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Abstract 17 

Slow growth, branch dieback and scarce acorn yield are visible symptoms of decay in 18 

abandoned Quercus pyrenaica coppices. A hypothetical root-to-shoot (R:S) imbalance 19 

provoked by historical coppicing is investigated as the underlying driver of stand degradation. 20 

After stem genotyping, 12 stems belonging to two clones covering 81 and 16 m2 were harvested 21 

and excavated to measure above- and below-ground biomass and nonstructural carbohydrate 22 

(NSC) pools. To study root system functionality, root connections and root longevity were 23 

assessed by radiocarbon analysis. Seasonality of NSC was monitored on five additional clones. 24 

NSC pools, R:S biomass ratio and fine roots-to-foliage ratio were higher in the large clone, 25 

whose centennial root system, estimated to be 550 years old, maintained large amounts of 26 

sapwood (51.8%) for NSC storage. 248 root connections were observed within the large clone, 27 

whereas the small clone showed comparatively simpler root structure (26 connections). NSC 28 

concentrations were higher in spring (before bud burst) and autumn (before leaf fall), and lower 29 

in summer (after complete leaf expansion); they were always higher in roots than in stems or 30 

twigs. The persistence of massive and highly inter-connected root systems after coppicing may 31 

lead to increasing R:S biomass ratios and root NSC pools over time. We highlight the need of 32 

surveying belowground organs to understand aboveground dynamics of Q. pyrenaica, and 33 

suggest that enhanced belowground NSC storage and consumption reflect a trade-off between 34 

clonal vegetative resilience and aboveground performance. 35 
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1. Introduction 43 

Quercus pyrenaica Willd. is a marcescent oak located in siliceous sub-Mediterranean regions 44 

from northern Morocco to south-western France, generally in montane slopes unsuitable for 45 

agriculture. Q. pyrenaica has been traditionally coppiced for firewood, charcoal and woody 46 

pastures. The vigorous root-resprouting ability of this species has determined its intense coppice 47 

use, consisting on short cutting cycles ranging from 7 to 15 years. Abandonment of historical 48 

coppicing in 1970s has revealed the current degradation state of most of stands, where overaged 49 

multi-stemmed trees present low stem growth, absent acorn yield, and high branch and stem 50 

dieback  (Bravo et al., 2008; Cañellas et al., 2004). Several consequences of long-term 51 

coppicing are repeatedly suggested since the 1990´s as determinants of such decay: excessive 52 

stem density and acute competition among clonal stems, substrate oligotrophication, clonal 53 

carbon starvation, low genetic diversity, and disequilibrium between belowground and 54 

aboveground tree organs (Serrada et al., 1992; Cañellas et al., 2004; Corcuera et al., 2006; 55 

Bravo et al., 2008, and references therein). Although genetic diversity loss has been already 56 

discarded (Valbuena-Carabaña and Gil, 2013; Valbuena-Carabaña et al., 2008), actual causes of 57 

degradation remain unknown, and forest managers unsuccessfully try to convert coppices into 58 

high forests by thinning trials. 59 

Belowground factors are rarely taken into account in ecology and forest management studies. 60 

Technical difficulties in surveying belowground attributes and delineating genotypes, unfeasible 61 

by naked-eye in this species, lead to disregard the effect of clones in aboveground stem 62 

performance. Yet, in a Q. pyrenaica coppice, clonal structure and root biomass have shown to 63 

have an effect on diametric stem growth (Salomón et al., 2013), and genetic analyses have 64 

revealed heterogeneous clonal structures and clones of up to 43 stems covering areas as large as 65 

258.5 m2 in some Q. pyrenaica stands (unpublished data). Since non-structural carbohydrate 66 

(NSC) allocation to storage organs can be actively regulated to cope with unfavorable 67 

conditions (Dietze et al., 2014; Sala et al., 2012), belowground influence on aboveground 68 

performance would partially come from a trade-off between carbon allocation to growth and 69 



storage. Accordingly, enhanced NSC storage in roots is consistently displayed by resprouters to 70 

support vegetative regeneration after disturbance (e.g. Knox and Clarke, 2005; Paula and Ojeda, 71 

2009; Zeppel et al., 2015; Zhu et al., 2012b), often at the cost of growth and sexual reproductive 72 

effort (Bond and Midgley, 2001; Clarke et al., 2013; Iwasa and Kubo, 1997; Poorter and 73 

Kitajima, 2007). Moreover, large amounts of living parenchyma needed to store NSC might 74 

entail high maintenance costs derived from root respiration processes. In this line, favored NSC 75 

allocation to roots may lead to high belowground maintenance costs and constrained 76 

aboveground performance, supporting the hypothesis of a root-to-shoot (R:S) imbalance as the 77 

main cause of tree decay in abandoned coppices of Q. pyrenaica (Corcuera et al., 2006; 78 

Salomón et al., 2013). Such imbalance would be higher in older and larger clones (Iwasa and 79 

Kubo, 1997) subjected to more coppicing events, which entail limitations to carbon gain (via 80 

foliage photosynthesis) but maintained carbon loss (via root respiration).  81 

For experimental simplicity the relationship between resprouting ability, root traits and storage 82 

patterns has been predominantly studied in herbaceous and shrub species (see Clarke et al., 83 

2010, and refences therein), as well as in young trees grown under controlled conditions (e.g. 84 

Knox and Clarke, 2005). However, given the laborious and costly task of excavating extensive 85 

soil areas, the study of root and carbon reserve dynamics in mature trees grown under natural 86 

conditions and subjected to actual disturbances remains largely unknown, as pointed out by Sala 87 

et al. (2012) and Clarke et al. (2010), and mostly limited to poplar trees (Ally et al., 2010; 88 

