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Understanding the factors that shape the diversity and composition of biotic
communities in natural and human-modified landscapes remains a key issue in ecology.
Here, we evaluate how functional traits, species diversity and community compaosition
of palm species vary in relation to biogeographic variables and forest age in northwest
Ecuador. Functional traits capture essential aspects of species’ ecological tradeoffs
and roles within an ecosystem, making them useful in determining the ecological
consequences of environmental change, but they have not been used as commonly as
more traditional metrics of species diversity and community composition. We inventoried
palm communities in 965 10 x 10 m plots arrayed in linear transects placed in forests of
varying age. Adult palms in forests of younger regeneration stages were characterized
by species with greater maximum stem height, greater maximum stem diameter, and
solitary stems. The shift in functional features could indicate that shade tolerant palms
are more common in old-growth forest. The shift could also reflect the legacy of leaving
canopy palms as remnants in areas that were cleared and then allowed to regrow.
Moreover, younger forest age was associated with decreased abundance and altered
species composition in both juvenile and adult palms, and decreased species richness
in adults. These results highlight the importance of retaining intact, old-growth forest to
preserve functional and species diversity and highlight the importance of considering
multiple aspects of diversity in studies of vegetation communities.

Keywords: Arecaceae, functional traits, community composition, abundance, diversity, Chocé, species richness,
secondary forest

INTRODUCTION

Tropical forests harbor most of the planets terrestrial biodiversity, however, anthropogenic
influences put these systems under increasing pressure (Laurance et al., 2006; Bradshaw et al., 2009;
Gardner et al., 2010). Expanding human settlements, agriculture, and infrastructure development
induce persistently high rates of deforestation (Achard et al., 2002). Deforested areas are often
allowed to regenerate after exploitation (Rudel et al., 2009), and, consequently, over half of the
planet’s contemporary forest cover is regenerating (Food and Agriculture Organization of the
United Nations [FAO], 2010). As the proportion of regenerating forests continues to increase
(Wright, 2010), the ability of these regenerating (i.e., secondary) forests to retain diverse biota has
emerged as an important research topic over the past several decades.
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The relative ability of secondary forests to support biodiversity
is controversial (Barlow et al., 2007; Gardner et al., 2007; Norden
et al., 2009; Gibson et al., 2011; Melo et al., 2013; Rozendaal
et al,, 2019). Some studies suggest that succession will occur
predictably, indicating secondary forest species will converge
with old-growth forests and retain significant proportions of
the original diversity in the process (Finegan, 1996; Letcher
and Chazdon, 2009; Norden et al, 2009). Alternatively,
secondary forests may have disrupted ecological processes, with
negative implications for biodiversity retention and conservation
(Tabarelli et al, 2010, 2012; Gibson et al,, 2011). A myriad
of factors may influence the biodiversity value of secondary
forests, including landscape context (Tabarelli et al., 2010; Araia
et al.,, 2019), successional pathways (Arroyo-Rodriguez et al.,
2017), and stochasticity (Chazdon, 2008), with many studies
emphasizing the resilience of secondary forests occurring under
ideal conditions (e.g., proximity to old-growth forest, high levels
of seed dispersal) (Letcher and Chazdon, 2009; Norden et al.,
2009). Moreover, outcomes differ markedly based on study taxa;
while secondary forests may provide appropriate habitat for
many species, others are disadvantaged or excluded (Barlow et al.,
2007; Tabarelli et al., 2012; Martin et al., 2013).

Another important consideration concerns how biodiversity
is measured. Species richness is a fundamental metric of
biodiversity (Su et al., 2004), but it may fail to capture important
components of a habitat’s value for conservation. For example,
in a recent meta-analysis of longitudinal studies, Blowes et al.
(2019) concluded that while local species richness is not changing
on average worldwide, local change in community composition
is pervasive. The decoupling of species richness and community
composition may be due to differential speeds of recovery:
in tropical tree communities, species richness is thought to
recover more quickly, over the span of decades, while community
composition may require centuries to recover (Finegan, 1996;
Liebsch et al., 2008; Martin et al., 2013; Rozendaal et al., 2019).

Functional trait analyses may also provide important
perspectives that complement those provided by species richness
and community composition. Functional traits are a species’
morphological, physiological, or phenological characteristics that
influence growth, reproduction, or survival (Violle et al., 2007).
These traits mediate species’ responses to environmental changes,
revealing how different ecological strategies are constrained in
community assembly (Paine et al., 2011; Boukili and Chazdon,
2017). Moreover, changes within the functional composition of
forest communities along environmental gradients may point
to mechanisms behind alterations in ecosystem functioning and
services (Diiaz and Cabido, 2001; Diaz et al., 2013). Studies that
combine richness, community composition, and functional trait
analysis are rare but have the potential to provide a more holistic
understanding of how habitat characteristics impact biodiversity.

