roda 1991; DesRochers and Lieffers 2001a; 

Serrada Hierro et al 2013; Chapter 4) fed by aerial counterparts periodically harvested. 
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Therefore, stems might support greater amount of root biomass with every cutting event, 

enhancing the carbon cost for belowground respiration at the stem scale (Figure 8.2a; Chapter 

3). At the end of a cutting cycle, when the coarse root system is roughly stabilized, root 

respiration has shown to vary seasonally depending on the phenology of fine roots (DesRochers 

et al. 2002; Courty et al. 2007). In this sense, root respiration might stagnate on an annual basis 

if root development is not boosted by disturbances (see Figure 8.2a after coppice abandonment 

in 1970).  

Removal of aboveground organs return great R:S ratios after coppicing that decrease with 

shoot development. However, pre-disturbance R:S ratios might not be reached since stem and 

canopy development do not compensate undisturbed root growth  (Bravo et al., 2008; Corcuera 

et al., 2006; DesRochers and Lieffers, 2001a, 2001b; Drake et al., 2009; Iwasa and Kubo, 1997; 

Landhäusser and Lieffers, 2002; Chapter 4), resulting in gradual increment in R:S ratios of 

biomass with every cutting event (Figure 8.2b). Due to favored belowground allocation of NSC 

in root resprouting species (Bond and Midgley 2001; Knox and Clarke 2005; Paula and Ojeda 

2009), the increasing R:S imbalance in terms of biomass lead to concomitant R:S imbalance of 

NSC pools (Figure 8.2b, Chapter 4). In this line, the associated penalty in terms of carbon cost 

to maintain (Chapter 3) and enlarge (Chapter 4) belowground storage pools finally determines 

a physiological disequilibrium between carbon sinks and sources.  

Vigorous sucker growth at the expenses of belowground NSC pools (Drake et al. 2009; 

Moreira et al. 2012; Zhu, Xiang, et al. 2012) is characteristic of Q. pyrenaica. However, 

accumulated stem growth for an established optimal rotation age (see Figure I.1 in Bravo et al., 

2008 for the theoretical curve of accumulated growth in coppices) gradually lessen, driven by 

this physiological R:S imbalance (Figure 8.2c, Chapter 2). Therefore, widespread slow stem 

growth, branch dieback and scarce acorn yield, (Serrada et al. 1992; Allué 1995; Cañellas et al. 

2004; Serrada and Bravo 2012), commonly interpreted as tree carbon starvation, may rather 

reflect a life history strategy where large safety storage pools promote high vegetative 

persistence (Bond and Midgley, 2001; Clarke et al., 2013; Chapter 4).  

We ignore if the predicted evolution in Figure 8.2 would be maintained indefinitely over 

time. Data is limited to a single experimental plot surveyed within the large structural 

heterogeneity of Q. pyrenaica stands throughout the Iberian Peninsula (Serrada et al. 1993; 

Crespo Rodrigo and García Quintana 2013). Despite survivorship and resilience of clonal 

individuals may increase with clonal age and size (see Figure 4 in Clarke et al., 2013; Tanner, 

2001), an inflection point of clonal senescence (see Ally et al., 2010 and references therein), 

from both above- and below-ground perspectives, could reverse the observed trends. An 

additional effort in root excavations, together with intensive sampling of root radiocarbon dates 
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along a gradient of clonal sizes among different stands, would be a necessary step towards a 

better understanding of Q. pyrenaica dynamics.  

