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Palms species (Arecaceae) are abundant in tropical forests and influence

ecosystems in important ways. Moreover, they are a relevant feature in the

Atlantic Forest biodiversity hotspot. In this study, we seek to better understand

the distribution of palm richness in Rio de Janeiro state, Brazil, with the aim

to support conservation decisions and actions. Maps for 15 palm species

were generated through species distribution modeling and then stacked into

a palm richness map, which was further combined with current land-use

and protected area maps to generate a realistic portrayal of the current

situation of Arecaceae in the state. Our results revealed an increasing inland-

to-coast pattern of richness that matches the biogeographical subdivision of

the Atlantic Forest. Considering the land-use information, the palm species

potential distribution is drastically reduced, especially for some species which

already have a restricted distribution in the state. We also identified the most

relevant protected areas for the conservation of palms in the state and those

which might have been overlooked in floristic inventories, thus requiring more

detailed investigation. Moreover, we point out those species with few points,

for which species distribution models could not be built, and argue that they

are the ones more likely to be threatened by habitat loss and should be the

focus of specimen collection and recording. Finally, we draw attention to a

large medium-richness remnant located between two protected areas which

probably functions as a connection between them and should be a priority

area for conservation.
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species distribution modeling, palm inventory, state management, forest
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Introduction

The Arecaceae family comprises 183 genera and about 2,400

species distributed throughout the tropics (Baker et al., 2011).

The family includes 38 genera and 282 species in Brazil, of

which approximately 122 species are endemic (Leitman et al.,

2012). The largest diversity centers of the family in Brazil are

the Amazon Forest (135 spp.), the Cerrado (Brazilian savanna,

92 spp.), and the Atlantic Forest (62 spp.) (Leitman et al.,

2012). Despite their abundance and importance in tropical

forests (Eiserhardt et al., 2011; Oliveira et al., 2014; Fisch and

Gomes, 2015), palms are generally less represented than tree

species in inventories and in ecological and botanical studies,

especially understory palms that generally have a smaller DBH

than the ones adopted by floristic inventories. Apart from high

richness, Arecaceae are fundamental organisms in the structure

and functioning of tropical ecosystems (Muscarella et al., 2020).

Palms produce more than 80% of the fruit biomass in some

tropical forests (Genini et al., 2009) and are therefore considered

key resources for fauna (Galetti et al., 2013). Moreover, they

may represent up to 60% of the total basal area in some

Neotropical forests (Muscarella et al., 2020). According to

Eiserhardt et al. (2011), species of this family can be considered

ecosystem engineers because they increase heterogeneity in

environmental factors such as light availability, litter production,

and microclimate.

Anthropogenic activities have generated disturbance in

nearly all ecosystems around the world (Vitousek et al., 1997;

Lindenmayer et al., 2017). Activities such as deforestation for

livestock, agricultural fields, and increasing urbanization have

led to the reduction of native forests, mainly caused by the

increase in human populations and the respective demand

for resources (Laurance et al., 2014; Potapov et al., 2017).

Habitat loss and fragmentation produce changes in the natural

environment (Newbold et al., 2015). Beyond direct forest loss,

such processes trigger indirect effects such as changes in abiotic

factors (e.g., temperature, humidity, and incidence of light) due

to edge effects and canopy openness (Arroyo-Rodríguez et al.,

2017). Other indirect effects are changes in biotic factors, such as

the loss of species that depend on native forests, invasion by non-

native species, disruption of pollination and dispersal processes,

and alteration in the dynamics of plant species growth, which

can in turn alter succession (Rocha-Santos et al., 2016).

The Atlantic Forest in Brazil is highly susceptible to the

harmful effects of deforestation. Currently, only about 32million

ha (28%) of the original vegetation cover remains, of which 25

million ha are small fragments of <50 ha with a high mean

distance to the patches around (1,440m) (Rezende et al., 2018).

The Atlantic Forest is the predominant ecosystem in the state of

Rio de Janeiro, currently covering 1.35 million ha (31%) of the

state’s area (Projeto MapBiomas, 2018), and, as in other parts

of its distribution, is represented mostly by forest fragments

surrounded by a heterogeneous matrix of different land uses.

While the state ranks third in nature protection in Brazil, with

629 thousand ha (14.4%) of its area within protected areas

(PAs) (IUCN categories I–VI; Jenkins et al., 2010), it also ranks

third in population size, estimated at more than 15 million

people, or 365 inhabitants/km2 (IBGE, 2020). It ranks fourth

in Human Development Index and 24th in size (4,370,000 ha)

(IBGE, 2020). The combination of large population and reduced

territory leads to high pressure on natural resources. However,

such pressure does not affect the state evenly. Rio de Janeiro

state has a topographical and geomorphological diversity (Silva,

2002), and regions included on mountainous geomorphological

compartments have more standing vegetation. Therefore,

identifying which forest remnants are most important for

biodiversity conservation should be done considering the

geomorphological diversity of the state.

