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Abstract

Premise: Although ecological differentiation driven by altitude and soil is hypothesized to
promote coexistence of sympatric tree species of Damburneya (Lauraceae), the mechanistic
role of leaf functional variation on ecological differentiation among co-occurring species
remains unexplored. We aimed to determine whether the patterns of leaf trait variation
reflect ecological differences among sympatric Damburneya species. We tested whether trait
correlations underlying functional strategies and average species traits vary in response to
local soil heterogeneity along an altitudinal gradient, potentially affecting species
distributions.

Methods: At two contrasting altitudes (100, 1100 m a.s.l.) in a Mexican tropical rainforest,
we characterized soil chemical and physical properties and sampled four Damburneya
species to quantify five leaf functional traits. We used linear models to analyze paired and
multivariate trait correlations, spatial and interspecific effects on trait variation, and trait
response to local soil heterogeneity. Relative contributions of intra- and interspecific
variation to local trait variability were quantified with an ANOVA.

Results: Soil nutrient availability was higher at low altitude, but all species had a high
leaf N:P ratio across altitudes suggesting a limited P supply for plants. Species
distribution differed altitudinally, with some species constrained to low or high
altitude, potentially reflecting soil nutrient availability. Leaf traits responded to
altitude and local soil properties, suggesting interspecific differences in functional
strategies according to the leaf economics spectrum (conservative vs. acquisitive).
Conclusions: The interspecific divergence in functional strategies in response to local
environmental conditions suggests that trait variation could underlie ecological
differentiation among Damburneya sympatric species.

KEYWORDS

closely related species, ecological differentiation, environmental gradient, Lauraceae, leaf economics
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Resumen en Espaiiol

Premisa: Aunque se ha propuesto que la diferenciacién ecoldgica impulsada por la
variacion del suelo y la altitud ha promovido la coexistencia de especies arbdreas
simpatricas de Damburneya (Lauraceae), el papel de la variacion de funcional
foliar como mecanismo para explicar las diferencias ecoldgicas entre especies que
coocurren sigue sin explorarse. Nuestro objetivo fue determinar si los patrones de variaciéon
de los rasgos funcionales foliares reflejan diferencias ecoldgicas entre especies simpatricas de
Damburneya. Hipotetizamos que, tanto las correlaciones entre los rasgos que determinan
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las estrategias funcionales, como los valores promedio de los rasgos de las especies, varian
en respuesta a la heterogeneidad local del suelo a lo largo de un gradiente altitudinal,
afectando potencialmente la distribucién de las especies.

Método: En dos altitudes contrastantes (100, 1000 m s.n.m) en una selva himeda
tropical mexicana caracterizamos propiedades fisicas y quimicas del suelo y
muestreamos cuatro especies de Damburneya para cuantificar cinco rasgos
funcionales foliares. Usamos modelos lineales para analizar las correlaciones pareadas
y multivariadas entre rasgos, los efectos espaciales e interespecificos en la variacion de
rasgos, v la respuesta de los rasgos a la heterogeneidad local del suelo. Ademas,
cuantificamos la contribucion relativa de la variacién intra- e interespecifica en la
varianza local de los rasgos con un analisis de varianza.

Resultados: La disponibilidad de nutrientes en el suelo fue mayor en la zona baja, pero
todas las especies tuvieron valores altos de N:P foliar en ambas altitudes, lo que sugiere un
suministro limitado de P para las plantas. La distribucién de las especies difirio
altitudinalmente y algunas de ellas se restringieron a zonas altas o bajas, reflejando
potencialmente la disponibilidad de nutrientes en el suelo. Los rasgos foliares respondieron
a la altitud y a las propiedades edaficas locales, sugiriendo diferencias interespecificas en las
estrategias funcionales segtin el espectro de economia foliar (conservativa vs. adquisitiva).
Conclusiones: La divergencia interespecifica en las estrategias funcionales en
respuesta a las condiciones ambientales locales sugiere que la variacion de rasgos
podria explicar algunas diferencias ecoldgicas entre las especies simpatricas de
Damburneya.

PALABRAS CLAVE
diferenciacion ecologica, efectos topograficos, especies cercanamente emparentadas, espectro de economia
foliar, gradiente ambiental, heterogeneidad del suelo, Lauraceae, México, rasgos funcionales foliares, selva

humeda tropical

Closely related species are expected to have similar
phenotypes and conserved ecological niches (Wiens and
Graham, 2005); consequently, the ecological differences
between them can greatly impact their performance,
coexistence within communities, and evolution (MacArthur
and Levins, 1967; Chesson, 2000). Several differences in
species’ niches, ecological strategies, and other factors
promoting plant species coexistence can be robustly
assessed by analyzing the environmental effects on func-
tional trait variation across species (Reich et al., 1999; Mcgill
et al., 2006; Violle and Jiang 2009; Adler et al, 2013;
Carmona et al., 2016). Functional traits are physiological or
morphological features that affect the individuals’ survival,
growth, or reproduction and determine their responses to
the environment (Violle et al., 2007). Variation in leaf
functional traits can drive ecological niche differentiation
whenever it favors differential performance among plant
species along environmental gradients. Trait-driven ecolog-
ical differentiation can be promoted by mechanisms that
affect species abundance, distribution and competition at a
local scale such as spatial and temporal heterogeneity,
resource partitioning, and natural enemy attack (Adler
et al., 2013).

Functional trait correlations reflect trade-offs underlying
plant strategies that vary across species depending on
resource availability (Reich et al., 2003; Wright et al., 2004;
Shipley et al., 2006; Reich, 2014; Maynard et al., 2022). A
key example is the worldwide leaf economics spectrum

(LES) that describes global patterns in leaf trait correlations
and variation across species encompassing plant functional
strategies from slow to fast resource uptake, use, and return
along environmental gradients. The LES is based on trade-
offs between light capture, photosynthetic carbon-gain rates,
nutrient use, leaf longevity and turnover, and resource
investment in tissue construction (Reich et al., 1999; Wright
et al., 2004; Shipley et al., 2006, Diaz et al., 2016; Onoda
et al., 2017).

