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Data on tree biomass are essential for understanding the forest carbon cycle and plant adaptations to the
environment. We determined biomass accumulation and allometric relationships in the partitioning of
biomass between aboveground woody biomass, leaves and roots in Nothofagus antarctica. We measured
above- and belowground biomass of N. antarctica trees across different ages (5-220 years) and crown
classes (dominant, codominant, intermediate and suppressed) in three site qualities. The biomass

ﬁ‘l?’w"rds-' allocation patterns were studied by fitting allometric functions in biomass partitioning between leaves
NO?}?;;;;ZS (ML), stem and branches (Ms) and roots (Mg). These patterns were tested for all pooled data and according

to site quality and crown classes. Biomass accumulation varied with crown class and site quality. The
root component represented 26-72% of the total biomass depending on age and site. N. antarctica scaling
exponents for the relationships My vs. Ms, Ma vs. Mg, and Ms vs. Mg were close to those predicted by the
allometric biomass partitioning model. However, when biomass allocation was analyzed by site quality
the scaling exponents varied following the optimal partitioning theory which states that plants should
allocate more biomass to the part of the plant that acquires the most limiting resource. In contrast, the
crown class effect on biomass partitioning was almost negligible. In conclusion, to obtain accurate
estimations of biomass in N. antarctica trees the allometric approach appears as an useful tool but the site

Biomass allocation
Biomass partitioning

quality should be taken into consideration.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Nothofagus antarctica (fiire) is one of the most common native
species of the Patagonian forest (Argentina) that extends from 46°
to 56°S. It grows on a variety of sites and reaches heights up to 20 m
on the best sites (Donoso et al., 2006), but on poorly drained or
drier sites near Patagonian steppe, it grows as a shrubby 2-3 m tall
tree (Veblen et al., 1996). Patagonian forests occupied by fiire have
been used for wood extraction (firewood, poles) and in silvopas-
toral systems, where natural pastures grown under the tree canopy
are grazed by cattle and sheep (Peri, 2005).

Data on tree biomass are essential for evaluating carbon
sequestration and cycling (Brown and Lugo, 1982; Dixon et al.,
1994; Binkley et al., 2004), plant adaptations to the environment
(Bradshaw, 1965; West-Eberhard, 2003) and also for studying
impacts of silvicultural practices on forest productivity (Johnson
and Todd, 1998; Santa Regina, 2000). Many factors like tree age,
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crown class (i.e. dominant, suppressed and intermediates) and site
quality may influence tree biomass accumulation (Wang et al,,
1996; Binkley, 2004; Peri et al., 2006; Castilho et al., 2006). While
age and site effects have been more studied (i.e., Wang et al., 1996;
Rapp et al,, 1999) not many studies have quantified the crown class
effects on biomass accumulation, in spite of large differences found
between dominant and suppressed trees. For example, Peri et al.
(2006) reported a series of functions for total biomass accumula-
tion in N. antarctica where the total biomass of dominant 160 years
old trees grown on a medium quality site was 336 kg tree !,
whereas suppressed trees only had 47 kg tree™!. Also, Le Goff and
Ottorini (2001) reported large differences in belowground biomass
accumulation between crown classes of Fagus sylvatica. Below-
ground components are not often evaluated due to the great
complexity in extracting and studying roots, especially for large
individuals. However, roots may account for a significant propor-
tion of tree biomass and carbon storage (Kurz et al., 1996; Cairns et
al., 1997; Peichl and Arain, 2007). Another important aspect of
forest ecology is biomass allocation, which examines how plants
distribute their resources to different plant organs (stems, leaves,
and roots). Some authors (i.e., Huxley and Teissier, 1936; Hunt,
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1990; Miiller et al., 2000) postulated that consistent allometric
relationships exist among the different organs of the plant.
According to this theory, biomass allocation is mainly governed
by the size of the plant and is determined by a power function of
the form Y; = BYY, where Y; and Y are interdependent variables
(i.e. stem mass and root mass), 8 is the allometric constant, and « is
the scaling exponent. This exponent, also named the allometric
coefficient (Hunt, 1990), determines how the root-to-shoot ratio
changes with plant size. When « =1 the model describes an
isometric relation, i.e. one that plots as straight line on both linear
and logarithmic axes, and when o # 1 the model describes an
allometric relation, i.e., one that plots as a linear function only on
logarithmic axes. Later, Niklas and Enquist (2002) postulated “the
canonical rules” to explain general allocation patterns in plants.
These rules predict that, after the logarithmic transformation of
biomass data (log Y; = log B + alog Y,), the standing leaf biomass
scales as 3/4—power of stem (or root) biomass (« = 0.75) and that
the stem scales isometrically (« = 1) with respect to roots (West et
al., 1997; Niklas and Enquist, 2002; Enquist and Niklas, 2002). An
important characteristic of these scaling relationships is that they
appeared to be insensitive to environmental conditions such as
latitude, precipitation and temperature (Cheng et al., 2007). The
only parameter which varies according to the species is 8, which
permits to estimate the absolute biomass of different tree
components (Enquist and Niklas, 2002). However, while these
rules have been derived from a large compendium of standing tree
biomass, Robinson (2004) postulated that they are not universally
applicable and that there is a large discrepancy between measured
and predicted root biomass in forests ecosystems. Another popular
theory for biomass allocation is the “optimal partitioning theory”
which postulates that the environmental conditions are the major
determinants of the root-to-shoot ratio (Thornley, 1972; Bloom et
al., 1985). According to this theory, plants preferentially allocate
biomass to the organ that is harvesting the most limiting resource.
This means that, depending on the environment where plants
grow, biomass allocation will favor leaves and branches if light
becomes more limiting and will favor roots if nutrients or water
becomes limiting. This prediction would represent an apparent
contradiction to the allometric theory, which states that the root-
to-shoot ratio is mainly regulated by the total size of the plant,
following a scale relationship characteristic of each species (Miiller
et al.,, 2000). For many species, the root-to-shoot allometric
coefficient predicts that small plants, either because they are
young or they are under the influence of any factor that limits
growth, have a greater proportion of roots than older or non-
stressed plants.

