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Abstract

Light availability and seed dispersal can play a determinant role for plant growth and survival. The intricate interplay among
these factors, coupled with pronounced topographic and elevational variation, may influence forest composition and struc-
ture. Despite the structural significance of palms within the Atlantic Forest, they are scarcely represented in both inventories
and ecological studies. Additionally, functional trait variation among palm species is barely tested, and species are usually
categorized into one or two functional types. We examined a palm community in terms of floristic composition and species
replacement along an elevation gradient from 0 to 1400 m. Furthermore, we measured a set of morpho-physiological traits
strongly associated with growth and survival strategies, such as photosynthetic capacity through Rapid Light Curves, leaf
traits, height and fruit size and number. Our findings reveal highest richness from 300 to 800 m. Otherwise, palm density
increased along elevation, peaking after 1200 m, mainly associated with E. edulis increase in density along elevation. Addi-
tionally, traits associated with enhanced light capture and dispersal capacity, i.e., higher photosynthetic capacity, height, and
fruit number, were common among species widely distributed along the entire elevation gradient, such as Euterpe edulis
M. and Geonoma schottiana M. In contrast, species with narrower distributions, exhibit the opposite traits. In conclusion,
in our study area there is an integral role of light response and dispersal capacity in shaping the palm community structure
in the Atlantic Forest along an elevation gradient from 0 to 1400 m.

Keywords Arecaceae - Dispersal patterns - Functional traits - Light response

1 Introduction environmental gradients can be influenced by both determin-

istic and stochastic processes shaping community organi-

Species response to environment is one of the most fun-
damental drivers of community assembly (McGill et al.
2006; Hulshof et al. 2013; Hernandez-Calderén et al. 2014;
Luo et al. 2016). Shifts in plant functional traits across
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zation. Deterministic processes include environmental trait
selection (habitat filtering) and species competition (niche
differentiation) as outlined by Kraft et al. (2008), Andersen
et al. (2012) and Pescador et al. (2015). However, it is crucial
to also account for stochastic processes like convergent evo-
lution, large disturbance events, or random niche dynamics,
which can likewise mold species functional adaptation and
engender diverse community responses to environmental
alterations (Chase and Myers 2011). Trait-based approaches
become useful during last years to understand how the envi-
ronment may structure plant communities (Wright et al.
2004; Garnier and Navas 2012; Ames et al. 2016).
Environmental variation conveys filtering processes,
which leads to changes in community trait composition due
to the species turnover and abundance variation of coexist-
ing species along gradients, and as well due to niche simi-
larity/dissimilarity, phylogenetic relatedness, inner species
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plasticity and genetic variation (Cornwell and Ackerly 2009;
Andersen et al. 2011; Pescador et al. 2015). Conversely,
biotic interactions play a role in reducing the overlap of
similar traits among species exploiting similar niches and
resources; this results in limiting similarity, which poten-
tially leads to competitive exclusions that balance species
dominance (2011(Andersen et al. 2012; Hulshof et al. 2013;
le Roux et al. 2014). As elevation increases, the main envi-
ronmental shifts are climatic, mainly related with tempera-
ture and rain regimes, along with soil conditions and fertility
(Lomolino 2001; Korner 2007). These dual factors—envi-
ronmental and biotic—jointly influence the traits that are
favored or filtered out along an elevational gradient.

The consequent shifts in temperature and precipitation
regimes could significantly influence physiological traits,
such as metabolic rates, photosynthetic efficiency, and
stress tolerance among species (Luo et al. 2016). Concur-
rently, variations in soil fertility along elevation drive mor-
phological trait divergence like root depth, leaf size, and
body size (Luo et al. 2016). On the dispersal front, species
might employ divergent mechanisms to navigate through
elevational gradients (Zheng et al. 2022). For example, for
animal-dispersed seeds, dispersal capacity depends on the
mobility of their dispersal agents; along with that dispersal
endeavors could be hampered by physical barriers, adverse
climatic conditions, and the paucity of suitable habitats,
especially at higher elevations (Hulshof et al. 2013; Pescador
et al. 2015; Zheng et al. 2022). Moreover, species competi-
tive performance may depend on their dispersal capabilities,
and those with superior dispersal mechanisms may swiftly
colonize new elevational niches, potentially overshadowing
less mobile species (Zheng et al. 2022).

Palms are characterized by presenting a high niche spe-
cialization (Balslev et al. 2011; Eiserhardt et al. 2011).
The distribution of palms is restricted to regions where
the interaction between temperature and humidity main-
tains a high vapor pressure level, or where temperature
and moisture are relatively high and constant during the
year (Eiserhardt et al. 2011; Renninger and Phillips 2016).
Their dependence on such climatic conditions is associ-
ated with their morpho-physiological characteristics such
as the presence of a single bud for the maintenance of the
whole plant, their susceptibility to cavitation due to the
absence of vascular cambium which makes them unable
to replace vessels in their stem or leaves (Salm et al. 2007;
Eiserhardt et al. 2011; Renninger and Phillips 2016) and,
their inability to regulate bud dormancy which limits their
capacity to tolerate low temperatures and frost (Salm et al.
2007; Renninger and Phillips 2016). Palm intolerance to
low temperatures is probably their main ecophysiologi-
cal limitation along elevation, together with the effect of
variations in soil water availability and fertility (Balslev
et al. 2011; Alvarado-Segura et al. 2012). Besides the
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Amazonian forest, the Southeastern Brazilian Atlantic
Forest constitutes a center of higher palm species diver-
sity in Brazil (Salm et al. 2007), with around 60 species
and 15 genera (Oliveira et al. 2014). The Atlantic forest is
characterized by a high variation in topography and eleva-
tion (Eisenlohr et al. 2013; Sanchez et al. 2013), which
presupposes a source of abiotic filtering for palms due to
the high environmental heterogeneity associated with it
(Alves et al. 2010).

