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Abstract: Areas of land abandonment and agriculture expansion usually differ in location and
associated environmental characteristics; thus, land-use redistribution affects the provision of
ecosystem services and biodiversity conservation. In a subtropical region undergoing land
redistribution patterns characteristic of Latin America, we estimated 20-year changes in food
production, above-ground carbon stocks and soil erosion due to land cover change, and the potential
effects of such redistribution of forests on the diversity of birds and mammals. Between 1986 and
2006, despite only 0.3% of net forest cover change, 7% of the total area (ca. 280,000 has) switched
between forest and non-forest covers. Food production increased by 46%, while the estimated
ecosystem services changed by less than 10%. Forest carbon remained stable, with gains in montane
humid forests compensating for losses in lowlands. Modeled soil erosion increased, but sediment
accumulation at the watershed bottom remained stable. The responses of birds and mammals to
forest redistribution differed and were stronger in birds. Due to the strong responses of birds to
forest loss, lowland bird communities might be especially threatened by current land-use trends.
Results suggest that land redistribution associated with the adjustment of agriculture towards soils
suitable for mechanized agriculture can help mitigate associated losses in ecosystem services and
biodiversity, but species and supporting services depending on easily-converted ecosystems require
appropriate landscape management practices.
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1. Introduction

Increasing agriculture production without significant environmental costs is a major goal for
sustainability [1]. Assessing land cover change effects on biodiversity and ecosystem services is
a priority for land science, landscape ecology, and conservation biology [2]. Until the 1990s, such
assessments focused on the mechanisms and effects of deforestation and forest fragmentation [3].
Since the late 1990s, land scientists realized that while deforestation was still the dominant land cover
trend globally, several countries and regions were undergoing land abandonment and associated forest
recovery in a process called “forest transition” [4]. Since these two processes co-occur, comprehensive
assessments of the environmental costs and benefits associated with land cover change should consider
the implications of both agriculture and forest expansion.

Although forest transition research originally focused on changes in net forest cover across a region
or country, it was recognized early that a main driver of this process is “agriculture adjustment”: the
concentration of agriculture on the most productive soils [4]. A corollary of this mechanism is that
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areas of land abandonment and agriculture expansion should differ in terms of their location and
associated environmental characteristics, as different ecosystem types differ in their probability to
replace or be replaced by agriculture. For example, in Latin America, recent studies [5–7] highlighted
the relevance of land-use redistribution as quantitatively more important than net deforestation or
reforestation at different scales, and the decisive role of suitability for mechanized agriculture in such
land redistribution.

Land-use redistribution is also likely to have major consequences for the provision of ecosystem
services and the conservation of biodiversity, independently of the net balance between agriculture and
forest cover. As said, agriculture adjustment results in more land-efficient agriculture production. Thus,
it might facilitate processes of “land sparing” for nature, saving space for biodiversity conservation.
The original sparing/sharing framework (e.g., [8]) focused on the conflict between agriculture
production and biodiversity conservation in relatively homogeneous landscapes. Recent analyses,
however, noticed the need of assessing other ecosystem changes as well as explicitly addressing
environmental heterogeneity [9]. A special feature of the latter is topography: altitude and slope
are strong limiting factors to mechanized agriculture [5,7,10], and as a result, in mountainous
areas extensive land-use practices (such as wood extraction and free-ranging livestock production)
predominate [11]. Altitude is also the main local determinant of the ecological characteristics
and species composition of natural systems, through its influence over climatic conditions [12].
Such a strong relationship between landscape heterogeneity and ecosystem structure and function can
ultimately affect the provision of ecosystem services and biodiversity conservation [13]. For example,
climatic differences associated with topography should affect particular species assemblages [14].
Carbon storage should also differ, since differences in vegetation and soil type determine the amount
of carbon stored [15–17]. In tropical and subtropical biomes, the main form of carbon storage is
above-ground biomass; thus, assessments of its changes due to land-use allows inferring overall
patterns of carbon storage change [18]. By being strongly affected by slope inclination and rainfall,
soil erosion and watershed conservation should also vary among areas of expanding agriculture
and forests [19]. Nevertheless, the role of the interactions between land cover change, landscape
heterogeneity, and biodiversity and ecosystem services provision has received little attention [20].

In this study, we analyzed an area of ca. 300,000 hectares dominated by land redistribution
patterns which resemble current land-use and land cover trends of Latin America and other parts of
the world (mechanized agriculture expansion in lowland dry woodlands, forest recovery in humid
mountains). We estimated changes in forest carbon stocks, soil erosion, sediment deposition and food
production derived from land cover changes and the responses of birds and medium-large mammal
richness and composition to such redistribution processes. Between 1986 and 2006, net forest cover
changes were negligible while land cover redistribution was significant, therefore, providing insights
into how such globally-important processes contribute to biodiversity conservation and ecosystem
services provision in the context of ongoing rapid land changes.

