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Belém, Pará, Brazil, 3Escola de Ciências da Saúde e da Vida, Pontifı́cia Universidade Católica, Porto Alegre,
Rio Grande do Sul, Brazil, 4Instituto de Biociências, Universidade de São Paulo, São Paulo, Brazil,
5Departament de Biologia Animal, de Biologia Vegetal i d’Ecologia - Universitat Autònoma de Barcelona,
Catalunya, Cerdanyola del Vallès, Spain, 6Departamento de Zoologia - Universidade Federal do Pará, Belém,
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Climate change is affecting wild populations worldwide, and assessing the

impacts on these populations is essential for effective conservation planning.

The integration of advanced analytical techniques holds promise in furnishing

detailed, spatially explicit information on climate change impacts on wild

populations, providing fine-grained metrics on current environmental quality

levels and trends of changes induced by estimated climate change scenarios.

Here, we propose a framework that integrates three advanced approaches

aiming to designate the most representative zones for long-term monitoring,

considering different scenarios of climate change: Species Distribution Modeling

(SDM), Geospatial Principal Component Analysis (GPCA) and Generalized

Procrustes Analysis (GPA). We tested our framework with a climatically sensible

Neotropical stingless bee species as study case, Melipona (Melikerria) fasciculata

Smith, 1854. We used the SDM to determine the climatically persistent suitable

areas for species, i.e. areas where the climate is suitable for species today and in

all future scenarios considered. By using a GPCA as a zoning approach, we sliced

the persistent suitable area into belts based on the variability of extremes and

averages of meaningful climate variables. Subsequently, we measured, analyzed,

and described the climatic variability and trends (toward future changes) in each

belt by applying GPA approach. Our results showed that the framework adds

significant analytical advantages for priority area selection for population

monitoring. Most importantly, it allows a robust discrimination of areas where

climate change will exert greater-to-lower impacts on the species. We showed

that our results provide superior geospatial design, qualification, and
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/frbee.2024.1329844/full
https://www.frontiersin.org/articles/10.3389/frbee.2024.1329844/full
https://www.frontiersin.org/articles/10.3389/frbee.2024.1329844/full
https://www.frontiersin.org/articles/10.3389/frbee.2024.1329844/full
https://www.frontiersin.org/articles/10.3389/frbee.2024.1329844/full
https://orcid.org/0000-0002-4244-9637
https://orcid.org/0000-0001-5181-2461
https://orcid.org/0000-0002-1079-2158
https://orcid.org/0000-0002-8996-1291
https://orcid.org/0000-0001-9830-1204
https://www.frontiersin.org/journals/bee-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frbee.2024.1329844&domain=pdf&date_stamp=2024-02-09
mailto:andreluisacosta@gmail.com
https://doi.org/10.3389/frbee.2024.1329844
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bee-science#editorial-board
https://www.frontiersin.org/journals/bee-science#editorial-board
https://doi.org/10.3389/frbee.2024.1329844
https://www.frontiersin.org/journals/bee-science


Acosta et al. 10.3389/frbee.2024.1329844

Frontiers in Bee Science
quantification of climate change effects than currently used SDM-only

approaches. These improvements increase assertiveness and precision in

determining priority areas, reflecting in better decision-making for

conservation and restoration.
KEYWORDS
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1 Introduction

Climate change and biodiversity loss are two major

environmental challenges facing the planet. Studies have shown

that the current climate crisis is already affecting the physiologies,

genomes, distributions, interactions, and behaviors of many wild

species, including bees (Kerr et al., 2015; Hegland et al., 2021;

Barbosa et al., 2022; Schonfeldt et al., 2022; Sgolastra et al., 2022).

These changes are expected to worsen in the coming decades, with

significant implications for species survival and ecosystem

functioning (IPCC-AR6, 2021). To address the urgent need for

effective conservation strategies in the face of climate change crisis,

new integrative approaches are required (Foden et al., 2018).

Species Distribution Modeling is an effective approach used to

evaluate both the present status and future scenarios of potential

changes in climate suitability for species, especially in the context of

climate change. This analytical method can play a crucial role in

aiding decision-making processes for biodiversity restoration and

conservation (Kearney et al., 2010; Ferraz et al., 2012; Guisan et al.,

2013; Angelieri et al., 2016; Sofaer et al., 2019). Climate suitable

areas represent sites that are most adequate for the occurrence of

species in different climate scenarios. Combined with Geographic

Information System, they also can provide straightforward and

intuitive graphical representations of possible trends of change for

species and areas, facilitating the visualization and interpretation of

the effects of climate change in temporal and spatial dimensions

(Kearney et al., 2010; Ferraz et al., 2012; Guisan et al., 2013;

Angelieri et al., 2016; Sofaer et al., 2019). SDM relies on the

relationship between environmental variables and empirical data

on the target-species occurrence. The most relevant ranges and

composition of environmental factors in explaining species

occurrence are quantified and mapped, generating a baseline

scenario (Diniz-Filho et al., 2009; Espıńdola and Pliscoff, 2018;

Hao et al., 2019; Huang et al., 2022; Marshall et al., 2023).

Subsequently, the characteristics detected in the baseline scenario

are then projected on a new set of variables with predicted

variations for future climate change scenarios (Hulme, 2005;

Ludena and Yoon, 2015; Li et al., 2018). This projection enables

the identification of areas that will suffer different changes in the
02
climate suitability for the species. It is plausible to expect that

greater changes will impose greater climate pressure on

populations, and these areas can be defined as priorities for

actions aimed at mitigating the impacts of climate change.

Equally important are the currently climatically suitable areas that

will suffer milder impacts in the future, as they are essential for the

conservation of the species, safeguarding the species for future.

