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RESUMO

A fenologia da floracdo € considerada uma caracteristica da aptidéao
que faz parte do nicho ecoldgico das espécies de plantas, e que se espelha em
seus padrbes de distribuicdo geografica. Portanto, para avaliar os impactos em
diferentes cenarios de mudancas climaticas na fenologia, abordagens que
incluam respostas espaciais e temporais sdo necessarias e especialmente
desafiadoras. Neste trabalho, implementamos modelagem de nicho ecolégico
para investigar os efeitos potenciais de mudancgas climaticas nos padrdes de
floracdo e distribuicdo geografica de espécies polinizadas por beija-flores na
Mata Atlantica, um hotspot de biodiversidade. Modelos de distribuicdo indicam
futuras mudancas na adequabilidade climatica de seus habitats atuais,
sugerindo uma tendéncia a descontinuidade, redugao e deslocamento espacial.
Os modelos de floragdo indicam que o clima pode influenciar na fenologia,
aumentando a adequabilidade para algumas espécies e reduzindo em outras, €
se tornar um importante fator de presséo seletiva nas comunidades vegetais.
Nossos resultados sugerem que espécies polinizadas por beija-flores séo
propensas a mudanc¢as na distribuicdo geografica e floracido sob diferentes
cenarios climaticos, com impactos potenciais nas redes ecoldgicas e no
sucesso reprodutivo das plantas tropicais no futuro proximo. Muitas lacunas
ainda precisam ser respondidas, principalmente em relacdo a magnitude das
mudangas no clima nas tolerancias fisiologicas das espécies e nas redes de
interagbes presentes nas florestas. Contudo, acreditamos que nossa
abordagem possa, daqui pra frente, ser melhor aprofundada no sentido de
aprimorar as previsbes futuras e entender como 0s processos ambientais
influenciam a biota dentro dos ecossistemas.

Palavras-chave: adequacdo climatica, aquecimento global, interacdes
mutualisticas, modelagem de nicho ecoldgico, padrbes
espago-temporais.



ABSTRACT

Flowering phenology is considered a fithess trait that is part of the
ecological niche of plant species, and that is reflected in their patterns of
geographical distribution. Therefore, in order to assess impacts in different
climate change scenarios on phenology, approaches that include spatial and
temporal responses are necessary and especially challenging. In this work, we
implemented ecological niche modeling to investigate the potential effects of
climate change on flowering patterns and geographic distribution of species
pollinated by hummingbirds in the Brazilian Atlantic Forest, a biodiversity
hotspot. Distribution models indicate future changes in the climatic suitability of
their current habitats, suggesting a tendency to discontinuity, reduction and
spatial displacement. Flowering patterns indicate that climate may influence
phenology, increasing suitability for some species and reducing in others, and
becoming an important selective pressure factor in plant communities. Our
results suggest that species pollinated by hummingbirds are prone to changes
in geographic distribution and flowering under different climatic scenarios, with
potential impacts on ecological networks and the reproductive success of
tropical plants in the near future. Many gaps still need to be addressed,
especially in relation to the magnitude of changes in the climate in the
physiological tolerances of the species and in the networks of interactions
present in the forests. However, we believe that our approach can henceforth
be better explored in order to improve future predictions and understand how
environmental processes influence biota within ecosystems.

Keywords: climatic suitability, global warming, mutualistic interactions,
ecological niche modeling, spatio-temporal patterns.
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INTRODUGAO GERAL

Entende-se por mudancgas climaticas globais qualquer mudanca
ambiental que altere a atmosfera, os oceanos e 0s sistemas terrestres
(MATESANZ et al.,, 2010). Embora sejam considerados fendmenos naturais e
ja tenham ocorrido em periodos anteriores, € consenso que atualmente grande
parte das atividades antropicas esta contribuindo para que estas mudancas
ocorram mais rapidamente e em maior intensidade (PACHECO, HELENE,
1990). Modificagdes no uso da terra, poluicdo, desmatamento e
sobreexploracdo sdo algumas das intervengdes consideradas responsaveis
pelo aumento da concentracdo de gases do efeito estufa na atmosfera, por
exemplo, e consequentemente pelo aquecimento global (VITOUSEK, 1994)

Uma maior retencdo de calor na atmosfera terrestre pode desencadear
uma série de impactos que, segundo o IPCC (2014), incluem aumento das
temperaturas minimas anuais, principalmente no inverno do hemisfério Norte e
do Artico, alteracdo nas precipitagdes médias anuais e maior frequéncia de
eventos extremos (BYERS, 2017), dentre eles chuvas torrenciais e secas
prolongadas. Espera-se que essa instabilidade climatica leve a reducédo e
fragmentacdo de habitats naturais em todo o mundo (ZANIN ef al., 2017), e se
converta em pressbGes seletivas, com fortes implicagcbes para a aptiddo
individual das espécies (MATESANZ et al., 2010) e para o funcionamento e
resiliéncia dos ecossistemas (BOTKIN et al., 2007).

Por causa da intensa degradacdo ambiental e o0s inumeros
desmatamentos provocados pela industrializagdo e expansé&o urbana e agricola
iniciadas no século XVI, os remanescentes da Mata Atlantica representam hoje
cerca de 12,5% de sua area original, em geral na forma de pequenos
fragmentos florestais isolados em meio a paisagens altamente antropizadas
(YOUNG, 2005; SOS MATA ATLANTICA, 2015). Contudo, o bioma abriga uma
significativa biodiversidade, com altos niveis de endemismo, onde estima-se
que possua algo entre 33% e 36% das espécies existentes no Brasil, e que 8
mil sejam endémicas (CAMPANILI, SCHAFFER, 2010). Entretanto, esta
complexidade pode ser extremamente vulneravel as mudangas climaticas
(BELLARD et al., 2012). Estudos recentes tém demonstrado que as espécies

tropicais apresentam limites de tolerancia fisioloégica mais restritos devido a



pouca sazonalidade climatica anual nestes ambientes (MORELLATO et al.,
2000), e, portanto, estes organismos, podem n&o conseguir se adaptar a
mudangas muito intensas (DEUTSCH ef al., 2008; COLWELL et al., 2008),

Considerando que o efeito mais extremo e irreversivel da reducéo da
aptidao € a extingcéo, é fundamental buscar uma melhor compreenséo de como
as espécies respondem as mudancgas nestes complexos cenarios ambientais
(PARMESAN, 2006). De acordo com Rehm et al. (2015), as espécies podem
evitar as extingdes climaticas através de trés principais mecanismos: (1) podem
se acostumar com as mudangas no clima (aclimatacio); (2) se adaptar as
mudancgas climaticas e as novas condi¢bes do ambiente; e/ou (3) mudar suas
distribuicbes para acompanhar o deslocamento geografico das condi¢des
climaticas mais adequadas (FEELEY et al., 2012).

Nas plantas, as respostas podem ocorrer de diversas formas, entre
elas por meio da dispersdo, mudando sua distribuicdo geografica, ou através
de uma mudanca temporal nos eventos do seu ciclo de vida, isto €, na
fenologia (PARMESAN; YOHE, 2003; WALTHER ef al., 2005). Em uma meta-
analise realizada por Root et al. (2003), foi observado que em uma ampla gama
de espécies uma das respostas bioldgicas em relagdo as alteracdes climaticas
foi uma mudan¢a nos principais eventos fenoldgicos, com um avan¢o de 5,1
dias, nos ultimos 50 anos. Registros histéricos de cinquenta anos de 385
plantas no Reino Unido indicam um avango de 4,5 dias na época de floragéo
na década de 1990 a 2000 (FITTER; FITTER, 2002). Além disto, as espécies
apresentaram respostas distintas uma vez que 16% de espécies floresceram
15 dias antes e cerca de 3% delas floresceram mais tarde. Estas variagGes de
respostas fenolégicas devem-se provavelmente a complexidade de fatores que
modulam o0s eventos fenoldgicos, tais como componentes bidticos, que
determinam a intensidade do evento, e fatores climaticos (como temperatura,
precipitagéo e fotoperiodo), que determinam o periodo e sua duragéo (SCHAIK
et al., 1993). Assim, a fenologia de muitas espécies pode ser perturbada na
medida em que a adequacido de seus habitats € alterada pelas mudangas
climaticas (BYERS, 2017). Temperaturas elevadas podem desencadear a
precocidade na abertura das folhas, floragdo e germinacéo, e o retardamento
da queda das folhas, conduzindo a uma estacdo de crescimento mais

prolongada (COTTON, 2003). Dependendo da espécie e do local onde ela
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ocorre, este prolongamento pode afetar as demais fenofases e interferir no
sucesso reprodutivo destes individuos.