Briefly, species with an “acquisitive” strategy have a fast
return of biomass and nutrient investment. They are
expected to have high leaf nutrient concentrations and
photosynthetic rates, with low investments in leaf mass per
area and leaf lifespan that allow high rates of leaf turnover.
In contrast, “conservative” species with slow return have
increased construction costs due to high mass investment
and long lifespan. They usually have low nutrient concen-
trations and carbon-gain rates, and reduced vulnerability to
physical damage and herbivory. The patterns of leaf trait
correlations underlying these functional strategies can be
widely affected by the simultaneous effect of several
environmental factors like soil properties (Koerselman and
Meuleman, 1996; Aerts and Chapin, 2000; Campo et al.,
2014; Roa-Fuentes et al., 2015a), herbivory, climate, and
water and light availability (Campo and Dirzo, 2003; Wright
et al., 2004; Hodgson et al., 2011).

Nevertheless, several studies report that trait relation-
ships predicted by the LES at a global scale do not
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necessarily hold at local scales, in part because the LES does
not consider local drivers of trait variation like intraspecific
variation (Violle et al., 2012; Niinemets, 2015; Messier et al.,
2017; Anderegg et al., 2018; Fajardo and Siefert, 2018).
Furthermore, the LES predictions can also fail to hold
between closely related species owing to environmental
variation, and the effects of natural selection on particular
trait combinations within and between species (Donovan
et al., 2011; Mason and Donovan, 2015; Muir et al.,, 2017;
Agrawal, 2020; Ji et al, 2020). Thus, the assessment of
intraspecific variation, and the contrast of local trait
correlations with those expected according to the LES could
be a helpful approach to disentangle the constraints to
functional variation in sympatric closely related plant
species.

Our research is focused on a group of species from the
genus Damburneya Raf. (Lauraceae) that diversified in
tropical rainforests of southern Mexico and northern Central
America (Rohwer, 1993). Some of these species are locally
abundant (Popma et al, 1988) and constitute genetic
reservoirs for tropical rainforest regeneration (Arroyo-
Rodriguez et al, 2009; Sanchez-Gallen et al.,, 2010). Their
fruits are an important food source for birds, rodents, and
insects, and the trees are used locally for timber (Rohwer,
1993). As with other Lauraceae in Mexico, Damburneya trees
are threatened by deforestation (Lorea-Herndndez, 2002,
2011; de Kok, 2020a, 2020b, 2020c). Despite this threat,
ecological studies of most species of this genus (and even of
the Lauraceae more broadly) are still scarce due to complex
taxonomy and difficulty in collecting samples from tall trees.
Distinguishing species in the field is challenging because
identification often requires the examination of flowers or
fruits, which are produced at intervals of several years and
thus not always available (Rohwer, 1993; van der Werff and
Richter, 1996; Lorea-Hernandez, 2002).

Although all Damburneya species have ornithochorous
seed dispersal (i.e., by birds), sympatric species usually differ
in their local abundance and distribution, suggesting that
ecotypic differentiation has a key role in their speciation
(Rohwer and Kubitzki, 1993). This divergence process likely
occurred by edaphic specialization, altitudinal sorting, and
other factors such as phenological isolation (Rohwer and
Kubitzki, 1993). Elevation and soil nutrient variation are
local environmental drivers of plant distribution and
ecological differentiation in other Lauraceae (van der Werff,
1992; Sri-Ngernyuang et al., 2003; Srinivas and
Krishnamurthy, 2019). Ecological divergence between
sympatric Damburneya in response to such environmental
variation seems to be common (Rohwer and Kubitzki,
1993); however, the role of leaf functional trait variation on
ecological differentiation has been unexplored.

Here we aimed to determine whether sympatric species
of Damburneya, co-occurring in the tropical rainforest at
Los Tuxtlas Biosphere Reserve, display ecological differ-
ences in leaf functional traits and to describe how traits vary
in relation to soil heterogeneity along an altitudinal
gradient. Specifically, we hypothesized that Damburneya

species differ in (1) leaf trait correlation patterns and
consequently, in functional strategies, and in (2) leaf trait
variation in response to the soil heterogeneity at high and
low altitudes. Furthermore, we aimed to analyze the effects
of functional strategies and soil physical and chemical
variation on local patterns of abundance and distribution
along the altitudinal gradient. To this end, we characterized
the distribution of four Damburneya species co-occurring in
the studied area and analyzed the correlations between five
leaf functional traits. Moreover, we assessed how leaf trait
variation responds to soil heterogeneity and the extent to
which it is determined locally by inter- and intraspecific
variation. Finally, we discuss our findings in light of the
drivers of leaf functional trait variation and its potential
implications considering the current threats to Damburneya
species.

MATERIALS AND METHODS
Study site

The study was conducted in August 2018 in well-preserved
areas of mature tropical rainforest within the core zone
of Los Tuxtlas Biosphere Reserve at the San Martin
Volcano. The altitudinal gradient ranges from sea level to
1700 ma.s.l. and impacts the local temperature and the
precipitation regimes (Gutiérrez-Garcia and Ricker, 2011).
The regional climate is perhumid (based on the Lang aridity
index, the annual ratio of precipitation to temperature
is greater than 100). With increasing altitude, the mean
annual temperature decreases (from 23-24°C at 1100 m a.s.l.
to 20-21°C at 100 ma.s.l.) and the mean annual precipita-
tion increases (from 4000-5000 mm at 100ma.sl. to
6000-7000 mm at 1100 ma.s.l.). The precipitation varies
through the year and is concentrated in the rainy season
(June to February), while monthly precipitation can drop
below 100 mm during the dry season (March to May;
Gutiérrez-Garcia and Ricker, 2011). In addition, the forest
canopy is more open at higher altitudes allowing more light
entrance in comparison to lower altitudes (maximum
illuminance: 8331.34Ix at 1100ma.sl. to 5941.731x at
150 m a.s.l., L. Giraldo-Kalil, unpublished data).

