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ABSTRACT

Mountain ecosystems around the world are facing rapid land-cover changes, which have received much
attention among scientists, managers, and policy-makers. A growing scientific production has been
possible by free and open access data and the use of remote sensing and geographic information system
tools. In this context, our study quantified the land-use changes across 25 provinces in the central
high-Andean moist Puna over the interval of 13 years, using a selection of eleven land-use/cover types
included in the standardized nomenclature of the Corine Land Cover for Peru. Thereafter, we determine
the importance of social-economic driving factors in two time periods, from 2000 to 2009 and 2009 to
2013. The results described three spatial patterns: (1) a North—South division, (2) two different trends
described by intensification/de-intensification agriculture, and (3) persistent forestland deterioration.
Overall, our study reveals that agriculture in densely occupied provinces is the leading land-use change
process negatively affecting pasture and forest extent. Moreover, understanding the spatial patterns of
changes in the extent and their explanatory variables is important for clarifying land-use change
trajectories. We hope our study will support spatial decision-making in complex mountain landscapes.
Keywords: land use change, mountain ecosystem, spatial planning, GIS, high-Andean Puna, Peru.

1 INTRODUCTION

The most important human induced environmental impacts have become recognized as a
consequence of changes in land-cover and land-use [1]. These rapid land-cover changes
occurred around the world have received much attention from scientists and there were
numerous studies focused on various research issues at different spatial scales [2]—[5]. This
growing scientific production has been possible by free and open access data [6] and the use
of remote sensing and geographic information system (GIS) tools [7]. GIS provides a flexible
environment for a rapidly developing data processing and analysing for change detection in
a study area. In high-Andean mountains, most previous land-use change studies using GIS
focused on a peri-urban interface [8], [9], or a watershed [10]-[14], or a specific ecosystem
[15]-[18], but not much research has been done across multiple provincial boundaries. In
Peru, land planning at local level is regulated by provincial municipalities (Organic Law of
Municipalities No. 27972, 27 of May of 2003), these could benefit from land-use research
and improve management purposes and decision-making. To the best of our knowledge, there
are no land-use change studies at provincial scale across high-Andean highlands.

In this context, this paper is focusing in a sector of the Peruvian high-Andean mountains,
the central moist Puna (64,025 km?), comprised within the administrative boundaries of 25
provinces in the departments of Junin, Huancavelica and Ayacucho (Fig. 1). Provincial area
ranged from 724 to 10,999 km? with an average of 2561 km?. These provinces define a highly
populated mountain ecosystem (population at the end of 2017 was 2 096,156 [19]) that has
been occupied and its resources profited during several millennia by Andean civilizations
[20], [21]. Its main social-ecosystems consist of natural grassland, shrubland and agricultural
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areas [21], that are threatened by human activities [22], as agricultural intensification,
grasslands extent, afforestation and urbanization [23].
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Figure 1: Central high-Andean moist Puna.

The study quantified the land-use changes at provincial scale across the central
high-Andean moist Puna over the interval of 13 years, from 2000 to 2013, using a selection
of eleven land use/cover (LULC) types included in the standardized nomenclature of the
Corine Land Cover (CLC) for Peru. The LULC units include two classes related to artificial
surfaces (continuous urban fabric and mineral extraction sites), one unit that is matched to
agricultural areas, seven attributes associated to forests and semi-natural areas (low forest,
forest plantation, natural grassland, shrublands, bare rock, sparsely vegetated areas and
glaciers), one item linked to wetlands (peatbogs and high-Andean wetlands) and, finally, two
categories linked to water bodies (water courses and water bodies). In a second step, we
determine the importance of social-economic driving factors in two-time periods, from
2000 to 2009 and 2009 to 2013. The factors considered were related to population growth,
economic development and technological progress.

Finally, the work detailed in this paper address the first objective of a PhD thesis and
resolve the following aim questions: (1) Which are the main anthropogenic land-use changes?
(2) Which are the significant social-economic drivers that explain land-use changes? We
hope our results will support spatial decision-making in the high-Andean region. In addition,
our findings can provide a reference for studies in complex mountain landscapes.

2 METHODS
2.1 Identification of land use/cover units

The identification of the 11 representative high-Andean moist Puna LULC units included in
the standardized nomenclature of the Corine Land Cover (CLC) for Peru was achieved from
three sources, the map of high-Andean ecosystems from 2000 [24], the official flora cover
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map from 2009 [25] and the official flora cover map from 2013 [26]. These are polygon
shapefiles generated in a mapping scale of 1:100,000 with Landsat (TM) images. Table 1
shows the harmonization of the three-time step features to obtain the moist Puna LULC units.

Table 1: Land use/cover units resulting from the features of the three-time step data.

