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ABSTRACT

Primary production (PP) is a fundamental ecosystem function that influences several ecosystem services.
However, little is known about how changes in landscape structure resulting from agricultural expansion
affects forest and cropland production. We investigated the effect of landscape composition and config-
uration on the PP of forests and sugarcane crops in an old agricultural frontier of the Brazilian Atlantic
forest. Using satellite images and a comprehensive dataset of vegetation indices that are proxies of PP
(NDVI and EVI), we sampled 1201-km? landscapes during the rainy and dry seasons of 2011-2016. In
each landscape we quantified the indices, the percentage of sugarcane crops, the density of forest edges,
and the number of forest patches. The NDVI and EVI of the entire landscape were negatively influenced
by the percentage of croplands in both seasons and weakly affected by edge density and number of forest
patches. When analyzing the NDVI of forests and croplands separately, both were negatively affected
by the percentage of croplands. This indicates that forests and croplands are less productive in more
deforested landscapes. The spatial variability of NDVI and EVI within the landscapes, estimated with
coefficients of variation, was not affected by landscape attributes. Our findings indicate that landscape
composition (i.e. forest cover) is more important than spatial configuration in determining the PP of
forest and sugarcane crops, reinforcing the need to conserve forests in agricultural landscapes. We rec-
ommend reducing deforestation, restoring abandoned fields, protecting forest remnants and avoiding

forest fragmentation to sustain more productive environmental-friendly agricultural landscapes.
© 2019 Published by Elsevier Editora Ltda. on behalf of Associacdo Brasileira de Ciéncia Ecoldgica e
Conservacado. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

the provision of final services (i.e. food, fiber, biofuel), is crit-
ical for agricultural activities (Costanza et al., 2007). Although

Tropical forests have been widely converted into agricultural
fields, causing habitat loss and fragmentation and reducing the
provision of ecosystems services such as climate regulation, car-
bon storage and pollination (Laurance et al., 2014; McArt et al.,
2017; Birkhofer et al., 2018; Fearnside, 2018). This global phe-
nomenon modifies landscape structure and affects the remaining
ecosystem at all levels of biological organization, including the
ecosystem functions that directly or indirectly satisfy human
needs (Fahrig et al., 2011; Tscharntke et al., 2012). Primary pro-
duction (PP), an intermediary ecosystem service responsible for
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the crop itself contributes to the PP of the agricultural land-
scape during its growth and development, harvesting cycles
periodically eliminate the carbon stored in the croplands. In addi-
tion, the establishment of croplands often involve deforestation,
reducing the contribution of the remaining forest to landscape
PP. While landscape composition refers to the percentage of
area covered by different land uses (e.g. percentage of crop-
lands), landscape configuration reflects the spatial arrangement
of land covers (e.g. number of forest patches and density of
forest edges within the landscape) (Fahrig et al., 2011). Some
ecosystem services respond more strongly to landscape com-
position (Carrara et al., 2015; Arroyo-Rodriguez et al., 2016;
Alvarado et al., 2018), others are more susceptible to changes in
landscape configuration or respond to both (Lamy et al., 2016).
Understanding how the PP of forests and croplands responds to
changes in landscape structure may help to identify synergies and
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trade-offs between food production and nature conservation
(Power, 2010).

When a forested landscape is partially converted to large-scale
agriculture, the remaining forest is split into patches, forest edges
are created elsewhere in the landscape and croplands become
inhospitable to many forest-dependent organisms. These structural
changes may increase precipitation in the landscape at the expense
of forest moisture (Avissar and Liu, 1996; Baidya Roy and Avissar,
2000). In a process known as vegetation breeze, the moist air is
pulled away from forests into adjoining croplands and condenses
into rain-producing clouds, then is recycled as dry air back over the
forest (Avissar and Liu, 1996; Cochrane and Laurance, 2008). The
shallow convective clouds have a horizontal spatial scale on the
order of 2 km, but vertical forces may generate a turbulence mixing
that operate at this and other spatial scales (Avissar and Liu, 1996).
Although exposed to similar solar radiations, the contrasting veg-
etation coverings of a landscape warm up the air differently and
contribute distinctly to changes in thermic heterogeneity (Avissar
and Chen, 1993; Avissar and Liu, 1996). This is particularly the case
of tropical rainforests immersed in agricultural fields, where the
forest moisture is recycled by dry air from adjacent agricultural
areas (Cochrane and Laurance, 2008).

Over time, forest tends to become increasingly dried out with
effects that are enhanced by the replacement of native flora by plant
groups of reduced leaf area and low evapotranspiration rates (Jipp
et al., 1998; Cochrane and Laurance, 2008). Species loss, floristic
drift and subtle biomass collapse are among the most relevant bio-
logical impacts of forest desiccation, especially along forest edges
(Harper et al., 2005; Laurance et al., 2018). Changes in the ther-
mal gradients caused by modifications in temperature may also
induce negative effects on the hydrological cycle and climate pat-
terns (Pielke et al., 1998). These biotic and abiotic changes are likely
to reduce the PP of agricultural landscapes with low forest cover,
high edge density and elevated number of small (<10ha), edge-
dominated forest patches. The reduction should be stronger during
the dry season due to low water availability for photosynthesis and
vegetation breeze. Also, landscape should become more homoge-
nous spatially owing to the cultivation of a few crop varieties and
the proliferation of a small number of native plants in the remaining
forest patches.

The Brazilian Atlantic Forest is one of the most threatened global
biodiversity hotspots (Myers et al., 2000). More than 80% of its orig-
inal cover have been occupied by cities, cut by roads, fragmented
into almost 250,000 forest patches, and replaced by agricultural
fields (Ribeiro et al., 2009). Forest conversion to agriculture started
in the 16th century following Portuguese colonization and intensi-
fied in the last decades of the 20th century (Colonelli, 2009). As in
many tropical regions, small-scale agriculture in the Atlantic Forest
has beenreplaced by large-scale monocultures to address industrial
requirements, ignoring the depletion of ecosystem services (Foley,
2005; Ferreira et al., 2015; Fearnside, 2018). Although agricul-
tural intensification offers food and energy security, its dependence
on the remaining forest remains poorly investigated in the
region.

This knowledge gap may be filled up by employing remote sens-
ing techniques. Vegetation indices derived from remote sensors
such as the enhanced vegetation index (EVI) and the normal-
ized difference vegetation index (NDVI) have been widely used
to study carbon uptake patterns and greenness among vegetation
types (Paruelo et al., 2001; Guerschman et al., 2003; Aragén and
Oesterheld, 2008; Huete et al., 2008; Shi et al., 2017). They are rel-
atively low-cost and may be applied for a wide range of temporal
and spatial scales (Pettorelli et al., 2005). Nonetheless, their use in
studies searching for synergies and trade-offs between agriculture
and conservation has been very limited. By describing how these
vegetation indices vary across space and time in landscapes with

different composition and configuration, we may uncover possible
agricultural benefits from forest conservation.

In this study we described landscape patterns of PP in a 5000-
km? region of the Atlantic Forest of Northeast Brazil. This region
is among the oldest frontiers of sugarcane plantation in the coun-
try (Ranta et al., 1998; Ribeiro et al., 2009). Using satellite images
and a large, reliable dataset of vegetation indices (NDVI and EVI
from 2011 to 2016), we sampled 120 landscapes of 1km? within
the region and tested for the effect of the percentage of croplands,
density of forest edges and number of forest patches on the PP of
forests, croplands and the entire landscape. Because precipitation
may mediate the impact of landscape attributes on PP (Del Grosso
et al., 2008), we considered the PP of rainy and dry seasons. We
also examined how the landscape metrics affected the spatial vari-
ability in PP among croplands and among forest. We expected that
the PP of forests, croplands and the entire landscapes decreases
as the percentage of sugarcane crops, the density of forest edges
and the number of forest patches in the landscapes increases. We
also expected smaller spatial variation in PP (i.e. small coefficient
of variation in PP) in landscapes dominated by croplands, forest
edges, and highly fragmented.

Methods
Study region

Located in the Paraiba coast of Northeast Brazil, the study region
covers 525,556 ha of the Pernambuco Endemism Center of the
Brazilian Atlantic Forest (Fig. 1). The region is covered by a mosaic
of different vegetation types, including tropical rainforests, less
humid forests and cerrado-like vegetation, locally called ‘mata de
tabuleiro’ (Silva-Junior et al., 2018). The vegetation types grow
on two predominant soil classes: latosols and argillosols, and in
smaller proportions on neosols and spodosols (IBGE, 2008). Climate
is warm and humid tropical (Koppen, 1936), with annual precipi-
tation of 1800 mm approximately. Rainy season usually spans from
March to August and dry season from September to February. The
thermal amplitude is low, with maximum average temperature
reaching 27.5 °C among the months of January and March and min-
imum average temperature of 24 °C in the months of June and July
(Pereira et al., 2012).

