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Abstract
Background: How landscape modifications affect functional diversity of floral characteristics pertinent to pollinators
is poorly known. Flowers possess functional traits that sometimes coevolved with pollinators, crucial for the
maintenance of both pollinator and plant communities. We evaluated how richness and functional diversity of
available understory flowers respond to forest cover and landscape heterogeneity in a multiscale analysis. Plants in
bloom were sampled from 25 landscapes in the understory of Atlantic Forest fragments in Brazil. Species were
classified into functional groups regarding flower characteristics relevant to pollination. Landscape heterogeneity
and forest cover were measured in buffers ranging from 200 to 2000 m from sampling units and their correlation
with plant richness and functional diversity was assessed using generalized linear models and further model
selection through Akaike’s second-order information criterion.
Results: Plants’ richness and functional diversity were affected negatively by forest cover. The former responded to
forest cover at a regional scale while the latter responded at a local scale. Higher landscape heterogeneity
increased richness and functional diversity.
Conclusions: Our results showed that forest cover and landscape heterogeneity are important to support
biodiversity related to pollination, mostly due to the availability of diversified resources and nesting sites associated
to different land-uses for pollinators and flowering plant communities. These findings should highlight, along with
forest cover, landscape heterogeneity as an environmental management priority in rural tropical areas for
mitigating the loss of plant biodiversity and enhancing ecosystem functioning.
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Background
Ecosystem changes driven by biodiversity loss are comparable to other global changes, such as global warming, due
to the magnitude in which they affect ecosystem processes
(Hooper et al. 2012). The loss of biodiversity can occur at
population and community levels, and also as a result of
functional diversity loss, causing negative consequences in
the relationships of species and consequently to ecological
systems (Cardinale et al. 2012). Despite the fact that most
studies concerned about biodiversity loss quantify it using
species richness, there is a growing consensus that functional diversity, or the value, variance, and relative abundance of species’ functional traits (Tilman 2001) may be
more determining for ecosystem functioning than the number of species alone (Díaz and Cabido 2001; Cadotte et al.
2011). Different species functional traits result in a complementary and redundant effect of niche occupation (Díaz
and Cabido 2001). Therefore, if the functional traits of the
remaining species are unique, the dynamics of ecosystem
processes are more subjected to species and ecosystem
function losses (Fahrig 2001; Fischer and Lindenmayer
2007; Cadotte et al. 2011).
Today, the major driving force that results in biodiversity
loss is the expansion of human activities (Lambin et al.
2001; Fahrig 2003; Fischer and Lindenmayer 2007), causing
the loss and degradation of native environments with pervasive effects on habitat availability. Habitat loss results in
resource limitation and the consequent rise of competition,
leading to both smaller population sizes and higher local
extinction probabilities (Fischer and Lindenmayer 2007).
Landscape heterogeneity changes may also have important
consequences over biodiversity loss, but those consequences are still poorly understood (Fahrig et al. 2011; Boscolo et al. 2016). Some studies conducted in agricultural
landscapes point to positive effects of environmental heterogeneity over the diversity of many groups of organisms,
such as birds, mammals, arthropods, and angiosperms, regardless of the scale (Benton et al. 2003; Holzschuh et al.
2010; Kennedy et al. 2013; Moreira et al. 2015; Boscolo
et al. 2017; Takata 2017; Nery et al. 2018). These effects
arise mostly due to species different requirements during
their life cycle, which can be provided through the availability of different environments that attend to their necessities
(Benton et al. 2003; Fahrig et al. 2011).
Ultimately, human-made landscape changes are affecting many ecological relationships, among which pollination stands out as critically endangered (Ferreira et al.
2013; Moreira et al. 2015; Potts et al. 2016). The economic
importance of pollination processes makes it a relevant
issue, given that of the 115 major global food crops, 87 are
dependent on animal pollination, totalizing 35% of the
global production volume (Klein et al. 2007). Many studies
already show decreases in native pollinator richness and
abundance, flower visits, and fruit and seed production as
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consequences of landscape changes (Ricketts et al. 2008;
Ferreira et al. 2013; Ferreira et al. 2015). Thus, pollination
resilience, of either native vegetation or food crops, can be
drastically affected, resulting not only in environmental
losses but also in socioeconomic ones as well (Klein et al.
2007; Ricketts et al. 2008).
We also know that plant communities directly interact
and interfere with the structure of pollinator communities,
especially through the provision of diversified floral resources (Potts et al. 2003). Floral characteristics, such as
color, shape, resource type, size, and anthesis period, may
have adaptive value for their pollinating agents, determining the degree of generalization or specialization of a pollinator (Viana and Oliveira 2006; Rech et al. 2014), and
consequently affecting biodiversity. The persistence of
functioning ecosystems is therefore dependent on the
maintenance of the functional diversity of both plants and
pollinators within these interaction networks (Fontaine
et al. 2006). Even though there is no consensus whether
the decline of pollinator diversity precedes the decline of
plant diversity or the other way around, current evidence
shows that both interact, leading to biological impoverishment, possibly having major consequences at the ecosystem level (Biesmeijer et al. 2006; Fontaine et al. 2006).
However, because plants are sessile organisms and many
need a biotic vector for pollen transference, the pollinator
deficits imposed by changing landscapes may lead forest
flowering plant communities to functional diversity loss
and homogenization. By focusing on tropical forest understory plant communities in their flowering stage, in this
study, we aimed to comprehend how forest cover and
landscape heterogeneity in different scales influence floral
functional diversity and species richness as a probable result of changes in pollinator availability. For that, we asked
the following questions: (i) How does forest cover influence richness and functional diversity of understory plants
in bloom? (ii) How does landscape heterogeneity affect
the richness and functional diversity of blooming plant
communities? (iii) Which landscape scales can better
explain these variations? As it was not our objective to do
a thorough phytosociological study or plant survey per se,
but to evaluate possible landscape effects on understory
functional flower diversity coupled to pollination processes, we focused exclusively on plants that were in
bloom and receiving visits of potential pollinators.