A fenologia de floracdo € apontada como uma caracteristica
fundamental para o sucesso reprodutivo das plantas, o que, segundo Chuine
(2010), € bastante intuitivo, uma vez que este evento esta envolvido com o
sucesso da maturacdo dos frutos, da qualidade das sementes e,
principalmente, da polinizagdo. A forma, o tempo, a duragdo e 0 grau de
sincronia das fases fenoldgicas também tém importantes implicagdes na
dindmica das comunidades (BRUNELLI, 2013). A maior parte das espécies
vegetais apresenta periodos fenoloégicos reprodutivos claramente definidos, os
quais, em sua maioria, estdo ligados a fenologia de outros organismos
necessarios para uma reprodugéo bem-sucedida (BOTH et. al., 2009).

A polinizacdo por aves ¢é considerada bastante comum em
ecossistemas tropicais (ROCCA-DE-ANDRADE, 2006), e os beija-flores
desempenham um papel importante na reproducdo de varias espécies de
plantas nesses locais (ZANATA, DALSGAARD, PASSOS, et al., 2017), que
produzem flores no ano e fornecem recursos nutricionais essenciais para a
sobrevivéncia dessas aves (ROCCA; SAZIMA, 2010).

Plantas polinizadas por animais podem ser particularmente vulneraveis
as mudancas climaticas, com rompimento das interagdes planta-polinizador
(GORDO; SANZ, 2010), uma vez que a época de floracéo e a disponibilidade
de polinizadores, podem néo responder de modo semelhante as alteragcbées no
clima (BARTOMEUS et. al., 2011; DORJI et.al., 2012; MCKINNEY et al., 2012).
Desta forma, alteragbes na disponibilidade de recursos florais podem
desencadear graves problemas para as populagdes de polinizadores, e a longo
prazo para a reproducédo das proprias plantas (ALDRIDGE et al., 2011).

Em geral, as variaveis abibticas que influenciam na fenologia podem
sinalizar positiva ou negativamente uma adaptacdo das espécies as mudangas
climaticas (PARMESAN; YOHE, 2003). Por este viés, a questdo que se coloca
€ como as mudangas climaticas futuras poderao afetar a fenologia das plantas
nos ecossistemas em diferentes cenarios (VISSER; BOTH, 2005). No cenario
atual, uma ferramenta que tem sido bastante aplicada para este propdsito s&o
as abordagens metodoldgicas de modelagem de nicho ecoldgico (BARVE et
al., 2014; BARVE et al., 2015). A modelagem de nicho entende que o nicho da
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espécie € representado por cada ponto projetado no espago geografico, o qual
proporciona condigdes ambientais para que a espécie exista indefinidamente
(HUTCHINSON, 1957). Assim, em um cenario de mudancgas climaticas, esta
abordagem baseia-se na suposi¢cdo de que o habitat atual de uma espécie
reflete suas condigbes climaticas ideais e esta em equilibrio com os
componentes ambientais que constituem seu nicho climatico (BERTELSMEIER
et al., 2013). E um método que utiliza modelagem matematica para estimar o
nicho das espécies, e assume que ela estara presente em um determinado
ponto se reunidas trés condi¢des: a) condicbes abibticas favoraveis; b)
presenca de interacbes positivas e auséncia de interacdes negativas; ¢)
capacidade de dispersdo, ou seja, as espécies poderéo estar presentes apenas
numa regido alcancavel em um tempo ecoldgico relevante (SOBERON, 2007).

Em um primeiro momento a modelagem de nicho pode ser interpretada
como uma forma de representar o nicho fundamental das espécies. No entanto,
processos ecoldgicos como interacdes (positivas e negativas), limitacbes de
dispersdo e de tolerancias fisioldégicas também podem influenciar nas
distribuicbes espaciais (COLWELL; RANGEL, 2009, BARVE et al.,, 2014).
Chuine (2010) afirma que a fenologia de floragcdo € uma caracteristica de
aptiddo que constitui 0 nicho das espécies vegetais, o qual € espelhado nos
seus padrdes de distribuicdo geografica. Nesse sentido, abordagens que
incluam respostas espaciais e temporais as mudancas climaticas podem
melhorar os modelos preditivos.

Neste estudo pretende-se responder a seguinte pergunta: Quais sdo as
potenciais modificacdes resultantes das alteracdes climaticas nos padrbes de
florac&o e distribuicdo geografica de espécies de plantas polinizadas por beija-
flores na Mata Atlantica? Utilizando métodos de modelagem de nicho
ecologico, foi analisado o impacto das mudangas climaticas sobre a fenologia
de floragdo de 62 espécies tropicais polinizadas por beija-flores da Mata
Atlantica. A partir dos registros de floracdo, da distribuicdo geografica e dos
parametros climaticos na area de ocorréncia, foram propostas as potenciais
alteragcdes na adequabilidade climatica dos padrdes espaco-temporais de

floracdo destas espécies em cenarios futuros.
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CAPITULO 1

SPATIO-TEMPORAL EFFECTS OF CLIMATE CHANGE ON FLOWERING
PHENOLOGY AND GEOGRAPHIC DISTRIBUTION OF HUMMINGBIRD-
POLLINATED PLANTS
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ABSTRACT

Backgrounds and Aims: Tropical plant species are already suffering the effects of
climate change and projections warn for even greater changes in the next decades. Of
particular concern are alterations in flowering phenology, given that it is considered a
fitness trait, part of plant species’ ecological niche, with potential cascade effects in
plant-pollinator interactions. The aim of the study was to assess the potential impacts of
climate change on the geographic distribution and flowering phenology of
hummingbird-pollinated plants.

Methods: We implemented ecological niche modeling (ENM) to investigate the
potential impacts of different climate change scenarios on geographic distribution and
flowering phenology of 62 hummingbird-pollinated plant species in the Brazilian
Atlantic Forest.

Key Results: Distribution models indicate future changes in the climatic suitability of
their current habitats, suggesting a tendency towards discontinuity, reduction and spatial
displacement. Flowering models indicate that climate can influence species phenology
in different ways: some species may experience increased flowering suitability whereas
others may suffer decreased suitability.

Conclusions: Our results suggest that hummingbird-pollinated species are prone to
changes in the geographic distribution and flowering under different climate scenarios.
Such variation may impact community structure ecological networks and reproductive

success of tropical plants in the near future.

Key-words: Climate change, hummingbird-pollinated plants, geographic distribution,
flowering phenology, tropical forest, ecological niche modeling, temporal mismatch,

plant-pollinator interactions.
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INTRODUCTION

Anthropogenic climate change is increasingly recognized as a major threat to current
biodiversity and human well-being, affecting geographic distributions, phenology and
even leading to extinction of organisms across a wide range of taxonomic and
functional groups (Parmesan and Yohe, 2003; Parmesan, 2006; Zwiener et al., 2018). In
plants, responses to climate change can be diverse, including changes in species’
distribution and phenology (Parmesan and Yohe, 2003; Walther et al., 2005). For
instance, increasing temperatures can trigger early leaves opening, flowering and
germination, and delay leaf fall, leading to a longer growing season (Cotton, 2003).
Plant phenology respond to climate change in different ways, and while most
documented phenological changes support premature events, some species show
delayed responses (Parmesan and Yohe, 2003). Such variation is due to the complexity
of factors that modulate phenological events, such as biotic components, that determine
the intensity of the event, and climatic factors (i.e. temperature, precipitation and
photoperiod) that affect the period and the duration of a phenological event (Schaik et
al., 1993). Thus, the entire life cycle of plants may suffer seasonal changes related to
habitat suitability (Visser and Both, 2005). The effects of climate change on tropical
species’ phenology is of particular concern because tropical species exhibit restrict
physiological tolerance to climate extremes due to the lack of annual climatic
seasonality in their native distribution (Morellato et al., 2000). As such, tropical plants
may not adapt to very intense climate changes and are expected to present
disproportionate effects compared to species of temperate environments (Deutsch et al
2008; Colwell et al., 2008).

In addition to changes in phenological patterns, organisms are also altering their

geographic distribution in response to climate change (Bikova et al., 2012). Flowering
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phenology is considered a fitness trait that is part of plant species’ ecological niche,
which is mirrored in their patterns of geographic distribution (Chuine, 2010). Therefore,
to assess the impacts of climate change on phenology, approaches that include both
spatial and temporal responses are needed. In this sense, the prediction of how future
climate changes may affect phenology in different scenarios is especially challenging
(Visser and Both, 2005).

