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a  b  s  t  r  a  c  t

Deforestation  affects  climate  and  the  energy  balance  of  the  Earth  not  only  through  the  release  of  green-
house  gases  but  also  through  shifts  in  the physical  properties  of  the surface.  These  physical  effects  can  be
strongly  dependent  not  only  on the  deforestation  event  but on  the  land  use  choices  and  management  that
follow  it.  Here  we  explored  how  the  albedo  and  radiation  balance  of the  dry  subtropical  Chaco  forests  of
South  America  changed  over  the  last  decade  in  response  to both  deforestation  and  land  use/management.
For  the  whole  region  we analyzed  changes  in  the  mean  annual  albedo  derived  from  MODIS  imagery  and
their relation  with  the  dominant  land  use  trajectories  for  a 12-year  period  (2000–2012).  In two  focal  areas
we  identified  how  specific  land  uses  and management  shifts  affected  the  seasonality  of  surface  albedo
and  green  vegetation  cover,  quantifying  their  associated  radiation  budget  changes  and  radiative  forcing
effects.  Deforestation  accounted  for 83%  of  the  regional  albedo  increase  observed  in Chaco,  yet,  land  use
and land  management  changes  were  also  a  main  driver  of albedo  shifts,  explaining  the  rest  of  the  albedo
rise  occurred  in  the region.  Albedo  raises  increased  the mean  annual  outgoing  shortwave  energy  flux
at  the  top  of  the  atmosphere  producing  a biophysical  cooling  effect  which  was  strongly  dependent  on
the  land  use  choice  and agricultural  management,  ranging  from  −8  W  m−2 in  silvopastoral  systems  to

−2
−17  W  m under  single  annual  cropping  schemes.  These  values  are  equivalent  to a  reduction  in atmo-
spheric  CO2 of 12–27  Mg C  ha−1, or 15–55%  of  the typical  emissions  that  accompany  deforestation  in
this  region.  Land  use  and  management  choices  in  the  Chaco  region  produce  strong  divergences  in  the
resulting  albedo  seasonality  that  should  not  be ignored  in the assessment  of their  net  climatic  effects  and
the  discussion  of  possible  mitigation  actions.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The effects of deforestation on climate are now widely recog-
ized (Bright et al., 2015; Zhao and Jackson, 2013). It has been
hown that deforestation may  affect the climate through changes
n biogeochemical processes (e.g. carbon cycling) which involve

lobal and large time scales, and through changes in surface
iophysical properties (i.e. albedo, latent/sensible heat partition,
anopy conductance and surface roughness among others) which

∗ Corresponding author at: Grupo de Estudios Ambientales—IMASL, Universidad
acional de San Luis & CONICET, Ejército de los Andes 950, D5700HHW, San Luis,
rgentina.

E-mail addresses: jhouspa@gmail.com (J. Houspanossian),
imenezr@agro.uba.ar (R. Giménez), jobbagy@gmail.com (E. Jobbágy),
arcelo.nosetto@gmail.com (M.  Nosetto).

ttp://dx.doi.org/10.1016/j.agrformet.2016.08.015
168-1923/© 2016 Elsevier B.V. All rights reserved.
usually manifest with fast reactions, at global, regional and/or
local scales and may  counteract or enhance biogeochemical pro-
cesses (Baldocchi and Ma,  2013; Bonan, 2008; Dixon et al., 1994;
Rotenberg and Yakir, 2010). However, a key aspect that has been
poorly explored so far is related to how the different purposes of
deforested areas and the agricultural practices applied to them may
modulate these climatic effects (Boisier et al., 2013; Bright et al.,
2015; Jeong et al., 2014; Luyssaert et al., 2014). How does the cli-
matic forcing change if deforested areas are devoted to grain or
forage production? Does single vs. double cropping (i.e. one or two
crops per year) have similar climatic effects? These are important
questions that need to be answered in order to better understand
the effect of human decisions on climate.
Similar to the carbon release after deforestation, which pro-
duce a biogeochemical perturbation in radiation balance of the
earth (Myhre et al., 1998), the change in surface albedo that usually
accompanies deforestation is a key climatic aspect that may over-

