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Abstract

1. Studying functional traits and their relationships with tree growth has proved a

powerful approach for understanding forest structure. These relationships are
often expected to follow the classical resource economics perspective, where ac-
quisitive leaves combined with acquisitive roots are expected to enhance resource
uptake and tree growth. However, evidence for coordinated leaf and roots trait
effects on growth is scarce and it remains poorly understood how these traits
together determine tree growth. Here, we tested how leaf and root trait combina-

tions explain tree growth.

. We collected data on leaf and root traits of 10 common tree species, and on soil

carbon (C) and nitrogen (N) concentrations in a temperate forest in Michigan, US.
Tree growth was calculated as the stem diameter increment between three cen-
suses measured across 13,000 trees and modelled as a function of different com-

binations of leaf and root traits and soil properties.

. The two best models explaining tree growth included both specific leaf area (SLA),

root diameter and soil C or N concentration, but their effects on growth were
contingent on each other: thick roots were associated with high growth rates but
only for trees with low SLA, and high SLA was related to fast growth but only for
trees with thin roots. Soil C and N% negatively impacted the growth of trees with
high SLA or high root diameter.

. Synthesis. In this study, resource economics did not explain the relationships

between leaf and root traits and tree growth rates. First, for trees with low or
intermediate SLA, thick roots may be considered as acquisitive, as they were asso-
ciated with faster tree growth. Second, trees did not coordinate their leaf and root
traits according to plant resource economics but enhanced their growth rates by
combining thick (acquisitive) roots with conservative (low SLA) leaves or vice versa.
Our study indicates the need to re-evaluate the combined role of leaves and roots
to unveil the interacting drivers of tree growth and, ultimately, of forest structure

and suggests that different adaptive whole-tree phenotypes coexist.
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1 | INTRODUCTION

Studying the variation in functional traits has helped plant ecologists
to explain the mechanisms that drive plant community structure
(Grime, 1977). One of the processes through which traits structure
forest communities is through their relationship with tree growth
and survival, and resource availability. For example, forests where
plant resources are readily available are often dominated by tree
species with a high specific leaf area (SLA) and leaf nitrogen (N) con-
centration that allow efficient light interception and high photosyn-
thetic rates and, therefore, fast tree growth (Aerts & Chapin, 2000;
Reich et al., 1998). However, despite these established relationships,
functional traits often explain only a small or moderate proportion of
the variation in tree growth, potentially because studies often focus
on either root but mostly on leaf traits when studying tree growth
(Paine et al., 2015; Poorter et al., 2008). Since tree growth depends
on simultaneous above-ground (light and CO,) and below-ground
(water and nutrients) resource acquisition, we examined which (com-
binations of) leaf and root traits involved in resource uptake best
explained variation in growth rates across more than 13,000 trees
from 10 common deciduous tree species in a temperate forest.

Leaf trait effects on plant growth are mostly studied and inter-
preted from a resource economics perspective. The leaf econom-
ics spectrum demonstrates that at a global scale, species’ leaf traits
are correlated in trait syndromes that either facilitate fast resource
(light) acquisition and, hence, high growth rates, or allow long-
term resource conservation and, consequently, high survival rates
(Reich et al., 2003; Wright et al., 2004). Tree root traits, in contrast,
do not generally covary along a parallel root economics spectrum
(Weemstra et al., 2016). For example, root trait expressions typi-
cally characterized as acquisitive, such as a high specific root length
(SRL, root length/root dry mass), do not necessarily trade-off against
conservative root traits, like high root tissue density (root mass/
root volume; Bergmann et al., 2020; Kramer-Walter et al., 2016; Ma
et al., 2018), nor do they always positively correlate with other pre-
sumably acquisitive traits, like root N concentration (Bergmann et al.,
2020; Ma et al., 2018; Weemstra et al., 2016). Also, the classifica-
tion of root diameter as an acquisitive or conservative trait is un-
clear. Traditionally, thick roots are categorized as a conservative trait
(Mommer & Weemstra, 2012; Reich, 2014) because they presumably
have low acquisition capacities owing to their relatively small sur-
face area and slow growth and proliferation rates (Eissenstat, 1991,
1992), and high resource conservation rates due to their long life
spans (Adams et al., 2013; Gu et al., 2011; Hansson et al., 2013;
McCormack et al., 2012). In contrast, Withington et al. (2006) show
that tree root diameter does not necessarily correlate with root
life span, and recent studies suggest that a high root diameter can
also be considered as an acquisitive trait (Bergmann et al., 2020;
McCormack & Iversen, 2019) because thick roots provide more col-
onization space for mycorrhizal fungi, through which trees enhance
resource uptake (Brundrett, 2002; Comas et al., 2012). In addition,
the concept of a root economics spectrum assumes that having