2. Materials and Methods

2.1. Study Area

We carried out our study in the department of Trancas, Tucumán, Argentina (Figure 1).
The department (288,000 ha) includes most of the Tapia-Trancas watershed, a semiarid tectonic
basin limited by the Cumbres Calchaquies range in the west and Medina range in the east, spanning
over an altitudinal range from 700 to 4500 m.a.s.l (meters above sea level). Such a steep topographic
gradient determines wide ranges of temperature and rainfall, from 300 to 600 mm/year and 18 ◦C
in the lowlands, to 600–1000 mm of annual rainfall in mid-elevation mountain slopes, and <0 ◦C of
mean annual temperature at the top of the Cumbres Calchaquies. As a consequence of these climate
patterns, the area includes three main ecoregions: (1) dry Chaco forests occupy the central lowlands
and eastern mountain slopes; (2) Yungas humid forests are located in the east slopes of the Cumbres
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Calchaquíes (approximately between 1000 and 2500 m.a.s.l in the central-western belt of the study
area), and (3) high elevation grasslands extend above 2500–2700 m.a.s.l in the west side of the basin.
Dry Chaco forests in the lowlands (between 700 and 1000 m.a.s.l) are dominated by Aspidosperma
quebracho-blanco Schltdl, Caesalpinia paraguanensis Bulkart, Acacia spp., and Geoffroea decorticans Burkart.
Between 1200 and 2000 m.a.s.l, Yungas humid forests dominate, with species such as Juglans australis
Griseb, Parapiptadenia excelsa Burkart, Anadenanthera colubrine Brenan, Myrcianthes mato McVaugh,
Zanthoxylum coco Gillies, and Ruprechtia laxiflora Meisn. A transitional belt between dry Chaco and
more humid forests (1000–1200 m.a.s.l) is characterized by the presence of both types of vegetation,
and it is here where most villages are located [21]. As altitude increases, diverse Yungas forests are
replaced by monospecific stands of Alnus acuminata Kunth forest patches within a grassland matrix
dominated by the genus Festuca (between 1700 and 2700 m.a.s.l). While the Alnus forest mosaic is
included within Yungas moist forests, their location and tree species composition lead to substantially
different communities. Thus, we considered them as an additional treatment in the biodiversity
analyses. At the base of the watershed, towards the south east of the study area, the water reservoir
Dique El Cadillal is located. This reservoir (1360 ha) was built in 1965 and provides water for irrigation
of ca. 70,000 ha croplands and consumption by 600,000 inhabitants, as well as a mean of 52 GWh of
energy per year for industrial and urban use.
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Figure 1. Study area, including (a) ecoregions; (b) digital elevation model; (c) land cover change (based
on Nanni and Grau, 2014); and (d) soil retention change between 1986 and 2006. Bottom right: limits of
Argentina within South America and of Trancas Department within Tucumán province.

Recent land-cover change in the study area included processes of both forest recovery and
deforestation, highly conditioned by the environmental gradient: A. acuminata monospecific forests
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expanded over steep highlands above 1700 m.a.s.l and agriculture expanded over low, irrigated
areas (Figure 1). Although net forest change over the last two decades represented less than 1%,
forest redistribution affected 7% of forested lands [7]. In addition, regional climate change (rainfall
increase, [22]). might have influenced these forest cover trends, by facilitating both forest and
agriculture expansion, respectively, in the highlands and lowlands: water availability for irrigation is
a limiting factor for agriculture in the area, while woody encroachment over grasslands in montane
areas is also favored by increasing rainfall, particularly in the case of water demanding species, such
as Alnus acuminata (the most important tree species expanding in the highlands, [23]). As a result of
agriculture modernization, subsistence livestock experienced reductions in the last two decades [24,25],
while market-oriented cattle production increased by almost 50% [26]. Although decreasing, extensive
activities, such as livestock ranching and wood extraction for firewood consumption, are still frequent
among rural inhabitants, mostly in unsuitable areas for agriculture (pers. Obs., [27]).