Table 1

On the other hand, research efforts focused towards
predicting belowground biomass based on aboveground com-
ponents will help to uncover the common gap in ecological
studies of lack of root biomass data. In this sense, allometrics
would be a useful tool to predict belowground biomass from
aboveground data. In this context, we studied the biomass
accumulation and allocation of N. antarctica to answer three
main questions: (i) does N. antarctica follow allometric patterns
of biomass allocation? (ii) Do these patterns follow the canonical
rules proposed by Niklas and Enquist (2002)? (iii) Do the crown
class and site quality influence on the biomass allometric
patterns? To answer these questions, the aim of this study was
to evaluate the allometric theory across an age sequence of
individual N. antarctica trees of different crown classes grown in
a site quality gradient in the Southern Patagonia forests.

2. Methods
2.1. Study area

This study was carried out in pure stands of N. antarctica of the
Southern West Patagonia forest, Argentina. Three different site
qualities (i.e., site classes) from these forests were selected
following the Lencinas et al. (2002) classification. High, medium
and low qualities were represented by site classes III, IV and V
respectively, according to the classification from these authors. For
site class III (SC III) (51°13'21"S, 72°15'34"W), the total height of
dominant mature tree (H) reached 10 m; in site class IV (SC IV)
(51°34'S, 72°14'W), H reached 7.8 m and site class V (SC V)
(51°40'59"S, 72°15'56”"W) represented a marginal site which was
drier, exposed to strong winds and with rocky soils, where H
reached 5.3 m. Regional climate is cold temperate. Climatic
characteristics from each site were derived from the WorldClim
data set (Hijmans et al., 2005) (Table 1). The SC III has the highest
mean annual precipitation (563 mm/yr) and the lowest mean
annual water deficit (—422.4 mm/yr). In the other extreme, the
worst site class (SC V) has the lowest annual precipitation
(335 mmy/yr), the highest evaporation value (1512.4 mm/yr) and
consequently, the highest mean annual water deficit
(=1177.4 mm/yr) (Table 1). For soil analysis, at each site class
30 bulked soil sample cores were taken at random from different
depths (Table 1). All sites had around 50% of sand and the
maximum rooting depth ranged from 0.6 m in the SCIII to 0.5 m in
SC V (Table 1). Soil nutrient concentrations were similar between
sites with exception of P and Mg which were higher in SCIV and Ca
in SC III (Table 1).

Climate and soil characteristics from sites of high, medium and low qualities (SC III, IV and V, respectively) studied for N. antarctica stands.

Site class III
Mean annual T: 5.9°C

Annual pp: 563 mm

Soil characteristics

Evaporation: 985.4 mm/yr
MAWD: —422.4 mm/yr?

