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Abstract 

Based on the optimal partit ioning theory, the compar
ative assessment of seedling allometry is a common task 
in retrospective genetic tests and early testing of forest 
reproductive material . Our hypothesis was tha t root 
restriction imposed by the container might hinder or 
rule out genetic differences in biomass allocation. We 
grew seedlings of two contrasted provenances of Canary 
Islands pine in mini-rhizotrons, 60 and 90 cm deep, and 
alternatively in s tandard bottom-open 200 cc forest con
tainers. In the mini-rhizotrons, plants from the drier 
provenance allocated more biomass to roots, especially 
to the tap root and invested less in needles, both in a 
biomass and leaf area basis, and this morphological 
divergence increased between two harvests , under taken 
at 57 and 115 days after planting. By contrast, confirm
ing our hypothesis, at the 115 days harvest, the plants 
grown in s tandard containers did not exhibited signifi
cant differences between provenances for Leaf Mass 
Fraction, Root Mass Fraction and Leaf Area Ratio. We 
conclude tha t the physical constraint for root develop
ment imposed by small containers increases the proba
bility of dismissing the genetic effect in biomass alloca-
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tion when assessing forest reproductive materials at the 
short term, even when the whole plant growth (total dry 
weight) might be unaffected. 

Key words: Mini-rhizotrons, root architecture, container, bio
mass allocation, ontogeny. 

Introduct ion 

Seedling allometry and root architecture are widely 
recognised as t rai ts of adaptive and evolutionary signifi
cance in plants (NIKLAS and ENQUIST, 2002; NIKLAS, 

2004; KERKHOFF and ENQUIST, 2006) and closely related 

to plant field performance (WANG and SMITH, 2004). Root 
conformation is a key aspect in plant adaptation to dif
ferent and variable soil and climate, allowing the cap
ture of water and nutr ients a t different levels in the soil; 
in fact rooting depth has been postulated to correspond 
to adaptive strategies across biomes at the global level 
(GLIMSKAR, 2000; GUERRERO-CAMPO and FITTER, 2001). 

In forest species, determining seedling allometry and 
root architecture are common tasks in retrospective 
genetic tests and early testing of reproductive material 
(planting stock quality) (APHALO and RlKALA, 2003; 
BEAULIEU et al., 2004). However, the available informa
tion on whole plant allometry and root t ra i ts in forest 
species is insufficient (DANJON et al., 1999; PAZ, 2003; 
DANJON et al., 2005), especially considering intra-specific 
variation (RETZLAFF et al., 2001). On the other hand, the 
effect of container size and the subsequent mechanical 
restriction to root growth has been widely studied in a 
plethora of forest trees and horticultural plants (see for 
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example FERREE et al., 1992; BEESON, 1993; N E S M I T H 

and DUVAL, 1998, APHALO and RIKALA, 2003). While 

some works support t ha t studies using pots may suc
cessfully mimic na tu ra l conditions in herbaceous plants 
and woody shrubs (BERNTSON et al., 1993), the allometric 
differences and field performances of bare-root and con
tainerized seedlings are frequent causes of concern 
amongst forest managers (THIFFAULT, 2004). On the 
other hand, most widely-used forest containers produce 
continuous auto-pruning of the roots, conducive to a 
denser and more fibrous root system, and hence to more 
numerous new root tips favouring plant establishment 
in the field (RUNE, 2003) but possibly altering the natur
al pa t te rns of biomass investment. 

While many pines are shallow-rooting species, some 
species living habi ta ts with deep, loose soils seem to 
have adapted to drought and fires through the develop
ment of conspicuous taproots (KEELEY and ZEDLER, 

1998). The endemic Canary Is lands pine (Pinus 
canariensis Chr Sm ex D C ) , a well known tree used both 
for ornamental and forest purposes in Mediterranean 
Climate Zones is an interesting species regarding root 
t ra i t s . We have seen taproots about 6 m-deep in its vol
canic na tura l habi ta t (Figure 1), probably related to its 
life-history: tall , long-lived t rees highly res is tant to fire 
and other disturbances (CLIMENT et al., 2004). On the 
other hand, variable combinations of soil texture (from 
very loose volcanic sands to heavy clayey soils), rainfall 
(from less t han 300 to more t han 1000 m m per year) and 
slope steepness, have conduced to sharp differences in 

Figure 1. – Taproot of a 45 years-old Canary Island pine a t the 
edge of a forest t rack in La Orotava (North of Tenerife). 

water availabilities across the species’ na tura l distribu
tion (BLANCO et al., 1989). These ecological differences, 
together with low gene flow among populations both 
between and within islands (GOMEZ et al., 2003) a re 
coherent to the adaptive variation observed in field 
provenance tr ials (CLIMENT et al., 2002; CLIMENT et al., 

2006). 