Methods
Study site selection

Plants were sampled in the region between the Cantareira
and Mantiqueira Mountain Ranges (São Paulo, Brazil), in
the rural lands limited to the west by the city of Itatiba
(23° 01′ 00′′ S 46° 50′ 00′′ W) and to the east by Igaratá
(23° 12′ 0′′ S 46° 09′ 00′′ W), a place also known as the
Cantareira-Mantiqueira Corridor. Originally covered by
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continuous Atlantic Forest, this region presented a multitude of vegetation cover types of Dense Ombrophilous
Montane Forests, including hilltop, valley, and riparian
forests (Veloso et al. 1991). The relevance of this area is
due to its recent degradation history (less than 200 years,
with greater intensity in the last century) and consequent
variation in forest cover and land-use heterogeneity in different locations, as well as being considered an area with
biodiversity conservation priority (Silva 2007). Nowadays,
it is covered by a mosaic of second-growth Atlantic Forest
patches (most up to 60 years old) in different recovery
stages, pastures, small-sized fruit and vegetable crops, and
urban development areas. Monthly rainfall during the
sampling period varied from 6 to 454 mm (INMET 2019)
including areas with dry winters and warm or cold summers (Cwb and Cwc) according to the Köppen-Geiger
classification (Peel et al. 2007).
The studied region was mapped by the Spatial Ecology
and Conservation Laboratory at the São Paulo State University (LEEC, UNESP - Rio Claro, São Paulo) through
manual and supervised classifications using satellite and
aerial images with 1 m of resolution (images came from
the following sources: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo, and/or GIS
User community). Land cover types were classified into 18
classes: water, initial forest, intermediate forest, advanced

forest, initial pioneer forest, scrubland, annual agriculture,
perennial agriculture, silviculture, bare soil, unmanaged
pasture, degraded area, floodplain, floodplain with herbaceous shrub vegetation, floodplain with initial forest
vegetation, rural village/condos with low density constructions, urban areas, and roads and highways. When wide
enough to be correctly detected in images, road areas were
calculated as polygons of that specific class in the landscape maps. After classification, these maps were groundtruthed and corrected until at least 90% of the region was
correctly classified. These 18 land cover types were then
reclassified into 13 classes by grouping land cover types
with similar vegetational structure (Table 1) before calculating forest cover and landscape heterogeneity.
From the reclassified map and subsequent field verifications, we selected 25 sampling units inside Atlantic Forest
fragments (Fig. 1). The selected sampling units
intentionally formed a gradient of forest cover within a 1km radius that ranged from 12 to 96% (calculated from
the final map), so that we could test the maximum possible variation in landscape forest availability. Correlation
between surrounding forest cover and landscape heterogeneity was intentionally kept to a minimum so both factors could be concomitantly tested (Additional File 1). We
considered initial forest, intermediate forest, and advanced
forest all together to calculate landscape forest cover. The
Shannon Diversity Index (Magurran 1988) is based on