Therefore, areas that are suitable for species today and will continue

to be suitable in the future are targeted for this approach. Here, we

call this zone as Persistent Suitable Extent (PSE), which are

contiguous regions that will consistently offer a suitable climate

for species survival from the present into the future, and can

function as potential sanctuaries, since adverse effects of climate

change in populations are less intense, potentially allowing the

maintenance of the populations. Therefore, the PSE are of great

interest for long-term monitoring and status assessments, as well as,

priority zones for land cover restoration and conservation planning

(Hulme, 2005; Ludena and Yoon, 2015; Li et al., 2018).

The Generalized Procrustes Analysis (GPA) is a multivariate

analysis used for comparing the concordance (and discordance)

among a set of matrices (Gower, 1975; Dijksterhuis and Gower,

1991; Goodall, 1991; Ren et al., 2016; Cheng et al., 2021). For

example, it has been frequently used for studies on morphological

shapes (Rohlf, 1998; Nicola et al., 2003; Mitteroecker and Gunz,

2009; Viscosi and Cardini, 2011; Klingenberg, 2016; dos Santos

et al., 2019). But it can also be employed as sensory analysis (Risvik

et al., 1994; Mauricio et al., 2016; Ser, 2019; Rodrıǵuez-Noriega

et al., 2021), ecology (Lisboa et al., 2014; Camiz et al., 2017) and

genetics (Bramardi et al., 2005; Xiong et al., 2008a). GPA is obtained

after Procrustes transformation, defined as translation, rotation,

reflection, and isotropic scaling (Gower, 1975; Ten Berge, 1977;

Dijksterhuis and Gower, 1991; Goodall, 1991; Risvik et al., 1994). In

short, translation means that all individual configurations are

displaced to the center of the projective mapping, while they are

rotated and reflected for an optimal agreement with one another.

Yet, isotropic scaling is concerned to shrinking/stretching of

individual configurations in a way that they are, as much as

possible, alike to one another while relative distances among

objects are preserved (Gower, 1975; Ten Berge, 1977; Dijksterhuis
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and Gower, 1991; Goodall, 1991; Risvik et al., 1994). Thus, GPA has

two relevant attributes: it is based on a consensus configuration that

is projected in a multidimensional space and it allows calculating

the level of within-variance of each assessed item. Therefore,

according to environmental matrices extracted from climate

variables into the persistent suitability area delimitated by the

suitability models, GPA inform the level and direction of

potential convergences among scenarios. In addition, since the

persistent suitability area of the target organism was sliced in a

set of inner regions by a Geospatial Principal Component Analysis

(GPCA) zoning approach (please do not confuse with Generalized

PCA; see details in Material and Methods), the GPA analysis is able

to indicate inner regions where all combined variables are prone to

a greater within-variation, indicating were populations may face a

higher climatic pressure. Conversely, regions within climatic

suitability would exhibit lower within-variation, indicating places

under lower climatic disturbance, therefore, populations under

lower pressure. Such sites are considered as priority areas for

long-term ecological, genetic or morphological studies, but also

contributes to decision-making on the prioritization of areas for

assessments, monitoring, restoration and conservation planning, as

these locations can function as potential wildlife sanctuaries for

many species in the future, and help guarantee the essential

conditions for the existence or reproduction of resident and

migratory fauna.

We relied on a native Brazilian stingless bee species to test our

framework, the stingless bee Melipona (Melikerria) fasciculata

Smith, 1854. Bees play the major pollinator role, providing several

ecological, economic and social benefits, with significant impact in

nature conservation, in agriculture and human societies (Klein

et al., 2007; Potts et al., 2010; Ollerton et al., 2011; Chaplin-

Kramer et al., 2014; Potts et al., 2016; Hristov et al., 2020; Klein

et al., 2020; Patel et al., 2020). The stingless bees are the most diverse

group of social bees and are found in the tropical and subtropical

regions of the world, comprising more than 605 described species

(Moure et al., 2022; Engel et al., 2023; Roubik, 2023). Several

stingless bee species are traditionally managed by human

populations around the world having not only economic but

cultural importance (Cortopassi-Laurino et al., 2006; Quezada-

Euán et al., 2018; Hill et al., 2019). Melipona fasciculata is a

prominent stingless bee species inhabiting natural areas within

Amazon biome (northern Brazil), managed for honey production

by people living therein (Jaffé et al., 2015; Venturieri et al., 2015;

Farfan et al., 2022), playing a key role as pollinator of native plants

in the forest and in cultivated plants requiring buzz-pollination

(Maués and Couturier, 2002; Nunes-Silva et al., 2013; Giannini

et al., 2015; Gostinski et al., 2018). Their foraging flight and homing

capability has been estimated to cover large distances as 10 km

(Nunes-Silva et al., 2020). M. fasciculata is one of the most studied

and reared stingless bees in North Brazil (Venturieri et al., 2017).