 
Figure 8.1 (a) Clonal size in Quercus pyrenaica is negatively related to stem growth (P < 0.05, data from 
Chapter 2), and positively related to internal fluxes of CO2 through xylem (FT, P < 0.1) and root-respired 
CO2 that diffuse through soil to the atmosphere (FS-ROOT, P < 0.05, data from Chapter 3). (b) Root-to-
shoot (R:S) ratios of total biomass, woody biomass, sapwood, non-structural carbohydrate (NSC) pools 
and fine roots to foliage were consistently greater in the large-sized clone of two harvested and excavated 
clones of Q. pyrenaica (Chapter 4). The number of root connections and root age was also higher in the 
large-sized clone.  
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Figure 8.2 Theoretical evolution of uneven-aged clones of Quercus pyrenaica in: (a) clonal size, root 
biomass and root respiration per stem, (b) root-to-shoot (R:S) ratios of biomass and non-structural 
carbohydrate (NSC) pools, and (c) accumulated stem growth throughout centuries of coppicing. 
Neglection of cutting activities (vertical dashed lines) in 1970 decade due to rural exodus and appearance 
new energy sources led to stand stagnation.     
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Clonal structure also plays a major role from a silvicultural perspective, since 

physiological interactions through root connections (Fraser et al. 2006; Baret and DesRochers 

2011) influences the stand response to silvicultural treatments (Tarroux et al. 2010). In the case 

of Q. pyrenaica, thinning is necessary to reduce excessive densities, stem competition and fire 

risk (Cañellas et al. 2004; Montes et al. 2004; Lafuente et al. 2009; Serrada and Bravo 2012). 

However, thinning is applied without a comprehensive understanding of the causes of stand 

degradation (Chapter 1), as it transiently increases the R:S imbalance by removal of 

photosynthetic tissues (Chapters 2, 3 and 4) and may contribute to the impoverishment of 

carbohydrate reserves aboveground. Since the NSC pool aboveground plays a key role in 

branch dieback (Bréda et al. 2006) and acorn yield (Iglesias et al. 2003; Mahouachi et al. 2009), 

we tested root trenching and root girdling as a means to improve aerial NSC pools and 

potentially stem growth and acorn production (Chapter 7). Root trenching is discouraged since 

wound respiration, suggested by enhanced xylem [CO2] (Chapter 3), may hinder any 

improvement in NSC terms. On the other hand, stem girdling (when performed after leaf 

expansion to allow early-wood formation) successfully blocked NSC translocation downwards 

and facilitated accumulation of NSC above the girdled zone. Therefore, if NSC accumulation is 

maintained at larger temporal scales by surpassing the negative effects associated to girdling, 

thinning and girdling applied conjointly can be envisaged to increase NSC pools aboveground 

and eventual acorn production. 

8.2. Respired CO2 fluxes and carbon budgets  

For a better understanding of carbon budgets and the potential role of carbon starvation in 

Q. pyrenaica decay, internal and external stem CO2 fluxes (Chapters 5 and 6), together with 

soil CO2 efflux, were monitored to assess and compare respiratory expenditures of above- and 

below-ground organs. The internal flux of CO2 dissolved in the sap solution through xylem (FT) 

at the base of the stem could indicate root respiration activity (Teskey and McGuire 2007; 

Aubrey and Teskey 2009; Chapter 3), which is of special interest in this research as root 

respiration may consume great portion of the assimilated carbon (Chapter 1). However, 

measurements of xylem [CO2] throughout two consecutive growing seasons revealed [CO2] one 

order of magnitude lower than the previously reported in other species using this methodology 

(Chapters 5 and 6, see Table 1 in the review of Teskey et al., 2008). The low xylem [CO2] 

observed highlights large variability on FT depending on the species and/or site, and suggests 

that FT was not a good proxy for root respiration in this Q. pyrenaica site, since it accounted for 

2% of the root-respired CO2 that diffused to the atmosphere through soil (Chapter 3). Reasons 

for comparatively low xylem [CO2] may be explained by two factors: low respiration of xylem 

living cells and facilitated radial diffusion of CO2. First, low xylem respiration in roots and 

stems can be attributed to an acclimation to summer drought and/or long-term coppicing to 
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enlarge carbohydrate reserves to support resprouting (Zeppel et al. 2015), the life tree strategy 

of this species. Acclimation of xylem respiration might be explained by limited growth of over-

aged stems (Chapter 2, Chapter 5, Corcuera et al. 2006), comparatively reduced proportion of 

sapwood volume within stems (Chapter 4), and down-regulation of respiration rates, as drought 

stress in sub-Mediterranean species reduce metabolic activity (Saveyn et al. 2007b; Rodríguez-

