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ABSTRACT

Climate influences species distribution and selects different morphological traits. The Chaco biome has climatic
gradients, leading us to question morphological trait distribution. Using Fabaceae as a study model, we aimed to
understand how the dispersal traits of this family, such as fruit types, dispersal syndromes and dispersal units, are
distributed along the climatic gradients in the Chaco. We performed a spatial analysis in order to generate spatial
predictors and thus identify on which spatial scales climate and soil variables are relevant to the distribution of
the traits. Also, we used Threshold indicator rate analysis to identify the variation of the traits along the gradients.
Temperature seasonality, precipitation seasonality, and annual mean precipitation are significant predictors of the
distribution of the analyzed traits. Anemochory and barochory show the occurrence of reductions in intermediate
gradient values for temperature seasonality. Regarding precipitation seasonality, craspedium showed greater reductions.
At intermediate values of the rainfall gradient, we observed an increase in the occurrence of drupes and follicles.
Craspedium increases in drier regions. Understanding the dispersion patterns of Fabaceae, a group of significant
ecological and ethnological relevance in the Chaco, should contribute to the consolidation of conservation plans in
different dry forest areas in South America.
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Introduction

Environmental predictors such as climate and soil
properties are some of the modulators of species distribution
and richness around the globe on different spatial scales
(Dell et al. 2011; Jara-Guerrero et al. 2011; Moles et al. 2014;
Payne et al. 2018; Baptista et al. 2020; Assuncgéo et al. 2022).

Scales can substantially affect the observed patterns and
therefore need to be considered as part of observational
ecological studies (Wiens 1989). For instance, at the individual
level, temperature can result in changes in metabolic activity
rates, and at the population level, it influences distributional
patterns and species abundance (Dell et al. 2011; Payne
et al. 2018). Precipitation is crucial in establishing plant
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species, influencing vegetation composition and ecological
interactions such as seed dispersal (Jara-Guerrero et al. 2011;
Moles et al. 2014). Specifically, in dry forests, there is alack of
knowledge on how environmental characteristics and specific
functional traits enable the survival of plant species in dry
environments with marked seasonality (Pinho et al. 2019).

Tropical seasonally dry forests (SDTF) are regions with
low rainfall, strong seasonality, and generally fertile soils
(Murphy & Lugo 1986). In this context, the Chaco stands out
as the largest continuous dry forest biome in South America,
with a high richness of plant species, especially legumes, and
is among the most threatened vegetation formations in the
world due to deforestation (Hansen et al. 2013; Fehlenberg
et al. 2017). For the Chaco are estimated that 20% of the
natural vegetation has already been deforested, and the rest
is fragmented (de la Sancha et al. 2021). Studies that focus
on understanding patterns of diversity and morphological
traits are of urgency in these environments due to the
high anthropic pressure ranging from fragmentation and
local extinctions to climate changes at the global level.
Such studies would provide knowledge about the biome,
permitting us to understand the diversity and ecological
relationships of the organisms living in it.

The Chaco is characterized as a climatically heterogeneous
biome (Prado 1993; Pennington et al. 2000). First, because
of the presence of a rainfall gradient from east to west,
historically, the biome has been divided into two sectors,
with the wet sector, further east (over 1,200 mm.yr-1),
covering portions of Argentina, Brazil, and Paraguay and
the dry sector, further west (500 to 700 mm. yr -1) closer
to the Andes, covering territories of Argentina, Paraguay,
and Bolivia (Ramella & Spichiger 1989; Adamoli et al. 1990;
Prado 1993). Second, due to the differences in temperature
along the biome, with higher values in the north and lower
values in the south (Hueck 1972). Another critical factor
in the Chaco is the climatic seasonality, which significantly
alters the landscape throughout the year, with very different
rainfall and temperature values in different seasons and
with other effects on biodiversity such as richness and
distribution of species (Prado 1993; Chesson 2000;
Pennington et al. 2000; Tonkin et al. 2017).

The variation of plant dispersal traits concerning
environmental characteristics (e.g., rainfall gradients) helps
to understand distributional patterns, evolutionary and
occupation processes (Alberto et al. 2013). Furthermore,
seed dispersal is a critical factor for establishing plant
species in a biome and for the spatial structuring of plant
communities (Cousens et al. 2008; Jara-Guerrero et al.
2015). In this sense, considering the spatial configuration
of communities using spatial variables in addition to climate
ones, is crucial to understanding how the communities
found in the Chaco are occupied and formed. In this context,
Fabaceae represents an exciting model for the study of the
biological relationships of its representatives with different
climatic determinants. The family, of ancient origin, is widely
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distributed in the Old and New World (Bouchenak-Khelladi
et al. 2010) and has a wide morphological diversity (e.g.,
fruit types). Fabaceae is represented by 361 species in the
Chaco, mainly trees and shrubs (Noguchi et al. 2009; Sartori
et al. 2018; Morales et al. 2019; Baptista et al. 2020).