2.2. Land-Cover Change, Ecosystem Services, and Diversity Estimations

2.2.1. Land-Cover Maps

We produced land-cover maps for two dates: 1986 and 2006, based on the Landsat Thematic
Mapper (TM, 30 × 30 m pixel resolution). In the region, early spring images maximize spectral
differences and minimize cloud cover: we used images from 11 September 1986 and 23 October 2006.
The study area is included in one scene (path 231, row 78) which we subset with the Trancas
department boundaries, and co-registered with the nearest-neighbor sampling method, using ENVI 4.2
software (ITT Corporation, White Plains, NY, USA) (co-registration error = 0.5 pixels). We performed
a supervised classification with the random forest (RF) algorithm [28], using “random forest” [29] and
“sp” [30] packages in R software. RF is an ensemble classifier consisting of many decision trees and
which, for each pixel, outputs the class that is the mode of the classes output by individual decision
trees. Land-cover categories selected for the supervised classification were forests, bare soil, water, and
natural grasslands. For each class, we set training sites (approximately 300 per class) taken in the field
in order for the decision trees to classify each pixel as a function of satellite band values and altitude
derived from a digital elevation model. We established the limit between dry and moist forests at
1100 m.a.s.l., based on personal observations of species composition in the area and on descriptions
of ecoregions boundaries [31]. We digitized croplands and planted pastures manually because the
RF algorithm tended to confound them with bare soil (during early spring many crops have little
vegetation cover), and they were included in the same category, representing the agricultural area.
To assess the precision of the classification, we used 388 ground control points taken in 2012 for all
classes distributed along the study area, in order to generate a confusion matrix for the 2006 land-cover
map. We used Google Earth® high-resolution scenes (e.g., Quickbird, Spot) from 2006 to 2011 to
guarantee that the ground control points belonged to the same land-cover category in 2006 and in 2012.
The overall accuracy obtained was 96.3%, and there was essentially no error in discriminating between
forested and non-forested land-cover categories [7].

2.2.2. Ecosystem Services

The assessment of the consequences of changes in land cover for above-ground carbon storage [17]
and soil conservation involved (1) the calculation of total change in given ecosystem service due to total
land cover change between 1986 and 2006 (i.e., without distinguishing among forest types); and (2) the
calculation of net change in these ecosystem services in dry and moist montane forests separately, in
order to assess trends associated with specific forest types.

Due to the lack of data for the years 1986 and 2006, we estimated food production as the number
of heads of cattle in 1988 and 2009 [24,25,32], since in the study area most agriculture production
(68%, [25]) is destined to dairy-oriented intensive cattle ranching. Productivity in farming systems
can either increase (from moving from extensive to intensive practices [33], or decrease (due to soil
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erosion, [34]). To control for potential changes in productivity that could affect food production we
analyzed the changes in mean NPP between 2000 and 2010 in 16 sites corresponding to agricultural
cover, obtained from MOD 17 product [35], which provides an accurate measure of terrestrial vegetation
growth and production activity at 1 km resolution.

We calculated mean above-ground carbon stored in different forest types through vegetation field
sampling during 2012 in dry (n = 9) and moist (n = 10) forests, with samples evenly distributed along
the elevational gradient, and including both contracting and expanding forests of different successional
age [17]. Samples consisted of 100 × 100 m quadrats with a set of circular plots in each vertex, using
the sampling design of Gasparri and Baldi [36] for the Chaco ecoregion. Plots were divided in two
concentric circles: in the inner circle (area = 500 m2) we recorded all stems with a diameter at breast
height (DBH) > 10 cm while, in the outer circle (1000 m2), we recorded only stems with DBH > 20 cm.
The DBH 10 cm size limit includes all the species of the top and mid-canopy layers, and the major
individuals of the understory [37], which on average account for 64% of forest biomass [38]. For all
sampled stems, we recorded species identity, and derived above-ground biomass estimates from global
allometric equations developed for different kinds of forest [39], based on DBH and wood density of
the species. We obtained wood density from the database generated by INTI-CINEMA (2010), which
includes data for all species registered in our samples. We calculated mean above-ground carbon
values of dry and moist forests by averaging values derived from the plots corresponding to each forest
type (above-ground carbon = 0.5 of above-ground biomass); and we estimated the corresponding
carbon losses and gains due to land cover change by multiplying changes in area of each forest type by
mean carbon stored per unit area.

We assessed changes in soil conservation through two approaches: empirical records of sediment
deposition in El Cadillal water reservoir between 1988 and 2009 with information derived from
bathymetric surveys [40], and GIS models of soil erosion.

Sediment deposition on a water reservoir depends on changes in both land cover and precipitation.
To control for the influence of precipitation over sediment deposition rate, we first performed a
linear regression with volume of deposited sediments in a given year as the dependent variable and
precipitation as the independent variable (R2 = 0.56, p = 0.02). We then extracted the residuals of the
model (i.e., variance not explained by precipitation) and carried out another regression between the
residuals of precipitation and time to evaluate changes in rainfall-independent sediment deposition rate
between 1986 and 2006 (as the relativized difference between predicted values of sediment deposition
rate between the two years).