The establishment of PAs is considered one of the most

efficient strategies for biodiversity conservation (Bingham et al.,

2019). Brazil stands out for its biodiversity as well as for investing

in establishing PAs, currently harboring the largest (∼ 30 % of

its territory) terrestrial PA system in the world (UNEP-WCMC

IUCN, 2016). Among the areas under legal protection in the

country, 26% are in the Atlantic Forest. The PAs in this biome

protect 30% of the remaining forests in the state, 9% of which are

in strict protection categories (IUCN categories I–IV) and 21%

in sustainable use categories (IUCN categories V–VI; Rezende

et al., 2018). The first Brazilian PA, Itatiaia National Park, was

established in 1937 in the Atlantic Forest mountains in Rio

de Janeiro state. However, the National Protected Area System

was only enforced in 1998 (Federal Law no. 9985/1998), setting

criteria and standards for the establishment, implementation,

and management of PAs in Brazil.

Species distribution modeling (SDM) is helpful for

understanding species distributions and for mapping priority

areas for conservation and for the establishment of protected

areas. This technique is widely used in conservation studies

(Guisan et al., 2013). The SDM uses different sets of algorithms

to combine georeferenced occurrence data and gridded

environmental maps (covariables) to predict the potential

distribution of a given species (see Elith and Leathwick, 2009 for

further discussion). Stacked distribution maps in turn generate

species richness maps (Graham and Hijmans, 2006), which can

be used to support conservation decisions (e.g., Zhang et al.,

2012).

The main goal of this study was to identify priority areas

for the conservation of the Arecaceae in Rio de Janeiro state,

considering areas under legal protection or not, with a high

potential for the conservation of palm species. To do so, we

used the SDM to generate a richness map of palm species

in the state of Rio de Janeiro (Fundação SOS Mata Atlântica

INPE-Instituto Nacional de Pesquisas Espaciais, 2015). We then

combined the output map with information on PA location,

current land-use and PA Management Plans to identify PAs

with high potential palm species richness, unprotected forest
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remnants with high potential richness that should be legally

protected, and PAs that have been insufficiently studied. We also

expect our results to provide information for informed decision

making and conservation planning to protect the Arecaceae

family in the state of Rio de Janeiro.

Materials and methods

Study area

The state of Rio de Janeiro is in the southeastern of Brazil,

with an area of 43,750,425 km², and the third largest population

of the country (IBGE, 2020). Remnants of the Atlantic Forest

occupy 18.70% (1.3 million hectares) of the territorial extension

of Rio de Janeiro state (Fundação SOS Mata Atlântica and

INPE-Instituto Nacional de Pesquisas Espaciais, 2015). Given

the history of occupation, these remnants are distributed in

a dispersed and fragmented way, especially in three regions

located in themore inland portions of the Escarpas and Reversos

of Serra do Mar, along the Vale do Paraiba and at the end of

the North Fluminense (Fidalgo et al., 2009). Of them, 462,000

hectares is protected in 19 federal and 36 state protected areas

(INEA-Instituto Estadual do Ambiente, 2016). The state’s relief is

formed, especially by mountains, lowlands, and coastal massifs.

The inland mountains are in Serra do Mar and Vale do Paraíba

do Sul. The culminating point is the peak of Agulhas Negras

(2,791m, Itatiaia National Park). The lowland areas are located

between the plateau and the shoreline, and the coastal massifs

are elevations that arise inside these areas. The climate of Rio de

Janeiro state varies according to the portions of the state and its

proximity to the sea (Köppen, 1948). The climate Aw, tropical

semi-humid, with summer rains and dry winters, occurs near

the massifs and slopes in the western portion of the lowland.

The Af climate, humid tropical, with well-distributed rainfall

throughout the year, occurs in the lower portions of the Serra do

Mar, while the Cfa and Cfb climates occur in the higher portions.

The Cwb and Cwa climates occur on the back of the Serra do

Mar, on the back of the plateau in areas with less rainfall, with

rains concentrated in the summer periods.

The topographical and climatic varieties provide a

diversity of vegetation landscapes and, consequently, an

expressive variety of habitats and species richness, including

several endemic ones. These landscapes, considering the

physiognomies, the ecological characteristics, the flora, and the

altitude, allow the recognition in the state of different vegetation

formations (Supplementary Figure S1). We highlight the Dense

Ombrophilous Forest (Lowlands, Submontane, Montana

and Upper Montana, or “nebular forests”), the Seasonal

Semideciduous Forest (also distinct in Lowlands, Submontane,

and Montana), and the ecological refugia, which include the

Campos de Altitude, Coastal Plain Forests or Restinga, and

mangroves, vegetation with fluviomarine influence (Veloso

et al., 1991; IBGE, 2012). About 334 families, 1,821 genera, and

8,203 species are cataloged for the flora of the state of Rio de

Janeiro, 1,740 of which are endemic (Baumgratz et al., 2014).