Studies of extensive areas such as biomes have detected
changes in morphological traits along climatic gradients
(Cornwell & Ackerly 2009; Schellenberger Costa et al. 2017;
Dong et al. 2020). For example, places with higher values of
annual rainfall tend to have a greater diversity of plant species
with a predominance of trees and zoochoric dispersion,
while drier areas have less diversity and contain species with
functional traits linked to water economy and dispersion by
abiotic factors (Tabarelli et al. 2003; Esquivel-Muelbert et al.
2017; Leigh Jretal. 2004). The same happens with temperature
gradients, which interfere with ecological functions such as
fruit maturation and the presence of dispersers (Jara-Guerrero
et al. 2011). Environmental gradients in the Chaco show
significantly different values at their extremes. This variation
leads us to question the distribution of morphological traits
with ecological roles along these gradients, as reported for
other biomes. In general, climate filters species according to
their functional characteristics, and considering the impacts
that environmental gradients have on species diversity, we
expect that there will be changes in species predominance and
functional traits linked to dispersal at different locations along
the gradients. Furthermore, studies that aim to understand
the relationship between seasonality gradients and dispersal
traits of plants are scarce and are very important for the
understanding of the dynamics of distribution, dispersion,
and occupation of areas by plant species.

Thus, finding patterns of variation of plant morphological
traits according to environmental characteristics (e.g.,
seasonality gradients) can help us understand the
evolutionary processes and selection of these traits (Alberto
et al. 2013). Therefore, the objective of our study was to
understand (i) which environmental variables shape the
different morphological traits of tree and shrub legumes
and (ii) how the traits are distributed along gradients in the
Chaco. Due to the different climatic gradients traditionally
recognized in the Chaco and an exacerbated seasonality,
as hypotheses, we postulate that (i) average annual
precipitation and variables linked to seasonality have a
more significant impact on the distribution of traits and
(ii) traits linked to zoochoric dispersion are concentrated in
more wet places of the Chaco, and dry fruits and dispersal
by abiotic factors in drier places.

Materials and methods

Study area

The Chaco ecoregion covers approximately 1,080,000 km?
(Olson et al. 2001) and is considered to be South America’s
largest continuous dry forest formation (Prado & Gibbs
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1993; Pennington et al. 2000). Chaquen soils were derived
from massive aeolian and river sediment accumulations
during the Quaternary period (Pennington et al. 2000;
Prado 1993). No rocks are found in Chaquen soils (except
near mountain ranges), which are compacted and difficult
to drain. Luvisols are the most common soil type, although
cambisols and arenosols can also be found (Pennington et
al. 2000; May et al. 2008). The climate is marked by strong
seasonality and is classified as warm, humid, and temperate
in the east (Humid Chaco) and semiarid in the west (Dry
Chaco) (Lewis 1991; Pennington et al. 2000). The annual
average temperature varies from 18° C in the south to 26°
C in the north, with absolute maximum values reaching
48° C during the summer (Lewis et al. 1994). The area
experiences severe winters and frosts can occur several
times yearly (Prado 1993).

Uneven rainfall in the Chaco forms a decreasing east-
to-west gradient, with values closer to 400 mm/year near
the Andes but reaching 1500 mm/year in southeastern
Paraguay. The dry sector of the Chaco corresponds to areas
with rainfall averages of up to 700 mm/year (Adamoli et al.
1990; Prado 1993; Pennington et al. 2000) and includes large
sections of Paraguay and parts of Argentina and Bolivia.
The wet sector, which receives more than 1200 mm/year
of rainfall, includes Argentina and the western border of
Brazil. According to previous studies, except that by Andrella
and Sartori (2021), the recognition of two sectors, dry and
wet, does not consider irregular a rainfall between 700 and
1200 mm/year. The delimitation of the Chaco adopted in
this study is based on Olson et al. (2001).