acquisitive root traits corresponds to fast tree growth. In line with

this, SRL positively correlated with the growth rate of seedlings of
nine temperate tree species (Reich et al., 1998), and mature trees
and seedlings of inherently fast-growing species had higher SRL than
trees of closely related slow-growing species (Comas et al., 2002;
Comas & Eissenstat, 2004). In contrast, McCormack et al. (2012)
found no correlations between tree growth (i.e. the diameter of a
tree at 10 years of age) and several root traits, with the exception
of root life span. Direct relationships between root traits and actual
growth rates of mature trees have thus not been firmly established.

Although relationships between traits and tree growth are more
consistent for leaves than roots, leaf traits often only explain a small
proportion of the variation in tree growth; for instance, globally, SLA
explained 3% of the variation in growth rate (Paine et al., 2015). The
low predictive power of traits may result from examining the effects
of only a single leaf trait (e.g. Gibert et al., 2016; Paine et al., 2015)
or root trait (Comas et al., 2002; Comas & Eissenstat, 2004) because
such univariate or single-organ trait relationships with growth do not
account for the relationships among traits that may strongly influ-
ence plant growth or survival (Laughlin & Messier, 2015) and may
be too simplistic to represent the functional integration of multiple
traits at the whole-tree level (Marks & Lechowicz, 2006; Umana
et al., in press; Weemstra et al.,, 2020). Alternately, relationships
between leaf and/or root traits individually may be contingent on
specific environmental conditions and may not be useful for predict-
ing growth in varying environmental conditions. For example, when
water availability limits growth, trees can enhance their root biomass
(Weemstra et al., 2017), and/or their SRL to enhance water uptake
(Freschet & Roumet, 2017), and/or decrease their SLA to reduce
water loss through evapotranspiration (Greenwood et al.,, 2017;
Poorter et al., 2009). In this case, the tree water balance can be mod-
ulated by the synergistic effects of root and leaf traits so that dif-
ferent trait combinations may be adaptive in the same environment.
These simultaneous trait adjustments should ultimately be reflected
in the performance of trees such that combinations of leaf and root
traits better explain tree growth than the traits of single organs.

The combined effects of leaf and root traits on tree growth
should be particularly relevant across soil nutrient gradients. In the
first place, nutrient availability directly drives variation in leaf and
root traits; for example, both SLA and SRL have been found to in-
crease with soil fertility (Ordofiez et al., 2009; Ostonen et al., 2007).
Second, the effect of trait variation on tree growth depends on the
resource environment: species with conservative traits perform
better (i.e. have higher survival rates) in low-resource environments
where they are not outcompeted by acquisitive, fast-growing spe-
cies while having acquisitive traits is beneficial to growth only when
resources are readily available (Aerts & Chapin, 2000). Quantifying
trait variation and how this influences tree growth, therefore, re-
quires consideration of soil nutrient availability.

The objective of this study is to improve our understanding of
tree growth from underlying variation in leaf and root functional
traits which ultimately enhances our knowledge of the functional
processes that structure forest communities. To this end, we deter-

mine which, how and to what degree (combinations of) leaf and root
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traits influence growth rates across 10 temperate tree species along
a soil carbon (C) and N gradient. We expect that single leaf and/or
root traits typically defined as ‘acquisitive’ (e.g. high SRL, SLA, leaf
and root N%) do not consistently lead to faster growth because re-
source acquisition and tree growth can be enhanced through differ-
ent synergistic trait combinations. We tested our expectation using
growth data collected for more than 13,000 trees of 10 common
deciduous, broadleaved species (Table 1) in a temperate forest in
central Michigan, US, in three censuses between 2003 and 2014.
Growth data were combined with species’ leaf and root trait data
and with data on soil N and C% collected on our study site to test
which (combination) of these variables best explained the variation
in growth rates across these trees.