The western and central regions of Rio de Janeiro state, followed

by Serra dos Órgãos, have high species richness and endemism

in the state of Rio de Janeiro (Werneck et al., 2011).

Species selection and cleaning of
occurrence data

All species listed in a field guide of the palms of Rio de

Janeiro state (Henderson, 2009) were included in the analysis.

The only palm species inhabiting the state that the guide

fails to register is Syagrus insignis (Devansaye) Becc, but this

species was also included in this study. Moreover, this guide

was published prior to the most recent revision of Geonoma

Willd (Santos et al., 2020). Therefore, while the guide lists nine

species of Geonoma, only three are currently recognized (viz.,

G. elegans Mart., G. pohliana Mart., and G. schottiana Mart.).

It must be noticed that G. pohliana Mart. is an extremely

variable species and has 11 recognized subspecies (Santos et al.,

2020). Of them, G. pohliana subsp. fiscellaria, G. pohliana

subsp. gastoniana, G. pohliana subsp. kuhlmannii, G. pohliana

subsp. trinervis, G. pohliana subsp. Rodriguesii, and G. pohliana

subsp. pohliana inhabit the state. Importantly, the first four

subspecies are endemic to the state. Fitting separated SDM to

all these species would be valuable, but we decided not to do

so for the following reasons. First, the Geonoma genus has

a complicated taxonomy, and telling species and subspecies

apart is not simple (Santos et al., 2020), hence a considerable

part of the occurrence records, especially those of subspecies

that are likely to be misidentified. This would require us to

visually check the exsiccate associated with each record, which

would be very time-consuming. Second, most of Geonoma

subspecies have very few occurrence records, precluding the use

of SMD at all (see the next paragraph concerning occurrence

records prospecting and minimum record number). Therefore,

we choose to include only G. pohliana subsp. pohliana, which

is the most common subspecies in Rio de Janeiro state, it is less

likely to be misidentified, and it has many occurrence records.

All the other species’ taxonomic status considered here is in

consonance with that of the field guide for palms of Rio de

Janeiro state (Henderson, 2009). All considered, Rio de Janeiro

state has 22 palm species, all of which were included in our

study group.

Occurrence data were collected from two online databases:

speciesLink (http://www.splink.org.br/) andGBIF (https://www.

gbif.org/). The georeferenced occurrence data were cleaned by

removing occurrence points that were outside the known native

range of the species [obtained from Rio de Janeiro Botanical

Garden (http://reflora.jbrj.gov.br/) and Kew Royal Botanic

Frontiers in Forests andGlobal Change 03 frontiersin.org

https://doi.org/10.3389/ffgc.2022.928446
http://www.splink.org.br/
https://www.gbif.org/
https://www.gbif.org/
http://reflora.jbrj.gov.br/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


de Lima et al. 10.3389/�gc.2022.928446

Gardens (http://www.plantsoftheworldonline.org/) sites]. Then,

to reduce spatial autocorrelation, the dataset was submitted

to geographical filtering using the spThin R package (Aiello-

Lammens et al., 2015), removing data points less than 5 km apart

of any other data point. After this data cleaning process, only

species with more than 10 occurrence points were maintained

(Wisz et al., 2008).

Covariable selection

The environmental covariables used in the modeling were

selected independently for each species from a common dataset

of 22 environmental variables with 2.5 arc minutes of spatial

resolution. This dataset was composed by the 19 WorldClim

bioclimatic variables (version 2.1) (https://www.worldclim.org/)

plus three variables from the ENVIREM database: annual

potential evapotranspiration (annualPET), terrain roughness

index (tri), and SAGA-GIS topographical wetness index

(topoWet) (Title and Bemmels, 2017). The selection was made

through a principal component analysis (PCA) with the 22

covariables for each species. The variables that contributed most

to the first principal component and were not highly correlated

(r < 0.70) were selected, respecting the rule of 1 variable for

each 10 occurrence points (Wisz et al., 2008). The data used in

the PCA were generated by plotting 1,000 random points inside

the species range and extracting the value of each covariable

from the common dataset. Each species range was defined as the

ecoregions (sensu Olson et al., 2001) that contained occurrences

of the species.

Model training, evaluation, and
ensembling

The models were generated using the R package Model-R

(Sánchez-Tapia et al., 2017), currently named modleR (https://

github.com/Model-R). The occurrence dataset for training

and testing was subdivided using a 3-fold cross-validation

technique repeated three times, which generated nine different

sets of training and test datasets. Five different algorithms were

used: two presence-only environmental distance algorithms

(BIOCLIM and DOMAIN), one presence/background

algorithm (MaxEnt), and two presence/absence algorithms

(GLM and RF). This decision was made to include a diversity

of different algorithms selected from the modleR package.