Even though palms are recognized as being important
structuring components of the Atlantic Forest (Joly et al.
2012; Hernandez-Calder6n et al. 2014; Benchimol et al.
2017), they are commonly underrepresented in inventories
and ecological studies, especially the species with narrow
distribution ranges and species with small stem diameters
(i.e. less than 40 mm) (Portela et al. 2017). Previous research
on palms in the Atlantic Forest covered aspects of population
dynamics and structure (Portela and Santos 2011; Melito
et al. 2014; Oliveira et al. 2014; Zucaratto and Pires 2015),
ecophysiology (Gatti et al. 2008; Braz et al. 2012; Oda et al.
2016), dispersal syndromes and phenology (Genini et al.
2009; Galetti et al. 2013; Brancalion and Rodrigues 2014)
and their conservation and management (Mengardo et al.
2012; Santos et al. 2015; Benchimol et al. 2017). Although
results of these studies had been valuable, little informa-
tion is available for morphological and physiological traits
among non-cultivated palm species (see Goldel et al. 2015),
and species are usually divided into one or two functional
types based on the type of habitat they occur, or by their
growth form (Santiago and Wright 2007; Ruiz-Jaen and Pot-
vin 2010; Benchimol et al. 2017).

Additionally, most of the research has concentrated on
soft traits, with only a handful exploring the inclusion of hard
traits. Hard traits correspond to very precise measurements,
mechanically linked to specific functions, which often entail
more time, expertise, or financial resources to be accurately
measured; examples include physiological traits like photo-
synthetic rate and stomatal conductance (Wright et al. 2004;
Garnier et al. 2016). ‘Soft traits’ are usually morphological or
anatomical characteristics that are easily measurable, albeit
less directly related to specific functions (Wright et al. 2004;
Garnier et al. 2016). Hard traits may provide clues on habitat
preferences since they mediate direct and indirect effects of
soft traits on habitat preferences (Belluau and Shipley 2018).
More specifically, integrating physiological (hard) traits with
biological (soft) traits can elucidate individuals’ relative fit-
ness, indicating their success in gene transmission to the next
generation, and their survival ability in an environment, denot-
ing their capacity to thrive amid habitat challenges. This com-
bined examination provides a nuanced framework to under-
stand adaptive strategies across individual to community levels
in varying habitats, thereby enhancing our insight into species’
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adaptation and survival mechanisms in diverse environmental
contexts (Lavorel and Garnier 2002; Violle et al. 2007).

There is evidence on how elevation gradients impact spe-
cies richness, community composition, and functional trait
variations (Hulshof et al. 2013; Nettesheim et al. 2018). In
many cases, a decrease in average temperature at higher alti-
tudes leads to stronger environmental restrictions limiting
species distribution by affecting their growth, survival, and
dispersal capacity (Bjorholm et al. 2005; Hernandez-Calderén
et al. 2014; Pescador et al. 2015). Growth refers to the plant
increase in size or biomass or its ability to exploit resources
efficiently for survival and reproduction (Westoby 1998). As
elevation increases, plant growth typically diminishes due to
lower temperatures and oxygen levels, reduced atmospheric
pressure, less favorable nutrient availability, more intense
solar radiation, and water scarcity (Korner 2007; Defossez
et al. 2018). Among key ‘soft’ traits associated to growth are
height, specific leaf area, leaf dry matter content, and leaf area,
which indicate relative growth rate, photosynthetic capac-
ity, leaf lifespan, and leaf nitrogen content (Westoby 1998;
Wright et al. 2004; Poorter and Bongers 2006). Moreover, hard
traits such as chlorophyll content (ChT), maximum electron
transport rate (ETR), alpha (a), and saturation light inten-
sity (Ik) provide precise insights into photosynthetic capaci-
ties and light tolerance of species and are directly associated
with growth and survival (Givnish 1988; Govindjee 2004;
Schreiber 2004).

As growth and survival, the ability of movement of plant’s
seeds or spores away from the parent plant, i.e., dispersal capac-
ity (Westoby 1998) can be facilitated by wind, water, or ani-
mals’ movement, determining the potential for colonization of
new areas (Westoby 1998; Cornelissen et al. 2003; Galetti et al.
2013). Key ‘soft’ traits related to dispersal capacity include fruit
size, fruit number and height at maturity, which are also related
with competitive position and seedling survival (Westoby 1998;
Cornelissen et al. 2003; Galetti et al. 2013; Pérez-Harguinde-
guy et al. 2013, 2016). In this study, we explored floristic pat-
terns and species turnover along an elevation gradient from 0
to 1400 m, anticipating signs of environmental filtering. We
also utilized a broad range of morpho-physiological functional
traits—both soft and hard—to enhance our understanding of
the growth and dispersal strategies of species along the ele-
vational gradient. We hypothesize that species richness will
decrease at higher elevations and that species distribution will
depend on palms with greater dispersal abilities and more effi-
cient resource use as elevation increases.

2 Materials and methods

Study site Our study was carried out in a section of the Serra
do Mar Mountain chain in Rio de Janeiro state, SE Brazil.
The Serra do Mar Forests belongs to the Atlantic Forest

domain, presenting high endemism and biodiversity (Canti-
dio and Souza 2019). This forest is exposed to the geological
and topographic complexity of the Serra do Mar, placing
it under extreme habitat and microclimate heterogeneous
conditions (Alves et al. 2010). Data were collected along an
elevational gradient from zero to 1400 m (Fig. 1). The sam-
pling was performed within three long time protected areas
in Rio de Janeiro state, where forests are in late successional
stages, supporting a good status of conservation. We divided
the whole gradient into five elevation belts based on eleva-
tion categories: 0—200 m (lowland forest), 300-500 m (sub-
montane forest), 600-800 m (submontane forest), 900-1100
m (submontane-montane forest) and 1200-1400 m (montane
forest). Lowland forest of Rio de Janeiro has annual precipi-
tation of 2000 mm and average temperature of 25 °C (Lima
et al. 2006), Submontane Forest has annual precipitation of
2000 mm and average temperature of 22 °C (Carvalho et al.
2009), Montane Forest has an annual precipitation of 3000
mm and temperature of 18 °C (Sattler et al. 2007). The area
encompassing elevations from zero to 200 m and 500-800
m was established at the Trés Picos State Park (PETP) (22°
19 S/42° 41" W), near Cachoeiras de Macaci city. This
park holds the highest biodiversity index detected for the
whole state representing one of the most prominent areas
for conservation priorities of the Atlantic Forest (PESET).
The region between 200 and 400 m was placed at a Brazil-
ian non-profit non-governmental organization called Reserva
Ecolégica de Guapiaci (REGUA) (22° 50" S/42° 88" W),
which geographically borders the Trés Picos State Park at
500 m, also near Cachoeiras de Macaci city. Thus, the area
from 200 to 800 m belongs to the same area. The highest
elevation belts were located at Serra dos Orgﬁos National
Park (PARNASO) (22° 29" S/43° 4' W), at Teresopolis city.
Climate below 1200 m is hot and wet, classified as tropical
rainforest climate, Af, by the K&ppen climate classification.
Above 1200 m, climate is hot and humid in summer and cold
and wet in winter, and it is classified as subtropical highland
climate or Monsoon-influenced temperate oceanic climate,
Cwb, by the K&ppen climate classification.