Data collection and morphological traits

We assembled a list of Fabaceae species by means
of physical visits to herbaria such as PY and FCQ from
Paraguay, ACOR and BAB from Argentina, LPB from
Bolivia, and CGMS from Brazil. Next, the occurrence of
Fabaceae species in the Chaco was obtained from the Global
Biodiversity Information Facility (GBIF) website. Only
records identified at the species or intraspecific level were
considered. We removed duplicate occurrences, coordinates
without decimal digits, and those georeferenced at sea,
in capitals, in research institutions, and in the centroids
of countries, provinces, and states. The data were then
selected using QGIS 2.18 software, and collections within
the Chaco ecoregion’s limits were considered. Nineteen
bioclimatic variables were obtained from the WorldClim
database (https://www.worldclim.org/). In addition to
climate variables, we also included clay content obtained
from the Soilgrids database (https://soilgrids.org), with a
resolution of 250 m (Poggio et al. 2021, Table S1). To avoid
saturation of the models, we performed Pearson correlation
analyses between the environmental variables and selected
the following variables: mean annual temperature, mean
annual precipitation, seasonality of precipitation, and
seasonality of temperature, all with < 68% autocorrelation.

Growth forms (trees and shrubs) were determined
according to information provided by the collector and,
in the absence of such information, were verified in the
specialized literature or by consulting the exsiccates of
online herbaria. Only trees and shrubs were considered. The
species were identified based on the taxonomic literature,
consultation with standard material, and comparisons
with specimens from online herbaria (NY, MO, P) and were
identified by specialists. Botanical names were checked and
updated using online herbaria and the latest specialized
literature. The fruits and the dispersion unit types were
analyzed directly from the exsiccates and, when necessary,
complemented with information available in the literature.
The classification of fruits was based on Harris and Harris
(1994). The criteria for the characterization of the fruits
were: the aspects of their thick and/or swollen tissues, the
occurrence of dehiscence (or not), the presence of dry tissue,
the presence of wings, and the presence of spongy tissue.
Based on their morphological characteristics, the species
were classified as zoochoric, anemochoric, autochoric,
barochoric, or hydrochloric, according to Van der Pijl (1982).
We also considered the dispersion factor between biotic for
zoochoric syndrome and abiotic for the others (Table 1).

Table 1. Traits evaluated in the legumes of the Chaco.

Growth Fruit Dispersal | Dispersal Dispersal
form type unit factor syndromes
Tree Craspedium Fruit Biotic ~ Anemochory

Shurb Cryptosamara Seed Abiotic Barochory

Legume sctricto sensu Zoochory
Fleshy legume Autochory
Samara Hydrochory
Folicle
Drupe
Data Analysis

A grid with hexagonal cells (11 x 11 km) was constructed
to delimit the sampling units using the QGis software (version
2.18.14). With this grid, 342 sample units were generated.
To prevent the frequency of a given characteristic from being
inflated due to the repetition of species in the sampling
units, we excluded repeated species in each sampling unit. To
verify the existence of spatial autocorrelation, we used the
Mantel correlogram (Legendre & Legendre 2012; Fig. S1).
For this, data on species traits were standardized (using the
Hellinger method) and detrended (residues of the linear
relationship between variables and geographic coordinates)
(Legendre & Legendre 2012; Borcard et al. 2018). Spatial
structuring was analyzed using a distance-based eigenvector
matrix (dbMEMs) and the dbmem function of the adespatial
package (Dray et al. 2012). We constructed the matrix of
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dbMEMs by using the geographical coordinates matrix.
The function dbmem generated 84 spatial variables. Each
dbMEM represents a class of spatial structures based on
geographic distances between samples, from least extensive
to most extensive (in our case, from dbMEM 84 to dbMEM
1, respectively). This dbMEM analysis produced spatial
models combining all spatial variables selected directly from
the set of 84 dbMEMSs with a positive spatial correlation.

We used canonical ordering (RDA) to relate plant
characteristics with dbMEMs. The significant axes
of the RDA were used as the response variable to the
environmental variables. We applied model selection with
the forward. sel function. After the selection five of the
spatial variables (dbMEMs 9, 12, 16, 24, 75) were found
to be significant. Next, to see how much of the variation
in the data is explained by the dbMEMs, we ran a second
RDA using only the five dbMEMS that were significant.
To verify if the variation in the spatial structure of the
data is related to the environmental variables, we tested
the first axis of the second RDA as a response variable
against the environmental variables. For this, we use a
generalized linear model (GLM). To select the best set of
environmental variables, we apply model selection using the
forward.sel function. Furthermore, to verify whether the
spatial structure responds differently at different scales, we
separated the five significant dbMEMs into broad (dbMEM
9and 12), medium (16 and 24), and fine (dAbMEM 75) scales
and analyzed them separately, following the steps described
above (Legendre & Legendre 2012; Borcard et al. 2018).
Here, we use the definition of broad and fine scales described
by Wiens (1989) and Legendre and Legendre (2012).