Here, we propose amethodological framework that integrates three

advanced analytical approaches to determine the most representative

sampling areas for monitoring aimed at assessing ecological and

molecular long-term effects of climate change on populations. Our

framework aims to: (A) identify the persistent suitable extent for the

species under climate change scenarios; (B) discriminate inner zones
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based on climatic variability inside the persistent suitable extent by

applying GPCA analysis as a zoning approach and; (C) determine

different levels of spatial and temporal climatic variability in each inner

zone by applying GPA. We used a native stingless species to test our

framework, but it can subsidies other studies aiming to prioritizing

areas for planning actions and policies for restoration and

environmental conservation to protect other species.
2 Materials and methods

2.1 Species occurrence data acquisition,
database reliability assessment and filtering

We collected empirical data for M. fasciculata occurrence from

the following databases: (a) speciesLink biodiversity database

(http://splink.org.br/); (b) Global Biodiversity Information Facility

biodiversity database (GBIF, 2023; DOI: 10.15468/dl.gvxe6y); and a

database resulted from recent fieldwork (Almeida, 2022). After an

initial screening, we excluded records containing inaccurate

coordinates (e.g. lacking numbers and signals), dubious positions

(e.g. records over water/ocean) and repeated records with the same

coordinates for the target species (database available in

Supplementary Material 1).
2.2 Climate variables and climate
change scenarios

The recent recommendations of IPCC report (IPCC-AR6,

2021) consolidated the Coupled Model Intercomparison Project

(CMIP6) for as Global Circulation Models (GCM), which enhanced

the accuracy of climate effect estimates, with substantial changes in

emission trends and spatial distributions (Hausfather, 2019;

Mcbride et al., 2021). Updated climatic variables, which have a

direct effect on terrestrial species, suggest that climate suitability

models for species must be either renewed or newly proposed to

support accurate decisions (Mcbride et al., 2021; Schramek, 2021).

We retrieved three sets of digital layers representing 19

bioclimatic variables and altitude from Worldclim (Fick and

Hijmans, 2017). These bioclimatic variables geographically express

averages, seasonality, and extremes of precipitation and temperature,

and combinations thereof. The first set is historical variables,

representing interpolated empiric climatic conditions of the period

1970-2000. The other two sets are the most recent (CMIP6) Global

Circulation Models (GCM) projections generated for future climate

scenarios released by the Japanese Agency for Marine-Earth Science

and Technology (GCM named MIROC6) according to the SSP585

scenarios. Each set represents the climate estimated for two upcoming

periods, from 2021 to 2040 and from 2041 to 2060. Although they are

represented as periods, these layers reflect the outcome of each

scenario to be achieved at the end of each period. For practical

purposes, the scenario periods will be referred to as the last year of

each respective period: 2040 and 2060. Since M. fasciculata occurs

only in the Brazilian territory, all the environmental variables were

cropped for the Brazilian administrative extent (IBGE, 2022), and
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were used at the same geographical extension (Brazil) and high

resolution (2.5 arc minutes).

Among the Shared Socioeconomic Pathways (SSP), the 5-8.5 is

one of the most intensive global greenhouse gas emission

trajectories estimated by the AR6 (IPCC-AR6, 2021). Although it

is not possible to guarantee the consolidation of any scenario as the

most likely climate of the future, this seems to be the most

appropriate scenario for this study. We argue that more intense

effects improves the approach’s discriminative capacity by detecting

regions whose species will be under lower and higher climatic

pressure. Additionally, future projections aiming to prioritize

regions for monitoring and to define conservation areas must

observe the worst possible scenario, so that the actions planned to

safeguard species will be efficient in the future consolidation of any

possible scenarios, including the pessimistic one. The set of 19

bioclimatic variables (baseline period from 1970 to 2000) was tested

aiming to exclude variables with highest correlation between each

other, which could compromise the predictive quality of the models

from regression algorithms due to effect of multicollinearity. For

this purpose, we applied the Variance Inflation Factor Analysis

(vifcor function) from R package’s usdm (Naimi et al., 2014).

Thereafter, we used the selected set of variables for the modeling

procedure (see Supplementary Material 2).
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2.3 Data analysis

2.3.1 SDM for baseline and future
climate scenarios

To map the geographical shape of species climatic suitability for

the species in the baseline conditions (1970-2000), we used a habitat

suitability approach (Hirzel and Le Lay, 2008) by means of the SDM

tool Biomod2 package version 3.5.1 (Thuiller et al., 2021) in R

platform (R Core Team, 2021). We selected five Biomod2

algorithms: GLM – Generalized Linear Model (package glm:

Hastie and Pregibon, 1992); GBM – Generalized Boosting Model

(package gbm: Greenwell et al., 2020); GAM – Generalized Additive

Model (package mgcv: Hastie and Tibshirani, 1990); RF – Random

Forest (package randomForest: Breiman, 2001); MAXENT –

Maximum Entropy (package maxent: Phillips et al., 2021). We

chose these algorithms based on the results of Aguirre-Gutiérrez

et al. (2013) and Acosta et al. (2016), who showed high performance

for similar applications. We followed the parameterization of the

algorithm as recommended by the authors (Guisan and Thuiller,

2005; Phillips et al., 2006; Thuiller et al., 2009; Thuiller et al., 2021).

In addition to the species presences, the modeling approach also

requires data on absences. However, this type of data is rarely

available, and for the targeted species, there is no confirmed
A

B

FIGURE 1

The upper part of the figure (section A) shows raster fragments of four cells from baseline and future EFMs, presenting values = 1 for areas suitable
for the species and = 0 for areas unsuitable. Overlapping the baseline with the future fragment (e.g. 2040) we obtained the Delta Model, therefore
the sum of the binary values generate four possible values: 11 for locations that will remain climatically suitable; 00 for locations that will remain
unsuitable; 01 for unsuitable locations that will gain suitability and; 10 for locations that will lose suitability. At the bottom (section B) we have an
example with 16 cells showing all possibilities of crossing between Deltas (2040 x 2060), obtaining a single combined result. For our study, only cells
with suitability in both future scenarios (green and blue) were considered safe for long-term maintenance of the species, hence the extension we
called persistent suitable zone (PSE; gray cells).
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geographic statement of absences. To fulfill this demand, five

pseudo-absences datasets with 10 times the number of presences

(based in Chefaoui and Lobo, 2008; for better predictive

performance in similar modeling circumstances) were randomly

generated outside the predefined geographic exclusion zones

(20 km buffer radius) around the presences. These zones

represent twice the distance species individuals could travel from

their colonies throughout their lifetime (Nunes-Silva et al., 2020),

and thus no pseudo-absences were assigned within them.