Floristic composition and structure of the palm commu-
nity We used a modified variable area method for palm
sampling proposed by Portela et al. (2017). Only the first
six adults in each transect (10X Ty, m transects) were
sampled in the variable area method; in this case, transect
length (7'¢,e,) Was defined according to the distance of the
sixth adult from the beginning of the transect. When fewer
than six individuals were observed in each transect, transect
length was extended up to 50 m to search for additional indi-
viduals. Palm species were identified based on Henderson’s
guides and experience from previous field expeditions in the
Atlantic Forest (Pires 2006; Henderson 2011; Portela et al.
2016; Henderson et al.
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Fig.1 Elevational gradient from zero to 1400 m. The gradient was divided into five elevation belts based on elevation categories: 0-200 m
(lowland forest), 300-500 m (submontane forest), 600-800 m (submontane forest), 900—1100 m (submontane-montane forest) and 1200-1400 m

(montane forest). Created with Google Earth (Lisle, 2006)

2019; Reflora 2019). We took measurements of basal
diameter (BD) and height (H, length of stem) of every indi-
vidual recorded in the census. To describe the community
structure along elevation we calculated relative abundance,
relative frequency, and relative dominance, as well as the
importance value index (IVI, 300%) at species level. We
also calculated the index of similarity (S) of Sorensen (Kent
2011).

Functional traits measurements We measured traits that
are strongly associated with growth and survival strategies,
which corresponded to structural traits, photosynthetic and
biochemical traits and dispersal traits (Westoby 1998; Reich
et al. 2003; Wright et al. 2004; Galetti et al. 2013) (Table 1).
We collected the data during wet season mainly to avoid
stress by drought. For each species, traits were measured
on three to six adult individuals coming from different belts
along the gradient. Data from species replicates were aver-
aged to obtain a global mean trait value for each trait for
each species (Carmona et al. 2015).

Structural traits

Sampled leaves corresponded to non-senescent, com-
pletely expanded and without self-shadow being the third
or the fourth leaf of the crown counting from the spear

@ Springer

(adapted from Colmenares-Trejos et al. 2011). Ten to
20 leaflets were selected from the second third section
of the leaf to take lamina samples. Lamina samples were
obtained from the second third section of each leaflet with
a perforating tool of 121 mm?, avoiding the central vein.
LA was measured with a metric tape, taking the rachis
length (b), without petiole, and the widest part of the leaf
(a) to calculate the approximated leaf area based on ellipse
area:

A=naxd xb (H

were a’ corresponds to a/2 and b’ corresponds to b/2.

For SLA, LDMC and TH, the lamina samples were
water saturated in a humid camera for 12 h, at 4 C and
darkness (Pérez-Harguindeguy et al. 2013). Leaf fresh
weight was measured from the saturated leaf with an
Ohaus Scout Pro Portable balance. Lamina thickness was
measured with a digital caliper (Mitutoyo absolute 500).
After weighed, lamina samples were oven dried during 72
h to obtain dry weight. Specific leaf area and leaf dry mat-
ter content were calculated following Pérez-Harguindeguy
et al. (2013). Stomatal density was calculated as the num-
ber of stomata per area. Stomatal counting was performed
preparing an epidermal impression of the leaf sample on



279

Light and dispersal strategies structure palm community along an elevation gradient in the...

-adors renur
parejodenxa oy pue U [ SUI] [BJUOZLIOY B US2M]Aq UOTIIS
101Ul Jo Jutod 9y} Jo anfeA (YVd) UONRIPEY dATIOY INAYIUASOI0Y]

's1sayjuAsojoyd Jo paIh wnwirxew
01 paje[ar ‘oamd 31| pider € jo adofs [eniur ay) 01 spuodsario)
Y31 03 sasuodsar wied jo siojedrpur [enuajod ‘sisayuksojoyd
103 Kyroeded 1918213 YIIm pIje[al 21k sojel J1odsuel) UONOI[R RYIIH

"(8861 USIUAID)

soAB9[ JO sjue[d JUBIS[0) APBYS YIIM 9JBIOOSSE QI8 MO[dq SIN[EA

AIYM “00ueIa[0) JYSI] YIIM PIIBIOOSSE dIB G7—7 2A0qE q[UD/BIUD
JO San[eA SOABI UMOIS—OpeRYS sNSIoA JYSI] SUNBNUIIYIP SMO[[Y

‘Kyroedes esiadsip ‘puess e ur uonisod aannedwo)

(8661 £qOIsop (€107) Te 10 AnSepumnSIeH-za19d)
(SPa9s Y)Im PajeIdnssy) [eAIAInS Sul[paas ‘Ajoeded [esiadsiq
((€10¢ Te 30 AnSopuinSreH-za19d) K10A1q10Y JsureSe asuajop
0} eroni) “(uonendsar YSnoIy) UoqIes Jo SSOJ SNSIOA U0qQIed
Jo ndur onoyyuksoloyd) aouereq uoqred pue IMOIS 0} [eronID)
*(800¢ stpreqesog
29 SIPYOY]) UONBAQ[S 03 dsuodsar ur saSueyd sjuasald (€007
pIEMpOOA 2 uO)SULIdYIRH) axerdn S pue SSOf Jojem JO [0NU0))

“(#00T "Te 30 WSLIAL) DINA'T USTY Pue VIS mo[ Aq pajuasaidar
‘SJULIINU JO UOTBAIOSUOD JUAIDLJQ Uk ssassod yorym soroads Sur
-M0IS MO[S pue ‘sa10ads DN MO[ pue VIS YSIY yIim ‘saroads

M01I3 Jsej "9°1 ‘ssewolq jo uononpoid pider e udomiaq Jjo-apen

[eIudwEpUNy 9y} SJUdsaIdar syrer) 9sAY) UsIMIOq UOTIORIANUI A,
(8661 £QOISOM “€T0T 'TE 10 ANSopuISIeH-219d ‘010T ¢ 10