Jelínková et al., 2009). Quantification of the extent of root survival and, contrarily, root dieback 89 

and duraminization after aboveground disturbance (Tarroux et al., 2010) would help to evaluate 90 

R:S relationship in terms of living biomass. Likewise, assessing the longevity of parental roots 91 

supporting younger resprouts is necessary to evaluate stand decline and senescence, as well as 92 

individual tree resilience to frequent disturbances (Ally et al., 2010; de Witte and Stöcklin, 93 

2010; Genet et al., 2010). Furthermore, whether original root connections persist and root 94 

grafting occurs to maintain clonal integrity or, oppositely, root disruption causes clonal 95 



partitioning is of paramount importance to understand tree functioning and stand dynamics 96 

(Baret and DesRochers, 2011; Fraser et al., 2006). 97 

In this work we study biomass, architecture and carbon storage capacity of the root system of Q. 98 

pyrenaica clonal trees in a coppice stand. The overarching goal is to shed light on a hypothetical 99 

R:S imbalance causing the generalized stagnation in growth and sexual reproduction of 100 

abandoned Q. pyrenaica coppices. We aim to answer several related questions: does the R:S 101 

ratio of multi-stemmed oak trees vary with clonal size? Is it similar to reported ratios of seed 102 

regenerated oaks? How NSC allocation patterns change seasonally, spatially and with clonal 103 

size? How old are belowground organs supporting vegetatively regenerated stems? Do multi-104 

stemmed trees remain functionally connected through the roots? If so, to what extent roots 105 

remain functional after stem removal? An integrative approach was applied to answer these 106 

questions: (i) genetic analyses were performed to elucidate the clonal structure of an 107 

experimental plot; (ii) eight and four stems belonging to two different clones covering 100 m2 108 

were harvested and excavated to measure R:S ratios of total biomass, living woody biomass, 109 

NSC pools, as well as fine roots-to-foliage ratios; (iii) NSC seasonality was monitored on roots, 110 

stems and twigs in seven clones for a total of 24 stems; (iv) unearthed root systems were 111 

dissected and root connections were quantified; and finally, (v) root longevity was evaluated 112 

using radiocarbon dating.  113 

2. Materials and Methods  114 

2.1. Experimental site and clonal structure 115 

The study took place in a monospecific Q. pyrenaica abandoned coppice located in the buffer 116 

zone of the National Park of “Sierra de Guadarrama” (Valsaín, Segovia, Spain), at an altitude of 117 

1.140 m, in humic cambisol (40°52´ N latitude, 04°01´ W longitude). Mean annual temperature 118 

is 10.5 ºC and mean annual rainfall is 885 mm. The stand was subjected to coppicing since at 119 

least the 12th century for firewood, charcoal and woody pasture production until traditional 120 

management was neglected in 1970s (Manuel Valdés and Rojo y Alboreca, 1993); afterwards 121 



two thinning events (J. Donés, personal communication) resulted in a regular even-aged coppice 122 

of 781 stems ha-1.  123 

Genetic analyses were performed to assess the clonal structure of one-hectare experimental plot 124 

(see Salomón et al. 2013 for detailed information). Twelve stems from two clones of contrasted 125 

size were harvested and excavated for biomass partitioning. The larger clone covered 81 m2 and 126 

was composed by eight stems (12 taking into account four stems felled in 2008 for other 127 

purposes) whereas the smaller clone was composed by four stems covering 16 m2 (see Table 1 128 

for aboveground features of the sampled stems). Clonal surface was estimated from polygons 129 

enclosing stems with the same genotype and adding an outer conservative buffer of 1.5 m using 130 

ArcGIS 10.1 software. 131 

2.2. Aboveground biomass  132 

The 12 stems were harvested in 2013 before leaf fall, from DOY 280 to 282. Diameter at breast 133 

height (dbh), stem height, and height of the life crown were measured after felling. Stem disk 134 

samples were taken at the stem base, breast height, 3 m height, and every two meters from this 135 

point. To quantify the contribution of the functional wood containing living parenchyma 136 

(sapwood) to total stem biomass, the depth of the different tissues (heartwood, sapwood and 137 

bark) were measured on four perpendicular radii at every disk sample, and three coaxial 138 

cylinders were assumed for cubication using Newton equation. Densities (dry matter 139 

[DM]/fresh volume, g cm-3) were estimated per stem and tissue (heartwood, sapwood and bark) 140 

in subsamples from the 5 m-disk; they were cubicated by the Archimedes principle and 141 

weighted to the nearest 0.1 mg (Adventurer precision balance, Ohaus Corporation, NJ, USA) 142 

after 48 h at 65 ºC. Stem biomass (BST, kg of DM) was partitioned into heartwood, sapwood and 143 

bark after calculating the corresponding products of volume and density. Branch fresh biomass 144 

was weighted in situ to the nearest 20 g (BMM-BR80, Baxtran, Spain), and branch dry biomass 145 

(BBR, kg DM) was calculated from fresh weight measurements minus the average relative water 146 

content registered in the stem disk samples. The proportion of heartwood, sapwood and bark in 147 



branches was estimated as a function of their radii (Appendix A). Three branches per stem 148 

(from the lower, middle and upper crown position) were defoliated and dry foliage biomass 149 

