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o The dry and wet seasons in the Neotropics have strong effects on soil water and nutri-
ent availability, as well as on forest dynamics. Despite these major effects on forest
ecology, little is known on how leaf traits vary throughout the seasons in tropical rain-
forest trees.
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istics on leaf trait variation in two tropical tree species. We measured two leaf traits,
thickness and water mass per area, in 401 individuals of two species of Symphonia (Clu-
siaceae) in the Paracou research station in French Guiana tropical lowland rainforest.

e We found a significant effect of seasonal variation on these two leaf traits. Soil relative

Editor extractable water was a strong environmental predictor of leaf trait variation in
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response to seasonal variation. Reduced soil water availability during the dry season
was associated with increased leaf thickness and water mass per area, possibly as a
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INTRODUCTION

Strong seasonal variations in precipitation determine soil water
availability in tropical forests (Wagner et al. 2011; Bonal et al.
2016), leading to shifts in soil nutrient availability (Van Langen-
hove et al. 2021) and, ultimately, to variation in tree growth
(Wagner ef al. 2011) and survival (Aubry-Kientz et al. 2015).
However, to date few studies have investigated seasonal varia-
tion of leaf functional traits in tropical forests, including leaf
thickness. Gotsch et al. (2010) found that 26.7% of leaf trait
variation was linked to seasons in Costa Rican dry and wet for-
ests but, conversely, they found that most species had little varia-
tion in leaf thickness across seasons in both forest types. Such
studies are needed to ascertain whether the seasonal variation in
leaf traits must be considered for trait-based ecological research.
Leaf thickness is a functional trait, i.e. a phenotypic trait that
impacts fitness through its effect on individual performance
(Violle et al. 2007). Leaf thickness is part of the leaf economics
spectrum in which there are two opposite ecological strategies:
an acquisitive strategy with high photosynthetic carbon assimi-
lation, or a conservative strategy with high investment in leaf
defence and durability, observed among communities (Bruel-
heide et al. 2018), species (Wright et al. 2004), and individuals
(Schmitt et al. 2020). For instance, leaf thickness was shown to

result of stomatal closure.
e Our findings advocate the need to account for environmental seasonality when study-
ing leaf traits in seasonal ecosystems such as tropical forests.

vary with topography within and among species (Schmitt et al.
2020). Within individuals, studies have revealed variation in
leaf traits with irradiance between shade and sun leaves (Hul-
shof & Swenson 2010; Osnas et al. 2018), which may be con-
founded or independent of leaf variation associated with tree
height (Oldham et al. 2010).

A strong correlation between leaf thickness and leaf water
content has been found since the early 20th century (Bachmann
1922). One of the most conspicuous metrics of water status at
the leaf scale is indeed the water mass per leaf area (Tucker
1980; Seelig et al. 2008), which is positively linked with leaf
thickness. Further, it has been shown that leaf thickness has a
strong correlation with leaf relative water content (Meidner
1952; Barquez, 1987). During the dry season, soil water short-
ages and high vapour pressure deficit (VPD) can lead to embo-
lism formation in the hydraulic system (Brodribb 2017). To
avoid such stressful water deficits and to prevent drought-
induced damage, tree species that follow an isohydric strategy
close their stomata in dry conditions to prevent dehydration
and to reduce significant declines in water potential (Fisher et al.
2006). In contrast, anisohydric species keep their stomata open
during drought. In addition, stomatal closure, induced by high
VPD to prevent water loss, contributes to increasing leaf relative
water content (Schulze et al. 1972), consequently leading to
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increases in leaf thickness. In this context, experimental studies
have shown that increased leaf thickness is observed under
induced atmospheric or soil drought across species (Schulze et
al. 1972; Nautiyal ef al. 1994; Guerfel et al. 2009; Ennajeh et al.
2010).