©NOJIN]) JUNUOD udSontu jes| pue uedsoyr yesy ‘Kioedes onoyy
-uksojoyd ‘a1er Y)MoI3 JATIB[AI JO AJR[Q1I0D PAINSEIW A[ISLD Uy

Al

dLd

quO/eYD
L1

H

Nd

Sd

V1
HL

wolg

VIS
JOINA'T

(s-;ur)/suoroyd o
uojoyd/uonooro

(s-;ur)/—o fou

VN

LWW/[OUWW 10 3/[0Ww
w

Joquinu

wo

BoIR/pUL

S/, w
3/3w

Kyisudur yS1| uoneInjes

eydry

9rer J1odsueny UOIIOI[ WNWIXBIA

(QuD/eYD) SITeT) [ed1aYd
oner q/e [[Aydorofy) pue (LyD) [Aydoroy) [elog, -01q pue dHAYIUASOI0Y spedy, pieq
Kumyew Je Jy3oy

JIoquINu JINJJ PUB 9ZIS JINL] syren) [eszodsiq

SSOUYOIY) Jed[ PUE JZIS Jed|

Kyisuop [erewols

JUaIU0? I3)jewr \A.H—u JeoT pue vare Jesp ocmovﬁm S)reI) fernidnng sjeay 3jos

QouedyIuSTS [82130[01q JO UONOUN]

qQqv

nan

LIVIL 198 odA1 sy,

UONEBIARIQQY = 'qQQV "WNIIEQIOH USPIEL) [eoTURIOq OIIOUE[ 9P OTY d) WOIJ Pue ‘0INJeIol] o) WOIJ ‘PIoY J8 SJUSWAINSEaW WOIJ PIALIDP S)Ies) [euonouny jo s | djqel

pringer

As



280

S. L. Colmenares-Trejos et al.

a glass slide for microscopy using liquid transparent glue.
After removing the leaf, the glass was placed under the
microscope to count the number of stomata imprinted
(adapted from Pérez-Harguindeguy et al. 2013).

Photosynthetic and biochemical traits

We included physiological and biochemical measurements
as potential indicators of palm responses to light. These were
rapid light response curves (RLC), total chlorophyll content
(ChIT mmol x g™"), and chlorophyll a/b ratio (Chlab). Rapid
light response curves were measured at field using a PAM-
2500 Portable Chlorophyll Fluorometer (Walz). The RLC
comes as a default routine of the PamWin-3 software of the
PAM 2500 fluorometer (Walz, Effeltrich, Germany, 2008).
The curve provides three physiological key parameters that
describe photosynthetic acclimation to light intensity: maxi-
mal relative electron transport rate (ETR, pmol e™ (m%xs)™h,
the initial slope (alpha, electron/photon), and the saturation
light intensity (Ik, umol photons (m?xs)~!). The measure-
ment was made on three leaflets collected, from 10 a.m. to 14
p-m. during sunny days. The leaflet was disposed under dark
conditions for acclimation to obscurity for 1 min approxi-
mately, and then submitted to the increasing intensities of
actinic light provided by the fluorometer. A mean value was
calculated for each plant measured.

Total chlorophyll and chlorophyll a/b ratio were measured
at the laboratory. Chlorophyll was measured using dimethyl
sulfoxide (DMSO) extraction method (Tait and Hik 2003).
Lamina samples were immersed in one milliliter of DMSO
and kept in the dark at field. Once at the laboratory, samples
were placed in a water—bath maintained at 60 °C for one hour.
After that, four to five repeated washings with DMSO were
necessary to perform until total extraction. The chlorophyll
extraction was diluted when necessary and transferred to a
cuvette for spectrophotometer readings at 480, 649.1 and 665.1
nm (Spectrophotometer Shimadzu UV-1800, Kyoto, Japan).
Chlorophyll concentration was calculated using the following
equations for a UV spectrophotometer (Wellburn 1994):

C,=12.47Ages1 — 3.62A449, 2
Cp = 25.06A 49 ,—6.5A 5.1 ©))
C.e = (10004 44,—1.29C,—53.78C,) /220 )

Once the formula was applied, final content was
expressed in millimole (mmol) of chlorophyll per dry mass
(g) and per area (mm?). Chlorophyll a/b ratio was calculated
by dividing Chla by Chlb.

Dispersal traits

Stem height H (m) was measured with a Nikon Forestry
Pro Laser Rangefinder/Height Meter or with a metric tape
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depending on the species height. This trait was considered
as both structural and dispersal trait. Fruit size (FS, diameter
in cm) and fruit number (FN, fruits per bunch) were derived
from literature and botanical garden herbarium collections
(COPPETEC-UFRIJ 2019). Material selection was made
based on species occurrences reported at the studied areas.
Fruit size was considered a surrogate for seed size, while
these palms produce one seed per fruit and the fruit flesh is
considerable thin around the seed. Fruit number was derived
as categorical variable, from one to four, being one for spe-
cies with less than 20-30 fruits per bunch, two between
50-100, three between 100-500 and four for species with
more than 500 fruits per bunch.

Functional trait variation among species We measured
species similarity using cluster analysis with significance
testing. A matrix of similarity between observations (spe-
cies per traits) was used. After a log transformation of trait
data, we ran a bootstrap-version of cluster analysis to evalu-
ate the consistency of the clusters by calculating p-values.
Clusters with high “Approximately Unbiased p-value”
(au>p=0.90), were considered strongly supported by the
data, meaning they really are very similar units that form a
natural cluster. Whereas BP refers to raw “Bootstrap Prob-
abilities” before statistical adjustments. For clustering, we
used “ward.D2” = Ward’s minimum variance method, and
10,000 boot-strapping replications were analyzed. Analysis
was performed using the function “pvclust” in the package
Pvclust (Suzuki and Shimodaira 2006, 2015) of the statisti-
cal software package “R” (R Core Team 2022). Rectangles
around groups highly supported by the data were added
using the function “pvrect” with alpha=0.95.