At each round of modeling, the set of presence points was

randomly divided into 80% dedicated to model training, and 20%

to evaluate the predictive quality by true skill statistics (TSS;

Allouche et al., 2006). This random selection was replaced at

each modeling run (RUN), in the same way that the pseudo

absence datasets were also randomly replaced per round (PA). We

then generated 125 models for M. fasciculata in the baseline

climate scenario. This amount results from the combination of

five algorithms, five randomly generated pseudo-absence

datasets, and five random partitioning of the species presence

datasets (5*5*5 = 125).

In the modeling framework, we only maintained the models

with best predictive performance per species, which were evaluated

by TSSs > 0.8 (evaluation data and selection in Supplementary

Material 3). These selected models were used to build a baseline

ensemble forecast model (BEFM) based on the Committee

Averaging method. This method was defined as a conversion of

probabilistic predictions from single models into binary predictions

using a threshold maximizing specificity and sensitivity, and then

averaging them (Wisz et al., 2008; Hao et al., 2019; Thuiller et al.,

2021). The same set of mathematical models used to generate the

BEFM, were also projected for future scenarios using Biomod2

projection function. Subsequently, each ensemble forecast model

(baseline, 2040 and 2060) were reclassified as follows: zones

showing suitability values >= 75% were converted into 1. The

remaining areas, with < 0.75%, were converted into zero, meaning

unsuitable for the species. The reason for classifying the continuous

models into binary values is to geographically circumscribe four

types of areas: A) currently climatically suitable area and that will

remain suitable in the future (Figure 1A; Delta blue cell=11); B)

currently climatically suitable area that will become unsuitable in

the future (Figure 1A; Delta red cell=10); C) currently unsuitable

area that will become climatically suitable in the future (Figure 1A;

Delta green cell=01) and; D) areas always unsuitable to the species

(Figure 1A; Delta white cell=00). For this, we used a geospatial

overlay strategy of binary models to detect these four areas (see

Figure 1A). After generating the delta models, which compare the

baseline and each future scenario individually, we compared the

both deltas generated by concatenating side-by-side binary values

(Figure 1B). Only cells matching suitability in both future scenarios

were determined as Persistent Suitable Extent (PSE; Figure 1B).

Although areas showing loss of suitability may be of interest for

wildlife monitoring, rescue and management, for our approach

(oriented to long-term ecological and genetic studies) these areas

were not targeted. Likewise, zones that maintained or gained

suitability from the baseline to a single future scenario, but not in

both futures, were also not considered.
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2.3.2 Partitioning of persistent suitable extent
using GPCA as a zoning approach

For better spatial discrimination of the zone with variable intensity

(higher to lower) of climate change within the environmental range

still suitable for the occurrence of the species today and in the both

future scenarios (PSE), we divided it into 10 inner belts based on the

current variability of climatic conditions. For that, we used Principal

Component Analysis as an approach for the geographical zoning.

Since our approach is a geographic space-oriented PCA, we refer to

this analysis as Geospatial PCA; however, we emphasize that we are

not dealing with Generalized PCA, but Geospatial PCA (GPCA). This

approach has demonstrated to be very accessible, as it is present at

almost all free geographic information system and programming

platforms, and ideal for our purposes, as it can reduce the

dimensionality of large data sets, increasing interpretability while

minimizing the loss of information. This technique assesses multiple

variables simultaneously and creates other variables, either reducing or

nullifying the level of correlation among them and successively

maximizing the variance, which is an aspect of great interest for this

study (Gavioli et al., 2016; Jollife and Cadima, 2016).

This zoning approach aims to show climate variability along the

extension of the persistent suitability area, aggregating into belts the

climatically most similar areas in terms of climatic variation based on

the thermal and precipitation extremes and averages. Thus, we will

maximize the variability convergence within each belt and,

simultaneously, maximize the variability divergence between each

belt. Therefore, the climatic variability within belt 1 will be quite

different from that found in belt 10, and although belt 1 differs from

belt 2, it does so to a lesser level than in belt 10. This 10-zone gradient

allows us to look at persistent suitability areas as ten climatically

particular zones, and to compare them we applied the GPA.

As axes for the GPCA, we used a set of six variables in current

condition from Worldclim (Fick and Hijmans, 2017), the ones that

better represent the centrality and extremes of the thermal and

rainfall amplitudes into the persistent suitability areas. They are

Annual Mean Temperature (Bio 1); Maximum Temperature of

Warmest Month (Bio 5); Minimum Temperature of Coldest Month

(Bio 6); Annual Precipitation (Bio 12); Precipitation of Wettest

Month (Bio 13); Precipitation of Driest Month (Bio 14).

Here, to determine de belts, we exclusively selected the

eigenvalues from the first PCA axis (into GPCA), which often

explain more than 50% of the total variance. The range of

eigenvalues variation was normalized from 0 to 1, and

subsequently, the value was partitioned into deciles, so that these

ten ranges could represent spatial clippings that we call the GPCA

Zones as PCAZ. Subsequently, we plotted and enumerated these

PCAZ (from 1 to 10) for posterior identification. Therefore, the

PCAZ 1 will always be the most divergent in variance with respect to

the opposite extreme, the PCAZ 10, which does not necessarily imply

linearity. The relevant climatic differences among PCAZ were later

depicted in the GPA. We performed the Geospatial PCA (GPCA)

approach by using the R software with the function rasterPCA from

package RStoolbox v. 0.3.0 (Leutner, 2022). After the GPCA zoning,

the climatic values from all respective six variables projected for both

future scenarios (2040 and 2060) were also extracted to be further

used in the Generalized Procrustean Analysis.
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2.3.3 Concordance and variability of bioclimatic
variables and zones based on Generalized
Procrustes Analysis

We performed the Generalized Procrustean Analyzes (GPA;

Gower, 1975; Dijksterhuis and Gower, 1991) to assess the

positioning, displacement (trajectories) and variability of

bioclimatic factors (above mentioned), relating and comparing

the three scenarios (baseline, 2040 and 2060), considering

e x c l u s i v e l y and ind i v i du a l l y t h e t en g eo sp a t i a l l y

compartmentalized PCAZ into the persistent suitability areas.