(BFL, kg DM) per branch was weighted. BFL in non-defoliated branches was calculated as a 150 

function of BBR (BFL = 0.044 + 0.102 × BBR, P < 0.001, R2 = 0.876).  151 

2.3. Belowground biomass  152 

Prior to excavation, soil trenches of 1.5 m depth and width were dig downstream with a backhoe 153 

to facilitate water and soil evacuation. Root systems were hydraulically excavated up to 1 m 154 

depth using water sprays, high pressure water pumps, and tankers of the National Park 155 

firefighters to load water from the nearest water source (the Eresma river, 3 km away from the 156 

plot). Once unearthed, root systems were extracted with a backhoe. Biomass of coarse roots and 157 

taproots (BCR and BTR, kg DM) was estimated from fresh weight measurements minus the 158 

average relative water content of ten sampled roots, subsampled every meter for an overall of 39 159 

root disk samples. The biomass of non-weighted coarse roots growing beyond the excavated 160 

area was calculated as a function of the root diameter (mm) at its distal end (biomass = 0.0094 × 161 

diameter1.4571, n = 39, P < 0.001, obtained from the sampled disks). The proportion of 162 

heartwood, sapwood and bark within coarse roots was estimated from the average relative 163 

volume observed in the root disks, as calculated for stems given the regular cylindrical shape of 164 

coarse roots. Taproots (including the stump and the straight tapering root) were classified in 165 

three groups: young taproots of trees felled in 2013, young taproots of trees felled in 2008, and 166 

old taproots from previous unrecorded cutting events visible after excavation. The proportion of 167 

heartwood, sapwood and bark within taproots was estimated by two different approaches 168 

depending on the taproot shape and its degree of degradation. First, non-degraded taproots with 169 

regular cylindrical-conical shapes (n = 25) were axially cut in four wedges. Radii of different 170 

tissues were measured horizontally at different taproot depths every 3.5 cm. Coaxial and 171 

superimposed cylinders of revolution were assumed for cubication. Second, degraded taproots 172 

of irregular shape (n = 20) were cut across the plane with largest surface. Surfaces of different 173 

tissues were measured on both sides with a mechanical planimeter (Haff, No. 317E, Germany) 174 



and spherical shapes were assumed for cubication. Since hydraulic excavation lead to fine roots 175 

loss, soil cores were previously sampled with a soil borer to estimate fine roots abundance at six 176 

locations per clone and two depths (0-30 and 30-60 cm). Soil cores were carefully washed to 177 

remove soil and stones. Fine roots were classified into small fine roots (diameter < 2 mm) and 178 

large fine roots (diameter = 2-5 mm), and then dried and weighted (Barbaroux et al., 2003; 179 

Vanninen and Makela, 1999). Densities of small fine roots and large fine roots were estimated 180 

on a soil volume basis (g dm-3). To assess fine root biomass lost during excavation, fine root 181 

density (BFR, g dm-3, considering both small and large fine roots) was extrapolated to the soil 182 

volume surveyed per clone (81 and 16 m2 by 0.6 m depth). Note that coarse and taproots were 183 

excavated up to 1 m depth, whereas fine roots were sampled up to 0.6 m due to difficulties in 184 

coring beyond this soil depth.  185 

2.4. Total non-structural carbohydrates 186 

Twigs, stems and roots were sampled for NSC determination in the 12 harvested stems. 187 

Samples were collected in one year-old twigs, at stem breast height, and in coarse roots located 188 

50-100 cm away from the stem base. NSC sampling took place during 2013 at three 189 

phenological stages: before budburst (DOY 99, April), after complete leaf expansion (DOY 190 

170, June), and at the end of the growing season, before leaf fall (DOY 275, October). 191 

Additionally, 12 stems belonging to five extra clones of contrasted sizes (two large clones  > 45 192 

m2, and three small clones < 20 m2) were sampled in June and October, during the expected 193 

lowest and highest NSC concentrations, respectively (Barbaroux et al., 2003). After collection, 194 

samples were frozen in liquid nitrogen for transportation to the laboratory and stored at -80 °C 195 

until lyophilization. Total NSC was determined on sapwood as described by Oleksyn et al. 196 

(2000) as the sum of soluble sugars and starch concentrations. Soluble sugars were extracted 197 

from oven-dried (65 °C, 48 h) tissue powdered in methanol:chloroform:water solution (12:5:3 198 

by volume), and the residue was used for starch determination. Soluble sugar concentration was 199 

measured colorimetrically in a spectrophotometer at 625 nm wavelength within 30 minutes, 200 

following a color reaction with anthrone reagent. Starch was converted to glucose with 201 



amyloglucosidase and further oxidized using the peroxidase-glucose oxidase complex; its 202 

concentration was measured at 450 nm, following the reaction with dianisidine. [NSC] was 203 

expressed on a dry matter basis (%).  204 

2.5. Root structure and connections 205 

Once excavated, the root system architecture was analyzed in situ before root extraction and in 206 

the laboratory. Root connections were classified into two categories: (i) parental roots from 207 

which stems resprouted and (ii) root grafts occurring after stem resprouting  (DesRochers and 208 

Lieffers, 2001a). Root grafts were confirmed after bark removal to assess common annual tree 209 

rings between roots. In the large clone, a string grid of 0.5 m by 0.5 m was arranged above the 210 

soil level to photograph in detail the root system. A total of 269 photographs were bound with 211 

Photoshop software to obtain a picture of the whole root system where every taproot and root 212 

connection was identified by its corresponding label and depicted using Adobe Illustrator. The 213 

small clone was photographed without any grid. To quantify graft size, the smallest root within 214 

the graft was considered and its cross (connecting) section was estimated from two 215 

perpendicular diameters at each graft side. To estimate cross connecting section of parental 216 

roots, their average diameter was measured at the midpoint between connected taproots. 217 

Cumulative connecting section per clone (the sum of connecting sections) was estimated for 218 

grafts and parental roots. Cumulative sapwood connecting section was estimated from the 219 

relationship between root radius and its relative sapwood section (Appendix A). 220 