Flowering phenology is associated with the reproductive success of plants, since it is
directly involved with pollination and the resulting fruit and seed formation (Chuine,
2010). The synchronization of the flowering period with the activity pattern of
pollinators is of paramount importance for the maintenance of ecological networks,
given that it provides conditions for adequate transport and deposition of pollen, as well
as nutritional resources for animals (Machado, 2012; Junker et al., 2012). In fact, plants
pollinated by animals may be particularly vulnerable to climate change once plants and
pollinators may not respond in similar ways to changes in climate, potentially leading to
the disruption of plant-pollinator interactions (Gordo and Sanz, 2010; Bartomeus et al.,
2011; Dorji et al.,, 2012; Mckinney et al., 2012). Such desynchronization can be
detrimental for pollinator populations and in the long term may have negative effects on
the reproduction of plants (Aldridge et al., 2011). Bird pollination is considered to be
quite common in tropical ecosystems (Rocca-de-Andrade, 2006), and hummingbirds
play an important role in the reproduction of several species of plants in the Neotropics
(Zanata et al., 2017). In these forests, plants produce flowers throughout the year,
providing food resources essential for the survival of these birds (Rocca and Sazima,
2010).

In the Atlantic Forest, many plant species are endemic (BFG, 2015), and particularly

sensitive to disturbances (Rabinowitz 1981, IUCN, 2017), yet, no study has assessed the
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effects of climate change on phenological flowering patterns. This restricts our
understanding of this important driver of the biodiversity crisis and its potential effects
on reproductive success of tropical plants and the availability of food resources for their
mutualistic partners, such as hummingbirds. In this study, we implemented an
innovative approach to investigate effects of climatic changes on flowering patterns and
geographic distribution of hummingbird-pollinated species in a biodiversity hotspot.
Based on monthly flowering records from georeferenced occurrence points we modeled
spatial changes in species’ distribution in association with temporal changes in

flowering suitability under different climate change scenarios in the Atlantic Forest.

MATERIAL AND METHODS

Approach to modelling species distributions and phenology

To model the potential geographic distribution of hummingbird-pollinated plants and
flowering suitability under current and future climatic scenarios, we used Ecological
Niche Modelling (ENM) in a two-stage process in which firstly we estimated species’
geographic distributions and secondly flowering suitability within the potential
distributions for each recorded flowering month (Fig. 1). ENM is a useful tool for
assessing potential effects of climate change on biodiversity (Skov and Svenning, 2004;
Thuiler, 2004; Aratjo and Guisan, 2006; Peterson et al., 2011) and has been widely
used to estimate species’ geographic distribution under different scenarios (Bohner and
Lehmkuhl, 2005; Beumont et al., 2008; Faurby and Aragjo, 2018). Such modelling
approach has also been used to assess temporal biological patterns, although less
frequently, in a phenological and climate change context (Peterson et al., 2005, Barve et

al., 2014; Barve et al, 2015).
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Species and occurrence records

We compiled published studies containing data of plant species that interact with
hummingbirds in the Brazilian Atlantic Forest (Supplementary Appendix S1). We
searched the Web of Science database for studies published from 1982 to 2016 using
the following keywords: hummingbird, rainforest, Atlantic Forest, plant, interaction,
pollination. Based on the compiled studies we identified 206 angiosperm species
presenting such interaction. For the 206 species, we obtained primary data from
biological collections from SpeciesLink and Global Biodiversity Information Facility
(GBIF) databases. All species were checked for nomenclature and spelling errors from
the Flora do Brasil 2020 Project (2016). Additionally, we adopted the following criteria
to increase data quality: (i) records originated only from natural populations (ii)
precision in the geographical coordinates; (iii) exclusion of records outside the biome
and Brazilian states of natural occurrence based on information from botanical specialist

(available at http://floradobrasil jbrj.gov.br).

To reduce spatial autocorrelation of records and over representation of the environment
(Boria et al., 2014), we removed duplicated records and pairs of points located less than
5 km. This distance was defined according to the density of occurrence records and the
dispersion characteristics of the selected species. This was done because records from
biological collections usually present bias due to ease of access to sampling sites
(Lemes et al., 2011.), which in turn may affect model performance (Hijmans, 2012;
Boria et al., 2014; Fourcade et al., 2014).

From the records of occurrences, we verified sampling dates and selected those that
described the presence of flowers or floral structures at the time of sampling. For each
species, we recorded the temporal resolution of flowering times in months. Finally,

following these criteria, we selected 62 species (Table 1).


http://floradobrasil.jbrj.gov.br/
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Environmental variables

Environmental variables were obtained from WorldClim for the present and for future
periods (2050 and 2070) at S-minute spatial resolution (~ 9 km at the equator).For the
development of species distribution models (Step 1), we selected 19 bioclimatic
variables, derived from temperature and precipitation (Hijmans et al., 2005). For the
modeling of flowering suitability (Step 2), the selected climatic variables were
maximum temperature, minimum temperature, mean precipitation and radiation, in
monthly resolution (Jan-Dec).

For future climate projections we selected three global circulation models (GCM):
CCSM4 (Community Climate System Model) models, GISS-E2-R (Goddard Institute
for Space Studies) and MIROCS (Model for Interdisciplinary Research on Climate). We
associate these GCMs with two representative concentration pathways (RCP): RCP 2.6
and RCP 8.5. Both represent the low and high intensity of greenhouse gas
concentration, respectively. In order to reduce dimensionality and collinearity of
variables for ENM in Stage 1, we applied Principal Component Analysis (PCA) to
environmental variables in the present and projected the results to future climatic
scenarios. We selected the first six components to use as predictors in ENM that

together accounted for 95% of the total variation.

Ecological niche modelling

For ENM we employed Maxent v3.3.3K (Phillips et al., 2006), implemented in the R
package - dismo (Hijmans, et al., 2008), using the default settings to develop the
models. For geographic distribution estimates (Step 1), corresponding models were

generated for each climatic scenario and period (for example: CCSM4 - 2050 - RCP
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2.6; MIROCS - 2070 - RCP 8.5). For flowering estimates (Step 2), the models were
generated monthly according to the chronology of flowering time for each species, and
using the corresponding monthly climatic data for the same scenarios and time periods
from step 1. In stage 1, models for each species were calibrated and transferred within
restricted regions representing the area available for dispersal (Barve et al., 2011; Olson
et al., 2001). These individual accessible areas were delimited using a Minimum
Convex Polygon (Burgmann and Fox, 2003; Oliveira et al., 2016) with a buffer of
approximately 50 km around the points of occurrence. Accessible areas were then
adjusted according to ecoregions (Olson et al., 2001), characteristics of the landscape
and potential biogeographic barriers, such as rivers and mountain ranges.

To obtain binary predictions we applied a lowest presence threshold discarding the 5%
lowest values of suitability (Peterson et al. 2011). Then, they were grouped by period
(2050 and 2070) and RCP (2.5 and 8.6), considering only the locations of agreement
between the projections of the three GCMs.

Finally, to estimate flowering suitability for each species (Stage 2) we used the extent of
potential distribution models from Stage 1 to crop monthly environmental data, to
calibrate models in the months that flowering was recorded for a giving species and to
project suitability values within boundaries of estimated geographic distributions, for
each climatic scenario and period. The analyses were carried out initially for the entire
distribution range of the species within the Brazilian territory, and then cut in the
delimitations of the Atlantic Forest. We used two indices to illustrate changes in the
distribution under climate scenarios, adopting the conceptual framework proposed by
Real et al. (2010) and adapted by Kou et al. (2011): the Index I (increment in
favorability) and /ndex O (favorability overlap). These indices measure the potential

range of species from the attributes of adequacy predicted over time.
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(=M g ZMw
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Where n represents the number of cells, subscripts p and f represent present and future
distributions, and subscripts f N p and f U p represent overlapping and combined areas
of both future and present distributions, respectively. The / and O indices were
calculated with binary models (values O and 1) in all climatic scenarios described above.
To identify trends of changes in flowering suitability, we use a delta suitability method,
calculating the difference between the sum of the suitability values of the future models

and the sum of the suitability values of the present model :

4S = $Sf —¥Sp

Where S represents the climatic suitability values from flowering models, and subscript
p and frepresent present and future scenarios.

For this calculation, we use the continuous model output for each species.

Model evaluation

To evaluate the performance, the binomial probability test was applied to binary
predictions for distribution models. For presence-only data sets, this test indicates the
chance that the total number of records correctly predicted by the model can be
achieved by a random model (Anderson et al., 2002a; Peterson et al., 2011). For each
species we partitioned the occurrences data creating a random set of test data with 30%

of the original data. Then, this dataset was detached and the remaining data were used to
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a new training model, and then we calculate the probability of presence and absence
using the test set with the results of the training models.