GPA is particularly relevant for investigating the concordance

among a set of matrices having as a baseline a consensus

configuration projected in a multidimensional space, and it allows

calculating the level of within-variance of each assessed item

(Gower, 1975; Dijksterhuis and Gower, 1991). GPA was

performed with the ‘GPA’ function in the package FactoMineR

(Lê et al., 2008). The tolerance level for solution convergence was set

to 100-10 and the number of iterations was set to 199. Then, we

applied a permutation test with 99 permutations by means of the

“GPA.test” function of the package RVAideMemoire (Hervé, 2020)

to test whether both the bioclimatic variables and the zones were
Frontiers in Bee Science 06
not positioned randomly in the GPA multidimensional spaces

(Wakeling et al., 1992; Xiong et al., 2008a; Xiong et al., 2008b).

Such a permutation test provides an observed Rc value that can be

interpreted as the proportion of the original variance explained by

the consensus configuration significantly higher than 95% of the

results that are obtained when permuting the data (Xiong

et al., 2008b).

We used two output metrics of the GPA, the bioclimatic

similarity between future periods with the baseline scenario, and

the size of the residuals (within-variance) of the bioclimatic

variables and PCAZ. In the first case, similarity was extracted

from the ‘Residual variance’ (RV) coefficients resulting from GPA

outputs (Lê et al., 2008). RV coefficient varies from 0 to 1, values

close to 1 would indicate scenarios more similar each other, while

values closer to 0 would indicate higher discrepancy between

scenarios. GPA output also generates the size of residual for each

item investigated by minimizing the residual sum of squares

between points and its underlying centroids corresponding n

dimensions (Lisboa et al., 2014). Thus, the higher the residuals,

the more the elements differ in terms of the consensus

configuration. In fact, this suggests a poor fit and, consequently, a
A

B

D

C

FIGURE 2

Main steps showing environmental layer extraction, how datasets from different period are overlapped and how Procrustes superimposition analysis
is conducted. (A) Environmental modeling (above) resulting in habitat/climate suitability. (B) Extraction of datasets containing all variables obtained
from modeling in (A). (C) Determination of the spatial extent of the PSE zone and application of the GPCA approach using the values of the
bioclimatic layers cropped in this respective area as axis. (D) Procrustes superimposition showing a triangle configuration as a model: (I) original
configurations, (II) being translated to superimpose their centroids (III) rotating and reflecting their corresponding vertices (tips) to the same position,
(IV) and scaling them to maximize their coincidence by minimizing the sum of the squared deviations.
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higher underlying variance that can be interpreted as having higher

within-discrepancies (Lisboa et al., 2014). As result, we labeled the

bioclimatic variables and/or zones as more or less congruent

according to how concordant (small or negligible residuals) or

discordant (greater residuals) they were following the GPA. That is,

one might expect a higher ecological pressure on the populations of

M. fasciculata if there are large discrepancies among all bioclimatic

variables within the zones, which may expose the analyzed species

to an increased climatic pressure. The Figure 2 presents the main

steps of the framework, so that the methodological structure can be

visually understood.
3 Results

3.1 Species distribution models and GPCA
zoning of persistent suitable extent

We obtained 134 unique records of Melipona fasciculata to run

species distribution models after the data filtering (Database

available at Supplementary Material 1). Among the 19 variables

initially considered, 13 were maintained after collinearity evaluation

(see Sup. Mat. 2). Out of the 125 computed models, 33 showed high

predictive quality (TSS>0.8) and were kept for the ensemble

forecasting. Among the algorithms, Random Forest had the best

performance, contributing 12 models, then GAM with 7, Maxent

and GBM with 6 each, and GLM with only 2 models. (see Sup. Mat.

3 and 4). Some areas of uncertainty regarding suitability prediction

were detected in South American countries. However, in the focal

area of the study, comprising the administrative extension of Brazil,

only a few islands with the lowest level of uncertainty were detected

in the northeast (access Supplementary Material 6 for details).

The ensembles were projected on maps (Figure 3) showing the

variation of climate suitability for the species according to the three

scenarios: baseline and respective projections for both future periods

2021-2040 (referred as 2040) and 2041-2060 (referred as 2060).
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After the binary classification, the differences in suitability

between baseline and future scenarios can be identified in the

delta maps (Future minus Baseline EFM; Figure 4). We

geospatially compared the delta maps and kept only the common

areas that will remain (from baseline) suitable in all future periods.