2.6. Root radiocarbon dating 221 

With the purpose of dating the age of the trees, we targeted the apparently oldest roots within 222 

the clones for radiocarbon dating. Three taproots from the large clone and one taproot from the 223 

small clone were chosen. For radiocarbon analysis, α-cellulose was extracted using a 224 

modification of the James-Wise protocol (Capano et al., 2010), because its low mobility in 225 

wood make it suitable for annual 14C signatures (Tandoh et al., 2013). We took a subsample of 226 

wood from the innermost part of each taproot cross section because the oldest wood is expected 227 



to be in that position. Wood subsamples for 14C dating spanned the lowest possible number of 228 

tree rings to better constrain the age, and were carefully cleaned to avoid contamination with 229 

modern carbon. Analyses were performed at the Center for Isotopic Research on the Cultural 230 

and Environmental Heritage (CIRCE, Naples, Italy). Measured 14C ages were converted into 231 

calendar years using the program CALIBomb (Reimer and Reimer, 2004) coupled with the 232 

INTCAL13 calibration curve (Reimer et al., 2013) and the Northern Hemisphere Zone 1 233 

compilation for radiocarbon dates younger than 1950 AD (Hua et al., 2013). 234 

2.7. Statistical analyses 235 

To estimate R:S ratios, aboveground biomass (BST, BBR and BFL) was first estimated individually 236 

per stem and then summed per clone, whereas belowground biomass (BTR, BCR and BFR) was 237 

directly estimated per clone. Differences in fine root density between clones and soil depths 238 

were assessed with linear models using R software (version 3.1.1). For non-linear regressions 239 

(as for weight-diameter relationships), nls function in the stats library was used. To study 240 

variability in NSC, soluble sugars and starch concentrations, hierarchical mixed models were 241 

performed using the lme function in the nlme library, in which sampling date, organ, clonal size, 242 

and their interactions were treated as fixed factors whereas stem (n = 24) nested within its 243 

corresponding clone (n = 7) was treated as a random factor. Backward selection was used to 244 

select the most appropriate model until all variables were significant at α = 0.05. Multiple 245 

comparisons on the [NSC] among sampling dates and tree organs were performed with the glht 246 

function in the multcomp library. NSC pools in stems and branches (kg) were calculated per 247 

stem as the product of their corresponding sapwood biomass by their average [NSC] across 248 

sampling dates. Belowground NSC pool was calculated per clone as the product of average root 249 

[NSC] across sampling dates and root sapwood biomass. All values presented in the text are 250 

means and standard errors. 251 

3. Results 252 

3.1. Aboveground and belowground biomass 253 



Average stem dbh and number of annual growth rings (as an estimator of stem age) were 18.6 254 

(1.0) cm and 45.8 (0.7) (Table 1), and similar between clones (P = 0.377 and P = 0.870, 255 

respectively). Pooling data from the large and small clones, the relative contribution of leaves, 256 

branches and stems to the total aboveground biomass was 3.2, 28.6 and 68.2%, respectively 257 

(Figure 1a, Table 1). Heartwood, sapwood and bark densities were 0.72 (0.01), 0.61 (0.01) and 258 

0.50 (0.01) g cm-3, respectively. The contribution of heartwood, sapwood and bark to the 259 

aboveground woody biomass (BST and BBR) was 27.5, 46.5 and 26.0%, respectively (Figure 1b, 260 

Table 1). Overall, aboveground biomass in the large clone was 2.5 times that of the small clone 261 

(1450.5 and 588.6 kg, respectively). 262 

Pooling data from the large and small clones, fine roots, coarse roots and taproots accounted for 263 

8.7, 62.7 and 28.6%, respectively, of the belowground biomass (Figure 1a, Table 2). The 264 

contribution of heartwood, sapwood and bark to the belowground woody biomass (BCR and BTR) 265 

was 23.0, 52.1 and 24.9%, respectively. Taproots maintained relatively large amounts of 266 

functional biomass after stem felling: although the proportion of heartwood was higher in old 267 

taproots than in young taproots to the detriment of sapwood, the reduction in the relative 268 

sapwood volume was limited to 14.2% (i.e., from 53.3 to 39.1%, Figure 2). Small fine roots 269 

accounted for the greatest portion of fine roots (87.7 and 12.3% for small and large fine roots, 270 

respectively, Table 2). Density of fine roots tended to be greater in the large clone (P = 0.061), 271 

and was constant between soil depths (P = 0.294). Estimates of BFR were 124.4 and 24.6 kg for 272 

the large and the small clones, respectively. Overall, belowground biomass in the large clone 273 

was 4.4 times that of the small clone (1390.2 and 315.3 kg, respectively). 274 

Root-to-shoot ratios of total biomass, woody biomass (excluding BFL and BFR), sapwood 275 

biomass, and fine roots-to-foliage were consistently higher in the large clone (Figure 3).  276 

3.2. Total non-structural carbohydrates 277 

Pooling tree organs (roots, stems and twigs), average [NSC] at April, June and October was 278 

13.2 (1.4), 6.7 (1.1) and 14.3 (1.1) %, respectively. Similar temporal fluctuations were observed 279 



for roots and stems separately: [NSC] dropped to minimum values after leaf expansion (June) 280 

and increased after the growing season (October) to values similar to those observed prior to 281 

budburst (April, Figure 4). A similar temporal trend was found for twigs, although differences 282 

in [NSC] between April and June were marginally significant (P = 0.063). Vertical variations 283 

among organs were also observed: [NSC] in April increased downward from twigs to roots; 284 

whereas in June and October, differences were uniquely observed between below- and 285 

aboveground organs (Figure 4). Pooling sampling dates, average [NSC] for roots, stems and 286 

twigs was 15.4 (1.1), 8.9 (1.1) and 7.9 (1.1) %, respectively. Multiple comparisons showed that 287 

seasonal and vertical variability in [NSC] was mainly driven by fluctuations in starch 288 

concentrations (Figure 4). Differences in [NSC] between the large and small clone were 289 

uniquely observed before budburst in roots (P = 0.002, Figure 5), also due to differences in 290 

starch concentrations (P = 0.004). Higher root [NSC] and biomass in the large than in the small 291 

clone led to much higher NSC pools in the former (Figure 1c), and to R:S ratios for NSC pools 292 