2 | MATERIALS AND METHODS
2.1 | Study site and species

This study was carried out at the Big Woods Forest Dynamics Plot
(hereafter, Big Woods) at the Edwin S. George Reserve (Pickney:
42°27'46.5"N, 84°00'21.9"W) which is part of the ForestGEO net-
work. The studied forest is subjected to a warm-summer humid con-
tinental climate with monthly average temperatures ranging from
-5.3°C (January) to 21.4°C (July), and a mean annual precipitation
of 857 mm, measured between 1981 and 2010 (Arguez et al., 2010).
The plot is hilly due to glacial scouring with moraine and basin to-
pography and an esker running through the plot; its elevation ranges
between 270 and 305 m above sea level (Allen et al., 2018). Soils
at Big Woods are generally sandy loam, shallow and mineral (Allen
et al., 2020). The dominant vegetation is black oak-white oak-
hickory, where the canopy is dominated by oak (Quercus spp.) and
hickory (Carya spp.), and the sub- and mid-canopy strata are domi-
nated by red maple (Acer rubrum L.), black cherry (Prunus serotina
Ehrh.) and witch-hazel (Hamamelis virginiana L.; Allen et al., 2018,
2020).

During the 2014 census, 45 woody species were counted at the
Big Woods plot. Here, we focused on 10 deciduous tree species
(Table 1) common in the eastern USA and at Big Woods and that cov-
ered 44% of the total number of stems, and 71% of the basal area of
all woody vegetation censused in 2014 at the Big Woods plot. Their
basal area and abundance in this forest at the time of each census are
presented in Table S1.

2.2 | Growth data

Each individual tree was tagged and identified to the species level
in three censuses: 2003, 2007-2010 and 2014. The vast major-
ity of trees measured between 2007 and 2010 were measured
in 2008 so this census will here be referred to as the 2008 cen-
sus (Allen et al., 2020). All dead and living tree and shrub stems

>3.2 cm diameter at breast height (DBH) were recorded at each

census and the DBH was measured for living trees. The 2003 and
2008 censuses were carried out in a 12-ha part of the current plot.
Between 2008 and 2010, 11 ha of adjacent forest was added to
Big Woods, and the resultant 23-ha plot was censused in 2014
(Allen et al., 2020). Trees within 20 m distance from the forest
edge or main roads were excluded from the analyses to avoid edge
effects on tree growth. The DBH of multiple stems of the same
individual was summed so that each tree is represented once per
census in our dataset. Ultimately, this resulted in a dataset con-
sisting of 19,736 observations for 13,368 different individuals (the
same trees were measured at different censuses) of our 10 study
species across the three censuses. Relative growth rate (RGR) was
then determined for each census interval and for each living tree
as the DBH increment divided by the number of days between two

consecutive censuses.

2.3 | Soildata

Soil data were collected in June 2019. In each of 23 subplots of 1 ha
that covered Big Woods (Figure S1), four soil samples were collected
from the top 10 cm of the soil at their northern, eastern, southern
and western edges. Adjacent soil samples from two subplots (e.g. the
eastern sample of one plot and the western sample of the adjacent
plot on its right) were pooled as they could not be considered spa-
tially independent. The resultant 92 soil samples were air-dried and
sieved, and soil C and total N concentrations were determined using
dry combustion (Stable Isotope Core Laboratory, Washington State
University). We assigned the soil C and N concentration and soil C:N
ratio values of the nearest soil sample to each tree in the census
dataset based on the tree's coordinates in the plot.

2.4 | Leaf and root trait data

In June 2019, three fully expanded and sun-exposed leaves were
collected for between 7 and 11 mature individual trees per species
(Table 1); the number of individuals sampled per species depended
on the abundance of trees per species. Since healthy, mature Fraxinus
americana trees were scarce at Big Woods, we collected leaves for
only four trees of this species. Leaves were scanned with a port-
able leaf area meter (LI-3100C; LICOR) and leaf area determined.
Scanned leaves were weighed to determine their fresh weight and
leaf dry weight was measured after oven-drying (48 hr at 64°C). From
these leaf measurements, we calculated SLA (fresh leaf area/leaf
dry weight) and leaf dry matter content (leaf dry weight/leaf fresh
weight). Leaves were then ground, and their C and N concentrations
were determined using elemental combustion (Stable Isotope Core
Laboratory, Washington State University) and expressed as a per-
centage of the total mass.