The sugarcane monocultures were established in Paraiba a cou-
ple of centuries ago (Moreira and Targino, 1997), but intensified
in the 1970s owing to the National Alcohol Program (Pro-Alcool),
whose main goal was to produce sugarcane at large scale to sup-
port the replacement of gasoline and other petroleum-based fuels
by sugarcane-derived ethanol (Cortez, 2016). The program accel-
erated deforestation and forest fragmentation at alarming rates
and homogenized the agricultural landscapes with vast sugar-
cane crops. Currently, forest patches of up to 4366 ha remains, but
more than 95% are less than 45 ha (Stevens, 2014). This environ-
mental liability has been underappreciated with the excuse that
ethanol is a biofuel produced with environmental-friendly tech-
niques (Cortez, 2016). However, the use of fire is still allowed in
sugarcane harvest, negatively affecting the soil and native species
that eventually supplement their habitat in adjoining croplands. In
our study region, harvest usually begins in September and coin-
cides with the dry season, while sugarcane growth usually takes
place in the rainy season, if irrigation is not implemented.

Vegetation indices

We used NDVI and EVI as proxies of PP. These indices are
strongly correlated with various plant properties, including (1)
amount of photosynthetic active radiation, (2) chlorophyll content,
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Fig. 1. Map of the study region in the state of Paraiba, Northeast Brazil, showing the remaining Atlantic forest patches (dark gray), the agricultural crops (light gray; mostly
sugarcane), and the 60 landscapes of 1 km? (black squares) sampled during the rainy seasons of 2011-2016. In detail, a forest-dominated landscape with only 18.11% of its
area covered by sugarcane plantations and a cropland-dominated landscape with 92.09% of sugarcane cover. Gray lines represent municipality limits. Other 60 landscapes

(not shown) were sampled during the dry seasons of the same period.

(3) leaf area, (4) amount of green biomass and (5) canopy struc-
ture (Huete, 2011). Together, these properties provide an important
measure of the photosynthesis capacity and PP (Huete et al., 2002;
Pettorelli et al., 2005). While the NDVI is related to chlorophyll
content, EVI is sensitive to variation in canopy structure, which
includes leaf area index, plant physiognomy and canopy architec-
ture (Gao et al., 2000). Both indices vary from —1 to +1; values
close to +1 are typical of environments with high dense vegeta-
tion, elevated photosynthetic capacity and high PP, while values

close to zero indicate low vegetation cover, naked soil and small PP
(Pettorelli et al., 2005). Negative values usually indicate waterbod-
ies.

We obtained the vegetation indices from MODIS sensor (Mod-
erate Resolution Imaging Spectroradiometer), product MOD13Q1.
This product provides a fine temporal resolution through the
observation of the entire Earth’s surface every 1 or 2 days and
vegetation indices at 16-day intervals with a spatial resolution
of ~6.25ha. The 16-day composite data minimizes the influence
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of atmospheric and bidirectional reflectance distribution function
(Huete et al., 2002).

Tropical regions are affected by cloudy condition all year long.
To account for this issue between 2000 and 2016, we first filtered
residual cloud and aerosol contamination based on the quality
assurance flags and the mixed cloud, possible shadow and aerosol
quality flag provided by the MOD13Q1 product. Then we selected
those months that had better quality data and were representative
of vegetation seasonality, which were June- July for the rainy sea-
son and November-December for the dry season. In spite of using
gap-filling data methods to cope with missing data, we preferred to
maximize good quality data by pooling 6 years of vegetation indices
(2011-2016) and averaging them for rainy-dry comparisons.

Landscape sampling

To select the landscapes and estimate their metrics of composi-
tion and configuration, we used the Atlantic Forest mapping carried
out by SOS Mata Atlantica/INPE in 2014 (www.sosma.org.br and
www.inpe.br). Some inaccuracies of the mapping regarding our
study region were corrected through the visual interpretation of
Google Earth images from 2013 and 2015 and the Vector Editing
tool of Qgis software 2.14.11. We mapped forest patches greater
than 6.25 ha because that was the spatial resolution of the MODIS
sensor (pixels were about 250 m x 250 m, 6.25 ha).

Once mapping was done, we subdivided the study region into
squares (i.e. landscapes) of 16 MODIS pixels (~1km?; 100 ha),
resulting in a grid of hundreds of possible landscapes to be sur-
veyed. We selected landscapes with this area of coverage because
they should be more appropriate to detect effects of vegetation
breezes, but also showed results from the same analyses using
64 MODIS pixels (~4km?; 400 ha; see below). Considering that
the effects of vegetation breezes are observed with better accu-
racy at smaller spatial scales (e.g. 2 km), more extended landscapes
(e.g. 10km?) could add some mesoscale processes such as verti-
cal fluxes and confound the vegetation breeze phenomenon effects
(see Avissar and Liu, 1996 for more details).

To filter out those landscapes with unconfident data, we used
the following criteria: (1) atleast 80% of the 16 pixels should present
reliable data of vegetation index within the studied period; (2)
remaining forest should be surrounded by sugarcane crops; (3)
landscape should be rural, with no dense settlements or cities; and
(4) landscape must be at least 1km apart from the nearest land-
scape to minimize spatial autocorrelation. After eliminating the
landscapes that did not meet these criteria, we performed a strat-
ified random sampling and selected 12 landscapes for each of five
categories of agricultural use: 0-20%, 20-40%, 40-60%, 60-80% and
80-100% of area covered by sugarcane. This procedure ensured that
the gradient of landscape composition varied from totally forested
to totally cultivated landscapes, resulting in 60 independent land-
scapes. Because of atmospheric conditions (criterion 1 described
above), it was not possible to sample the same landscapes in dry
and rainy seasons. Therefore, we repeated the procedure in each
season. We visited landscapes with access available to validate the
information indicated by satellite images.

In each landscape, we measured the percentage of croplands -
our metric of landscape composition — and two metrics of land-
scape configuration: density of forest edges and number of forest
patches(seealso Carraraetal.,2015). To estimate the density of for-
est edge, we corrected eventual spatial errors in our mapping and
converted the file to raster format with a 5-m pixel resolution. This
pixel size was chosen because it is the most suitable size to con-
serve the level of details of landscape and spatial resolution (Hengl,
2006). We performed the calculation of edge density with QGIS and
FRAGSTATS v4 and visually counted the number of forest patches
in each landscape to quantify the level of landscape fragmentation.

We repeated the same sampling procedure with landscapes of
64 pixels (~4km?, 400 ha) to ensure that the landscape size we
selected was generalizable to broader spatial scales. Given that for-
est patches are too small in our region (see Study region above),
totally forested landscapes were absent at this broader spatial scale
and the gradient of cropland cover shortened a bit to 21-97%. In
addition, atmospheric conditions between 2011 and 2016 forced
us to work with at least 50% (not 80%) of the 64 pixels with reli-
able data of the vegetation indices. The number of independent
landscapes to be analyzed dropped from 60 to 25. Despite this dif-
ference in sample size and data quality, the pattern observed at
400 ha (Appendix S1) was very similar to that observed at 100 ha
(see Results below). Unfortunately, our dataset did not allow for
landscape sampling at broader scales (e.g. 256 pixels).

Estimations of primary production

To estimate the PP of the entire landscape we averaged the val-
ues of the 16 pixels that composed the landscapes. To estimate the
PP of croplands and forests within each landscape, we were very
conservative and selected only those pixels completely covered by
the respective land use. This criterion avoided that a pixel dom-
inated by sugarcane but with a small fraction of forest had its PP
overestimated, as forests are presumed to be more productive than
sugarcane crops. Similarly, it also avoided that a forest-dominated
pixel with pieces of sugarcane crops had its indices underesti-
mated. This procedure reduced the number pixels and landscapes
from which the mean values of forest and cropland PP and their
respective coefficient of variation (spatial CV) were calculated, but
ensured confident comparisons across the gradient of landscape
composition and configuration.

To assess the spatial variability in PP among croplands and
among forests, we used the coefficient of variation (CV) in PP. The
greater the CV, the greater the spatial variability. Landscapes with
only one or no pixel of a given land use were not considered in
the analysis because mean and CV require at least two pixels to be
calculated. The CV of forest and croplands were calculated from 22
and 27 landscapes during the rainy season and 25 and 29 landscapes
during the dry season, respectively.