T o test the hypothesis t ha t genetically-based differ
ences in biomass allocation might not be expressed 
under physical constraints for root development due to 
the container, we carried out a greenhouse experiment 
comparing two contrasting provenances of Pinus 
canariensis cultivated in mini-rhizotrons and s tandard 
forest containers. 

Material a n d Methods 

We used seeds from two provenances of Canary Island 
pine: Vilaflor (V) from Tenerife and Inagua-Pajonales (P) 
from Gran Canar ia , both of well documented autochtho
nous origin (CEBALLOS and ORTUÑO, 1951) and widely 

used in afforestation. Both provenances differ in alti
tude, mean annua l rainfall, mean annua l tempera ture 
and potential evapo-transpiration, being P from a 
warmer and drier climate (Table 1). Especially, an indi
rect site quality index based on the mean pine sapwood 
area per hectare, Gs (CLIMENT et al., 2004) shows sharp 
differences between both provenances, with the lower 
values corresponding to the more limiting conditions of 
P provenance. To ensure a reasonable sampling of the 
provenances, we used random sample taken form an 
equilibrated mix of seeds collected from 25 to 30 open-
pollinated, non-neighbour individuals per provenance. 

The tr ial was entirely conducted in a non-heated glass 
greenhouse under full light conditions. We used plastic, 
D-shaped mini-rhizotrons 16 cm wide, 90 cm (R9 0) and 
60 cm (R6 0) deep and 200 cc, 18 cm deep forest plastic 
containers (Forest-Pot®, further referred to as C 2 0 0 ) . 
P lants of the two provenances were randomly assigned 
to each container type, 6 plants per provenance in R 9 0 

and C 2 0 0 , and 4 plants per provenance in R 6 0 . The total 
volume of the rhizotrons was 7.0 l for R 9 0 and 4.2 l for 
R 6 0 . The rhizotrons were arranged with a 30° inclination 
from the vertical to facilitate root growth close to the 
flat, removable side (Figure 2). The growing media con
sisted of a mix of peat and vermiculite (1:2) plus 3 g/l of 
slow-releasing Osmocote® fertiliser. To ensure the same 
water content in all containers we checked this parame
ter weekly with a Time Domain Reflectometer ( T D R ) , 
measuring both upper (10 cm) and bottom layers. Water
ing was added proportionally to each container to keep 
mean water content between 3 5 % and 40% in volume. 
Styrophoam panels at tached around each mini-rhi-
zotron were used to minimize the differences in temper
a tu re of the rooting media between container types. 

Seeds were previously weighted to control materna l 
effects, and then germinated in a chamber. Three germi
nated seeds were planted in each container (this 
moment taken as Jul ian Day, [ J D ] 0), two of which were 
eliminated when cotyledons were fully expanded. With 
this process, we ensured tha t the remnant seedlings 
were in the same developmental s tage. Nevertheless, 
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Table 1. – Climate characteristics and site quality index (Gs) for the two provenances analysed. 
MAP, mean annual precipitation; MAT, mean annual temperature; PET, potential evapo-transpira-
tion; Gs: indirect regional site index, based in the sapwood basal area per hectare. 

the ontogenetic stage of every seedling was qualitatively 
assessed based on the occurrence and type of axillary 
shoots (see CHAMBEL et al., 2007 for details). Seedling 
height and diameter a t the root collar was measured 
weekly and root silhouettes were drawn in an acetate 
sheet (only in R 6 0 ) . 

We used a complete randomized design with periodical 
re-randomization. When the first taproot reached the 
bottom of a R 6 0 mini-rhizotron, all R 6 0 p lants (4 per 
provenance) were harvested. A second harvest was done 
when the first taproot reached the bottom of a R 9 0 mini-
rhizotron, and included all 6 plants per provenance 
grown in R 9 0 and the 6 plants per provenance grown in 
C 2 0 0 . With this protocol, we ensured tha t roots of plants 
grown in mini-rhizotrons did not suffer any restriction 
for growth. Harvest dates were J D 57 for R 6 0 and J D 115 
for R 9 0 and C 2 0 0 . The plants were then partit ioned into 
leaves, s tems and roots for leaf morphology analysis and 
biomass assessments (POORTER and NAGEL, 2000). Leafs 
of each plant were scanned and their census number 
and area were obtained using the ScionImage® software. 
For p lants grown in mini-rhizotrons, main taproot, sec
ondary and ter t iary roots where further separated, 
scanned and image-analyzed to obtained root lengths 
( R 1 L and R 2 L , respectively). All plant par t s were oven-

dried for 48 hours a t 8 0 ° C and then weighted. Dry 
weights of leaves ( L D W ) , s tems ( S D W ) , whole root sys
tems ( R D W ) and taproots ( R 1 D W ) were obtained and 
total dry weight ( T D W ) was calculated by summing up 
all former values. With this raw data we further calcu
lated the derived variables whole root mass fraction 
( R M F ) , taproot mass fraction ( R 1 M F ) , leaf mass fraction 
( L M F ) and the ratio of total leaf area to total dry weight 
( L A R ) . 