Table 1 Land cover reclassification according to similarities of environmental structure
Classes

Reclassification Class description

Water

A

Water bodies, lakes, and artificial reservoirs

Initial forest

B

Forest in initial stage of regeneration, lacking canopy

Intermediate forest

C

Intermediate forest with canopy varying from open to closed

Advanced forest

D

Forest in climax stage with closed canopy

Initial pioneer forest

E

Forest in initial stage of ecological succession with sparse trees and lacking
canopy

Scrubland

Pasture with woody stratum, presence of herbaceous and shrub species

Unmanaged pasture

F

Pasture with presence of herbaceous and shrub species lacking agricultural
activity

Annual agriculture

G

Short cycle agriculture with herbaceous species (ex. corn and beans)

Perennial agriculture

Long cycle agriculture with shrub species (ex. coffee and orange)

Silviculture

H

Eucalyptus plantation

Bare soil

I

Soil lacking vegetation, does not include areas for plantation

J

Waterfront areas that become flooded, with or without vegetation

Rural village/condos with low density
constructions

K

Areas with sparse dwellings with vegetation

Urban areas

L

Urban areas lacking vegetation

Roads and highways

M

Paved areas

Degraded area
Floodplain

Degraded areas with bare soil and poor in nutrients (ex. mining areas)

Floodplain with herbaceous shrub vegetation
Floodplain with initial forest vegetation

Lima et al. Ecological Processes

(2020) 9:62

Page 4 of 12

Fig. 1 Study region in southeastern São Paulo, Brazil, showing in detail the 25 sampled landscapes with land cover/land-use classification within
a 2-km buffer from each sample point. Landscape numbers ordered by increasing forest cover in 2-km buffers (QGIS Development Team (2002).
Open Source Geospatial Foundation Project. http://qgis.osgeo.org)

information theory and was used to calculate landscape
heterogeneity, considering the amount and proportion of
each reclassified land cover type in each landscape. This
index can be equal to or larger than 0, with no fixed limit,
with its value rising with a higher richness of land cover
types and/or with a more equitable area distribution
among them. We chose to use this index because it is
more sensitive to rare patch types than other landscape
diversity indices (McGarigal et al. 2012), what could be
decisive to explain variations in the studied system. All
landscape metrics were calculated using Fragstats v4.3
(McGarigal et al. 2012) and a raster layer of the classified
study area with 1 m raster resolution.

possible by specialists, and their vouchers deposited in the
Biology Department Herbarium of the University of São
Paulo (SPFR) and the Botanic Department Herbarium of
the Paraná Federal University (UPCB; Additional Files 2
and 3). Sampling was performed from December to
March in 2015–2016 and in 2016–2017, periods when
there was the highest possibility of finding plants in their
flowering stage (Morellato LPC, personal communication). We divided the sampling periods into 3 phases of 5
to 7 days in the summers of 2015–2016 and 2016–2017,
repeating sampling in each hexagonal parcel in each
phase. Therefore, each sampling unit was sampled 3
times.

Sampling and plant identification

Flower functional traits

We installed hexagonal parcels with 25 m sides and area
of 0.16 ha at the center of each 1 km radius landscape, in
the interior of forest fragments, where we sampled plants
in their flowering stage. Parcels were installed at least 50
m from forest interface with other land cover types to
reduce edge effects. Plants that were in bloom within a
height of up to 2 m were sampled and georeferenced, and
their flowers were characterized for their color, diameter,
and depth. At least a branch of all plants was herborized
and identified up to the most specific taxonomic level