To evaluate phenological models, we used the area under the curve (AUC) of the ROC
(Receiver Operating Characteristic) (Fielding and Bell, 1997; Peterson et al., 2011).
This is a threshold independent test that compares the values of suitability with the
observed data. Values range from O and 1, where values from 0 to 0.5 are interpreted as
no predictive ability, and 1 means perfect predictive ability (Randin et al., 2006; Araujo
et al., 2005). Here, AUC performance was interpreted using Swets (1988) adapted by
Araujo et al, (2005): AUC > 090 = excellent; 0.89>AUC<0.80 = good;

0.79>AUC<0.70 = adjusted; 0.69> AUC <0.60 = poor; AUC <0.60 = failure.

RESULTS

For the geographic distribution models, Maxent shows a good predictive performances
(> 0.85) for all scenarios according to the results by binomial probability tests (Table 1).
This models indicates that the richness of hummingbird-pollinated species may face
changes in the climatic suitability range (Fig.2).

The greatest impact is seen in the most recent scenarios of low greenhouse gas
concentration (RCP 2.6). For all future projections, the breadth of climate suitability
results in loses in connectivity, increases in the western direction of the biome, creating
a gap in the south and southeast, and reduces in the northeast direction.

The rates of potential range shifts corroborate the observed changes in spatial models
(Fig. 3). We observed that by 2050, the RCP 2.6 scenario is more extreme, where 85%
of the species loses distribution area, against 55% in the RCP 8.5 scenario (high
emission). In the first scenario (RCP 2.6 — 2050), 14% of the species are expected to

lose 100% of their distribution area, while in other scenarios and periods the maximum
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loss reaches 75%. However, for RCP 2.6 scenario about 11% of species are expected to
increase its distribution in up to 50%, whereas in RCP 8.5 scenario approximately 43%
of species are expected to experience increments of up to 75%.

By 2070, the number of species losing distribution area is still higher in the RCP 2.6
scenario (59%) than in the RCP 8.5 scenario (47%), but the ratio of species with
increasing distribution increases in both emission scenarios (36% and 48% respectively)
compared to 2050.

In relation to the overlap of distribution areas between the present and the different
future scenarios (Fig. 4), we observed that the maintenance of the occurrence areas, ie
the potential to maintain the current distribution areas in the future, should be impacted
for most species (up to 50% of overlapping areas). In the RCP 2.6 scenario by 2050,
47% of the species the future distribution areas will not overlap or very little ((from 0%
to 25%) with the current ones. This will occur to 11% -14% for the other scenarios.
Within the projected distribution areas, AUC metrics used to evaluate the flowering
models varied among species (Table 1). Differences in monthly climatic suitability for
flowering between the present and the future have shown that species may respond
differently to climate changes. We observed that in general, there are more species
experiencing a reduction in climatic suitability for flowering than an increase or
maintenance of flowering periods (Fig. 5). This difference is greater between the
months of August and November where 61% -91% of the species blooming in this
period may not find a flowering suitable climate in the future. Again, in RCP scenario
2.6 reductions in climate suitability are more significant than in the high concentration

scenarios (RCP 8.5).
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DISCUSSION

In general, climatic suitability models for spatial distribution and flowering show that
hummingbird-pollinated species should undergo relevant changes in the future, which
may influence their occurrences and phonological responses in different ways. We
observed that the flowering period of these plants can present increase and / or reduction
of climatic suitability within the duration range of their currently flowering period.

We also anticipate that variations in future flowering suitability may stimulate
phenological breakthroughs or delays, or even limit current flowering patterns from
longer to shorter duration. These different responses are due to the sensitivity of
flowering phenology to environmental signals (Miller-Rushin et al., 2010) and the
different ways in which plants respond to these signals, increasing their phenology as
temperature increases, delaying when precipitation increases, at least a tendency for
alpine plants in temperate areas (Hufft et al., 2018). This is of key importance for the
interactions a plant establish because the length of flowering season determines the
number of its partners (Olesen et al. 2008).

We did not measure flowering intensity, but the constraint on monthly climate
suitability should influence changes in flowering patterns and encourage a more intense
flowering of those species that currently have longer blooms and resulting in changes in
resource availability throughout the year. In fact, time and intensity are aspects of
flowering phenology that can change independently of one another, resulting in changes
in flower abundance at a population level (CaraDonna et al., 2014, Hoye et al. 2013).

In addition to phenological changes, we verified that the variation in flowering
suitability can be a result of the combination between the geographic variation and the
variation of suitability for flowering itself. The complex distribution changes reported

here may arise due to different plant responses to different axes of their climatic niche.
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In fact, plants can change their distribution by tracking spatial changes in their climatic
niche, whether due to changes in temperature (Le Roux and McGeogor, 2008) or
precipitation (Crimmins et al., 2011), as already discussed with phenology.

The observed reduction in the range followed by expansion in future scenarios for
hummingbird-pollinated species may result from entangled changes in temperature and
precipitation with unexpected results. For example, the runway on water availability
resulted in unexpected downward shifts for montane plants (Crimmins et al., 2011).

The predicted changes in spatiotemporal patterns of flowering phenology for
hummingbird-pollinated species by may pose a threat to interactions because pollinator
communities are known to be structured by spatial and temporal variation in the
diversity of floral resources (Burkle and Alarcon, 2011, Carstensen et al., 2014, Olesen
et al., 2008). Phenological differences between trophic levels and interacting partners
have been reported in many systems with increased asynchrony among interacting
species (Parmesan and Hanley 2015). These independent changes in the multiple facets
of flowering phenology may have different consequences for plant reproduction and
interaction establishment (CaraDonna et al., 2014, Fagan et al., 2014, Ramos Jiliberto et
al., 2018). In addition, climatic stability is a key factor regulating the availability of
food for hummingbirds and indirectly the richness and composition of hummingbirds
(Abrahamczyk and Kessler 2015). In this sense, a complete reshaping of plant-
hummingbird interactions is expected. Given that there is a strong plasticity in plant-
pollinator networks (Burkle and Alarcon, 2011) and that at small temporal and spatial
scales species can change the identity of interacting partners, a process called rewiring
(Carstensen et al., 2014, Simanonok and Burkle 2014, CaraDonna et al. al., 2017), how
interaction rewiring will rescue plant reproduction and food resources for animals in

future scenarios is still unknown. If, in fact, many species are becoming asynchronized



26

(Donnelly et al., 2011; McKinney et al., 2012), this further emphasizes the need to take
measures to reduce climate change, as the effects may be detrimental to species
persistence and therefore to biodiversity (Visser and Both, 2005), especially for species
with specialized interactions (Memmot et al 2007)

Here we introduced a methodological approach applied as an alternative to studies on
the consequences of climate change on phenological processes. Changes in flowering
patterns documented in various studies compare previous and present periods
(McKinney et al, 2012, Fitter and Fitter, 2002, Parmesan, 2002, Chuine, 2010).
However, information is still lacking for future scenarios, and our proposal is precisely

addressed at filling this knowledge gap, also serving as a basis for other studies.
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STEP 1
Spatial Distribution Modeling

Occurrence Data Delimitation of Selection of Climate Modeling
Compilation individual Variables Algorithm
accessible areas Present & Future

Estimation of species
distribution with ENM

STEP 2
Flowering suitability modeling

Compilation of Delimitation of Selection of Modeling
Flowering Data calibration and Monthly Algorithm
projection area Environmental
based on Variables
distribution models

Monthly environmental suitability
for flowering

Figure 1. Two-stage modeling approach used for assessing spatiotemporal variation in
species’ geographic distribution and flowering suitability under different climate change
scenarios.
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Figure 2. Potential distribution of plant species richness pollinated by hummingbirds in
the Brazilian Atlantic Forest under different climatic scenarios (RCP 2.6 and 8.5) and
periods (2050 and 2070). High and low values indicate for the condition of species
richness in each scenario.
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Figure 3. Increase range shifts ratio for hummingbird-pollinated species in the Brazilian
Atlantic Forest under different climate scenarios (RCP 2.6 and 8.5) and periods (2050
and 2070) using Index I which measures increment in favorability.. Positive and
negative numbers on the y-axis represent the number of species that are expected to gain
and lose, respectively, in climatic suitable areas. Positive and negative numbers on the
x-axis represent the expected area ratios incremented and lost, respectively, for at future

scenarios.
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Figure 4. Overlap range shifts ratio for hummingbird-pollinated species in the Brazilian
Atlantic Forest under different climate scenarios (RCP 2.6 and 8.5) and periods (2050
and 2070).using Index O which measures favorability overlap.
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Figure 5. Delta suitability for flowering models for hummingbird-pollinated species in
the Brazilian Atlantic Forest under different climate scenarios (RCP 2.6 and 8.5) and
periods (2050 and 2070). Number in parenthesis next to month in y-axis means the
number of species which flowering data is recorded in database. Positive and negative
values in x-axis means de number of species which may will experiment increase or
loss respectively in climatic suitability for flowering at future scenarios.