Here, we addressed the effects of seasonal variations in cli-
mate and soil characteristics on leaf thickness and related leaf
water content per area. We controlled for the effect of tree
diameter, as a proxy of tree size and access to light, two factors
known for their effects on leaf trait variation within individuals
(Hulshof & Swenson 2010; Osnas et al. 2018). We measured
leaf traits in a large number of individuals (401 trees, > 10 cm
diameter at breast height, DBH) belonging to two Neotropical
tree species in a rainforest site located in the Guiana Shield that
experience marked seasonal variations in precipitation (Bonal
et al. 2008; Aguilos et al. 2018), and hence in soil water avail-
ability (Bonal et al. 2008; Wagner et al., 2011). For instance, in
2017 the mean precipitation per month was 364 mm in the
rainy season as compared to 47 mm in the dry season (months
with < 100 mm precipitation sensu Bonal et al. 2008). By com-
bining tree inventories, meteorological data and functional leaf
traits, we used Bayesian modelling to study the influence of
season on the variation in leaf thickness of the two tropical tree
species studied. We expected seasonal effects on leaf thickness,
with thicker leaves during the dry season, potentially resulting
from stomatal closure to prevent water loss, thus increasing leaf
water content.

MATERIAL AND METHODS
Study site

The study was conducted in the northernmost part of the Gui-
ana Plateau region, at the Paracou field station in French Gui-
ana. The site is characterized by average annual precipitation of
3,102 mm and average air temperature of 25.7°C (Aguilos et al.
2018). An ancient tropical forest grows in this area through a
succession of small hills reaching 10 to 40 m in elevation
(Gourlet-Fleury et al. 2004). We used 16 permanent inventory
plots at Paracou (i.e. fifteen 6.25-ha plots and one 25-ha plot)
where tree growth (i.e. DBH > 10 cm) has been surveyed every
1-2 years since 1984.

Climate data

Microclimate data for the year 2017 were extracted from the
long-term climate database of the Guyaflux eddyflux site (Bonal
et al. 2008; Aguilos et al. 2018). Global radiation (CNRI, Kipp
and Zonen, Bohemia, NY, USA), air temperature and humidity
(HMP45; Vaisala, Helsinki, Finland), rainfall (ARG100; EM,
Sunderland, UK) and wind direction and speed (A05103-5; R.M.
Young, Traverse City, MI, USA) were measured above the
canopy on top of a 55-m high tower or at 30-m height. Vapour
pressure deficit above the canopy (VPD, kPa) and Penman evap-
otranspiration (PET, mm) were calculated based on these mea-
surements. A datalogger (CR23X; Campbell Scientific, Logan,
UT, USA) was used to collect meteorological data at 1-min inter-
vals and to compile data as 30-min averages or sums. Rainfall
data were incorporated into a soil water balance model (Wagner
et al. 2011) to estimate relative extractable water (REW) for trees
from the soil surface down to 3 m depth.

Overlooked seasonal variation in leaf thickness

Plant material

The genus Symphonia (Clusiaceae) includes the evergreen trop-
ical rainforest trees of the botanically described species Sym-
phonia globulifera L.f., which contains two locally recognized
morphotypes in French Guiana, S. globulifera sensu stricto and
Symphonia sp. 1 (Molino & Sabatier 2001). These two morpho-
types occur in sympatry but in different habitats, with S. globu-
lifera preferentially growing in valley bottoms and S. sp. I
preferentially exploiting a variety of drier habitats (Schmitt
2020; Allié et al. 2015). We sampled 401 individuals of the
Symphonia genus, 232 S. sp. 1 and 169 S. globulifera sensu
stricto. In 2017, the dry season (months with < 100 mm precip-
itation; sensu Bonal et al. 2008) lasted 3 months, from August
to October. We sampled the 401 individuals (each individual
sampled once) over an 8-week time period from October (dry
period) to December (wet period) 2017, overlapping both the
dry and rainy seasons (Fig. 1). Trees with DBH > 10 cm were
randomly selected across all plots, spanning the natural distri-
bution of tree diameters and topographic habitats. For each
tree, five mature and healthy leaves were sampled at the top of
the crown using a slingshot sampling device (BIG SHOT; Sher-
illTree, Greensboro, NC, USA). To avoid desiccation, leaves
were kept in darkness in humidified ziplock bags containing
CO,-enriched air. Leaf trait measurements were carried out
within 6 h after sampling. Access to light for each sampled tree
was visually assessed using the Dawkins index (Dawkins 1958).
The sampling protocol is further described in Schmitt et al.
(2020).

