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Oscar J. Valverde-Barrantes Abstract
Email: os.valverde33@gmail. com 1. The stress-dominance hypothesis (SDH) predicts that trait variation at the com-

Handling Editor: Adam Martin munity level increases with the availability of limiting resources, driving spatial
and temporal patterns in above-ground plant functional trait expression. Here,
we test the assumption that the SDH also applies to fine roots responding to
spatial and temporal fluctuations in soil resource availability.

2. We monitored fine root mass and functional root traits associated with resource
acquisition, that is specific root length (SRL), specific root tip abundance (SRTA)
and branching index (Bl), and traits related to stress tolerance, such as root diam-
eter (RD) and tissue density (RTD) in a Central Amazonian tree community. To test
for spatial differences in root traits, we separated the uppermost organic (O-A
horizon, 0-5cm) and mineral soil (B horizon, 5-15cm) layers, and for temporal
fluctuations, we investigated the relationship of precipitation on community-level
root variation over a period of 27 months.

3. In accordance with the SDH, we found that fine roots in the O-A horizon have
on average 15% higher SRL, 23% higher Bl, 32% higher SRTA and 15% lower
RTD than those in the B horizon. Similarly, precipitation shifted the community
over time to higher mean SRL, Bl and SRTA (r=0.92, 0.84 and 0.94, p <0.0001
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respectively), although trait shifts occurred in the trimester after the rainy season
onset, revealing a time-lag between rainfall patterns and community response.
We also detected a positive increase in trait range for SRL and SRTA with lagged
precipitation (r=0.90 and 0.79, p<0.0001). On the other hand, traits related to
stress showed a weaker negative relationship with instantaneous precipitation
(r=-0.7 and -0.57, p=0.046 and p=0.1 for RD and RTD, respectively).

. Our results supported the SDH predictions that root systems will become more

acquisitive in areas with more resources, and that the community will shift to
more acquisitive but also broader trait dispersion as hydric stress decreases. We
conclude that although higher resource availability may increase competition for
acquisition, trait overdispersion seems to promote species coexistence. Our re-
sults highlight how dynamic root systems can be in response to environmental
cues, cautioning the common practice of making conclusions about root traits

adaptations to environmental gradients based on a single sampling observation.

KEYWORDS

1 | INTRODUCTION

Fine roots, the most distal portions of the root system (usually
<1mm in diameter), are responsible for the uptake of soil re-
sources, drive soil organic matter accrual in plant-dominated eco-
systems and are a key factor driving mineral weathering and soil
microbial dynamics (Bardgett et al., 2014; Cusack et al., 2021,
Laughlin et al., 2021; McCormack et al., 2015). Despite the cru-
cial importance of fine roots in the biogeochemical cycling of ele-
ments, few field studies have included the variation in root traits
as potential drivers of ecological process, such as competition for
limiting resources or species coexistence (Luo et al., 2024). Initial
efforts to collate global data describing the interspecific variation
in root traits point out two key dimensions (Bergmann et al., 2020).
The first dimension is largely associated with the variation in spe-
cific root length (SRL, m/g), root diameter (RD, mm), the branch
configuration of the root systems expressed as branching index
(BI, tips/cm) and specific root tip abundance (SRTA, tips/mg). The
association between these traits indicates a functional trade-off in
C allocation belowground, with some species investing in a ‘out-
sourcing’ plan, showing larger cortical area, less root length and
depending more on symbiotic associations for soil nutrient ex-
ploration. In contrast, those species with a ‘do-it-yourself (DIY)’
strategy tend to minimize symbiotic colonization and maximize
root surface exposure to acquire limiting resources per relative
investment of root tissue. The second dimension is interpreted as
a trade-off between resource acquisition and conservation strate-
gies, usually represented by the trade-off between root tissue den-
sity (RTD, g/cm®) and nitrogen content in the roots. The underlying
principle of this variation is that roots achieve high RTD through
thicker and more stable cell walls, increasing stress tolerance but

Amazon, root functional traits, root plasticity, temporal variation, tropical forest

reducing metabolic rates and thus potentially downregulating up-
take capacity (Bergmann et al., 2020; Weigelt et al., 2021).

The spatial or temporal availability of soil resources could
explain the dominance of alternative root traits in a commu-
nity as suggested by the stress-dominance hypothesis (SDH,
Grime, 1977). The SDH states that an increase in environmental
stress (i.e. environmental conditions that negatively affect plant
fitness) influences the distribution of functional traits within com-
munities, and the importance of biotic competition declines as the
influence of the stressor increases (Swenson & Enquist, 2007).
According to the SDH, plant communities adapted to stressful
conditions converge to similar stress-tolerant traits, thus exhib-
iting lower trait diversity skewed to the scope where trait ad-
aptation improves the likelihood of survival. In contrast, more
favourable conditions boost biotic competition for available re-
sources, triggering higher frequency of traits positively associated
with resource uptake and trait over-dispersion at the community
level (i.e. wider dispersion of traits around the mean, expressed
as range) as niche segregation improves species coexistence
(HilleRisLambers et al., 2012; Weiher & Keddy, 1995). In other
words, the SDH predicts contrasting trends in the representation
of root traits in communities as resources become more readily
available (Coyle et al., 2014; Figure 1).

Consistentwiththe SDH, studies focussingonleafand stemtraits
have found that, at the community level, trait frequency is partially
coupled with the apparent stress experienced by plant communi-
ties (Ackerly & Cornwell, 2007; Kraft et al., 2008; Coyle et al., 2014;
Figure 1). For instance, abiotic factors such as low moisture avail-
ability or high sand content were correlated with higher frequency
of low specific leaf area (SLA) or high wood density (Cornwell &
Ackerly, 2009; Kooyman et al., 2010; Vleminckx et al., 2021).
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FIGURE 1 Expected shifts in root community trait values along changes in resource availability under the stress-dominance

hypothesis (SDH). Variation between low and high resource availability could be interpreted as either temporal changes related to climate
(e.g. precipitation) and/or variation between the upper and deeper soil layers that also vary in resource abundance. Predictions assume that
environmental stress will shift the community to stress tolerant traits, with a gradual expansion to more acquisitive traits as stress decreases
(panel (a) for mean and (d) for skewness). Under the SDH trait diversity is expected to decrease as stress increases, meaning narrower ranges
and leptokurtic distributions (panel (b) for range and (c) for kurtosis respectively). At the core level, it is expected that root systems within
cores (root neighbourhood) will shift to more acquisitive syndromes (upper panel (e), boxes representing community mean values, brackets
represent community dispersion), while the neighbourhood will become more diverse, and traits more evenly distributed as resources
increase (lower panel e). Red background colours represent high stress conditions, whereas blue represents lower stress conditions.

SRL, specific root length; Bl, branching index; RTD, root tissue density.

Similarly, global analyses have shown that the dispersion of SLA or
wood density (measured as variance) is negatively correlated with
latitude or elevation (Wieczynski et al., 2019), suggesting that the
increase in competition under mild climatic conditions promotes
trait overdispersion, encouraging a finer segregation of resource
use (Yan et al., 2023).

In the case of fine roots, climate variables, such as mean annual
temperature (MAT) and mean annual precipitation (MAP), were
identified as potential drivers of root morphology at global scales
(Holdaway et al., 2011; Valverde-Barrantes et al., 2013), subtrop-
ical (Luo et al., 2021) and tropical forests (Pierick et al., 2021;
Vleminckx et al., 2021; Weemstra et al., 2021). For instance, global
studies showed unidirectional trends in RTD, SRL and RD with
respect to temperature and precipitation. More specifically, they
found that species with high SRL or low RTD have a higher chance
of occurring in cold climates, whereas species with low SRL,
large RD and high RTD were more likely to occur in dry habitats
(Freschet et al., 2017; Valverde-Barrantes et al., 2016). However,
they found a wide dispersion of root traits, equally abundant in
warmer and wetter ecosystems, supporting the idea that instead
of a trait trade-off, less stressful environments allow a wider set of

root types (Laughlin et al., 2021).