Calcerrada, Martin-StPaul, et al. 2014). Second, water limitation in drought-prone regions may 

have a key role in the resistance of radial CO2 diffusion to the atmosphere. Since gas diffusion is 

much higher (~104) in gas than in water (Nobel 1999), soil drying along the growing season 

might result in great proportion of root-respired CO2 that diffuses to the soil or atmosphere 

relative to the CO2 that builds up within stems and is transported upward (Chapter 3 and 5). In 

this line, xylem [CO2] was measured for the first time in a species subjected to summer drought 

characteristic of Mediterranean climates. In the only manipulative drought experiment using this 

methodology, values as low as 0.3 mmol L-1 (≈ 0.3% in the gaseous phase assuming Tstem = 

15oC and sap pH = 6.5) were observed in Q. robur trees (Saveyn et al. 2007a). Moreover, [CO2] 

exhibited a 20-fold increase after a heavy rain at the end of the dry season (Chapter 6), similar 

to observations by Saveyn et al. (2007b) after rewatering. These observations highlight the 

importance of water availability in xylem [CO2]. 

Despite low [CO2], the common functioning of vegetatively regenerated stems 

interconnected through the root system (Fraser et al. 2006; Baret and DesRochers 2011) was 

evidenced by the direct relationship between xylem [CO2] and the amount of root connections 

(in terms of connecting surface) (Chapter 5). On the other hand, substantial contribution of FT 

to total stem respiration (up to 25%) was observed during high transpiration rates, using the 

mass balance approach suggested by McGuire and Teskey (2004). Stem temperature was the 

best predictor of xylem [CO2] at any temporal scale (as observed by Etzold et al., 2013), whilst 

sap flow played a secondary role in controlling stem [CO2] variations. Temperature explained 

more than 90 and 65% of xylem [CO2] variability when water availability was not a limiting 

factor at diel and seasonal scales, respectively (Chapter 6). Dissimilarly, stem CO2 efflux to the 

atmosphere was better explained by sap flow dynamics and stem growth, and substantially 

determined total stem respiration (> 90%) at a seasonal scale due to the low contribution of FT 

(< 10%, Chapter 5). Additionally, the importance of sap pH is highlighted for an accurate 

estimation of dissolved [CO2
*] in the sap solution, given the exponential relationship between 

pH and [CO2
*] determined by Henry´s law (McGuire and Teskey 2002). Nighttime pH 

acidification in Q. pyrenaica resulted in diel [CO2
*] misestimation when pH is measured at 

midday. At a seasonal scale, progressive sap pH alkalinization resulted in annual FT 

overestimation of 5%, an error that could be more important depending on the range of 

measured pH (Aubrey et al., 2011; Erda et al., 2014; Chapter 6). 
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Quantification of the relative weight of respiratory sinks is crucial for a better 

understanding of tree carbon budgets (Rambal et al. 2014), and hence, carbon expenditures 

above- and below-ground were measured and compared to evaluate the penalty incurred by the 

storage of large belowground NSC pools (Chapter 4) for root resprouting after disturbance 

(Bond and Midgley, 2001; Clarke et al., 2013; Chapter 1). An eight-stemmed clone, intensively 

monitored for soil CO2 efflux (FS) and internal and external stem CO2 fluxes (FT and EA, 

respectively, Chapters 5 and 6), was later harvested and excavated for biomass quantification 

(Chapter 4) to scale up root and stem respiration rates (RR and RS). Averaged over the season, 

FS was the greatest respiratory flux to the ecosystem (39 mol CO2 day-1), three and four times 

greater than RS (12 mol CO2 day-1) and RR (8-9 mol CO2 day-1), respectively (Table 8.1). Due to 

the magnitude of FS, the relative contribution of autotrophic respiration to FS substantially 

determines the root-to-shoot ratio of respiration (RR/RS). To illustrate this, root contribution to 

FS lower than 30% (as reported by Rey et al. 2002 and Tedeschi et al. 2006) yields RR/RS ratios 

ranging between 0.42 to 1.18 (Table 8.1). If heterotrophic and autotrophic contributions to FS 

are considered equal (as generally assumed across a wide gradient of forest types, Hanson et al. 