Palms (Arecaceae) are among the most abundant and
diverse neotropical plant taxa (Goulding and Smith, 2007; ter
Steege et al., 2013; Muscarella et al,, 2020). As fundamental
components of forest structure and function, palms influence
plant recruitment (Wang and Augspurger, 2004), nutrient
turnover (Villar et al., 2020), and the movement of dispersers
and pollinators (Galetti et al, 2006; Munozetal., 2019;

Sardeshpande and Shackleton, 2019). Furthermore, they are
a keystone food resource for many frugivorous species (Galetti
et al., 2006; Muioz et al., 2019; Sardeshpande and Shackleton,
2019). Additionally, from an anthropogenic perspective,
neotropical palms often provide crucial economic and cultural
services (Bernal et al., 2011; Macfa et al., 2011). Previous work
has suggested palms are sensitive to anthropic disturbances and
environmental gradients (Pintaud, 2006; Arroyo-Rodriguez et al.,
2007; Baez and Balslev, 2007; Eiserhardt et al., 2011; Montufar
et al,, 2011; Benchimol et al., 2017), highlighting the importance
of understanding impacts of human activities on this key group.

As many palms are long-lived (Tomlinson, 2006), the
contemporary mix of adults on the landscape may represent
the recruitment, establishment, and persistence processes that
occurred over the past several decades, whereas juveniles are
more likely to reflect more recent assembly processes (Norden
et al., 2009; Green et al., 2014). Differences between the two
life stages can indicate demographic changes occurring in
the community, pointing to trends in population growth and
impending shifts in diversity and composition related to abiotic
(e.g., light, moisture) or biotic (e.g., dispersal mutualisms) factors.
Yet, how palm communities vary between relatively undisturbed
vs. regenerating forests has not been widely studied (Montufar
et al., 2011). Those studies available have highlighted increasing
species richness of juveniles (Capers et al., 2005), converging
composition of canopy palm communities to those in old-
growth forest during succession (Norden et al, 2009), and
increased susceptibility of juveniles to distance to forest edge
(Browne and Karubian, 2016).

Our goal in this study was to identify how patterns of
Neotropical palm abundance, species richness, community
composition, and functional trait composition vary in relation
to forest age, in juvenile and adult life stages. We predicted that,
after controlling for effects of elevation, abundance and richness
will decrease in younger forests and community composition and
functional trait composition will differ in relation to forest age.
We also predicted that responses to forest age will be stronger in
juvenile palms due to recent habitat loss and stronger responses
to diversifying processes.

MATERIALS AND METHODS
Study Region

We conducted this study in the Chocé Biogeographic zone,
a relatively poorly studied, increasingly modified conservation
hotspot known for exceptional diversity of palms and other
species (Gentry, 1986; Dodson and Gentry, 1991; Myers et al.,
2000). Data were collected in and around the Mache-Chindul
Ecological Reserve (REMACH, 0°47'N, 79°78'W), Esmeraldas
Province, Ecuador, from June to August 2019. The most
common forest types in REMACH are humid evergreen and
sub-humid evergreen, with canopy height of primary forest
typically ranging from 30-40 m. Dominant tree families include
Arecaceae, Rubiaceae, Lauraceae, Moraceae, and Myristicaceae
(Clark et al., 2006). REMACH is a mountainous area ranging
from sea level to over 700 m asl. Previous work here by
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Browne and Karubian (2016) showed that elevation was an
important predictor of abundance and community composition
of palms, across both adult and seedling life stages.

We sampled habitats within two privately owned reserves —
Fundacién para la Conservacion de los Andes Tropicales
(FCAT, 00°23'28"N, 79°41'05”W) and Bilsa Biological Station
(BBS, 00°21'33"N, 79°42'02"W) - and in adjacent areas on
privately owned lands (Figure 1). The study region receives
approximately 2,500-3,500 mm of precipitation annually and
the average temperature is between 23°C and 25.5°C (Clark
et al., 2006). We sampled representative habitat types (forest,
pasture, agricultural crops) covering nearly the full gradient
of elevations (198-686 m.a.s.l., Supplementary Table 1) and
range of regeneration (primary (undisturbed) forest and
secondary (previously disturbed) forest) found in REMACH
(Supplementary Figure 1). This area has been extensively
deforested, reflecting the deforestation that has occurred in all
of western Ecuador (Dodson and Gentry, 1991). Deforestation
in our study area is relatively recent, beginning ca. 40 years ago
(Browne and Karubian, 2016) and continuing into the present
(Van der Hoek, 2017; Kleemann et al., 2022). The annual mean
net change in forested area is dynamic, with the periods between
1990 to 2000 and 2000 to 2008 exhibiting the highest amount of
forest lost (Tamayo et al., 2020). The landscape at the time of data
collection was a dynamic agro-mosaic consisting of many isolated
forest fragments, pasture, and agricultural crops. As several
members of our team (JO, DC) have lived in the area for over
30 years, we had a priori knowledge of forest chronosequence.
We were unable to obtain exact data on forest age from remotely
sensed images or aerial photograph due to low image resolution
and the persistence of cloud cover in the study area.