In tropical forests, fine root dynamics are linked to rainfall sea-
sonality, particularly at sites with highly weathered soils, where
changes in fine root productivity can reach up to 30% between
the dry and the wet season in a single year (Cordeiro et al., 2020;
Cusack et al., 2021; Espeleta & Clark, 2007; Metcalfe et al., 2008).
In areas located on nutrient-poor tropical forest soils, thick sur-
face root mats are adapted to rapidly intercept nutrients leach-
ing from the litterfall or released during decay by microorganisms
(Jordan, 1985; Martins et al., 2021). In fact, several authors have
suggested root morphological divergence in the tropics be-
tween species adapted to proliferate in the uppermost organic
layer versus those in the mineral soil layers (Jones et al., 2011;
Zeng et al., 2020) or as a plastic intraspecific response to con-
trasting resources (Borden et al., 2020). In these highly dynamic
systems, root morphological trait syndromes may also shift with
time towards more acquisitive efficiency (higher SRL, thinner RD,
lower RTD) in instances of higher resource availability (Laliberté
et al., 2015; Laughlin et al., 2021; Luo et al., 2021; McCormack
et al,, 2015; Yavitt & Wright, 2001). However, to date, most stud-
ies focussed on the description of belowground functional traits
are restricted to a single sampling event, usually with no distinc-

tion between roots collected in the organic layers or the mineral

85U8017 SUOWILLIOD @A 18810 3[dedldde ayy Aq peusenob ae ssjoiie YO ‘@S Jo SNl 10} ArIqIT8UIIUO A1 UO (SUONIPUOD-PUB-SULBIWO A8 | IMAleIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[5202/T0/.22] Uo Ak Tauluo A8]IM e IsNyeuRIyo0D AQ v/ T SErZ-GOET/TTTT 0T/I0P/W00 8| 1M ARIq Bul|UOS euIN0Kaq)/:Sdny Woly papeojumod ‘0 ‘SEFZS9ET



VALVERDE-BARRANTES €T AL.

4 BRTISH s
Egﬁg}gﬁm Functional Ecology

soil (Luo et al., 2021; Valverde-Barrantes et al., 2013), making im-
possible to evaluate how much root systems may vary along spa-
tial or temporal scales (Metcalfe et al., 2008).

In this study, we quantified spatial and seasonal fluctuations
of fine root morphological traits in a mature Amazonian tropical
rainforest. Using the predictions of the SDH (see Figure 1 for de-
tails), we expected community level root trait shifts towards more
acquisitive traits, such as lower RTD and higher SRL, and a wider
distribution of trait values at the community level in response to
higher precipitation. More specifically, we hypothesized that (i)
root trait values positively associated with acquisition (high SRL
and proliferation of root tips) will prevail in times when environ-
mental stressors diminish, and biotic competition is more intense
(Figure 1a). Consequently, we predicted (i.a) higher abundance of
roots systems with an acquisition syndrome (higher SRL, SRTA and
Bl) in roots on the surface layer (0-5cm) compared to the min-
eral horizon (5-15cm) and (i.b) a negative relationship between
SRL, SRTA and Bl and conservative traits (high RTD and RD) over
time, supporting the idea of a coordinated shift in foraging strate-
gies as seasons change. We expected (ii) a shift in root functional
traits at the community level as rainfall increases, such that mean
community values for acquisition traits should increase, whereas
conservative traits would decrease (Figure 1a). Moreover, we
expected a coordinated increase in trait variation (increases in
range), platykurtic distribution (flatter distribution) and negative
skewness (bias representation of higher values) in traits associ-
ated with acquisition rates as precipitation increase (Figure 1b-d).
Finally, (iii.a) we expected that the distribution of root traits within
soil cores (in the following referred to as root neighbourhoods)
should be more even (platykurtic distribution, higher range) than
expected by chance during the rainy season, supporting the idea
of higher trait displacement because of stronger biotic competition

at small spatial scales (Figure 1d,e). Moreover, (iii.b) the proportion

of soil cores showing evidence of competitive displacement and
more acquisitive traits should increase as soil conditions improve
(Figure 1d,e, Luo et al., 2021; Pacala & Tilman, 1994), thus mir-
roring a shift to platykurtic distribution and negative skewness as
rainfall increases.

2 | METHODS
2.1 | Site description

The study was carried out in the Cuieiras Reserve at ZF2, ca.
60km north of Manaus, Amazonas, Brazil (latitude S 2°35’ 40,
longitude W 60°12’ 28”) as part of the initiative to study the eco-
system response of mature tropical forest to elevated CO, lev-
els (permissions by the Brazilian Ministry of Science, Technology,
Innovation and Communications (Grant BR-T1284), the Brazil's
Coordination for the Improvement of Higher Education Personnel
(CAPES-Grant 23038.007722/2014-77), and the Amazonas
Research Foundation (FAPEAM-Grant 2649/2014)). The vegeta-
tion is an old growth lowland rainforest with a 40-m-tall canopy
dominated by the families Fabaceae, Sapotaceae, Burseraceae
and Lecythidaceae (da Silva et al., 2011; Higuchi et al., 1998). The
mean air temperature is 26°C, and the mean annual precipitation
is 2400mm (Araujo et al., 2002; Figure 2). Soils are classified as
Geric Ferralsols with a pH of 3.9 on average (Quesada et al., 2010).
Nutrient availability in the mineral soil is low, particularly for P,
with available P varying from 7 to 16 mgkg™ (Schaap et al., 2021).
The precipitation during the study period was obtained from a me-
teorological station located 2km from the study site (Tower K34,
Cordeiro et al., 2020). During the studied period, precipitation fol-
lowed the climate seasonality of the area (Cordeiro et al., 2020;

Fontes et al., 2018; Figure 2) and increased from March to May

FIGURE 2 Reported precipitation
and litterfall rates in the study area. The
blue and grey shaded areas represent
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2016 and from January to May 2017. Dry periods occurred from
September to December 2016 and more markedly from July to
November 2017. For this study, accumulated precipitation was
estimated as the total amount of rain recorded in the 3months
before the soil cores were sampled.

2.2 | Soil and root collection

To measure changes in root morphology over time, soils were sam-
pled sequentially from 18 locations along a 500 m transect between
February 2016 and February 2018 every three months (9 sampling
dates). Each location was separated by a gap of approximately 30m,
with three cores collected per location, 10m away from each other
and perpendicular to the main transect, thus amounting to a total of
54 cores per sampling date. After removing loose senescent leaves
from the topsoil, cores were taken with a custom-made steel soil
corer (10cm in diameter) down to 15 cm soil depth. Each sample was
sealed in a plastic bag and taken to the laboratory. In the laboratory,
samples were separated into two different soil layers: the organic ho-
rizon—including the surface mat of roots, litter and humus (0-5cm)—
and the mineral horizon (5-15cm), hereafter named the O-A and B
horizons, respectively. Soil cores were left in water overnight and
sieved in a 2mm mesh, while entire roots were carefully separated
and classified as dead or alive based on the elasticity and colour of
the root system (Valverde-Barrantes et al., 2013). Roots were classi-
fied as live or dead based on friability, colour, and the presence of a
stele following Meinen et al. (2009). Live fine roots <1 mm in diam-
eter were classified using an electronic calliper and pooled for bio-
mass assessment. A subset of fine roots was randomly selected for
morphological analysis. We defined our sampling unit within cores
as fine root clusters ~10cm in length, which generally included two
to three orders of non-lignified roots attached to a woodier central
segment, hereafter referred to as fine root sample. On average, 7+ 2
fine root samples were extracted from each core (~20% of the total
biomass) for scanning. After scanning, all samples were oven-dried
for 48 h at 65°C to constant weight (Valverde-Barrantes et al., 2013).
Fine root biomass encompasses all fine roots, including those used

for morphological analysis.

2.3 | Root morphological trait measurements

Each selected fine root sample was scanned using a high-resolution
flatbed scanner (600 DPIresolution, 256-level grayscale, TIFF format;
Epson Scanner Perfection V700 Photo, USA) and analysed using the
WinRhizo software (2007 Pro version, Instrument Regent, Quebec,
Canada, details in Appendix S1) following Bouma et al. (2000). From
the image analysis, we extracted the total length, and total number
of tips per root sample. Using the dry mass per root sample, we
calculated SRL, SRTA and Bl as the trait positively associated with
root acquisition function. In addition, using volume estimations from

the software, we estimated RTD as the trait positively associated
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with stress tolerance, and average root diameter from the images as
RD, representing the tradeoff between mycorrhizal dependency and

soil exploratory ability (Leuschner et al., 2004; Meinen et al., 2009).

2.4 | Statistical analysis

We applied the following complementary statistical analysis for
testing each of the hypotheses proposed for evaluating the observed
belowground phenological responses to different environmental
cues. Our first objective was to examine (i.a) how trait syndromes
varied between the soil horizons and (i.b) how coordinated was the
variation in root functional traits across the two investigated layers.
We used a repeated-measurements ANOVA approach to test for
changes in root traits by depth and over time (Imer function, Ime4
package, Bates et al, 2015). For each ANOVA we selected the traits
as response variables, sampling depth x date as factors, and sampling
location nested in date as the error term. To examine coordination
in root functional traits over time, we compared how acquisition
traits (SRL, SRTA and Bl) correlated with traits associated with stress
tolerance (RD and RTD, Hogan et al., 2020). Due to the low number
of observations (n=9), significant results were double-checked using
a permutation correlation test score with 999 simulations (Chihara &
Hesterberg, 2022, permCorrTest function, CarlentonStats package).