dx.doi.org/10.1016/j.agrformet.2016.08.015
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.08.015&domain=pdf
mailto:jhouspa@gmail.com
mailto:gimenezr@agro.uba.ar
mailto:jobbagy@gmail.com
mailto:marcelo.nosetto@gmail.com
dx.doi.org/10.1016/j.agrformet.2016.08.015
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ome the global effects over the carbon cycle (Beltrán-Przekurat
t al., 2011; Betts, 2000; Bonan, 2008; Zhao and Jackson, 2013).
orests usually present lower albedo than agriculture lands (Loarie
t al., 2010) and as a consequence, deforestation reduces the
mount of shortwave (SW) solar radiation captured by the ecosys-
em, resulting in a albedo biophysical cooling (Betts, 2000; Bright
t al., 2014, 2015). Deforestation may  also affect the energy bud-
et and global climate through more complex atmospheric effects
Davin and Noblet-Ducoudré, 2010). For instance, this land-cover
hange may  alter the radiation budget in longwave component,
ince forest have significantly higher heat transfer capacity than
griculture systems (Jackson et al., 2008), but this effect would
e mostly absorbed by the lower atmosphere without generating
et changes in the global radiation budget (Lee, 2010). In addition,
his land-cover change may  modify planetary albedo in different
irections if the lower evapotranspiration of agriculture systems
Nosetto et al., 2012) translates into decreased cloud formation
Werth and Avissar, 2002), something that can be particularly rele-
ant in the humid tropics (Davin et al., 2007). Deforestation may
lso affect energy balance and impact on local climate through
hanges in evapotranspiration rates (Lee, 2010), but its compari-
on with global effects are more difficult to quantify (Davin et al.,
007). In addition, in arid/sub-humid areas with high radiation

oad, the changes in the radiation balance that follows vegetation
hanges are likely more important than evapotranspiration con-
rasts between different vegetation covers because they tend to
vapotranspire most of rainfall inputs (Rotenberg and Yakir, 2010;
antoni et al., 2010).

In order to compare both global effects (albedo and carbon) the
etric “radiative forcing” is widely used, referring to the change

n net irradiance at the tropopause level and giving a measure
f the global warming/cooling potential of any anthropogenic or
atural forcing (Davin et al., 2007; Forster et al., 2007; Ward and
ahowald, 2015). Several studies have shown that when albedo

nd carbon effects are considered the net outcome becomes highly
ependent on the climatic context. While in boreal and tropical
egions net cooling and net warming are respectively the expected
esults (Betts, 2000), in temperate regions the net outcome is

ore uncertain and highly dependent on local conditions (e.g. crop
hoice, management practices, etc.) (Bala et al., 2007; Jackson et al.,
008; Salazar et al., 2015). Particularly, the expansion of agriculture

nto subtropical dry forests is of key relevance because of its cur-
ent magnitude and relatively high biophysical vs. biogeochemical
ffects associated to the high radiation levels and smaller total car-
on pools of these regions (Anderson et al., 2011; Jackson et al.,
008). Recent studies evidenced the strong biophysical effects of
he replacement of temperate dry forests by annual crops in central
rgentina (Houspanossian et al., 2013).

The albedo biophysical climatic forcing associated to the differ-
nt purposes of deforested areas (i.e. land uses) and its different
anagement practices have been poorly considered, despite of the

trong contrasts they may  present. Globally, deforested areas are
ainly devoted to two land uses: forage production (with peren-

ial pastures) or grain production (with annual crops) (Foley et al.,
005). These land uses present canopies with different biophysical
roperties given by contrasting morphological, architectural, phe-
ological, and chemical properties (Ahmad and Lockwood, 1979),
hat may  result in different radiative forcings (Davin et al., 2007).
or example, grain production systems usually include a fallow
eriod each year with no vegetation cover, which creates noticeable
ontrasts of albedo and roughness with active vegetation covers
e.g. perennial pastures) (Nosetto et al., 2012). In addition, the

hanges that occur within the same land use and that do not result
n a land use change are also able to modify the radiative forc-
ng with a similar magnitude than land cover change (Luyssaert
t al., 2014). Besides irrigation, whose climatic effects have been
est Meteorology 232 (2017) 118–127 119

the main focus of attention (Lobell et al., 2006), the effects of other
land management changes aspects such as sowing dates and phe-
nology, tillage system, or crop species choice, have been hardly
considered (Davin et al., 2014; Jeong et al., 2014; Luyssaert et al.,
2014; Zhang et al., 2013). Recent studies have shown that man-
agement changes may  strongly impact local, regional and global
climate through shifts in surface albedo and other surface proper-
ties (Davin et al., 2014; Jeong et al., 2014; Luyssaert et al., 2014).
Although land cover changes explained most of land transforma-
tions in the last century (Ramankutty et al., 2008), it is expected
that land management changes will become highly relevant in the
near future as increasing food demand and technological changes
operate under limited land availability (Ramankutty et al., 2002)
and a higher climate variability (Sadras et al., 2003).

In southern South America, a continuous advance of the agri-
cultural frontier into the dry subtropical forests (semiarid Chaco)
has been taking place in the last decades (Vallejos et al., 2015),
being the cleared areas mostly devoted to pastures, for cattle ranch-
ing, and grain annual crops (Houspanossian et al., 2016). Given
the large areal extension of the Chaco and the large diversity of
land users (Baldi et al., 2015), different management strategies are
also commonly observed within each land use option. For instance,
in ranching systems, open pastures, based on perennial species
coexist with silvopastoral schemes based on native tree species or
planted exotic ones (Glatzle, 2004; Glatzle and Stosiek, 2002). On
the other hand, in the last decade many agricultural farmers have
changed their management strategies replacing double crop sys-
tems (i.e. a winter/spring crop followed by a summer crop) by late
summer single crops, in order to improve soil moisture conditions
and reduce farming risks (Giménez et al., 2015). Understanding
how the different land trajectories observed in the last decade mod-
ify the radiation budget becomes particularly relevant in a region
like the Chaco that has a high solar radiation load and shows fast
environmental changes.