Palm Transect Sampling

To sample palm communities, we established nine, 10 x 1000-
m long transects and one 10 x 650-m long transect in and
around REMACH. Each transect was composed of a linear series
of 10 x 10 m plots. Transect locations were selected to cover
the full range of forest regeneration in the area, ranging from
old-growth forest through those highly degraded, as well as
agricultural and pasture lands (Supplementary Figure 1). At
each plot, we classified the habitat as pasture, crop, or forest;
the forest category represented forests of primary and secondary
successional stages. Within each plot, we recorded all individuals
of palms, assigning them to the lowest possible taxonomic level.
We classified each individual into seedlings, juveniles, subadults,
and adults following Browne and Karubian, 2016: seedlings
have undivided leaves; juveniles, divided leaves but no signs of
reproduction; subadults, a size near that of a reproductive adult
but with no signs of reproductions; and adults, signs of current or
past reproduction. We later collapsed seedlings and juveniles into
a single juvenile’ category and sub-adults and adults into a single
‘adult’ category. For clonal species (e.g., Prestoea decurrens), we
classified each ramet as an individual.

We characterized the habitat of each 10 x 10 m plot in each
transect. We recorded soil moisture (M0750 Soil Moisture Meter,
Extech, Boston, MA, United States) and leaf litter at five points
within the plot: once in the center and once in each cardinal

direction at the plot boundaries. To record leaf litter, we inserted
a sharp metal dowel (3 mm diameter) through the litter and into
the humus layer. We then marked the dowel, pushed the litter
aside, and measured between the two points to the nearest 0.1 cm
(Kostel-Hughes et al., 1998). We measured canopy cover using
a spherical crown densiometer (Concave — Mode C - Robert E.
Lemon, Forest Densiometer — Bartlesville, OK, United States),
standing in the center of the plot and recording measurements
in the four cardinal directions. We measured understory density
using a 1.9-meter-tall metal pole marked with sighting targets
placed at 13 evenly spaced intervals. An individual held the
pole upright in at the plot boundary in each of four cardinal
directions and an individual standing at the center point of
each plot counted how many sighting targets were completely
unobstructed by vegetation. We recorded canopy height using
a laser rangefinder to measure the height of the tallest tree. We
counted the number of trees > 10 cm and > 50 cm diameter at
breast height (DBH) and the number of Cecropia spp., a species
of tree that can be used as a proxy for disturbance (Didham and
Lawton, 1999). We recorded elevation using a handheld GPS
device (Garmin Foretrex 601, Garmin International, Inc., Olathe,
KS, United States). For all forest plots, to estimate the distance
to the edge of the forest, we calculated the distance between
plot center and the nearest forest edge using the most recent
high resolution (5 m) imagery available (PlanetScope, Planet labs,
San Francisco, CA, United States) in QGIS (QGIS Development
Team, 2020).

Data Analysis

Principal Component Analysis

We used a Principal Component Analysis (PCA) to reduce
the dimensionality of the environmental variables and avoid
using correlated variables for the abundance, species richness,
and community composition analyses. Because many variables
were highly correlated with elevation (soil moisture, leaf litter,
understory density), we excluded these from the PCA and
conducted separate analyses on elevation (below). We treated
each 10 x 10 m plot as an independent sampling unit. We
conducted each set of analyses separately for juveniles (including
seedlings) and adults (including sub-adults).

Species Abundance and Richness Models

We modeled species abundance and richness with generalized
linear models to account for non-normal distributions in
response variables. We used a Poisson distribution for species
richness models (O’Hara and Kotze, 2010) and a negative
binomial distribution for palm abundance models (O’Hara and
Kotze, 2010). Both distributions model non-negative count
data. The negative binomial distribution allows for more
variance in the response variable and accordingly accounts for
overdispersion. We tested these models against models with
other distributions, plotting and comparing residuals and fitted
values to check for residual patterns (Zuur et al, 2009). We
used PC1, PC2, and elevation as fixed effects. We performed
each regression analysis on each transect separately (N = 10).
We then calculated the mean regression coefficients from
the separate transect analyses, and, using a one-sample t-test,
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FIGURE 1 | (A): Map of Ecuador with the Mache-Chindul Ecological Reserve (REMACH) outlined in red. (B): A close up of REMACH with the Fundacion para la
Conservacion de los Andes Tropicales (FCAT, green) and the Bilsa Biological Station (Bilsa, purple) outlined. (C): The study site, the transect locations, and
associated ecological reserves. Transects, made of continuous 10 x 10 m plots, are distinguished by color.