>1 in the large clone (Figure 3). 293 

3.3. Root structure, connections and age 294 

A shallow root system was observed in both clones, with most coarse roots growing 295 

horizontally within a soil layer of one meter depth, and rare vertical roots growing below. 296 

Within the large clone, 74 taproots were counted; twelve taproots corresponded to harvested 297 

stems on 2013 and 2008; the remaining 62 old taproots showed high heterogeneity in size, 298 

shape and degradation state. Taproots were connected by a total of 248 root connections: 189 299 

root grafts and 59 parental roots (Table 3, Figure 6b). Of the 189 root grafts, 73 (39%) 300 

connected young taproots, 70 (37%) connected young to old taproots, and 46 (24%) connected 301 

old taproots. Of the 59 parental connections, 6 (10%) connected young taproots, 29 (49%) 302 

connected young to old taproots, and 24 (41%) connected old taproots. The root system of the 303 

smaller clone was comparatively simpler: it was composed by four young taproots and two old 304 

taproots connected by 20 grafts and 6 parental roots. In both clones, although parental root 305 

connections were less frequent than root grafts, they were larger in size, resulting in greater 306 



cumulative connecting section (Table 3). Very large size of two parental roots in the small clone 307 

substantially reduced differences in the sapwood-connecting section between the large and 308 

small clones.  309 

The results of the radiocarbon dates are summarized in Table 4. The main finding is that the 310 

oldest taproot of the large clone was at least nearly 400 years old (1631 AD) if we consider the 311 

most conservative scenario. The period from 1397 to 1523 AD (roughly 500-600 years ago) is 312 

the likeliest for the formation of this root (Table 4, Figure 7), and the median of the probability 313 

distribution of the age is 1450 AD, thus over 550 years old. The other two dated taproots from 314 

the large clone were younger, with the likeliest age being around 80-200 years, and possibly 315 

even younger for one of the roots (50-60 years). Median ages for these taproots are ca. 150 316 

years (1850-1860 AD). The small clone was younger than the large one and its age most likely 317 

lies within the intervals 1644-1694 and 1726-1813 AD, roughly speaking 200-370 years old, 318 

although we cannot discard it is only 60-80 years old. The median age is around 240 years 319 

(1770 AD).  320 

4. Discussion 321 

4.1. High root-to-shoot ratios in centennial coppiced trees 322 

R:S biomass ratios in a large and a small clone of Q. pyrenaica (0.96 and 0.54, respectively) 323 

were higher than those previously reported for this species (0.30-0.35 in Montero et al., 2005 324 

and Ruiz-Peinado et al., 2012) and other Quercus tree species (0.25 for Q. petraea in Barbaroux 325 

et al., 2003; 0.36 for Q. douglasii in Millikin et al., 1997; and 0.28 to 0.52 for seven species of 326 

Iberian Quercus in Montero et al., 2005; Ruiz-Peinado et al., 2012). Similarly, lower mean R:S 327 

biomass ratios have been reported across major terrestrial biomes: 0.30 in temperate oak forests 328 

(Mokany et al., 2006), 0.25 for angiosperms (Cairns et al., 1997), and 0.27 in temperate forests 329 

(Poorter et al., 2012). One reason for the higher R:S biomass ratios in our study is the 330 

consideration of the clonal structure of the tree, since trees are commonly considered as discrete 331 

units (originated from seeds) in most R:S reports. We suspect that R:S ratios of resprouting 332 



species are systematically underestimated when neglecting their clonal structure due to the large 333 

amount of non-sampled roots (Poorter et al., 2012; Robinson, 2004). For instance, if uniquely 334 

taproots and crown roots initially extracted by pulling the stumps were considered for root 335 

biomass (as in Montero et al., 2005), the average R:S ratio for the 12 surveyed stems would 336 

have been lower (0.44). Accordingly, mean R:S ratios of other clonal Quercus tree species was 337 

high when the whole root system of multi-stemmed trees was excavated: 1.2 and 0.91 for Q. ilex 338 

(Canadell and Roda, 1991; Serrada Hierro et al., 2013; respectively), 3.5 for Q. coccifera 339 

(Cañellas and San Miguel, 2000), and 2.2 for Q. aquifolioides (Zhu et al., 2012b). Another 340 

reason explaining high ratios of these studies and of Q. pyrenaica here is the resprouting nature 341 

of the species. Resprouters allocate more biomass into roots than seeders under similar growing 342 

conditions (Bond and Midgley, 2001; Clarke et al., 2013), leading to mean R:S ratios of 0.64 343 

and 0.30, respectively (see meta-analysis of Poorter et al., 2012, ratios inferred from the root 344 

mass fraction), or even higher in the case of Populus tremuloides (from 0.46 to 3.42; 345 

DesRochers and Lieffers, 2001b). The exponential decrease of the R:S ratio with stand age 346 

reported in a compilation of 31 studies on Quercus species (Genet et al., 2010) yielded a R:S 347 

ratio of 0.28 for the age of the stems studied here (46 years). This predicted value is lower than 348 

the ones we observed (0.96 and 0.54) thus denoting root systems proportionally larger in 349 

comparison to coetaneous stems of sexual origin. Furthermore, the R:S ratio was higher in the 350 

larger clone, suggesting massive root development in old clones (Figures 6, 7) subjected to 351 

more coppicing events. In support of this pattern, increasing clonal size in Q. ilex resulted in 352 

higher R:S ratios, ranging from 0.23 in a single-stemmed tree to 1.92 in a seven-stemmed tree, 353 

with intermediate ratios of 0.86 and 0.84 in three- and four-stemmed trees (Canadell and Roda, 354 