The mountain ranges in this region originated from
volcanic activity; as a result, soils are young, and their
physical and biological properties are spatially variable
(Flores-Delgadillo et al., 1999; Krasilnikov et al., 2013). Soils
in low altitudes are entisols, including typic ustorthents and
lithic ustorthents (Tobon et al., 2011), and at high altitudes
are predominantly andisols (Sommer-Cervantes et al,
2003). Soil drainage is good at high altitudes and moderate
at low altitudes (Siebe et al., 1996).

The Los Tuxtlas region sustains more than 40% of the
floristic richness of the tropical rainforest of Mexico
(Villasenor et al., 2018). However, changes in land cover
and land-use for livestock have caused soil chemical,
physical and biological degradation (Figueroa et al., 2020)
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and the loss of approximately 60% of the original vegetation
cover (von Thaden et al., 2020).

Study system

This study focused on the four Damburneya species
reported for the state of Veracruz and for Los Tuxtlas
Biosphere Reserve (Ibarra-Manriquez and Sinaca-Colin,
1995; Lorea-Hernandez, 2002): Damburneya ambigens (S.F
Blake) Trofimov, Damburneya colorata (Lundell) Trofimov,
Damburneya gentlei (Lundell) Trofimov, and Damburneya
salicifolia (Kunth) Trofimov. These four tree species were
formerly included in the genus Nectandra Rol. ex Rottb. and
were recently reinstated in the genus Damburneya Raf. by
Trofimov et al. (2016).

The species differ in altitudinal range, distribution, and
stature. Damburneya ambigens and D. gentlei are distributed
in lowland tropical rainforests from southern Mexico to
Honduras (Rohwer, 1993) and are locally used for timber
(Ibarra-Manriquez and Sinaca-Colin, 1995). Generally, D.
ambigens occurs from sea level up to 1100 ma.sl. and is
abundant in the upper canopy of forests in the study area
(Bongers et al., 1988; Dirzo et al., 1997). In contrast, D. gentlei
is usually restricted to altitudes below 300 m a.s.l. (Rohwer,
1993). Both species are large trees, reaching 35 m or more in
height. Unlike most Lauraceae species, D. salicifolia can resist
disturbed conditions (Lorea-Herndndez, 2002); it occurs in
soils with different fertility (Rohwer, 1993) at a wide
altitudinal range from sea level up to 2300 ma.s.l., and is
distributed from Mexico to Nicaragua (Rohwer, 1993). The
distribution and variety of habitats where this species occurs
suggest high ecological plasticity (Rohwer and Kubitzki,
1993). The trees of D. salicifolia range from 10 to 20 m in
height, and the wood is used for construction (Rohwer, 1993;
Ibarra-Manriquez et al., 1997). Moreover, D. salicifolia has
been described as a species complex because its phenotypic
variation has led to several local forms from which very
similar Damburneya species originated, making them diffi-
cult to distinguish (Rohwer, 1993). Indeed, D. colorata is part
of the D. salicifolia complex, but contrary to that species, it is
rarely found and reports of it in the study area and through
its entire distribution have been very scant. The trees of D.
colorata can reach 25 m in height and are used as firewood
(Rohwer, 1993). The species is found in forests at altitudes
close to 650ma.sl in southern Mexico, Belize, and
Guatemala (Rohwer, 1993).

Sampling design

We established six 1-ha rectangular plots (200 x 50 m) in a
mature tropical rainforest to characterize the distribution of
Damburneya trees and soil variation in the study area. The
plots were located in two zones with contrasting altitudes to
encompass the variation in soil properties and species
distribution and abundance. Three plots were established at

low altitude below 300 ma.s.l. and three at high altitude
between 675 and 1100ma.sl. The plots were located
between 18°32'N and 18°35'N, and 95°4'W. To characterize
soil properties, we collected 10 soil samples per plot at two
depths (0-10 and 10-20 cm); we used a soil auger to sample
along a diagonal line covering the soil variation across the
plot. The soil samples were homogenized, sifted (2-mm
mesh), and refrigerated in plastic bags until processed in the
laboratory.

All trees of Damburneya in each plot with a diameter at
breast height (DBH) > 1 cm were tagged, sampled, and their
geographic coordinates recorded with a portable GPS
(Garmin Oregon 550; Garmin, Olathe, KS, USA). We
collected one to three branchlets and up to 25 mature fully
expanded green leaves per tree, including shade and sun
leaves, and avoided leaves damaged by pathogens and/or
herbivores. Leaf samples were stored in black plastic bags
with water to keep them hydrated and avoid transpiration
until processing in the laboratory. Fresh leaves with petioles
were photographed beside a millimeter scale, then oven-
dried and individually weighed to record the dry mass. A
branchlet sample per tree was preserved as a reference
voucher to confirm species identity with the help of Dr.
Francisco Lorea, a specialist in the Lauraceae. The vouchers
of 26 representative specimens of the four species were
deposited in three herbaria (Appendix S1).

Soil physicochemical, physical, and chemical
properties

We quantified the following soil properties from air-dried
subsamples: soil pH, soil texture, and soil organic carbon
(SOC), total nitrogen (STN), ammonium (NH,), nitrate
(NO;), total and available phosphorus (STP and SAP,
respectively) concentrations, and the C:N and NO;:NH,
ratios.

The pH of the soil was measured in a water suspension
with a pH meter. Soil texture was characterized by
determining the clay, sand, and silt contents with a density
analysis (Elliott et al., 1999) and classified with the texture
triangle. Soil organic C was analyzed in an automated
C-analyzer (SHIMADZU 5005 A) after an air-dried sub-
sample (5g) was ground and passed through a 100-mesh
screen. The STN and STP in a soil subsample (1 g) were
determined after Kjeldahl acidic digestion in concentrated
H,SO, (Anderson and Ingram, 1993), and the concentra-
tions of N and P were quantified with an NP elemental
analyzer (Technicon Autoanalyzer III, methods G-188-97
and G-189-97, respectively). To determine mineral N
concentrations, NO; and NH,, were extracted from a
subsample (15 g) of each composite soil sample in 100 mL
2M KCI (Sollins et al., 1999) by shaking for 1h and
allowing the sample to settle overnight. A 20-mL aliquot of
the supernatant was then transferred into vials and frozen
for later analysis. All KCl extracts were analyzed colorimet-
rically using the NP autoanalyzer system to determine



1398 |

ECOLOGICAL DIFFERENTIATION OF DAMBURNEYA SPECIES

NO;-N + NO,-N (method G-109-94), which were reported
as NO; concentration. The salicylate-hypochlorite proce-
dure (method G-102-93) was employed to determine NH,
concentration.