79.65°W

N.O¥7'0

NoGE0

79.65°W

determined if the means were different from zero (cf. Normand
et al., 2006; Browne and Karubian, 2016). We quantified the
variance around the mean estimated regression coefficients
using standard deviation. Performing the regression analyses on
transects separately allowed us to remove those that were spatially
autocorrelated to ensure that our results were not pseudo-
replicated. This method also allowed us to assess how patterns
vary between transects by using the variance around the mean.
To test for spatial autocorrelation within our models, we used
Mantel tests with 999 permutations (Giraldo et al., 2018). We
created a distance matrix from the geographical data of each
plot, as well as a distance matrix from the residuals of each of
the regression models for abundance and richness. Using these
matrices, the Mantel test indicated whether there was a significant
correlation between the two. The geographical distance matrix
was logo-transformed, as logarithmic distance decay is expected
to occur due to dispersal limitation (Condit et al., 2002) and
based on Haversine distance. We detected significant levels of
spatial autocorrelation for the model assessing juvenile richness
in one transect, T5 (Supplementary Table 2) and subsequently
removed this transect from our analysis. Removing the regression
coefficient associated with this model from the one-sample t-test
did not change the qualitative outcome of the results.

Community Composition Analysis

Partial Mantel tests assess the correlation between two distance
matrices while controlling for a third, allowing us to analyze
the effects of spatially independent environmental variables
on species composition. Following Kristiansen et al. (2012),
we conducted analyses for both juveniles and adults. In
each we tested a species composition matrix, using data
from all the transects combined, against each of the most
informative Principal Components from the PCA as well
as elevation while controlling for the geographical distance
matrix. Controlling for geographical distance addresses the effect
of spatial autocorrelation within the transect sample design.
For the juvenile and adult species composition matrices, we
used presence-absence data and computed dissimilarity using
Serensen distance (Legendre and Legendre, 1998). To estimate
the distances between Principal Component scores as well as
elevation, we used Euclidean distance.

To further assess the compositional patterns among juveniles
and adults, we employed non-metric multidimensional scaling
(NMDS). We removed species with <5 adult individuals or <10
juvenile individuals from the respective analyses, considering
these rare species, to reduce noise in the multivariate analysis
(McCune et al,, 2002). NMDS ordinations were based on

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2022 | Volume 10 | Article 678125


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Lueder et al.

Palm Diversity and Forest Age

dissimilarity matrices generated from species abundance data
and Bray-Curtis distance. To evaluate how species composition
varied along principal components and elevation, we calculated
multiple regression of environmental variables along the
ordination axes with 999 permutations post hoc. To visualize
the association between environmental variables and community
composition, we overlayed these results on the NMDS axes.

Functional Trait Analyses

To assess how functional traits and environmental variables co-
vary, we utilized RLQ (a multivariate analysis) and fourth-corner
(a bivariate analysis) methods, carrying them out for adults and
juveniles. Both analyses rely on information from three tables:
R (environmental variable data), Q (functional trait data), and L
(species distribution data) (Dray et al., 2014).

Environmental variables included were canopy cover, leaf
litter depth, elevation, distance to forest edge, number of
Cecropia, number of trees DBH > 10 cm, and number of trees
DBH > 50 cm. We removed canopy height, soil moisture,
and understory density from the analysis based on their high
correlation with the remaining variables. We selected species
functional traits based on which were available for all species
in “PalmTraits 1.0, a species-level functional trait database
of palms worldwide” (Kissling et al., 2019). Traits included
were climbing habit, erect habit, solitary stem habit, stem
armature, leaf armature, maximum stem height, maximum
stem diameter, strata, average fruit length, fruit size, and fruit
color conspicuousness (Supplementary Material, Table 3). The
following were analyzed as binary variables: climbing habit, erect
habit, solitary stem habit, stem and leaf armature, strata, and fruit
color conspicuousness.

RLQ is a multivariate analysis that allows the qualitative
assessment of the relationships between environmental variables
and functional traits mediated by species abundances. The
analysis is visualized in an ordination plot, with axes that explain
functional trait and environmental variable cross-covariance.
Before performing RLQ analysis, each table necessitates a
separate ordination. For table L, we applied Correspondence
Analysis; for table R, a Principal Component Analysis; and for
table Q, a Hill-Smith analysis (Hill and Smith, 1976).

The fourth-corner method evaluates the association between
pairs of single variables (i.e., one functional trait and one
environmental variable) corresponding to a matrix containing
trait-environment association measures. This means here we
are testing bivariate associations as opposed to performing a
multivariate analysis like the RLQ analysis (Legendre et al., 1997;
Dray and Legendre, 2008; Dray et al., 2014). To control type
I error, we combined outputs from two permutation models:
model 2, which tests the null hypothesis that the environment
does not influence the distribution of species with fixed
functional traits and model 4, which tests the null hypothesis that
the functional traits do not influence the distribution of species
with fixed environmental conditions (ter Braak et al., 2012). We
performed these tests sequentially, only performing the second
test if we rejected the null hypothesis of the first, which further
fixes type I error (ter Braak et al,, 2012). Because the fourth-
corner method deals with bivariate associations and our study

considered many functional traits and environmental variables,
the number of tests was high, necessitating adjusting p-values
(Dray et al., 2014). Here, we used the false discovery rate method
(Benjamini and Hochberg, 1995) to control for the error rate.