Data analyses

We performed generalized linear models to test for the effect
of landscape metrics on the PP of forests, croplands and the entire
landscape (Crawley, 2007). All models had the percentage of crop-
lands, density of forest edges and number of forest patches as
explanatory variables. The mean value of the vegetation indices
and their coefficient of variation were set as response variables.
We fitted the models with Gaussian distribution after verifying
that the residuals of the response variables had normal distri-
bution, visualized through the graphic analysis of the ‘qqnorm’
and ‘qqline’ functions of R software. We generate the value of
pseudo RZof models through the ‘rsq’ package of R. Using the car
package of R version 3.0.1, we calculated the variance inflation fac-
tor (VIF) to estimate the multicollinearity among the predictors.
VIF >4 indicates possible collinearity, whereas VIF>10 indicates
high collinearity (Kutner, 2004). All VIF values were lower than 2
(ranging from 1.00 to 1.90 in rainy season and from 1.00 to 1.45 in
dry season), indicating independence among the explanatory vari-
ables. In previous data exploration, we verified that soil type had
no effect on PP and therefore did not include it as a covariable in the
models (see Table S1 for more details). All analyzes were performed
in R and JMP 8.0.
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Table 1

Results of generalized linear models examining the effect of the percentage of croplands, density of forest edges and number of forest patches on the mean value of the
vegetation indices NDVI and EVI and their coefficient of variation during the rainy and dry seasons of 2011-2016. The estimate of model terms is shown in bold for significant
relationships only (see also Figs. 2 and 3). Chi-squared and R? values are reported. Models were based on 60 landscapes of 100 ha.

Model factors

Response variable Full model Percentage of croplands Density of forest edges Number of forest patches
x* R? ba P est x> P est x* P est
Rainy season
Landscape NDVI 54.43 0.59 50.25 <0.05 (—0.001) 0.05 0.81 0 0.9
Landscape EVI 33.01 0.43 31.79 <0.05 (—0.001) 0.42 0.51 0 0.97"s
Forest NDVI 12.02 0.25 7.4 <0.05 (—0.001) 0.02 0.88n 493 <0.05 (-0.243)
Forest EVI 1.62 0.03 1.58 0.2 0.3 0.58"s 0.09 0.76"s
Cropland NDVI 11.73 0.22 8.88 <0.05 (—0.001) 0.42 0.51"s 2.36 0.12"s
Cropland EVI 1.51 0.03 1.09 0.29ns 0.06 0.79ns 0.26 0.6
Forest CV NDVI 2.81 0.12 2.66 0.10"* 0.81 0.36"* 0.43 0.51ns
Forest CV EVI 2.46 0.10 1.76 0.18ns 0.19 0.65"* 0.57 0.44ns
Cropland CV NDVI 0.51 0.01 0.09 0.75n5 0.01 0.89n 0.41 0.52ns
Cropland CV EVI 0.38 0.01 0.09 0.75™* 0.16 0.68"* 0.13 0.71ns
Dry season
Landscape NDVI 80.65 0.73 79.55 <0.05 (—0.003) 0.25 0.610s 1.93 0.16™*
Landscape EVI 54.77 0.59 52.95 <0.05 (—0.002) 0.12 0.72n- 5 2.64 0.17s
Forest NDVI 16.63 0.36 11.74 <0.05 (—0.001) 22 0.13"s 0.47 0.48"s
Forest EVI 7.15 0.17 2.61 0.10"s 3.07 0.07ns 0 0.02"
Cropland NDVI 8.59 0.18 4.28 3.5 3.5 0.06™* 0.78 0.37"s
Cropland EVI 5.75 0.12 0.06 0.88ns: 5.37 <0.05 (0.001) 0.02 0.87ns:
Forest CV NDVI 5.99 0.21 1.66 0.19ns 3.2 0.07ns 0.01 0.95ms:
Forest CV EVI 5.26 0.18 1.15 0.28n* 2.95 0.08* 0.16 0.68"
Cropland CV NDVI 1.37 0.04 1.31 0.25"s 0.16 0.68"s 0 0.97"s
Cropland CV EVI 0.75 0.02 0.47 0.49" 0.57 0.44"s- 0.1 0.74"s-
Results croplands and forest separately, we also observed that both land

During the rainy season, the increase in the percentage of crop-
lands negatively affected the mean NDVI and EVI of the entire
landscape, as well as NDVI of croplands and forests (Table 1, Fig. 2).
Density of forest edges and number of forest patches had no signif-
icant effect on any vegetation indices, except for the NDVI of the
forest, which decreased in more fragmented landscapes (Table 1,
Fig. 2).

During the dry season, the pattern remained quite similar, i.e.
the increase in the percentage of croplands negatively affected the
mean NDVI and EVI of the entire landscape and the mean NDVI
of the forest (Table 1, Fig. 3). However, the percentage of croplands
did not affect the NDVI and EVI of croplands. In addition, during this
season we also observed that the mean EVI of croplands increased
with the increase in forest edge density, suggesting that landscapes
with more forest edges favor sugarcane production.

Landscape metrics did not significantly affect the spatial vari-
ability in PP of croplands and forest at any season (Table 1). During
the rainy season, the coefficient of variation (CV) varied from 0.5
to 19.1% for forest NDVI, 1.6-23.0% for forest EVI, 1.7 to 30.1% for
cropland NDVI, and 2.4 to 39.1% for cropland EVI. During the dry
season, a similar range of CV values was observed for the four
indices: 0.9-32.5%, 1.9-28.3%, 9.1-49.3%, and 5.7-36.7%, respec-
tively. However, none varied significantly with the percentage of
croplands, density of forest edges and number of forest patches in
the landscape (Table 1).

Discussion

Our results suggest that landscape composition is more impor-
tant than spatial configuration in determining the PP of agricultural
landscapes embedded in an old frontier of sugarcane plantation.
As expected, NDVI and EVI of the entire landscape were negatively
influenced by the percentage of croplands in both seasons. Further-
more, the increase in landscape fragmentation negatively affected
forest NDVI, indicating that splitting the forest into many rem-
nants is not beneficial to forest PP. When we analyzed the NDVI of

uses responded more to landscape composition, even though the
EVI of croplands had a positive relationship with density of for-
est edges during the dry season. Surprisingly, neither landscape
composition nor configuration affected the spatial variability of
cropland and forest PP. These findings not only support the notion
thatlandscape attributes mediate ecosystem functions and services
(Nascimento and Laurance, 2004; Magnago etal.,2017; Melitoetal.,
2017), but also point out that we should conserve the most for-
est area that we can in agricultural landscapes because croplands
and forests themselves benefit from this environmental-friendly
scenario.

Despite the scarcity of landscape-level studies in the Brazilian
Atlantic Forest (Matos et al., 2017; Melito et al., 2017; Santo-Silva
et al., 2018), there is plenty of evidence demonstrating that agri-
cultural expansion has led to large-scale floristic simplification and
biotic homogenization (Lobo et al., 2011; Tabarelli et al., 2012). This
is possibly a consequence of the re-arrangement of tree commu-
nities following biomass collapse and other edge-related changes
(Tabarelli et al., 2008), in which pioneer, softwood trees dominate
the landscapes at the expense of the hardwood, old-growth flora
(Oliveira et al., 2008; Tabarelli et al., 2010). In Northeast Brazil,
disturbance-adapted tree species represent more than 80% of the
floristic composition (Tabarelli et al., 2010). The spread of these
trees is paralleled by a persistent impoverishment of the large-
tree stand, including the structural collapse of forest emergent
layer (Oliveira et al., 2008). The growth rate of fast-growing pio-
neer trees is greater than late-successional shade-tolerant trees,
but their shorter life cycle largely limits long-lasting biomass accu-
mulation (Santos et al., 2012; Brienen et al., 2015). Altogether, the
floristic and structural shifts in forest structure may explain why
forest PP is smaller in cropland-dominated than forest-dominated
landscapes.

The reduction in forest PP during the rainy season also took place
in face of increased landscape fragmentation. Previous researches
demonstrate that landscapes with a long history of disturbance
exhibit disruptions in key ecological interactions such as pollina-
tion and seed dispersal (Lopes et al., 2009; Peres et al., 2016). Most
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are represented by a fitted line in the plots.

late-successional tropical trees are highly dependent on large ver-
tebrates or specialized insects for seed dispersal and pollination,
which in turn influence their demography, define their rates of
reproduction and immigration, and ultimately their contribution
to forest biomass and PP (Lopes et al., 2009; Peres et al., 2016). In
this regard, the increase in forest fragmentation may have reduced
seed output due to pollination failure and prevented the seeds to
arrive at safe sites and establish as new trees (Costa et al., 2012).