In addition, we developed a spatial explicit model of soil erosion by generating soil loss models
for 1986 and 2006, using the Revised Universal Soil Loss Equation (RUSLE, [41]). RUSLE is computed
as the product of factors which contribute to soil loss (A) in Tn/ha/year [42]:

A = R × K × LS × C × P

where:

R = rainfall erosivity factor (J/ha), the erosion potential of rainstorms;
K = soil erodability factor; mean soil loss (Tn/J) by unit of rainfall erosivity;
LS = slope length and slope steepness (adimensional);
C = vegetation cover factor (adimensional); and
P = conservationist practices factor (adimensional).

The implementation of RUSLE in a GIS requires gathering of climatic, edaphic, and land cover
information in the study area, in order to generate the layers that represent each factor of the model.
For calculating R, we used an equation for regions with mean annual precipitation < 850 mm developed
by Renard and Freimund [41]: R = 0.048 × P1.610, in which P is the mean annual precipitation, obtained
from an annual isohyets map for northwestern Argentina [43]. For calculating the K factor, we
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used a shapefile of soils of Tucumán province [44], and assigned K values to each soil type based
on Wischmeier and Smith [45]. The LS factors were derived from a digital elevation model [46] of
the study area, using the Unit Stream Power Erosion and Deposition (USPED) model developed by
Mitasova et al. [47], based on flow accumulation and slope. We assigned C factor values as follows,
based on studies of Sayago [48] for the region: moist forests including both Alnus acuminata forests (28%
of forest area), with lower strata and less grass substrate (C = 0.02); and well-conserved moist forests
at lower altitudes (72%; C = 0.0001); thus, the final C factor for moist forests was 0.0063, a weighted
average of both; natural grasslands are mostly pastured, thus, a C value of 0.01 was assigned; 1 was
assigned to bare soil, 0.02 to dry forests and 0.01 to water. For agricultural land, the resulting C factor
was the weighted average (considering the proportion of agriculture area) of that of alfalfa, oat, maize,
and buffelgrass, which occupy most of the agriculture area according to [25] and resulted in 0.28.
To parameterize the P factor, values of 1 were assigned to all land cover types, except for agricultural
land, for which 1 was assigned in the case of crops at slopes < 2%; and 0.5 was assigned for crops at
slopes > 2% [49]. The final p value for agricultural land was 0.75, a weighted average of both.

2.2.3. Biodiversity: Birds and Medium-Large Mammals

For assessing the potential consequences of land cover redistribution for the diversity of birds
and medium-large mammals (i.e., excluding bats, rodents, and rodent-like marsupials), we followed
two steps, aiming at analyzing (1) the role of landscape heterogeneity (forest losses and gains are
spatially segregated and might, thus, differentially affect particular animal assemblages), and (2) the
influence of proxies of intensive and extensive land-use practices (which co-occur in the region) over
the diversity and composition of both groups:

1. We compared the diversity and composition of both groups among dry forests, moist forests, and
montane Alnus acuminata forests, respectively, using ANOVA and ANOSIM, to assess changes in
species composition along the topographic gradient.

2. We used Poisson generalized linear models to evaluate the relationship between species richness
and proxies of intensive and extensive land-use practices: proportion of forested area, forests
carbon, and frequency of extensive cattle ranching. Additionally, we performed non-metric
multi-dimensional scaling ordinations based on a matrix of Bray–Curtis distances [50] between
pairs of sites two describe their similarity in terms of composition. We chose the number of
dimensions of the final MDS configuration based in stress values (the index of concordance
between the distances in the graphic configuration and the distances in the data matrices) lower
than 0.2 and the lower number of axes possible. We then assessed, a posteriori, the influence
of the land-use proxies and altitude over the ordination of the sites in the multidimensional
space by means of correlations between the values of the axes of the ordination and the values of
variables, assessing their significance with random permutations [51]. Field sampling design and
the proceedings for obtaining the variables are described below: based on the land cover maps
for 2006 and Google Earth®, we located 24 sampling units corresponding to forested areas with
varying degrees of continuity and fragmentation, and evenly distributed along the elevational
gradient of the area (n = 10, 10, and 4 in dry, moist, and montane forests, respectively). At each
sampling unit, birds were sampled in observational transects from the edge to the interior of the
forests at hours of higher bird activity (8:00–10.30 am; [52]), in which the first author recorded
the richness and abundance of all the individuals heard or seen. Bird sampling extended for
two consecutive years (2012–2014) and was repeated in the dry and wet seasons, obtaining four
sub-samples per site. Medium to large mammal sampling took place in 2014–2015 in 18 of the
24 sampling units selected for bird sampling, and two additional sampling units to totalize
20 sampling units. In each one, we established a Moultrie M-880 camera trap deployed > 100 m
from the nearest unpaved road, placed 50 cm above-ground and attached to a tree trunk, set to
be active 24 h a day. Total sampling effort was 1000 days, and camera traps remained active for
50 ± 13 days in each sampling unit.
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We quantified the proportion of forested area at each sampling unit within a ~9 km2 (1.69 km
radius) circular buffer around a given sampling point, with Patch Analyst software [53] in a Geographic
Information System. We derived forest carbon estimates for each 9 km2 circular buffer from
above-ground carbon maps developed for the study area for 2012 [17]. We measured extensive livestock
frequency data directly from camera-trap records, and quantified it as the number of individuals/day
in each sampling unit. We analyzed the association between bird richness and extensive cattle ranching
in a lower number of sampling units (n = 18), since cattle was quantified through the camera-traps in
mammal sampling units.