After performing RLQ analyses and fourth-corner methods
separately, we combined the two approaches, addressing some
of the issues that arise from the respective analyses (Dray et al.,
2014). RLQ provides no significance tests, and our factorial maps
were hard to interpret due to the large number of variables
considered. Fourth-corner does not consider covariation among
environmental variables and produced no significant results
when p-values were adjusted. To remedy these issues, we used
fourth-corner methods to test the associations between the
RLQ axes and the functional traits/environmental variables.
Here, we performed model 2 and model 4 permutation tests
sequentially (ter Braak et al., 2012) and adjusted p-values using
the false discovery rate method (Benjamini and Hochberg, 1995),
as outlined above.

All data analyses were performed in R v3.52 (R Core
Team, 2018). Poisson models and negative binomial models
were performed with the ‘glmmTMB’ package (Brooks et al.,
2017). Distance matrices, NMDS ordination, NMDS overlays,
Mantel tests, and Partial Mantel tests were performed with
the ‘vegan’ package (Oksanen et al, 2019). RLQ and fourth-
corner analyses were performed with the ‘ade4’ package
(Dray and Dufour, 2007).

RESULTS

Summary Data

The 9,750 m? sampled in our transects included 7,440 m? forest
(76.3%), 1,590 m? pasture (16.3%), and 720 m? crop land (7.1%).
Sixteen species of palms and 2,989 individuals were identified. Of
the 2,989 individuals, 2949 (99%) were found in forest, with 17
found in pasture (all adults) and 23 found in crop land (11 adults,
12 juveniles). In pasture and crop land, Iriartea deltoidea was the
most prevalent species, accounting for 64.3% of adults and 25% of
juveniles (Table 1). Due to the low number of palms in the non-
forested habitat types, we restricted remaining analyses to only
forested habitat.

Of the 2,949 individuals found in forest, 2,219 (75%) were
juveniles and 730 (25%) were adults. For adults, three abundant
species accounted for 70% of individuals recorded: I. deltoidea
(31%), P. decurrens (24%), and Geonoma cuneata (16%). For
juveniles, the three most abundant species (62% of individuals)
were I. deltoidea (34%), Attalea colenda (15%), and P. decurrens
(13%) (Table 1).

PCA Results

The PCA analysis produced two axes that account for 49.6%
of the variance in the six environmental variables used. PC1
accounted for 28.35% of the variance and is dominated by canopy
cover, canopy height and density of the pioneer species Cecropia.
Thus, we treated PC1 as an index of forest age, with higher
values representing younger forests. PC2, which accounted for
21.25% of the variance, was associated with the tree density. High
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TABLE 1 | Number of individuals of adults (adults and sub-adults) and juveniles (juveniles and seedlings) found in each habitat within the 965 plots in and around the

Mache-Chindul Reserve, north-western Ecuador.

Forest Pasture Crop Total %
Adult Juvenile Adult Juvenile Adult Juvenile

Species
Astrocaryum standleyanum 8 43 0 0 1 0 52 1.7
Attalea colenda 1 322 1 0 1 2 327 10.9
Bactris colorandonis 29 30 1 0 0 1 61 2
Bactris setulosa 12 6 0 0 0 0 18 0.6
Chamaedorea linearis 6 1 0 0 0 0 7 0.2
Desmoncus cirrhifer 14 3 0 0 0 0 17 0.6
Geonoma cuneate 115 60 0 0 0 0 175 5.8
Iriartea deltoidea 222 753 12 0 6 3 996 33.3
Oenocarpus bataua 10 192 1 0 1 1 205 6.9
Pholidostachys synanthera 0 1 0 0 0 0 1 0.03
Phytelephas aequatorialis 12 254 1 0 0 0 267 8.9
Prestoea decurrens 177 297 0 0 0 1 475 15.9
Prestoea ensiformis 4 0 0 0 0 0 4 0.1
Socratea exorrhiza 48 175 1 0 2 3 229 7.7
Synechanthus warscewiczianus 50 49 0 0 0 1 100 3.3
Wettinia aequalis 22 33 0 0 0 0 55 1.8

PC2 scores are associated with a higher density of small trees
(DBH > 10 cm) and low scores are associated with a higher
density of large trees (DBH > 50 cm) (Table 2).

Richness, Abundance, and Community
Composition in Forest

Younger forests (as measured by PC1) were associated with
decreased abundance of adults and juveniles, decreased adult
species richness, and a change in community composition
for adults and juveniles (Tables 3, 4). PC1 dissimilarity was
more strongly associated with compositional dissimilarity for
the juvenile palm community compared to the adult palm
community (Table 4). Changes in tree density, as measured
by PC2, were not associated with abundance, species richness,
or changes in community composition for either age class
(Tables 3, 4). As elevation increased, there was an associated
decrease in juvenile abundance and a change in adult community
composition, but no change in richness for either age class
(Tables 3, 4). The patterns of change in richness and abundance

TABLE 2 | The loadings of the nine environmental variables on the first two axes of
a Principal Component Analysis, the variance explained by each axis, and the
eigenvalues of each axis.