Soil available P was extracted from a soil subsample (0.5 g)
in 30 mL of 0.5N NaHCO; by shaking for 16 h. The sample
was centrifuged at 10,000 rpm at 0°C for 10 min, then digested
with ammonium persulfate (Anderson and Ingram, 1993),
and later analyzed on a NP autoanalyzer system (method G-
304-04) by the molybdate method after ascorbic acid
reduction (Murphy and Riley, 1962) to determine available
P concentration. The NaHCOj; extract provides a measure of
relative labile and plant-available P, including readily solubi-
lized inorganic P and mineralized organic P (Lajtha et al,
1999). We calculated the NO3:NH, and the C:N ratios (using
SOC and STN concentrations) to assess soil N availability and
quality of soil organic matter. Briefly, high NO3;:NH, ratios
indicate high NO; availability in the system due to high
nitrification. Additionally, low C:N ratios (close to 10) indicate
a high quality of soil organic matter (Chapin et al,, 2011).

Leaf functional traits

We measured five traits involved in the LES that are
associated with plant productivity and competitive ability
(specific leaf area, SLA; leaf nitrogen concentration,
LNmass; and leaf phosphorus concentration, LPmass), with
drought tolerance and resistance to physical damage (leaf
dry matter content, LDMC), and with soil nutrient supply
(Leaf N:P ratio).

Specific leaf area (cm®/g), which accounts for the
investment of leaf area for light capture per unit of biomass,
was calculated as the leaf area divided by leaf dry mass. Leaf
area was quantified from leaf photographs with Image]
(Schneider et al, 2012). Leaf dry matter content (mg/g),
which reflects biomass investment on the leaves, was
calculated as leaf dry mass divided by fresh mass, including
leaf petioles (Pérez-Harguindeguy et al., 2013). These
morphological traits reflect the trade-off between carbon
gain and leaf longevity (Wright et al., 2004).

The leaves from each tree were dried and powdered to
determine leaf nutrient concentration (ie., LNmass and
LPmass; mg/g) using the Kjeldahl acidic digestion method
(Anderson and Ingram, 1993). We calculated the leaf N:P (per
mass), which reflects nutrient limitation to plant growth and
productivity according to threshold values. Low values
(N:P < 14) are indicative of limited soil N availability for plant
demand, high values (N:P > 16) indicate limited availability of
P, and intermediate values indicate a limited availability of
both (i.e., N and P; Koerselman and Meuleman, 1996).

Data analyses

R version 3.6.1 (R Core Team, 2021) and the averaged
trait values per tree were used for all statistical analyses

and graphs. The packages and functions are described for
each analysis.

Functional strategies

Leaf trait variations

Descriptive statistical analyses were used to characterize leaf
trait variation. Additionally, multivariate patterns of varia-
tion for all leaf traits were explored using standardized
values in a principal component analysis (PCA) in the
FactoMineR package (Lé et al., 2008). The leaf N:P ratio was
excluded from these analyses because leaf nutrient variation
is already accounted for by including LNmass and LPmass.

Trait correlations

Scaled bivariate correlations between leaf metrics were
calculated to analyze whether there were differences in trait
variation or in trade-offs that could account for differences
in the functional strategies among sympatric Damburneya
species. For that, standardized major axis regressions were
performed using the smatr package and log-transformed
axes (Warton et al., 2012). We tested whether there was a
common slope among species using a likelihood ratio test.

Environmental effects on leaf trait variation

Mixed models

We performed linear mixed models to analyze the effect of
spatial and interspecific variation on leaf trait. The models
were built for standardized trait values and included the
sampling plot, which accounts for local soil variation, and
the species as effects with random intercepts using the Imer
function in the Ime4 package (Bates et al., 2015). Altitude
(i.e., low and high altitudes) was included as a fixed effect.
Since the four species did not occur in all plots, we did not
include the species x plot interaction. REML-likelihood
ratio tests were performed to determine whether the
random effects significantly affected the variance explained
by the models (Luke, 2017); we used the ranova function in
the ImerTest package, which indicates whether the model
becomes significantly worse when each random effect is
dropped. The denominator degrees of freedom of the fixed
effects were approximated with the Satterthwaite method
(Kuznetsova et al.,, 2017). Furthermore, we quantified the
percentage of variance explained by random effects.

Environment-trait regressions and variance partition
We performed linear regression models to understand
how soil heterogeneity affects local trait variation in
sympatric Damburneya species. All measured soil
properties were modeled as independent variables.
Abundance-weighted average trait values per plot (i.e.,
community weighted mean trait values) were included as
response variables (further calculation details are as
described by Kichenin et al., 2013).
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Furthermore, we quantified the relative contribution of
intra- and interspecific variation to local trait variance in
response to soil variables. An analysis of variance was
performed for linear regression models with the flexanova
function proposed by Leps et al. (2011). According to the
approach of Kichenin et al. (2013), the total sum of squares
of the abundance-weighted plot average trait variance was
decomposed as Ssspeciﬁc = Ssﬁxed + Ssintraspeciﬁc + SScovariations
where SSpccific refers to the species average trait values in
the plot and SSgyeq is the site independent trait value
calculated using the mean trait values for the species in all
plots and weighted by the species relative abundance.
SSintraspecific accounts for intraspecific variation and is
calculated as the difference between the last two terms.
SScovariation iS the effect of the covariation between intra- and
interspecific variation in response to the soil variables
calculated as Ssspeciﬁc - (SSintraspeciﬂc + Ssﬁxed)'

RESULTS
Soil variation and species distribution

Soil properties varied with altitude, indicating a greater
content of organic nutrient sources and a lower mineraliza-
tion rate at high altitude, and consequently, lower nutrient
availability than at low altitude (Appendix S2). The soils at
low altitude had a loamy and sandy loam texture, with
higher clay content and available nutrient concentrations
(NHg, NOs3, and available P), and more basic pH than the
soils of higher altitude sites. In contrast, at high altitude, the
predominant soil textures are loamy sand and sandy loam,
and the sand content, organic C, total P, and total N
concentrations, C:N and NO3:NH, ratios were higher in the
soils at high altitude than at low altitude.