Site class IV

Mean annual T: 5.4°C
Annual pp: 422 mm
Evaporation: 1210.1 mm/yr
MAWD: —788.1 mm/yr

Site class V

Mean annual T: 5.0°C
Annual pp: 335mm
Evaporation: 1512.4 mm/yr
MAWD: —-1177.4mm/yr

Depth (cm) 5-20 20-40 40-60 1-5 5-20 40-60 1-5 5-20 40-50
Clay (%) 8.0 8.2 14.5 = 20 20 = 26.0 25.0
silt (%) 36.2 35.9 24.7 - 30 60 - 225 19.9
Sand (%) 55.8 55.9 60.8 = 50 20 = 51.5 55.1
pH 48 48 46 6.1 48 48 5.6 47 45
Resistance (ohm cm) 7695 10,764 13,226 4170 8800 5810 5430 7690 10,445
N total (ppm) 5985 3320 2272 8670 880 460 5190 2810 1890
P trough (ppm) 235 10.7 10 129 12 6 66 25 6
K (cmol*"kg™?) 0.37 0.2 0.4 42 0.3 0.1 13 0.9 0.5
Ca (cmol*kg 1) 214 16.3 12.6 10.6 42 8.0 6.3 23 2.1
Mg (cmol* kg™") 5.0 2.5 1.7 52.4 113 20.7 246 8.5 5.1

2 MAWD: mean annual water deficit.
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Characteristics from N. antarctica stands studied, developing at sites of high medium and low quality (SC III, IV and V, respectively) in Patagonia, Argentine.

Stands characteristics

Age class (years) Tree ha~! Mean height (m) Mean DBH (cm) Crown classes (%)
D C I S
Site class III 5-20 40,050 + 2459 1.5+0.5 1.7+1.0 24 26 30 20
21-110 582041088 5.8+0.8 9.5+3.0 28 30 28 14
120-220 390+89 84+15 26.8+6.8 40 28 25 7
Site class IV 5-20 23,500+ 1504 1.2+04 3.0+03 21 17 28 34
21-110 4950+ 980 43+0.7 88+1.0 30 26 23 21
120-220 460 + 55 6.2+1.6 23.6+5.5 35 30 22 13
Site class V 8-20 161,200 + 10,800 1.1+0.6 2+03 20 24 25 31
21-110 5540 +2300 2.7+0.8 8+0.2 25 28 24 23
120-180 440+35 42403 20.2+£5.0 36 27 23 14

Stands were characterized with three circular plots of 500 m?.
In each plot, the total number of trees was counted by crown class
(dominant, codominant, intermediate and suppressed) (Table 2).
The number of trees per hectare was different according to the
stand age, being more abundant at early ages and declining to 390-
460 trees ha~! in mature stands. In each plot, diameter at breast
height (DBH) and total height of every tree was measured. Tree age
was measured counting rings from the stump (Table 2).

2.2. Biomass determination

Tree biomass was measured from even aged stands growing in
site classes III-V. Thirty six trees were measured in each site class:
12 representing the regeneration class age (5-20 years), 12
representing young trees (21-110 years) and 12 mature trees
(111-220 years). Trees from each age class were sorted according
to their crown class in dominant (n=3) codominant (n=3),
intermediate (n = 3) and suppressed (n = 3). For each tree, the stem
was cut at 0.1 m (stump), 1.3 m and every 1m up to an end
diameter of 10 mm to calculate stem volume with bark using
Smalian’s formula. Then, aboveground biomass was separated into
leaves and stem (branches + bole). Three cross-sectional discs of
30 mm at different lengths were taken and separated to determi-
nate wood density for biomass calculations. Small branches
(<1 cm) and leaves were separated and weighed and three sub-
samples were oven dried at 65 °C to constant weight for biomass
calculation. Small branches biomass was added to stem biomass.
Roots from individual trees were completely excavated to a depth
of 0.6 m (approximate maximum rooting depth for SCIII and IV and
0.5m for SC V) in circular plots centered on the stump of the
selected trees minimizing the loss of the fine root fraction.
Belowground biomass was sorted in fine roots (<2 mm), middle
roots (<30 mm) and coarse roots (>30 mm). All root biomasses
were weighed in fresh and three sub-samples from each
component were oven dried at 65°C to constant weight for
biomass calculation.

2.3. Biomass scaling relations

To study biomass partitioning patterns, biomass data were
logo transformed to adjust the following allometric functions:
aboveground biomass (Ma) vs. root biomass (Mg), stem biomass
(Ms) vs. Mg, leaves biomass (My) vs. Mg and leaves biomass vs. Ms.
We also tested the scaling relations derived by Niklas and Enquist
(2002) which predict that M, will scale as 3/4 power of Ms and 3/4
power of Mi and that standing Ms and MrMgr will scale
isometrically with respect to each other. The analyses were made
for all biomass data pooled and also discriminated by site and
crown classes.