Additionally, we applied a species’ PCA using a spe-
cies X traits matrix to identify the main patterns in how the
traits vary together across species, and the combinations of
traits that are most important in describing the differences
between species and their strategies for growth and disper-
sion (Lebrija-Trejos 2010). Prior to PCA, we performed
descriptive statistics, correlation matrix and scatter plot
matrix. For each trait we calculated minimum, first quar-
tile (¢1), median, mean, third quartile (¢3) and maximum
for each trait. After a log transformation of trait data, a
Pearson’s correlation test was implemented for each pair
of the 12 quantitative functional traits, and a scatter plot
matrix showing the correlation coefficients between traits
and the significance levels. Despite highly correlated vari-
ables (r>0.7) they were not removed in the PCA. Principal
component analyses were carried out on the standardized
traits using the function PCA in R package FactoMineR
(L& et al. 2008). Finally, a biplot of variables (traits) and
individuals (species) was performed.
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Fig.2 Species Richness (S) and Density along Elevation. Species richness increased with elevation peaking from 300 to 800 m. Then, after 800
m it started to decline. Species density had a continuous increase along elevation, with the highest peak above 1200 m

Table 2 The Sorensen similarity index in the elevation gradient

Belt (m) 0-200 300-500 600-800 900-1100 1200-1400
0-200 7 6 6 2 3
300-500 0,75 9 8 3 3
600-800 0,75 0,89 9 3 4
900-1100 0,40 0,50 0,50 3 3
1200-1400 0,50 0,43 0,43 0,75 5

The gradient was divided into five elevation belts based on eleva-
tion categories: 0-200 m (lowland forest), 300-500 m (submontane
forest), 600-800 m (submontane forest), 900-1100 m (submontane—
montane forest) and 1200-1400 m (montane forest)

3 Results

Floristic composition and structure of the palm commu-
nity A total of 1175 individuals belonging to five genera,
and 12 species were sampled at the whole elevation gradient:
Astrocaryum aculeatissimum (Schott) Burret (Aa), Bactris
caryotifolia Mart. (Bc), Bactris vulgaris Barb. Rodr. (Bv),
Euterpe edulis Mart. (Ee), Geonoma elegans Mart. (Ge),
Geonoma fiscellaria Mart. ex Drude (Gf), Geonoma kuhl-
mannii Burret (Gk), Geonoma pohliana Mart. (Gp), Geon-
oma schottiana Mart. (Gs), Geonoma trinervis Drude and

H.Wendl. (Gt), Geonoma wittigiana Glaz. ex Drude (Gw),
and Syagrus weddelliana (H.Wendl.) Becc. (Sw).

Species richness increased with elevation peaking from
300 to 800 m. Then, after 800 m it started to decline (Fig. 2).
Index of similarity (S) of Sorensen among the altitudinal belts
showed distinct patterns of species composition across vary-
ing altitudes. We found high similarity scores (0.75) between
the lowest elevation belts (0—200 m and both 300-500 m and
600-800 m) which suggest these areas share many species.
In contrast, lower scores (0.40 and 0.43) when comparing the
lowest (0-200 m) and the highest (900-1100 m and 1200-
1400 m) belts indicate differences in species compositions
at these elevations. The moderate score (0.50) between the
lowest (0—200 m) and the highest (1200—1400 m) belts points
to some overlap in species. Notably, the high score (0.89) at
mid-elevation belts, between the 300—500 m and 600-800 m,
indicates very similar species composition. Lastly, the score
(0.75) reflects a significant similarity between the two highest
elevation belts (900-1100 m and 1200-1400 m) (Table 2).
Regarding species density, we found a continuous increase
along elevation, with the highest peak above 1200 m (Fig. 2).
Moreover, patterns of density and distribution varied among
species (Fig. 3), and phytosociological descriptors indicated a
progressive loss of species with a low species turnover along
elevation (Table 3). Considering the whole elevational gradi-
ent, E. edulis, G. schottiana and A. aculeatissimum (in bold
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Fig.3 Palm Species Density (relative) along Elevation. Edulis edulis, G. schottiana and A. acculeatissimum are the three species with the high-
est relative ecological importance in the community. Astrocaryum aculeatissimum (Schott) Burret (Aa), Bactris caryotifolia Mart. (Bc), Bactris
vulgaris Barb. Rodr. (Bv), Euterpe edulis Mart. (Ee), Geonoma elegans Mart. (Ge), Geonoma fiscellaria Mart. ex Drude (Gf), Geonoma kuhl-
mannii Burret (Gk), Geonoma pohliana Mart. (Gp), Geonoma schottiana Mart. (Gs), Geonoma trinervis Drude & H.Wendl. (Gt), Geonoma wit-
tigiana Glaz. ex Drude (Gw), and Syagrus weddelliana (H.-Wendl.) Becc. (Sw)

Table 3 Phytosociological

descriptors along elevation Species Density +SD (CV) (ha) Relative abun- Relative Relative domi- IVI 300%

. . dance frequency nance

at species level. Edulis

edulils’ G. S_Chotfia(tabafig A Ab 26.5+75.3 (2.8) 7.14 10.4 10.3 27.8

Zr‘:t‘hi"t’}’;i;’z’;’gcg v?itl{ the Be 6.3+20.4 (3.1) 4.95 45 0.2 9.7

highest relative ecological By 45.1+150.6 (3.3) 3.43 32 0.3 6.9

importance in the community Ee 59.6+99.2 (1.7) 24.59 25.8 78.6 128.9
Ge 27.4+67.8 (2.5) 8.24 4.5 0.3 13.1
Gf 136.1+£280.7 (2.1) 5.91 9.5 2.7 18.1
Gk 100.1+308.5 (3.0) 1.37 1.4 0.1 2.8
Gp 18.5+74.5 (4.0) 7.14 7.2 1.7 16.1
Gs 455.1+638.2 (1.4) 20.88 22.2 44 47.5
Gt 12.9+40.0 (3.1) 6.04 32 0.3 9.5
Gw 6,6 +(4,8) (0,7) 522 32 0.1 8.5
Sw 34.09+129.4 (3.8) 5.08 5 1.1 11.2

IVI (Importance value Index). Astrocaryum aculeatissimum (Schott) Burret (Aa), Bactris caryotifolia
Mart. (Bc), Bactris vulgaris Barb. Rodr. (Bv), Euterpe edulis Mart. (Ee), Geonoma elegans Mart. (Ge),
Geonoma fiscellaria Mart. ex Drude (Gf), Geonoma kuhlmannii Burret (Gk), Geonoma pohliana Mart.
(Gp), Geonoma schottiana Mart. (Gs), Geonoma trinervis Drude & H.Wendl. (Gt), Geonoma wittigiana
Glaz. ex Drude (Gw), and Syagrus weddelliana (H.-Wendl.) Becc. (Sw)

at Table 3) presented the highest relative ecological impor-  density increased progressively with elevation, G. schotti-
tance among species, but only E. edulis and G. schottiana  ana peaked at mid elevation areas and followed a decline
were present along the whole elevation gradient. E. edulis  approaching higher elevation areas and A. aculeatissimum
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Fig.4 Boxplot of structural traits of palm species found along the elevation gradient from zero to 1400m. a. Specific leaf area, SLA (m2/kg). b.
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increased its density with elevation until 800 m. The rest of
the species where commonly found at intermediate elevations
(from 300-800 m.a.s.1) except for G. wittigiana which was
found only above the 1200 m a.s.l.