The goal of this work was  to analyze the effects of the different
land trajectories observed in the Chaco dry forests on the surface
albedo and the radiation budget. For this purpose, we  performed
two analyses at different spatial scales (regional and local). At the
regional scale, we  analyzed the spatial and temporal variability
of the surface albedo for the whole Chaco region and its relation
with land trajectories. At the local scale, we  focused in how the
different land uses and management practices affect the season-
ality of surface albedo and green vegetation cover and, through
remote sensing and radiative modeling, we quantified the radia-
tion budget changes and the radiative forcing associated to these
transformations. We  performed this local analysis in two focal areas
of the Chaco region (Santiago del Estero, Argentina and Filadelfia,
Paraguay).

2. Materials and methods

2.1. Study region

The semiarid Chaco region is a vast sedimentary plain of 61.3 M
hectares in size that extends through the north-central part of
Argentina, east of Bolivia and the western part of Paraguay (Olson
et al., 2001) (Fig. 1). This region is one of the flattest semiarid sed-
imentary areas of the planet, with a very large fraction of the land
with slopes <0.1% (Jobbágy et al., 2008). Soils are derived from
massive accumulation of fine loess and alluvial sediments dur-
ing the Quaternary (Pennington et al., 2000). The region presents

a monsoonal climate with strong seasonality (dry winters, rainy
summers) (Minetti, 1999), with high temperatures in summer and
winter frosts. The average annual rainfall decreases in northeast-
southwest direction from about 1000 to 400 mm  y−1. Potential
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Fig. 1. (a) Mean albedo change (%) over a 12 years period (2000–2012) across South American semiarid Chaco estimated as the slope of linear regressions (mean annual
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vapotranspiration increases from south to north, with annual
verages between 1000 and 1700 mm y−1. Vegetation in the region
s therefore subject to low soil moisture and frost in the dry sea-
on and high summer temperatures during part of the wet season.
ean annual solar radiation at the ground ranges from 210 Wm−2

n the south to 220 Wm−2 in the north of the region.
Native vegetation is dominated by broadleaf, deciduous,

r semi-deciduous forests, classified as subtropical dry forests
Gentry, 1995). According to fire and grazing history and other
auses, some areas could become open savannas or dense wood-
ands (Dussart et al., 1998). Currently, there are large continuous
reas of natural or semi-natural dry forest (Vallejos et al., 2015),
here dominant economic activities are extensive cattle ranching,

harcoal extraction, and selective logging (Gasparri and Grau, 2009;
ueda et al., 2013). Soybean is the dominant grain crop followed
y maize for summer crops, while winter and spring crops (wheat
nd barley) are also common but to a lesser extent (Calviño et al.,
003; Calviño and Monzon, 2009). Most grain crop systems apply
o-till sowing and use transgenic seed varieties, herbicides and

ertilizers (Devani et al., 2006). Livestock systems usually involve
he use of implanted pastures which are in some cases incorpo-
ated into a silvopastoral system with native or exotic tree species
Glatzle, 1999). In Argentina, agricultural systems have their origin
nd imprint in the mixed −rainfed crops and pastures- schemes

f the Pampas (Viglizzo et al., 2011). By contrast in Paraguay, live-
tock systems widely prevail, based mainly on rainfed implanted
astures (Glatzle, 1999).
ficant changes (p < 0.05) are shown. (b) Land use classifications in semiarid Chaco in
ation of the references to color in the text, the reader is referred to the web version

2.2. Regional analysis of albedo in the Chaco

In order to characterize the regional pattern of albedo changes
we used the MODIS MCD43A3 albedo product (Collection 5), which
derives from the daily surface reflectance product (MOD09 series),
corrected for atmospheric molecular scattering, ozone absorption,
and aerosols (Vermote et al., 2002). This albedo product represents
an 8-day composite with a spatial resolution of 500 m and combines
reflectance data from Terra and Aqua satellites in order to compute,
through the integration of a bidirectional reflectance distribu-
tion function, the black-sky albedo and white-sky albedo in seven
spectral narrow bands and three broadbands (visible 0.3–0.7 �m,
near-infrared 0.7–5.0 �m and shortwave 0.3–5.0 �m).  The black-
sky albedo represents the directional-hemispherical reflectance,
which operates under direct illumination (no diffuse component).
The white-sky albedo represents the bi-hemispherical reflectance
and operates under diffuse illumination (no direct component).
Albedo products from MODIS have been thoroughly validated with
field observations and other satellite data (Tsvetsinskaya et al.,
2006). We  used MODIS tiles H12V10 and H12V11, which cover
most of the semiarid Chaco. For each MODIS tiles, we compiled the
temporal series of black-sky shortwave albedo, and their respective
quality bands, from June 1, 2000 to May  31, 2012. Using this infor-
mation we estimated the mean annual albedo for each growing