2.4. Statistical analysis

Differences in biomass accumulation according to age, crown
classes and site class were evaluated through analysis of variance
(ANOVA) and significant differences were identified using the least
significant differences (LSD) test at p < 0.001 with R statistical
software (Gentleman and Ihaka, 2005). Site classes were not
replicated since these data pseudo-replicates. As a consequence,
tendencies or differences related to site quality are only applicable
to the particular sites examined in this study (Hurlbert, 1984).

For testing scaling relations, standardized major axis (SMA)
analysis was used to determine the slope of the regression curve (the
scaling exponent, aspa) and the allometric constants (Bsya), using
the SMATR package for R software (Warton, 2007). This model is
recommended instead of ordinary least squares regression when
variables of interest are biologically interdependent, subject to
measurement error, and when functional rather than predictive
relations are sought (Warton et al., 2006). In fact, while common
regression is useful whenever a line is desired for predicting one
variable from another, it is not appropriate when the value of the
slope of the axis or line of best fit is of primary interest. One of the
reasons for this is that as the X variable has usually been measured
with error, linear regression gives a biased estimator of the slope of
the regression of Y against X (Fuller, 1987). Thus, for allometry,
where the aim is to describe how size variables are related, the major
axis or standardized major axis methods are more appropriated (for
more information see Warton et al., 2006). Also, Warton et al. (2006)
postulated that this kind of relationships should be named
“standardized major axis” instead of “reduced major axis” or model
type II, since they are misleading and not very specific terms.
Differences between scaling exponents (slopes) according to site and
crown classes also were evaluated by ANOVA and significant
differences were separated using LSD test at p < 0.001.

3. Results
3.1. Total biomass in tree components

Significant differences (p < 0.001) were found in total biomass
accumulation according to age and crown classes in all sites (Table
3). Mature trees always showed higher biomass accumulation
compared to young trees, and the gradient for crown classes was:
dominant > codominant > intermediate > suppressed (Table 3).
The main tree components for biomass accumulation were stems
and coarse roots (Table 3). Stems of dominant mature trees
accounted for 52 and 72% of total biomass for the worst and the
best quality site, respectively, and the stem proportion of
suppressed trees was 53 and 75% of total biomass, for the same
site classes (Table 3).
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Table 3
Biomass of N. antartica components (kg tree ') according to age and crown classes for trees grown at three site qualities in Southern Patagonia.
Age class Crown class Leaves Stem Roots
<2mm <30mm >30mm Total
Site class IlI: Mean total height of mature dominant tree=10m
5-20 years Dominant 0.3 39 0.3 2.8 8.0 153
Codominant 0.3 3.1 0.3 22 6.3 12.2
Intermediate 0.2 22 0.2 1.5 4.4 8.5
Suppressed 0.02 0.7 0.05 0.4 1.2 24
21-110 years Dominant 23 51.9 0.5 8.2 15.2 78.1
Codominant 1.2 28.7 0.4 43 8.5 431
Intermediate 0.3 16.2 0.4 4.4 6.2 27.5
Suppressed 0.8 8.0 0.4 29 2.7 14.8
120-220 years Dominant 6.1 329.3 0.7 18.9 101.6 456.6
Codominant 5.5 231.0 0.5 133 71.5 321.8
Intermediate 4.5 129.8 0.3 7.4 39.9 181.9
Suppressed 0.4 50.0 0.1 2.5 13.5 66.5
Age class effect LSD 0.35" 164" 0.06" 1.2° 52" 22.9°
Crown class effect LSD 041 18.9° 0.07 1.3 6.0° 264"
Interaction LSD 0.71° 328 0.12° 23 103 458
Site class IV: Mean total height of mature dominant tree=7.8 m
5-20 years Dominant 0.1 0.7 0.1 1.0 0.4 23
Codominant 0.03 0.2 0.04 0.3 0.1 0.7
Intermediate 0.02 0.1 0.02 0.2 0.06 0.4
Suppressed 0.008 0.1 0.01 0.1 0.03 0.2
21-110 years Dominant 1.1 114 0.2 1.9 4.2 18.8
Codominant 0.2 6.8 0.1 1.0 23 104
Intermediate 0.2 3.9 0.1 0.6 1.3 6.1
Suppressed 0.05 1.2 0.02 0.2 0.4 1.9
120-220 years Dominant 7.9 240.5 1.7 18.0 93.8 361.9
Codominant 23 179.1 13 129 67.3 262.9
Intermediate 1.9 101.8 0.7 7.4 385 150.3
Suppressed 0.78 33.1 0.2 2.4 12.6 49.1
Age class effect LSD 0.19° 6.9 0.05 0.5 26 10.2°
Crown class effect LSD 0.22" 7.9 0.05 0.6 31 11.8
Interaction LSD 0.38 13.7 0.1" 1.0° 53 205
Site class V: Mean total height of mature dominant tree=5.3 m
5-20 years Dominant 0.04 0.5 0.09 0.3 0.1 1.0
Codominant 0.03 0.2 0.04 0.1 0.05 04
Intermediate 0.02 0.1 0.02 0.08 0.03 0.3
Suppressed 0.007 0.05 0.01 0.03 0.01 0.1
21-110 years Dominant 0.4 6.1 0.3 1.7 2.0 10.5
Codominant 0.2 3.7 0.2 1.0 1.1 6.2
Intermediate 0.09 14 0.06 0.4 0.4 23
Suppressed 0.08 0.7 0.03 0.2 0.2 1.2
120-180 years Dominant 3.0 126.6 0.6 143 98.9 243.4
Codominant 2.1 72.1 0.3 6.9 47.9 129.3
Intermediate 2.1 48.3 0.2 4.5 31.2 86.3
Suppressed 0.8 23.7 0.1 2.5 17.6 44.7
Age class effect LSD 0.09" 35 0.01° 04 26 6.8
Crown class effect LSD 0.11° 4.0 0.01° 04 3.0 7.9
Interaction LSD 0.19° 7.0’ 0.02° 0.7 53 13.7