Roots were collected from three to four individual trees per
species. Roots were dug up from the top 15-20 cm of the soil and

traced back to the base of the stem for species identification. Roots
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were cleaned and, immediately after collection, first- to third-order
roots were scanned (EPSON STD 4800). Root scans were analysed
with WinRhizo (version: Regular 2019; Regent Instruments), provid-
ing data on total root length, mean root diameter and total root vol-
ume assuming a cylindrical shape. Scanned roots were oven-dried
(48 hr at 64°C), to obtain dry weight, and ground to determine their
C and N concentrations using dry combustion (Stable Isotope Core
Laboratory, Washington State University). We calculated SRL (total
root length/root dry mass) and root tissue density (root dry mass/
root volume); root mean diameter values were directly retrieved
from WinRhizo.

Plant growth rates may depend on the mycorrhizal association
of species, and species associating with arbuscular mycorrhizal fungi
may have higher growth rates than species associating with ecto-
mycorrhizal fungi (Cornelissen et al., 2001). To account for these
potential effects, we obtained information on species’ mycorrhizal
associations (Table 1) from Brundrett et al. (1990), and the Fine-Root
Ecology Database (lversen et al., 2018).

2.5 | Statistical analyses

To test which traits and trait combinations influenced tree growth
rates, we selected the following leaf and root traits based on
their role in leaf and root resource strategies (Wright et al., 2004,
Bergmann et al., 2020): SLA, leaf dry matter content, leaf N%,
SRL, root diameter, root tissue density and root N%. We also
tested interspecific correlations among traits, and whether traits
differed between arbuscular and ectomycorrhizal tree species
(Pearson's r).

We determined the drivers of tree growth using mixed-effects
models with RGR as response variable. We included combinations of
species’ root and leaf traits (with a maximum of two traits to avoid
overly complicated trait interactions that are difficult to interpret),
soil C%, N% and C:N ratio, and their interactions as fixed explanatory
variables. Tree DBH and census year at the time of measurement
were included as fixed covariates to account for tree size-dependent
variation and temporal variation, respectively, in RGR. Species’ iden-
tity nested in species’ mycorrhizal association (arbuscular or ecto-
mycorrhizal) were included as intercept-specific random effects to
account for inherent differences between species and mycorrhizal
associations in RGR, and the 1-ha subplot was included as a random
intercept to account for spatial autocorrelation. All variables were
scaled by subtracting the overall mean from the individual obser-
vations and dividing this value by the overall standard deviation for
each variable. Mixed-effect models were fitted using the ‘Imer’ func-
tion in the LMe4 package (Bates et al., 2015) in R Statistical Software
(R Core Team, 2021).

Growth models were run across 13,368 unique individuals that
were measured at two or three censuses. Full models were defined as:

Yisp = Po + Py traitvariable, x ftraitvariable,

X fi350il+ f4,DBH + s Census + 7 + 7, (1)

where Yisp is the predicted growth rates (i.e. log(RGR + 1)) of each
individual tree t of species s in subplot p; trait variable represents a
given leaf or root trait; soil refers to a soil variable (i.e. soil C%, soil N%
or soil C:N); DBH refers to log-transformed DBH of t and Census to

the census year in which t was measured, z_.,_ represents the species

mf/s
nested in mycorrhizal type, and 7, the subplot of t as random inter-
cepts; f indicates the intercept; g,-f; indicate the slope associated
with a respective explanatory variable. In addition to the full models,
we ran reduced models that included subsets of these fixed effects,
as well as a null model that included only the fixed covariates and ran-
dom intercepts.