Sampled plants were classified according to their floral
functional characteristics and their variation among
sample points tested against the surrounding landscape
structure. We selected floral functional traits which we
considered the most relevant for flower-visitor interactions. In most cases, these interactions are established
based on a resource that the flower makes available to
the visitors and that can play a trophic, reproductive, or
nest building role (Rech et al. 2014). However, for the
interaction to occur, flowers usually present attractive
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cues directed to certain types of pollinators, such as size
and color, that selectively signal visitors to the probable
presence of resources (Rech et al. 2014), even if only as
mimicry. We measured the diameter of the flower unit,
which could be the individual flower or inflorescence that
looks like a single flower (Faegri and Van der Pijl 1979), as
an indicator of flower size. On the other hand, morphological characteristics of the flower, such as depth and
blossom type, can act on the exclusion of visitors with
subminimum adaptations to fulfill their pollination roles,
allowing only better-adapted visitors access to their resources (Van der Pijl 1960; Van der Pijl 1961). Just as
flower morphology can act upon the specialization of their
pollinators, the way pollen is presented by a flower can
also have a similar role. Even though most angiosperms
possess anthers with longitudinal dehiscence (Simpson
2010) whose pollen becomes more accessible, many species present distinct strategies for limiting pollen access to
non-adapted pollination vectors (Castellanos et al. 2005).
These strategies vary from anther location that can be exposed or internalized inside the corolla, secondary pollen
presentation, vector activated trigger mechanisms, and attractive antherodes to very restrictive adaptive mechanisms such as anthers with poricidal dehiscence and
pollen aggregation into structures called pollinia (Leins
and Erbar 1990; Faden 1992; Aluri and Reddi 1995;
Johnson and Edwards 2000; Castellanos et al. 2005; De
Luca and Vallejo-Marín 2013). Therefore, the functional
traits chosen for this study were floral resource, flower
color, flower diameter, flower depth, blossom type, and
pollen presentation strategy.
Collected plants were then classified into functional
groups (Table 2) within which all plants shared similar
functional traits (Tilman 2001). We used floral biology,
pollination, and taxonomic bibliography to obtain data on
species’ floral resources and pollen presentation strategy.
For species with no specific bibliography, data was generalized for its next highest botanical level according to
Simpson (2010) and Wanderley et al. (2001). We used our
field notes on flower color, flower diameter, and flower
depth to classify plants into their functional groups, calculating for diameter and depth a mean of all the values of
individuals observed in field campaigns belonging to the
same species. Photographs and herborized material of the
plants in bloom were used to classify species according to
their blossom type. The sampled plant species classification into their respective functional groups for the six
functional traits can be verified in Additional File 3.
To measure functional diversity for each floral trait in
each sample unit, we adopted the Shannon Diversity
Index (H’), for which we used the number of functional
groups at a given sample unit and the number of species
classified in each functional group in the place of species
richness and species abundance, respectively (Additional
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File 4). We opted for using this index due to its advantage
of increasing the weight of rare species, in this case, rare
functional groups, by multiplying the proportion “species
per functional group/total functional groups richness” by
the natural logarithm (Magurran 1998; Melo 2008). We
also choose this index for its easy understanding and its
well-spread uses in ecological studies that would add comparability to other studies. With this, the incidence of new
functional groups with low representation would have a
higher weight in the final index, taking into account some
rare functional groups with low representation that may
be extremely relevant for the most specialized pollinators.

Data analysis
In order to select the most appropriate scale of effect of the
tested landscape factors, we started our analysis with the selection of the landscape scales that had the strongest effects
over the functional diversity indices and species richness.
To do this, we calculated landscape forest cover and heterogeneity in the following scales: 200, 300, 400, 500, 750,
1000, 1250, 1500, 1750, 1850, and 2000 m of radius around
each sampling unit (Additional Files 5 and 6). We
employed the commands “hist” and “plot” from the “graphics” package of the R Studio program (R Core Team 2013)
on linear regressions to observe, through histograms, residual × adjusted and normal Q-Q plots, if the models satisfied linear regression assumptions. Since not a single simple
linear model’s residuals attended to the assumptions of linear regressions for normal distribution, linear relation, and
homoscedasticity, plant functional diversity was then compared to landscape structure at varying scales using generalized linear models (GLMs). To adjust data on richness and
functional diversity indices of each functional trait into the
correct distribution family for the GLMs, we used the
Shapiro-Wilk normality test and the Cullen and Frey Graph
(Delignette-Muller and Dutang 2015) with bootstrap procedure (1000 repetitions) through the “descdist” function
from the “fitdistrplus” package of the R Studio program (R
Core Team 2013). Based on these analyses, we adopted a
Gaussian distribution with “identity” link function to generate GLMs from data of the following functional traits:
“flower color”, “floral diameter”, “floral depth”, “blossom
type”, and “pollen presentation”. For “floral resource” and
“species richness”, we utilized a Gaussian distribution with
link function “log” and Poisson distribution with link function “log”, respectively.
We generated GLMs of each response variable, species
richness, and functional diversity of the six flower traits, at
each landscape scale for both explanatory variables, forest
cover, and landscape heterogeneity, separately, using the
“glmulti” function from the “glmulti” package of the R
Studio program (R Core Team 2013). The “glmulti” function makes it possible to generate all possible model combinations, taking into account the explanatory variables