LSD: Least Significant Difference.

" Significant differences (p value <0.001) among age and crown classes for each particular component.

Belowground components increased with age, but the relative
contribution of root to total tree biomass decreased as age
increased, and the magnitude of this change varied depending on
sites. Belowground components varied from 72 to 26% in SC III,
from 65 to 31% in SC IV and from 49 to 47% in SC V for young and
mature trees biomass respectively. In general, the root system was
mainly constituted by coarse and middle roots. For example
belowground biomass of mature dominant trees had 83-87% of
coarse roots, 12-16% of middle roots and around 0.5-1.5% of fine
roots (Table 3).

Biomass accumulation varied with site quality. At early and
medium ages, trees grown at the best site (SC III) had significantly
more biomass than trees grown at the other sites, for all crown

classes (Fig. 1). Likewise, all crown classes of mature tree in site
classes III and IV presented significantly more biomass than
mature tree grown at the worst site. The only exception was
suppressed trees, where only trees from site class IlI differ from the
others (Fig. 1D).

3.2. Allometric relations for biomass partitioning

The patterns of biomass partitioning among tree components
were represented by linear relations of biomass log, transformed
data. Adjusted r? ranged from 0.85 to 0.99 (Table 4). Pooling all
data, N. antarctica trees scaling exponents for the relations Ms vs.
Mg, My vs. Mg and M, vs. Ms were 1.17, 0.91 and 0.76, respectively
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Fig. 1. Mean biomass accumulation for (A) dominant, (B) codominant, (C) intermediate and (D) suppressed N. antarctica trees of different age classes growing in site class III
(white bars), site class IV (lined bars) and site class V (black bars). Different letters denote significant differences among site classes.

Table 4

Scaling exponents (o) and allometric constants (8) for N. antarctica standing aerial (M), leaf (M), stem (Ms) and roots biomass (Mg) relations across all pooled data and sorted
according to the class site. Scaling exponents are for standardized major axis regression (asma) of log;o transformed data (original units in kilograms of dry mass per tree).

Pre =predicted (partitioning allometric theory); Obs =observed.

« Pre. o Obs. 95% CI p Obs. 95% ClI n r?

Across all pooled data

M vs. Mg 1.00 1.17 1.12-1.22 —0.007 —0.06-0.05 108 0.95

Ms vs. Mg 1.00 1.17 1.11-1.24 0.06 -0.01-0.14 108 0.91

M, vs. Mg 0.75 0.91 0.86-0.96 -1.13 -1.19 to —1.07 108 0.92

My vs. Ms 0.75 0.76 0.73-0.79 —-1.09 ~1.14 to -1.04 108 0.94
Site Class IIl HT=10m