We selected the best growth model based on the Akaike
Information Criteria (AIC; Akaike, 1974) using maximum likelihood,
and models whose AIC differed <2 were considered equally good.
We determined the goodness-of-fit of the models by computing mar-
ginal R? (Rﬁ) and conditional R? (Rf) using the ‘r.squaredGLMM’ func-
tion in the MuMIN package (Barton, 2019) in R Statistical Software
(R Core Team, 2021). Marginal R? indicates the variance explained by
all fixed factors in the model relative to the total variance explained
by the model as a whole (i.e. the sum of the variance of the fixed fac-
tors, random factors and error term; Nakagawa & Schielzeth, 2013).
Conditional R? is calculated as the sum of the variance of the fixed
and both random factors divided by the total variance of the model
(Nakagawa & Schielzeth, 2013). Mixed-model probability (p) values
were obtained with the LMerTesT package (Kuznetsova et al., 2017).
Confidence intervals around the predicted growth rates were es-
timated with parametric bootstrapping (1,000 iterations) using the

BOOTPREDICTLME4 package (Duursma, 2021).

3 | RESULTS
3.1 | Soil properties

Throughout the Big Woods plot, soil C% and N% varied five times
(soil C range: 1%-5%, mean: 1.9%; soil N range: 0.06%-0.29%, mean:
0.12%), and soil C:N ratio varied two times (range: 12-25, mean: 16;
Figure Sla-c). Soil C and N% were positively correlated across soil
samples collected throughout the forest plot (Figure S1d).

3.2 | Trait-growth relationships

Leaf and root trait expressions varied across species (Table 1;
Figure S2). Among the 10 study species, significant correlations were
observed between root N% and SRL (positive), and between leaf dry
matter content and leaf N% (negative; Table S2). Traits did not differ
significantly between arbuscular and ectomycorrhizal tree species,
except for root diameter which was higher for the former than for
the latter group (Table S3).

Relative growth rate among trees ranged from O to
1.98 mm mm™* y'1 and was on average 0.23 mm mm™? y_l. Based on

the AIC of all models, there were two best models explaining tree
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growth (Table S4). The fixed variables in Model 1 (Table 2) included
root diameter, SLA, soil C%, tree DBH and census year and explained
22% of the variation in tree growth (an); the fixed factors and ran-
dom intercepts together explained 30% of the growth variation (Rf).
Model 2 (Table 2) included root diameter, SLA, soil N%, tree DBH
and census year which explained 21% of the variation in tree growth
(Rﬁq), and fixed and random factors together explained 29% of the
variation in growth (R

Model 1 showed a significant positive effect of SLA but not of
root diameter on growth (Table 2). However, the significant, nega-
tive two-way interaction between root diameter and SLA indicates
that this effect of SLA depended on and differed from the effects of
root diameter (Figure 1a): for trees with thin roots, trees with high
SLA had faster growth rates than trees with low SLA (compare e.g.
the RGR of high-SLA trees to the RGR of low-SLA trees at the same
low root diameter), but for trees with thick roots, growth was sim-
ilar regardless of variation in SLA (the RGR of high-SLA trees and

TABLE 2 Model statistics for the two best growth models
(i.e. with the lowest AIC; Table S4). RGR, relative growth rate;
SLA, specific leaf area; Soil C, Soil N, soil carbon, soil nitrogen
concentration, respectively; DBH, tree diameter at breast height;
Estimate, fixed-variable estimate; p, probability value. Significant
variables and corresponding estimates and p values are in bold
(o = 0.05). Negative interaction estimates indicate that the effects
of the different variables on growth differ in direction. The full
model is described in the Materials and Methods section

Fixed variable Estimate p

Model 1: RGR ~ Root diameter x SLA x Soil C + DBH + Census year

Intercept 0.20 0.375
Root diameter 0.05 0.267
SLA 0.02 0.007
Soil C -0.01 0.048
DBH 0.00 0.314
Year -0.03 0.000
Root diameter x SLA -0.01 0.014
Root diameter x Soil C -0.00 0.004
SLA x Soil C -0.00 0.004
Root diameter x SLA x Soil C 0.00 0.510
Model 2: RGR ~ Root diameter x SLA x Soil N + DBH + Census year
Intercept 0.20 0.378
Root diameter 0.05 0.287
SLA 0.02 0.007
Soil N -0.01 0.169
DBH 0.00 0.323
Year -0.03 0.000
Root diameter x SLA -0.01 0.013
Root diameter x Soil N -0.00 0.002
SLA x Soil N -0.01 0.001
Root diameter x SLA x Soil N -0.00 0.236

of low-SLA trees is similar at high root diameter). Furthermore, this
interaction implies that root diameter has an increasingly positive
effect on growth as SLA decreases (Figure 1a: compare the slopes
of the regression lines associated with variation in SLA). Soil C% had
an overall negative impact on tree growth which also influenced trait
effects on growth, as reflected by the significant, negative interac-
tions between soil C% and root diameter, and between soil C% and
SLA (Table 2). These interactions indicated that an increase in soil
C% had a negative effect on the growth of trees with thick roots
(Figure 1b) or with a high SLA (Figure 1c) but no or a marginal effect
on the growth of trees with thin roots (Figure 1b) or with low SLA
(Figure 1c).