It has been observed that low diversity in tropical forests reduces
carbon storage (Poorter etal.,2015).In our study region, most forest
patches are smaller than 45 ha and are kilometers apart from each
other, exacerbating dispersal failures of late-successional species
typical of more productive forests. During the dry season, these
species reduce their chlorophyll content and photosynthetic activ-
ity due to water shortage (Malhi et al., 1998; Phillips et al., 2009),
reducing the PP anywhere in the region and hindering the effect of
landscape fragmentation on forest PP in this season.

A promising result from our analyses was the increased crop-
land PP in forest-dominated landscapes, demonstrating a potential
synergy between sugarcane production and forest conservation.
Although not novel in the literature (Garibaldi et al., 2013; Kennedy
et al., 2013; Zhang et al., 2007), this synergy had not been yet
described for large-scale sugarcane plantations in the Brazilian
Atlantic Forest. The main evidence arose from the cropland NDVI
during the rainy season, which increased in more forested land-
scapes. The mechanism underlying this potential synergy is the

vegetation breeze (Cochrane and Laurance, 2008; Pinto et al., 2010),
as the more forest in the landscape, the greater the capacity of
storing water from the rainfall and ameliorating atmospheric con-
ditions in adjoining croplands. However, during the dry season,
rainfall diminishes and sugarcane fields need to be irrigated to
maintain high sucrose yields (Inman-Bamber and Smith, 2005; Carr
and Knox, 2011; Abreu et al., 2013). This artificial supply of water
into the system possibly replaces the vegetation-breeze service and
maintains sugarcane production during this season (Silva et al.,
2007).

However, some croplands keep being positively affected by
the forest during the dry season, but uniquely in landscapes with
greater forest edge density. This metric of landscape configuration
does not vary linearly with the amount of forest in the landscape,
reaching its maximum in landscapes with intermediate amount of
habitat and minimum at 0% or 100% of forest cover (Fahrig, 2003).
In landscapes with intermediate forest cover, more irregular forest
patches also contribute to increment the density of forest edges.
This is the case of most of the forest patches in our region (Ranta
et al., 1998), which are very irregular in shape and somehow may
supplement the benefits provided by the irrigation during the dry
season (Laurance et al., 2007; Cochrane and Laurance, 2008); this
could possibly explain the positive relationship between cropland
EVI and density of forest edges. The mechanism behind this sup-
plementation is uncertain yet, given that the vegetation breeze is
unlikely to take place in the dry season, thus further studies are
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needed to elucidate this phenomenon. Importantly, our finding
does not imply that creating forest edges will increase cropland PP,
because under field conditions there is no way to create forest edges
without losing forest cover and changing landscape composition
(Fahrig, 2003).

Finally, we expected that the spatial variability of NDVI and EVI
would decrease in landscapes with greater proportion of croplands,
since forest loss leads to floristic homogenization (Lobo et al., 2011)
and production of sugarcane production is leveled at the top any-
where in the region (Vieira et al., 2012). However, the coefficient
of variation in NDVI and EVI of croplands and forest did not vary
with any metric of landscape composition and configuration in both
seasons. This suggests that the photosynthetic activity of forests is
as spatially variable in cropland-dominated landscapes as it is in
more forested landscapes. The same rationale seems to apply to
sugarcane crops, resulting in high spatial variability of PP regardless
landscape modification.

Caveats on interpretation and future research

Contrasting patterns have been observed on tropical forest
greenness using remote spectral information (Huete et al., 2006;
Morton et al., 2014). Although this technology still needs to go
through evaluation and refinement (Dong et al., 2017) it is a read-
ily confident tool to have a first insight on ecosystem functioning,

especially in the Atlantic Forest of Northeast Brazil where no pat-
tern of PP has been described at the landscape or regional levels.
While future research should seek to adjust PP estimations at these
spatial scales, our results helps to delineate a possible path that
is logistically possible and could reduce uncertainties on remote
sensing application for PP estimations. Sugarcane PP using biomass
harvest methods are possible to carry out and should consider the
spatial distribution of forest patches in order to evaluate the pat-
terns observed in this work and, at the same time, contribute to
adjust PP modeling derived from vegetation indices.

Consistent with other studies on landscape structure (Carrara
et al., 2015; Arroyo-Rodriguez et al., 2016; Alvarado et al., 2018),
our findings indicate that landscape composition is more impor-
tant than landscape configuration in shaping the PP. In practical
terms, we should conserve large portions of forest in agricultural
landscapes to have positive effects on cropland production. Unfor-
tunately, we were unable to measure crop yield in situ to estimate
how much forest is needed to achieve maximum yield at the 1-km?
scale. Moreover, other factors such as irrigation, crop-tree compe-
tition, agricultural techniques and forest uses may affect the PP at
the forest-cropland frontier. Trees at the forest edge may shadow
the abutting cropland, reducing sugarcane photosynthetic activity
in forest-dominated landscapes. Irrigation during the dry months
may increase the sugarcane productivity in highly deforested land-
scapes, as own our data suggest. Soil fertilization, planting, and
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harvesting techniques may also affect positively or negatively crop-
land PP, while previous selective logging and current firewood
extraction may reduce forest PP. Despite these potential con-
founding factors, we have enough information to recommend that
sugarcane production in the region should (1) avoid deforestation,
(2) restore forests in cropland-dominated landscapes to increase
forest cover, (3) protect the remaining forest from fire during sug-
arcane harvesting, and (4) avoid fragmentation of the remaining
forest.

Finally, our results also suggest that landscape-level analyses
are needed to accurately assess the impact of agricultural expan-
sion on ecosystem functions and services (Carrara et al.,2015; Cong
etal, 2016). Further studies should go deeper and better explore the
synergy between sugarcane production and forest conservation,
involving scientists, decision-makers and practitioners. Landown-
ers should also be part of such initiatives and share data on crop
yields. Other commodities, such as oil palm and soy, have increas-
ingly replaced large areas of tropical forests worldwide, with little
concern with biodiversity loss and ecosystem degradation (Johnson
et al,, 2014; Laurance et al., 2014; Haddad et al., 2015). Whether
these new agricultural frontiers will impair similar shifts in natural
ecosystems remain to be known. We encourage the replication of
our study in other agricultural frontiers to assess the generality of
the landscape patterns described here.

Acknowledgements

This work was supported by the Coordenagcdo de
Aperfeicoamento Pessoal de Nivel Superior (Capes) (grant
number 88881.067975/2014-01 to MGL) and the Conselho
Nacional de Desenvolvimento Tecnol6gico (CNPq) (grant number
310340/2016-0 to BAS and 132065/2016-9 to ]JSBS). We are
grateful to Kyle Roberto, José Alencar, Erik Melo and Juan Pifieiro
for essential assistance in data management. Marcelo Tabarelli,
Fredy Alvarado and two anonymous reviewers provided helpful
comments on previous versions of the manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.pecon.2019.08.001.

References

de Abreu, M.L,, Silva, M.de A, Teodoro, 1., de Holanda, L.A., Sampaio Neto, G.D.,
2013. Crescimento e produtividade de cana-de-agticar em fungdo da
disponibilidade hidrica dos Tabuleiros Costeiros de Alagoas. Bragantia 72,
262-270, http://dx.doi.org/10.1590/brag.2013.028.

Alvarado, F., Andrade, E.R,, Santos, B.A., Prescott, G., Souza, G., Escobar, F., 2018.
Forest cover is more important than farmland heterogeneity and livestock
intensi fi cation for the retention of dung beetle phylogenetic diversity. Ecol.
Indic. 93, 524-532, http://dx.doi.org/10.1016/j.ecolind.2018.05.041.

Aragbén, R., Oesterheld, M., 2008. Linking vegetation heterogeneity and functional
attributes of temperate grasslands through remote sensing. Appl. Veg. Sci. 11,
117-130, http://dx.doi.org/10.3170/2007-7-18429.

Arroyo-Rodriguez, V., Rojas, C., Saldafia-Vazquez, R.A., Stoner, K.E., 2016.
Landscape composition is more important than landscape configuration for
phyllostomid bat assemblages in a fragmented biodiversity hotspot. Biol.
Conserv. 198, 84-92, http://dx.doi.org/10.1016/j.biocon.2016.03.026.

Avissar, R., Chen, F., 1993. Develoment and analysis of prognostic equations for
mesoscale kinetic energy and mesoscale fluxes for large-scale atmospheric
models. Am. Meteorol. Soc. 50, 3751-3774.