To detect changes in plant characteristics across
environmental gradients that were significant in the
previous analysis, we used a Threshold Indicator Taxa
Analysis (TITAN). This analysis is based on the principles
of Indicator Species Analysis (IndVal) which aims to
identify points of change in the abundance of taxa in a
continuous gradient. TITAN provides a more sensitive
and accurate alternative to existing methods for assessing
community boundaries. For this, the analysis uses bootstrap
resampling to estimate the uncertainty associated with
the sample and thus select the taxa (in our case, plant
traits) that most contribute to patterns of change along
environmental gradients. This process sets attributes with
95% purity and reliability. These two criteria (purity and
reliability) are essential to show which plant characteristics
are primarily responsible for changes along environmental
gradients (Baker & King 2010). Purity is the proportion of
the changepoint response directions (positive or negative)
between bootstrap replications that agree with the observed
response. Reliability is estimated by the ratio of bootstrap
changepoints whose IndVal scores consistently result in
p-values below one or more user-determined probability
levels (e.g., P < 0.05) (Baker & King 2010). The analysis
also selects those indicator traits that, despite having <
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95% purity and reliability, contribute substantially to the
pattern of changes in environmental gradients. For this
analysis, we used the titan function from the “TITAN2”
package in an R environment (Baker et al. 2020).

Results

Morphological traits of the lequmes

A total of 290 taxa of legumes (trees and shrubs) in
the Chaco were evaluated (Table S2). Seven types of fruits
were recorded, with legumes sensu stricto (86 species),
fleshy legumes (83), craspedium (50), and samara (49)
standing out (Fig. 1A). Throughout the Chaco, we found
that abiotic dispersal occurred among 221 species and biotic
dispersal among 69 species (Fig. 1B), with a predominance of
autochory (148 species), followed by zoochory (69 species)
(Fig. 1C). Abiotic dispersal was observed in 68 genera, such
as Mimosa (50 species) and Bauhinia (20 species) with
craspedium and legumes sensu stricto, respectively. Fruits
related to biotic dispersal were found in 14 genera, with
emphasis on Neltuma (27 species) and Inga (10 species),
both of which produce fleshy legumes. Senna with high
richness (29 species). Concerning the dispersion unit, there
was a predominance of dispersion via seed (158 species)
followed by dispersion via fruit (132 species). contributed
with fruits dispersed by different agents. Trees were more
numerous (156 species) than shrubs (134 species).

Spatial analysis and relationships with environmental
variables

The full RDA, with all dbMEMS (ie, including all scales),
showed a relationship with plant characteristics (RDA:
R2=0.28; adjR2=0.05; F=1.2; p=0.027). All five selected
spatial variables (dbMEMS 9, 12, 16, 24, 75) were significant
in the second RDA (R2 = 0.057; adjR2= 0.043) (Fig. S2).
Only the first axis of the RDA with this reduced model
was significant (RDA anova table: F=16.5; p = 0.001). The
first significant canonical axis is a combination of dbMEM
variables ranging from broad scale (dbMEMD9) to fine scale
(dbMEM?75). The RDA with the five dbMEM explained
4.32% of the variance. In the relationship between all 5
selected dbMEMs (i.g. broad, medium and fine scales) and
the environmental variables, temperature seasonality,
average annual precipitation and precipitation seasonality
were significant (Table S3)

Considering the scales separately, only the broad scale
(dbMEMs 9 and 12) showed a significant relationship with
the following environmental variables: Clay, temperature
seasonality, mean annual precipitation and precipitation
seasonality (Table S4). Autochory, dispersion via seed or
fruit, legume and fleshy legume were the characteristics
that most contributed to the general variation of the
data (Fig. 2). On both the medium and fine scales, the



Revealing the influence of climatic variables on the distribution of legume dispersal traits in the Chaco

A) 86 B) C)150] 147
—1 83
75 200
£ 150 8 1001
(3] —
2 50 50 49 g 8
Y [ )
5 2 k] 69
3 s 8
E & 100 £
E 2 49
=z = |
25 E = 50
z
15
22
50
2 2
ofL— L Ol 3
. .  — . 01 _—
o ©
g E o ) > ) "
o 3 3 ® o £ 0 - e 5
E 8§ st &g | g 5§ 5 £ 2
2 » & & o©o §F§ 8 < o S S <] S S
g £ g ¢ L O @8 s = il o £ o =
a g = o ° S S ] © g,
Fruit types Dispersal factor Dispersal syndromes

Figure 1. Morphological traits of legumes in the Chaco. A) Fruit types. B) Dispersal factors. C) Dispersal syndromes recorded in

the Chaco.
RDA triplot - Scaling 2 - Ic
bio12
oM — bio01
i Craspedium
T Tree
A- dllige-Barocho®asraceho
NI [k y
< bio04
()]
x
N
® - bid15
<
! [ | | [
-4 -2 0 2 4
RDA 1

Figure 2. RDA plot showing the relationship between environmental variables and dispersal traits of legumes in the Chaco.