To test (ii) the expected coordinated changes in trait mean,
range, and kurtosis in the community among sampling dates, we first
performed permutation correlations between mean, range and kur-
tosis trait values of the community over time (permCorrTest function,
CarlentonStats package). Then, we tested whether changes in mor-
phology were associated with environmental factors by correlating
community mean values for each trait per date with the accumu-
lated rainfall in the 3 months before the soil core sampling (hereafter
instantaneous precipitation) and with the amount of litterfall accu-
mulated between collection dates (0-3months), using permutation
correlation tests. Since responses to environmental factors at the
community could be delayed with respect to the onset of the season
(Espeleta & Clark, 2007), we repeated the analyses using the precip-
itation data from the previous trimester (3-6 months) preceding the
collection, hereafter lagged precipitation.

Finally, we tested (iii.a) whether root neighbourhoods showed evi-
dence of trait displacement seasonally, by assessing the relative signal
of competitive trait displacement in each soil core (Kraft et al., 2008;
Stubbs & Bastow Wilson, 2004). First, we calculated the observed kur-
tosis, skewness and range values in each core, using all the fine root mor-
phological information at the core level (i.e. both soil layers combined).
To create a null distribution for each soil core under the assumption of
assembly by chance, we randomly selected fine root samples from all
observations, holding the number of samples constant with those mea-
sured in each core. Then, we calculated all statistical moments for each
randomly generated root neighbourhood and compared them with
the observed values. This process was repeated 999 times for each
soil core, and then we estimated the P-value for each neighbourhood
as the proportion of times that the simulated momentum was lower
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than the observed value (Stubbs & Bastow Wilson, 2004). Finally, to
use the cumulative evidence across the entire forest stand to test the
null hypothesis of no difference between the observed and randomly
assembled neighbourhoods, we converted p-values from all cores
studied into corresponding Z-values and combined them according to
Stouffer's method to generate a combined p-value (Whitlock, 2005).
Finally, to test the hypothesis of increasing trait displacement as the
rainy season lingers (iii.b) we correlated the proportion of cores that
showed evidence of overdispersion with precipitation patterns, using
permutation correlations to test for significant relationships between
variables. All statistical analyses were performed with the statistical
software R (version 4.3.1, R Core Team, 2023).

3 | RESULTS

3.1 | Dominating root trait syndromes differ
between soil layers

As expected from hypothesis (i.a), fine roots in the O-A horizon
showed more acquisitive trait syndromes than those in the B horizon.
An acquisitive trait like SRTA was on average 32.2+4.9% (Mean+SE)
higher in the uppermost than in the mineral soil layer, independently of
the season. Similar trends were observed for Bl and SRL (23.1+3.4%
and 14.7 +4.5% higher in the uppermost layer, respectively). In contrast,
O-A horizon roots were 15.03+3.5% less dense (RTD) compared to
the B horizon (Figure 3). Only RD did not show significant differences
between layers (Figure 3b). We found that temporal changes were
mirrored between layers, with no significant interactions between soil
depth and time for any trait (Tables S1 and S2, Figure S1). For biomass
and morphological traits, temporal variation was the main factor
explaining phenological shifts. Total fine root biomass ranged between
162+44 and 385+ 1O<6gm’2 (Figure 3f), with consistently ~60% higher
root biomass in the O-A horizon than the B horizon, and variation in
biomass between layers was positively correlated over time (Pearson's
correlation r=0.8, p<0.001, n=9, Figure S1).

For hypothesis (i.b), acquisition-related traits correlated nega-
tively with stress tolerance traits (Figure 4). However, the trend was
only significant for the relationship between RD and SRTA (r=-0.71,
p=0.04) and RD and SRL (r=-0.83, p=0.008), which have been re-
ported to have a strong mathematical interdependence (Ostonen
et al., 2007; but see Kramer-Walter et al., 2016). RTD was also re-
lated negatively to SRL and SRTA, but the trends were marginally
significant (Pearson correlation r=-0.52, p=0.04; r=-0.71, p=0.04
for SRL and SRTA respectively). Branching intensity showed no rela-
tionship with either SRTA or SRL (Figure 4a,d).

3.2 | Correlations between trait means and other
statistical moments

Mean SRL, Bl and SRTA had significant positive correlations with
their respective range (Pearson correlation r=0.92, 0.84 and 0.94,

p<0.0001 respectively, Table S1), supporting the SDH prediction that
community-level mean values would correlate positively with the range
(hypothesis ii), indicating an increase in trait diversity as conditions
become less stressful with the onset of the rainy season. However, we
did not find the same patterns for trait evenness. Mean Bl showed a
weak positive correlation between the mean and kurtosis over time
(r=0.65, p=0.06), whereas SRL and SRTA showed no relationship
with their respective kurtosis (r=0.14 and 0.02, p>0.05, Table S1).
Thus, suggesting little support to the idea that traits are more evenly
distributed as the community shifts to more acquisitive root types.
The exception to this pattern was RTD, which showed a significant
negative relationship between mean community and the respective
range and kurtosis (r=-0.64 and -0.79 respectively, p<0.0001,
Table S1), supporting the hypothesis (ii) that as roots decrease in RTD
at the community level, the community range would increase.

None of the changes in mean root trait values were associated
with leaf litterfall production, so we excluded litterfall from further
analysis. In contrast, we found that mean community trait values
changed with rainfall. Changes in mean values of SRL and SRTA were
not directly associated with instantaneous precipitation (r=-0.12
and -0.45, p=0.8, and 0.2, respectively), but with the lagged tri-
mester (r=0.92 and 0.73, p <0.001 respectively, Figure 5). Similarly,
the ranges of SRL and SRTA (r=0.90 and 0.79, p <0.0001) were also
positively correlated with the lagged accumulated precipitation. The
exception for this pattern was the range of Bl that was negatively
associated with instantaneous precipitation (r=-0.68, p=0.04). For
acquisition traits neither skewness or kurtosis showed a significant
trend with precipitation patterns, except for SRL and SRTA kurtosis
showing marginal negative relationships with instantaneous precip-
itation (r=-0.62 and -0.58, p=0.08 and 0.082), and between SRL
skewness and instantaneous precipitation (r=-0.59, p=0.1).

As hypothesized (ii), traits associated with stress tolerance, RD
and RTD, correlated negatively with instantaneous precipitation, al-
though only significantly for RD (r=-0.7 and -0.57, p=0.046 and
0.17 respectively). The range of RD and RTD (r=-0.72 and -0.56,
p=0.026 and 0.13 respectively) and kurtosis (r=-0.77 and -0.55,
p=0.014 and 0.14 respectively, Figure 5) correlated negatively
with instantaneous precipitation. Overall, the results supported
the hypothesis (ii) that the mean and range of acquisitive traits will
increase, and stress-tolerant mean traits would decrease with the
increase in precipitation (Figure 5).

3.3 | Trait dispersion within root neighbourhoods

We also assessed the relative signal of competitive trait displace-
ment within each soil core (i.e. root neighbourhood). Supporting our
hypothesis (iii.a), our findings indicate trait displacement, i.e. nega-
tive kurtosis values, among root neighbourhoods. Within root neigh-
bourhoods two out of the five traits investigated showed significant
evidence of a more even distribution than expected by chance. More
specifically, the distribution of SRL and SRTA showed more negative
kurtosis values within 40% of the cores collected over 27 months
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FIGURE 3 Relationship between fine root functional traits associated with stress tolerance (Average Diameter, right panels; RTD, left
panels) and traits associates with resource acquisition (B, panels (a and d), SRTA, panels (b and e); SRL, panels (c and f). Bars represent

standard errors around the mean for each variable.

(varying from 17% to 56% and 28% to 53% among dates from SRL and
SRTA respectively, p=0.03 and 0.04). The other traits also showed
negative kurtosis values but the proportion of cores with signifi-
cantly lower values was less abundant (18%, 15%, and 14%; p=0.11,

0.06, 0.12 for BI, RTD and D, respectively, Table S3). Skewness was

consistently positive (skewed to conservative traits) across dates

and a higher proportion of cores showed more positive skewness

than expected by chance for all traits, except RTD (Table S1). On
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average 54% and 57% of cores (for SRL and SRTA, respectively)
showed evidence of positive skewness (p<0.001), whereas for RD
and Bl the average was 34% and 28%, respectively (p=0.01). We did
not find evidence that root neighbourhoods showed wider ranges
than those expected stochastically for any trait (Table S3).

As expected from the SDH, (iii.b) the frequency of cores with pos-
itive skewness increased as precipitation declined for RD (r=-0.75,
p=0.006), SRTA (r=-0.67, p=0.03) and SRL (r=-0.63, p=0.04),
which suggests a shift to more conservative traits, as conditions got
drier. Similarly, the proportion of cores with a platykurtic distribu-
tion, i.e. indicating trait clustering, increased as rainfall decreased,
although not significantly (Figure 6, Table S3). Finally, we found no
evidence that the neighbourhood ranges changed substantially with

precipitation at any time (Figure 6).