This was done based on the assumption that there is no

single best algorithm for all cases (Qiao et al., 2015) and

that, lacking a priori information of which algorithm should

perform better, one should test different algorithms and select

those with the best performance. The combination of divided

datasets and selected algorithms resulted in 45 models (9 ×

5) for each species. For each species, we generated a number

of pseudo-absences equivalent to the number of records

times 10 and 10,000 background points inside the calibration

area. The background points were randomly distributed,

as is usually done, because they are generally sampled just

to reduce the computational time (Senay et al., 2013). On

the contrary, pseudo-absences should ideally be biologically

meaningful, and while there are many ways to generate

them, approaches based on environmental dissimilarity are

generally reported as more accurate and have become somewhat

standard (Senay et al., 2013). Hence, the pseudo-absence

points were generated randomly inside pixels with 5% or

more of environmental dissimilarity compared with those

with occurrence records. The environmental dissimilarity was

calculated using Euclidean distance in the environmental space

defined by the variables selected to a given species’ modeling.

The calibration area was species specific and defined as the

terrestrial ecoregions containing occurrence records of the

species plus adjacent ecoregions.

The true skill statistics (TSS) was used to assess model

performance (Thuiller et al., 2009). Only those models with a

TSS score higher or equal to 0.7 were kept, as values close to

1 reflect a good predictive ability of the model (Allouche et al.,

2006). These high-performance models were transformed from

continuous to binary using the value that maximized the TSS as

threshold (i.e., max TSS threshold). Then, the binary maps were

used to create a final binary ensemble model for each species

(Araújo and News, 2007), as follows: The binary models were

combined, generating a continuous ensemble, and the lowest

presence threshold (Pearson et al., 2007) was used to transform

the output to binary (as in Santos et al., 2020). Finally, the final

binary ensemble models of all species were stacked to create a

richness prediction map, which was subsequently clipped to Rio

de Janeiro state limits, our area of interest. Predicted richness

based on climatic variables can be interpreted as an index of the

“abiotic richness” of a site, represented by the number of species

it can possibly harbor (Santos et al., 2020).

Landscape analysis with SDM results and
bibliographical research

A vector layer containing the PAs in Rio de Janeiro state

was obtained from the Instituto Estadual do Ambiente website

(http://www.inea.rj.gov.br). Only the protected areas in strict

protection categories (IUCN category IA) were considered

in this study (Supplementary Figure S2). PAs classified as

sustainable use (IUCN categories V–VI) were discarded. By

combining the PA layer with the ensemble model raster of

each species, we obtained a list of species for each PA. To

better understand the actual palm richness distribution in the

state and the impact of habitat degradation on each species’

potential distributions, the richness map and each species’
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binary ensemble model were cut using a land-use map. To

create this map, a land-cover image was used to assess the

natural vegetation remnants in the state of Rio de Janeiro,

these being regarded as areas that palm species can inhabit.

A 30-m-resolution Landsat image from the year 2018 was

obtained from Collection 4.1 of the MapBiomas Project (Projeto

MapBiomas, 2018). This image provided by MapBiomas Project

already included a classification of categories of land use. We

transformed the image into a binary layer (habitat and non-

habitat), using as “habitat” the following categories: “Forest

formation,” “Savanna formation,” “Mangrove,” and “Other non-

forest natural vegetation” (which includes the sandy coastal

plain vegetation, i.e., restinga). As the land use and the species’

potential distribution had different resolutions, 30m and 2.5 arc

s (∼5k m), respectively, we could not do a straightforward cut.

Instead, we considered that a given pixel of the species’ potential

distribution raster was inside the land-use raster if its area was

≥50%covered by the smaller land-use pixels.

A non-metric multidimensional scaling (NMDS) ordination

analysis based on the Sørensen dissimilarity was performed to

explore the similarity of the prediction of species composition

in the protected areas (McCune and Grace, 2002). We used

the metaMDS function in the vegan package (Oksanen et al.,

2019), setting the “distance” argument to “bray.” This should

generate a Bray–Curtis dissimilarity matrix, but as we used

presence–absence data instead of abundance data, the Bray–

Curtis dissimilarity gets simplified to the Sørensen dissimilarity

(Ricotta and Podani, 2017). In addition, environmental variables

were used as linear predictors and plotted together with the

ordering diagram using the envfit function in the vegan package

(Oksanen et al., 2019). The variable selection was made by

generating the PCA, with the same 22 variables used for

modeling, for random points in PA. The variables that most

contributed to the first axis and were less correlated with

each other were selected. We also classified the protected

areas as inland or coastal using the official classification of

the state of Rio de Janeiro that distinguish between coastal

and inland municipalities (MMA, 2022). For the classification

between plains and mountainous regions, a PA with the

mean altitude above 500m was classified as mountainous,

except for Guaxindiba Ecological Station, in the extreme north

of the state, which has a different formation from all the

others, classified in its management plan as coastal tableland

(Table 1).