Lima et al. Ecological Processes

(2020) 9:62

Page 6 of 12

Table 2 Pollination-related functional traits and their respective functional groups
Functional trait

Functional group

Description

Reference

Floral diameter

Inconspicuous

≤ 4 mm

Machado and Lopes 2004

Small

> 4 ≤ 10 mm

Medium

> 10 ≤ 20 mm

Big

> 20 ≤ 30 mm

Floral depth

Floral resource

Very big

> 30 mm

Inconspicuous

≤ 4 mm

Small

> 4 ≤ 10 mm

Medium

> 10 ≤ 20 mm

Big

> 20 ≤ 30 mm

Very big

> 30 mm

Pollen

Machado and Lopes 2004

Girão et al. 2007;
Rech et al. 2014

Nectar
Pollen + nectar
Oil
No resource
Other diverse resources
Flower color

May include a combination of the above and other types of
resources

White

Machado and Lopes 2004

Red
Green (including beige and
creme)
Yellow
Orange
Lilac/violet (including blue)
Pink
Blossom type

Inconspicuous

≤ 4 mm and no attractive structures

Plate/dish

Faegri and Van der Pijl
1979

Funnel
Brush
Gullet
Flag
Tube
Pollen presentation Accessible
strategy

Anther with longitudinal dehiscence and exposed outside the flower Simpson 2010
perianth

Internal

Anther with longitudinal dehiscence and inside the flower perianth,
making access more difficult

Accessible secondary
presentation

Secondary pollen presentation with pollen exposed outside flower
perianth

Internal secondary
presentation

Secondary pollen presentation with pollen exposed inside flower
perianth

Poricidal

Type of anther dehiscence which access is limited to bees that can
withdraw pollen through its vibration

Pollinia

Pollen packed into hard structure, making it unavailable as a resource Johnson and Edwards
and its access extremely specific to effective pollinators
2000

Leins and Erbar 1990;
De Araújo et al. 2014

De Luca and Vallejo-Marín
2013
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Table 2 Pollination-related functional traits and their respective functional groups (Continued)
Functional trait

Functional group

Description

Reference

Active

Mechanism that needs to be triggered by legitimate pollinators to
expose pollen

Aluri and Reddi 1995

Attractive antherodes

Presence of attractive antherodes that present little or no
viable pollen, while true anthers are inconspicuous and
loaded with viable pollen for effective pollinators

Faden 1992

Heterostyly

Species that present flowers with style at different heights
in relation to anthers

Lopes and Buzato 2005

specified in the function, adjusting these models to the
GLMs, and returning us the best models based on the
Akaike’s second-order information criterion (AICc; Calcagno and Mazancourt 2010, Burnham and Anderson
2002). To choose the scales that best adjust to the response
variables, we first selected the 3 most important forest
cover and landscape heterogeneity scales, to decrease the
number of parameters in our subsequent model selection
analysis. These terms were computed as the sum of the
relative weights of evidence (wi) of every model in which
that term appears (Calcagno and Mazancourt 2010).
After determining the best scale of effect for each
landscape factor, we selected the best models for each
functional trait and species richness, to identify the effects of landscape metrics on flower metrics, using the
same method as before, with the “glmulti” function from
the “glmulti” package of the R Studio package (R Core
Team 2013). We used the three best scales of each explanatory variable as parameters, as well as a null model,
with one intercept, and determining the maximum number of parameters per model equal to two. We maintained AICc as our information criterion, as well as the
statistical distribution of our response variables. To select the best models, we considered the AICc value of
each model, the model’s weights of evidence (wi), the
models contemplated in the interval ΔAICc < 2, and the
correlation between the scales that appear in the same
model. We did not include in the models variables that
were correlated above ± 0.75. We considered that the
best models were not plausibly better than the null hypothesis if the null model was present in the interval of
ΔAICc < 2 (Burnham and Anderson 2002).