4 | DISCUSSION

Our study demonstrates that morphological adaptations in tropical
fine roots reflect shifts in plant community competition in response
to seasonal fluctuations in resource availability as predicted by the
SDH. Our data indicate that at the community level, root traits re-
flect an adjustment to drier conditions by becoming shorter, and
thicker, with fewer tips. In contrast, as moisture increases, the as-
sociated release of nutrients from decomposing litter promotes
longer, thinner and more branched root systems. Moreover, we
observed an increase in root functional trait diversity with pre-
cipitation, suggesting an increase in niche segregation during the
rainy season (Paradiso et al., 2019). However, the response was not

instantaneous. We observed a lagged response of belowground root
traits to environmental cues, which indicate a temporal adjustment

of the plant community to climate seasonality.

4.1 | Spatial variation in fine root functional traits
Our results suggest a decrease in absorptive capabilities and an in-
crease in traits associated with stress tolerance with soil depth, sup-
porting the hypothesis (i.a) that alternative trait syndromes are more
frequent at different soil layers. Similar trends have been reported
for both temperate (Liu et al., 2009; Wang et al., 2013) and tropical
communities (Cordeiro et al., 2020). These findings could result from
either strong plasticity of some species in the community, or a high
specialization of species with contrasting morphological characteris-
tics proliferating at different depths. Supporting the case of plasticity,
multiple studies have shown that certain plant species can substan-
tially alter root morphology along the soil profile (Trocha et al., 2017;
Zadworny et al., 2016). Some subtropical and tropical tree species
showed higher tip proliferation, branching, and absorptive surface area
when exposed to nutrient patches (Liu et al., 2015), different nutrients
(Borden et al., 2020), or in the litter layer (Martins et al., 2021; Miyatani
et al., 2018; Pregitzer et al., 1993). These studies suggest that plastic
responses are an important driver of community-level trait variation
(Burton et al., 2017; Read et al., 2017; Weemstra et al., 2021).

On the other hand, the idea that species can spatially segregate
their root systems has been proposed repeatedly (Bennett et al., 2002;
Leuschner et al., 2004), including studies conducted in tropical ecosys-
tems (Jones et al., 2011; Schimann et al., 2008; Zeng et al., 2020). The
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FIGURE 5 Effect of precipitation on community level root functional traits in a tropical rainforest in Central Amazon. The right panels show
the relationship between the accumulated precipitation the trimester before sampling and community mean values for two traits associated
with resource acquisition (SRL, panel (a) and SRTA, panel (b)). The left panels show the same relationship for two traits associated with stress
tolerance (average diameter, panel (c) and RTD, panel (d)). The size of the circles is proportional to trait range at each sampling point.

clear pattern in root segregation along soil profiles that we observed
in this study is in line with findings reporting root trait divergence
between organic and mineral soil layers (Mommer et al., 2010; Zeng
et al., 2020). We postulated that this pattern could be even more pro-
nounced in nutrient-depleted Amazonian tropical forests, where nutri-
ents can be recycled directly from leaf decomposition in the litter layer
(Martins et al., 2021), thus promoting strong resource competition in
the soil uppermost layer. We acknowledge, however, that the lack of a
specific identification of root systems prevents us from drawing more
robust conclusions. Further studies using molecular techniques target-
ing root identity are crucial to discern potential specific spatial patterns

we were unable to detect in this study (Luo et al., 2021).

4.2 | Temporal changes in belowground
functional traits

In contrast to our hypothesis (i.b) we found a relatively independent
variation between traits associated with uptake capacity (SRL, SRTA,
Bl) and those usually associated with stress tolerance (RD, RTD).
Although the mathematical limitations associated with the collinearity

between SRL, RD, and RTD (Ostonen et al., 2007) may put a caution-
ary remark on our conclusion, this trend is in line with the observed
independence found among species at global levels (Bergmann
et al., 2020; Erktan et al., 2018; Laughlin et al., 2021), and within com-
munities in Amazonian forests (Vleminckx et al., 2021). This universal
pattern suggests a general ability of plants to control acquisition traits
independently from root tissue construction costs (Kong et al., 2019;
Reichert et al., 2022). Thus, it is plausible that plants can alter tissue
investment without altering surface or diameter (Kong et al., 2014,
2019; Valverde-Barrantes et al., 2016, 2020; Colombi et al., 2022) or
modify their investment on symbiotic associations over time (Atkinson
et al., 2003). For example, studies have reported RTD to be negatively
associated with herbivory and pathogen infection risk (Laliberté
et al., 2015), enzymatic production (Lugli et al., 2020), or root respira-
tion rates (Makita et al., 2012). Likewise, RTD is commonly reported
to have a negative relationship with root nitrogen content (Bergmann
et al.,, 2020; Kong et al., 2019), implying a decrease in physiological
activity as trees form more robust and denser roots (Jia et al., 2013;
Makita et al., 2015; Paradiso et al., 2019). However, these studies also
indicate that neither SRL nor RTD should be used as proxies for root
physiological activity. Further studies are necessary to disentangle
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FIGURE 6 Proportion of cores showing evidence of

core platykurtosis, representing even distribution in root
neighbourhoods (panel a); positive core skewness, representing
shifts to more conservative traits (panel b), and core range,
representing trait overdispersion (panel c). Symbols represent the
proportion of root neighbourhoods that showed momentum values
that were higher than expected by chance. Triangles represent
SRTA and circles represent RD.

how chemical and anatomical modifications in roots may influence
physiological processes belowground.

Our results highlight the importance of accounting for tempo-
ral variability in belowground plant functional traits. In the past,
studies have reported low or no association between soil condi-
tions and root trait distributions across local scales in temperate
(Holdaway et al., 2011; Valverde-Barrantes et al., 2013), subtropical

(Luo et al., 2021), and tropical forests (Pierick et al., 2021; Weemstra
et al., 2021). We assume that the lack of association could be partially
explained by the lack of information about temporal fluctuations in
root traits. Here, for our hypothesis (ii) we demonstrated that over time
not only mean values can change substantially, but also other aspects
like trait dispersion or evenness could provide key information about
the temporal dynamics of root traits in response to seasonal resource
pulses in forest communities (Vleminckx et al., 2021). For instance,
we found that trait dispersion for SRTA and SRL exhibited a stron-
ger positive response to precipitation than the respective mean trait.
Hence, rather than complete shifts in the plant community, it seems
that responses to resource availability can be idiosyncratic, suggest-
ing multiple adaptations to numerous soil stressors among coexisting
species competing for water and nutrients (Joslin et al., 2000; Lugli
et al., 2020; Paradiso et al., 2019; Weemstra et al., 2021). Studies con-
ducted in temperate and subtropical forests reported that tree species
with thinner, and more branched root systems tend to modify their
morphology more than species with thick-root systems, in response
to resource pulses (Eissenstat et al., 2015; Liu et al., 2015). Therefore,
changes in trait dispersion may correspond with pulses in root pro-
liferation among species with thin root systems that experience high
mortality during the dry season, whereas thick-rooted species remain
more stable throughout the year. In future, identification of individual
and coexisting species might allow discerning trait variation associated
with interspecific differences and intraspecific plasticity (Hofhansl|
et al., 2021), as well as how temporal changes in root proliferation may

explain the competitive displacement patterns reported in this study.

4.3 | Theroot economic space promoting species
coexistence

Over the last decade, the number of studies highlighting the re-
markable diversity of root traits in terrestrial ecosystems increased
substantially (see Laughlin et al., 2021 for a review). Nevertheless,
there is still a lack in studies on root trait diversity and how this
mediates belowground competition among coexisting plant spe-
cies. Our hypothesis (iii) stated that morphological variance could
represent species-specific responses to resource availability along
both spatial and temporal gradients, adding a further dimension
to niche segregation among coexisting species. A descriptive root
morphology study conducted in Andean tropical forests found
similar trait ranges (Pierick et al., 2021) along altitudinal gradi-
ents. Here, we found that the overdispersion of root traits within
neighbourhoods was common, thus suggesting that alternative
strategies represented by contrasting morphologies may enhance
resource use in these communities (Comas & Eissenstat, 2009;
Holdaway et al., 2011; Luo et al., 2021). Our results align with the
commonly observed trait overdispersion in root neighbourhoods
as reported for other forest biomes globally (Luo et al., 2021;
Pierick et al., 2021; Valverde-Barrantes et al., 2015; 2021). We
propose that this evidence indicates a strong root niche segre-
gation process shaping coexistence within plant communities,
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warranting future studies elucidating how belowground interac-
tions promotes diversity in tropical ecosystems.