1991). Similarly, Serrada et al. (2013) also observed progressive increment of R:S ratios from 355 

0.69 to 0.99 with increasing number of stems within clones of Q. ilex. In any case, the costly 356 

and laborious work required to excavate large trees vegetatively regenerated from root suckers 357 

limited this study to two multi-stemmed individuals (entailing 100 m2 excavations); therefore, 358 

any extrapolation should be taken with caution. 359 



Since woody biomass accounted for most of tree biomass (94.3%), R:S ratios of woody biomass 360 

were similar to those of total biomass. Moreover, due to the larger contribution of sapwood to 361 

belowground woody biomass (52.1 and 46.5% for below- and above-ground woody biomass, 362 

respectively), R:S ratios of sapwood increased up to 1.00 and 0.59 for the large and small clone, 363 

respectively (Figure 3). Consistently, the sapwood volume of old taproots compared to young 364 

taproots only decreased by 14% over time (Figure 2), pointing to high maintenance costs of 365 

living tissues belowground to cope with disturbances aboveground and maintain integral 366 

functionality of root-connected stems, as previously observed in clonal poplar trees 367 

(DesRochers and Lieffers, 2001a; Jelínková et al., 2009) and grafted pine trees (Tarroux et al., 368 

2010). The persistence of massive parental root systems is consistent with the greater amount of 369 

fine roots in the larger clone. Since leaf biomass per stem was similar between clones (P = 370 

0.572, Table 1), greater soil volume (containing fine roots) per stem in the larger clone resulted 371 

in higher fine roots-to-foliage ratio compared to the smaller clone: 2.69 and 1.28, respectively 372 

(Figure 3). These values are above the reported range – up to 1.25 for conifer species (e.g. 373 

Helmisaari et al., 2007; Vanninen and Makela, 1999), 0.39 and 0.36 for oak and beech, 374 

respectively (Barbaroux et al., 2003) – denoting relatively high metabolic activity belowground 375 

in the individuals of Q. pyrenaica. The fine roots-to-foliage ratio plays a pivotal role in tree 376 

water and carbon fluxes (Mokany et al., 2006; Vanninen and Makela, 1999), despite the low 377 

contribution of fine roots and foliage to total biomass in adult trees (5.7 % in this study). Higher 378 

leaf water supply and carbon uptake would be expected in the larger clone because of the 379 

greater amount of fine root biomass per leaf biomass. However, under conditions of restricted 380 

soil water content and photosynthesis, allometric differences could lead to physiological 381 

disequilibrium between the carbon source and sinks. Accordingly, increasing root respiration 382 

rates per stem in larger clones (Salomón et al., 2015) may be partially explained by great 383 

amounts of fine roots (metabolically more active than woody roots). 384 

High maintenance of sapwood in woody roots of old root systems also implies high NSC 385 

storage capacity (Figure 1). This is consistent with high starch partitioning in roots relative to 386 



above-ground organs (Figure 4), and with literature of resprouting species regenerating from 387 

stumps or roots (e.g. Knox and Clarke, 2005; Paula and Ojeda, 2009; Zeppel et al., 2015; Zhu et 388 

al., 2012b). Starch is mainly stored in parenchyma rays (see Clarke et al. 2013 and references 389 

therein), as denoted by the positive relationship between [starch] and size of parenchyma across 390 

several species of Ericaceae (Bell and Ojeda, 1999; Bell et al., 1996), Fagaceae and Rosaceae 391 

(Rodríguez-Calcerrada et al., 2015). This positive linear relationship holds within Q. pyrenaica 392 

trees (data reanalyzed from Rodríguez-Calcerrada et al., 2015), suggesting that the size of the 393 

NSC pool is determined by the quantity of living cells and that the maximum [NSC] per living 394 

cell is rather constant. Anatomical observations of the surveyed roots confirmed the large width 395 

of root parenchyma rays, which were up to 40 cells wide (Appendix B). 396 

Seasonal fluctuations of [NSC] reached lowest values after leaf expansion (June) and maximum 397 

values before leaf fall (October) and at end of the dormancy period (April) (Figures 4 and 5), as 398 

similarly observed in Q. petraea and Q. aquifolioides (Barbaroux and Bréda, 2002; Zhu et al., 399 

2012a). This result evidences the use of NSC reserves in satisfying spring demand for leaf 400 

production and stem growth. NSC reserves during the dormant period favor tree resilience 401 

under unfavorable conditions (Li et al., 2008; Zhu et al., 2012a). Here, differences in 402 

belowground [NSC] between clones were observed before budburst (Figure 5), suggesting as in 403 

other resprouting species an increasing resilience with clonal size and/or age (Clarke et al., 404 

2013; Jelínková et al., 2009; Tanentzap et al., 2012). Such higher resilience to aboveground 405 

perturbations may come at the cost of growth (Bond and Midgley, 2001; Clarke et al., 2013; 406 

Poorter and Kitajima, 2007; Sala et al., 2012) and lead to high ratios of “storage to production” 407 

in long-lived larger individuals (Iwasa and Kubo, 1997), as here denoted by the high R:S ratios 408 

of NSC pools (Figure 3). In a review on carbon allocation patterns, Sala et al. (2012) noticed the 409 

scarcity of data on the stored NSC per unit of living biomass with plant size due to the difficulty 410 

to quantify total NSC pools and living biomass on large individuals. Here, we observe high 411 

belowground [NSC] and R:S ratios of NSC pools in large and old clones, and we report a 412 

remarkable belowground NSC pool for a single tree (87.2 kg). 413 



4.2. High interconnection among roots in centennial coppiced trees 414 

Contrary to the expectation of root disruption causing clonal partitioning and stem 415 

individualization as clonal trees grow (Bravo et al., 2008, and references therein), a high 416 

number of root connections was observed for both clones (248 and 26 for the large and the 417 

small clone, respectively). The number of root connections on a surface basis was greater in the 418 

larger and older clone (3.1 connections m-2) than in the smaller clone (1.6 connections m-2), 419 

reinforcing the hypothesis of  increasing degree of interdependence over time (DesRochers and 420 