A classical plant growth analysis between the two har
vests ( J D 57 for R 6 0 and J D 115 for R 9 0 ) was performed 
for the plants in mini-rhizotrons, following the hypothe
ses of CAUSTON (1991). Differences between provenances 
for relative growth ra te ( R G R ) and net assimilation ra te 
( N A R ) were checked using the means and confidence 
intervals calculated with the software available from 
(HUNT et al., 2002). 

With the da ta obtained in the second harvest , a gener
al l inear model ( G L M ) was used to check for container 
and provenance effect and its interaction with the struc
ture expressed by model [1]. 

x = µ + c + p + c x p + 8 [1] 

Figure 2. – Schematic representation of the mini-rhizotrons 
used in the experiment (A) and its disposition in a frame (C) 
to ensure that most roots grow attached to the transparent 
side (B). 

where x is the observed value, µ is the general mean, 
c is the effect of container type, p is the provenance 
effect, c x p is the interaction between container and 
provenance and ε is the experimental error (including 
within-provenance differences). Deviations from the 
requirements of ANOVA were assumable; hence we 
found no need to transform the variables. Means com
parisons were based on Tukey’s HSD test . 

Seed size effect was non-significant (neither signifi
cant correlations with any of the studied variables nor 
significant effect a s a covariate) and therefore we dis
carded to use this variable a s a covariate in the 
ANOVAs. 

Resu l t s 

Seedling development and growth analysis in mini-
rhizotrons 

All seedlings remained a t the juvenile stage during 
the experiment; i.e. exclusively primary needles and free 
growth pa t te rn without developing axillary shoots, 
hence showing no morphological ontogenetic differences 
across provenances or container types. Considering both 
provenances together, the mean taproot length growth 
in mini-rhizotrons (R60 and R90) was as high as one 
cm/day. By contrast, lateral roots t ha t appeared between 
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Ta ble 2. – ANOVA table corresponding to model [1], a t the 
second harvest (JD 115). for the response variables Root Mass 
Fraction (RMF), Taproot Mass Fraction (R1MF), Leaf Area 
Ratio (LAR) and Leaf Mass Fraction (LMF). P : provenance; 
C, container type. 

Figure 3. – Drawings of root development corresponding to one 
of the seedlings cultivated in mini-rhizotrons R60 from J D 20 to 
J D 57. Both the fast root development and the predominance of 
the t ap root seemed a general t ra i t of the species. 

J D 20 and 27 for most plants , grew at a much lower 
ra te : between 2.7 and 8 mm/day. As a consequence, the 
root systems exhibited a strongly hierarchical s t ructure 
(Figure 3) t ha t remained unti l the end of the experi
ment , even when the proportion between the total 
length of lateral roots and taproots increased between 
the two harvests (from 0.58 to 1.33). 

The number of leaves (stem units) per plant , height or 
diameter did not differ significantly between prove-

nances a t any t ime of the experiment. Moreover, growth 
analysis between the two harvests yielded no significant 
differences between provenances neither for RGR (aver
aging 0.021 day–1) nor for NAR (0.26 mg/cm2 day). 

Container effect and provenance x container interaction 

At the second harvest (JD 115) both provenance and 
container effects were highly significant for all variables 
except for LAR (with no significant container effect) and 
LMF (with no significant provenance effect) (Table 2). 
R90 p lants had a significantly higher root mass fraction 
t han C200 p lants , and an even higher difference for the 
taproot’s biomass fraction (Table 3). As a consequence, 
leaf mass fraction was significantly higher for C200 

plants . Otherwise, we did not find significant differences 
between the R90 and the C200 p lants for total plant bio-
mass (TDW), leaf biomass (LDW) or leaf area . 

The interaction provenance x container was signifi
cant for the four variables analysed (Table 2). However, 
th is interaction was more quanti ta t ive than qualitative 
(Fig. 4); i.e. there were no different provenance rankings 
between container types, but the difference between 
provenances was higher in the mini-rhizotrons for the 
four variables analysed (Figure 4 and Table 3). When 

Table 3. – Least squares means derived from model [1] for container types and 
container x provenance combinations (P, dry provenance Pajonales; V, wet prove
nance Vilaflor). Means with the same letter within each pair-wise comparison a re not 
significantly different (Tukey’s HSD, p > 0.05). 