Finally, the observed lagged response of root proliferation
in response to foregoing precipitation events suggests that root
morphology is indirectly controlled by soil moisture conditions.
Assuming a rapid response to the chemical cues from organic mate-
rial decomposition by microorganisms (Buscardo et al., 2018, 2021,
Hodge, 2004; Schaap et al., 2021), we initially expected an increase
in traits associated with nutrient interception and acquisition in the
onset of the rainy season. However, the response was delayed, sug-
gesting either a lag-time in the response between microbial activity
and nutrient release, competition for resources with microbes, or a
slow physiological shift in C allocation between above- and below-
ground organs (Kuzyakov & Xu, 2013; Malhi et al., 2004). In fact,
some studies found that after an initial strong proliferation of soil
microorganism with resource pulses, plants tend to proliferate roots
over medium to long term interactions, which could explain the ini-
tial delay in root growth (Kuzyakov & Xu, 2013). Moreover, root mor-
tality tends to be higher at the end of the rainy season, when soils
are highly saturated (Luizio et al., 2007) and pathogen loads build
up (Kivlin & Hawkes, 2016). Thus, it is possible that trees require
time to get enough reserves to induce new roots after moisture is
reestablished in the soil (Espeleta & Clark, 2007). Further studies
linking tree C allocation, root phenology, and soil microbial dynamics
will add important evidence to the hypothesis posed in this study.

5 | CONCLUSIONS

Our study highlights an important temporal association between cli-
matic conditions and functional trait dynamics, which might be crucial
for developing more accurate mechanistic models when projecting
climate-driven shifts in community structure and nutrient cycling.
Further insight into root dynamics, complemented with root iden-
tification and leaf phenology, will foster our understanding of the
complex interactions between trees and their environment in tropical
forest ecosystems. By fully accounting for individual-level trait varia-
tion and productivity patterns within communities, these studies will
strengthen our understanding of broad ecological patterns across
space and time, a prerequisite for projecting ecosystem functioning
and forest stability under future climatic scenarios.

AUTHOR CONTRIBUTIONS

David Lapola, Lucia Fuchslueger, Florian Hofhansl, Oscar J. Valverde-
Barrantes, Kelly Anderson and Carlos A. Quesada designed the
study. Erick Oblitas, Florian Hofhansl, Oscar J. Valverde-Barrantes,
Karst Schapp and Adriana Grandis coordinated the field work in-
cluding soil core collection, sampling processing and root scanning,
with help from Laynara F. Lugli, Sabrina Garcia, Amanda L. Cordeiro,
Carol A. Miron and Nathielly Martins. Oscar J. Valverde-Barrantes,
Laynara F. Lugli, Lucia Fuchslueger and Florian Hofhansl wrote the
manuscript with significant contributions of Marcel Hoosbeek, lan P.
Hartley, and Katrin Fleisher.

ACKNOWLEDGEMENTS

The authors would like to thank Richard Norby, Monique Weemstra,
and Javier Espeleta for helpful suggestions and comments on
previous versions of the manuscript. We thank the Thematic
Laboratory for Soils and Plants (Laboratério Temético de Solos e
Plantas—LTSP) at INPA, Manaus, for helping with the soil analyses,
as well as Luciano Castilho for the logistical support, soil processing,
and leaf litter collection. We also thank the LBA Program and its staff
which granted us field and operational support at the ZF-2 LBA base.

FUNDING INFORMATION

The AmazonFACE program was funded by the Inter-American
Development Bank through a technical cooperation agreement
with the Brazilian Ministry of Science, Technology, Innovation and
Communications (Grant BR-T1284), and by Brazil's Coordination
for the Improvement of Higher Education Personnel (CAPES) Grant
23038.007722/2014-77, and by Amazonas Research Foundation
(FAPEAM) Grant 2649/2014. Lucia Fuchslueger was supported by
the European Research Council Synergy grant #610028 Imbalance-P
and by the European Union's Horizon 2020 research and innovation
program under the Marie Sklodovska-Curie grant agreement No
847693 (REWIRE). Katrin Fleisher acknowledges funding by the
DFG Grant RA 2060/5-1. Florian Hofhansl gratefully acknowledges
funding from IIASA and the National Member Organizations that
support the institute. Laynara Lugli would like to acknowledge the
Bavarian State Chancellery (Project Amazon-FLUX) for financial
support. Laynara Lugli and Nathielly Martins would like to
acknowledge CAPES for support (88887.360170/2019-00). David
Lapola was supported by a FAPESP grant (2015/02537-7).

CONFLICT OF INTEREST STATEMENT

All authors approve the final version of the manuscript and declare
no conflict of interest. Florian Hofhansl is an Associate Editor of
Functional Ecology, but took no part in the peer review and decision-
making processes for this paper.

DATA AVAILABILITY STATEMENT
Data available from the Dryad Digital Repository: https://doi.org/
10.5061/dryad.OkédjhbbO.

ORCID
Oscar J. Valverde-Barrantes
org/0000-0002-7327-7647
https://orcid.org/0000-0001-8404-4841
https://orcid.org/0000-0002-9615-4439
https://orcid.org/0000-0003-0073-0946
Nathielly Martins "= https://orcid.org/0000-0002-2501-747X
Amanda L. Cordeiro "= https://orcid.org/0000-0001-7226-0133
https://orcid.org/0000-0003-1627-9029
https://orcid.org/0000-0002-1460-9904
https://orcid.org/0000-0002-8416-3733
https://orcid.org/0000-0001-8276-030X
https://orcid.org/0000-0002-9093-9526

https://orcid.

Laynara F. Lugli
Lucia Fuchslueger
Florian Hofhansl

Karst Schapp
Kelly Anderson
Adriana Grandis
Carol A. Miron
Katrin Fleisher

85U8017 SUOWILLIOD @A 18810 3[dedldde ayy Aq peusenob ae ssjoiie YO ‘@S Jo SNl 10} ArIqIT8UIIUO A1 UO (SUONIPUOD-PUB-SULBIWO A8 | IMAleIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[5202/T0/.22] Uo Ak Tauluo A8]IM e IsNyeuRIyo0D AQ v/ T SErZ-GOET/TTTT 0T/I0P/W00 8| 1M ARIq Bul|UOS euIN0Kaq)/:Sdny Woly papeojumod ‘0 ‘SEFZS9ET


https://doi.org/10.5061/dryad.0k6djhbb0
https://doi.org/10.5061/dryad.0k6djhbb0
https://orcid.org/0000-0002-7327-7647
https://orcid.org/0000-0002-7327-7647
https://orcid.org/0000-0002-7327-7647
https://orcid.org/0000-0001-8404-4841
https://orcid.org/0000-0001-8404-4841
https://orcid.org/0000-0002-9615-4439
https://orcid.org/0000-0002-9615-4439
https://orcid.org/0000-0003-0073-0946
https://orcid.org/0000-0003-0073-0946
https://orcid.org/0000-0002-2501-747X
https://orcid.org/0000-0002-2501-747X
https://orcid.org/0000-0001-7226-0133
https://orcid.org/0000-0001-7226-0133
https://orcid.org/0000-0003-1627-9029
https://orcid.org/0000-0003-1627-9029
https://orcid.org/0000-0002-1460-9904
https://orcid.org/0000-0002-1460-9904
https://orcid.org/0000-0002-8416-3733
https://orcid.org/0000-0002-8416-3733
https://orcid.org/0000-0001-8276-030X
https://orcid.org/0000-0001-8276-030X
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-9093-9526

VALVERDE-BARRANTES €T AL.

2 | | Functional Eeol
SOCETY unctional £CoOlogy

Marcel R. Hoosbeek ") https://orcid.org/0000-0003-0617-0089
https://orcid.org/0000-0002-9183-6617
https://orcid.org/0000-0002-2654-7835

lan P. Hartley
David Lapola

REFERENCES

Ackerly, D. D., & Cornwell, W. K. (2007). A trait-based approach to com-
munity assembly: Partitioning of species trait values into within-and
among-community components. Ecology Letters, 10(2), 135-145.

Araljo, A. C., Nobre, A. D., Kruijt, B., Elbers, J. A, Dallarosa, R., Stefani,
P., Von Randow, C., Manzi, A. O., Culf, A. D., Gash, J. H. C,, &
Valentini, R. (2002). Comparative measurements of carbon dioxide
fluxes from two nearby towers in a central Amazonian rainforest:
The Manaus LBA site. Journal of Geophysical Research: Atmospheres,
107(D20), LBA-58-1-LBA-58-20.

Atkinson, D., Black, K. E., Forbes, P. J., Hooker, J. E., Baddeley, J. A., &
Watson, C. A. (2003). The influence of arbuscular mycorrhizal col-
onization and environment on root development in soil. European
Journal of Soil Science, 54(4), 751-757.