2000; Aubrey and Teskey 2009), RR/RS increase up to values ranging between 1.36 to 2.18. 

Similarly, applying contributions reported by Rey et al. (2002) and Tedeschi et al. (2006), RR/RS 

ratios greatly differed when compared within campaigns, especially in spring (0.82/1.18) and 

autumn (0.79/0.42, Table 8.1). The large sensitivity of RR/RS depending on the root contribution 

to FS applied for estimation highlights the need of a thorough discrimination between 

heterotrophic and autotrophic components of FS to accurately determine RR and RR/RS ratios.  

Below- and above-ground sapwood was equal in the surveyed clone (Chapter 4), and 

thus, if respiration rates in roots and shoots are similar, we will expect RR/RS ratios close to one. 

Thus, seasonal deviations of RR/RS from an isometric relationship might be influenced by 

differences in the metabolic activity between below- and above-ground organs driven by 

phenological lags. For instance, RR/RS above one during spring (Table 8.1) may be explained by 

intense fine root growth and belowground cambial activity for root elongation (Courty et al. 

2007). Progressive decrease in RR/RS observed onward (ratios below one) may result from a 

gradual reduction in the root activity relative to enhanced aboveground metabolism mirroring 

sap flow dynamics (Chapter 5). Despite the lack of data during winter, the highest root 

contribution to FS in other oak coppiced species registered on this season (Rey et al. 2002; 

Tedeschi et al. 2006) would suggest RR/RS above one, and a major role of belowground 

respiration during the dormant season in tree carbon budget. In any case, prevailing RR/RS ratios 

below one observed along the growing season evidences an unexpected weight of aboveground 

woody respiration as a carbon sink. The accumulation of respiring biomass in stems and 

branches in this overaged coppice, together with the remarkable high proportion of living 
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parenchyma observed in Q. pyrenaica stems (Rodríguez-Calcerrada, López, et al. 2014), 

contributes to increase this carbon costs for respiration in stems and branches.   