Container and container x 

provenance 

C200 

R90 

C200 - P 

C200 — V 

RBO-P 

R 9 0 - v 

combination 

RMF 

0.193 b 

0.297 a 

0.203 a 

0.183 a 

0.333 a 

0.287 b 

R1MF 

0.122 b 

0.224 a 

0.136 a 

0.107 a 

0.267 a 

0.202 b 

LAR (cm 

0.065 a 

0.074 a 

0.063 a 

0.066 a 

0.064 b 

0.078 a 

'/mg) LMF 

0.595 a 

0.529 b 

0.599 a 

0.592 a 

0.489 b 

0.536 a 
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Figure 4. – Interaction plots of morphological t ra i ts between two Canary Island pine provenances 
(Pajonales P, t r iangles with dotted line and Vilaflor V, squares with continuous line) and container type 
(C200, s tandard 200cc forest containers and R90: mini-rhizotrons 90 cm deep) for plants harvested a t 115 
days (6 plants per combination). Data points represent means and bars correspond to s tandard errors . 
a) Root Mass Fraction b) Taproot Mass Fraction c) Leaf Area Ratio and d) Leaf Mass Fraction. 

grown in R 9 0 , p lants of the drier provenance, P, showed 
a significantly higher biomass allocated to the whole 
root system and to the taproot, and lower allocation to 
leaves, both on a leaf area or leaf biomass basis than 
plants from the wet V provenance. By contrast , this dif
ference was non-significant (p > 0.05) when plants were 
grown in C 2 0 0 . 

D i s c u s s i o n 

Until now, there was little or none experimental evi
dence of how the restriction for root growth may limit 
the expression of genetic differentiation in containerised 
t ree seedlings. The functional processes underlying 
mechanical root restriction a re multiple and complex: 
usually a main consequence of the reduced root growth 
is a subsequent decrease of shoot growth, because a 
restricted root system will supply insufficient water and 
nut r ients to the shoot (see, for example FERREE et al., 
1992; NESMITH and DUVAL, 1998). By contrast, in our 

experiment the growth of the whole plant was not 
severely limited by the type of container, judged from 
the lack of differences between types of containers in 
total plant biomass, leaf biomass and total leaf a rea . 
Hence, undesired size-related ontogenetic shifts tha t 
frequently obscure the interpretation of results 
(MCCONNAUGHAY and COLEMAN, 1999; GOTO et al., 2002) 

are kept to a minimum. 

In coherence with optimal partit ioning theory (BLOOM 
et al., 1985), the plants from the harsher provenance (P) 

had higher biomass allocation to the whole root system 
and especially to the taproot and supported lower leaf 
biomass and leaf area than the plants of provenance (V), 
from a site with more favourable growth conditions. 
Similar differentiation in allocation pa t te rns between 
provenances has been found also in Marit ime pine 
(Aranda, pers . com.), Scots pine (OHLSON, 1999) and 
poplar (ZHANG et al., 2005). Moreover, the similar perfor
mance of both provenances in terms of relative growth 
ra te , number of s tem uni ts and ontogeny indicates tha t 
a t the time scale of our experiment, root/shoot allometry 
constitutes the main source of developmental diver
gence. In addition, both the lack of correlation of 
seedling morphometry with seed size and the increase of 
provenance differentiation between the first and second 
harvest lead us to discard materna l effects as a cause of 
concern for the purposes of this experiment. 

Confirming our hypothesis, the allometric differentia
tion between provenances was absent or less marked in 
C 2 0 0 containers, result ing in a significant container x 
provenance interaction. This result does support the 
concerns on container size effects on the early perfor
mance of forest t rees (APHALO and RIKALA, 2003; T H I F -

FAULT, 2004; SOUTH et al., 2005). In fact our resul ts indi
cate tha t container effects might restrict and rule out 
genetic differences in biomass allocation. By contrast , 
pot size has been considered a minor effect when com
paring more dramatic differences caused by nutr ient 
concentration or C O 2 levels in different plants 
(BERNTSON et al., 1993). 
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If it could be argued tha t a limited expression of the 
genetic differences concerning seedling biomass alloca
tion does not necessarily imply a wrong genotype rank
ing in early testing (in our study, the interaction prove
nance x container was quanti tat ive, not qualitative), the 
low juvenile-adult correlations frequently found in retro
spective genetic tes ts of forest t rees (see, for example 
LASCOUX et al., 1993; SONESSON et al., 2001; ZAS et al., 

2004) could be partially due to root restriction. Before 
emergent methods avoiding the use of containers, such 
a s polyethylene-glycol based hydroponic cultivation 
(HARFOUCHE, 2003) a re implemented for wide, practical 
use, the use of bigger containers compatible with each 
experiment’s practical limitations seems highly recom-
mendable. The expected increase in allometric diver
gence should allow reducing the number of plants 
harvested for at ta ining the same precision in the com
parisons, therefore minimising t ime and costs. 
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