Functional trait variation among species In general, we
observed prominent variations in leaf form, leaf size as well
as a wide variation in leaflet size, number, and distribution.
The boxplot for SLA (Fig. 4a) and LDMC (Fig. 4b) shows
A. acculeatissimum and S. weddeliana difter from the rest of
the species in terms of their SLA values, each one being at
the extremes, A. acculeatissimum with the lowest value and
S. weddelliana with the highest value. As for LDMC, the
extremes are between B. vulgaris and A. acculeatissimum, with
the highest values and G. fiscellaria, with the lowest value.

Regarding FS (Fig. 5a), A. acculeatissimum differs from
all the other species by presenting the largest size, fol-
lowed by S. weddelliana and B. caryotifolia; regarding FN
(Fig. 5Yb), E. edulis differs from all the others with the high-
est value. In terms of height (H) (Fig. 5¢), E. edulis and A.
acculeatissimum are the highest species, and differentiate
from all the other species, and between them, being E. edulis
the tallest with values above 10 m. The rest of the palms are
between zero and 5 m in height. In terms of LA (Fig. 5d),
E. edulis and A. acculeatissimum have the largest leaf areas,
above 4 m2, while the rest of the species are below 2 m?; in
terms of stomatal density, Stom (Fig. 5e), E. edulis have the
highest stomatal density of over 50 stomata per unit area,
and A. acculeatissimum, B. vulgaris and B. caryotifolia,
with the lowest stomatal density and the biggest sizes (data
not shown). Finally, there is no prominent difference of leaf
thickness (TH) between the species (Fig. f).

Regarding hard traits, the chlorophyll a/b ratio varied
among species, with remarkable differences between B.
caryotifolia and B. vulgaris, from the same genera. Also,
among Geonoma genera, G. elegans presented a wide vari-
ation in Chla/Chlb ratio, compared with the rest of Geono-
mas (Fig. 6a). Regarding, being G. fiscellaria the species
with the highest content of total chlorophyll (Fig. 6b).
When looking at the components of the rapid light curves
(ETR, Ik, alpha) these indicate that E. edulis and A. accu-
leatissimum are the species with highest photosynthetic
rates and highest saturation points. The rest of the species,
especially the smaller Geonomas, presented the lowest val-
ues (Fig. 6c—e). We also observed wide variation in basal
diameter, height, fruit size and habit among species. E.
edulis and A. aculeatissimum were the tallest species and
presented the biggest stem diameter. A. aculeatissimum, B.
caryotifolia and B. vulgaris presented high fiber density
inside the tissues, high density of trichomes on the adaxial
part of the leaf and spines along the leaf rachis and leaflets
borders (Field observations).

The Pearson correlation analysis showed that ETR and
Ik presented a positive and high correlation with height (H),
0.84"" and 0.76"" respectively. On the other hand, ChIT pre-
sented a negative correlation with H,—0.78"". Among the
soft traits, H was highly correlated with LA, 0.84™", and
with Th, 0.75™"; finally, SLA was negatively correlated with
Th, —0.95"".

Cluster analysis with significance testing showed au
p-values > 0.90 (or 90%) for two general clusters: one
conformed by G. pohliana, G. schottiana, A. aculeatissi-
mum and Euterpe edulis, with 96% to occur; and a second
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conformed by the rest of the species (96%). This second
cluster had also sub-clusters with values above 90% to
occur, one conformed by the G. kuhlmannii, G. trinervis,
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G. elegans and G. wittigiana, with 95%, and the other con-
formed by G. fiscellaria, B. caryotifolia, B. vugaris and S.
weddelliana, with 94% (Fig. 7).



Light and dispersal strategies structure palm community along an elevation gradient in the... 285

0.025-

==
0.020-

ChIT
i

Chla.b

0.010- N
14
=i
Aa Bc Bv Ee Ge Gf Gk Gp Gs Gt Gw  Sw Aa Bc Bv Ee Ge Gf Gk Gp Gs Gt Gw Sw
Species Species
175 e e
500
C | - d
150+
400
125
g x
w ——
—p—
100 ——
300
P
75 — —
—
200 —_—
501, ! : ! ] : ! i : I : : :
Aa Bc Bv Ee Ge Gf Gk Gp Gs Gt Gw Sw Aa Bc Bv Ee Ge Gf Gk Gp Gs Gt Gw Sw
Species Species
0.40+
€
0.351
0.30+
©
=
o
<<
0.25-
0.20+
0.15

Aa Bc Bv Ee Ge Gf Gk Gp Gs Gt Gw Sw
Species

Fig.6 Boxplot of photosynthetic and biochemical traits of palm species found along the elevation gradient from zero to 1400m. a. Chla/Chlb.
b. CHIT. c. ETR. d. Ik. e. Alpha. Cluster analysis with significance testing to test species similarity. There are two general clusters (au>0.95):
one conformed by G. pohliana, G. schottiana, A. aculeatissimum and E. edulis; and a second conformed by the rest of the species. Abb:
au = “Approximately Unbiased p-value”’; bp="Bootstrap Probabilities” before statistical adjustments

@ Springer



286

S. L. Colmenares-Trejos et al.

Fig.7 Cluster analysis with
significance testing to test spe-
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Finally, a general PCA was performed using the complete
species per trait matrix to reveal the combined variation in
their functional traits, which is an indication of the strate-
gies used by plants. The two leading axes explained 69.2%
of the total variation (Fig. 8). Species with high electron
transport rate (ETR), saturation light intensity (Ik), height
(H), leaf area (LA) correlated highly with the first PCA axis
(scores > 0.5). In turn, E. edulis and A. acculeatissimum
had high species scores on the first axis. Species extend-
ing towards the PCA’s left side had increasing specific leaf
area (SLA) and total chlorophyll content (ChlT) (absolute
scores > 0.5). Species with high fruit number (FN) and sto-
matal density (Stom) correlated highly with the second PCA
axis (scores >0.5), while species with high electron/pho-
ton ratio (alpha) from the RLC (absolute scores >0.5) were
found on opposite side of the second PCA axis.