3. Results

3.1. 1986–2006 Land Cover Change

Between 1986 and 2006, 7356 ha (−7.1%) of dry forests were converted to crops and pastures,
while 8104 ha (+6.9%) of moist Alnus acuminata forests expanded over grasslands (Figure 1c, Table 1).
These contrasting trends among forest types resulted in a net forest balance of +0.3%, evidencing a
strong process of land cover redistribution in the study area despite negligible net forest cover change.

Table 1. Changes in forested area (as the proportion of the area of each forest type), ecosystem
services provision, and habitat suitability for birds and medium-large mammals between 1986 and
2006, including total and percentage change. Food Prod. = food production; AGC = above-ground
carbon; and Sed. Dep = Sediment Deposition.

Year Dry F (ha) Moist F (ha) Total F (ha) Food Prod. (N◦

Cattle Heads)
AGC

(Tn/ha)
Soil Retention

(Tn/ha)
Sed. Dep

(Hm3)

1986 103,345 117,580 220,925 31,029 20,048,413 −2,576,610 77.71
2006 95,989 125,684 214,651 45,407 20,022,435 −2,805,943 77.91

Change −7356 8104 748 14,378 −25,979 −229,333 −0.19
% Change −7.66 6.4 0.34 46.34 −0.13 −8.90 −0.2

3.2. Changes in Ecosystem Services

Based on our estimates, total above-ground carbon stored in forests was 20,048,414 Tn/ha in
1986 and 20,024,340 Tn/ha in 2006, implying a loss of 0.13% of the carbon stored in forests (Figure 2,
Table 1, Nanni et al., 2015). The values of above-ground carbon estimated in this study are consistent
with those reported in the literature for subtropical Yungas forests and dry Chaco forests [36,54].
Changes in carbon between 1986 and 2006 were overall determined by changes in forest area, but
the estimated slight decrease in carbon stocks in the period is due to the fact that expanding Alnus
acuminata forests store slightly less carbon than contracting dry forests (72.05 ± 6.25 Tn/ha and
97.83 ± 24.28 Tn/ha, respectively).

Total estimated soil erosion increased by 8.9%, from 2,576,610 Tn/year in 1986 to 2,805,945 Tn/year
in 2006 (Figure 1d, Table 1). Mean soil loss values in 1986 were 19.39 Tn/ha in agricultural land,
4.74 Tn/ha in moist forests, 6.70 Tn/ha in grasslands, 4.00 Tn/ha in dry forests and 64.88 Tn/ha in
bare soil areas. Modeled soil retention decreased in dry forest ecoregion (−12.6%) due to the expansion
of agriculture at this altitude; but forest expansion over grasslands resulted in a 3.7% increase in
modeled soil retention at higher altitudes (Figure 2). Thus, while forest redistribution in the region
mitigated soil loss, modeled erosion prevailed over soil retention despite a net forest balance, due to
the combined effect of increased slope length and the high erosion rates associated with some crops,
particularly maize. In contrast to the modeling estimates of soil erosion, interannual variability in
empirical data on sediment deposition rate at El Cadillal decreased, and was fully explained by changes
in rainfall: estimates of rainfall-independent sediment deposition remained stable (R2 = 0.00, p = 0.93),
with a zero-estimated change in rainfall-independent sediment deposition rate between 1986 and 2006.
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Figure 2. Percentage change in forest area (area; as a proportion of total forest area), above-ground
carbon (AGC), soil retention, sediment deposition, and food production between 1986 and 2006; with
and without discriminating among forest types (watershed, red bar; dry and moist forests, light green
and dark green bars, respectively).