Mj vs. Mg 1.00 1.63 1.45-1.83 -0.64 —0.89 to —0.40 36 0.88

Ms vs. Mg 1.00 1.64 1.46-1.85 -0.68 -0.93 to —0.43 36 0.88

M, vs. Mg 0.75 1.38 1.21-1.59 -1.79 —2.04 to —1.54 36 0.84

M vs. Ms 0.75 0.84 0.74-0.96 -1.22 -1.39to -1.04 36 0.85
Site Class IV HT=7.8 m

M vs. Mg 1.00 1.23 1.17-1.30 0.0007 -0.07-0.07 36 0.97

Ms vs. Mg 1.00 1.20 1.10-1.31 0.28 0.17-0.40 36 0.94

M, vs. Mg 0.75 0.94 0.87-1.00 -1.13 —1.20 to —-1.06 36 0.96

M, vs. Ms 0.75 0.74 0.69-0.81 -1.10 —1.18 to —1.02 36 0.95
Site Class V HT=5.3m

Mj vs. Mg 1.00 1.05 1.02-1.08 0.09 0.05-0.12 36 0.99

Ms vs. Mg 1.00 1.07 1.03-1.10 0.05 0.01-0.09 36 0.99

M, vs. Mg 0.75 0.75 0.72-0.77 —-1.05 —1.08 to —1.01 36 0.99

M vs. Ms 0.75 0.80 0.76-0.85 -1.02 —1.06 to —0.97 36 0.98

(Table 4, Fig. 2). With the exception of M vs. Ms, exponents were
higher than predicted by Niklas and Enquist (2002). The relation
total aerial biomass vs. total roots biomass (M, vs. Mg) also was
tested and the observed value did not differ from that estimated for
Ms vs. Mg (Table 4, Fig. 2), probably because stems accounted with
the most important fraction of aboveground biomass.
Significant differences were found in « values when scaling
exponents were calculated for biomass data sorted by site
classes (Fig. 3). Only the exponents for site class V followed very
close to the values predicted by Niklas and Enquist (2002) (Table
4). For the M, vs. Mg ratio, o values varied significantly and
increased with site quality. Values found were 1.63, 1.23 and
1.05 for the III, IV and V site classes, respectively (Figs. 3 and 4).
Similarly, My vs. Mg relation changed significantly according to
the sites and o values were 1.38, 0.94 and 0.75 for class sites III,

IV and V, respectively (Table 4, Fig. 3). In contrast, effects of the
site class on the My vs. Ms relationships were almost negligible
(Fig. 3).

The crown class factor had small effects on N. antarctica
allocation patterns. Dominant, codominant, intermediate and
suppressed trees overlapped in their confidence intervals for the
four relationships (Ma vs. Mg, Ms vs. Mg, My vs. Ms and My vs. M)
indicating no differences in biomass allocation according to this
factor (Table 5). Also, no significant differences were found for M
vs. Mg and M vs. Mg and differences in the other relationships
were negligible. Ms vs. Mg and M, vs. Ms in all crown classes
included in their confidence intervals the predicted value for the
allometric partitioning theory. The only exception was the My vs.
My relation, which in all cases had « values higher than the
predicted values (Table 5).
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(MR); (B) stem (Ms) vs. root biomass (Mg); (C) leaves (M) vs. roots biomass and (D) leaves vs. stem biomass. Each circle represents values of an individual tree.

4. Discussion

Total biomass of N. antarctica varied according to the crown
class, the age of the trees and the site quality. In our field study, we
found a clear gradient in biomass accumulation (either total or
discriminated in above- and belowground components) according
to the crown class (dominant > codominant > intermediate
> suppressed), which agrees with the results found by Peri et al.
(2006) and Le Goff and Ottorini (2001). From our results, it is
possible to derive functions for the estimation of biomass
accumulation according to the tree age. This information is
relevant because this species regenerates after disturbances such
as fire or tree fall gaps (Veblen et al., 1981), creating forests with a
mix of mature and young stands at the landscape level.
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Fig. 3. Value of the scaling exponents («) for different biomass partitioning relations
for N. antarctica along an age sequence growing in a high quality site (SC III, white
bars), medium quality site (SC IV, lined bars) and in a poor quality site (SC V, black
bars). Different letters indicate significant differences among site classes.

We found that total biomass decreased as site quality declined
from SC IIl to V and whereas the dominant trees showed the
maximum differences among sites, the suppressed trees had the
minimum differences. This suggests that the suppressed condition
of trees (light-limited) mitigates the site quality effect.

A greater allocation of resources to roots in early developmental
stages may be a general strategy to help plants to become
established and enhanced early nutrient absorption capacity
(Weiner, 2004). In agreement with this prediction, we observed
that roots accounted for a greater proportion of tree biomass than
stems in young trees (except in SC V), whereas mature trees
allocated more biomass to stems. Although in this study fine root
biomass was certainly underestimated because it is difficult to
assess the entire root system with the excavation method, we
agree with Le Goff and Ottorini (2001) who reported that coarse
roots contribute most to the total root biomass and that the
missing fine fraction represents a very small part of the total root
system. Consequently this missing fine root biomass would not
strongly influence on both total estimated root biomass and the
values of the allocation exponents where roots were involved.