4 Discussion

Our study showed a clear altitudinal threshold after 800 m
for palm species diversity and distribution. Species rich-
ness and community similarity declined steeply after 800
m, whereas species density presented its highest point at
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1200 m. Along with this, the community presented the
lowest basal area and height at mid elevation, with the
highest concentration of shade tolerant—range restricted
species like G. elegans, G. trinervis, S. weddelliana and
Bactris species, a typical understory community. In addi-
tion, regarding trait results, contrasting palm species simi-
larity groups and then their distribution along the func-
tional trait space were an indicator of the occupancy of
different environmental niches among species.

The higher species richness found between 300 and
800 m elevation can be explained, in part, as a response
to the overlapping between range-restricted species and
wide distributed species along the whole elevation gradi-
ent. This has been described for Neotropical areas, where
palm richness patterns follow a complex spatial interaction
of several range-restricted species with a relatively few
wide range species (Kreft et al. 2005), where the variation
in species range distribution is more related with ecophysi-
ological responses, dispersal abilities and evolutionary
history of the species (Svenning 2001; Kreft et al. 2005;
Eiserhardt et al. 2011). The mid-peak richness followed
by a decrease may appear as the result of shrinking in
niche availability for forest interior species, such as shade-
tolerant palm species, as has been reported in previous
work done in the Atlantic forest that included palms (Joly
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et al. 2012; Oliveira et al. 2014; Benchimol et al. 2017;
Portela et al. 2021). This suggest a strong association with
specific environmental conditions or dispersal limitation
along elevation (Pires 2006; Braz et al. 2016; Cochrane
et al. 2015; Oda et al. 2016).

Related to density, previous research at Atlantic Forest
found that palm population densities increase with eleva-
tion, specially above 200 m, in response to increase in
forest cover, shadow, humidity, and reduction of human
exploitation (Joly et al. 2012; Oliveira et al. 2014). Similar
patterns have been found in palms from Southeast Asia
in response to the same factors, including topography
(Stiegel et al. 2011). Our finding is influenced by the dras-
tic increase in population density of the species E. edulis
after 800 m, a pattern which was also observed in previous
works (Joly et al. 2012).

The overall species strategies, reflected by the traits we
measured, were associated principally to light response
and dispersal capacity, giving us clues about their dis-
tribution. Despite palms analyzed in our study are con-
sidered shade-tolerant species (Arroyo-Rodriguez et al.
2007; Gatti et al. 2011), commonly present at ombrophil-
ous forest, species varied in a continuum along the leaf
economic spectrum, and we found two independent axes of
trait variation in palms, one corresponding to light acqui-
sition strategies and another to dispersal traits. The traits
most closely aligned with PCA axis 1 are related to the
fast—slow continuum (Reich 2014; Salguero-Gomez et al.

Vertical Strata

2016): Height, ETR, and SLA closely followed by LA and
ChlIT. However, the positive loading of Height, ETR, and
LA onto PCA 1, opposite to the negative loadings by both
SLA and ChlT, do not seem to follow completely the well-
established fast-slow plant economic spectrum. High SLA
is associated with fast resource acquisition strategy (high
growth rates, low LDMC, low longevity leaves and higher
photosynthetic rates) (Reich 2014). Our data suggest the
opposite pattern, and species with higher SLA values did
not present the highest photosynthetic performance and
were not the larger ones.

Light environment is a factor of competition among coex-
isting species for light and may determine plant community
structure and composition (Liu et al. 2010; Long et al. 2011).
Several studies have suggested that SLA can be linked to
light partitioning within communities on vertical gradients
of light (Ackerly et al. 2002; Ackerly and Cornwell 2007;
Markesteijn et al. 2007). Studies using tree height as a proxy
for light availability, showed that SLA may decrease with
height, likely reflecting responses to the degree of shading,
arguing species with more light availability may achieve
high growth rates by producing leaves with greater photo-
synthetic mass, i.e., low SLA (Liu et al. 2010; Long et al.
2011), as it was observed in our study for A. acculeatissi-
mum and E. edulis.

We found palms were distributed in the functional trait
space following the vertical strata, from understory to sub-
canopy species, supported by their structural, photosynthetic,
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and biochemical attributes (Figs. 7, 8). In general, structural
traits like specific leaf area (SLA), height (H), and stomatal
density (Stom), as well as photosynthetic and biochemi-
cal traits were fundamental to distinguish shade-tolerant
species (understory palms and species with small leaves)
from more generalist species favored by their higher capac-
ity to use higher light intensities (subcanopy palms). Thus,
within a so-called shade-tolerant species functional group,
we found three distinctive groups responding differently
due to light response and dispersal capacity strategies: the
larger and more widely distributed palms, associated with
more luminous environments (A. acculeatissimum, E. edu-
lis, G. pohliana, and G. schottiana); the small-leaved and
small-seeded understory palms (G. kuhlmannii, G. trinervis,
G. elegans, and G. wittigiana); and the small-leaved and
large-seeded understory palms (G. fiscellaria, B. vulgaris, B.
caryotifolia, and S. weddelliana), the last two groups associ-
ated with less luminous environments.