Acta Botanica Brasilica, 2023, 37: e20230118



Giovani Carlos Andrella, Evaldo Benedito de Souza and Angela Liicia Bagnatori Sartori

RDA between dbMEMs (16, 24, and 75) and the response
variables was significant (only the variation on axis 1),
but no environmental variable explained this variation.
That is, on fine and medium scales, separately, the spatial
structuring of plant traits is not explained by any of the
environmental variables.

Changes in plant traits along environmental gradients

For the detection of changes in traits along the gradients,
we selected only the results involving all scales in the analysis
of dbMEMs, i.e., temperature seasonality, mean annual
precipitation and precipitation seasonality (Fig. 3). TITAN
analysis (Table S5) of temperature seasonality revealed that
the types of syndromes and types of fruit showed a marked
reduction around the 375SD value (Fig. 4A, B), indicating
that these traits reduce their frequencies starting from
these values. In the precipitation gradient, in turn, fruit
types showed an increase in frequency between 750 and
820 mm (Fig. 4C). For the seasonality of precipitation, fruit
types showed a reduction of about 60CV (Fig. 4D) and the
dispersion unit increased by about 30 CV (Fig. 4E).

Regarding temperature seasonality, the syndromes that
showed a reduction along the gradient were hydrochoria at
350, anemochoria and, more pronouncedly, barochoria, both
at 450 (Fig. 5A). Regarding fruit type, we detected a reduction
of most types between 350 and 450, and a reduction of 550
for legumes (Fig. 5B). Along the precipitation gradient,
fruit types showed increases mainly for drupe and follicle
at 993 and 914 mm, respectively, and for craspedium at
450 (Fig. 5C). For precipitation seasonality, the drupe,
follicle and craspedium fruits were reduced by 55, 60 and
83, respectively (Fig. 5D), and dispersion by the fruit showed
an increase between 29 and 30 (Fig. 5E).

Only five traits showed Purity and Reliability above
95%, namely: the anemochoric and barochoric dispersion
syndromes and the type of samara fruit in the seasonality and
temperature gradients; drupe fruit in precipitation gradients
and precipitation seasonality; and fruit as a dispersing unit
also in the gradient of seasonality of precipitation (Fig. 5;
Table S5). The other traits: hydrochoric dispersion and fruit
types cryptossamara, drupe, follicle, craspedium and legume
s.s for temperature seasonality; follicle, cryptosamara and
craspedium fruit types for precipitation and precipitation
seasonality, also shown in Fig. 5, reached < 95% purity
and reliability, but contributed substantially to the overall
changes shown in Fig 4.

Discussion

Dispersal traits of the lequmes

In general, the diversity of Fabaceae fruits in the Chaco is
mainly due to legumes sensu stricto (29.5%), fleshy legumes
(28.8%), and craspedium (17%), which together account

6 Acta Botanica Brasilica, 2023, 37: €20230118

A)

Bolivia

mm/year
1600

1200
800
400

B)

Cv

100
80
60
40
20

. IC
Bolivia Brazil )

SD * 100
600

500
400
300
200

Figure 3. Maps of the climatic variables. Annual Precipitation
(A). Precipitation Seasonality (B). Temperature Seasonality
(C€). Red lines represent country boundaries.

for 75% of all carpological types. Legume pods are most
common among species in Caatinga areas (Griz & Machado
2001), chamber fruits and legume pods are the most
representative in the Carrasco vegetation (De Vasconcelos
et al. 2010) and legumes sensu stricto and fleshy fruits have
similar proportions in the Cerrado (Jardim & Batalha 2009).
Although legumes sensu stricto are recognized as the most
frequent fruit types in the family (Lewis et al. 2005; Polhill
1994), fleshy legumes are abundant in the Chaco. Abiotic
dispersal is prevalent (76.2%) among Chaco tree and shrub
legumes. Abiotic dispersal in the Chaco mainly occurs by
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autochory (legumes sensu stricto and craspedium) and
anemochory (samara). Fruits included in this dispersal
mode are characteristic of genera that show considerable
richness (Bauhinia and Mimosa) and are responsible for
31% of all abiotic dispersal.
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Autochory and legume fruit are directly related traits
and, consequently, they represent the seed dispersal unit
(Van der Pijl 1982). In the Chaco, Fabaceae species tend
to include legume fruits with autochoric dispersion (see
Fig. 1), possibly related to the evolutionary history of
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Figure 4. Change in plant attributes along the gradient of temperature seasonality, precipitation and precipitation seasonality. The
bottom chart shows the magnitude of change of the attributes declining along the gradient (Z- = red colours) and of those increasing
along the gradient (Z+ = blue colours). Peaks indicate points that produce larger amounts of change. Plateaus represent regions of
constant change. The upper chart shows the estimated probability density of the sum Z.