Thus, the blue areas of both maps (Figure 4) that overlap in space, as

well as the gain zones in 2040 that remain suitable until 2060, were

cropped, combined and mapped (Figure 5), composing the

persistent suitable extent (PSE) displayed in Figure 5. The colored

bands on this extent display the PCAZ, whose zones range in colors

from dark blue (PCAZ zone 1) to yellow (PCAZ zone 10). Our

PCAZ showed a pattern of undulating belts, cutting the PSE into ten

irradiating zones from southeast to northwest. The map shows

some smaller and spatially more restricted belts (PCAZ zone 9 and

10), and others quite extensive (PCAZ zone 4 and 3), and still others

fragmented and with isolated islands (PCAZ zone 1 and 7). GPA

applied to this layer enabled to calculate the intensities and trends of

climate change from baseline to future per PCAZ.
3.2 Similarity among scenarios based on
the variability of bioclimatic variables

We observed a significant projection of the bioclimatic variables

through the multidimensional space of GPA (Permutation test;

Rc = 99.79, p-value < 0.001; Figures 6A, B). The GPA model had an

excellent fit (94.7%; Table 1), suggesting the occurrence of a

common structure underlying how bioclimatic variables were

projected among the different scenarios. Furthermore, the first

two Procrustes dimensions accounted for 71.88% of the variation

(dimension 1: 58.46%; dimension 2: 13.42%; respectively X and Y

axis for Baseline, 2040 and 2060 frames in Figure 6C). This suggests

that the positioning of these variables was different from the

centroid and other individual configurations indicating that each

bioclimatic variable could be properly distinguished according to its

behavior in the multidimensional space. Our analysis reveals that
FIGURE 3

Ensemble models showing the climatic suitability at continuous values for Melipona fasciculata in Baseline (A), Future 2021-2040 (B) and Future
2041-2060 scenarios (C). The black dots in (A) represent the presence records of M. fasciculata. The hatched polygon over (B, C) (better visualized
in the high-resolution figures) represent the extent of the baseline climatic suitability in a binary classification (Suitability >=0.75 to 1 reclassified to
Bin=1), aiming at an easier comparison between baseline and future scenarios.
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nearly all bioclimatic variables were relevant with respect to the

amount of explained variation for the consensus configuration

(Table 1). Overall, our findings indicate that climatic similarity

between both Baseline and 2040 scenarios will achieve 78% (Table 1

and 2040 frame in Figure 6B) within the next two decades, while the
Frontiers in Bee Science 08
similarity between the baseline and 2060 scenarios is assumed to be

more discordant from baseline with 64% (Table 1 and 2060 frame

in Figure 6B).

The main variables contributing to this climate disparity appear

to be Bio1 (annual mean temperature) and Bio12 (annual
FIGURE 5

The total extent of the colored area in Brazil represents the Persistent Suitable Extent (PSE) for Melipona fasciculata considering all scenarios. The
map also shows the ten PCAZ belts (ranging from green to blue) that spatially express the climatic variability over the area, whose variation was
analyzed in detail through GPA.
FIGURE 4

Differences between baseline and future climate suitability projections for Melipona fasciculata for the two future predictions: 2021-2040 (A) and
2041-2060 (B). The white and light tones represent the unsuitable areas for the species in Brazil; red represents previously suitable areas that will be
lost; green represents climate suitable gained areas; and blue represents the areas that are currently climate suitable and will be kept in
future scenarios.
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precipitation), with the highest residual vector being observed in

Bio1 (1.23; Figure 6D) followed by Bio12 (1.01; Figure 6D) among

the six bioclimatic variables (Table 1). This means that it has a

greater effect size, i.e., an elevated intra-variance resulting in a low

concordance among three evaluated scenarios. Thus, it somehow

suggests that Bio1 will likely have a more pervasive shift over the

distribution area of M. fasciculata in the next decades. The Bio12
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closely followed Bio1 in terms of the observed residual variance,

having the second most discrepant residual vector (1.01). These

results demonstrate that both variables are expected to behave with

more uncertainty toward the next decades. Consequently, a rise in

annual mean temperatures together with a decrease in annual

precipitation might affect more drastically the distribution of M.

fasciculata in the coming decades.
A B

D

C

FIGURE 6

(A) Boxplots with the effects of the main six bioclimatic variables over the distribution area of Melipona fasciculata along the three scenarios.
(B) Decomposition of residual sum of squares resulting from Generalized Procrustes Analysis representing the behavior (positioning, displacement)
of each bioclimatic variable (white circles) in the multidimensional space. The contour lines were incorporated to this plot to facilitate the
visualization of both the displacement and the discordance between scenarios (F1 = 2021-2040; F2 = 2041-2060). The percentage of similarity of
both 2021-2040 and 2041-2060 periods to the baseline scenario was additionally included in the corresponding panels. (C) Generalized Procrustes
Analysis map showing the trajectories (proximity, distance) and the length of residuals indicated by the arrows (i.e., amount of distortion from
consensus configuration) of each bioclimatic variable throughout three climate scenarios. The higher the residuals, the larger discrepancies to match
with the consensus configuration. (D) Therefore, greater residuals suggest higher within-variances in a particular variable and, thus, more difficulty to
find an overall concordance between that variable along three assessed periods. Red dashed line is the average residual (0.88).
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3.3 Candidate zones for
further investigation

As we plot the scaled values of bioclimatic zones, we can overall

observe a similar pattern in its within-variance. However, the PCAZ

9 and 10 seem to behave slightly different (Figures 7A, B; Table 2),

being GPA robust enough to corroborate this. As such, there was a

significant effect of the PCAZ along multidimensional space of GPA

(Permutation test; Rc = 99.93, p-value < 0.001), with a near perfect

fitting of the GPA model (99.9%). This indicates a shared zoning

structure being projected along the different scenarios. Nevertheless,

the first two Procrustes dimensions accounted for only 30.15% of

the observed variation (dimension 1: 17.2%; dimension 2: 12.9%;