Results
In all sampled landscapes, we recorded 125 species of
plants in bloom belonging to at least 33 botanical families
(Additional File 2). The families with the highest species
richness were Rubiaceae (20 species), Melastomataceae
(13 species), Poaceae (12 species), and Orchidaceae (9 species). Most of these plants depend on animal pollinators
for reproduction. Among these plants, there were only
two in Melastomataceae family with evidence of apomixis
(Leandra melastomoides Raddi and Miconia latecrenata
(DC.) Naudin; Goldenberg and Varassin 2001). However,

only few species have been studied for apomixis, and there
is probably a subsampling of this condition among angiosperms; for that reason, we decided to keep these species
in our analyses, even knowing that they may not need to
or attract pollinators. We kept them as they were present
in the communities and may function for pollinators’
maintenance by offering complimentary flower resources.
Scale selection

We have identified the effects of forest cover at local
scales (≤ 500 m) for “flower color”, “blossom type” and
“pollen presentation”, while for “floral resource”, “floral
diameter”, “floral depth” and “species richness”, the
scales with the highest evidence of effect varied from
local to regional scales (200–2000 m). For landscape heterogeneity, we have identified evidence of its effects in
“floral resource”, “flower color”, “floral depth” and “species richness” for local and regional scales, while for
“floral diameter”, “blossom type” and “pollen presentation”, the evidence was from effects for the regional
scales (1750–2000 m). As explained in the “Methods”
section, we used these three scales with the highest
weights of evidence for each explanatory variable for the
model selection of each response variable (Table 3).
Model selection

The best ranked model showed that the functional trait
floral resource (Additional File 7) responded at local
scales (< 500 m) to forest cover and land-use heterogeneity, at 400 m and 200 m, respectively (Table 3). The
functional diversity of floral resources decreased with
the increase of forest cover in a 400-m buffer (slope = −
0.01; p = 0.01; Fig. 2a) and with increasing land-use heterogeneity in a 200-m buffer (Fig. 2a). Explanatory variables were correlated in these scales (correlation = −
0.73; Additional File 1), indicating that the effects of forest cover and land-use heterogeneity were influencing
floral resources in an additive way. The second best
model showed that land-use heterogeneity in a regional
scale (2000 m) had a positive effect on resource functional diversity, indicating landscape structure effects in
various scales and which are probably related to different
processes happening in the system. The third best model
also showed the influence of forest cover on the floral
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Table 3 Best ranked models and null model for floral resource functional diversity and species richness
Model ranking

Model

AICc

△AICc

wi

Floral resource functional diversity
1

~ Forest_cover_400m + heterogeneity_200m

15.52

0

0.22

2

~ Heterogeneity_2000m

16.91

1.39

0.11

3

~ Forest_cover_400m + forest_cover_200m

17.10

1.58

0.10

4

~1

17.58

2.06

0.08

Species richness of plants in bloom
1

~ Forest_cover_2000m

147.11

0

0.19

2

~ Forest_cover_2000m + heterogeneity_300m

148.42

1.31

0.10

3

~ Heterogeneity_200m + heterogeneity_300m

148.64

1.53

0.09

14

~1

151.55

4.44

0.02

resource functional diversity in the local scales around
400 m and 200 m. The first three models selected could
be considered equally plausible as the ΔAICc was lower
than two. All three models were considerably different
from the null model as its ΔAICc was higher than two
(Table 3).
Landscape factors also influenced species richness of
understory flowering plants. The best ranked model
showed that plant species richness responded negatively
to forest cover at a regional scale of 2000 m (wi = 0.19;
Fig. 2b). The second and third ranked models showed a
positive effect of land-use heterogeneity in the species
richness at local scales (wi = 0.10). The first three
models selected could be considered equally plausible as

the ΔAICc was lower than two and different from the
null model with a ΔAICc higher than two (Table 3).
These results showed consistent landscape effects over
functional diversity and plant richness. Forest cover had
a negative effect on floral resources diversity and species
richness at local and regional scales, respectively. Landuse heterogeneity, however, had a negative effect on
floral resources diversity at regional scales (possibly due
to its relation to forest cover effects) and a positive effect
on species richness at local scales. In the wider scales,
the diversity of land-uses was positive for plant richness.
We also verified a difference in scales in which these factors affect functional diversity and species richness.
While forest cover acts upon resource functional