Measurement of leaf traits

We measured leaf thickness (LT, um) on fresh leaves using a
micrometer with precision of 1 pm. The average thickness of
each leaf was calculated from three measurements taken on
both sides of the blade, avoiding the midrib. Leaves were then
oven-dried for at least 72 h and water mass per leaf area
(WMA, g m™?) calculated as leaf fresh weight minus dry weight
divided by leaf area. Leaf fresh and dry weights were measured
on an analytical balance with precision 0.001 g (Denver Instru-
ments, New York, USA), and leaf area was quantified using the
Image] software (Schneider et al. 2012) on scanned images of
fresh leaves with a precision of 0.01 cm® The petiole was
removed for all measurements.

Descriptors of leaf traits

Relative extractable water (REW; Wagner et al. 2011), which is
the daily available soil water standardized by the potentially
available water in soil, was selected from the many correlated
weather descriptors (Fig. 1; Fig. S1) given its ecological signifi-
cance. REW captures soil water filling and root water extrac-
tion, which are important factors in soil water dynamics and
hence might represent the response of tropical forests to rain-
fall.

The DBH (cm) was chosen to control for tree size (O’Brien
et al. 1995; Zhang et al. 2004). DBH values of sampled individ-
uals were retrieved from the 2017 inventory of the Paracou per-
manent plots. Average DBH was 35.2 £ 19.0 cm for S.
globulifera and 26.0 &+ 11.0 cm for S. sp. 1. Given that leaf
thickness has been shown to increase toward a plateau with tree
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size, we log-transformed DBH to obtain a linear effect of DBH
on leaf thickness (Schmitt et al. 2020).

Analyses

We used linear mixed models with REW, the logarithm of
DBH, and species fixed effects on the intercept and the slope of
REW, combined with a random effect of individuals on the
intercept, to explain functional traits (FT), i.e. leaf thickness
(LT) and water mass per area (WMA). This was the model with
better likelihood among the tested models without interaction
(Fig. S2), and the interaction was not significant for this model
(Fig. S3).

Functional trait FTj;; for leaf | belonging to individual
i€[L;I] in species s € [1;5] was inferred with a log-normal dis-
tribution using the following formula:

FTy;s ~ logN(log[as +7; + Brew,s-REW; + ﬁDBH‘lOgDBHi} , 0)

With y; ~ N(0, o;)where a; is the mean functional trait value
of species s, y; is the individual random effect centred on 0 vari-
ance o7, and frpy s and Bppy are the slopes of REW for each
species and for logDBH effects, respectively. REW and the loga-
rithm of DBH were normalized to improve model inference
and enable comparison of covariates. A Bayesian method was
used to infer parameters using ‘stan’ language (Carpenter et al.
2017; stan code available in Model S1) and the ‘rstan’ package
(Stan Development Team 2018) in the R environment (R Core
Team 2020).

RESULTS

Leaf thickness (LT) and water per mass area (WMA) showed a
high and significant positive correlation in Symphonia species
in French Guiana (Pearson’s R = 0.56, P < 10~'3; Fig. S1).
Relative extractable water (REW) and DBH both had a signifi-
cant effect on leaf thickness and WMA (Table 1, Figs 1 and 2).
REW had a significant negative effect on LT (Figs 1 and 2) for
both S. globulifera (—45 pm; Table 1) and S. sp. 1 (—45 pm;
Table 1), and a negative effect on WMA that was significant for
S. globulifera (—15 gm™% Table 1) but was not significant for S.
sp. 1 (=4 gm™% Table 1). DBH had a significant positive effect

§ observed daily and five-day rainfall (mm) and relative
400 S extractable water between October and December,
(% respectively from left to right and top to bottom. Black
r 2002 box plots represent daily and five-day distribution of
E  measured leaf thickness among Symphonia individuals.
lo ~  Blue and black lines represent polynomial regressions for
déc. 15 weather data and leaf thickness data, respectively.