Bardgett, R. D., Mommer, L., & De Vries, F. T. (2014). Going underground:
Root traits as drivers of ecosystem processes. Trends in Ecology &
Evolution, 29, 692-699.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B.,
Singmann, H., Dai, B., Grothendieck, G., Green, P., & Bolker, M. B.
(2015). Package ‘Ime4’. Convergence, 12(1), 2.

Bennett, J. N., Andrew, B., & Prescott, C. E. (2002). Vertical fine root
distributions of western redcedar, western hemlock, and salal in
old-growth cedar hemlock forests on northern Vancouver Island.
Canadian Journal of Forest Research, 32(7), 1208-1216.

Bergmann, J., Weigelt, A., van Der Plas, F., Laughlin, D. C., Kuyper, T. W.,
Guerrero-Ramirez, N., Valverde-Barrantes, O. J., Bruelheide, H.,
Freschet, G. T., Iversen, C. M., & Kattge, J. (2020). The fungal col-
laboration gradient dominates the root economics space in plants.
Science Advances, 6(27), eaba3756.

Borden, K. A., Thomas, S. C., & Isaac, M. E. (2020). Variation in fine root
traits reveals nutrient-specific acquisition strategies in agroforestry
systems. Plant and Soil, 453, 139-151.

Bouma, T. J,, Nielsen, K. L., & Koutstaal, B. A. S. (2000). Sample prepara-
tion and scanning protocol for computerised analysis of root length
and diameter. Plant and Soil, 218, 185-196.

Burton, J. ., Perakis, S. S., McKenzie, S. C., Lawrence, C. E., & Puettmann,
K. J. (2017). Intraspecific variability and reaction norms of for-
est understorey plant species traits. Functional Ecology, 31(10),
1881-1893.

Buscardo, E., Geml, J., Schmidt, S. K., Freitas, H., Da Cunha, H. B., & Nagy,
L. (2018). Spatio-temporal dynamics of soil bacterial communities
as a function of Amazon forest phenology. Scientific Reports, 8(1),
1-13.

Buscardo, E., Souza, R. C., Meir, P., Geml, J., Schmidt, S. K., Da Costa, A.
C., & Nagy, L. (2021). Effects of natural and experimental drought
on soil fungi and biogeochemistry in an Amazon rain forest.
Communications Earth & Environment, 2(1), 55.

Chihara, L. M., & Hesterberg, T. C. (2022). Mathematical statistics with
resampling and R. John Wiley & Sons.

Colombi, T., Chakrawal, A., & Herrmann, A. (2022). Carbon supply-
consumption balance in plant roots: Effects of carbon use efficiency
and root anatomical plasticity. New Phytologist, 233(4), 1542-1547.

Comas, L. H., & Eissenstat, D. M. (2009). Patterns in root trait varia-
tion among 25 co-existing north American forest species. New
Phytologist, 182(4), 919-928.

Cordeiro, A. L., Norby, R. J., Andersen, K. M., Valverde-Barrantes, O.,
Fuchslueger, L., Oblitas, E., Hartley, I. P., Iversen, C. M., Gongalves,
N. B., Takeshi, B., & Lapola, D. M. (2020). Fine-root dynamics vary
with soil depth and precipitation in a low nutrient tropical forest
in the Central Amazonia. Plant-Environment Interactions, 1(1), 3-16.

Cornwell, W. K., & Ackerly, D. D. (2009). Community assembly and shifts
in plant trait distributions across an environmental gradient in
coastal California. Ecological Monographs, 79(1), 109-126.

Coyle, J. R, Halliday, F. W., Lopez, B. E., Palmquist, K. A., Wilfahrt, P. A,,
& Hurlbert, A. H. (2014). Using trait and phylogenetic diversity to
evaluate the generality of the stress-dominance hypothesis in east-
ern north American tree communities. Ecography, 37(9), 814-826.

Cusack, D. F., Addo-Danso, S. D., Agee, E. A., Andersen, K. M., Arnaud,
M., Batterman, S. A., Brearley, F. Q., Ciochina, M. |, Cordeiro, A.
L., Dallstream, C., & Diaz-Toribio, M. H. (2021). Tradeoffs and syn-
ergies in tropical forest root traits and dynamics for nutrient and
water acquisition: Field and modeling advances. Frontiers in Forests
and Global Change, 4, 704469.

da Silva, K. E., Martins, S. V., Alvares Soares Ribeiro, C. A., Terra Santos,
N., de Azevedo, C. P,, de Almeida Matos, F. D., & do Amaral, I. L.
(2011). Floristic composition and similarity of 15 hectares in Central
Amazon, Brazil. Revista de Biologia Tropical, 59, 1927-1938.

Eissenstat, D. M., Kucharski, J. M., Zadworny, M., Adams, T. S., & Koide,
R. T. (2015). Linking root traits to nutrient foraging in arbuscular
mycorrhizal trees in a temperate forest. New Phytologist, 208(1),
114-124.

Erktan, A., Roumet, C., Bouchet, D., Stokes, A., Pailler, F., & Munoz, F.
(2018). Two dimensions define the variation of fine root traits across
plant communities under the joint influence of ecological succes-
sion and annual mowing. Journal of Ecology, 106(5), 2031-2042.

Espeleta, J. F., & Clark, D. A. (2007). Multi-scale variation in fine-root
biomass in a tropical rain forest: A seven-year study. Ecological
Monographs, 77(3), 377-404.

Fontes, C. G., Chambers, J. Q., & Higuchi, N. (2018). Revealing the causes
and temporal distribution of tree mortality in Central Amazonia.
Forest Ecology and Management, 424, 177-183.

Freschet, G. T., Valverde-Barrantes, O. J., Tucker, C. M., Craine, J. M.,
McCormack, M. L., Violle, C., Fort, F., Blackwood, C. B., Urban-
Mead, K. R,, Iversen, C. M., & Bonis, A. (2017). Climate, soil and
plant functional types as drivers of global fine-root trait variation.
Journal of Ecology, 105(5), 1182-1196.

Grime, J. P.(1977). Evidence for the existence of three primary strategies
in plants and its relevance to ecological and evolutionary theory.
The American Naturalist, 111(982), 1169-1194.

Higuchi, N., Santos, J., Vieira, G., Ribeiro, R. J., Sakurai, S., Ishizuka, M.,
Sakai, T., Tanaka, N., & Saito, S. (1998). Analise estrutural da floresta
primaria da bacia do rio Cuieras, ZF-2, Manaus, AM, Brasil. In N.
Higuchi, M. A. A. Campos, P. T. B. Sampaio, & J. D. Santos (Eds.),
Pesquisas Florestais para a Conservacdo da Floresta e Reabilitacdo de
Areas Degradadas da Amazénia (pp. 51-82). INPA.

HilleRisLambers, J., Adler, P. B., Harpole, W. S., Levine, J. M., & Mayfield,
M. M. (2012). Rethinking community assembly through the lens
of coexistence theory. Annual Review of Ecology, Evolution, and
Systematics, 43, 227-248.

Hodge, A. (2004). The plastic plant: Root responses to heterogeneous
supplies of nutrients. New Phytologist, 162(1), 9-24.

Hofhansl, F., Chacén-Madrigal, E., Brannstrém, A., Dieckmann, U., &
Franklin, O. (2021). Mechanisms driving plant functional trait varia-
tion in a tropical forest. Ecology and Evolution, 11, 3856-3870.

Hogan, J. A., Valverde-Barrantes, O. J., Ding, Q., Xu, H., & Baraloto, C.
(2020). Morphological variation of fine root systems and leaves
in primary and secondary tropical forests of Hainan Island, China.
Annals of Forest Science, 77, 1-21.

Holdaway, R. J., Richardson, S. J., Dickie, I. A., Peltzer, D. A., & Coomes,
D. A. (2011). Species-and community-level patterns in fine root
traits along a 120 000-year soil chronosequence in temperate rain
forest. Journal of Ecology, 99(4), 954-963.

Jia, S., McLaughlin, N. B., Gu, J., Li, X., & Wang, Z. (2013). Relationships
between root respiration rate and root morphology, chemistry and
anatomy in Larix gmelinii and Fraxinus mandshurica. Tree Physiology,
33(6), 579-589.

85U8017 SUOWILLIOD @A 18810 3[dedldde ayy Aq peusenob ae ssjoiie YO ‘@S Jo SNl 10} ArIqIT8UIIUO A1 UO (SUONIPUOD-PUB-SULBIWO A8 | IMAleIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[5202/T0/.22] Uo Ak Tauluo A8]IM e IsNyeuRIyo0D AQ v/ T SErZ-GOET/TTTT 0T/I0P/W00 8| 1M ARIq Bul|UOS euIN0Kaq)/:Sdny Woly papeojumod ‘0 ‘SEFZS9ET


https://orcid.org/0000-0003-0617-0089
https://orcid.org/0000-0003-0617-0089
https://orcid.org/0000-0002-9183-6617
https://orcid.org/0000-0002-9183-6617
https://orcid.org/0000-0002-2654-7835
https://orcid.org/0000-0002-2654-7835

VALVERDE-BARRANTES ET AL.