Environmental variables PC1 PC 2
Canopy Cover% — 2.1969 1.1343
Cecropia spp. 0.8406 1.7012
Trees above 50 cm DBH —1.8593 —1.4872
Trees above 10 cm DBH —1.3816 2.4700
Canopy Height (m) — 2.5267 —0.6765
Variance explained 28.35% 21.25%
Eigenvalue 1.4177 1.0624

varied markedly between transects, as indicated by the variance
around the mean regression coefficients (Table 3).

The above results on community composition are largely
corroborated by NMDS ordination, which indicated that
PCI1 significantly affected composition in adults and nearly
significantly affected juveniles (Table 5). Visualized in the NMDS
plots, the second ordination axes reflected differences in species
composition across forest age, as indicated by PC1 (Table 5 and
Figure 2). For adults, the younger sites and associated species are
to the top of the ordination space. For juveniles, the younger sites
and associated species are to the bottom of the ordination space.
Neither PC2 nor elevation significantly affected composition in
this analysis (Table 5).

Functional Trait Analysis
For juveniles, the first axis of the RLQ ordination indicates when
trees DBH > 10 cm decrease and distance from edge increases
(Figure 3A), palm species with armed stems decrease and species
with non-solitary stems increase (Figure 3C). This is exemplified
by Astrocaryum standleyanum, which has low scores on the axis
(Figure 3E), and a solitary, armed stem. For adults, the first axis
of the RLQ ordination revealed a positive relationship between
elevation, distance to edge, trees DBH > 10 cm (Figure 3B)
and palms species with non-solitary stems, non-erect stems, and
climbing stems (Figure 3D). This is exemplified by Desmoncus
cirrhifer, which has high scores on the axis (Figure 3F), and a stem
with non-solitary, non-erect, and climbing habit. The fourth-
corner analysis revealed no associations between individual
traits and environmental variables when p-values were adjusted
for multiple tests.

Combining the approaches, there were associations for
adults between the second RLQ axis and three functional
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TABLE 3 | Estimated regression coefficients + standard deviation for the abundance and species richness of adult and juvenile palms.

Adult abundance

Juvenile abundance

Adult species richness Juvenile species richness

PC1 —1.30 £+ 1.15* —1.19 + 1.23*
pPC2 0.181 £ 0.760 —0.211 £ 0.803
Elevation —0.00204 £+ 0.0139 —0.010 & 0.0121*

—1.27 + 1.44* —0.695 + 1.31
—0.954 £ 2.94 —0.448 £ 0.716
—0.220 £+ 0.567 —0.00866 + 0.0155

Statistical significance is signified with bold text. **P < 0.01; *P < 0.05.

traits: maximum stem height (p-adjusted = 0.00667), maximum
stem diameter (p-adjusted = 0.00667), and solitary stem habit
(p-adjusted = 0.0145). The second RLQ axis represents forest
maturity, as along it canopy cover and distance from edge
of forest increase and trees DBH > 10 cm and leaf litter
decrease (Figure 3B). Along this axis, the maximum stem
height decreased, maximum stem diameter decreased, and
solitarily stemmed palms became less common (Figure 3D).
No other associations between the RLQ axes and functional
traits were significant after p-values were adjusted, and no
significant relationships were found between the axes and the
environmental variables.

DISCUSSION

Because of their outsized importance for ecological processes
and humans, identifying how Neotropical palm tree diversity,
abundance, composition, and functional traits vary in relation to
forest age sheds important light on the value of regenerating (i.e.,
secondary) forests for the conservation of biodiversity and the
well-being of human residents. Working in a biodiversity hotspot
in northwest Ecuador, we found that abundance decreased and
community composition changed for both juveniles and adults

TABLE 4 | Mantel r statistics according to partial Mantel tests of 10 transects
(n = 16 species) located in northwestern Ecuador.

Adult Juvenile
PCA 0.02726* 0.08399***
PC2 —0.001241 -0.009599
Elevation 0.03354* 0.01893

Statistical significance is signified with bold text. “**P < 0.001; *P < 0.05.

TABLE 5 | Correlation coefficients of environmental variables according to a
non-metric multidimensional scaling ordination of 10 transects (n = 16 species) in
northwestern Ecuador.