Table 1. Parameter estimates for the model for functional trait variation,
i.e. leaf thickness (LT) and water mass per area, with relative extractable
water (REW) and log-transformed diameter at breast height (DBH). The table
includes the median + SE of the posteriors of parameters: mean leaf trait
value (as) for S. globulifera and S. sp.1, the slope of REW effect (Bggy,) for
S. globulifera and S. sp. 1, the slope of logDBH effects on both species (8pg4)
and individual (s)) and residual (o) variations. Significant parameters at a
level of 5% are given in bold.

Leaf thickness Water mass per

Parameter Species (LT pum) area (WMA g m~2)
as S. globulifera 316 + 5 208 + 3

as S.sp.1 284 + 4 185 + 3

Brew S. globulifera —45 + 5 -15+3

Brew S.sp.1 -41+ 4 -442

Posr 31+3 1M1 +2

o 55+ 2 33+ 1

c 0.09 + 0 0.19 + 0.03

on both LT (31 pm; Table 1, Fig. 2) and WMA (11 gm_z;
Table 1). To summarize, an increase in REW drove a decrease
in LT and a decrease in leaf water content, while an increase in
tree size drove an increase in LT and in leaf water content. Note
that the addition of an interaction between REW and DBH was
negative, although slightly insignificant for LT (Fig. S3), indi-
cating that, for example, an increase in LT at low REW might
be stronger for large trees than for small ones (Fig. S5).

DISCUSSION

The dry and wet seasons in the Neotropics have strong effects
on soil water and nutrient availability, as well as on forest tree
dynamics. Despite these major effects on forest ecology, little is
known about how leaf traits vary throughout the seasons in
tropical rainforest trees. In our study, we evidenced a signifi-
cant effect of season through the effect of REW on two leaf
traits, thickness and WMA (Fig. 1). Relative extractible water
captures the most important factors in soil water dynamics in
response to rainfall. We found that reduced soil water availabil-
ity during the dry season increases LT and WMA. This increase
in leaf thickness and water content might result from stomatal
closure during the dry season (Schulze et al. 1972; Maroco
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Fig. 2. Leaf thickness variation with relative extractable 100
water. Predicted leaf thickness of species with points
indicating observed leaf thickness in Paracou, and solid

line leaf thickness variation with relative extractable
water for a diameter at breast height fixed to the mean.
The colour indicates the species, with S. globulifera in
blue and S. sp.1 in red.

et al. 1997) in Symphonia individuals. Our results illustrate that
accounting for environmental seasonality improves our under-
standing of the variations in leaf traits in seasonally variable
ecosystems, such as tropical forests, and should therefore be
carefully considered in the measurement protocols for leaf
functional traits.

Thickening of leaves during the dry season

We found a strong and significant effect of season on LT and
WMA, with a thickening of leaves during the dry season as a
result of reduced seasonal water availability. During the dry
season, plants are exposed to reduced soil water availability,
which, together with increased VPD, places the plant hydraulic
system under significant strain (Choat et al. 2018; Grossiord et
al. 2020). Such increases in water deficit and VPD can lead to
stomatal closure of isohydric species, a physiological reaction
to prevent dehydration and to reduce significant declines in
leaf water potential (Brodribb, 2017). Symphonia species might
therefore respond to dry conditions by closing their stomata to
cope with the water shortage. The effect of REW on LT and
WMA of Symphonia species is larger and more significant for
S. globulifera than for S. sp. 1. Symphonia globulifera preferen-
tially grows in valley bottoms (Schmitt et al. 2021) that experi-
ence seasonal flooding, which may explain the increased
response of S. globulifera to seasonality. This kind of stomatal
behaviour has often been found for other tree species within
the Amazon forests (Fisher et al. 2006; Stahl et al. 2013). More-
over, Baraloto et al. (2007) revealed a decrease in stomatal con-
ductance under drought conditions for individuals of
Symphonia species grown in greenhouse conditions, suggesting
active stomatal control of water loss in Symphonia species.