TABLE 1. Model evaluation for distribution models using binomial probability test and flowering monthly models using AUC test.

. binomial AUC test results

Species probability results Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Aechmea_bromeliifolia 0.96 - - - - - - - 0.70 - - - -
Aechmea_lamarchei 091 - - - - - - - 0.71 - - - -
Aechmea_nudicaulis 0.88 0.80 - - - - - - - - 0.74 0.81 -
Agarista oleifolia 1.00 - - - - - - - - - 0.81 - -
Aphelandra_longiflora 0.97 - - 0.85 0.79 0.77 0.60 - - - - - -
Billbergia_amoena 0.89 - - - - 0.78 - - - - - - -
Bomarea_edulis 0.99 0.83 0.85 - - 0.92 - 0.98 0.95 - - - 0.92
Bougainvillea_spectabilis 0.89 - - - - 0.79 0.66 - 0.81 - - - -
Buddleja_stachyoides 0.99 - - - - - 0.76 0.82 0.76 0.76 - - -
Camptosema_scarlatinum 1.00 - - - - - - - - - 0.78 - -
Centropogon_cornutus 0.96 - - 0.50 0.81 0.91 0.78 0.83 0.86 0.91 0.86 - -
Cestrum_corymbosum 0.97 - - - - - - - - 073 0.77 - -
Cnidoscolus_urens 0.97 0.84 0.84 0.87 0.86 0.82 0.77 0.89 0.86 - 0.82 0.88 0.74
Collaea_speciosa 1.00 - - - 0.79 0.81 - - - 0.86 - - -
Combretum_fruticosum 0.97 0.95 - - - 0.78 0.65 0.76 0.77 - - - 0.90
Costus_arabicus 0.87 - 0.68 - 0.71 - - - - - - - -
Costus_spiralis 0.98 0.80 0.85 0.89 0.74 0.83 - - - - - - 0.71
Eriotheca_gracilipes 1.00 - - - - 0.65 0.64 0.70 0.72 - - - -
Erythrina_falcata 0.97 - - - - - - - 0.78 0.83 0.72 - -
Erythrina_speciosa 0.92 - - - - - - 0.65 0.83 - - - -
Esterhazya_splendida 0.97 0.84 0.78 0.83 0.82 0.82 0.84 0.63 - - - - -
Fridericia_speciosa 1.00 0.86 0.61 - - - - - - - - 0.78 0.76
Fuchsia_regia 0.98 0.78 0.73 0.77 0.67 - - - - - 0.84 0.78 -
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binomial AUC test results

species probability results Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Gaylussacia_brasiliensis 0.93 0.79 0.75 0.87 0.65 0.77 0.68 0.75 0.84 0.77 0.86 0.91 -
Hamelia patens 0.99 - - 0.80 - - - - - - - - -
Handroanthus_chrysotrichus 1.00 - - - - - - - 0.81 - 0.76 - -
Heliconia_psittacorum 0.97 0.83 0.83 0.86 0.78 0.90 0.75 0.90 0.82 - 0.62 0.73 0.86
Helicteres brevispira 1.00 - - - 0.78 - - - 0.69 0.83 0.76 0.82 -
Inga_edulis 0.97 0.85 - - - - - - - - 0.71 0.88 -
Inga_marginata 0.97 0.93 0.91 0.87 - 0.81 0.73 0.87 0.87 0.91 0.82 0.81 0.78
Inga_sessilis 0.93 - - 0.80 0.80 0.84 0.66 - - - - - -
Inga_subnuda 0.92 - - - - - - - - 0.80 0.86 - -
Ipomoea_hederifolia 0.97 - - - 0.81 0.82 0.76 - - - - - -
Ipomoea_quamoclit 0.97 - - - 0.70 0.88 - - - - - - -
Jacaranda_puberula 0.89 - - - - - - - 0.79 0.86 0.83 0.70 -
Justicia_brasiliana 0.96 0.76 0.83 0.79 0.89 0.70 - - - - 0.59 0.80 0.60
Justicia_carnea 0.93 0.83 - - - - - - - 0.83 0.64 0.71 0.68
Manettia_cordifolia 0.99 0.86 0.77 0.83 0.79 0.78 0.86 0.88 0.85 0.82 0.85 0.75 -
Manettia_gracilis 1.00 - - - 0.79 0.79 - - - - - - -
Mendoncia velloziana 0.93 0.66 - - - - - - - - 0.92 0.78 -
Mutisia_coccinea 0.97 - - - - - - 0.77 - - 0.77 - -
Mutisia_speciosa 0.95 - - - - - - - - 0.59 - - -
Palicourea_rigida 1.00 0.92 - - - - - - - 0.70 0.80 0.81 0.73
Passiflora_kermesina 0.98 - - - - - - - - - - 0.81 -
Passiflora_speciosa 1.00 - - - - - - - 0.81 0.77 0.85 - -
Psittacanthus_dichroos 0.94 0.80 - - - - - - - - - - -
Psychotria_nuda 0.94 - - 0.89 0.84 - - - - - - - -
Psychotria_pubigera 1.00 0.89 - - - - - - - - - - -
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binomial AUC test results

species probability results Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Pyrostegia_venusta 0.99 - - - 0.79 0.86 0.86 0.83 0.86 0.83 0.86 0.92 -
Rubus rosifolius 0.96 - - 0.65 - - - 0.60 - - - - -
Ruellia_angustiflora 0.99 - - - - - 0.73 0.65 0.83 0.84 0.81 - 0.53
Ruellia_brevifolia 0.96 - 0.81 0.74 0.85 - - - - 0.63 - - -
Sabicea grisea 1.00 - - 0.88 - - - - - - - - -
Sacoila_lanceolata 0.99 0.93 0.87 - - - - - 0.94 0.94 0.92 0.82 -
Sinningia_allagophylla 0.99 0.76 0.80 0.78 - - - - - - 0.77 0.88 0.81
Sinningia_douglasii 0.98 - - - - - - - - - 077 0.81 -
Sinningia_elatior 1.00 0.82 0.74 0.81 - - - - - - - 0.69 0.81
Stachytarpheta_cayennensis 0.96 0.84 0.82 0.82 0.83 0.78 0.84 0.83 0.86 0.80 0.76 0.83 0.85
Tillandsia_geminiflora 0.95 - - - - - - - 0.81 0.80 0.88 0.81 -
Tillandsia_stricta 0.96 0.71 0.83 0.80 0.90 - - 0.56 0.79 0.75 0.79 0.76 0.67
Tillandsia_tenuifolia 0.97 0.67 0.67 0.69 - 0.64 - - 0.87 0.78 0.84 0.89 -
Varronia_multispicata 0.97 - - 0.79 - - - - - - - - -
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APPENDIX S1. Compilation records validated by SpeciesLink and GBIF, phytogeographic domains recognized by REFLORA and
literature cited by Web of Science about hummingbird-pollinated-plant species in Brazilian Atlantic Forest

Family/Species n-Records Phytogeographic domains Citation

ACANTHACEAE

Aphelandra longiflora 142 MA, AM, CE BERGAMO, 2016; SILVA, 2014*

Aphelandra nitida 124 MA COELHO, 2013*

Aphelandra schottiana 36 MA ABREU & VIEIRA, 2004*

Justicia brasiliana 382 MA KOHLER, 2011; BUENO, 2012

Justicia carnea 313 MA BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; KOHLER, 2011, FONSECA, 2012,

BERGAMO, 2016

Justicia floribunda 83 MA BUZATO, SAZIMA & SAZIMA, 2000*

Justicia parabolica 18 MA BERGAMO, 2016

Justicia scheidweileri 33 MA ABREU & VIEIRA, 2004

Mendoncia velloziana 242 MA. AM ABREU & VIEIRA, 2004; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; BUZATO,
’ 1995; BUZATO, SAZIMA & SAZIMA, 2000; SNOW & TEIXEIRA, 1982*

Ruellia dffinis 121 MA COELHO, 2013

Ruellia angustiflora 273 MA, CE BUENGO, 2012

Ruellia brevifolia 233 MA, AM, CE BUZATO, 1995; ABREU & VIEIRA, 2004; SILVA, 2014

Ruellia cearensis 55 MA, CA LOPES, 2002

Ruellia subsessilis 14 MA, CE ABREU & VIEIRA, 2004

ALSTROEMERIACEAE

Alstroemeria inodora 46 MA BUZATO, 1995, BUZATO, SAZIMA & SAZIMA, 2000; BERGAMO, 2016