Acta Botanica Brasilica, 2023, 37: e20230118 7



Giovani Carlos Andrella, Evaldo Benedito de Souza and Angela Liicia Bagnatori Sartori

A) B)
H . Cryptosamara
idrognony Z-Score A Z-Score
3.2 Drupe
3.5
2.8 Follicle 3.0
Anemochory 24 o . 25
5 raspedium 5
Samara e

Barochory

Legume s.s

200 300 400 500 600 200 300 400 500 600
Temperature seasonality Temperature seasonality

C) D)

Drupe Cryptosamara
Z-Score Z-Score
. 5 6
Drupe
Follicle 4 1P 5
3 3
Cryptosamara 2 Follicle A 5
Craspedium Craspedium [ LI‘J
300 600 90012001500 20 40 60 80 100
Precipitation Precipitation seasonality

E)
Z-Score

3.73

Fruit

290 295 300 305
Precipitation seasonality

Figure 5. Change in the frequency of plant traits along the gradients. For temperature seasonality, dispersal syndrome (A) and fruit
types (B). For mean annual precipitation and fruit types (C). For rainfall seasonality, fruit types (D) and dispersal unit (E). Higher Z
score values indicate the attributes that best represent the Z+ (increase in frequency) and Z- (reduction in frequency) groups. Vertical
black lines represent the environmental change point for each taxon based on the IndVal maximum.

8 _ Acta Botanica Brasilica, 2023, 37: 20230118



Revealing the influence of climatic variables on the distribution of legume dispersal traits in the Chaco

Fabaceae and its distribution and occupation of areas,
especially in dry biomes (Centeno-Gonzalez et al. 2021,
Koenen et al. 2021). In addition, fleshy legumes and
zoochory are also well represented. It is worth remembering
that fleshy fruits are important to the mastofauna of
the Chaco and are produced by representatives of the
genera Neltuma, Strombocarpa, Libidibia and Vachellia.
These genera show seasonal alternations of fruiting.
Neltuma and Strombocarpa species tend to fructify in the
dry season, and species of Vachellia and Libidibia fructify
in the rainy season - thus providing food for the local
fauna throughout the year (Campos & Ojeda 1997; Cuéllar
2000). Animal species such as Mazama gouazoubira (Red
deer), Pecari tajacu (Caititu), Tayassu pecari (Queixada)
(Cuéllar 2000), Lagostomus maximus, and Dolichotis
patagonum (Mara) (Bonino et al. 1997; Chillo et al. 2010;
Kufner & Monge 1998) occur in the Chaco and feed on
these legumes.

Spatial Analysis and Relationships with environmental
variables

Temperature seasonality (bio04), mean precipitation
(bio12), precipitation seasonality (bio15), and clay content
were significant regarding legume traits when considering
all scales and the broad scale separately. It is known that
the effect of climatic variables on the distribution pattern
of plant species and their characteristics occurs on large
scales (tens or hundreds of kilometers). While on fine scales
(a few kilometers or meters), what determines variations
are biotic relationships, population dynamics, and local
abiotic factors such as microrelief, microclimate, and edaphic
characteristics (Woodward & Williams 1987; Levin 1992;
Legendre & Legendre 2012; Dubuis et al. 2013).

In general, temperature and precipitation are essential
predictors of plant traits globally (Moles et al. 2014). For the
Chaco, however, our analyses showed that the seasonality
of both climatic variables shapes the distribution of
morphological traits of Fabaceae and, considering that
the family is highly representative in terms of richness
and abundance in the biome (Lima et al. 2015; Morales et
al. 2019), we expect a similar pattern to be found for the
vegetation in general. It is worth mentioning that the Chaco
is formed by a mosaic of dry vegetation, with the presence of
forested, savannah, and monodominance regions of species
(e.g., Schinopsis balansae) (Prado 1993) and, in the case of
more extensive geographic scales, all vegetation structure
in the biome is correlated to abiotic factors such as climate
(Assuncdo et al. 2022).