Regression analysis of the bivariant log-log plots demon-
strated that biomass allocation in N. antarctica follows strict
allometric rules. Therefore, allometric relationships among plant
organs appear to be a useful tool for describing the biomass
partitioning patterns in this species. Coefficients of determina-
tion from the obtained allometric relationships ranged from 0.84
to 0.99 and increased from the best to the worst site. Further, we
used our data set to test the “canonical rules” proposed by
Enquist and Niklas (2002), which predict specific values for the
scaling exponents or slopes. We found that the scaling
exponents for the relationships Ma vs. Mg, and Ms vs. Mg,
compared remarkably well with values predicted by the model
when the entire data set was considered. The allometric
partition between aboveground organs (Mp vs. Ms) showed
the most consistent compliance with the model. However, when
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Fig. 4. Biomass allocation between aerial (Ma) and roots (Mg) biomass for N.
antarctica trees of different ages and crown classes: dominant (black circles),
codominant (white circles), intermediate (white triangles) and suppressed (black
triangles) growing in (A) site of high quality (SC III); (B) medium quality (SCIV) and
(C) low quality (SC V).

the entire biomass data set was divided according to the quality
of the site where trees developed, it was observed that the
scaling exponents of the log-log plots were largely affected by
the environment and were different from those predicted by the
“canonical rules”, with the exception of M| vs. Ms. Interestingly,
this last relationship was almost unaffected by the site class
factor. Our results indicate that (i) the Enquist and Niklas model
provides a strong quantitative framework to describe global
resources allocation rules in N. antarctica; (ii) the allometric
approach allows the identification of the small scale variations
in biomass partitioning due to environmental constrains that are
not covered by that model; and (iii) partitioning between aerial
components (stems and leaves) is less affected by the environ-
ment than the below- vs. aboveground partitioning. In fact, the

site class factor greatly affected all the scaling exponents of the
relationships involving roots (i.e. M vs. Mg, Ms vs. Mg, and M vs.
MR), decreasing the allocation to shoots from the best to the
worst site. This indicates that N. antarctica allocated more
biomass to the aboveground components (stems and leaves) in
the best sites, while allocation to roots became more important
in the worst site, which is consistent with the optimal
partitioning theory. Site qualities in Southern Patagonian forest
are defined by many factors including water and nutrient
availability, altitude and temperature. In the particular case of
the sites selected for this study, water availability is the main
limiting factor that defines the gradient of site quality (Table 1)
and consequently, the differences in biomass accumulation of
the three habitats of our study. Shipley and Meziane (2002) also
validated the optimal partitioning theory for 22 different species
by determining that the allometric relationship between leaves
and roots varied according to the external supply of nutrients
and light. Additionally, McCarthy and Enquist (2007) reported
that Cryptomeria japonica followed the predictions of the
optimal partitioning theory, increasing leaf mass at the expense
of stem and roots with increasing precipitation. These authors
also compared this theory with the allometric approach in both
an intraspecific analysis of C. japonica and an interspecific
analysis for a diverse range of species. They concluded that
while the intraspecific variability in biomass allocation showed
a high correlation with the environmental variables as predicted
by the optimal partitioning theory, these patterns either did not
appear or were largely reduced when different species were
compared. This is consistent with our study, in which the scaling
exponents for N. antarctica biomass discriminated by site class
followed the optimal partitioning theory. The capacity of
modifying biomass allocation according to the environmental
constraints probably contributes to the observed ability of N.
antarctica to grow along a wide range of site conditions. This
species naturally grows in dry and wet (even flooded)
environments and also in sites varying strongly in altitude
and mean annual temperatures (McQuenn, 1976; Veblen et al.,
1996). Our results suggest that the capacity to track the
environment and change the resources allocation in response
to the external conditions confers this tree a high flexibility to
occupy such a wide range of habitats. Interestingly, other
Nothofagus (i.e., N. pumilio) of the Patagonian forests do not
exhibit such wide adaptations to environmental diversity
(Alberdi et al., 1985).