In order to verify which palm species has been registered for

each PA in Rio de Janeiro state, we reviewed PA Management

Plans (http://www.inea.rj.gov.br/; https://www.icmbio.gov.br/)

and occurrence data used to build distribution models. Our

search was focused on state (n = 14) and federal (n = 8) strict

protection areas. This search was used to compare the known

occurrence of species in a PA with the occurrence inferred by

species distribution models.

Results

Of the 22 native palm species of the state, only 15

final ensemble models could be built: Allagoptera arenaria

(Gomes) Kuntze, A. caudescens (Mart.) Kuntze, Astrocaryum

aculeatissimum (Schott) Burret, Attalea dubia (Mart.) Burret,

A. humilis Mart. ex Spreng., Bactris caryotifolia Mart., B.

setosa Mart., B. vulgaris Barb.Rodr., Euterpe edulis Mart.,

Geonoma elegans Mart., Geonoma pohliana Mart. (subsp.

pohliana), Geonoma schottiana Mart., Syagrus picrophylla

Barb.Rodr., Syagrus pseudococos (Raddi) Glassman, and Syagrus

romanzoffiana (Cham.) Glassman. These 15 species were the

ones that had>10 data points and one or more models with TSS

> 0.7 (Supplementary Table S1). Of the seven excluded species,

Attalea apoda Burret, Syagrus macrocarpa Barb. Rodr., and

Syagrus weddelliana (H. Wendl.) Becc were excluded because

they had lass then 10 records, while Acrocomia aculeata (Jacq.)

Lodd. ex R.Keith, Desmoncus orthacanthos Mart., Desmoncus

polyacanthos Mart., and Syagrus insignis (Devansaye) Becc.

were excluded because none of their models had a TSS > 0.7

(Supplementary Table S1). While the two Desmoncus species

and A. aculeata have very broad distributions encompassing a

large part of the Neotropics, the other four species are much

more restricted, and one of them—S. weddelliana—is endemic

to the state of Rio de Janeiro (Supplementary Table S1).

The richness map assembled with the final ensemble model

of each species predicts a pattern of increasing inland-to-coastal

richness for the Arecaceae in Rio de Janeiro state (Figure 1A).

The largest area of high richness is represented by the northern

coastal lowland forests, while the largest area of low richness is

the northern interior part of the state (Figure 1A). When the

current land-use map is applied as a filter, these two large areas

of high and low richness disappear (Figure 1B). Nevertheless, the

loss of area among richness classes is not even, as low-richness

classes are more affected (e.g., the areas with richness 1 to 3

disappeared) (Figure 1C). This asymmetry in area loss, with low-

richness areas more affected than high-richness ones, results in

a difference in the overall mean richness in the state between

scenarios considering the whole state (mean richness= 8.66; SD

= 2.75) and forest remnants only (i.e., using the land-use map)

(mean richness = 9.59; SD = 2.02) (Figure 1C). A Welch two-

sample t-test rendered this difference as significant (t = 8.46,

p < 0.001). When analyzing natural vegetation remnants only,

the largest contiguous area that remains is represented by the

forests in the center of the state (Serra dos Órgãos region), with

medium-to-high richness (Figure 1B).

When considered individually, B. setosa, E. edulis, G.

elegans, G. schottiana, S. picrophylla, and S. romanzoffiana,

the species with the largest potential distributions, have their

range reduced to roughly the same percentage (20% of the

original range) and area (∼900 thousand ha) when the

land use is taken into account (Figure 2). On the contrary,
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TABLE 1 Classification of the protected areas of Rio de Janeiro state, Brazil, according to their coastal distance and terrain elevations.

Region Classes Protected areas

Coastal plains Restinga de Jurubatiba National Park, Guaratiba Biological Reserve, Costa do Sol State Park, Ilha

Grande State Park, Praia do Sul Biological Reserve, União Biological Reserve, Poço das Antas

Biological Reserve

Coastal Coastal massifs Pedra Branca State Park, Serra da Tiririca State Park, Mendanha State Park, Tijuca National Park,

Juatinga Ecological Reserve

Coastal tableland Guaxindiba Ecological Station

Inland Inland mountain Desengano State Park, Três Picos State Park, Serra dos Órgãos National Park, Araras Biological

Reserve, Tinguá Biological Reserve, Pedra Selada State Park, Itatiaia National Park, Cunhambebe

State Park, Serra da Bocaina National Park, Serra da Concórdia State Park

FIGURE 1

(A) Distribution of palm species richness in Rio de Janeiro state as predicted by stacked species distribution models. (B) Palm species richness in

Rio de Janeiro state forest remnants only as predicted by stacked species distribution models. In both maps, light colors represent the areas of

low richness and dark colors the high richness. (C) Bar chart showing the area occupied in hectares by each richness class in Rio de Janeiro

state as predicted by stacked species distribution models. Gray and black bars represent the palm species distribution considering the entire

state of Rio de Janeiro and only forest remnants, respectively. The solid line represents the average of gray bars and the dashed line the average

of black bars.

the response of the six species with the smallest potential

distributions is not uniform. The two species with the smallest

distributions, namely, S. pseudococos and A. dubia, have their

range reduced to 40 and 50%, respectively, while A. humilis,

A. arenaria, B. vulgaris, and A. caudescens had their range

reduced to 13, 3, 15, and 11%, respectively (Figure 2). Hence,

the species with the highest (A. arenaria) and the lowest

proportional loss in potential distribution area (S. pseudococos)
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FIGURE 2

Area in hectares suitable for each of the 15 studied palm species as predicted by species distribution modeling. Gray and black bars represent

the area considering the entire Rio de Janeiro state and forest remnants, respectively.

both occur in the same group of six species with the smallest

potential distributions.