Lieffers, 2001a; Jelínková et al., 2009). Comparison with scarce literature reveals that root 421 

grafting in Q. pyrenaica (Table 3) was much more frequent than in other species: e.g. 0.5 grafts 422 

stem-1 in Populus tremuloides (Jelínková et al., 2009), and 0.3 to 0.9 grafts tree-1 in Pinus 423 

banksiana (Tarroux and DesRochers, 2011; Tarroux et al., 2010). Moreover, we suspect that the 424 

degree of clonal intra-connection in Q. pyrenaica is actually higher, considering missed 425 

connections beyond the excavated area, and the difficulty to find root grafts below 30-40 cm 426 

depth within these tangled systems. Furthermore, since root graft frequency depends on stem 427 

physical proximity rather than genetic proximity (Tarroux et al., 2014), we also suspect the 428 

occurrence of inter-clonal grafts that would result in larger functional individuals integrated by 429 

different genotypes. Larger excavations in Q. pyrenaica coppices, that usually reach extremely 430 

high stem densities, would confirm this hypothesis. The importance of root grafting for tree 431 

performance is evidenced by NSC sharing within trees to support growth of suppressed stems 432 

(Fraser et al., 2006) and even roots of removed stems (Tarroux et al., 2010). Since NSC transfer 433 

among stems is dependent on the size of the root connection (Fraser et al., 2006), it is worth to 434 

note that, within clones, the cumulative connecting area among roots (11.5 and 7.3 dm2 for the 435 

large and the small clone, respectively; Table 3) was 25% higher than the cumulative basal area 436 

at breast height (considering uniquely functional sapwood area). Frequent root connections and 437 

large connection sizes may explain higher homogeneity in [NSC] among stems within the same 438 

clone (standard deviation = 0.78) than among the seven monitored clones (standard deviation = 439 

2.54). Moreover, physiological interactions among stems in water and carbon fluxes may occur 440 



through root connections (see Baret & DesRochers, 2011) and are suggested here by the 441 

positive relationship between the cumulative root connecting area per stem and [CO2] at the 442 

base of the stem (as an indicator of root respiration activity, in prep.). Cooperative functioning 443 

among connected stems may contribute to tree colonization and space occupation, and so to tree 444 

persistence and competition (Bond and Midgley, 2001; Tanentzap et al., 2012; Tarroux and 445 

DesRochers, 2011), a strategy that might govern dynamics in Q. pyrenaica stands. Knowledge 446 

of the longevity of clonal species is crucial to understand population dynamics and interpret R:S 447 

ratios. However, age assessment is not straightforward in these species, since ages of above- and 448 

below-ground organs are decoupled (de Witte and Stöcklin, 2010). Accordingly, clonal size is 449 

commonly suggested as a proxy of age because of the radial vegetative spread of long-lived 450 

clonal plants (de Witte and Stöcklin, 2010; but see Ally et al., 2010). Our radiocarbon dates 451 

suggest an older origin for the more complex and more inter-connected large clone (Table 4, 452 

Figure 7). However, these dates should be considered as minimum estimates of the actual age of 453 

Q. pyrenaica individuals. For an accurate date, the taproot developed from the original acorn 454 

should be identified and sampled (if it still persists), an extremely difficult task given the 455 

uncertain life history of clones and the unknown expansion mode of roots. Three radiocarbon 456 

samples in the large clone did probably not capture the whole life history of this individual, and 457 

greater sampling intensity would have helped to find other roots older than 550 years. In any 458 

case, the old age observed for the large clone shows that Q. pyrenaica maintains its resprouting 459 

ability for at least 400-500 years, thus much longer than previous speculations  around 200 460 

(Ximénez de Embún, 1961) or 300 years (Bravo et al., 2008, and references therein).  461 

Vegetative regeneration predominates in certain resprouting species to the detriment of sexual 462 

regeneration, particularly in Mediterranean ecosystems subjected to frequent disturbances (Bond 463 

and Midgley, 2001). In the case of Q. pyrenaica, regeneration dynamics is determined to a great 464 

extent by vegetative resprouting induced by anthropogenic perturbations (Camisón et al., 2015; 465 

Valbuena-Carabaña and Gil, 2013), as is the case in this experimental plot where the 466 

contribution of clonal regeneration is above 80% (Salomón et al., 2013). Palynological research 467 



conducted on sediments from a mire close to the study plot shows a marked decline in the 468 

concentration of pollen from deciduous Quercus ca. 400 years ago (Appendix C). This 469 

important drop could be linked to decreased pollen productivity as a consequence of the shift 470 

from sexual to vegetative regeneration by conversion to coppice systems. Historical sources 471 

support this interpretation, as the general establishment of leasing contracts for forest use in the 472 

early modern period (Manuel Valdés and Rojo y Alboreca, 1993) would have intensified oak 473 

wood exploitation, and promoted vegetative regeneration (every 7-15 years) in detriment of 474 

pollen yield. We conclude that symptoms of poor aboveground performance in overaged stems, 475 

commonly interpreted as clonal decay may instead suggest strong vegetative resilience. In this 476 

framework, current attempts of conversion of Q. pyrenaica coppices into high forests by 477 

thinning would be hindered by the progressive increase in R:S ratios, despite transient increases 478 

in growth of residual stems (Bravo et al., 2008; Cañellas et al., 2004; Corcuera et al., 2006). 479 