season (i.e. from June 1 to May  31 of the following year) consid-
ering only the pixels with high quality data. In order to quantify
temporal changes in albedo, we performed linear regression anal-
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sis of the temporal trend of the annual albedo values for the 12
ears period for each individual pixel. Based on this analysis, we
enerated regional maps of the slope of the relationship albedo vs.
ime and of the significance (p-value) of the relationship. Only those
ixels where this relationship was statistically significant (p < 0.05)
ere considered.

In order to understand the spatial variation of albedo and its
elation with the main land trajectories of the Chaco, we used an
xternal database of land cover and land use classifications devel-
ped for two time periods 2001–2002 and 2012–2013 (Fig. 1b)
Houspanossian et al., 2016). This database has a 250-m spatial res-
lution and high overall accuracy (77% for 2001–2002 classification
nd 90% for 2012–2013 classification) and covers the entire region.

e characterized the albedo for the following land trajectories:
lways dry forest and savannas (always dry forests), always pasture,
lways crop, dry forest to pasture, dry forest to crop and pasture to
rop. The first three trajectories correspond to areas that were clas-
ified as the same cover in both classification periods. The trajectory
f deforestation of dry forest to crop (and to pasture) corresponds
o areas that were deforested between 2003 and 2004 according to
allejos et al. (2015) deforestation database and were classified as
rop (or as pasture) in 2012 land cover classification. The pasture
o crop trajectory corresponds to those areas that changed from
asture class (in 2001 land cover classification) to crop class (in
012 land cover classification). Note that the inverse trajectory (i.e.
rom crop to pasture) was detected in a negligible area and was not
onsidered in this study.

To characterize the albedo trends in each trajectory we  per-
ormed a random selection of pixels. The initial number of random
ixels selected (n = 1000) was restricted by a spatial condition in
hich only those pixels that were away at least 1500 m from pixels

f a different class were considered. After this filtering, we had ∼400
ixels per trajectory. In order to estimate the proportion of albedo
rend we estimated the amount of random samples for each tra-
ectory with significant positive, negative and nil (not significant)
lope of the relationship albedo vs. time.

.3. Radiation budgets and radiative forcing at the local scale

We  computed the biophysical and radiation budget changes
or different land transformations developed in two focal areas
f the Chaco region (Bandera, Argentina and Filadelfia, Paraguay;
ig. 1b). At each of these areas, we selected plots completely occu-
ied by dry forests and savannas (n = 20) or agriculture (n = 40). In
he Argentinean focal area, agricultural plots selected were devoted
o livestock production based on perennial pastures (n = 20) and
o grain production that developed double cropping between June
, 2000 and May  31, 2004 (n = 20) and single summer cropping
etween June 1, 2009 and May  31, 2012 (n = 20). It is important
o highlight that this land management change (i.e. from double to
ingle cropping) has been applied by most farmers of this region in
he last decade in order to improve moisture conditions of the most
rofitable summer crop. With this aim, and beyond the elimination
f the winter crop, land management changes also involved a delay

n the sowing month of the summer crop from October–November
o December–January, changing the cropping scheme from early
ummer to late summer (Giménez et al., 2015; Volante et al. in
ress). In the Paraguayan focal area, all selected agricultural plots
ere devoted to livestock production based on open perennial

astures (i.e. with no tree cover, n = 20) and on silvopastoral sys-
ems (n = 20) where native or implanted trees are combined with
erennial pastures. All selected plots were larger than 3 × 3 km.  To

nsure that our sampled pixels were fully occupied by a unique
and cover/land management type, we used core pixels at each plot
xcluding a ∼1 km-wide edge zone. Plots selection was  based on
igh resolution Google Earth (www.earth.google.com) images fol-
est Meteorology 232 (2017) 118–127 121

lowing Clark et al. (2010) criteria, and the seasonality of the green
vegetation cover, derived from de Normalized Difference Vegeta-
tion Index (NDVI). Note that double and single cropping strategies
considered in this work were analyzed in the same plots but in
different time-periods (June 1, 2000–May 31, 2004 for double crop-
ping and June 1, 2009–May 31, 2012 for single cropping). For the
rest of the trajectories considered, we analyzed the whole period
(June 1, 2000–May 31, 2012).