Bomarea edulis 390 MA. AM. CE. CA. CS BUZATO, 1995, BUZATO, SAZIMA & SAZIMA, 2000*; LOPES, 2002*, BERGAMO,

2016; CANELA, 2006; WOLOWSKI & FREITAS, 2015
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Family/Species

n-Records

Phytogeographic domains

AMARYLLIDACEAE

Hippeastrum aulicum

ASTERACEAE
Mutisia campanulata

Mutisia coccinea
Mutisia speciosa

Stifftia chrysantha

BIGNONIACEAE

Adenocalymma comosum

Fridericia speciosa

Handroanthus chrysotrichus
Handroanthus impetiginosus
Jacaranda puberula

Lundia corymbifera
Pyrostegia venusta

Tabebuia cassinoides

BORAGINACEAE

Varronia multispicata

32

32
250

171
15

85
340

275

482

505
86

986
103

130

MA

MA
MA

MA
MA

MA
MA, CE

MA, CE
MA, AM, CE, CA, PA
MA, CE
MA, AM

MA, AM, CE, CA, PA, CS
MA

MA, AM, CE, CA



Citation

BUZATO, 1995; BUATO, SAZIMA & SAZIMA, 2000; CANELA, 2006; KOHLER, 2011;

WOLOWSKI & FREITAS, 2015

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; ARAUJO, 1996; ABREU &
VIEIRA, 2004; BERGAMO, 2016

MENDONCA & ANJOS, 2005

COELHO, 2013

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; SNOW & TEIXEIRA, 1982;
ABREU & VIEIRA, 2004

MENDONCA & ANJOS, 2005%*

MENDONCA & ANJOS, 2005%*

ARAUIJO, 1996

ARAUIJO, 1996*; LOPES, 2002*

MENDONCA & ANJOS, 2005; CANELA, 2006; WOLOWSKI & FREITAS, 2015;

BERGAMO, 2016; BUENO, 2012; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

ARAUIJO, 1996

ARAUIJO, 1996*
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Family/Species n-Records Phytogeographic domains
BROMELIACEAE

Aechmea araneosa 22 MA
Aechmea blumenavii 38 MA
Aechmea bromeliifolia 229 MA
Aechmea capixabae 31 MA
Aechmea castanea 18 MA
Aechmea coelestis 64 MA
Aechmea cylindrata 45 MA
Aechmea distichantha 167 MA
Aechmea fulgens 62 MA
Aechmea gamosepala 90 MA
Aechmea lamarchei 97 MA
Aechmea leptantha 44 MA, CA
Aechmea macrochlamys 13 MA
Aechmea muricata 28 MA
Aechmea mutica 10 MA
Aechmea nudicaulis 286 MA, CE
Aechmea organensis 49 MA
Aechmea ornata 61 MA
Aechmea pectinata 41 MA
Aechmea perforata 16 MA, CA



Citation

VARASSIN, 2002; VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012; WENDT
etal., 2008

KOHLER, 2011

VARASSIN, 2002; VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012
WENDT et al., 2008

WENDT et al., 2008

FONSECA, 2012; BERGAMO, 2016

KOHLER, 2011; KAEHLER, VARASSIN & GOLDENBERG, 2005

ARAUIJO, 1996; BERGAMO, 2016; BUENO, 2012; BUZATO, 1995; BUZATO, SAZIMA &
SAZIMA, 2000

LOPES, 2002
BERGAMO, 2016
WENDT, et al., 2008
LOPES, 2002*
WENDT et al., 2008
LOPES, 2002

VARASSIN, 2002; VARASSIN & SAZIMA, 2012; WENDT et al., 2008

COELHO, 2013; ARAUJO, 1996; MACHADO & SEMIR, 2006; VARASSIN, 2002;
VARASSIN & SAZIMA, 2012; VARASSIN & SAZIMA, 2000; FONSECA, 2012; CANELA,
2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; BUZATO, 1995; BUZATO,
SAZIMA & SAZIMA, 2000; WENDT et al., 2008; PTACENTINI & VARASSIN, 2007

MACHADO & SEMIR, 2006; BERGAMO, 2016; PIACENTINI & VARASSIN, 2007
MACHADO & SEMIR, 2006; PIACENTINI & VARASSIN, 2007

ARAUIJO, 1996; FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000; PIACENTINI & VARASSIN, 2007

WENDT et al, 2008
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Family/Species

n-Records

Phytogeographic domains

Aechmea pineliana

Aechmea saxicola
Aechmea tomentosa
Aechmea victoriana

Ananas bracteatus
Billbergia amoena
Billbergia bradeana
Billbergia distachia
Billbergia euphemiae

Billbergia morelii
Billbergia pyramidalis

Billbergia vittata
Billbergia zebrina
Bromelia antiacantha
Edmundoa lindenii

Neoregelia macrosepala

Nidularium cariacicaense

Nidularium innocentii
Nidularium longiflorum

Nidularium procerum

48

29
29
32
64

144
10
136

114
44

34

39
99
103
72
27

29

262

24

74

MA

MA
MA
MA

MA, CE

MA, CE, CA
MA
MA, CE

MA
MA

MA

MA, CE
MA
MA, CS
MA
MA

MA

MA
MA

MA



Citation

VARASSIN, 2002; VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012, WENDT
etal., 2008

WENDT et al., 2008
LOPES, 2002
VARASSIN, 2002, VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012

PIACENTINI & VARASSIN, 2007

MACHADO & SEMIR, 2006; KOHLER, 2011; VARASSIN, 2002; VARASSIN & SAZIMA,
2012; BERGAMO, 2016; WENDT et al, 2008

WENDT et al., 2008

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000

WENDT et al., 2008
LOPES, 2002

ARAUIJO, 1996; FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
ARAUIJO, 1996

BERGAMO, 2016

BUZATO, 1995*; WENDT et al., 2008; BERGAMO, 2016

WENDT et al., 2008

VARASSIN, 2002, VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012; WENDT
etal, 2008

ARAUIJO, 1996; MACHADO & SEMIR, 2006; FONSECA, 2012; BERGAMO, 2016;
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; PIACENTINI & VARASSIN,
2007, WENDT et al., 2008

BERGAMO, 2016

ARAUIJO, 1996; VARASSIN, 2002; VARASSIN & SAZIMA, 2000; VARASSIN &
SAZIMA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA,
2000; WENDT et al., 2008; PIACENTINIL, VARASSIN, 2007
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Family/Species

n-Records

Phytogeographic domains

Pitcairnia flammea

Portea petropolitana
Quesnelia arvensis
Quesnelia quesneliana
Quesnelia strobilispica

Tillandsia aeranthos

Tillandsia dura

Tillandsia gardneri

Tillandsia geminiflora

Tillandsia stricta

Tillandsia tenuifolia

Vriesea altodaserrae
Vriesea bituminosa

Vriesea carinata

Vriesea ensiformis

Vriesea erythrodactylon

Vriesea flammea

33
36

13
39
19

87
29

174

413

650

536

27
25
243

101

60
79

MA, CE
MA

MA
MA
MA

MA, CS
MA

MA, CE, CA, CS

MA, CE, CA, CS

MA, CE, CA, CS

MA, AM, CE, CA

MA
MA
MA

MA

MA
MA



Citation

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016

VARASSIN, 2002; VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012
ARAUIJO, 1996; FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000

WENDT et al., 2008

VARASSIN, 2002, VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012; WENDT
etal., 2008

SNOW & TEIXEIRA, 1986

BERGAMO, 2016

LOPES, 2002; CANELA, 2006; WOLOWSKI & FREITAS, 2015; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000

ARAUIJO, 1996; MACHADO & SEMIR, 2006; VARASSIN, 2002; VARASSIN & SAZIMA,
2000; VARASSIN & SAZIMA, 2012; FONSECA, 2012; WOLOWSKI & FREITAS, 2015;
BERGAMO, 2016, BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; WENDT et al.,
2008

ARAUIJO, 1996;: MACHADO & SEMIR, 2006; LOPES, 2002; FONSECA, 2012;
WOLOWSKI & FREITAS, 2015; BERGAMO, 2016, BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000; WENDT et al., 2008

MACHADO & SEMIR, 2006; VARASSIN & SAZIMA, 2000; WOLOWSKI & FREITAS,
2015; BERGAMO, 2016; BUZATO, SAZIMA & SAZIMA, 2000; WENDT et al., 2008
MACHADO & SEMIR, 2006; KOHLER, 2011; KAEHLER, VARASSIN & GOLDENBERG,
2005, BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