We censused a total of 135 trees, with 62 D. ambigens,
45 D. salicifolia, 16 D. colorata, and 12 D. gentlei. The spatial
distribution differed among species: D. gentlei occurred only
at low altitude (12 trees); in contrast, D. salicifolia was
present only at high altitude (45 trees). Damburneya
ambigens occurred at both low and high altitudes with
similar abundance (28 and 34 trees, respectively); D.
colorata was also present at both altitudes but more
abundant at low than at high altitude (12 and 4 trees,
respectively).

Functional strategies
Leaf trait variation

There were differences in trait variation patterns that
suggest both diverging functional strategies among species
and differences on trait variation across altitudes (Figure 1,
Table 1; Appendix S3). Leaf nutrient concentrations were
the most variable traits across species (coefficients of
variation, CV >20%) and were higher at low than at high

2 -
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[2¢]
o
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o
_2 -’
-25 0.0 25 5.0
PC1 (50%)
E‘ ambigens El colorata
species
gentlei Izl salicifolia
altitude ® High e Low
FIGURE 1 Principal component analysis of the variance of leaf

functional traits of four sympatric Damburneya species (D. ambigens, D.
colorata, D. gentlei, D. salicifolia) at Los Tuxtlas. SLA = specific leaf area,
LDMC = leaf dry matter content, LNmass = leaf nitrogen concentration,
LPmass = leaf phosphorus concentration. Squares: samples from high
altitudes; circles: samples from low altitudes.

TABLE 1 Eigenvalues, cumulative percentage of variation and
eigenvectors of the first three principal components analysis for four leaf
traits that best predicted the functional leaf trait spectrum of four
sympatric Damburneya species at Los Tuxtlas Biosphere Reserve.

PC1 PC2 PC3
Eigenvalue 2.00 0.92 0.61
Cumulative % of variance 49.97 72.92 88.14
Eigenvectors
SLA 0.66*** —0.60%** 0.25**
LDMC —0.78*** 0.31%* 0.21*
LNmass 0.65*** 0.53*** 0.52***
LPmass 0.72%** 0.40%** —0.48***

Notes: The lower panel of the table shows trait correlations with the principal
components. SLA = specific leaf area, LDMC = leaf dry matter content, LNmass = leaf
nitrogen concentration, LPmass = leaf phosphorus concentration. Significance:

*P < 0.05; **P<0.01; **P<0.001.

altitudes (Appendix S3); morphological traits were the least
variable (CV < 20%). In addition, mean leaf N:P ratio of all
species ranged from 21 to 42 across altitudes, suggesting a
limited soil P supply for plant demand (Appendix S3). On
the other hand, the PCA showed differences in multivariate
trait variation among species. Most of the trait variance
(72.9%) was explained by the first two principal components
(50.0% and 22.9%, respectively), and all traits contributed
significantly to PC1 and PC2 (Figure 1, Table 1).

The first axis reflects the LES and shows the positive
correlation of leaf nutrient concentrations with SLA against
a negative correlation with LDMC. Clearly, all species
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spanned the continuum from quick to slow return on
investments of biomass and nutrients, with D. ambigens at
the resource conservative end and D. gentlei at the resource
acquisitive end. These two species occupied different zones
of the multivariate trait space, suggesting functional
differences between them and the other two species.
(Figure 1; see Appendix S3). Damburneya salicifolia and
D. colorata showed a wide intraspecific variation across the
slow-fast tradeoft (PCA 1), suggesting high trait plasticity.

The second axis shows differences in trait variation
according to altitude among and within species; leaf
nutrient concentrations decreased and SLA increased as
altitude increased. Contrasting leaf trait variation occurred
between two species segregated by altitude: D. gentlei, a low-
altitude species with high leaf nutrient concentration, and
D. salicifolia, a high-altitude species with high SLA
(Figure 1). Similarly, the intraspecific trait variation of D.
ambigens encompassed individuals at low altitude that had
higher leaf nutrient concentrations and lower SLA than
those at high altitude.

Trait scaling and correlations

Leaf morphological traits were correlated with nutrient
concentration within species; however, the slope and
direction (i.e., slope sign) differed among species, indicating
differences in nutrient investment on leaf construction
(Appendix S4). In D. salicifolia and D. colorata, LNmass was
positively correlated with SLA (D. salicifolia: slope = 4.63,
=029, P<0.001; D. colorata: slope=3.40, r*=0.22,
P=0.064) and negatively with LDMC (D. salicifolia:
slope = -5.11, r* = 0.29, P = 0.005, slope = -6.96; D. colorata:
=024, P=0.056), suggesting that N concentration
increases in leaves with low construction costs. In contrast,
these two traits were negatively correlated in D. ambigens,
indicating a high nutrient investment on leaves with high

construction costs and supporting a functional conservative
strategy (slope=-3.25, r*=0.13, P=0.004), but had no
significant correlation in D. gentlei (slope = -1.22, * = 0.10,
P=0.326). Leaf N:P ratio was negatively correlated with
SLA in D. ambigens and D. gentlei (D. ambigens:
slope = -3.24, r* =0.27, P<0.001; D. gentlei: slope =-1.52,
*=0.43, P=0.021) but positively in D. salicifolia (slope =
532, *=0.08, P=0.058), suggesting that D. salicifolia
allocates less P to leaves that have higher area per unit
biomass.