Jones, F. A, Erickson, D. L., Bernal, M. A., Bermingham, E., Kress, W.
J., Herre, E. A., Muller-Landau, H. C., & Turner, B. L. (2011). The
roots of diversity: Below ground species richness and rooting distri-
butions in a tropical forest revealed by DNA barcodes and inverse
modeling. PLoS One, 6(9), e24506.

Jordan, C. F. (1985). Nutrient cycling in tropical forest ecosystems (p. 190).
Wiley.

Joslin, J. D., Wolfe, M. H., & Hanson, P. J. (2000). Effects of altered water
regimes on forest root systems. New Phytologist, 147(1), 117-129.

Kivlin, S. N., & Hawkes, C. V. (2016). Tree species, spatial heterogeneity,
and seasonality drive soil fungal abundance, richness, and compo-
sition in Neotropical rainforests. Environmental Microbiology, 18,
4662-4673.

Kong, D., Ma, C., Zhang, Q., Li, L., Chen, X., Zeng, H., & Guo, D. (2014).
Leading dimensions in absorptive root trait variation across 96 sub-
tropical forest species. New Phytologist, 203(3), 863-872.

Kong, D., Wang, J., Wu, H., Valverde-Barrantes, O. J.,, Wang, R., Zeng,
H., Kardol, P., Zhang, H., & Feng, Y. (2019). Nonlinearity of root
trait relationships and the root economics spectrum. Nature
Communications, 10(1), 2203.

Kooyman, R., Cornwell, W., & Westoby, M. (2010). Plant functional traits
in Australian subtropical rain forest: Partitioning within-community
from cross-landscape variation. Journal of Ecology, 98, 517-525.

Kraft, N. J. B., Valencia, R., & Ackerly, D. D. (2008). Functional traits and
niche-based tree community assembly in an Amazonian forest.
Science, 322, 580-582.

Kramer-Walter, K. R., Bellingham, P. J., Millar, T. R., Smissen, R. D.,
Richardson, S. J., & Laughlin, D. C. (2016). Root traits are multi-
dimensional: Specific root length is independent from root tis-
sue density and the plant economic spectrum. Journal of Ecology,
104(5), 1299-1310.

Kuzyakov, Y., & Xu, X. (2013). Competition between roots and microor-
ganisms for nitrogen: Mechanisms and ecological relevance. New
Phytologist, 198(3), 656-669.

Laliberté, E., Lambers, H., Burgess, T. I., & Wright, S. J. (2015). Phosphorus
limitation, soil-borne pathogens and the coexistence of plant spe-
cies in hyperdiverse forests and shrublands. New Phytologist,
206(2), 507-521.

Laughlin, D. C., Mommer, L., Sabatini, F. M., Bruelheide, H., Kuyper, T. W.,
McCormack, M. L., Bergmann, J., Freschet, G. T., Guerrero-Ramirez,
N. R., lversen, C. M., & Kattge, J. (2021). Root traits explain plant
species distributions along climatic gradients yet challenge the
nature of ecological trade-offs. Nature Ecology & Evolution, 5(8),
1123-1134.

Leuschner, C., Hertel, D., Schmid, I., Koch, O., Muhs, A., & Hdélscher, D.
(2004). Stand fine root biomass and fine root morphology in old-
growth beech forests as a function of precipitation and soil fertility.
Plant and Soil, 258, 43-56.

Liu, B., Li, H., Zhu, B., Koide, R. T., Eissenstat, D. M., & Guo, D. (2015).
Complementarity in nutrient foraging strategies of absorptive fine
roots and arbuscular mycorrhizal fungi across 14 coexisting sub-
tropical tree species. New Phytologist, 208(1), 125-136.

Liu, J., Mei, L., Gu, J., Quan, X., & Wang, Z. (2009). Effect of nitrogen
fertilization on fine root biomass and morphology of Fraxinus mand-
shurica and Larix gmelinii: A study with in-growth core approach.
Chinese Journal of Ecology, 28, 1-6.

Lugli, L. F., Andersen, K. M., Aragdo, L. E., Cordeiro, A. L., Cunha, H. F,,
Fuchslueger, L., Meir, P., Mercado, L. M., Oblitas, E., Quesada, C. A.,
& Rosa, J. S. (2020). Multiple phosphorus acquisition strategies ad-
opted by fine roots in low-fertility soils in Central Amazonia. Plant
and Soil, 450, 49-63.

Luizdo, R. C., Luizéo, F. J., & Proctor, J. (2007). Fine root growth and nu-
trient release in decomposing leaf litter in three contrasting vegeta-
tion types in central Amazonia. Plant Ecology, 192, 225-236.

Luo, W, Lan, R., Chen, D., Zhang, B., Xi, N., Li, Y., Fang, S., Valverde-
Barrantes, O. J., Eissenstat, D. M., Chu, C., & Wang, Y. (2021).

: 13
Egggt'??ﬁm Functional Ecology J—

Limiting similarity shapes the functional and phylogenetic struc-
ture of root neighborhoods in a subtropical forest. New Phytologist,
229(2), 1078-1090.

Luo, W., Valverde-Barrantes, O. J., Weemstra, M., Cahill, J. F., Jr., Wang,
Z.,He, D., Chen, Y., Chu, C., & Wang, Y. (2024). Leaf and root traits
are partially coordinated but they show contrasting multi-trait-
based community trait dispersion patterns in a subtropical forest.
Journal of Plant Ecology, 17(1), rtad045.

Makita, N., Hirano, VY., Sugimoto, T., Tanikawa, T., & Ishii, H. (2015).
Intraspecific variation in fine root respiration and morphol-
ogy in response to in situ soil nitrogen fertility in a 100-year-old
Chamaecyparis obtusa forest. Oecologia, 179, 959-967.

Makita, N., Kosugi, Y., Dannoura, M., Takanashi, S., Niiyama, K., Kassim,
A. R., & Nik, A. R. (2012). Patterns of root respiration rates and
morphological traits in 13 tree species in a tropical forest. Tree
Physiology, 32(3), 303-312.

Malhi, Y., Baker, T. R., Phillips, O. L., Almeida, S., Alvarez, E., Arroyo,
L., Chave, J., Czimczik, C. I, Fiore, A. D., Higuchi, N., & Killeen,
T. J. (2004). The above-ground coarse wood productivity of 104
Neotropical forest plots. Global Change Biology, 10(5), 563-591.

Martins, N. P., Fuchslueger, L., Fleischer, K., Andersen, K. M., Assis,
R. L., Baccaro, F. B., Camargo, P. B., Cordeiro, A. L., Grandis, A.,
Hartley, I. P., & Hofhansl, F. (2021). Fine roots stimulate nutrient re-
lease during early stages of leaf litter decomposition in the Central
Amazon rainforest. Plant and Soil, 469, 287-303.

McCormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez,
C. W,, Guo, D., Helmisaari, H. S., Hobbie, E. A., Iversen, C. M.,
Jackson, R. B., & Leppédlammi-Kujansuu, J. (2015). Redefining fine
roots improves understanding of below-ground contributions to
terrestrial biosphere processes. New Phytologist, 207(3), 505-518.

Meinen, C., Hertel, D., & Leuschner, C. (2009). Biomass and morphol-
ogy of fine roots in temperate broad-leaved forests differing in tree
species diversity: Is there evidence of below-ground overyielding?
Oecologia, 161, 99-111.

Metcalfe, D., Meir, P., Aragao, L. E. O., da Costa, A., Almeida, S., Braga, A.,
Gongalves, P., Athaydes, J., Malhi, Y., & Williams, M. (2008). Sample
sizes for estimating key ecosystem characteristics in a tropical
terra firme rainforest. Forest Ecology and Management, 255(3-4),
558-566.

Miyatani, K., Tanikawa, T., Makita, N., & Hirano, Y. (2018). Relationships
between specific root length and respiration rate of fine roots
across stands and seasons in Chamaecyparis obtusa. Plant and Soil,
423,215-227.

Mommer, L., Van Ruijven, J.,, De Caluwe, H., Smit-Tiekstra, A. E.,
Wagemaker, C. A., Joop Ouborg, N., Bégemann, G. M., Van Der
Weerden, G. M., Berendse, F., & De Kroon, H. (2010). Unveiling
below-ground species abundance in a biodiversity experiment:
A test of vertical niche differentiation among grassland species.
Journal of Ecology, 98(5), 1117-1127.