The possess of traits that conferred the ability to enhance
light capture (high ETR, height and leaf area) and dispersal
capacity (high fruit number and height) can be associated
with a successful establishment along elevation. Species
which such characteristics were E. edulis, and G. schottiana,
the most ecologically important species along the whole alti-
tudinal variation. The highest fruit number per bunch and
the ability to germinate under wide-ranging environmental
conditions of light and water availability of E. edulis and
G. schottiana (Braz et al. 2014, 2016;; Mendes et al. 2019)
seems to favor them to be amply distributed and also persis-
tent at higher elevations. However, G. schottiana has been
found to be more affected demographically by habitat reduc-
tion than E. edulis, and A. acculeatissimum, (Portela et al.
2021), where drought events may affect seedling survival
rates (Braz et al. 2016; Portela et al. 2021). The species A.
acculeatissimum also presented a high IVI and displayed
an enhanced light capture capacity. However, it was pre-
sent only until 800 m. By considering the large size of its
fruits, dispersal constraints may be a reason for its absence
at higher elevations, suggesting the lack of their natural dis-
perser in those areas, as it has been found in studies with
this species, where it is demonstrated the dependence of
this palm to medium size dispersers such as agoutis for a
successful dispersion, collapsing when they are not present
(Donatti et al. 2009). However, there may be other restric-
tions related to the physiology of the plant that could be
studied, such as seed germination or seedling survival at
altitudes greater than 900 m.

Light is known as a limiting resource condition for
growth and reproduction of palms (Gatti et al. 2011; Ma
et al. 2015). An open canopy can act as a filtering factor for
some of the understory palms especially during germination
and recruitment events (Braz et al. 2014, 2016; Oda et al.
2016), while more generalist plants as A. acculeatissimum or
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E. edulis can be favored by a higher light availability during
germination and seedling establishment and growth (Cintra
and Horna 1997; Fantini and Guries 2007; Kahn 2008; Gatti
et al. 2011). Palms with small leaves, with lower stomatal
density and low photosynthetic capacity have been shown
vulnerable to stressful conditions associated with excess of
light, drought, and soil nutrients (Svenning 2001; Chazdon
1986; Andersen et al. 2011; Camargo and Marenco 2011;
Goldel et al. 2015). Such might be the case of G. kulmanii,
G. trinervis, G. elegans and G. wittigiana, a group which
traits evidenced their strongest association with low light
environments and presented range-restricted distributions
and low density along the whole elevation gradient. As
found for other species of the same genus, such as G. schot-
tiana, it is possible that these understory species are affected
demographically by habitat reduction, reducing mainly the
growth of juveniles by effect of increased light or water scar-
city generated by habitat fragmentation (Benchimol et al.
2017; Portela et al. 2021).

The traits most closely aligned with PCA axis 2 are
related to dispersal traits: fruit number, followed by struc-
tural traits stomatal density and LDMC. However, disper-
sal traits showed a great variability among palm species.
Fruit size, fruit number and height are usually associated
with species establishment capacity and dispersal (Westoby
1998; Galetti et al. 2013; Pérez-Harguindeguy et al. 2013).
Animal-dispersed plants like palms depend on the type, for-
aging and movement of seed dispersers and predators, as
well as on seed size and number, which also affect seed sur-
vival and dispersal (Moles and Westoby 2006; Galetti et al.
2013; Xiao et al. 2015). Big fruits and seeds need animals
big enough to swallow or carry them for dispersion (Galetti
et al. 2013; Goldel et al. 2015), affecting the dispersal dis-
tance capacity of the plant. With increase in elevation, we
found that palms with large-seeded fruits were left behind
at lower elevations, such as G. fiscellaria, S. weddelliana, B.
caryotifolia and B. vulgaris. Shade-tolerant palms with large
seeds are highly sensitive to habitat loss and fragmentation
(Chazdon 1986; Genini et al. 2009; Benchimol et al. 2017),
which is also related with animal — dispersion failure due
to absent dispersers (Donatti et al. 2009). This overcomes
into lower recruitment rates and increased difficulty to the
maintenance and expansion of distribution areas (Santos
2005; Galetti et al. 2013). The species S. weddelliana and
B. caryotifolia fall in this category. Regarding B. vulgaris,
this species presented higher photosynthetic capacity, but it
has very low fruit number, and it was usually found carrying
bunches with unripe or spoiled fruits (field observations).
Fruit malformation can be caused by various factors such as
environmental stress, genetic factors, diseases or problems
with pollination, as it has been found in cultivated species
(Legros et al. 2009; Meléndez and Ponce 2016). G. fiscel-
laria is the species among the Geonoma genus with higher
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fruit size, and is only present above 600 m, being highly
abundant between 600 and 800 m and declining sharply
from 900 to 1400 m, suggesting its dispersion is restricted
to the mid elevation area.

Animal consumption of fruits may also produce negative
effects on palms distribution. Fruits eaten by animals fall
into the forest floor with an intact but exposed seed, mak-
ing it susceptible to be predated by insects or pathogens
(Andreazzi et al. 2009). Such is the case of A. acculeatis-
simum fruits, which are highly predated by insects in the
forest floor (Pires 2006), or by mammals that bury the seed
at unfavorable microsites for germination or recruitment
(Donatti et al. 2009; Braz et al. 2014).

Unfortunately, it was not possible for us to test trait con-
servatism for phylogenetically related species due to the gap
of molecular data for all the species, with the exception of S.
weddelliana (Qian and Jin 2016). Similar trait values among
species congeners from Bactris and Geonoma genera, may
be an indication of a partially phylogenetic conservatism
(De Bello et al. 2017). However, sympatric species from
rich palm genera and species complexes, as Bactris and
Geonoma, usually differ in traits that confer divergent light
requirements or in traits that favor reproductive isolation
favored by local environmental conditions (Svenning 2001).
Trait differentiation offers the possibility to use every slight
variation in the local environmental conditions by different
species, as we found in this study. We suggest that, despite
some similarities, the observed trait differentiation between
species from Bactris and Geonoma genera may explain their
close coexistence, as has been suggested for other palm spe-
cies (Svenning 2001). However, experimental works are nec-
essary to prove that.

We conclude that palm species distribution within the
Atlantic Forest changes along elevation, with notable shifts
in community structure, especially richness and composition
above 800 m. In addition to this, we found wide distributed
palms possess traits that optimize light capture and seed
dispersal, indicating a strong link between these traits and
species establishment, suggesting that niche occupancy is
influenced by the interplay of light availability at the forest
vertical gradient and dispersal constraints along elevation
gradient. However, it is important to include a variety of
environmental conditions in different mountainous regions.
Soil characteristics, temperature fluctuations, and patterns
of precipitation could all play pivotal roles in shaping these
communities. Additionally, incorporating phylogenetic anal-
yses, can unravel niche preferences and trait conservatism.
Understanding these ecological and evolutionary dynamics
is key to conserving these unique palm communities in the
face of environmental change.
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