Cattle heads increased from 31,029 to 45,407 between 1988 and 2009, representing an increase of at
least +46.34% in the most important component of food production in the study area (Table 1, Figure 2).
Modis-derived estimates of NPP remained stable between 2000 and 2010 (R2 = 0.03, p = 0.27); thus,
increases in cattle density are likely coupled with intensive agriculture expansion, not to an overall
increase in ecosystem productivity.

3.3. Estimated Changes in the Diversity of Birds and Medium-Large Mammals

The environmental gradient showed the effects in both birds and medium-large mammal richness
and composition, but differences were more marked and statistically significant in birds (ANOVA
R2 = 0.39; p = 0.002; ANOSIM global R2 = 0.79, p = 0.001 in birds versus ANOVA R2 = 0.13; p = 0.12;
ANOSIM global R2 = 0.51; p = 0.001 in mammals) (Table 2). In both cases, richness levels were similar
between dry forests and humid forests, while upper montane forests were about half as species-rich.
The composition of bird and mammal communities significantly differed among the three forest
types (Table 2), but again, the differences in bird communities were larger and reached higher levels
of statistical significance. These more abrupt changes in species composition in bird communities
suggest they could be comparatively more sensitive to the spatial segregation of forest losses and gains.
In contrast, lower changes of medium-large mammal communities might indicate lower vulnerability
to redistribution patterns.
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Table 2. p values of Tukey test (left) and R2 values of ANOSIM (right) for birds and mammals between
forest treatments (DF = dry forests; MF = moist forests; MonF = montane forests). In the ANOSIM,
asterisks represent significance at the 0.05 (*) and 0.01 (**) levels, respectively.

Bird Richness Mammal Richness Bird Similarity Mammal Similarity

DF-MF 0.76 0.10 0.670 ** 0.35 *
DF-MonF 0.001 0.82 0.99 ** 0.70 *
MF-MonF 0.009 0.23 0.90 ** 0.62 *

When assessing the influence on different land-use proxies over bird and mammal richness
and composition through Poisson regressions and MDS ordinations, different responses emerged.
Bird richness correlated positively and significantly with forest proportion in the surrounding landscape,
but was not significantly associated with livestock frequency or to above-ground carbon (Figure 3).
In the case of mammals, neither the proportion of forests, nor forest carbon, influenced their richness
at statistically significant levels, but livestock frequency exhibited a negative and significant association
(Figure 3). The ordination of the sampled sites in the multivariate space was consistent with the results
of the linear models of both birds and medium-large mammals. The stress values were 0.9 and 0.13,
respectively, for a two-dimensional ordination. In the case of birds, while the x axis clearly condensed the
elevation gradient, the y axis segregated sites according to the proportion of forested area (i.e., fragmented
vs. continuous forest sites) (Table 3, Figure 4). In the case of mammals, the influence of altitude
was less marked; and forest proportion, above-ground carbon and livestock frequency associated
significantly or marginally significantly with the y axis values. However, the ordination of the sites in
the multivariate space was not clearly determined by any of the land-use proxies (Figure 4, Table 3).

Table 3. Pearson correlations among axes 1 and 2 scores and habitat suitability proxies (F Prop =
Forest proportion; AGC = above-ground-carbon; Livestock F = livestock frequency) for birds (left) and
medium-large mammals (right). Asterisks represent significance at the 0.1 (*), 0.05 (**), and 0.01 (***)
levels (due to incomplete sampling the correlation between livestock frequency and the ordination axes
was not assessed for birds).

HS Proxies NMDS1 NMDS2 R2 NMDS1 NMDS2 R2

Altitude 0.99 −0.09 0.86 *** 0.99 −0.12 0.25 *
F Prop −0.99 0.99 0.50 *** 0.73 0.67 0.35 **
AGC 0.97 0.23 0.02 −0.92 0.37 0.29 *

Livestock F - - - 0.48 0.87 0.30 **

Figure 3. Cont.
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Figure 4. Non-metric multidimensional scaling ordinations of bird (a) and medium-large mammal
(b) sampling units based on species abundance. Centroids of the sampling units belonging to
continuous dry forests (CDF), fragmented dry forests (FDF), continuous moist forests (CMF),
fragmented moist forests (FMF), and upper montane forests (MF) are represented by a square.