In contrast, some traits had the same correlation
patterns in all the species. For instance, LDMC decreased
as SLA increased, and LPmass was negatively correlated
with LDMC, but positively with SLA (Appendix S4). In
general, the slopes showed an allometric relationship among
traits. The only exception was the isometric scaling between
nutrients (i.e., LPmass and LNmass) in D. ambigens and
D. colorata (slope =1, P<0.05). Furthermore, the scaling
between foliar nutrients was also isometric in D. gentlei and
close to 2/3 for D. salicifolia, but these relationships were
not significant (Appendix S4).

Environmental effects on leaf traits variation

The mixed models showed that spatial variation and
interspecific differences explained the variation in leaf traits.
Altitude only significantly affected LPmass variation (slope =
0.948, P=0.054; Appendix S5). On the other hand,
differences among plots significantly explained the variation
of all leaf traits except in the case of LPmass (P =0.082).
Interspecific differences contributed significantly to the
variation of SLA, LDMC, and LNmass, accounting for more
than 20% of the variation of these traits, and notably
explaining 43% in LDMC (Figure 2; Appendix S6).
Conversely, less than 10% of variation of LPmass and leaf
N:P ratio was determined by interspecific differences. The

SLA 1 49 % 24 %

LDMC A 40 % 43 %

FIGURE 2 Variance structure of leaf functional
traits in four sympatric Damburneya species at Los
Tuxtlas according to mixed linear models. The models
were built with REML considering altitude as fixed
effect, the species and sampling plot were modeled as

.“§
3:3 LNmass A 29 % 27 %
]
=
LPmass 1 81 % Iy 12 %
Leaf N:P 1 79 % 2%
0 25 50 75 100

% explained variability

B Pot

Species Residual

effects with random intercepts. SLA = specific leaf
area, LDMC = leaf dry matter content, LNmass = leaf
nitrogen concentration, LPmass = leaf phosphorus
concentration, Leaf N:P = leaf nitrogen to phosphorus
ratio.
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variance of all traits, except LDMC, was mostly explained by
plot variation (i.e., local environmental variation) rather than
by interspecific differences. Both factors explained less than
25% of the variance of LPmass and leaf N:P ratio (Figure 2).

Soil-leaf trait relationships

Linear regressions between average plot leaf traits and soil
variables indicate that the edaphic properties influence local
leaf trait variation. Leaf nutrient concentrations were
sensitive to several soil properties: LPmass decreased with
increasing SOC and STP concentrations and C:N ratio
(Appendix S7) but increased with increasing soil pH and
SAP concentration (Figure 3). The same applied to LNmass,
which increased with soil clay content (Figure 3), decreased
with STN and NOj; concentrations, and had no significant
relationship with NH, concentration in soil (Figure 4). Also,

Leaf N:P ratio had a negative relationship with SOC, STN,
NO;, and STP concentrations (Figure 3; Appendix S7). Leaf
morphological traits were only significantly affected by soil
N availability (Figure 4; Appendices S7 and S8). Specific leaf
area was negatively correlated with NH, concentrations,
and LDMC had a positive significant relationship with the
concentrations of NO3; and NH, (Figure 4).

The variance partitioning analysis showed that inter-
specific differences significantly affected the average plot
trait variation in response to local soil properties. Con-
versely, intraspecific variation and its covariance with
interspecific variation explained less than 10% of the
average plot trait variance and did not affect it significantly.
Intraspecific variation better explained the variance of
morphological traits rather than that of leaf nutrients.
Additionally, soil properties mostly affected leaf nutrients
and, in contrast, explained less than 30% of morphological
trait variation (Appendix S9).
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DISCUSSION

Our results suggest that the patterns of leaf trait variation
along the altitudinal and edaphic gradient partially ex-
plained ecological differences among species and support
the study of trait variation as a promising tool to assess
the performance of Damburneya species in different
environments.

Soil variation and species distribution

Besides their high biodiversity, tropical rainforests have a
high soil biogeochemical heterogeneity at multiple scales
(Townsend et al., 2008). The tropical rainforest at Los
Tuxtlas is not the exception, as evidenced by the altitudinal
variation of soil pH, texture, and nutrient availability, which
is likely driven by the interaction of soil processes and
climate. For example, high nutrient concentrations at low
altitudes could be promoted by higher temperature and
better soil moisture for microbial activity as expected by
high water retention associated with a greater clay content
(Siebe et al., 1996; Benner et al., 2011; Weil and Brady, 2017)
and nutrient transport from the upper to the lower slope
(Campo-Alves, 2003). In contrast, at higher altitude, the
greater precipitation can promote higher rates of soil
weathering and nutrient leaching (Campo et al, 2001;
Santiago et al., 2004), while the lower temperature slows
decomposition rates, as evidenced by the higher organic
matter content (Benner et al., 2011).

The distribution and abundance of the four studied
species of Damburneya differed between altitudes and are
consistent with previous reports (Rohwer, 1993; Ibarra-
Manriquez and Sinaca-Colin, 1995; Dirzo et al, 1997;
Lorea-Hernandez, 2002). Damburneya ambigens spanned
the altitudinal gradient; it was the most abundant species
and occurred in almost all the plots. Damburneya colorata
was less abundant and occurred at high and low altitude
plots, below 650 m a.s.l. In contrast, D. gentlei occurred only
at low altitude and D. salicifolia was abundant at high
altitudes and absent from low altitude plots. However, we
have seen several trees of D. salicifolia in the study area
along roadsides and forest edges and fragments, from sea
level up to 1100 m a.s.l. (L. Giraldo-Kalil, unpublished data);
these observations support the tolerance of this species to
disturbance (Lorea-Hernandez, 2002). The absence of D.
salicifolia at low altitude in well-preserved areas of mature
tropical rainforest may be due to other unmeasured
biophysical factors (e.g., light availability, competition,
limited seed dispersal) and decreased plant survival and
recruitment in undisturbed compared to open disturbed
areas. Although few trees of D. gentlei and D. colorata were
recorded, our study accurately reflects the distribution of
both species considering the limited reports within the
study area (GBIF.org, 2021a, 2021b). We stress that our
reports of D. colorata are among the most complete so far,
as this rare species has not been well sampled throughout its

distribution and is poorly represented in herbaria (GBI-
F.org, 2021a). It is difficult to establish whether the very few
reports of this species are due to small population sizes or to
a lack of records or erroneous determination in herbaria
because of its notorious similarity with D. salicifolia
(Rohwer, 1993); in any case, further studies of the natural
populations of this species are necessary.