Campaign DOY 
       EA

a       RS
b        FS

c          RR
d 

      RR/RS 
mol CO2 day-1 

143-144 6.16 6.16 26.83 5.03 ;   7.25 0.82 ; 1.18 
183-184 12.28 13.13 52.14 11.32 ; 11.70 0.86 ; 0.89 
218-219 15.63 16.45 43.72 9.49 ;   9.82 0.58 ; 0.60 
266-267 10.54 11.23 32.76 8.82 ;   4.68 0.79 ; 0.42 
Mean 11.15 11.74 38.86 8.66 ;   8.36 0.76 ; 0.77 
Table 8.1 Above- and below-ground fluxes of respired CO2 in an eight-stemmed clone of Quercus 
pyrenaica measured during four 24-hours campaigns throughout 2013 growing season.                              
a Stem CO2 efflux to the atmosphere (EA) integrates stem and branch efflux (foliage is excluded from this 
analysis). Measurements of EA on a volume basis were used for scaling up (see Chapter 5 for details of 
EA measurement and calculation). Only functional biomass was considered to scaling up, i.e., sapwood 
and bark of stems and branches (data from Chapter 4). Clonal EA was calculated by addition of the eight 
stems.                                                                                                                                                               
b Stem respiration (RS) was calculated by addition of EA and the internal CO2 flux through xylem (RS = EA 
+ FT), following the mass balance approach proposed by McGuire and Teskey (2004). The contribution 
of FT to total aboveground respiration was 0.0, 6.5, 5.0 and 6.1% for the four consecutive campaigns, 
respectively (Chapter 5). Sap pH was monitored throughout the seasons (Chapter 6) to calculate [CO2] 
dissolved in the sap solution (McGuire and Teskey 2002).                                                                             
c Soil CO2 efflux (FS) was measured in four collars located below the canopy of the clone (see Chapter 3 
for details on FS methodology). Daily FS was averaged among collars on a square meter basis. Since roots 
and canopy extended beyond the excavated area (81 m2), a conservative buffer of 0.63 m was added to 
estimate clonal extension (102 m2). In this way, scaling up of FS is appropriate for comparison with other 
studies performed at stand scale (8 stems / 102 m-2 = 784 stems ha-1 ≈ 781 stems ha-1 = stand stem 
density, see Table S.2 in Supplementary Information).                                                                                                                       
d Root respiration (RR) was calculated by addition of root-respired CO2 that diffused to the atmosphere 
through soil (FS-ROOT) and FT at the base of the stem [RR = FS-ROOT + FT, see Aubrey and Teskey (2009)].   
FS-ROOT was estimated from FS and the relative contribution of autotrophic respiration to FS. Root 
contribution was obtained from two reports of a Mediterranean coppice of Quercus cerris cut one and 17 
years before measurements. Root contribution in the recently coppiced stand was 27, 19, 21 and 26% for 
winter, spring, summer and autumn, respectively (Rey et al. 2002); and 30, 27, 22 and 14%, respectively, 
in the mature stand (Tedeschi et al. 2006). FS-ROOT and further RR estimates from both reports are 
displayed (recently coppiced ; mature stand). Spring contributions were attributed to the first campaign 
(DOY 143-144), summer contributions to the second (DOY 183-184) and third (DOY 218-219) 
campaigns, and autumn contributions to the forth campaign (266-267). Constant FT of 2% of the FS-ROOT 
was assumed (Chapter 3). 

Additionally, we compared annual respiratory fluxes from Table 8.1 with those reported 

for several forest types to provide an insight of the relative magnitude of carbon invested for 

respiration in our Q. pyrenaica site (see Table S 8.1 in Supplementary Information for the 

summary of 15 reports on ecosystem respiration across different stands). Leaf area index (LAI), 

a key ecophysiological parameter to determine carbon gas exchange (Bréda 2003), was also 

considered for comparison. In this line, it is worth noting that a broader study at larger temporal 

and spatial scales, including carbon fluxes at the canopy level, would be necessary to close the 

carbon budget in our site for more accurate interspecific comparisons. Reports on partitioning of 

ecosystem respiration commonly add CO2 effluxes from soil (FS), stem (EA-STEM) and foliage 

(EA-leaf) based on chamber measurements to estimate total ecosystem respiration and corroborate 
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with eddy covariance fluxes (see references in Table S 8.1). Averaged FS, EA-STEM and LAI for 

the stands in Table S. 8.1 were 776 g C m-2 year-1, 162 g C m-2 year-1 and 4.2 m2 m-2, 

respectively. In our site, FS and EA-STEM scaled up to the stand level and on an annual basis were 

1164.2 and 297.0 g C m-2 year-1, respectively (Table S 8.1). The relative reduction in FS and EA-

STEM observed between growing and dormant periods in Q. cerris and Q. pyrenaica (Rey et al. 

2002; Rodríguez-Calcerrada, López, et al. 2014) were considered to reduce the overestimation 

that results when extrapolating data from the growing season to the whole year. Leaf area index 

was 3.8, value that is within the reported range for this species (3.4, Hernández-Santana et al., 

2009) and averaged values for Quercus genus (4.3, Bréda, 2003). Summarizing, values of FS 

and EA-STEM in our site were 1.5 and 1.8 times higher than the averaged FS and EA-STEM for 

different stands, respectively, indicating greater carbon costs for soil and stem respiration in Q. 