Avissar, R,, Liu, Y., 1996. Three-dimensional numerical study of shallow convective
clouds and precipitation induced by land surface forcing. J. Geophys. Res.
Atmos. 101, 7499-7518, http://dx.doi.org/10.1029/95]D03031.

Baidya Roy, S., Avissar, R., 2000. Scales of response of the convective boundary
layer to land-surface heterogeneity. Geophys. Res. Lett. 27, 533-536,
http://dx.doi.org/10.1029/1999GL010971.

Birkhofer, K., Andersson, G.K.S., Bengtsson, J., Bommarco, R., Danhardet, J., Ekbom,
B., Ekroos, J., Hahn, T., Hedlund, K., Jénsson, A.M., Lindborg, R., Olsson, O.,
Rader, R., Rusch, A, Stjernman, M., Williams, A., Smith, H.G., 2018.

Relationships between multiple biodiversity components and ecosystem
services along a landscape complexity gradient. Biol. Conserv. 218, 247-253,
http://dx.doi.org/10.1016/j.biocon.2017.12.027.

Brienen, R.J.W,, Phillips, O.L., Feldpausch, T.R., Gloor, E., Baker, T.R,, Lloyd, ]J.,
Lopez-Gonzalez, G., Monteagudo-Mendoza, A., Malhi, Y., Lewis, S.L., Vasquez
Martinez, R., Alexiades, M., Alvarez Davila, E., Alvarez-Loayza, P., Andrade, A.,
Aragdo, L.E.O.C., Araujo-Murakami, A., Arets, E.J.M.M., Arroyo, L., Aymard, C.,
Banki, G.A., Baraloto, O.S., Barroso, C., Bonal, J., Boot, D., Camargo, R.G.A.,
Castilho, J.L.C., Chama, C.V,, Chao, V., Chave, KJ., Comiskey, ]., Cornejo Valverde,
J.A., da Costa, F., de Oliveira, L., Di Fiore, E.A., Erwin, A., Fauset, T.L., Forsthofer,
S., Galbraith, M., Grahame, D.R., Groot, E.S., Hérault, N., Higuchi, B., Honorio
Coronado, N., Keeling, E.N., Killeen, H., Laurance, TJ., Laurance, W.F,, Licona, S.,
Magnussen, J., Marimon, W.E., Marimon-Junior, B.S., Mendoza, B.H., Neill, C.,
Nogueira, D.A., Nuiiez, E.M., Pallqui Camacho, P., Parada, N.C., Pardo-Molina, A.,
Peacock, G., Pefia-Claros, J., Pickavance, M., Pitman, G.C., Poorter, N.C.A., Prieto,
L., Quesada, A., Ramirez, C.A., Ramirez-Angulo, F., Restrepo, H., Roopsind, Z.,
Rudas, A., Salomao, A., Schwarz, R.P., Silva, M,, Silva-Espejo, N., Silveira, J.E.,
Stropp, M., Talbot, J., ter Steege, ]., Teran-Aguilar, H., Terborgh, J.,
Thomas-Caesar, J., Toledo, R., Torello-Raventos, M., Umetsu, M., van der
Heijden, RK., van der Hout, G.M.F., Guimardes Vieira, P., Vieira, I.C., Vilanova,
S.A., Vos, E., Zagt, V.A., 2015. Long-term decline of the Amazon carbon sink.
Nature 519, 344-348, http://dx.doi.org/10.1038/nature14283.

Carr, M.K.V,, Knox, J.W., 2011. The water relations and irrigation requirements of
sugar cane (Sccharum officinarum): a review. Exp. Agric. 47, 1-25,
http://dx.doi.org/10.1017/S0014479710000645.

Carrara, E., Arroyo-Rodriguez, V., Vega-Rivera, ].H., Schondube, J.E., de Freitas, S.M.,
Fahrig, L., 2015. Impact of landscape composition and configuration on forest
specialist and generalist bird species in the fragmented Lacandona rainforest,
Mexico. Biol. Conserv. 184, 117-126,
http://dx.doi.org/10.1016/j.biocon.2015.01.014.

Cochrane, M.A., Laurance, W.F., 2008. Synergisms among fire, land use and, climate
change in the Amazon. Ambio 37, 522-527,
http://dx.doi.org/10.1579/0044-7447-37.7.522.

Colonelli, P., 2009. Propriedades rurais na Mata Atlantica-conservacdo ambiental e
producdo florestal, Instituto Refloresta. Instituto Refloresta, Sdo Paulo.

Cong, R.G., Ekroos, J., Smith, H.G., Brady, M.V., 2016. Optimizing intermediate
ecosystem services in agriculture using rules based on landscape composition
and configuration indices. Ecol. Econ. 128, 214-223,
http://dx.doi.org/10.1016/j.ecolecon.2016.05.006.

Cortez, A.B., 2016. Prodlcool 40 anos - Universidades e empresas: 40 anos de
ciéncia e tecnologia para o etanol brasileiro. Edgard Blucher Ltda, Sao Paulo.

Costa, ].B.P., Melo, F.P.L., Santos, B.A., Tabarelli, M., 2012. Reduced availability of
large seeds constrains Atlantic forest regeneration. Acta Oecolog. 39, 61-66,
http://dx.doi.org/10.1016/j.actao.2011.12.002.

Costanza, R., Fisher, B., Mulder, K., Liu, S., Christopher, T., 2007. Biodiversity and
ecosystem services: a multi-scale empirical study of the relationship between
species richness and net primary production. Ecol. Econ. 61, 478-491,
http://dx.doi.org/10.1016/j.ecolecon.2006.03.021.

Crawley, M.J., 2007. The R Book. John Wiley & Sons Ltd, England.

Del Grosso, S., Parton, W., Stohlgren, T., Zheng, D., Bachelet, D., Prince, S., Hibbard,
K., Olson, R., 2008. Global potential net primary production predicted from
vegetation class, precipitation, and temperature. Ecology 89, 2117-2126,
http://dx.doi.org/10.1890/07-0850.1.

Dong, J., Li, L., Shi, H., Chen, X., Luo, G., Yu, Q., 2017. Robustness and uncertainties of
the “temperature and greenness” model for estimating terrestrial Gross
Primary Production. Sci. Rep. 7, 44046, http://dx.doi.org/10.1038/srep44046.

Fahrig, L., 2003. Effects of habitat fragmentation on biodiversity. Annu. Rev. Ecol.
Evol. Syst. 34, 487-515,
http://dx.doi.org/10.1146/annurev.ecolsys.34.011802.132419.

Fahrig, L., Baudry, J., Brotons, L., Burel, F.G., Crist, T.O., Fuller, R]., Sirami, C.,
Siriwardena, G.M., Martin, J.-L., 2011. Functional landscape heterogeneity and
animal biodiversity in agricultural landscapes. Ecol. Lett. 14, 101-112,
http://dx.doi.org/10.1111/j.1461-0248.2010.01559.X.

Fearnside, P.M., 2018. Brazil’s Amazonian forest carbon: the key to southern
Amazonia’s significance for global climate. Reg. Environ. Chang. 18, 47-61,
http://dx.doi.org/10.1007/s10113-016-1007-2.

Ferreira, M.P., Alves, D.S., Shimabukuro, Y.E., 2015. Forest dynamics and land-use
transitions in the Brazilian Atlantic Forest: the case of sugarcane expansion.
Reg. Environ. Chang. 15, 365-377,
http://dx.doi.org/10.1007/s10113-014-0652-6.

Foley, J.A., 2005. Global consequences of land use. Science 80 (309), 570-574,
http://dx.doi.org/10.1126/science.1111772.

Gao, X., Huete, AR., Ni, W,, Miura, T., 2000. Optical-biophysical relationships of
vegetation spectra without background contamination. Remote Sens. Environ.
74, 609-620.