WENDT et al., 2008

COELHO, 2013, MACHADO & SEMIR, 2006, KOHLER, 2011; CANELA, 2006,
WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; PIACENTINI & VARASSIN, 2007
COELHO, 2013; ARAUIJO, 1996; VARASSIN & SAZIMA, 2000; FONSECA, 2012;
BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; WENDT et al.,
2008; PIACENTINI; VARASSIN, 2007

KOHLER, 2011; BERGAMO, 2016; PIACENTINI, 2007
MACHADO & SEMIR, 2006; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
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Family/Species

n-Records

Phytogeographic domains

Vriesea friburgensis
Vriesea gradata
Vriesea guttata

Vriesea heterostachys
Vriesea incurvata

Vriesea inflata
Vriesea longicaulis

Vriesea neoglutinosa
Vriesea philippocoburgii

Vriesea platynema
Vriesea poenulata
Vriesea procera

Vriesea psittacina
Vriesea rodigasiana

Vriesea ruschii

Vriesea scalaris
Vriesea simplex

Vriesea vagans

CAMPANULACEAE

Centropogon cornutus

Lobelia fistulosa
Siphocampylus betulifolius

91
14
52
27

176

24
17
35

53

100
16
140
39

76

13
54

41
32

476

57
23

MA, CE
MA
MA
MA

MA

MA
MA, CE
MA

MA

MA
MA
MA, CE, CA
MA

MA

MA
MA

MA
MA

MA, AM, CE, CA, PA

MA, CE
MA



Citation

PIACENTINI & VARASSIN, 2007
WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
KAEHLER, VARASSIN & GOLDENBERG, 2005

KAEHLER, VARASSIN & GOLDENBERG, 2005

MACHADO & SEMIR, 2006; KOHLER, 2011; BERGAMO, 2016; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000; PIACENTINI & VARASSIN, 2007

BERGAMO, 2016
CANELA, 2006; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; WENDT et al., 2008

RODRIGUES, 2008

MACHADO & SEMIR, 2006; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA &
SAZIMA, 2000

KAEHLER, VARASSIN & GOLDENBERG, 2005
WENDT et al., 2008
ARAUIJO, 1996; COELHO, 2013; BUZATO, SAZIMA & SAZIMA, 2000, BERGAMO, 2016

VARASSIN, 2002; VARASSIN & SAZIMA, 2012

ARAUIJO, 1996; FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000; PIACENTINI & VARASSIN, 2007

WENDT et al., 2008
BUZATO, 1995, BUZATO, SAZIMA & SAZIMA, 2000; WENDT et al., 2008

VARASSIN, 2002, VARASSIN & SAZIMA, 2000; VARASSIN & SAZIMA, 2012,
BERGAMO, 2016; WENDT et al., 2008

KOHLER, 2011; WENDT et al., 2008

ARAUIJO, 1996; COELHO, 2013; BERGAMO, 2016; LOPES, 2002; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
SNOW & TEIXEIRA, 1986; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
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Family/Species n-Records Phytogeographic domains

Siphocampylus convolvulaceus 78 MA
Siphocampylus longipedunculatus 48 MA
Siphocampylus sulfiireus 77 MA
Siphocampylus westinianus 75 MA, CE
CANNACEAE

Canna paniculata 96 MA, CE, CA, PA
CHRYSOBALANACEAE

Couepia schottii 20 MA
COMBRETACEAE

Combretum fruticosum 439 MA, AM, CE, CA
CONVOLVULACEAE

Ipomoea hederifolia 270 MA, AM, CE, CA
Ipomoea quamoclit 203 MA, AM, CE, CA
COSTACEAE

Costus arabicus 264 MA, AM, CE, PA
Costus spiralis 445 MA, AM, CE, CA
CUCURBITACEAE

Gurania acuminata 86 MA, AM, CE

Psiguria triphylla 30 MA, AM, CE



Citation

BERGAMO, 2016

CANELA, 2006; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BUZATO, 1995

BERGAMO, 2016

ARAUIJO, 1996

LOPES, 2002

LOPES, 2002; SILVA, 2014
LOPES, 2002

BERGAMO, 2016

ARAUIJO, 1996, COELHO, 2013; LOPES, 2002; SILVA, 2014; BUZATO, 1995; BUZATO,
SAZIMA & SAZIMA, 2000

COELHO, 2013
LOPES, 2002
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Family/Species n-Records Phytogeographic domains

ERICACEAE

Agarista oleifolia 164 MA, AM, CE, CA
Gaylussacia brasiliensis 792 MA, CE, CA
EUPHORBIACEAE

Cnidoscolus urens 694 MA, AM, CE, CA, PA
FABACEAE

Albizia pedicellaris 255 MA, AM, CE
Camptosema scarlatinum 208 MA, AM, CE
Collaea speciosa 262 MA, CE, CA
Dahlstedtia pentaphylla 166 MA
Dahlstedtia pinnata 126 MA
Erythrina cristagalli 227 MA, CE, PA
Erythrina falcata 233 MA, AM, CE
Erythrina speciosa 131 MA, CE
Inga edulis 463 MA, AM, CE, CA
Inga marginata 892 MA

Inga sessilis 416 MA, AM, CE
Inga subnuda 311 MA
Sophora tomentosa 157 MA, AM
GENTIANACEAE

Macrocarpaea rubra 85 MA



Citation

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
KOHLER, 2011

ARAUJO et al., 2009

ARAUIJO, 1996*
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

MALANOTTE, 2018

FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA,
2000

BUENGO, 2012

BUENGO, 2012

ARAUIJO, 1996; MENDONCA & ANJOS, 2005; RODRIGUES, 2008; BERGAMO, 2016;
BUENGO, 2012; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

ARAUIJO, 1996

BERGAMO, 2016

BERGAMO, 2016

BERGAMO, 2016; ARAUJO, 1996*
ARAUIJO, 1996; RODRIGUES, 2008

BERGAMO, 2016
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Family/Species

n-Records

Phytogeographic domains

GESNERIACEAE

Besleria longimucronata

Besleria selloana
Nematanthus australis
Nematanthus corticola
Nematanthus crassifolius

Nematanthus fissus

Nematanthus fluminensis

Nematanthus fornix

Nematanthus fritschii
Nematanthus gregarius
Nematanthus lanceolatus
Nematanthus sericeus

Sinningia allagophylla
Sinningia cooperi

Sinningia douglasii
Sinningia elatior

Sinningia gigantifolia
HELICONIACEAE
Heliconia angusta

Heliconia farinosa

Heliconia psittacorum

27
27
85
29
76
99

10

16

60

25

36

17
303

41

196
263
13

99

111
623

MA
MA
MA
MA
MA
MA

MA

MA

MA
MA
MA, CE
MA, CE
MA, CE, CS

MA

MA
MA, AM, CE
MA

MA, AM, CE, CA, PA

MA
MA, AM, CE, CA, PA



Citation

FONSECA, 2012; BERGAMO, 2016

SNOW & TEIXEIRA, 1986

KOHLER, 2011

COELHO, 2013

CANELA, 2006; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016

ARAUIJO, 1996; BERGAMO, 2016; BUZATO, 1995: BUZATO, SAZIMA & SAZIMA, 2000
ARAUIJO, 1996; FONSECA; 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000

CANELA, 2006; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000

BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
CANELA, 2006; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016; BUZATO, 1995;
BUZATO, SAZIMA & SAZIMA, 2000
KOHLER, 2011; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

BERGAMO, 2016
CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016

ARAUIJO, 1996; FONSECA, 2012; BERGAMO, 2016; BUZATO, 1995; BUZATO, SAZIMA
& SAZIMA, 2000; ABREU & VIEIRA, 2004*

KOHLER, 2011; BERGAMO, 2016; SNOW & TEIXEIRA, 1986*; BUZATO, 1995%;
BUZATO, SAZIMA & SAZIMA, 2000%

LOPES, 2002; ARAUJO et al., 2009; SILVA, 2014
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Family/Species n-Records Phytogeographic domains
Heliconia richardiana 99 MA, AM
Heliconia spathocircinata 108 MA, CA, PA
LAMIACEAE

Aegiphila obducta 210 MA, CE
Hyptidendron asperrimum 77 MA, CE
Salvia arenaria 19 MA

Salvia sellowiana 12 MA
LORANTHACEAE

Prsittacanthus dichroos 366 MA, AM, CE, CA
MALVACEAE

Callianthe bedfordiana 28 MA
Callianthe rufinerva 72 MA, CE
Eriotheca gracilipes 295 AM, CA, CE
Eriotheca pentaphylla 54 MA
Helicteres brevispira 388 MA, AM, CE, CA, PA
Helicteres macropetala 95 MA, CA
Spirotheca rivieri 48 MA
MARANTACEAE