0.6 08 1.0
Relative extractable water

- 8. globulifera — S. spl

Recent studies also revealed drought avoidance in Symphonia
species, with decreased sap flow rates in the dry season associ-
ated with very negative midday leaf water potentials (Ziegler
et al. 2019; Ziegler 2021). Stomatal closure is known to increase
leaf water content (Schulze et al. 1972; Maroco et al. 1997),
which may contribute to the leaf thickening that we observed
in the dry season. Furthermore, other studies have shown an
increase in the thickness of palisade and spongy parenchyma of
leaves experiencing low water deficits in drought-resistant spe-
cies (Nautiyal et al. 1994; Guerfel et al. 2009; Ennajeh et al.
2010). In addition, the lack of a significant interaction between
seasonality and tree size suggests an increased effect of season-
ality on larger, more water-consuming trees, which should be
explored in future studies.

Relative extractable water (REW) explains leaf thickening
better than direct precipitation measurements (Fig. 1). REW
has been shown to capture soil water dynamics in response to
precipitation (Wagner et al. 2011). Thus, our results show that
leaf thickening is mediated mainly by soil water processes
rather than by a direct response to atmospheric conditions.
This is because precipitation is a discrete measure of water
availability, whereas REW integrates water supply and loss,
through evaporation and drainage over time.

Implications for trait-based studies

Our results illustrate that accounting for seasonality improves
our understanding of the variation in leaf traits in seasonally
variable ecosystems, such as tropical forests. Our findings thus
have strong implications for sampling design in studies mea-
suring leaf functional traits. We encourage future studies deal-
ing with community-wide measurements of functional traits to
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sample within the same season to reduce potential trait vari-
ability induced by seasonal environmental variations. A priori,
we expect seasonality to affect leaf functional traits less than
other strong determinants, such as species identity
(Aas > Prpws). The observed effects of topography, which
is related to nutrient availability (Schmitt et al. 2021), on
leaf thickness (—0.585 and 0.07 in Schmitt et al. 2020)
were similar or smaller than those of seasonality (—0.524
and —0.477 in this study when normalizing LT). Moreover,
our study stresses the importance of measuring leaf traits
with fully rehydrated leaves, following the recommendations
of Pérez-Harguindeguy et al. (2013) in seasonally variable
ecosystems. Experimental rehydration protocols have been
recently established and show that, on average, detached
leaves can effectively rehydrate to nearly saturated water
content within ca. 8 h (John etal. 2018; Trueba et al
2019). The application of such rehydration protocols before
measurements might help to standardize leaf thickness esti-
mations on turgid leaves closer to their saturated water
content, ultimately leading to more reliable comparisons
within and across studies.

The strength of the seasonal effect found here supports the
need for further studies on the importance of environmental
seasonality on leaf trait measurements. As stressed above, a
decrease in soil water potential combined with an increase in
local VPD during the dry season might drive stomatal closure
to prevent desiccation. Gas exchange measurements across dif-
ferent seasons would allow us to confirm the hypothesis that,
under dry conditions, stomatal closure is the mechanism lead-
ing to the increases in leaf thickness that we observed in Sym-
phonia. Finally, to better assess seasonal variation in leaf traits,
future studies should focus on repeated measurements on the
same individuals or even the same leaves over time, season and
years, and consider more species (Gotsh ef al. 2010), while also
controlling for tree ontogenic life stage, height and access to
light.
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