There are no records of palm species in three protected areas:

Guaratiba Biological Reserve, Serra da Concordia State Park,

and Guaxindiba Ecological Station (Supplementary Figure S2

and Supplementary Table S2). The PAs with the highest number

of species are Serra da Tiririca State Park (n = 10 ssp.) and

Cunhambebe State Park (n= 9 spp.). Among the most common

species found in PAs are Euterpe edulis (n = 18 PAs), Geonoma

schottiana (n = 14 PAs), and Astrocaryum aculeatissimum (n

= 14 PAs). There are few records of some species such as

Syagrus picrophylla (n = 1 PA), Allagoptera caudescens (n = 2

PAs), Bactris vulgaris (n = 2 PAs), Allagoptera arenaria (n =

3 PAs), and Syagrus pseudococos (n = 3 PAs). We also found,

for some PAs, a considerable mismatch between predicted

and registered richness. Guaratiba Biological Reserve, Serra da

Bocaina National Park, and Guaxindiba Ecological Station were

predicted as highly rich (> 12 species) and yet had little or no

records of palm species occurrence in the literature.

The Pedra Branca State Park, located in the urban area of Rio

de Janeiro state (Supplementary Figure S2), is environmentally

suitable for all the palm species analyzed (n= 15 spp.). Another

seven PAs had almost the same potential species composition,

except for the predicted absence of Allagoptera arenaria: Ilha

Grande State Park, Praia do Sul Biological Reserve, Cunhambebe

State Park, Serra da Bocaina National Park, Tinguá Biological

Reserve, União Biological Reserve, and Três Picos State Park.

The similarity in potential composition between many PAs is

represented by overlapping points in the center of the ordering

diagram (Figure 3). The potential composition of species is

defined as the composition a PA may have considering the

species in the regional pool and the environmental suitability of

a PA for each species as determined by the SDM.

The environmental variables that were more significantly

correlated with potential species composition were as follows:

annual mean temperature (R2 = 0.65, p = 0.001), mean diurnal

range (R2 = 0.53, p = 0.001), temperature seasonality (R2

= 0.53, p = 0.001), annual precipitation (R2 = 0.48, p =

0.005), precipitation seasonality (R2 = 0.53, p = 0.001), terrain

roughness index (R2 = 0.62, p = 0.001), and topographical

wetness index (R2 = 0.70, p = 0.001), which means that

to some degree they are related to the composition of palm

species in a PA in Rio de Janeiro state (Figure 3). The climate

in coastal PA region is characterized by higher temperatures
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FIGURE 3

Ordering diagram of non-metric multidimensional scaling (NMDS) based on Bray–Curtis distance (stress: 0.093) for predicting species

composition similarity in the protected areas (PAs). Gray arrows indicate the explanation of the sampling units (PA) by the WorldCim and

ENVIREM variables: bio1—annual mean temperature (r2 = 0.6545, p = 0.001), bio2—mean diurnal range (r2 = 0.5307, p = 0.001),

bio4—temperature seasonality (r2 = 0.5288, p = 0.001), bio12—annual precipitation (r2 = 0.4765, p = 0.002), bio 15—precipitation seasonality (r2

= 0.5318, p = 0.001), TRI—terrain roughness index (r2 = 0.6227, p = 0.001), and TopoWet—topographical wetness index (r2 = 0.7014, p = 0.001).

and low climatic seasonality and therefore provides greater

environmental suitability forAllagoptera species, Bactris vulgaris,

Bactris caryotifolia, and Attalea humilis. The climate of the

inland mountainous region of the state is, in turn, characterized

by lower temperatures and high precipitation and thus

provides greater environmental suitability for Attalea dubia,

Geonoma pohliana subsp. Pohliana, and Syagrus pseudococos

(Supplementary Table S2).

Some parts of Rio de Janeiro state combine the presence of

native vegetation remnants with high richness prediction, but

are not enclosed in a PA, such as the one on the northern part

of the state between Tres Picos State Park and Desengano State

Park (Supplementary Figure S2). Richness is high to medium

in these forest fragments (7–12 species), which are therefore

important for the application of conservation strategies.