Effects of interspecific differences and
environment on leaf trait variation

We hypothesized that leaf trait variations will differ among
species according to soil heterogeneity at low and high
altitudes. In support of this hypothesis, the variation of SLA,
LDMC, and LNmass differed among Damburneya species
and was determined by altitude and soil spatial variation
among plots (Figure 2; Appendices S3, S5, and $6). It is
noteworthy that the leaf morphological traits were less
sensitive than leaf nutrient concentrations to soil variation
and were only significantly affected by soil N availability
(Figure 4; Appendices S3 and S8). For example, SLA
decreased with increasing soil NH, concentration, while
LDMC increased with NO; and NH,, suggesting that soil N
availability could favor the construction of thick and/or
dense leaves.

Morphological traits could be influenced by herbivory
and altitudinal variation of climate and light, in addition to
nutrient availability. Thick and dense leaves with high
LDMC increase mechanical resistance against herbivores
(Westoby et al., 2002; Onoda et al., 2011) and heat tolerance
in tropical forests (Slot et al., 2021); hence, they usually
occur in habitats with high temperatures (Niinemets, 2001;
Wright et al., 2004) like the low altitude zone. Conversely,
SLA usually correlates positively with precipitation amount
and temperature but negatively with light availability
(Wright et al., 2004; Poorter et al., 2009; Gong and Gao,
2019). The finding of high SLA values at higher altitudes in
our study (Figure 1) suggests that the signal of low light in
lower altitude overrides other factors and that leaf traits are
shaped by several interacting environmental factors rather
than simple relationships with physical environmental
variables.

Leaf nutrients vary depending on soil nutrient availabil-
ity and the factors affecting it (Aerts and Chapin, 2000;
Hodgson et al., 2011). Leaf P varied significantly with
altitude (Appendix S5), likely because P uptake by plants
increases at pH close to six (Schachtman et al, 1998;
Marschner, 2012), which explains the increase in LPmass
with SAP and pH at lower altitudes (Figure 3). In addition,
unlike other traits, LPmass did not vary significantly among
species (Appendix S6), suggesting that Damburneya species
share similar P requirements (Dalling et al., 2016) and/or
limitations. When plants experience P deficiency, they
increase P absorption at the expense of N absorption,
resulting in higher leaf N:P values, suggesting a pervasive P
limitation at our study site (Chapin, 1991; Koerselman and
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Meuleman, 1996; Giisewell, 2004; Chapin et al., 2011). This
finding is consistent with the argument that the tropical
rainforest of Los Tuxtlas is a P-limited ecosystem (Tobon
et al., 2011), as in many lowland tropical rainforests
(Vitousek, 1984; Tanner et al., 1998; Turner et al., 2018)
and other tropical ecosystems (Augusto et al., 2017; Hou
et al., 2021). This hypothesis could be verified with a study
of primary production at the ecosystem level, analyzing how
P-limited forests respond to a release of such a limitation
(Harrington et al., 2001; Turner et al., 2018).

Interestingly, LNmass and Leaf N:P ratio were nega-
tively correlated with soil NO3; and STN concentrations and
were not significantly related to NH, concentration in the
soil, suggesting a decoupling between N supply and plant
demand. This decoupling could be due to reduced N uptake
by the roots under excess soil N (Chapin et al., 2011) and/or
low P supply (Chapin, 1991) and is concordant with the
hypothesized P limitation of Damburneya species at Los
Tuxtlas. Moreover, besides soil N availability, LNmass could
be determined by plant demand and regulatory mechanisms
affecting nutrient accumulation and metabolism in plant
organs (Marschner, 2012; Lambers and Oliveira, 2019).

On the other hand, the response of leaf functional traits
to local soil heterogeneity was determined by interspecific
variation (Appendix S9), suggesting that species vary in the
way they adjust to environmental heterogeneity (Chesson,
2000; Adler et al., 2013; Schulze et al., 2019). Moreover, the
intraspecific variation in Damburneya had a higher influ-
ence on morphological traits than on leaf nutrient
concentrations, likely due to the high variability of plant
nutrient contents (Cdrdenas and Campo, 2007; Leps et al.,
2011; Kichenin et al., 2013; Fajardo and Siefert, 2018).

Functional strategies differ among species

As predicted, our results show diverging patterns of trait
variation that suggest interspecific differences in functional
strategies involved in plant productivity and light and
nutrient demands among species. Why leaf strategies
involved in leaf resource gain and use differ among
coexisting species of Damburneya is unclear. However, the
observed patterns of trait variation could arise in response
to simultaneous environmental pressures like herbivory
(Givnish, 1988; Kitajima, 1994; Valladares and Niinemets,
2008; Poorter, 2009; Westbrook et al., 2011; Onoda et al.,
2017) and to contrasting gradients of resource availability,
as occur in sites with richer soils and lower light availability
(Baltzer and Thomas, 2007; Coomes et al., 2009; Dent and
Burslem, 2016; Fajardo and Siefert, 2018).

In our study, the analysis of intraspecific variation shows
that some species (D. colorata and D. salicifolia) express the
patterns of trait correlations expected by the leaf economic
spectrum, such as a positive association between SLA and
LNmass or a negative association between LDMC and
LNmass; but strikingly, other species do not. For example,
D. ambigens has high nutrient content and LDMC in

nutrient-rich soils at low altitude (Figure 1; Appendices S3
and S4). The high nutrient allocation to leaves and the high
carbon investment in leaf construction (Onoda et al., 2017)
likely favor CO, fixation when light is limited (Valladares
and Niinemets, 2008; Schlesinger and Bernhardt, 2020)
and/or tissue is lost due to high herbivory (Valladares and
Niinemets, 2008) as expected in tropical rainforests
(Kitajima, 1994; Poorter, 2009; Westbrook et al., 2011).
Previous studies analyzing responses to simultaneous
nutrient and light gradients in other forests have shown
that the number of coexisting functional strategies to deal
with shade may increase in nutrient-rich soils (Givnish,
1988; Commes and Grubb, 2000; Coomes et al., 2009;
Mason et al., 2012; Dent and Burslem, 2016). Whether the
relaxation of one factor of resource limitation allows for the
expression of alternative functional strategies to deal with
other environmental factors, and if such may drive
departures from the LES expectations, are very interesting
hypotheses worth to be investigated for Damburneya
species.