5. Conclusions 480 

Survey of hidden tree organs is essential to understand the performance of above-ground 481 

organs. Here, an integral view of the whole tree – including belowground roots – has been 482 

conducted to explain the poor performance of Q. pyrenaica above ground after the abandonment 483 

of traditional coppicing. We have observed that periodical and sustained coppicing lead to 484 

massive root systems with large amounts of living biomass and root NSC pools that ensure 485 

persistence by resprouting after above ground perturbations, but that can contribute to “stand 486 

decline” by exacerbating root carbon costs through respiration. Moreover, the promotion of 487 

vegetative regeneration results in centennial, multi-stemmed and highly inter-connected 488 

individuals with a cooperative behavior that would favor clonal resilience, but that would hinder 489 

attempts to high forest conversion. 490 
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Table 1 Aboveground features and dry biomass partitioning of 12 measured stems belonging to 682 
two different clones of Quercus pyrenaica. Aboveground biomass was separated by 683 
organs (stem, branches and leaves); and woody biomass (stem and branches) was 684 
separated by tissue (heartwood, sapwood and bark). 685 

Clone dbha (cm) Height (m) 
Annual  

growth ringsb 

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  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 686 
b Annual growth rings counted at breast height at the end of 2013 growing season 687 
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Table 2 Belowground biomass in two clones of Quercus pyrenaica measured after hydraulic 689 
excavations. Belowground biomass was separated by root type (taproots, coarse root and fine 690 
roots); and woody biomass was separated by tissue (heartwood, sapwood and bark). Fine roots 691 
were measured by extracting 24 soil cores and classified by their root diameter. 692 

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 

Fine roots 
 (g dm-3) 

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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Table 3 Root connections within two Q.pyrenaica clones of contrasted size observed after 695 
hydraulic excavation. The larger clone covered 81 m2 and was composed by 12 young and 62 696 
old taproots. The smaller clone covered 16 m2 and was composed by four young and two old 697 
taproots. 698 

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 699 
midpoint between connected taproots was considered for parental roots. 700 
b Cumulative total section was the sum of sections at the diameter measuring point of grafts and 701 
connecting parental roots considering bark, sapwood and heartwood 702 
c Cumulative total section was the sum of sections of grafts and connecting parental roots 703 
considering uniquely sapwood, estimated from Figure S1 (Relative sapwood section = - 0.02 × 704 
root radius + 0.65). 705 
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Table 4 Radiocarbon dates of wood samples from the roots of the two clones. 707 

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 
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Figure 1 Biomass partitioning in two clones of Quercus pyrenaica of contrasted size, displayed 710 
by (a) plant organ (leaves, branches, stems, taproots, coarse roots and fine roots) and (b) plant 711 
tissue (heartwood, sapwood and bark) excluding leaves and fine roots. Sapwood non-structural 712 
carbohydrate (NSC) pools of the clones (c), calculated as the product of NSC concentration on a 713 
dry matter basis by its corresponding sapwood dry biomass. The larger clone was composed by 714 
eight stems and it had a clonal extension of 81 m2, whereas the smaller clone was composed by 715 
four stems and it had a clonal extension of 16 m2. 716 

Figure 2 Relative volume of heartwood, sapwood and bark (on a percentage basis) of taproots 717 
originated from stems harvested at three different dates. Young taproots corresponded to stems 718 
felled in 2013 (n = 12) and 2008 (n = 4), and old taproots from undated previous cutting (n = 719 
29), most of them exposed after excavation. Different letters indicate significant differences (P 720 
< 0.05) of relative volumes of tissues among different taproot types. Note the relatively high 721 
proportion of functional sapwood in old taproots. 722 

Figure 3 Root-to-shoot ratios of total biomass, woody biomass, sapwood biomass, fine roots to 723 
foliage and sapwood NSC pools in two clones of Quercus pyrenaica of contrasted size. The 724 
horizontal arrows depict the expected R:S ratio of total biomass (0.28) based on a compilation 725 
of 31 reports on Quercus species (Genet et al., 2010).   726 

Figure 4 Seasonal variations of starch (lower bars), soluble sugars (upper bars) and total non-727 
structural carbohydrates (NSC = soluble sugars + starch) in roots, stems and twigs of seven 728 
clones of Quercus pyrenaica. Different letters indicate significant differences (P < 0.05) in NSC 729 
(letters on compiled bars) and starch (letters on lower bars) within organs (lower case letter) and 730 
sampling dates (capital letters). Note the highest concentrations in roots in comparison with 731 
aboveground organs at any sampling date. 732 

Figure 5 Starch (lower bars), soluble sugars (upper bars) and total non-structural carbohydrates 733 
(NSC = soluble sugars + starch) at three sampling dates in roots, stems and twigs of three large 734 
(> 45 m2) and four small (< 20 m2) clones of Quercus pyrenaica. The asterisk indicates 735 
significant differences in NSC (P=0.002) and starch (P = 0.004) between clonal sizes for roots at 736 
the dormant period. 737 

Figure 6 Aerial view of the root system of a hydraulically excavated clone of Quercus 738 
pyrenaica. The clonal root system covered 81 m2 and was composed by 74 taproots: eight 739 
young taproots belonging to felled trees in 2013 (in red), four young taproots of felled trees in 740 
2008 (in blue), and old taproots from previous unrecorded cuttings events (in dark grey). 248 741 
root connections were observed among taproots: 189 root grafts (in red, connected roots in 742 
white) and 59 parental root connections (in yellow). 743 

Figure 7 Confidence intervals (2σ, 95.4%) for the ages of the radiocarbon-dated taproots, 744 
Sample VAL-1 belongs to the clone SMALL (16 m2) whereas samples VAL-2 to VAL-4 come 745 
from the clone LARGE (86 m2). Black crosses denote the location of the median of the 746 
probability distribution of ages.   747 
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