For the different selected plots of each focal area, we charac-
terize the seasonal dynamic of albedo and the green vegetation
cover and we estimated the radiation balance using a Column Radi-
ation Model (CRM) (Houspanossian et al., 2013; Randerson, 2006).
Albedo data used were the same described in the above section; the
NDVI data used derived from the MOD13Q1 MODIS product. The
MOD13Q1 product is generated from the daily surface reflectance
product (MOD09 series). The MOD13Q1 product has a temporal
integration of 16 days and a spatial resolution of 250 m.  To ensure
a high quality of MODIS pixels, we performed a filtering based on
the quality bands of MODIS products (Justice et al., 1998). CRM is a
standalone version of the radiation model used in the NCAR Com-
munity Climate Model. We  developed all the simulations following
Houspanossian et al. (2013) methodology. We  parameterized the
ground surface with biophysical data obtained from MODIS sen-
sors. We  used the MODIS products for albedo (described in previous
section). To capture both diurnal and seasonal variations in solar
geometry, the runs were performed hourly and integrated over the
day, every 8 days and for a period of 12 years (June 1, 2000–May 31,
2012), resulting in 78840 simulations as a whole. For all the simula-
tions, we used monthly mean profiles of atmospheric temperature,
specific humidity, ozone concentration, cloud cover and cloud liq-
uid water content from the European Centre for Medium-Range
Weather Forecasts 40 years Reanalysis product (Uppala et al., 2005).
The average aerosol optical depth was estimated to be 0.070 for
the Argentinean focal area and 0.065 for the Paraguayan focal area,
based on the 550 nm aerosol band from MODIS MOD08 Aerosol
product (Remer et al., 2005). The results of the radiation budget
are presented for the tropopause level, which corresponds to the
200 mbar pressure level in the model. We  estimated the radiative
forcing as the difference in the outgoing shortwave radiation flux
between agriculture lands and dry forest. All MODIS data used in
this work were downloaded from NASA’s Earth Observing System
(http://reverb.echo.nasa.gov/reverb).

In order to compare the radiative forcing associated with albedo
change with the carbon effect of deforestation, we calculated the
amount of carbon that would need to release as CO2 into the atmo-
sphere to produce a similar radiative forcing. We  calculated the
local contribution of a given surface that is deforested to global
radiative forcing by dividing our radiative forcing estimate at the
top of the atmosphere by the earth’s surface area (Betts, 2000). We
used a radiative forcing efficiency of 5.35 (Myhre et al., 1998) to
relate the previous estimate to the change in carbon stock through
the following relationship.

RF = 5.35 ln(1 + �C/C0) (1)

where C0 is the present day CO2 concentration (385 ppmv, Menon
et al., 2010) and �C  is the globally averaged atmospheric CO2
change that would be required to produce a certain global radia-
tive forcing, which is related to terrestrial carbon stock change �Ct

through the expression:

�Ct = 2(Mc/Ma)ma(�C/C0) (2)
where Mc and Ma are the molecular mass of carbon and dry air, ma
is the mass of the atmosphere, and the factor of 2 accounts for an
airborne emissions fraction of 0.5 (Schimel et al., 1995).

http://www.earth.google.com
http://www.earth.google.com
http://www.earth.google.com
http://www.earth.google.com
http://reverb.echo.nasa.gov/reverb
http://reverb.echo.nasa.gov/reverb
http://reverb.echo.nasa.gov/reverb
http://reverb.echo.nasa.gov/reverb
http://reverb.echo.nasa.gov/reverb
http://reverb.echo.nasa.gov/reverb
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. Results

.1. General patterns of albedo change in the semiarid Chaco

Significant albedo changes were observed during the 12-year
tudy period in the semiarid Chaco (Fig. 1a). Albedo increases were
bserved in 6.6 M ha of the region (11% of the study area), while
rops in albedo were registered in 3.7 M ha (4% of the study area).
he extension of albedo increases associated to areas experienc-

ng deforestation summarized 4 M ha (Fig. 1a and b). The next
ig contributor of albedo increases (2 M ha) were areas that had
een already deforested at the beginning of the analyzed period,

ncluding areas that were always under crops (0.4 M ha) or pastures
0.8 M ha) or that transitioned from pastures to crops (0.8 M ha).
lbedo increases were also observed in dry forest areas without

and cover change (0.6 M ha), which correspond entirely to fre-
uently flooded territories, according to external classifications
f coverage (Brakenridge et al., 2011). Interestingly, the totality
f the albedo decreases occurred under dry forest without land
over changes. The territories that did not display changes in albedo
uring the study period correspond to dry forests (87%, 45 M ha),
gricultural areas deforested previous to 2001 (10%, 3.7 M ha) and
gricultural areas deforested between 2001 and 2012 (3%, 1.7 M ha).