Outcomes of Model 2 were partly similar to those of Model
1 (Table 2), due to the high correlations between soil N% and soil
C% (Figure S1d). Model 2 showed a significant positive effect of
SLA on tree growth, with a similar effect size (i.e. estimates) as
Model 1 (Table 2). It also showed significant two-way interac-
tions, with a negative interaction between root diameter and SLA
(Figure S3a), a positive interaction between root diameter and soil
N% (Figure S3b) and a negative interaction between SLA and soil
N% (Figure S3c).

In both Model 1 and Model 2, RGR did not vary with tree size
(DBH), but it was significantly higher in the first census interval
(2003-2008) compared to the second census interval (2008-2014;
Table 2).

4 | DISCUSSION

Since tree growth depends on the simultaneous use and uptake
of above-ground and below-ground resources, combining above-
ground and below-ground traits to predict growth is needed to
advance our knowledge of the underlying processes that drive for-
est community structure and composition. We studied variation in
tree growth by testing the interacting effects of multiple leaf and
root traits and soil properties on growth. Root diameter, SLA and
soil C% or N% were found to be the best predictors of variation in
tree growth. In contrast to the classical plant resource economics
framework, our study identified high root diameter as an acquisi-
tive trait for trees with conservative (low- or intermediate-SLA)
leaves as it had a positive effect on the growth of these trees. In
turn, high SLA was associated with fast tree growth, which is in line
with plant resource economics, but mostly for trees with thin roots.
These results imply that trait expressions (such as high root diameter
and high SLA) can be acquisitive for some trees, but not for others,
as their effects on tree growth depend on the expression of other
traits. Furthermore, the growth of trees with acquisitive leaves or
roots was more sensitive to changes in soil C and N concentrations
across the Big Woods plot than of trees with conservative traits. Our
study provides new insights on how tree growth is the outcome of
above-ground and below-ground trait combinations and interactions
as well as soil properties that are not necessarily coordinated along

the resource acquisitive-conservative trait spectrum.



3508 Journal of Ecology

WEEMSTRA ET AL.

RD % SLA: p =0.01

Soil C x RD: p <0.01

Soil C x SLA: p <0.01

e ] o | o

> N @) Low SLA N o) Low RD N ©) Low SLA
by === |ntermediate SLA === |ntermediate RD === |ntermediate SLA
€ == High SLA == High RD == High SLA

g v © ©

E ko - =

S

N

o < o o |

"é ~ ~ ~

=

2 v 0 0 |

9 o o o

()]

o @
£ o |7 o o |

° e N T T T ° N T T T T ° 4 T T T T
o 0.30 0.35 0.40 0.45 1 2 3 4 5 1 2 3 4 5

Root diameter (mm) Soil C (%) Soil C (%)

FIGURE 1 Observed (grey data points) and predicted (regression lines) tree growth by Model 1 (Table 2) for different values of (a) root
diameter (RD) and specific leaf area (SLA), (b) root diameter and soil C% and (c) SLA and soil C%. Coloured regression lines mark model
predictions under (a, c) low, intermediate, and high SLA (60, 85, 130 cmz/g, respectively) and (b) low, intermediate and high root diameter
(0.30, 0.38, 0.46 mm, respectively). p values represent the significance of the interaction between model variables obtained from Table 2.
Regression line for low-SLA trees in (a) is truncated, because the combination of low SLA and root diameter values <0.31 mm was not