pyrenaica. Relative high values of EA-STEM further highlights the unpredicted and important sink 

of aboveground woody respiration in carbon budgets, as pointed by RR/RS ratios below one 

(Table 8.1). Contrarily, LAI was slightly lower in our site (0.9 relative to the averaged LAI) 

pointing to lower potential of carbon gas exchange. These rough comparisons support the 

hypothesis of a physiological imbalance between carbon sources and sinks constraining 

aboveground performance in Q. pyrenaica stands (Chapters 2, 3, and 4). In any case, water-

related variables, stomatal regulation and rates of carbon assimilation should be considered to 

discuss a trade-off between water and carbon; and specifically, to further discuss LAI, as the 

amount of photosynthetic/transpitring tissues meets an ecohydrological equilibrium with the 

ecosystem water balance (Eagleson 1982). 

To conclude this PhD study, we highlight the importance of multidisciplinary approaches 

integrating genetic, dendrochronological and physiological analyses for a comprehensive 

understanding of the widespread tree decay observed in Q. pyrenaica coppices. Consideration of 

inconspicuous clonal grouping and massive root system development, determining the 

functioning of multi-stemmed individuals, is essential to successfully manage formerly 

coppiced and currently abandoned stands of Q. pyrenaica. 
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SUPLEMENTARY INFORMATION 

 

Table S.1. Competition indices studied. 

Index Source Equation 

CI1 Daniels et al. (1986)    
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dj competitor tree dbh (cm), di subject tree dbh (cm), distij distance between subject and competitor tree 
(m), dmaxi dbh of larger trees than the subject tree (cm), BALi basal area of larger trees than subject trees 
(m2 ha–1), exp base of the natural logartithm, n number of competitors.                                                        
* CI3 is a modification of Biging and Dobertin (1995) competition index, stem basal area is used instead 
of crown cross-sectional area. 
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Table S.2. Partitioning of annual ecosystem respiration into soil, stem and leaf respiration, and leaf area index (LAI) across different forest types.  

Dominant species Site Stand density 
(stem ha-1) 

FS
a EA-STEM

b EA-LEAF  LAI 
Reference 

g C m-2 year-1 
 

m2 m-2 
Pinus canariensis  Morro de Isarda, Tenerife, Spain  829 722 103 113  3.4 Wieser et al. (2009) 
Pinus halepensis  Yatir Forest, Israel  300 404 66 257  1.5 Maseyk et al. (2008) 
Tsuga canadensis Ottawa National Forest, MI, USA,  566 645 203 74  3.8 Tang et al. (2008) 
Fagus sylvatica  Collelongo, Italy 825 428 61 275  6.5 Guidolotti et al. (2013) 
Fagus sylvatica  Hesse, France,  3480 663         325c  5.6 Granier et al. (2000) 
Quercus ilex  Puéchabon, France   4900 517 131 329  2.3 Rambal et al. (2014) 
Oak mixed stand (control) Missouri Ozark Forest, MO, USA 997 1196 253 168  NA Li et al. (2012) 
Temperate mixed stand  Changbai  Natural Reserve, China 1556 595 260 384  6.0 Wang et al. (2010) 
Hardwood mixed stand Ottawa National Forest, MI, USA, 439 770 132 111  4.1 Tang et al. (2008) 
Hardwood mixed stand  UMBS, MI, USA 2214 1012 157 257  3.5 Curtis et al. (2005) 
Hardwood mixed stand  

ChequamegonNational Forest, WI, USA NA 
883 235 59  4.2 Bolstad et al. (2004) 

Bolstad et al. (2004) 
Bolstad et al. (2004) 

Mature aspen stand  1117 152 110  4.8 
Intermediate aspen stand  890 20 101  3.5 
Populus spp.  