The greatest intensity of albedo changes was observed in those
rajectories that involved land cover or land use changes. Those
reas that switched from dry forest to crop and from dry forest
o pasture showed mean albedo increases of 0.049 ± 0.010 and
.041 ± 0.010, respectively (Table 1, Fig. 2). The transition from pas-
ure to crop also increased the albedo by 0.020 ± 0.007, on average
Table 1, Fig. 2). Agricultural covers remaining as crops during the
tudy period also showed small but significant albedo increases
0.011 ± 0.007, p < 0.05). Dry forest and pastures were the only cov-
rs without temporal trends in albedo (Table 1, Fig. 2).

.2. Albedo and radiation budgets under different land covers and
and managements

The analysis at the local scale allowed us to deepen the char-
cterization of land covers and land management effects on the
urface albedo and the radiation balance. In the Argentinean focal
rea, we found that the albedo increase that follows deforestation
as significantly higher where deforested areas were devoted to

rain production, based on annual crops, than in areas devoted
o livestock production, based on pastures (p < 0.05, Fig. 3a). This
lbedo increase translated into higher annual averaged outgoing
hortwave (SW) flux at the tropopause level (42, 52 and 57 W m−2

or dry forests, pastures and croplands, respectively, p < 0.05,
ig. 4a). Given these contrasts, the replacement of native dry forests
y grain production systems yielded a stronger biophysical cool-

ng than livestock systems based on open perennial pastures (−15
s. −10 W m−2, Fig. 4b). These decreases in the amount of radia-
ive energy that is captured by the earth-atmosphere system would
e equivalent to a reduction in the amount of CO2 released to the
tmosphere of 23.5 and 15.6 Mg  C ha−1 for croplands and pastures,
espectively.

The two grain cropping strategies evaluated in the Argentinean
ocal area (i.e. double: winter/early summer cropping vs. single:
ate summer single cropping) also showed different albedo pat-
erns (Fig. 3a), which translated into different radiative forcings
Fig. 4b). The higher albedo (0.162 vs. 0.181) of single cropping
ompared to double cropping resulted in higher annual shortwave
utgoing fluxes (Fig. 4b). These differences resulted into a stronger

iophysical cooling of the single cropping strategy (−17 W m−2)
ompared to double cropping (−13 W m−2), being the carbon emis-
ion equivalence of 27 and 20 Mg  C ha−1, respectively. At the
ntra-annual scale, the highest differences in the outgoing SW flux
est Meteorology 232 (2017) 118–127

were observed during spring (September–November) and early
summer (December) when approached 5.7 and 7.1 W m−2, respec-
tively (Fig. 4b, p < 0.05).

In the Paraguayan focal area, the two  management strategies of
pastures evaluated also created significant differences of radiative
forcing. The replacement of dry forests by both, open pastures and
silvopastoral systems, led to biophysical cooling with a stronger
effect in the open pasture system (−8.4 vs. −15.4 W m−2, Fig. 4d).
In carbon units, the radiative cooling of open pastures would be
equivalent to a reduction in CO2 emissions of 25 Mg C ha−1, and of
12 Mg  C ha−1 if silvopastoral systems are considered. These con-
trasts resulted from the higher albedo of open pastures compared
to silvopastoral systems (0.176 vs. 0.139, p < 0.05), which translated
into higher annually averaged SW fluxes (58 vs. 50 W m−2, Fig. 4c).

4. Discussion

During the last 12 years, the South American Chaco experi-
enced profound territorial and agricultural transformations that
raised the surface albedo. While most of the area with increased
albedo was subject to deforestation, land use and land manage-
ment changes that took place in areas that were already deforested
explained a large additional regional albedo rise. Considering
the extension (area involved, Fig. 1) and intensity (magnitude of
change, Table 1) of albedo increases of the different land transfor-
mations, we estimated that 83% of regional albedo rise was due to
deforestation while the rest corresponded to changes in land use
and land management. Given the high radiation load of the Chaco
region and the magnitude of albedo changes involved, these trans-
formations led to strong radiation budget shifts (Fig. 4), which have
the potential to modify the local and regional climate, as observed
in other regions (Lee et al., 2011; Li et al., 2015).

Beyond the deforestation event, management decisions for both
crops and pastures had a greater effect on albedo than the choice
of pastures vs. crops. In agreement with this finding, eddy covari-
ance observations evidenced similar impacts of land management
and land cover changes reflected on mean annual surface temper-
atures (Luyssaert et al., 2014). Other recent studies have shown
the importance of land management decisions on climate (Davin
et al., 2014; Jeong et al., 2014; Loarie et al., 2011; Lobell et al., 2006;
Luyssaert et al., 2014; Zhang et al., 2013). As expected for pastures
systems, silvopastoral covers showed the lower albedo change after
deforestation, likely because they preserve a proportion of trees
that tend to decrease the overall albedo in relation to cleared sur-
faces as open pastures (Bright et al., 2014; Houspanossian et al.,
2013). In grain cropping systems, the higher albedo of single sum-
mer  crops compared to double winter/summer crops (Fig. 3) would
be partially related to a longer fallow period in the first case (∼270
vs. ∼30 days), during which the stubble covering the soil surface
in the widespread adopted no-till systems of the region (Viglizzo
and Jobbágy, 2010) favors surface reflectivity (Davin et al., 2014).
Additionally, the delay in the sowing date of summer crops under
single cropping schemes (Fig. 3b), led to a stronger difference in
the outgoing SW flux (outgoing SWsingle − SWdouble = 5.14 W m−2