In contrast to what was observed with the site class factor,
the crown class factor did not greatly affect the biomass
allometric scaling exponents. Although dominant, codominant,
intermediate, and suppressed trees showed a large variation in
biomass accumulation (i.e. size, as shown in Fig. 1), they
distributed this biomass among the different organs in the same
way. Light would be a main factor limiting the growth of the
suppressed trees, which are located under the canopy of the
dominant trees. Tree responses to such conditions did not
involve changes in biomass allocation towards an increase in the
proportion of biomass invested aboveground, which would
allow the tree to capture more light, as predicted by the optimal
partitioning theory. In view of the particular environments
where these trees grow, one hypothesis can be proposed to
explain this phenomenon. Independently from which site class
they are growing on, N. antarctica trees from Southern Patagonia
must resist the action of extremely strong winds. Therefore, the
need of suppressed trees to capture more light needs be
tempered by the need to develop a strong belowground system
to prevent tree fall. Then, allocation to structural roots is
probably of paramount importance and would constrain the
flexibility to give priority to aboveground allocation. In contrast



V. Gargaglione et al. / Forest Ecology and Management 259 (2010) 1118-1126 1125

Table 5

Scaling exponents («) and allometric constants () for N. antarctica standing aerial (Ma), leaf (M), stem (Ms) and roots biomass (Mg) relations for biomass data discriminated
according to tree crown classes. Scaling exponents are for standardized major axis regression (asma) of log;o transformed data (original units in kilograms of dry mass per

tree). Pre=predicted (partitioning allometric theory); Obs=observed.

o Pre. o Obs. 95% CI B Obs. 95% CI n r?

Dominant

Mp vs. Mg 1.00 1.21 1.09-1.34 -0.12 —0.29 to 0.05 27 0.93

Ms vs. Mg 1.00 1.19 1.04-1.36 —0.05 —0.26 to 0.17 27 0.89

M, vs. Mg 0.75 0.92 0.81-1.05 -1.09 —1.25 to 0.93 27 0.90

M, vs. Ms 0.75 0.75 0.70-0.81 -0.96 —1.05 to 0.87 27 0.96
Codominant

Mp vs. Mg 1.00 1.20 1.09-1.32 —0.04 —0.18 to 0.10 27 0.94

Ms vs. Mg 1.00 1.15 1.03-1.29 0.07 —0.08 to 0.23 27 0.92

M. vs. Mg 0.75 0.87 0.80-0.94 -1.10 —1.19 to 1.01 27 0.96

M, vs. Mg 0.75 0.71 0.66-0.76 -1.04 —1.10 to 0.97 27 0.97
Intermediate

Mp vs. Mg 1.00 1.18 1.07-1.29 0.005 —0.11 to 0.12 27 0.95

Ms vs. Mg 1.00 1.20 1.08-1.33 0.04 —0.10 to 0.18 27 0.93

M, vs. Mg 0.75 0.87 0.77-0.97 -1.10 —1.21 to 0.99 27 0.92

M, vs. Ms 0.75 0.72 0.66-0.78 -1.06 —1.14 to 0.98 27 0.96
Suppressed

Mp vs. Mg 1.00 1.18 1.07-1.30 0.06 —0.04-0.16 27 0.94

Ms vs. Mg 1.00 1.24 1.08-1.42 0.15 —0.005-0.31 27 0.88

M, vs. Mg 0.75 0.90 0.77-1.06 -1.20 —1.33 to 1.06 27 0.84

M vs. Mg 0.75 0.74 0.65-0.85 -1.21 —1.32 to 1.10 27 0.90

with our results, llomdki et al. (2003) and Naidu et al. (1998) Acknowledgements

working whit Betula pendula and Pinus taeda stands respectively,
reported that suppressed trees allocated more biomass to stems
and less to leaves than dominant trees, as a growth strategy to
keep the foliage in the upper strata for light interception. No
mention to the intensity of wind was made in these reports.

5. Conclusions

We demonstrated that empirically based allometric relation-
ships provide accurate predictions of the biomass allocation of a
tree species that occupies a wide range of habitats in the Southern
Patagonian forest. Thus, allometrics appears to be a useful tool to
provide precise descriptions of the biomass allocation pattern and
reasonable predictions of root biomass on the base of shoot
measurements. Obtained scaling relationships agreed reasonably
well with the model proposed by Niklas and Enquist (2002) when
the whole data set was considered. However, when data were
grouped by a particular environmental factor (e.g. site class)
obtained scaling relationships differed from predicted values.
Considering the complexity of extracting root samples, especially
in large trees, obtained allometric coefficients could be employed
in many aspects of forest ecology in which belowground data are
necessary, such as carbon budgets. However, it should be
remembered that standing root biomass (either measured directly
or through allometric estimations) underestimates the actual
belowground allocation, because a large carbon pool is continu-
ously released from the roots to the soil. Obtained results indicated
that the root-to-shoot ratio and others allometric partitioning
relationships in N. antarctica are not only regulated by the total size
of the plant but also by the site quality. Interestingly, the crown
class had no effect on biomass allocation. Since these forests are
constituted of a mix of stands of different ages, crown classes and
site qualities, the discrimination of trees by these variables is
necessary for biomass estimations at the landscape level.
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