Garibaldi, L.A.,, Steffan-Dewenter, 1., Winfree, R., Aizen, M.A., Bommarco, R.,
Cunningham, S.A., Kremen, C., Carvalheiro, L.G., Harder, L.D., Afik, O.,
Bartomeus, I., Benjamin, F., Boreux, V., Cariveau, D., Chacoff, N.P., Dudenhoffer,
J.H,, Freitas, B.M., Ghazoul, ]., Greenleaf, S., Hipolito, ., Holzschuh, A., Howlett,
B., Isaacs, R., Javorek, S.K., Kennedy, C.M., Krewenka, K.M., Krishnan, S.,
Mandelik, Y., Mayfield, M.M., Motzke, 1., Munyuli, T., Nault, B.A., Otieno, M.,
Petersen, J., Pisanty, G., Potts, S.G., Rader, R,, Ricketts, T.H., Rundlof, M.,
Seymour, C.L., Schuepp, C., Szentgyorgyi, H., Taki, H., Tscharntke, T., Vergara,
C.H., Viana, B.F., Wanger, T.C., Westphal, C., Williams, N., Klein, A.M., 2013.
Wild pollinators enhance fruit set of crops regardless of honey bee abundance.
Science 80 (339), 1608-1611, http://dx.doi.org/10.1126/science.1230200.


http://dx.doi.org/10.1016/j.pecon.2019.08.001
dx.doi.org/10.1590/brag.2013.028
dx.doi.org/10.1016/j.ecolind.2018.05.041
dx.doi.org/10.3170/2007-7-18429
dx.doi.org/10.1016/j.biocon.2016.03.026
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0025
dx.doi.org/10.1029/95JD03031
dx.doi.org/10.1029/1999GL010971
dx.doi.org/10.1016/j.biocon.2017.12.027
dx.doi.org/10.1038/nature14283
dx.doi.org/10.1017/S0014479710000645
dx.doi.org/10.1016/j.biocon.2015.01.014
dx.doi.org/10.1579/0044-7447-37.7.522
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0070
dx.doi.org/10.1016/j.ecolecon.2016.05.006
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0080
dx.doi.org/10.1016/j.actao.2011.12.002
dx.doi.org/10.1016/j.ecolecon.2006.03.021
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0095
dx.doi.org/10.1890/07-0850.1
dx.doi.org/10.1038/srep44046
dx.doi.org/10.1146/annurev.ecolsys.34.011802.132419
dx.doi.org/10.1111/j.1461-0248.2010.01559.x
dx.doi.org/10.1007/s10113-016-1007-2
dx.doi.org/10.1007/s10113-014-0652-6
dx.doi.org/10.1126/science.1111772
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0140
dx.doi.org/10.1126/science.1230200

144 J.S. Sousa et al. / Perspectives in Ecology and Conservation 17 (2019) 136-145

Guerschman, J., Paruelo, ]., Burke, L., 2003. Land use impacts on the normalized
difference vegetation index in temperate Argentina. Ecol. Appl. 13,

616-628,
http://dx.doi.org/10.1890/1051-0761(2003)013[0616:LUIOTN]2.0.CO; 2.

Haddad, N.M.,, Brudvig, L.A., Clobert, ]., Davies, K.F., Gonzalez, A., Holt, R.D., Lovejoy,
T.E., Sexton, J.0., Austin, M.P., Collins, C.D., Cook, W.M., Damschen, E.L., Ewers,
R.M,, Foster, B.L,, Jenkins, C.N., King, AJ., Laurance, W.F., Levey, D J., Margules,
C.R., Melbourne, B.A., Nicholls, A.O., Orrock, ].L., Song, D.-X., Townshend, J.R.,
2015. Habitat fragmentation and its lasting impact on Earth’s ecosystems. Sci.
Adv. 1, 1500052, http://dx.doi.org/10.1126/sciadv.1500052.

Harper, K.A., Macdonald, S.E., Burton, PJ., Chen, ]., Brosofske, Ki.D., Saunders, S.C.,
Euskirchen, E.S., Roberts, D., Jatthe, M.S., Esseen, P.-A., 2005. Edge influence on
forest structure and composition in fragmented landscapes. Conserv. Biol. 19,
768-782, http://dx.doi.org/10.1111/j.1523-1739.2005.00045.x.

Hengl, T., 2006. Finding the right pixel size. Comput. Geosci. 32, 1283-1298,
http://dx.doi.org/10.1016/j.cageo.2005.11.008.

Huete, A., 2011. Land Remote Sensing and Global Environmental Change, Remote
Sensing and Digital Image Processing. Springer New York, New York,
http://dx.doi.org/10.1007/978-1-4419-6749-7.

Huete, A., Didan, K., Miura, T., Rodriguez, E., Gao, X., Ferreira, L., 2002. Overview of
the radiometric and biophysical performance of the MODIS vegetation indices.
Remote Sens. Environ. 83, 195-213,
http://dx.doi.org/10.1016/S0034-4257(02)00096-2.

Huete, AR, Didan, K., Shimabukuro, Y.E., Ratana, P., Saleska, S.R., Hutyra, L.R,, Yang,
W.,, Nemani, RR., Myneni, R,, 2006. Amazon rainforests green-up with sunlight
in dry season. Geophys. Res. Lett. 33, L06405,
http://dx.doi.org/10.1029/2005GL025583.

Huete, AR, Restrepo-Coupe, N., Ratana, P., Didan, K., Saleska, S.R., Ichii, K.,
Panuthai, S., Gamo, M., 2008. Multiple site tower flux and remote sensing
comparisons of tropical forest dynamics in Monsoon Asia. Agric. For. Meteorol.
148, 748-760, http://dx.doi.org/10.1016/j.agrformet.2008.01.012.

IBGE, 2008. Mapa da area de aplicacdo da Lei no 11.428 de 2006, Instituto
Brasileiro de Geografia e Estatistica - IBGE. Instituto Brasileiro de Geografia e
Estatistica, Rio de Janeiro.

Inman-Bamber, N.G., Smith, D.M., 2005. Water relations in sugarcane and response
to water deficits. Field Crop. Res. 92, 185-202,
http://dx.doi.org/10.1016/j.fcr.2005.01.023.

Jipp, P.H., Nepstad, D.C., Cassel, D.K., Reis De Carvalho, C., 1998. Deep soil moisture
storage and transpiration in forests and pastures of Seasonally-Dry Amazonia.
Clim. Change 39, 395-412, http://dx.doi.org/10.1023/A:1005308930871.

Johnson, J.A., Runge, C.F., Senauer, B., Foley, J., Polasky, S., 2014. Global agriculture
and carbon trade-offs. Proc. Natl. Acad. Sci. U. S. A. 111, 12342-12347,
http://dx.doi.org/10.1073/pnas.1412835111.

Kennedy, C.M., Lonsdorf, E., Neel, M.C., Williams, N.M., Ricketts, T.H., Winfree, R.,
Bommarco, R., Brittain, C., Burley, A.L., Cariveau, D., Carvalheiro, L.G., Chacoff,
N.P., Cunningham, S.A., Danforth, B.N., Dudenhdffer, J.-H., Elle, E., Gaines, H.R.,
Garibaldi, L.A., Gratton, C., Holzschuh, A., Isaacs, R., Javorek, S.K,, Jha, S., Klein,
A.M,, Krewenka, K., Mandelik, Y., Mayfield, M.M., Morandin, L., Neame, L.A.,
Otieno, M., Park, M., Potts, S.G., Rundlof, M., Saez, A., Steffan-Dewenter, 1., Taki,
H., Viana, B.F., Westphal, C., Wilson, ].K., Greenleaf, S.S., Kremen, C., 2013. A
global quantitative synthesis of local and landscape effects on wild bee
pollinators in agroecosystems. Ecol. Lett. 16, 584-599,
http://dx.doi.org/10.1111/ele.12082.

Koppen, W., 1936. Das Geographische System der Klimatologie. Berlin.

Kutner, M.H., 2004. Applied Linear Statistical Models. McGraw-Hill, New York.

Lamy, T., Liss, K.N., Gonzalez, A., Bennett, E.M., 2016. Landscape structure affects
the provision of multiple ecosystem services. Environ. Res. Lett. 11, 124017,
http://dx.doi.org/10.1088/1748-9326/11/12/124017.

Laurance, W.F., Camargo, J.L.C., Fearnside, P.M., Lovejoy, T.E., Williamson, G.B.,
Mesquita, R.C.G., Meyer, C.F.]., Bobrowiec, P.E.D., Laurance, S.G.W., 2018. An
Amazonian rainforest and its fragments as a laboratory of global change. Biol.
Rev. 93, 223-247, http://dx.doi.org/10.1111/brv.12343.

Laurance, W.F., Nascimento, H.E.M., Laurance, S.G., Andrade, A., Ewers, R.M.,
Harms, K.E., Luizao, R.C.C.,, Ribeiro, J.E., 2007. Habitat fragmentation, variable
edge effects, and the landscape-divergence hypothesis. PLoS One 2, e1017,
http://dx.doi.org/10.1371/journal.pone.0001017.

Laurance, W.F,, Sayer, J., Cassman, K.G., 2014. Agricultural expansion and its
impacts on tropical nature. Trends Ecol. Evol. 29, 107-116,
http://dx.doi.org/10.1016/j.tree.2013.12.001.