during Oct.–Jan.) than the one observed during the development
of the winter crop in the double-crop system (outgoing SWsingle −
SWdouble = 1.5 W m−2 during Jun.–Set.). It is interesting to highlight
that both, the replacement of double by single crop schemes and the
delay of summer crops sowing date, has been increasing steadily
in the region over the last decade (Giménez et al., 2015) and are

likely explaining the positive albedo trend observed in agriculture
croplands during the study period (Fig. 2). In addition, we  specu-
late that similar crop management transformations may  become
very common in other agricultural areas worldwide, due to higher
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Fig. 2. Mean annual albedo changes relative to June 1, 2000 to May  31, 2002 average of randomly selected pixels for each land trajectories. Bars indicate standard deviation.
The  first three trajectories (always dry forest, always pasture and always crop) correspond to areas that were classified as the same cover in both classification periods in
Houspanossian et al. (2016). The trajectory of deforestation of dry forest to crop (and to pasture) corresponds to areas that were deforested between 2003 and 2004 according
to  Vallejos et al. (2015) deforestation database and were classified as crop (or as pasture) in 2012 land cover classification. The pasture to crop trajectory corresponds to those
areas  that changed from pasture class (in 2001 land cover classification) to crop class (in 2012 land cover classification).

Fig. 3. Mean monthly values and standard deviation (bars) of surface albedo and NDVI in the Argentinean (a–b) and Paraguayan (c–d) focal areas.
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Table  1
Temporal albedo changes for different land trajectories in the Semiarid Chaco. Land trajectories are described in Fig. 1.

Trajectory Surface area (M ha) Mean albedo (2000–2002) Mean albedo (2009–2012) Proportion of albedo trend (%)

(+) (o) (−)

Always dry forest 48.7 0.112 0.109 1 94 5
Always crop 1.5 0.160 0.170 27 73 –
Always pasture 5.4 0.160 0.162 19 81 –
Dry  forest to pasture 3.7 0.112 0.151 89 11 –
Dry  forest to crop 2.0 0.115 0.158 95 5 –
Pasture to crop 1.4 0.149 0.168 100 – –
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ig. 4. Mean monthly outgoing shortwave (SW) flux (a–c), and radiative forcing 

araguayan (right panels) focal areas. Monthly averages (n = 12 years) and standard

xpected climatic fluctuations (IPCC, 2014; Marengo et al., 2009)
nd the generally risk-averse response of farmers.

Land use choices after deforestation not only affect the magni-
ude of albedo shifts but also their seasonality as well (Fig. 5). The
elationships between albedo and NDVI, a surrogate of green leaf
rea (Paruelo et al., 1997), helps to understand how canopy struc-
ures influence the albedo and its temporal dynamics (Fig. 5). On
ne side, with the greening of pastures during spring, the highly
eflective dead biomass of these canopies becomes gradually cov-
red by a new cohort of green leaves that reduce the albedo. By
ontrast in the case of crops, an on-off dynamics takes place, in
hich accumulated stubble with high visible albedo (Daughtry

t al., 2005) gets covered by the rapidly expanding green leaves
hat raises the short-infrared albedo (Ahmad and Lockwood, 1979).
dditionally, crop canopies (e.g. maize and soybean) usually have
ore planophilous leaves than pasture canopies, which associated

o the greater vegetation cover reached by crops in the grow-
ng season (Fig. 5), lead to a reduced radiation transmittance and
igher reflectance in crops compared to pastures systems (Sinoquet
nd Andrieu, 1993). Noticeably, forest canopies, regardless of their

reenness, sustain very low albedo throughout the year as a result
f their complex perennial woody structure.

The net radiative forcing resulting from the replacement of dry
orests by agriculture becomes difficult to quantify when both
d use changes (b–d) at the tropopause level in the Argentinean (left panels) and
tion (bars) are shown.