4. Discussion

We combined quantitative detail of small regional-scale analyses with the assessment of the major
global issue of balancing food production and nature conservation, and we explicitly accounted for the
simultaneous influence of the two-major contemporary land cover change processes (deforestation and
spontaneous forest regrowth), within a context of steep environmental heterogeneity due to topography.
Mirroring the situation of other regions [5,6], in the study area the adjustment of agriculture towards
more productive lands co-occurred with the recovery of forests in marginal areas at higher altitudes.
Both processes (the expansion of agriculture and the expansion of forests) might have been amplified
by rainfall increase, favoring both agriculture practices in the dry lowlands and Alnus acuminata
recruitment in the highlands [7]. Therefore, the feedbacks between land-use change and climate
change in the study area are worth exploring further.
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Overall, this redistribution of forests and agricultural lands derived in higher land-use efficiency
in the study area. A conservative estimate of 46% increase in food production (considering only
increase in cattle density, but not per-individual productivity increases) did not result in equivalent
losses in the ecosystem services and diversity of two main groups of vertebrates. While modeled
soil erosion showed a moderate to low deterioration (<9%), carbon stocks and sediment discharge
at the base of the watershed remained unchanged (Figure 2). In the case of birds and medium-large
vertebrates, the distribution of forests seems to exhibit different consequences between the two groups.

The limitation for the expansion of mechanized agriculture, one of the main drivers of global
forest loss [10] to flat slopes and well-drained soils is the key underlying factor shaping land cover
redistribution; while geographic heterogeneity defines the ecological effects of such processes [9].
Usually, topographic gradients are associated with land-use intensity gradients: in marginal areas
of high elevation and slope, subsistence economic activities (i.e., extensive cattle ranching, firewood
extraction, and smallholders’ agriculture) dominate. Contemporary socioeconomic changes lead
to rural-urban outmigration from marginal agriculture lands and to the development of off-farm
economies, reducing land pressure in these areas. This, in turn, facilitates revegetation in certain
scenarios [55,56], including this study area [7,23].

Environmental gradients control agriculture suitability and both vegetation and fauna patterns,
generating complex feedbacks. Our study highlights that the geographic segregation of deforestation
and reforestation especially affects communities that are highly associated to certain forest types, such
as birds in the study area. For this group, montane forest recovery might benefit particular assemblages,
but will not reverse threats for distinctive dry forests communities, which become affected by lowland
deforestation. Medium to large mammals, in contrast, exhibited lower changes in their composition,
probably due to their broader niche requirements coupled with the relatively small area of the study
region. However, they seemed to be less tolerant to human activities within forests. In the study area
and the period analyzed, certain types of livestock (i.e., sheep, goats) decreased, but cattle increased.
Although agriculture expanded mostly in the form of forage crops, cattle also forage in forests and
other natural habitats, likely leading to declining habitat suitability for medium-large mammals due
to increasing livestock density. Our study did not assess the mechanisms through which extensive
cattle ranching affects mammal assemblages, but they likely involve a combination of competition
for space and resources (especially with native ungulates; e.g., Mazama gouazoubira, [57]), such as
hunting to protect livestock from predation by large carnivores [58], or negative interactions with
human populations and other domestic animals (e.g., dogs) in natural ecosystems associated with
livestock management.

To further assess and validate the responses of diversity found in this study, certain caveats of our
biodiversity sampling design should be taken into account and overcome: the high heterogeneity of the
study area requires greater sampling effort to better capture animal community composition. Especially
in the case of medium-large mammals sampling, the lack of differences in species composition among
forest types could be due to a low number of samples, and/or to biases associated to the method, since
the probability of detection through camera-traps varies among mammal species [59]. We emphasize,
however, that more insightful than the specific responses of these two vertebrate groups to the land-use
proxies here analyzed, is the fact that different biological groups (birds, medium-large mammals)
and dimensions of diversity (species richness, species composition) are distinctively influenced by
the interaction between land-use and environmental heterogeneity. Although key for conservation
planning, these varying responses have not been the target of land-sparing/land-sharing analyses,
which assume a common species pool and a homogenous physical environment [9]. Furthermore, the
very nature of the environmental control over the suitability for mechanized agriculture is radically
different: while species abundance and community composition tend to respond to gradients in
temperature and moisture in a gradual fashion, mechanized agriculture suitability is essentially
stepwise, with a hard limit between very suitable (assuming sufficient humidity and temperature)
below ca. 10% of steep slope, and nearly null suitability above this threshold, disregarding climate
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and soil conditions. In regions undergoing agriculture adjustment towards more productive soils, this
threshold appears to generate a human-mediated ecological “switch” (sensu Wilson and King, [60])
between land-use intensification and disintensification zones, which is a key feature of the land
redistribution pattern observed here [61].