Discussion

The potential species richness of palm trees in Rio de

Janeiro state was assessed through species distribution modeling

to understand richness distribution and inform conservation

decisions.We found a pattern of increasing richness from inland

to coastal areas. Moreover, our results point to four possible

courses of action for the conservation of Arecaceae in the

state: (a) highlighting the importance of the richest PA, while

ensuring continuous financial support and beneficial public

policies; (b) focusing on the four palm species (Allagoptera

arenaria, A. caudescens, Attalea humilis, and Bactris vulgaris)

most affected by deforestation; (c) need of increasing efforts

in collecting palm specimens in the field, especially of those

four palm species (A. apoda, S. macrocarpa, S. weddelliana,

and S. insignis) with restricted distribution for which the

SDM could not be done; and (d) protection of the medium-

to-high richness forest remnants between Três Picos and

Desengano State Parks. Finally, we highlight some PAs that

probably have been overlooked in terms of their composition

and would profit from new floristic inventories focused on

the family.

The observed pattern of increasing richness toward coastal

areas loosely matches the transition between the two Atlantic

Forest biogeographical subregions in Rio de Janeiro state (e.g.,

Silva and Casteleti, 2003). The areas with high richness are

concentrated in the subregion mainly represented by coastal

Ombrophilous Forests. Conversely, the areas of low richness

are concentrated in the subregion mainly represented by inland

Deciduous and Semi-Deciduous Forests. A study modeling the

richness of fruit-feeding butterflies throughout the Atlantic
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Forest also found that the richness pattern matched these

major subregional divisions (Santos et al., 2020). Furthermore,

our study shows that the lowland forest areas are the richest

within Rio de Janeiro state, which corroborates the finding of

Henderson (2002) that, out of 1,245 palm species, more than

70% occur in lowland moist forests. This richness contrast

between dry (i.e., Deciduous and Semi-Deciduous Forests) and

wet (i.e., Ombrophilous Forests) biogeographical subregions

fits the expectation that climatic variables associated with

precipitation are an important driver of Arecaceae diversity in

the Neotropics (Eiserhardt et al., 2011).

Analogous composition patterns were observed between

PAs with similar geographic formation. They are probably

associated with climatic variations resulting from altitudinal

variation, as previously observed in the mountainous regions of

the Atlantic Forest (Oliveira et al., 2014). Allagoptera arenaria,

Allagoptera caudescens, Bactris vulgaris, and Attalea humilis

were closely related to PAs in the coastal regions in our analysis,

which is in agreement with Reis (2006), who describes these

same species as occurring on sandy coastal plain vegetation in

the state of Rio de Janeiro. Attalea dubia, Geonoma pohliana,

and Syagrus pseudococos characterized the inland mountainous

region of the state as well as the mountainous regions in

Submontane and Montane formations of the Atlantic Forest in

São Paulo state (Oliveira et al., 2014). The analysis of potential

species composition in PA, in addition to the NMDS analysis,

was important to identify distribution patterns.

Urban ecosystems, although often overlooked, can play an

important role in nature conservancy (Soanes and Lentini,

2019). Our study echoes this idea, as Pedra Branca State Park

and Tiririca State Park, both urban parks, were the more

important in terms of Arecaceae richness. The former is the

only environmentally suitable PA for all the palm species in

the regional pool, and the latter has the highest recorded

richness in the bibliographical survey (Supplementary Table S2).

Opportunities for cities to play important roles in the

conservation of threatened species abound globally (Soanes

and Lentini, 2019). In addition to providing habitat for native

species, natural remnants in urban areas also provide ecosystem

services such as regulation of microclimate and water availability

and pollution reduction (Elmqvist et al., 2015).

When comparing the SDM and bibliographic research

results, we observed an overprediction of the models, that is, a

larger area of environmental suitability than registered in former

studies and management plans (Supplementary Table S2). An

overprediction is a widespread shortcoming of the SDM due

to many sources of uncertainty. The main source that we

were unable to address is the uncertainty generated by factors

other than the abiotic environment which also influence species

distribution and are not included in the SDM framework

(i.e., biotic interactions and dispersal limitations) (Graham and

Hijmans, 2006). Previous studies reveal that the net effect of

all uncertainty is commonly an overprediction of species range

and species richness (Graham andHijmans, 2006). Nevertheless,

some part of the overprediction found here might be due to

knowledge gaps regarding protected areas and palm species

distribution in Rio de Janeiro state. For example, the richness

of Guaratiba Biological Reserve and Guaxindiba Ecological

Station was predicted as high or very high, and yet not a single

palm species has been recorded in them. The lack of records

of any species in our bibliographical research, especially the

easily identifiable species such as Euterpe edulis and Syagrus

romanzoffiana, predicted for both these PAs, argues in favor

of the idea that this overprediction is not related to the model

itself, but to the lack of surveys in these areas. This conclusion

is supported by the fact that Arecaceae species are often

not included in general floristic and phytosociological studies,

because of sampling criteria related to plant size (Fisch and

Gomes, 2015). We also found, for some PAs, a considerable

mismatch between predicted and registered richness. Therefore,

in order to gain information about these PAs plant composition

and palm species distribution, both valuable information for

the conservation of the family in the state, we advise that new

floristic inventories, especially focused on the family, should be

undertaken in these areas.