Although the clay variable was significant when
considering only large scale separately, it is a fact that soil
data are essential variables to consider when dealing with
the spatiality and distribution of plants (Velazco et al. 2017).
In the case of clay content, it is known that the proportion
of clay shapes the distribution of vegetation since it is
linked to water retention in the soil (Larcher 1995). For the

Chaco, this must be a vital characteristic for plants since
it is an arid environment with a heterogeneous and highly
seasonal climate (Prado 1993). The dbMEM approach allows
producing a set of uncorrelated spatial predictors that can
be integrated into explanatory models to show the effect of
a spatial phenomenon on different scales (e.g., dispersion)
(Peres-Neto & Legendre 2010).

Changes in plant traits along environmental gradients

Regions with intermediate values in the temperature
seasonality gradient (~375 SD x 100) show a reduction of
morphological traits, that is, the predominance of few traits.
Theselocations correspond to those with the highest richness
of legumes in the Chaco (Andrella & Sartori 2021) and tend
to show less variation among syndromes and fruits. On
the other hand, areas with higher temperature seasonality
tend to have alow richness of species in the Chaco but show
diverse dispersal strategies. In Fabaceae, it is common to
observe different dispersion strategies for the same type of
fruit. Follicles, for example, may show autochory dispersion
when the seeds lack arils or sarcotesta or zoochory when
these tissues are present (Van der Pijl 1982).

Hydrochoric, anemochoric, and barochoric species are
more vulnerable to yearly temperature changes and are
less represented in places with more significant seasonal
temperature variations in the Chaco. Many species with
a barochoric syndrome, among those studied here, have
fruits with fleshy tissues (Chloroleucon and Hymenaea) and
possibly have dispersion by secondary agents after the fall of
the mother plant (Macedo & Prance 1978). Studies indicate
that, in dry forests, the prevalence of fleshy fruits (e.g., fleshy
legumes and drupes) during the rainy season is linked to the
seasonality of temperature, which directly influences the
development and maturation of fruits (Jara-Guerrero et al.
2011; Herrera & Pellmyr 2009). Thus, places with very strict
temperature seasonality should have less representation of
fleshy fruit species, which are more sensitive to this variable.

Anemochory reduction also occurs in locations in the
southern Chaco region, where there is wide temperature
variation throughout the year and low average annual
precipitation (see Fig. 3A, C). We believe that the reductions
in anemochory and barochory also occur due to the decrease
in richness of legume species in the regions south of
the Chaco (Morales et al. 2019) regarding more humid
environments, as is the case for the Paraguayan and Brazilian
Chaco (Carvalho & Sartori 2015; Sartori et al. 2018; Morales
et al. 2019; Andrella & Sartori 2021). On the other hand,
drier places with more rigorous climates, such as the dry and
sierra Chaco (Chaco sub-regions, Olson et al. 2001; Morales
et al. 2019), tend to have plant species with xerophytic
characteristics and with zoochoric dispersion, as is the case
for Neltuma and Strombocarpa, which have fleshy fruits,
and the Chaco Seco as a center of diversity (Catalano et al.
2008; Hughes et al. 2022). Thus, abiotic syndromes may
be reduced due to the replacement of dispersal strategies
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in these places by syndromes with biotic characteristics,
even if at smaller proportions. Hydrochory is a syndrome
restricted to places where rivers are abundant, as in the
humid Chaco (e.g., Paraguay and Brazil; Olson et al. 2001).

Places with more significant precipitation seasonality
are also the drier ones in the Chaco, close to the Andes,
where we observe the presence of species related to arid
regions (e.g., Neltuma and Mimosa). However, in general,
these species are less abundant, as also observed in other
studies (Morales et al. 2019; Andrella & Sartori 2021). Thus,
when we consider the seasonality of precipitation, we find
that the representativeness of specific genera with drupe-
type fruit (Andira) and follicles (Erythrina and Copaifera)
tends to be reduced in the middle of the gradient (54 and
57CV). Such genera are well represented in humid places,
where precipitation seasonality tends to be lower than in
dryer Chaco regions close to the Andes (see Fig. 3). Fruits
such as craspedium, common in Mimosa species, decrease
in places with high seasonal precipitation in the Chaco. The
preference for species with dry fruits such as craspedium
in these locations can be seen as a response to hydrological
issues due to the lower requirement of water availability for
fruiting, as already pointed out in several other studies of
dry forests (Howe & Smallwood 1982; Tabarelli et al. 2003;
Correa et al. 2015). Our results showed an increase in the
occurrence of fruit as a dispersal unit at the beginning
of the precipitation seasonality gradient (~30CV). Thus,
considering that these locations are also of high humidity,
the presence of species with baroque dispersion such as
Andira and Hymenaea (Andrella & Sartori 2021), which
disperse seeds via fruit, may have contributed to the increase
in this trait in such locations.