Fig. 2 a Effects of forest cover (%) at a 400-m scale and landscape heterogeneity (H’) at a 200-m scale on floral resource functional diversity (H’);
black dots represent values above the surface and gray dots below. b Effects of forest cover (%) at a 2000-m scale on species richness. Black dots
are the residuals, and lines are the predicted values based on generalized linear models. Dashed lines represent confidence intervals (R Core
Team, 2013)
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diversity at a local scale, for species richness, this effect
takes place at a regional scale. This divergence in scalar
effects is also true for land-use heterogeneity, as its effect
over resource functional diversity operates at a regional
scale and at a local scale for species richness.
For all the tested models, only the ones that considered the response variables “floral resources” and “species richness” had results that were different from the
null models and, therefore, had plausible effects of explanatory variables on response variables. The models
that include floral diameter, floral depth, flower color,
blossom type, and pollen presentation strategies were
not influenced by the explanatory variables.

Discussion
Forest cover had a negative effect on the functional
diversity and species richness of understory plants in
bloom. This effect can be related to the structure of the
forest inside the forest fragments with their particularities. As forest cover in a landscape gets higher, there are
higher chances of forming larger clumps of continuous
areas of forest, decreasing edge effects (Fahrig 2003), as
well as light penetration in the understory due to a more
developed canopy structure. With less light inside the
forest, many understory plant species may have their
blossom density reduced as a result of a lower intensity
of photosynthetic processes and consequently less
carbon allocation to reproductive structures (Kudo et al.
2008). Kawarasaki and Hori (2001) found that flowering
patterns of understory plants in temperate deciduous
forests were conditioned to forest canopy density over
the seasons. They saw that there were more plants flowering when there was more light into the understory. Because our study area is characterized by ombrophilous
forests, where there is no significant leaf loss from one
season to another, light penetration variation in the
understory may have a stronger relation with spatial factors (closeness to forest edges), as well as structure and
maturity of canopy forest species, and not a seasonal
cause like in deciduous forests.
In addition, functional diversity of blooming plants
can be responding to forest cover at a local scale because
of its association to the internal structure of the forest.
Takata (2017) analyzed 39 landscapes in the same study
region, comprehending the 25 landscapes of the present
research, and found an inverse correlation between local
canopy cover and richness of understory plants that
were in bloom. During field campaigns, we also observed
the drastic difference in the abundance of flowers and
species composition in forest understories, with few
flowering individuals in comparison to adjacent open
areas and forest edge. Due to the strong relationship between functional diversity and species richness (Díaz and
Cabido 2001), it is not unexpected that forests with
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denser canopies limiting blooming density of understory
plants also affect functional diversity. The best explanation
for this is that species that did not bloom due to less light
penetration in the understory have very different functional traits than the ones that did bloom, resulting in a
lower diversity of these pollination-related characteristics.
The more shaded conditions of better structured oldgrowth forests with fewer edge habitats may, through
time, favor the maintenance of populations only of species
which need less light to bloom excluding other invasive
and more generalist edge community plants and thus reducing functional diversity. This, however, leads to distinct
communities along the deforestation gradient. In fact,
what we found was that in landscapes with high forest
cover, the understory was dominated by forest specialist
plants, such as those from the Rubiaceae (Palicourea, Psychotria), Commelinaceae (Dichorisandra), Piperaceae
(Piper, Peperomia), and Marantaceae (Ctenanthe, Stromanthe) families (Additional File 2). Conversely, landscapes with less overall forest cover and more edge
environments had a higher prevalence of generalist species
in the understory, including those common in disturbed
and open environments, such as Borreria sp., Sida spp.,
Pavonia communis, Lantana camara, Stachytarpheta
cayennensis, and many Asteraceae and Poaceae (Additional File 2). This indicates that the higher functional
diversity found in less forested landscapes is a by-product
of invasive open-area and edge-opportunist species, while
with more surrounding forests the understory plant community is more specialized for closed environments, thus
being less functionally diverse and at the same time more
sensitive to forest loss and fragmentation. The studied
landscapes are in a region of frequent threats to forest environments, which are commonly converted mainly into
agricultural lands and low density suburban expansion
areas. This region is in a socioeconomic and political