Interestingly, D. colorata and D. salicifolia exhibit
functional overlap, probably due to their high morphologi-
cal similarity (Figure 1). The wide intraspecific trait
variation of these species encompasses both conservative
and acquisitive strategies, suggesting wide ecological
plasticity (Figure 1). Such intraspecific trait variation could
explain the adaptability of D. salicifolia to divergent habitats
and environmental pressures (Rohwer and Kubitzki, 1993;
Lorea-Hernandez, 2002). Significant positive correlations
between SLA and leaf N:P ratio suggest that D. salicifolia
could require lower P investment for leaf construction
compared to the other species (Appendix S4). The high SLA
values of D. salicifolia suggest that this species can optimize
carbon gain in the environment with higher light availabil-
ity. These trait relationships suggest a differential efficiency
in resource-use between D. salicifolia and D. colorata trees,
but further research is needed to test this possibility. In
addition, the functional divergence between species could
also lead to divergent herbivory rates. For example,
D. salicifolia and D. colorata likely face lower costs of leaf
construction and a faster replacement of lost tissue than
D. ambigens, at expenses of higher vulnerability to the attack
of natural enemies (Poorter, 2009) and shorter leaf longevity
(Wright et al., 2004).

Perspectives on ecological differentiation of
Damburneya species

According to Rohwer and Kubitzki (1993), landscape
elevation and soil variation play a critical role in ecological
differentiation among Damburneya species and explain
differences of local distribution and abundance in sympatric
species. Here, we showed the effects of soil properties on leaf
functional trait variation for four Damburneya species. The
interspecific divergence of leaf traits relationships in our
study are potentially good indicators of the differential
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effects of soil heterogeneity on sympatric Damburneya and
could explain differences in distribution and abundance
among species. For example, D. gentlei was restricted to low
altitude, likely due to a high nutrient demand (i.e., an
acquisitive strategy). In addition, D. salicifolia, which seems
to use P more efficiently, was the most abundant species at
high altitudes, where soil P availability is lower.

On the other hand, our data suggest that leaf traits and
species distribution could vary in response to herbivory or
abiotic drivers of ecological differentiation (e.g., climate and
the availability of light) that vary along the altitudinal
gradient. For example, differences in leaf mechanical
resistance underlying divergent herbivory rates could
explain the wide distribution of D. ambigens in contrast to
the restricted distribution of D. gentlei, and higher light
availability at higher altitudes could favor the establishment
of D. salicifolia. Nevertheless, studies regarding the impact
of leaf trait variation on plant fitness and other factors
impacting species abundance and distribution like recruit-
ment, demography, phenology, competition, and even
timber extraction, are still needed.

We do not know to what extent leaf functional trait
variation reflects phylogenetic signal or evolutionary pro-
cesses like local adaptation, nor how much of this variation is
genetically or environmentally determined. Common garden
experiments could be used to test how species respond to the
same ranges of environmental variation (i.e., light, soils,
elevation) and whether patterns of trait correlation exhibit
phenotypic plasticity or are maintained under changing
environments (Reich et al., 2003).

Like most Lauraceae species in Mexico, the Dambur-
neya species studied here are threatened by habitat loss
and deforestation (de Kok, 2020a, 2020b, 2020¢) and are
vulnerable to disturbance because they usually do not
thrive in secondary vegetation (Lorea-Hernandez, 2002).
Among the natural protected areas in Mexico, the Los
Tuxtlas Biosphere Reserve harbors the greatest number of
Lauraceae species (Lorea-Herndndez, 2002). During the
last decades, yhis reserve has suffered deforestation and
fragmentation (Dirzo et al., 2007; von Thaden et al,
2018), causing soil deterioration and nutrient loss (Tobdén
et al.,, 2011; Roa-Fuentes et al.,, 2015b) that could be
especially harmful to Damburneya species with small
population sizes.

The variation in leaf traits and distribution among
species of Damburneya can inform future management and
ecological restoration projects of tropical rainforests in the
region. We provided evidence that the Damburneya species
are sensitive to local environmental variation and exhibit
divergent functional strategies. Based on our results, we
would expect these species to be differentially affected by
environmental changes, including the collateral effects of
deforestation (i.e., changes in light incidence, water, and soil
nutrient availability) and global climate change (in precipi-
tation, temperature, evapotranspiration, and soil moisture;
IPCC, 2021). Hence, the species of Damburneya may
require different management strategies; we encourage

future research on this topic and highlight the need for
monitoring natural populations.

CONCLUSIONS

Here we explored the potential role of leaf trait variation as
a mechanistic basis of ecological divergence among
sympatric, closely related species of Damburneya in a
tropical rainforest. The results suggest that interspecific
differences in trait correlations and variation in response to
soil heterogeneity along the altitudinal gradient could
explain some ecological differences among species. Our
research highlights the role of soil variation as a potential
driver of functional divergence within the genus. However,
we acknowledge that other unmeasured factors (i.e., climate,
light, and herbivory) could be key potential drivers of
ecological differentiation among Damburneya. Species of
Damburneya exhibited divergent functional strategies, but
all appear to be limited by soil phosphorus supply.
Altogether, the patterns of trait variation likely contribute
to explain local differences in species abundance and
distribution and are a promising tool to compare species
performance across environmental gradients. Given the
impact of land-use change in the tropical rainforest biome
and the need for deeper knowledge of forest tree species for
effective management and ecological restoration of this
threatened ecosystem, the topic of the present study
warrants further investigation.
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