albedo biophysical cooling and carbon biogeochemical warming
effects are considered. This is in part due to the highly variable agri-
culture management developed by farmers and on the other hand,
due to the different conservation stages of native forests, which
affect their carbon pools and uptake and to some extent their albedo
and energy dissipation rates (Bright et al., 2014; Gasparri and Baldi,
2013; Houspanossian et al., 2013). The few existing carbon budgets
for dry forests in the study region suggest total (above and below-
ground) carbon stocks of 49–81 Mg  C ha−1(Bonino, 2006; Gasparri
et al., 2008; Kim, 2011). According to these numbers and to our
radiative forcing estimates for each land use and management, the
biogeochemical effect of dry forests deforestation is likely over-
coming the biophysical effect mediated by the albedo increase. If
grain crops systems are established after deforestation, between
20 and 27 Mg  C ha−1 of carbon emissions would be offset by the
albedo change. However, if livestock systems are established after
deforestation, this value would be reduced to 12–25 Mg C ha−1,
depending on whether silvopastoral or open pastures are imple-
mented. Additionally, given that silvopastoral systems generate
the lowest carbon release after deforestation (Marchesini et al.,

2014; Somovilla Lumbreras, 2014), we may  speculate that this
land use and management option will generate the lower net cli-
matic impact. Livestock systems can produce an additional climate
warming effect associated to methane emission which has not been



J. Houspanossian et al. / Agricultural and Forest Meteorology 232 (2017) 118–127 125

Fig. 5. Relationships between albedo and NDVI for single crops (red squares), open pastures (blue circles), and dry forest (grey triangles), for study sites used in Fig. 3. Each
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ata  point represents a single MODIS date (one every 16 days from June 1, 2009 to M
veraged to match the 16-days interval of NDVI data. Larger symbols represent m
ith  the dark marker (May). (For interpretation of the references to color in this fig

valuated in Chaco (IPCC, 1996; Tubiello et al., 2015), but given
he very low animal density (<0.12 heads ha−1) this effect would
ot be significant. Soil carbon changes after deforestation in Chaco
re highly uncertain and probably dependent on the land cover
nd management applied after deforestation (Bonino, 2006; Kim,
011). Although deforestation of Chaco dry forests may  involve a
trong carbon-mediated impact on climate (Gasparri et al., 2008),
ur results suggest that the consideration of albedo effects and
heir trajectory under different land use and management options
hould be an important part of any full accounting of climatic
ffects.

Although deforestation produces a albedo biophysical cooling
ffect on climate at global scale (Betts, 2000), deforestation may
lso impact climate at the local scale (Baldocchi and Ma,  2013;
ee et al., 2011; Li et al., 2015). In this sense, the observed higher
urface temperatures in agricultural land compared to dry forests
>2 ◦C, Houspanossian et al., 2013), contrasts with the lower radi-
tion load of agricultural lands resulting from the higher albedo
Fig. 3). As documented in other regions (Li et al., 2015; Rotenberg
nd Yakir, 2010; Rotenberg and Yakir, 2011; Wickham et al., 2012),
his pattern is explained by the higher capacity of forests to dissi-
ate both sensible and latent heat to the atmosphere which helps
o keep canopies cooler, while in agricultural systems this capac-
ty is dependent of use/management (Luyssaert et al., 2014). This
hanges in local climate may  strongly impact different biogeo-
hemical processes (Davidson and Janssens, 2006) and it should
e carefully considered together with the most well-known global
ffects computed at the tropopause level.

Some natural processes may  also affect albedo patterns, as is
he case of the negative temporal trends observed in some parts

f the study region (Fig. 1a, blue pixels). For example, the albedo
ecrease observed in the border between southeastern Bolivia and
est Paraguay (20.2◦S; 62.0◦W)  is associated to post-fire vegetation

ecovery (Baldi et al., 2008; Houspanossian et al., 2013). Changes
1, 2012) for a single site (20 sites for each cover). Note that albedo 8-days data was
 means for each land cover, and series start with the light marker (June) and end

gend, the reader is referred to the web version of this article.)

in surface water (i.e. flooding fluctuations), driven by rainfall vari-
ability, are also common in some areas of the Chaco and probably
explain albedo changes in some areas of the region (Kuppel et al.,
2015; Loarie et al., 2010). This is particularly common in Chaco
paleo-river beds, which display frequents water and salt accumu-
lation in the surface and associated vegetation shifts. Although
the climatic implications of these natural processes remain poorly
explored, climatic models suggest a higher frequency and intensity
of extreme events (i.e. droughts and wet  periods) for the region
(IPCC, 2014), which could turn natural fires and flooding into more
frequent events.

5. Conclusions

We showed that the profound land transformations experienced
by the South American Chaco during the last 12 years left their
imprint in the regional pattern of surface albedo. Although defor-
estation accounted for 83% of the regional albedo increase observed
in Chaco, we found that land use and management changes were
also an important driver of albedo shifts, explaining the rest of the
albedo rise occurred in the region. The albedo change triggered by
deforestation strongly impacted the radiation balance and led to a
albedo biophysical cooling effect that can counterbalance between
15% and 55% of the carbon biogeochemical warming effect, depend-
ing on the land use/land management applied to deforested areas.
Albedo biophysical effects and the key influence that land use and
management can have once deforestation occurred should be part
of the discussion of climatic warming mitigation actions.
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