NMDS1 NMDS2 R? P-value
Adults
PC1 -0.07014 0.99754 0.0169 0.027*
PC2 -0.55859 0.82945 0.0008 0.835
Elevation 0.96615 0.25800 0.0049 0.378
Juveniles
PCT —0.36303 —0.93178 0.0127 0.062
PC2 —0.91352 —0.40680 0.0084 0.164
Elevation —0.14686 0.98916 0.0031 0.497

Statistical significance is signified with bold text. *P < 0.05.

in younger, regenerating forests relative to older, more intact
forests. Adult species richness also decreased in younger forests,
while juvenile species richness remained unaffected. We also
documented decreased maximum stem height and diameter
among adults, but not juveniles, in more mature forests and
an impact of elevation on both juvenile abundance and adult
community composition. These results suggest that secondary
forests have less diverse palm communities in our study area,
emphasizing the importance of undisturbed forests for these
iconic components of the tropical flora and the associated food
webs and other biotic processes they help to support.

Contrasting patterns between juvenile and adult palms can
be useful in inferring future trajectories of palm communities
in secondary forests. Our results seem to imply that the palm
community will recover in richness as forests age, but with a
distinctive composition of species compared to more pristine old-
growth forests. The projection of sustained compositional change
points to a persistent presence of ‘winners’ and ‘losers’ (Tabarelli
et al.,, 2012), shaped by tolerance to anthropogenic disturbance.
In these recovering habitats, available species may be those that
are robust against the altered biotic and abiotic factors associated
with forest clearing secondary succession. Reduced abundance
among juveniles in secondary forests may also point to these
forests supporting fewer palms in addition to different subsets of
species. For example, Prestoea decurrens is a species that is more
abundant in mature forests as juveniles but is more abundant in
younger forests as adults (Figure 2). This incongruency may lead
to a decrease in P. decurrens in regenerating forests over time if
they fail to reproduce in these areas. However, there was marked
variation between transects in their responses to forest age, so
this may depend on location context. It is also worth noting that
the cumulative amount of forest at the landscape level has also
been decreasing in the past few decades (Van der Hoek, 2017),
which may impact contemporary regeneration processes vs. those
occurring in the past.

In the current study, increased elevation affected adult
community composition and was associated with a minor
decrease in juvenile abundance. Alternatively, Browne and
Karubian (2016)s study in the same area found increased
elevation changed community composition and increased
abundance for both juvenile and adult palms. These differences
between the two studies may be due to the highly variable
nature of the effect of elevation on communities, indicating that
palm communities respond to elevation in a location-dependent
manner. This is supported by the high degree of variation we
found between transects in their responses to elevation.

Within the adult palm community, three functional traits
representing variation in light acquisition strategies (Chazdon,
1991; Westoby, 1998; Svenning, 2000) were associated with varied
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dissimilarity of species abundance data and Bray-Curtis distance for A adults (Stress = 0.069) and B juveniles (Stress = 0.14).

regeneration stages: more mature forests were characterized by
species with decreased (1) maximum stem height, (2) maximum
stem diameter, and (3) solitary stem habit (Tabarelli et al., 2012).
Functional traits related to light acquisition may be particularly
sensitive to changes in microclimate, like those seen in forest
regeneration (Zambrano et al., 2019). Palms of smaller stature,
having greater shade tolerance (Chazdon, 1991; Svenning, 2002),
may be replaced by species that occur preferentially in areas with
increased light levels or species that occur irrespective of light
availability in younger forests. For example, Craven et al. (2018)
found evidence of functional convergence in light acquisition
strategies during secondary succession in a wet tropical forest
plant community. Along the successional gradient, trait variation
was reduced due to the increased competitive advantage afforded
to certain trait combinations. Our results suggest this may
be occurring in our study area as well, indicating a potential
functional shift in the biota. However, associations between traits
and succession were found only in adults. Many palm species
of all strata are able to remain in deep shade as acaulescent
juveniles in their establishment phase (Kahn and de Granville,
1992; Charles-Dominique et al., 2003). When light availability is
increased and reaches the acaulescent juveniles, either by natural
or anthropogenic disturbance, taller, solitary palms may become
common due to their ability to utilize the increased light, growing
quickly and transitioning from a juvenile to an adult (Martinez-
Ramos et al., 1988; de Granville, 1992; Cintra and Horna, 1997;
Pintaud, 2006). This may explain why we only see the variation in
stem height, diameter, and solitary stem habit in adult palms. In
addition, our functional trait analyses did not include leaf traits,
which may be more important in determining the shade tolerance
of juveniles (Poorter et al., 2008).

The influence of shade tolerance on palm composition
may be visualized by the abundance of the species Socratea

exorrhiza and Phytelephas aequatorialis across a gradient of
forest age. S. exorrhiza is a canopy palm that appears to be
more abundant in younger forests (Figure 2) and is tolerant
to a variety of environments. Other studies have found it to
be dominant in regenerating secondary stands as well (Norden
et al., 2009), potentially in part because of its ability to tolerate
different light regimes. Conversely, P. aequatorialis (Escobar
et al,, 2022), an understory palm more abundant in older forests
(Figure 2), regenerates best in shaded environments (Palacios
and Jaramillo, 2005). This may limit the species’ ability to thrive
in younger forests.