The species distribution range is deeply associated with

conservation and one of the features used in risk assessments for

the IUCN Red List (IUCN, 2012). Species distribution modeling

combined with the current land-use maps can provide more

realistic predictions of species distributions than traditional

methods (e.g., point occurrence to grid and minimum convex

polygon) (Solano and Feria, 2007). Using this combined

approach, we found that Allagoptera arenaria, A. caudescens,

Attalea humilis, and Bactris vulgaris are in the group of six

species with the smallest potential area of occurrence and are the

ones with the greatest loss of potential habitat when the land-use

filter is applied. Hence, these four species should be prioritized

in species-level conservation programs, especially A. arenaria,

a palm typical of sandy coastal plain vegetation (Henderson,

2002). This ecosystem is under constant threat by real estate

speculation despite its important role in coastal protection and

inclusion in the National Climate Adaptation Plan (Brasil, 2016).

We highlight, however, that these recommendations are based

on the situation of these species in Rio de Janeiro state only

and that the distribution of none of these four palm species is

restricted to this state. Therefore, this regional guideline must

be in consonance with a more general policy that ensures the

conservation of local populations in Rio de Janeiro state and

of the species as a whole. For those species that could not

be modeled, the simpler approach of determining the area of

extent using minimum convex polygons is the only option.

Of those we could not include in the SDM analysis, we call

attention to A. apoda, S. macrocarpa, S. weddelliana, and S.

insignis. These species have very few occurrence records and

also have a restricted distribution. This is especially the case

for S. weddelliana, endemic to Rio de Janeiro state, and for S.
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insignis and S. macrocarpa, endemic to Rio de Janeiro state and

one or two neighboring states. Those species are likely to be

even more endangered than Allagoptera arenaria, A. caudescens,

Attalea humilis, and Bactris vulgaris as those last four ones have

a wider distribution, although their potential distribution in Rio

de Janeiro state has been quite reduced by deforestation. The first

important point toward the conservation of these data deficient

species would be the collection of more specimens and their

geographical records.

By applying the land-use filter, we showed how forest loss

resulted in a drastic reduction in suitable areas for species that

depend on this type of habitat. Unfortunately, many forest

areas in Rio de Janeiro state have already been converted to

anthropic habitats (e.g., agriculture/pasture and urban areas)

that are not suitable to most of the palm species studied here.

The disparity in forest cover on a landscape scale has a significant

effect on the composition of palm species in forest remnants

(Benchimol et al., 2017). Landscapes with a high degree of

forest cover are inhabitedmainly by forest-interior species, while

landscapes with reduced forest cover are inhabited by open-

area species. The use of land-use filters highlights remnant

areas without legal protection with potentially high species

richness which are important for conservation efforts and to

enable connectivity between forest remnants that are already

protected. The unprotected area located between Três Picos and

Desengano State Parks, in the central portion of the state, is

worthy of special attention, as it encompasses a large area of

conserved forest with high suitability for several palm species

(Supplementary Figure S2). A study highlights the importance

of this region for an endangered species of primate, the southern

muriqui (Brachyteles arachnoides) (Honorato, 2020). A forest

corridor has been proposed to connect these PAs and thus

increase the conservation value of this region (Grelle et al.,

2021). Besides that, this region has a huge potential of restoring

the Atlantic Forest as rural landowners need to comply with

the law (Grelle et al., 2021). We recognize the difficulties in

establishing protected areas and restoring native vegetation, but

protecting this specific area can highly increase the effectiveness

of palm species conservation as well as benefit many other

species. This is one of few large forest remnants that may

disappear in future due to the lack of protection. Another

possible option is to create governmental incentives for the

conversion of private properties to private nature reserves in

this region.

By using the SDM approach, we were able to identify

(a) the PAs that most contribute to the conservation of the

Arecaceae in the Atlantic Forest of Rio de Janeiro state (i.e.,

Pedra Branca State Park and Serra da Tiririca State Park);

(b) the PAs that might have been poorly studied and where

Arecaceae richness is probably underestimated (e.g., Guaxindiba

Ecological Station); (c) need of increasing efforts in collecting

palm specimens in the field, especially of those four palm

species (A. apoda, S. macrocarpa, S. weddelliana, and S. insignis)

with restricted distribution for which the SDM could not

be done; (d) species that have lost a great part of their

potential distribution range to deforestation and might be

endangered (e.g., Allagoptera arenaria); and (e) unprotected

forest remnants that might harbor considerable Arecaceae

richness. These results demonstrate the usefulness of the SDM

in informing conservation decisions. The information presented

here, combined with other available data, can contribute to more

effective conservation planning and priority setting in terms

of species and PAs under a current scenario of rapid loss of

biodiversity and limited financial resources.
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