observed in our dataset

4.1 | Interactions between leaf and root traits relate
to tree growth rates

Together, the fixed factors of our best models—that is, root diameter,
SLA and soil C% (Model 1) or soil N% (Model 2)—and the covariates
(DBH and census year) explained just over 20% of the variation in
growth rates across more than 13,000 trees. This is comparable to,
or lower than observed in other models in forests. Martinez-Vilalta
et al. (2010) found that single traits explained 17% (leaf N%) to
46% (maximum plant height) of the variation in growth across up to
70,000 trees of 44 species across Spain. However, in the same study,
incorporating trait combinations and climatic data further increased
the percentage of growth variation explained to 67%. Similarly,
across 40-120 tropical tree species, models that included combina-
tions of traits (i.e. wood density, seed mass and adult size) explained
three times more of the variation in tree growth than models includ-
ing single traits only (20%-60% depending on the traits versus on
average 8% of single-trait models; Visser et al., 2016). In our study,
traits (SLA and root diameter) and soil properties (C% or N%) ex-
plained a moderate part of the variation in growth compared to the
aforementioned studies. It is likely that other traits—for example,
wood density, which is an important predictor of tree growth vari-
ation (Poorter et al., 2008)—and other environmental variables—for
instance, light and water availability—would further enhance the
predictive power of our model. Still, our work and that of others
stress the importance of using a multi-trait approach and incorpo-
rating environmental variables to better explain tree growth.

For leaves, the positive effect of SLA on growth (especially for
thin-rooted trees; Figure 1a) is concordant with the concept of
resource economics—with high-SLA leaves being more efficient

at light interception which enhances tree growth (Cornelissen

et al., 1996; Poorter et al., 2009). For roots, however, the positive
effect of root diameter on growth observed on trees with low SLA
contrasts expectations of the classical resource economics frame-
work, which assumes that thick roots are ‘conservative’ (Mommer &
Weemstra, 2012; Reich, 2014) owing to their relatively small surface
area, slow growth rates (Eissenstat, 1991, 1992) and long life spans
(Adamsetal.,2013; Guetal., 2011; Hansson et al., 2013; McCormack
et al., 2012). Other studies, however, indicate that thick roots may
also be acquisitive, since they provide a larger colonization space for
(arbuscular) mycorrhizal fungi (Brundrett, 2002; Comas et al., 2012),
and are associated with higher mycorrhizal hyphal length for both
ectomycorrhizal (Chen et al., 2018) and arbuscular mycorrhizal tree
species (Eissenstat et al., 2015), through which trees can enhance
soil resource uptake, and hence, their growth rates. Mycorrhizal as-
sociations may thus partly explain why at Big Woods, thick roots
were associated with faster tree growth, but it remains unclear why
they presumably contribute to the growth of trees with low or inter-
mediate SLA, but not with high SLA. Our study indicates that linking
root traits to actual measures of tree growth can further reveal their
actual functionality in terms of plant performance but also suggests
that not only root and leaf traits should be combined but also the
traits of their fungal partners as well.

At the same time, we stress that the positive effects of root di-
ameter on tree growth were contingent on SLA. Specifically, tree
growth rates were enhanced through combinations of conservative
(low-SLA) leaves and potentially acquisitive (thick) roots, or of ac-
quisitive (high-SLA) leaves and less acquisitive (thin) roots, rather
than through coordinated leaf and root traits. This is further under-
written by the lack of leaf and root trait correlations across species.
If similar leaf and root traits were associated with above-ground

and below-ground resource uptake and would be coordinated at
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the whole-plant level, then leaf and root N%, SLA and SRL, or leaf
dry matter content and root tissue density would correlate among
species; however, we found no significant relationships between any
leaf and root traits (Table S2). The uncoupling of leaf and root traits
that contributed to tree growth rates in this study points towards
the existence of multiple adaptive (i.e. improving growth) pheno-
typic designs (cf. Marks & Lechowicz, 2006). Our study however cov-
ers a relatively small number of temperate broadleaved tree species
growing in the same forest plot, so it remains to be tested whether
the same above-ground and below-ground trait combinations also
enhance the growth of trees in other systems or for other species.
Still, our results suggest that different whole-plant phenotypes co-
exist at a small spatial scale, and that at least locally, leaf and root
traits have no coordinated effects on tree growth as assumed by
traditional resource economics.