Table 2, Figure 7B). This low explanatory value represented by the

position of the climatic zones (located next to the center of

configuration) reveals that adjacent zones were more like each

other than expected (Figure 7A). As such, its behavior along the

multidimensional space becomes harder to discriminate. However,

at least three geographical regions emerge as good candidates for

future ecological and molecular investigations, namely the

geographical regions covered by PCAZ 9 and 10, in order to

contrast their populations with each other, as well as from them

to the populations in the remaining aggregated PCAZs, especially

by comparing PCAZ 9 and 10 with those located in the more distant

PCAZ, 1 to 4 (Table 2, Figure 7A). These three regions were

positioned far from each other (Figure 7B) with higher positive

values in the first two dimensions analyzed. Furthermore, they

presented larger residues that can be observed by their values in

Table 1 and the size of the arrows (Figures 7B, C). Although the
Frontiers in Bee Science 10
small overall climate variability between the 10 PCAZ, especially

when comparing adjacent PCAZ (Figure 7D), the process of

discriminating the variable climate effects in the persistent suitability

area (PSE) was efficient in supporting long-term sampling prioritizations.
4 Discussion

Our spatially explicitly results indicate important changes in

habitat suitability for the species Melipona fasciculata, highlighting

zones of gain, persistence, and loss of suitability. These findings

provide support to the determination of conservation planning and

population management actions to safeguard genetic variability of

this species in the face of climate change. The areas of loss can guide

monitoring actions and potential population translocation strategies

from regions severely impacted by climate change. The areas of

suitability persistence will be essential for the conservation of local

populations and, depending on prior ecological assessments, may

receive managed populations from areas of loss. Conversely, for the

areas of suitability gain, it cannot be assured that they will effectively

act as climatic refuges, as the timeframe of the results may be too

short for a natural dispersal process on a broad geographical scale.

However, they may also be of interest for assisted management, but

this requires a very cautious prior assessment to avoid impacts on the

species that already inhabit the sites, particularly other bees in terms

of negative interactions, which could induce competition for

resources with the risk of species exclusion and/or spread/spillover

of diseases between specimens and species.

Previous studies already focused in the impact of climate change

on the distribution of Brazilian stingless bees (Meliponini) (e.g.,

Giannini et al., 2012), showing detrimental losses of suitable habitat

in the future. Other works highlighted the relationships with plants

used by the bees (Giannini et al., 2013), and crop production

(Giannini et al., 2017). Studies conducted in a preserved area of

the eastern Amazon, in the Carajás National Forest, however,

highlighted the extent of the problem, examining the impact of

climate change on 216 bee species collected in the area: 85% of them

would not find survival conditions in this forest by 2050-2070.

Other work presented data on the climatic impacts onMelipona bee

species used in Brazilian meliponiculture (Lima and Marchioro,

2021). This work highlights the future distribution areas for each

species, with gains and losses depending on the species considered.

In Colombia, ten Meliponini species were analyzed, considering the

genera Melipona, Paratrigona, Plebeia, Frieseomelitta, and Scaura

(Gonzalez et al., 2021). For most of them, the evidence indicated

habitat loss in the coming years, with habitat gains for only two

species. Also in the dry areas of Brazil, other analyses estimated the

impact of climate change for Plebeia flavocincta (Maia et al., 2020),

a small stingless bees largely used for meliponiculture.

By using our methodological framework, we were able to reveal

that changes of climate variability are concordant throughout three

scenarios. In short, while the three temperature variables tend to

increase, the three precipitation variables seem to decrease. By

integrating these results with the Procrustes analysis, it is possible

to observe an expansion in the potential distribution area

considering the future scenarios. This tendency was likely due to
TABLE 1 Procrustes Analysis of Variance (PANOVA) summarizing the
total variability in the bioclimatic variables and the pairwise similarity (in
percentage) among periods according to combined variance of all six
bioclimatic variables examined.

Consensus Residuals
Total

variance

Annual Mean
Temperature (Bio1)

13.2 1.23 14.4

Max Temperature of
Warmest Month (Bio5)

12.4 0.93 13.3

Min Temperature of
Coldest Month (Bio6)

16.8 0.44 17.2

Annual
Precipitation (Bio12)

11.7 1.00 12.7

Precipitation of Wettest
Month (Bio13)

11.0 0.96 11.9

Precipitation of Driest
Month (Bio14)

29.7 0.71 30.5

Sum 94.7 5.27 100

RV – % of similarity Baseline 2021-2040 2041-2060

Baseline 1

2021-2040 0.78 1

2041-2060 0.64 0.98 1
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the position of all variables that progressively (from baseline to 2040

and 2060) move away from consensus configuration over the

multidimensional space of Procrustes. These displacements of

variables probably cause the observed disparity between 2040 and

2060 scenarios to the baseline climate. As a result, it should be

expected a significant climate inconsistency within the geographic

range of M. fasciculata in the next two decades baseline with an

expected climate incompatibility of up to 22%. In fact, such
Frontiers in Bee Science 11
mismatching might be sti l l higher, achieving 36% of

incompatibility within the next four decades.

The size of residuals was calculated by evaluating the difference

between the location of the items of each configuration and the

position of the item in the consensus configuration being, therefore,

a good predictor of within-group variance (Gower, 1975; Ten Berge,

1977; Dijksterhuis and Gower, 1991; Goodall, 1991; Risvik et al.,

1994). Here, the variance of each environmental variable provides a
A

B

DC

FIGURE 7

(A) Variation of temperature (°C) and precipitation (mm) along three periods (C = baseline; F1 = 2021-2040; F2 = 2041-2060) over 10 zones (PCAZ)
extracted from GPCA in the distribution area of Melipona fasciculata. (B) Decomposition of residual sum of squares resulting from Generalized
Procrustes Analysis representing the behavior (positioning, displacement) of each zone (black arrows) in the multidimensional space. The contour
lines were incorporated to this plot to facilitate the visualization of displacement and how discordant were each scenario from each other.
(C) Generalized Procrustes Analysis map showing the trajectories (proximity, distance) and length of residuals indicated by the arrows (i.e., amount of
distortion from consensus configuration) of each zone throughout the three climate scenarios. The higher the residuals, the larger discrepancies to
the consensus configuration. (D) Therefore, greater residuals suggest higher within-variances in a particular zone and, thus, more difficulty to find an
overall concordance between that zone along three assessed periods. Red dashed line is the average residual (0.0061).
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measure of deviation from the average scenario or GPCA Zones

(referred as PCAZ). Consequently, it is possible to select the main

zones according to the size of their residuals, which means that they

likely have a larger effect on the different climatic scenarios.