The precipitation gradient in the Chaco is of considerable
amplitude, from ~200 mm to the west and ~1500 mm to
the east (Bucher 1982; Prado 1993; Rossi 2010). When
considering the types of legume fruits, there was an increase
in their variation between 750 and 820 mm/year (see Fig.
4C), which indicates an intermediate value between the
extremes of the gradient. Regions with these precipitation
values in the Chaco are in contact with other biomes such
as the Cerrado, Bosques Chiquitano, and Pantanal (Prado
et al. 1992), suggesting that the high diversity of fruits at
these gradient values are influenced by the coexistence of
species with different dispersal strategies such as zoochory
(Neltumay), autochory (Bauhinia), anemochory (Lonchocarpus)
and barochory (Hymenaea), which also have different fruit
types, growth habits, and dispersal units. This increase in
fruit variation at intermediate values is represented by drupe
and follicle (see Fig. 5C), which may have fleshy tissues and
arylate seeds, allowing zoochoric dispersal. Craspedium shows
a significant increase at the beginning of the gradient, also
indicating the occurrence of marked autochory in regions
with drier climates in the Chaco, as confirmed by studies of
plant communities where dispersion by abiotic factors tends
to occur in drier places (Tannus et al. 2006).
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Conclusion

Annual precipitation, temperature seasonality,
and precipitation seasonality affect the distribution of
morphological traits of tree and shrub leguminous species
in the Chaco. Furthermore, there is an accumulation of
different characteristics, such as dispersion syndromes and
types of fruit, in specific places along the gradients, such
as the Dry and Humid Chaco. Analyzing dispersal patterns
based on the types of fruits of particular plant families can
contribute to understanding the occupation dynamics of
different biomes. In this study, we show for the first time
the influence of seasonality on characteristics linked to
plant dispersal throughout the Chaco. However, further
studies concerning macroecology related to biotic factors,
such as the distribution of dispersers and pollinators and
ecological interactions between the members of the plant
community, among others, may bring more meaningful
answers about how the plant community disperses in the
Chaco as a whole. Understanding the patterns of diversity
and dispersion of Fabaceae, a group of significant ecological,
evolutionary, and ethnological relevance in the Chaco,
should contribute to consolidating conservation plans in
different forest areas in South America.

Supplementary material

The following online material is available for this article:
Table S1 - Environmental variables used in spatial analysis.
Table S2 - List of Chaco legume species.

Table S3 - Relationship between RDA1 and environmental
variables (with all dbmems; broad, medium and fine scales
together).

Table S4 - Relationship between RDA1 and environmental
variables (broad scale only).

Table S5 - Results of the TITAN analysis. ienv.cp -
environmental change point for each taxon based on IndVal
maximum (used if imax = TRUE). zenv.cp - environmental
change point for each taxon based on z maximum (default,
imax = FALSE). freq- number of non-zero abundance values
per taxon. IndVal - Dufrene and Legendre 1997 IndVal
statistic, scaled 0-100%. obsiv.prob - probability of an
equal or larger IndVal from random permutation. This is
an uncorrected value that doesn’t account for the analysis of
multiple taxa in the same data set nor repeated estimates of
across n partitions of the predictor (x value). To reiterated,
this is not a valid test of indicator “significance”, nor have the
authors ever advocated its use in this manner (see Baker and
King 2010). Itis used in the calculation of reliability, which
assesses the effect of nBoot replicates on the obsiv.prob;
reliability, when coupled with purity, is a defensible metric
for identifying robust indicator taxa. Zscore - IndVal z score.
purity - proportion of replicates matching observed maxgrp
assignment. reliability - proportion of replicate obsiv.prob
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values < = 0.05. z.median- median score magnitude across all
bootstrap replicates. filter- logical (if >0) indicating whether
each taxa met purity and reliability criteria, value indicates
maxgrp assignment.

Figure S1 - Mantel correlogram for traits of legume species in
the chaco. Positive values indicate positive autocorrelation.
Significant values are represented by dark squares.

Figure S2 - RDA plot showing the relationship between
spatial variables (d(bMEMSs) and dispersal traits of legumes
in the Chaco.
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