Lobo, D., Ledo, T., Melo, F.P.L., Santos, A.M.M.,, Tabarelli, M., 2011. Forest
fragmentation drives Atlantic forest of northeastern Brazil to biotic
homogenization. Divers. Distrib. 17, 287-296,
http://dx.doi.org/10.1111/j.1472-4642.2010.00739.x.

Lopes, A.V., Girdo, L.C,, Santos, B.A., Peres, C.A., Tabarelli, M., 2009. Long-term
erosion of tree reproductive trait diversity in edge-dominated Atlantic forest
fragments. Biol. Conserv. 142, 1154-1165,
http://dx.doi.org/10.1016/j.biocon.2009.01.007.

Magnago, L.F.S., Magrach, A., Barlow, ]., Schaefer, C.E.G.R., Laurance, W.F., Martins,
S.V., Edwards, D.P., 2017. Do fragment size and edge effects predict carbon
stocks in trees and lianas in tropical forests? Funct. Ecol. 31, 542-552,
http://dx.doi.org/10.1111/1365-2435.12752.

Malhi, Y., Nobre, D., Grace, ]., Kruijt, B., Pereira, G.P., Culf, A., Scott, S., 1998. Carbon
dioxide transfer over a Central Amazonian rain forest. J. Geophys. Res. 103,
593-612.

Matos, F.A.R., Magnago, L.F.S., Gastauer, M., Carreiras, ].M.B., Simonelli, M.,
Meira-Neto, J.A.A., Edwards, D.P., 2017. Effects of landscape configuration and

composition on phylogenetic diversity of trees in a highly fragmented tropical
forest. J. Ecol. 105, 265-276, http://dx.doi.org/10.1111/1365-2745.12661.

MCcArt, S.H., Fersch, A.A., Milano, N.J., Truitt, L.L., Bordczky, K., 2017. High pesticide
risk to honey bees despite low focal crop pollen collection during pollination of
a mass blooming crop. Sci. Rep. 7, 46554, http://dx.doi.org/10.1038/srep46554.

Melito, M., Metzger, ].P., de Oliveira, A.A., 2017. Landscape-level effects on
aboveground biomass of tropical forests: a conceptual framework. Glob.
Chang. Biol., 1-11, http://dx.doi.org/10.1111/gcb.13970.

Moreira, E., Targino, 1., 1997. Capitulos de geografia agraria da Paraiba, Capitulos de
geografia agraria da Paraiba. Editora Universitaria, Jodo Pessoa.

Morton, D.C., Nagol, J., Carabajal, C.C., Rosette, ]., Palace, M., Cook, B.D., Vermote,
E.F., Harding, DJ., North, P.R]., 2014. Amazon forests maintain consistent
canopy structure and greenness during the dry season. Nature 506, 221-224,
http://dx.doi.org/10.1038/nature13006.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853-858,
http://dx.doi.org/10.1038/35002501.

Nascimento, H.E.M., Laurance, W.F., 2004. Biomass dynamics in Amazonian forest
fragments. Ecol. Appl. 14, 127-138, http://dx.doi.org/10.1890/01-6003.

Oliveira, M.A., Santos, A.M.M., Tabarelli, M., 2008. Profound impoverishment of the
large-tree stand in a hyper-fragmented landscape of the Atlantic forest. For.
Ecol. Manage. 256, 1910-1917, http://dx.doi.org/10.1016/j.foreco.2008.07.014.

Paruelo, J.M., Jobbagy, E.G., Sala, O.E., 2001. Current distribution of ecosystem
functional types in temperate South America. Ecosystems 4, 683-698,
http://dx.doi.org/10.1007/s10021-001-0037-9.

Pereira, M.D.B., Monteiro, D.C.S,, Silva, N.T., Moura, M.O., 2012. Avalia¢do
quantitativa das precipitacdes diarias intensas na cidade de Jodo Pessoa.
Paraiba. Rev. Geonorte 1,921-929.

Peres, C.A., Emilio, T., Schietti, J., Desmouliére, S.J.M., Levi, T., 2016. Dispersal
limitation induces long-term biomass collapse in overhunted Amazonian
forests. Proc. Natl. Acad. Sci. U. S. A. 113, 892-897,
http://dx.doi.org/10.1073/pnas.1516525113.

Pettorelli, N., Vik, ].O., Mysterud, A., Gaillard, .M., Tucker, CJ., Stenseth, N.C., 2005.
Using the satellite-derived NDVI to assess ecological responses to
environmental change. Trends Ecol. Evol. 20, 503-510,
http://dx.doi.org/10.1016/j.tree.2005.05.011.

Phillips, O.L., Aragao, L.E.O.C., Lewis, S.L., Fisher, ].B., Lloyd, J., Lopez-Gonzalez, G.,
Malhi, Y., Monteagudo, A., Peacock, J., Quesada, C., van der Heijden, G.,
Almeida, S., Amaral, L, Arroyo, L., Aymard, G., Baker, T.R., Banki, O., Blanc, L.,
Bonal, D., Brando, P., Chave, ]., de Oliveira, A.C.A., Cardozo, N.D., Czimczik, C.I.,
Feldpausch, T.R,, Freitas, M.A., Gloor, E., Higuchi, N., Jimenez, E., Lloyd, G., Meir,
P., Mendoza, C., Morel, A., Neill, D., Nepstad, D., Patino, S., Penuela, M.C., Prieto,
A., Ramirez, F., Schwarz, M., Silva, J., Silveira, M., Thomas, A.S., Steege, H., Ter,
Stropp, J., Vasquez, R., Zelazowski, P., Davila, E.A., Andelman, S., Andrade, A.,
Chao, K.-J., Erwin, T., Di Fiore, A., Keeling, E.H., Killeen, H., Laurance, TJ., Cruz,
W.F,, Pitman, A.P. a N.C,, Vargas, P.N., Ramirez-Angulo, H., Rudas, A., Salamao,
R, Silva, N., Terborgh, ]., Torres-Lezama, A., 2009. Drought sensitivity of the
Amazon Rainforest. Science 323, 1344-1347,
http://dx.doi.org/10.1126/science.1164033.

Pielke, R.A., Avissar, R., Raupach, M.R,, Dolman, AJ., Zeng, X., Denning, S., 1998.
Interactions between the atmosphere and terrestrial ecosystems: influence on
weather and climate. Glob. Chang. Biol. 4, 461-475,
http://dx.doi.org/10.1046/j.1365-2486.1998.00176.x.

Pinto, S.R.R., Mendes, G., Santos, A.M.M., Tabarelli, M., Melo, F.P.L., 2010. Landscape
attributes drive complex spatial microclimate configuration of Brazilian
Atlantic forest fragments. Trop. Conserv. Sci. 3, 389-402.

Poorter, L., van der Sande, M.T., Thompson, ]., Arets, E.J.JM.M., Alarcén, A.,
Alvarez-Sanchez, J., Ascarrunz, N., Balvanera, P., Barajas-Guzman, G., Boit, A.,
Bongers, F., Carvalho, F.A., Casanoves, F., Cornejo-Tenorio, G., Costa, F.R.C,, de
Castilho, C.V., Duivenvoorden, J.F., Dutrieux, L.P., Enquist, B.].,
Fernandez-Méndez, F., Finegan, B., Gormley, L.H.L., Healey, ].R., Hoosbeek, M.R.,
Ibarra-Manriquez, G., Junqueira, A.B., Levis, C., Licona, J.C., Lisboa, L.S.,
Magnusson, W.E., Martinez-Ramos, M., Martinez-Yrizar, A., Martorano, L.G.,
Maskell, L.C., Mazzei, L., Meave, J.A., Mora, F., Mufioz, R., Nytch, C., Pansonato,
M.P,, Parr, T.W., Paz, H., Pérez-Garcia, E.A., Renteria, L.Y., Rodriguez-Velazquez,
J., Rozendaal, D.M.A., Ruschel, A.R., Sakschewski, B., Salgado-Negret, B., Schietti,
J., Simdes, M., Sinclair, F.L., Souza, P.F., Souza, F.C., Stropp, ]., ter Steege, H.,
Swenson, N.G., Thonicke, K., Toledo, M., Uriarte, M., van der Hout, P., Walker, P.,
Zamora, N., Pefia-Claros, M., 2015. Diversity enhances carbon storage in
tropical forests. Glob. Ecol. Biogeogr. 24, 1314-1328,
http://dx.doi.org/10.1111/geb.12364.

Power, A.G., 2010. Ecosystem services and agriculture: tradeoffs and synergies.
Philos. Trans. R. Soc. B: Biol. Sci. 365, 2959-2971,
http://dx.doi.org/10.1098/rstb.2010.0143.