4.2 | Trait effects on growth are contingent on
soil properties

Overall, soil C% had a negative effect on tree growth. This is in line
with the assumption that soils with higher C% have greater accumu-
lation of organic matter, reflecting slower litter decomposition and
lower nutrient availability, which could, in turn, contribute to slower
growth rates. Across the Big Woods plot, soil C% was positively cor-
related to soil N% which contrasts the assumption of lower nutrient
availability; however, since we measured total and not available N,
it is possible that the higher N levels that we observed on soils with
higher C% were stored inside soil organic matter that is not readily
available to plants.

We found that increases in soil C and N% reduced the growth
of species with high SLA or with thick roots but had only minor
effects on the growth of trees with low SLA or low root diameter
(Figure 1b, c). According to plant resource economics, a high SLA is
beneficial to growth only when resources are readily available (Aerts
& Chapin, 2000) because fast C gain requires rapid resource supply.
As resource availability decreases, acquisitive leaves may become a
disadvantage because their short life spans incur high plant resource
losses while resource-uptake rates remain low. Concordant with our
results, trees with high SLA may thus be more sensitive to increases
in soil C%, and corresponding decreases in nutrient availability than
trees with low SLA (Grime, 1977; Reich et al., 2003). Like above-
ground patterns, trees with thick, long-lived roots are expected to be
less susceptible to adverse environmental variation than trees with
thin, short-lived roots, but here, we observed the reverse. The mech-
anisms behind the relationships between traits, soil fertility and tree
growth are less evident for roots than leaves, potentially because
the trade-off between resource acquisition and conservation is less
straightforward for root diameter than for SLA. Thick, mycorrhized
and long-lived roots may be simultaneously more acquisitive and
more conservative than thin roots as also hypothesized by Kong
et al. (2017) so that their impacts on tree growth along environ-

mental gradients become less predictable. Additional information

on mycorrhizal colonization rates or hyphal traits (as proxies for the
resource uptake capacity of thick vs. thin roots) and root life span (as
a proxy of resource conservation) is needed for a more mechanistic
test of how trade-offs between these (mycorrhizal) root properties

determine the growth of trees.

4.3 | Consequences of considering root and leaf
trait interactions for understanding tree growth

Our study first highlights that root traits, like root diameter, may
not fit the resource economics spectrum as leaf traits do. First,
thick, low-SLA leaves are generally considered to be conservative
(Reich et al., 1997), whereas thick roots were here associated with
fast growth and may thus be acquisitive, at least for trees with low
to intermediate SLA, and potentially in interaction with mycorrhi-
zal fungi. Second, the trade-off between resource acquisition and
conservation of root traits did not explain tree growth responses to
soil nutrient availability. Recent studies have called for a new, mul-
tidimensional trait space that accommodates these different below-
ground strategies (Bergmann et al., 2020; Kramer-Walter et al., 2016;
Weemstra et al., 2016); this study shows the consequences of such a
new framework in the context of tree growth, and, as such, provides
new insights in the functionality of (mycorrhizal) root traits.

Second, this work demonstrates that tree growth is not necessar-
ily enhanced by root and leaf trait coordination along the resource
acquisition-conservation continuum. These above-ground-below-
ground trait modulations of growth imply that growth rates cannot
necessarily be deduced from a single trait: additional traits may alter
the relationships among traits, between a single trait and growth
rates, and between traits, tree growth and soil fertility (Arnold, 1983;
Laughlin & Messier, 2015; Marks & Lechowicz, 2006). This argument
contradicts the resource economics theory which postulates that
leaf and root traits tightly covary in trait syndromes (Reich, 2014;
Wright et al., 2004) that, in turn, correlate with plant demographic
rates (Janse-Ten Klooster et al., 2007; Poorter et al., 2008). Instead,
different leaf and root trait combinations—that do not necessar-
ily covary unidirectionally in trait syndromes—reflecting different
adaptive phenotypes can lead to enhanced individual plant growth
and ultimately fitness (this study; Marks & Lechowicz, 2006) may
predict species’ distributions along environmental gradients (Chapin
et al.,, 1987; Laughlin & Messier, 2015) and can explain species’
responses to environmental change (Kleyer & Minden, 2015).
Understanding how these interacting above-ground and below-
ground traits affect tree growth contributes to grasping the mecha-

nisms shaping forest structure.
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