Ostonen, I., Puttsepp, U., Biel, C., Alberton, O., Bakker, M. R., L6hmus, K.,
Majdi, H., Metcalfe, D., Olsthoorn, A. F. M., Pronk, A., & Vanguelova,
E. (2007). Specific root length as an indicator of environmental
change. Plant Biosystems, 141(3), 426-442.

Pacala, S. W., & Tilman, D. (1994). Limiting similarity in mechanistic and
spatial models of plant competition in heterogeneous environ-
ments. The American Naturalist, 143(2), 222-257.

Paradiso, E., Jevon, F., & Matthes, J. (2019). Fine root respiration is more
strongly correlated with root traits than tree species identity.
Ecosphere, 10(11), e02944.

Pierick, K., Leuschner, C., & Homeier, J. (2021). Topography as a factor
driving small-scale variation in tree fine root traits and root func-
tional diversity in a species-rich tropical montane forest. New
Phytologist, 230(1), 129-138.

Pregitzer, K. S., Hendrick, R. L., & Fogel, R. (1993). The demography
of fine roots in response to patches of water and nitrogen. New
Phytologist, 125(3), 575-580.

85U8017 SUOWILLIOD @A 18810 3[dedldde ayy Aq peusenob ae ssjoiie YO ‘@S Jo SNl 10} ArIqIT8UIIUO A1 UO (SUONIPUOD-PUB-SULBIWO A8 | IMAleIq 1 [BU1|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[5202/T0/.22] Uo Ak Tauluo A8]IM e IsNyeuRIyo0D AQ v/ T SErZ-GOET/TTTT 0T/I0P/W00 8| 1M ARIq Bul|UOS euIN0Kaq)/:Sdny Woly papeojumod ‘0 ‘SEFZS9ET



VALVERDE-BARRANTES €T AL.

“ | | Functional Feol
SOCETY unctional £CoOlogy

Quesada, C. A., Lloyd, J., Schwarz, M., Patino, S., Baker, T.R., Czimczik, C.,
Fyllas, N. M., Martinelli, L., Nardoto, G. B., Schmerler, J., & Santos,
A. J. B. (2010). Variations in chemical and physical properties of
Amazon forest soils in relation to their genesis. Biogeosciences, 7(5),
1515-1541.

R Core Team. (2023). _R: A language and environment for statistical
Computing_. R Foundation for Statistical Computing. https://www.
R-project.org/

Read, Q. D., Henning, J. A., & Sanders, N. J. (2017). Intraspecific variation
in traits reduces ability of trait-based models to predict community
structure. Journal of Vegetation Science, 28(5), 1070-1081.

Reichert, T., Rammig, A., Fuchslueger, L., Lugli, L. F.,, Quesada, C. A., &
Fleischer, K. (2022). Plant phosphorus-use and-acquisition strate-
gies in Amazonia. New Phytologist, 234(4), 1126-1143.

Schaap, K. J., Fuchslueger, L., Hoosbeek, M. R., Hofhansl, F., Martins, N.
P., Valverde-Barrantes, O. J., Hartley, |. P, Lugli, L. F., & Quesada, C.
A. (2021). Litter inputs and phosphatase activity affect the tempo-
ral variability of organic phosphorus in a tropical forest soil in the
Central Amazon. Plant and Soil, 469, 423-441.

Schimann, H., Ponton, S., Hattenschwiler, S., Ferry, B., Lensi, R.,
Domenach, A.-M., & Roggy, J.-C. (2008). Differing nitrogen use
strategies of two tropical rainforest late successional tree species
in French Guiana: Evidence from *°N natural abundance and micro-
bial activities. Soil Biology and Biochemistry, 40(2), 487-494.

Stubbs, W. J., & Bastow Wilson, J. (2004). Evidence for limiting similarity
in a sand dune community. Journal of Ecology, 92(4), 557-567.

Swenson, N. G., & Enquist, B. J. (2007). Ecological and evolutionary de-
terminants of a key plant functional trait: Wood density and its
community-wide variation across latitude and elevation. American
Journal of Botany, 94(3), 451-459.

Trocha, L. K., Butaj, B., Kutczynska, P., Mucha, J., Rutkowski, P., &
Zadworny, M. (2017). The interactive impact of root branch order
and soil genetic horizon on root respiration and nitrogen concentra-
tion. Tree Physiology, 37(8), 1055-1068.

Valverde-Barrantes, O. J., Authier, L., Schimann, H., & Baraloto, C. (2021).
Root anatomy helps to reconcile observed root trait syndromes in
tropical tree species. American Journal of Botany, 108(5), 744-755.

Valverde-Barrantes, O. J., Horning, A. L., Smemo, K. A., & Blackwood,
C. B. (2016). Phylogenetically structured traits in root systems in-
fluence arbuscular mycorrhizal colonization in woody angiosperms.
Plant and Soil, 404, 1-12.

Valverde-Barrantes, O. J., Maherali, H., Baraloto, C., & Blackwood, C.
B. (2020). Independent evolutionary changes in fine-root traits
among main clades during the diversification of seed plants. New
Phytologist, 228(2), 541-553.

Valverde-Barrantes, O. J., Smemo, K. A., Feinstein, L. M., Kershner, M. W.,
& Blackwood, C. B. (2013). The distribution of below-ground traits is
explained by intrinsic species differences and intraspecific plasticity
in response to root neighbours. Journal of Ecology, 101(4), 933-942.

Valverde-Barrantes, O. J.,, Smemo, K. A., Feinstein, L. M., Kershner, M.
W., & Blackwood, C. B. (2015). Aggregated and complementary:
Symmetric proliferation, overyielding, and mass effects explain
fine-root biomass in soil patches in a diverse temperate deciduous
forest landscape. New Phytologist, 205(2), 731-742.

Vleminckx, J., Fortunel, C., Valverde-Barrantes, O., Timothy Paine, C. E.,
Engel, J., Petronelli, P., Dourdain, A. K., Guevara, J., Béroujon, S.,
& Baraloto, C. (2021). Resolving whole-plant economics from leaf,
stem and root traits of 1467 Amazonian tree species. Oikos, 130(7),
1193-1208.

Wang, G., Fahey, T. J., Xue, S., & Liu, F. (2013). Root morphology and ar-
chitecture respond to N addition in Pinus tabuliformis, west China.
Oecologia, 171, 583-590.

Weemstra, M., Freschet, G. T., Stokes, A., & Roumet, C. (2021). Patterns
in intraspecific variation in root traits are species-specific along an
elevation gradient. Functional Ecology, 35, 342-356.

Weigelt, A., Mommer, L., Andraczek, K., lversen, C. M., Bergmann, J.,
Bruelheide, H., Fan, Y., Freschet, G. T., Guerrero-Ramirez, N. R.,
Kattge, J., & Kuyper, T. W. (2021). An Integrated framework of plant
form and function: The belowground perspective. New Phytologist,
232(1), 42-59.

Weiher, E., & Keddy, P. A. (1995). Assembly rules, null models, and trait
dispersion: New questions from old patterns. Oikos (pp. 159-164).
Wiley.

Whitlock, M. C. (2005). Combining probability from independent tests:
The weighted Z-method is superior to Fisher's approach. Journal of
Evolutionary Biology, 18(5), 1368-1373.

Wieczynski, D. J., Boyle, B., Buzzard, V., Duran, S. M., Henderson, A. N.,
Hulshof, C. M., Kerkhoff, A. J., McCarthy, M. C., Michaletz, S. T,
Swenson, N. G., & Asner, G. P. (2019). Climate shapes and shifts
functional biodiversity in forests worldwide. Proceedings of the
National Academy of Sciences of the United States of America, 116(2),
587-592.

Yan, P., Fernandez-Martinez, M., Van Meerbeek, K., Yu, G., Migliavacca,
M., & He, N.(2023). The essential role of biodiversity in the key axes
of ecosystem function. Global Change Biology, 29(16), 4569-4585.

Yavitt, J. B., & Wright, S. J. (2001). Drought and irrigation effects on fine
root dynamics in a tropical moist forest, Panama 1. Biotropica, 33(3),
421-434.

Zadworny, M., McCormack, M. L., Mucha, J., Reich, P. B., & Oleksyn, J.
(2016). Scots pine fine roots adjust along a 2000-km latitudinal cli-
matic gradient. New Phytologist, 212, 389-399.

Zeng, W., Xiang, W., Zhou, B., Ouyang, S., Zeng, Y., Chen, L., Zhao, L., &
Valverde-Barrantes, O. J. (2020). Effects of tree species richness
on fine root production varied with stand density and soil nutrients
in subtropical forests. Science of the Total Environment, 733, 13934.

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
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Table S2. Analysis of variance results describing temporal and depth
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Amazon.
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tropical rainforest in Central Amazon.

Figure S1. Correlation between belowground functional traits at
different depths.
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