For the ecosystem services assessed in this study, forest recovery at higher altitudes mitigated
losses derived from deforestation in the lowlands, but to different extents. Changes in above-ground
carbon storage were closely related to changes in forest area, since emerging montane forests harbored
similar quantities of above-ground carbon than disappearing dry forests at lower altitudes (although
slightly lower due to generally lower wood density of the dominant trees). The redistribution of
carbon stocks across forest types has also been detected at larger scales [62] and within forests [17].
This pattern highlights the need to additionally assess both below-ground carbon storage among forest
types, and for the influence of processes that occur beyond changes in forested area (i.e., degradation,
forest regrowth). Our modeling exercise based on the RUSLE equation suggests a ca. 9% increase in
soil erosion, resulting mostly from the large field sizes of the deforested areas, and a moderate level of
conservation practices in the agriculture fields. The semiarid conditions of the study area, coupled with
a long history of soil degradation due to overgrazing and wood extraction, have probably enhanced
soil loss at low altitudes, and derived in a relatively high erosion risk for the region [63]. The expansion
of forests in areas of high slope and precipitation contributed to soil retention at these sectors, and
mitigated total soil loss in the study period. Although this modeling exercise provides insights on how
erosion may respond to changes in land cover patterns other than net forest cover, their net output
should be considered with caution, due to the limitations to correctly parameterize the coefficients
of different land cover types (C). Contrastingly, the empirical data showed a decrease in sediment
deposition at El Cadillal in the past decades [40]. Statistically, this decrease is fully “explained” by the
decrease in rainfall during the period, implying that the rainfall-independent sedimentation rate during
the study period remained unchanged. The observed stability in MODIS-derived NPP estimates and
the increase in cattle production in the area indicates that, at least during the study period, soil erosion
has not resulted in a fertility loss that cannot be managed by standard fertilization and management
practices. In summary, the most economically tangible components of non-provisioning environmental
services (soil fertility, reservoir conservation for irrigation, energy and water consumption) did not
deteriorate significantly despite the major increase in cattle production in the area.

While we chose our study area to be representative of the main land-use trends in Latin
America [5,64], the limitations of a single case study should not be overlooked. Relative balances of
gains and losses could change in analyses at different scales or with different natural and managed
ecosystems involved. We did not assess changes in important biodiversity groups (e.g., plants, insects)
or in other relevant environmental services, such as recreation potential (likely increasing due to better
conservation of mountain landscapes) or crop pollination (likely decreasing due to expanding field
sizes in the lowlands). Additionally, agriculture intensification through rises in cattle implies increases
in greenhouse gas emissions in the form of CH4 from livestock enteric fermentation and CH4 and N2O
from manure management [65], although yield improvement has significantly avoided emissions in the
last decades [66]. These trade-offs, as well as other costs of agriculture intensification, such as chemical
contamination of water and the loss of agrobiodiversity and traditional landscapes [67] should be
assessed. Additionally, in fertile regions with limited biophysical or policy constraints for agriculture
expansion, like many areas of South America, increasing yields may not result in land spared for
nature [68]. Mountain forests recovery in these regions might not compensate for forest losses due
to an imbalance in terms of area; while regions with the highest proportion of unsuitable land for
agriculture, like the Andes, Central America, and Caribbean, can provide spontaneous opportunities
for conservation [5,6].
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5. Conclusions

In spite of the relatively small size of our study region, we included two scales of analysis, at
which different responses emerged. Within ecoregions (strongly differing in agriculture suitability),
food production exhibited a clear trade-off with forest area, above-ground carbon stocks, soil retention,
and biodiversity, as largely reported in the literature [8,69]. However, at the whole watershed scale,
most of these trade-offs partially or totally disappeared as complex patterns and interactions between
landscape and land-use heterogeneity emerged: forest gains at higher altitudes compensated for
lowland forest losses, giving a place to forest redistribution processes rather than to the classical forest
transition pathway (Table 1, Figure 2). Such redistribution of forests compensated carbon stock losses
in dry forests and mitigated soil losses derived from agriculture expansion, with large increases in
food production and no effects on watershed-scale sediment yield. The responses of birds and medium
to large mammals to such processes reflect the need of assessing the responses of target groups to
environmental heterogeneity for conservation planning.

Global demand for land products resulting from population growth and dietary changes
associated with increasing population and income [70] will continue threatening natural habitats
and their biodiversity, especially in fertile regions; while land-use pressure will likely continue to
decrease in areas with low quality for modern agriculture [5,64]. Under this scenario, land-use
efficiency might increase (i.e., increasing yields might indeed spare land for nature) if policy focuses
in taking advantages of land use disintensification for ecological restoration, and promotes sound
landscape-scale management practices, including the preservation of natural ecosystems in areas
suitable for agriculture expansion.
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