Ranta, P., Blom, T., Niemela, J., Joensuu, E., Siitonem, M., 1998. The fragmented
Atlantic rain forest of Brazil: size, shape, and distribution of forest fragments.
Biodivers. Conserv. 7, 385-403, http://dx.doi.org/10.1023/a:1008885813543.

Ribeiro, M.C., Metzger, ].P., Martensen, A.C., Ponzoni, F.J., Hirota, M.M., 2009. The
Brazilian Atlantic Forest: how much is left, and how is the remaining forest
distributed? implications for conservation. Biol. Conserv. 142, 1141-1153,
http://dx.doi.org/10.1016/j.biocon.2009.02.021.

Santo-Silva, E.E., Santos, B.A., Arroyo-Rodriguez, V., Melo, F.P.L,, Faria, D., Cazetta,
E., Mariano-Neto, E., Hernandez-Ruedas, M.A., Tabarelli, M., 2018. Phylogenetic
dimension of tree communities reveals high conservation value of disturbed
tropical rain forests. Divers. Distrib. 24, 776-790,
http://dx.doi.org/10.1111/ddi.12732.


dx.doi.org/10.1890/1051-0761(2003)013[0616:LUIOTN]2.0.CO;2
dx.doi.org/10.1126/sciadv.1500052
dx.doi.org/10.1111/j.1523-1739.2005.00045.x
dx.doi.org/10.1016/j.cageo.2005.11.008
dx.doi.org/10.1007/978-1-4419-6749-7
dx.doi.org/10.1016/S0034-4257(02)00096-2
dx.doi.org/10.1029/2005GL025583
dx.doi.org/10.1016/j.agrformet.2008.01.012
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0190
dx.doi.org/10.1016/j.fcr.2005.01.023
dx.doi.org/10.1023/A:1005308930871
dx.doi.org/10.1073/pnas.1412835111
dx.doi.org/10.1111/ele.12082
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0215
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0220
dx.doi.org/10.1088/1748-9326/11/12/124017
dx.doi.org/10.1111/brv.12343
dx.doi.org/10.1371/journal.pone.0001017
dx.doi.org/10.1016/j.tree.2013.12.001
dx.doi.org/10.1111/j.1472-4642.2010.00739.x
dx.doi.org/10.1016/j.biocon.2009.01.007
dx.doi.org/10.1111/1365-2435.12752
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0260
dx.doi.org/10.1111/1365-2745.12661
dx.doi.org/10.1038/srep46554
dx.doi.org/10.1111/gcb.13970
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0280
dx.doi.org/10.1038/nature13006
dx.doi.org/10.1038/35002501
dx.doi.org/10.1890/01-6003
dx.doi.org/10.1016/j.foreco.2008.07.014
dx.doi.org/10.1007/s10021-001-0037-9
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0310
dx.doi.org/10.1073/pnas.1516525113
dx.doi.org/10.1016/j.tree.2005.05.011
dx.doi.org/10.1126/science.1164033
dx.doi.org/10.1046/j.1365-2486.1998.00176.x
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
http://refhub.elsevier.com/S2530-0644(18)30171-8/sbref0335
dx.doi.org/10.1111/geb.12364
dx.doi.org/10.1098/rstb.2010.0143
dx.doi.org/10.1023/a:1008885813543
dx.doi.org/10.1016/j.biocon.2009.02.021
dx.doi.org/10.1111/ddi.12732

J.S. Sousa et al. / Perspectives in Ecology and Conservation 17 (2019) 136-145 145

Santos, G.G.A,, Santos, B.A., Nascimento, H.E.M., Tabarelli, M., 2012. Contrasting
demographic structure of short- and long-lived pioneer tree species on
amazonian forest edges. Biotropica 44, 771-778,
http://dx.doi.org/10.1111/j.1744-7429.2012.00882.X.

Shi, H., Li, L., Eamus, D., Huete, A, Cleverly, J., Tian, X., Yu, Q., Wang, S., Montagnani,
L., Magliulo, V., Rotenberg, E., Pavelka, M., Carrara, A., 2017. Assessing the
ability of MODIS EVI to estimate terrestrial ecosystem gross primary
production of multiple land cover types. Ecol. Indic. 72, 153-164,
http://dx.doi.org/10.1016/j.ecolind.2016.08.022.

Silva-Junior, V., Souza, D.G.R., Queiroz, R.T., Souza, L.G.R,, Ribeiro, E.M.S., Santos,
B.A., 2018. Landscape urbanization threatens plant phylogenetic diversity in
the Brazilian Atlantic Forest. Urban Ecosyst., 1-10,
http://dx.doi.org/10.1007/s11252-018-0745-y.

Silva, M.A., Jifon, J.L., Silva, J.A., Sharma, V., 2007. Use of physiological parameters
as fast tools to screen for drought tolerance in sugarcane. Brazilian J. Plant
Physiol. 19, 193-201, http://dx.doi.org/10.1590/S1677-04202007000300003.

Stevens, P.0., Dindmica da Paisagem no Geossistema do Estuario do Rio Paraiba -
Extremo Oriental das Américas: Estimativas de Perdas de habitat e cendrios de
recuperacdo da Biodiversidade, 2014. M.Sc. Dissertation, Universidade Federal
da Paraiba, Jodo Pessoa.

Tabarelli, M., Aguiar, A.V., Girdo, L.C., Peres, C.A., Lopes, A.V., 2010. Effects of
pioneer tree species hyperabundance on forest fragments in Northeastern
Brazil. Conserv. Biol. 24, 1654-1663,
http://dx.doi.org/10.1111/j.1523-1739.2010.01529.x.

Tabarelli, M., Lopes, A.V., Peres, C.A., 2008. Edge-effects drive tropical forest
fragments towards an early-successional system. Biotropica 40, 657-661,
http://dx.doi.org/10.1111/j.1744-7429.2008.00454.x.

Tabarelli, M., Peres, C.A., Melo, F.P.L., 2012. The ‘few winners and many losers’
paradigm revisited: emerging prospects for tropical forest biodiversity. Biol.
Conserv. 155, 136-140, http://dx.doi.org/10.1016/j.biocon.2012.06.020.

Tscharntke, T., Tylianakis, ].M., Rand, T.A., Didham, R.K., Fahrig, L., Batary, P.,
Bengtsson, J., Clough, Y., Crist, T.O., Dormann, C.F., Ewers, R.M., Friind, J., Holt,
R.D., Holzschuh, A, Klein, A.M.,, Kleijn, D., Kremen, C., Landis, D.A., Laurance,
W., Lindenmayer, D., Scherber, C., Sodhi, N., Steffan-Dewenter, ., Thies, C., van
der Putten, W.H., Westphal, C., 2012. Landscape moderation of biodiversity
patterns and processes - eight hypotheses. Biol. Rev. 87, 661-685,
http://dx.doi.org/10.1111/j.1469-185X.2011.00216.x.

Vieira, M.A., Formaggio, A.R., Rennd, C.D., Atzberger, C., Aguiar, D.A., Mello, M.P.,
2012. Object based image analysis and data mining applied to a remotely
sensed Landsat time-series to map sugarcane over large areas. Remote Sens.
Environ. 123, 553-562, http://dx.doi.org/10.1016/j.rse.2012.04.011.

Zhang, W., Ricketts, T.H., Kremen, C., Carney, K., Swinton, S.M., 2007. Ecosystem
services and dis-services to agriculture. Ecol. Econ. 64, 253-260,
http://dx.doi.org/10.1016/j.ecolecon.2007.02.024.


dx.doi.org/10.1111/j.1744-7429.2012.00882.x
dx.doi.org/10.1016/j.ecolind.2016.08.022
dx.doi.org/10.1007/s11252-018-0745-y
dx.doi.org/10.1590/S1677-04202007000300003
dx.doi.org/10.1111/j.1523-1739.2010.01529.x
dx.doi.org/10.1111/j.1744-7429.2008.00454.x
dx.doi.org/10.1016/j.biocon.2012.06.020
dx.doi.org/10.1111/j.1469-185X.2011.00216.x
dx.doi.org/10.1016/j.rse.2012.04.011
dx.doi.org/10.1016/j.ecolecon.2007.02.024

	Landscape patterns of primary production reveal agricultural benefits from forest conservation
	Introduction
	Methods
	Study region
	Vegetation indices
	Landscape sampling
	Estimations of primary production
	Data analyses

	Results
	Discussion
	Caveats on interpretation and future research

	Acknowledgements
	Appendix A Supplementary data
	References