Maranta divaricata 171 MA
Stromanthe thalia 59 MA



Citation

COELHO, 2013
ARAUIJO, 1996; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

KOHLER, 2011

ABREU & VIEIRA, 2004*

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016

ARAUIJO, 1996; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; BERGAMO, 2016

CANELA, 2006%, WOLOWSKI & FREITAS, 2015*; BERGAMO, 2016
BUZATO, 1995%; BUZATO, SAZIMA & SAZIMA, 2000%; BERGAMO, 2016
BERGAMO, 2016

ARAUIJO, 1996*

BUENO, 2012; SILVA, 2014

LOPES, 2002

BUZATO, SAZIMA & SAZIMA, 2000%; KOHLER, 2011; BERGAMO, 2016

ARAUIJO, 1996
SNOW & TEIXEIRA, 1986*; CANELA, 2006; WOLOWSKI & FREITAS, 2015;
BERGAMO, 2016
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Family/Species n-Records Phytogeographic domains
MARCGRAVIACEAE

Schwartzia brasiliensis 167 MA, CE
NYCTAGINACEAE

Bougainvillea spectabilis 253 MA, AM
ONAGRACEAE

Fuchsia regia 380 MA, CE
ORCHIDACEAE

Corymborkis flava 72 MA
Elleanthus brasiliensis 106 MA
Sacoila lanceolata 405 MA, AM, CE, CA
OROBANCHACEAE

Esterhazya splendida 521 MA, CE, CA
Velloziella dracocephaloides 13 MA
PASSIFLORACEAE

Passiflora kermesina 150 MA, CE, CA
Passiflora speciosa 158 MA, AM, CE
ROSACEAE

Rubus rosifolius 255 MA, CE



Citation

BUZATO, 1995%; ARAUJO, 1996*, BUZATO, SAZIMA & SAZIMA, 2000*; BERGAMO,
2016

MENDONCA & ANJOS, 2005

SNOW & TEIXEIRA, 1986; BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000;
CANELA, 2006; KOHLER, 2011; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016

ABREU & VIEIRA, 2004
FONSECA, 2012; WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
BUZATO, 1995*%; BUZATO, SAZIMA & SAZIMA, 2000%; SINGER, 2001*; LOPES, 2002*

BUZATO, 1995*; BUZATO, SAZIMA & SAZIMA, 2000*

BUZATO, 1995%, BUZATO, SAZIMA & SAZIMA, 2000%; CANELA, 2006; WOLOWSKI
& FREITAS, 2015; BERGAMO, 2016

ABREU & VIEIRA, 2004
ABREU & VIEIRA, 2004

ABREU & VIEIRA, 2004*
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Family/Species n-Records Phytogeographic domains
RUBIACEAE

Hamelia patens 232 MA, AM, CE, CA, PA, CS
Manettia cordifolia 650 MA, AM, CE, CA
Manettia gracilis 122 MA
Manettia mitis 30 MA
Manettia pubescens 55 MA, CE
Palicourea macrobotrys 128 MA, AM, CE, CA
Palicourea rigida 884 MA, AM, CE, CA, CS
Palicourea rudgeoides 24 MA
Psychotria brachypoda 105 MA
Psychotria nuda 348 MA
Psychotria pubigera 98 MA
Psychotria ruelliifolia 81 MA
Psychotria suterella 356 MA

Rudgea jasminoides 403 MA

Sabicea grisea 164 MA, AM, CE
Sabicea villosa 111 MA, AM, CE
RUTACEAE

Erythrochiton brasiliensis 79 MA, AM
SCROPHUL ARIACEAE

Buddleja stachyoides 311 MA, CE, CA, CS



Citation

LOPES, 2002

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000; LOPES, 2002; BERGAMO, 2016

BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

CANELA, 2006, WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

SILVA, 2014

SILVA, 2014

CANELA, 2006; WOLOWSKI & FREITAS, 2015

FONSECA, 2012

BUZATO, 1995; ARAUJO, 1996; BUZATO, SAZIMA & SAZIMA, 2000; FONSECA, 2012;

BERGAMO, 2016
BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000

WOLOWSKI & FREITAS, 2015; BERGAMO, 2016
KOHLER, 2011

SNOW & TEIXEIRA, 1986*

BERGAMO, 2016

ARAUIJO, 1996

LOPES, 2002

BUZATO, 1995%, BUZATO, SAZIMA & SAZIMA, 2000*
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Family/Species n-Records Phytogeographic domains Citation

SOLANACEAE

Cestrum corymbosum 249 MA BUZATO, 1995; BUZATO, SAZIMA & SAZIMA, 2000
VERBENACEAE

Stachytarpheta cayennensis 766 MA, AM, CE, CA, PA,CS BERGAMO, 2016

ZINGIBERACEAE

Renealmia petasites 70 MA BERGAMO, 2016

* Author(s) identified species by synonymy

MA = Brazilian Atlantic Forest; AM = Amazonian Forest; CE = Cerrado (vegetation of the Brazilian interior); CA = Caatinga; PA = Pantanal; CS= Pampa
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CONCLUSAO GERAL

Neste estudo, propusemos uma abordagem metodoldgica aplicada como
uma alternativa para estudos sobre as consequéncias das mudancgas climaticas
nos processos fisiologicos. Mudangas na floracdo sdo documentadas em varios
estudos, que comparam periodos anteriores e os presentes. Contudo, as
alteragdes na adequacado climatica das espécies aqui observadas enfatizam
ainda mais a necessidade de se investigar como a biodiversidade devera
responder a estas mudancgas no clima, considerando que seus efeitos deverao
influenciar direta e indiretamente a persisténcia das espécies no futuro.

Os modelos de adequagdo climatica mostraram que as espécies
polinizadas por beija-flores devem sofrer mudancgas relevantes nas préximas
décadas, tanto em suas distribuicdes geograficas quanto em seus eventos de
floracdo. Estas variacbes podem estar interligadas, expressando diferentes
respostas em funcdo dos diferentes atributos de seu nicho climatico. Alteragdes
na temperatura e precipitagdo resultaram em mudancas na amplitude de
distribuicdo entre as espécies, € dentro dessas areas os eventos de floracdo
estio previstos para experimentarem diferentes niveis de adequacéo climatica.
Estas diferencas, por sua vez, deverao criar um ambiente seletivo, modificando
a diversidade de espécies que florescem nos mesmos periodos, e a duragdo
destes eventos de floracdo.

As mudancgas previstas podem representar também uma ameaca as
interagcbes. Uma vez que as comunidades de polinizadores s&o conhecidas por
estruturarem espacial e temporalmente a diversidade de recursos florais, a
dessincronizacdo da fenologia entre diferentes niveis troficos podem ter
diferentes consequéncias para o sucesso reprodutivo destas plantas.

Embora a capacidade de dispersao possa variar significativamente entre
as espécies, as maiores restricbes deverdo estar relacionadas com a
fragmentacdo de seus habitats naturais. O grau de deslocamento é diretamente
influenciado pelo padréo espacial dos remanescentes florestais e corredores
ecologicos, os quais funcionam como um trampolim para a dispersdo das
espécies (VIANA, 2015). Consequentemente, a dinamica ecoloégica que ocorre

nesses locais contribui para que novas estratégias ecologicas e evolutivas,
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incluindo novas interagdes e novos ajustes no ciclo de vida das plantas,
possam ser desenvolvidas a fim de garantir a sobrevivéncia dos organismos.

E nesse sentido que reiteramos a importancia e a urgéncia de dar mais
atencdo a conservagdo das florestas tropicais. Apesar da rica biodiversidade
presente nestes ecossistemas, ainda se conhece muito pouco em termos de
resiliéncia, adaptacéo e vulnerabilidade. Uma grande fracdo destas florestas
deverdo enfrentar mudancgas ainda mais abruptas ndo s6 em termos de clima
como também em redugdo, fragmentacdo e degradacdo de seus
remanescentes. Estes impactos, em conjunto, deverdo desencadear um
declinio da biodiversidade, levando muitas espécies a extingdo. Especialmente
na Mata Atlantica, estes efeitos podem ser extremamente negativos para o
bioma, uma vez que muitas espécies endémicas nao encontrardo a tempo
refugios para acompanhar as mudangas ambientais que estéo por vir.

Muitas lacunas ainda precisam ser respondidas, principalmente em
relacdo a magnitude das mudangas no clima nas tolerancias fisiolégicas das
espécies e nas redes de interacbes presentes nas florestas. Ainda que se
encontrem poucos estudos abordando os efeitos do clima e das mudancas
antropicas nesses processos, acreditamos que nossa abordagem possa, daqui
pra frente, ser melhor aprofundada no sentido de aprimorar a confiabilidade das

previsdes futuras.
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