Alternatively, differences in stem height, stem diameter, and
solitary stem habit may reflect the fact that some canopy palms
may be left standing in pastures or agricultural land as ‘remnants,
around which regenerating forests may grow when the lands are
abandoned. Canopy palms often remain as isolated trees, while
hardwoods and understory palms are cleared (Guevara et al.,
1998; Harvey et al,, 2004). The high abundance of remnants,
and their presence as a seed source, may catalyze a proliferation
of the remnant canopy species in regenerating forest patches
(Aldrich and Hamrick, 1998). The abundant, limited subset
of remnant canopy palms may be over-represented relative
to other functional groups in younger, regenerating forests
relative to mature, intact forests. Other studies have found an
overrepresentation of remnant trees in nearby forest patches as
well (Aldrich and Hamrick, 1998) and have found that remnant
trees are able to influence the composition of a regenerating forest
for decades (Schlawin and Zahawi, 2008; Sandor and Chazdon,
2014). The proliferation of remnant palms in regenerating
habitats may be reflected by the abundance of Oenocarpus bataua
juveniles in younger forest, as O. bataua are often left as remnants
in the study area. The potential influence of remnant trees in
this study highlights the need to consider remnant trees when
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attempting to quantify patterns of biodiversity. It also points
to a need to better understand the impacts of remnant palms
on downstream ecological processes (e.g., frugivory) and on the
abundance and diversity of species they support.

Utilizing species richness, community composition, and
functional trait analysis in concert helped us to produce a more
cohesive view of palm communities. Across a gradient of forest
regeneration, the juvenile community changed in composition
but not in species richness, pointing to the phenomenon of
plant species richness recovering more quickly than species
composition in tropical forests (Finegan, 1996; Liebsch et al.,
2008; Martin et al., 2013; Rozendaal et al., 2019). As such, our

study adds to global patterns of uncoupling between species
richness and changes in community composition (Blowes et al.,
2019) and stresses the importance of utilizing both species
richness and community composition.

Our study is one of the first to address how functional traits
vary along environmental axes within the palm community
in the study area. Our results highlight how functional traits
differ between adult and juvenile communities, both through
the RLQ ordination (Figure 3) and through the fourth-corner
analysis results. Utilizing functional trait composition pinpointed
potential mechanisms for diversity loss, highlighting the value
of combining trait analyses with traditional metrics of diversity.
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Our results may be of particular value as palms are often
removed in functional trait analyses of plant communities due
to their differences in stem and leaf structure compared to
dicot trees (Boukili and Chazdon, 2017), further restricting our
understanding of functional trait patterns during succession.

Alongside evidence that secondary forest environments are
selecting for different functional traits and contribute to shifts in
diversity and composition, it is worth noting that other drivers
are likely influencing the palm community. Species that may
establish and survive in secondary habitats under ideal conditions
may experience decreased success because of landscape-scale
processes that can degrade forest habitat. In a highly degraded
landscape like that of our study, these processes may include
forest loss at the landscape scale (Rocha-Santos et al., 2016) and
the intensity of previous land use (Karp et al., 2012; Jakovac et al.,
2015). Both of these processes can independently affect palm
diversity (Vandermeer et al., 2010; Benchimol et al., 2017). Forest
loss can alter the diversity, density, and/or distance traveled
by animal seed dispersers (Montifar et al., 2011; Browne and
Karubian, 2018) in addition to reducing proximity of regrowth to
old-growth seed sources (Norden et al., 2009), with implications
for dispersal outcomes of palm species. Intense previous land
uses may alter abiotic factors vital to the regeneration of many
palm species (Eiserhardt et al., 2011), like soil quality and nutrient
availability (Lawrence et al., 2007; Runyan et al, 2012). The
changes in the palm communities observed here are most likely
due to multiple, potentially synergistic explanations (Benchimol
etal., 2017). Moreover, our data were collected during one season,
and the predictions on community change may change with a
multi-year study. Future studies interested in palm communities,
particularly when studies concern seedlings, should prioritize
long-term data collection (Norden et al., 2009). Due to the site-
specific and time-sensitive nature of the myriad factors that
can influence community assembly processes, we caution the
generalization of our results. We also caution interpretation of
our results as general trends due to the possible effects of spatial
autocorrelation, a longstanding issue in ecological survey data
when transects are used.

Our results add to a line of evidence suggesting that palm
communities are susceptible to changes caused by human-
induced deforestation. Our study, to our knowledge, is the
first to examine the effect of forest age on functional trait
composition in palm communities. Our findings suggest that
smaller palms, like P. aequatorialis, may be at greater risk
in the palm community as undisturbed forest continues to
disappear. While the juvenile community did not exhibit changes
in functional trait composition, this may change over time. As the
proportion of secondary forest increases, sensitive adult species
may be limited to increasingly smaller areas and face increasing
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