The 10 zones partitioned within the persistent suitability area

for M. fasciculata among the three scenarios presented varying

levels of deviations from the consensus configuration, with PCAZ 9

and 10 standing out as better candidates for further surveying and/

or monitoring. Both zones are located further northwest of the

suitable habitat for M. fasciculata. Nevertheless, despite being

adjacent to each other, zone 10 had the highest variance, with

nearly twice the variance observed in zone 9. The comparison of

these two PCAZ with the others, especially with the more distant

ones (1-4), also proves to be an important prioritization to evaluate

the differential climate effect between populations in the long term.

Even though these three geographic regions (covering 9, 10 and 1-4

PCAZ) are within the appropriate climatic limits for the species

until 2060, climate change will clearly generate effects of different

intensit ies on their populat ions, which wil l possibly

respond differently.

The final maps provided by our framework are ease to interpret,

which allows estimating which changes might be expected with

respect to the geographic range of target organisms over time

assuming different climate change scenarios. Nevertheless, a more

robust comparison among scenarios may be restrained by the lack

of available data. Here we show that the Procrustes analysis was
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successful in accurately describing and quantifying the concordance

among the evaluated scenarios and zones.

The use of more recent climate suitability models integrated

with the Procrustes analysis was able to map and accurately describe

the level of change among scenarios on the geographic distribution

area of the studied species, highlighting distortions among

bioclimatic variables of interest and pointing out areas of interest

for decision-makers. Our framework also identified the

environmental variables with higher relative importance among

scenarios according to the size of their residuals. Accordingly, some

zones along the distribution area of the target species can be

prioritized for permanent monitoring of impacts on the species

due to the expected higher change. Furthermore, some other zones,

in which the climate change will be likely less pronounced, can be

selected to act as a potential climate refuge. These areas could be

prioritized to their conservation to sustain sanctuaries where the

target species might continue to thrive.

Global conventions and reports continually issue warnings to

assess and conserve biodiversity in the face of climate change.

However, for such demands to be effectively met, the scientific

community needs to develop operationalization strategies and

orientation in more intuitive and simplified results to effectively

convey the message to a wider audience. Research whose outcomes

are presented in a complex way, requiring extensive scientific

experience to be understood and interpreted, make it difficult to

access fundamental information for decision-making at crucial

moments, when scientific knowledge must be guided to support

immediate action.

Analysis that generates spatially explicit results, especially

presented through maps, have been an efficient support to

decision making. With such support, they can point out where,

when, and how they should act aiming reliable conservation and

restoration plans. Besides these maps, the measure that quantifies

percentages of change among baseline and future scenarios and the

level of variance (degree of deviation) among variables of interest,

may reinforce the evidence being sustained along studies of species

distribution modeling and climate change modeling.

The combined use of Species Distribution Modeling (SDM) and

Generalized Procrustes Analysis (GPA) provided a comprehensive

approach for pollinator biomonitoring programs, such as bees, in

the face of contemporary environmental challenges like climate

change and biodiversity loss. SDM is essential for assessing the

current and future climatic suitability of species, identifying critical

areas that require conservation and restoration interventions.

Combining SDM with GIS (Geographic Information System)

offers clear visual representations of species distribution changes

under different climate scenarios. In contrast, GPA allows for the

assessment of concordance between climate scenarios and the

identification of zones with significant variations. The integration

of these analytical approaches deepens our understanding of

climate change impacts on pollinators, prioritizes areas for

conservation, sustainable use and research, and facilitates

scientific communication, making information accessible for

conservation decisions and nature-based solutions. We also

suggest the need to identify areas for continuous monitoring of

bee populations, following the considerations of Hoban et al. (2023)
TABLE 2 Procrustes Analysis of Variance (PANOVA) summarizing the
total variability in the PCAZ after Generalized Procrustes Analysis
transformations per configuration and the pairwise similarity (in
percentage) among periods according to combined variance of all ten
bioclimatic zones evaluated (zones according Figure 5).

PCAZ Consensus Residuals
Total

variance

Zone 1 8.9 0.007 8.9

Zone 2 9.1 0.007 9.1

Zone 3 8.9 0.007 8.9

Zone 4 8.9 0.006 9.0

Zone 5 9.7 0.006 9.7

Zone 6 9.1 0.001 9.1

Zone 7 9.3 0.000 9.3

Zone 8 10.3 0.002 10.3

Zone 9 11.8 0.009 11.8

Zone 10 13.8 0.016 13.8

sum 99.9 0.061 100

RV – %
of similarity

Baseline 2021-2040 2041-2060

Baseline 1

2021-2040 0.99 1

2041-2060 0.99 0.99 1
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for biodiversity in general, and our proposed methodology fits

this goal.
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platform for ensemble forecasting of species distributions. Ecography 32 (3), 369–373.
doi: 10.1111/j.1600-0587.2008.05742.x

Venturieri, G. C., Baquero, P. L., and Costa, L. (2015). “Formação de Minicolônias de
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