Prince Albert National Park, SK, Canada 
980 833 167 190  4.4 Griffis et al. (2004) 

P. tremuloides  830 960 158 197  5.1 Gaumont-Guay et al. (2006) 
Mean 
(Min-Max) 

  776 
(404-1196) 

162 
(20-325) 

188 
(59-384)  4.2 

(1.5-6.5)  

Quercus pyrenaicad  Valsaín, Spain 781 
1663 479 

NA 
 

3.8 
 

Quercus pyrenaicae 1164 297    
Components of ecosystem respiration were estimated based on up-scaled chamber measurements. To use consistent terminology, the so-called soil, stem and foliage respiration are re-named as 
soil efflux (FS), and stem and foliage efflux to the atmosphere (EA-STEM and EA-LEAF, respectively), since CO2 efflux does not exactly reflect respiration rates (Teskey et al. 2008). In cases of 
multi-year studies, values were averaged over the monitored period.                                                                                                                                                                                                                                 
a Autotrophic and heterotrophic components of FS are not discriminated in most cases.                                                                                                                                                                              
b Branch EA is commonly included in EA-STEM. Otherwise, if EA-BRANCH is measured separately, it is added to EA-STEM for comparison.                                                                                                                
c In this case, aboveground efflux (EA-STEM + EA-LEAF) was calculated as the difference between ecosystem respiration (from eddy flux measurements) and FS.                                                                    
d Measurements in Quercus pyrenaica were performed during the growing season (Table 8.1) and scaled up over the year. Leaf area index was estimated from Chapter 4 data.                                                                                                                                                                                                                                                                                
e To reduce overestimation of FS and EA-STEM at an annual basis, estimates of the growing and the dormant season were averaged (with equal weights) to provide annual values. The relative 
reductions in FS and EA-STEM observed between growing and dormant periods were applied to calculate respiratory fluxes during the dormant season: EA-STEM in Quercus pyrenaica decreased to 
0.47 µmol CO2 m-2 s-1 during winter (Rodríguez-Calcerrada, López, et al. 2014), 24% of the EA-STEM averaged over the growing season (Chapter 5). FS in Q. cerris  coppice decreased to 1.35 
µmol CO2 m-2 s-1 during winter, 40% of the FS averaged over the growing season (calculated from Rey et al., 2002).  
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Figure S.1 Relative cross section (S, cm2 cm-2) of heartwood, sapwood and bark as a function of stem 
radius (R, cm).                                                                                                                                             
SHEARTWOOD =  0.03 × R - 0.04                                                                                                                     
SSAPWOOD =    - 0.02 × R + 0.65                                                                                                                          
SBARK =          - 0.01 × R + 0.39                                                                                                                                
Significant relationships (P < 0.0001) obtained from 12 stems sampled at the stem base, breast height, 3 
m height, and every two meters from this point for a total of 78 stem disks. 
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Figure S.2 Anatomical observations in sampled roots of Quercus pyrenaica. Tangential (a) and 
transversal (b) sections show large rays up to 40 parenchyma cells wide stained in alcian blue.               
For anatomical analysis three roots were selected. Two wood blocks (tangential face 1x1 cm, radial length 
2 cm), from outer and inner tissues, were taken from each root. In total, 6 samples were prepared for light 
microscopy observation. Transverse sections, 20-30 µm thick, were cut from each sample using a sliding 
microtome. Sections were stained with a solution of 1% safranine and 1% alcian blue following standard 
protocols (Heijari et al. 2005) and mounted after dehydrating through an ethanol series. Samples were 
photographed with a light microscope using a Nikon digital Coolpix 4500 camera. Photographs by Aída 
Rodríguez García. 
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Figure S3 Simplified pollen diagram from the Valdeconejos site (located 4 km distant from the studied 
plot), currently on the boundary between the Quercus pyrenaica-Pinus sylvestris forest ecotone and 
pasturelands.                                                                                                                                               
Only the curves of relative (percentages) and absolute (concentration and influx) abundances of Quercus 
pyrenaica-type pollen are shown. They illustrate the decrease in the regional importance of this tree 
species from the end of the 16th-beginning of the 17th centuries AD onwards. Pollen analyst: César 
Morales-Molino.
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