context that has allowed several cycles of cutting and
recovery of natural vegetation in the last 60–80 years.
These cycles include, for instance, the rotation of
sugar cane, coffee, fruits, and vegetable production,
and the expansion of country houses and leisure
areas. These cycles were interspersed with periods of
land abandonment due to variations in economic,
social, political, or environmental pressures, when the
natural vegetation had time to recover. So this constant rotation and the rapid and frequent change in
land-use have had effects mainly on the edges and
inner forest structure of small forest fragments.
Contrary to forest cover, land-use heterogeneity affected resource functional diversity and species richness
positively (Benton et al. 2003; Fahrig et al. 2011). Nonetheless, we observed that the fit of land-use heterogeneity models was inferior to that of forest cover models,
considering the model rank in which land-use
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heterogeneity was the explanatory variable (Table 3).
This could be explained by the fact that forest structure
is acting over blooming understory plant species directly,
through denser canopies limiting light penetration and consequently blooming density (Takata 2017), while landscape
heterogeneity directly modifies pollinator communities
through a more or less diversified feeding and nesting resources’ availability, consequently affecting plant communities in an indirect way (Boscolo et al. 2017; Moreira et al.
2018; Nery et al. 2018). Nery et al. (2018) observed a positive effect of land-use heterogeneity, on a regional scale,
over richness and diversity of bees sampled in the interior
of these same forest fragments. In addition, they also reported that while forest cover had a negative impact on the
diversity of bees foraging in the interior of these forest fragments, it had a positive impact over richness, diversity, and
abundance of bees foraging in open areas adjacent to forest
fragments. In other words, the forest may be acting as nesting sources for these pollinators (Takata 2017), while adjacent open areas act as complementary habitat (Dunning
et al. 1992; Nery et al. 2018) offering food resources. This
can also explain why land-use heterogeneity affected resource functional diversity at a regional scale, articulating
with foraging ranges (Crouzeilles et al. 2010) and the spatial
distribution of these animals. Land-use heterogeneity may
thus be the key in maintaining understory plant biodiversity
through its role in sustaining pollinator communities, fundamental for completing these plants’ reproductive cycle.
Plants and animal pollinators have different responses to landscape changes, mostly due to their differences of individual longevity. As plants stay much
longer in the landscapes, they respond to structural
landscape changes more slowly than animals. For instance, Metzger et al. (2009) analyzed the time-lag of
trees, small mammals, frogs, and birds in response to
landscape modifications in distinct temporal scales
and observed that plants correspond to the groups
that better responded to past landscape configurations. Therefore, land-use heterogeneity may have
more current intense effects on pollinator communities (see Nery et al. 2018) than on plant richness and
functional diversity. Even though pollinator communities are changing in parallel to recent landscape modifications (Ferreira et al. 2015; Boscolo et al. 2017;
Moreira et al. 2018; Nery et al. 2018), both these
changes may not have had enough time to produce a
perceivable variation inside these tropical forest
understory plant communities. Nevertheless, we
should not wait until plants’ biological and functional
diversity is lost to take action to protect them. Conservation and restoration programs must be planned
ahead and implemented in these important and fragile
landscapes to guarantee the long-term preservation of
these processes.
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Conclusions
Forest cover and land-use heterogeneity are relevant for
the maintenance of understory plant richness and functional diversity in tropical forest fragmented landscapes
mostly due to its effects on biodiversity that directly impact the persistence of plant communities. Open-area
and edge-opportunist plants may be the result of the
negative effects of low forest cover and high edge effects
on plants’ functional diversity. This effect could be
clearly perceived in the field, for in more fragmented
landscapes we could find more ruderal generalist plants
invading forest patches than forest specialist plants
within these fragments. This study may help deriving
public decisions on the conservation and restoration of
these landscapes. Agricultural and land-use policies
should direct efforts towards increasing the diversity of
crops in rural lands interspersed with native forests of
different sizes and shapes in order to guarantee a higher
diversity of conditions capable of safeguarding a diversified functional pool of plants and their pollinators. The
accomplishment of such landscape structuration shall
come from the strengthening of science-based environmental policies aiming at effective natural land conservation in private properties, given their importance for
plant and pollinator communities.
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