CLC LULC units Features Data
code Source
L Con .tinuous urban e Cities and settlements 8% Eg
fabric e Urban area (3) [26]
e Human at work areas (1)
2. Agricultural areas e Crops 2)
e Andean agriculture 3)
o Inter-Andean xeric montane forest and
shrublands 1
e Low high-Andean forest
e High-montane low forest and shrublands
3.1.1. | Low forest ¢ Queifioal @)
o Inter-Andean xeric forest
e Inter-Andean xeric forest
e High-Andean relict forest 3)
e Meso-Andean relict forest
e Human at work areas (1)
3.2. Forest plantation » Afforestation - - )
. Fore.st plantation (pinus and eucalyptus 3)
species)
¢ High-Andean grassland 4) [27]
3.3.1. | Natural grassland > H?gh—montane grassland (3)
¢ High-Andean grassland ?)
e Puna grass
o Inter-Andean xeric montane shrublands
e Inter-Andean xeric shrublands )
3.3.2. | Shrublands e High-montane shrublands
e High-Andean shrublands
e Shrublands 2); (3)
343 Sparsely vegetated e Tundra 4); (2)
areas e High-Andean areas with rare vegetation 2); 3)
. e Nival (1)
3.4.5. | Glaciers « Glaciors 2): 3)
4.1.2. iiﬁ:gr%ivf‘fa 1}11(11gsh_ e High-Andean wetlands 83’ @
e Water bodies (1)
5.1.1. | Water courses « River 2. 3)
. e Water bodies (1)
5.1.2. | Water bodies « Lagoons and lakes 2): 3)
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Some limitations were detected in the map of high-Andean ecosystems. It has a vague
delimitation for two land units (agricultural areas and forest plantation) comprehending them
in only one land-use category (human at work areas). This limitation was clarified using the
detailed land-use types from the two official flora cover maps. Another constraint was found
in natural grassland and sparsely vegetated areas, these were better defined when utilised the
data from the official Peruvian forest map [27].

2.2 Analysing spatial land-use change in the central moist Puna

Land-use changes between 2000 and 2013 were calculated by means of a transition matrix
obtained after using ArcGIS 10.3 [28]. The matrices of land-use transition were established
for two-time periods, including 2000-2009 and 2009-2013. Each transition matrix gathered
the quantity of land that was converted from each LULC unit to any other or units that remain
unchanged in the study periods. Changes of interest in this study were related to agricultural
areas, grassland extent and forestland size. These variations were further calculated obtaining
increased/decreased extents. Next, to measure and compare the intensity of land-use changes
between provinces, proportion of area increase and extent decrease (of the chosen classes)
were calculated for the two-time periods. The following formula was used to calculate the
index for area increase (1) and for area decrease (2):

Pin = AT, ® (1)
__ (LULCue2 )nt1t —=LULChut
Pdy = —— 11—, @

where LULChy, is the new area (km?) of the chosen class in a province n at the final year t2;
(LULCup2) nu is the overlapping area of a given class in both years; LULCyy is the area (km?)
of the chosen class in a province n at the initial year t1; AT, is the total area of the province
n. This index gave a relative measure of the change that was ranked in five levels of equal
intervals representing the intensity of expansion/contraction of each chosen class at
provincial scale. Furthermore, we performed Pearson’s correlation (rp) to assess the pairwise
relations between LULC categories for the two-time periods at provincial scale, using R [29].

2.3 Determining the explanatory capacity of social-economic drivers

Redundancy analysis (RDA) was computed to determine the importance and capacity of
social-economic drivers for predicting the land-use changes during the two-time periods.
RDA was calculated using the “vegan” R package and the function “ordistep” [29], after
10,000 permutations [30]. The drivers considered were related to population growth,
economic development and technological progress (Table 2).

Table 2: Factors, specific drivers and proxies used for predicting land-use changes.

Factor Driver Proxy Unit
Population Population Log average of population N
growth density density (for each period) People/km
Economic Income Net annual income per family S/vear
development (averaged for each period) y

. Population with completed
T:gh:e()slsoglcal Education secondary school education %
prog (averaged for each period)
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These variables were selected due to their role as anthropogenic drivers of ecosystem
change [31] and data availability. Information from public census statistics [19] were used to
quantify each variable.

3 RESULTS
3.1 Changes in the extent of land use/cover categories

Fig. 2(a) shows the spatial distribution of LULC categories across central Moist Puna from
2000 to 2013. The dominant category is natural grassland that is spatially dispersed covering
more than 60% of the territory in each year (Fig. 2(b)). The second major LULC type was
shrubland, covering more than 15% of the entire area in each year, and mainly located in the
south-west it exhibited a transitional zone between the moist Puna and the Peruvian Pacific
desert. The third major LULC type was agricultural area with 8% of the landscape in 2000
and top with 12% in 2009, mostly associated to the provinces that form Mantaro watershed.
Sparsely vegetated areas and high-Andean wetlands occupied around 6% of the territory each
year, covering central and northern areas. Low forest extent reduced from 3% to 1% during
the time period, showing a slight aggregation effect with cropland extent. Water bodies and
glaciers (only in 2000) represent 1% of the landscape, this last category is spatially associated
with sparsely vegetated areas. There were only small amounts of urban lands, forest
plantations and water courses covering less than 1% separately.

2000 P 2009

Legend I Continuous urban fabric (CUF) I Forest plantations (FP) Sparsely vegetated areas (SVA) [l Water bodics (WB)
[ Provincial boundaries Agricultural areas (AA) [0 Shrublands (SHL) Glaciers (GL) £ Water courses (WC)
No moist Puna I 1o forest (LF) [0 Natural grasslands (NG) [Illll Peatbogs and high-Andean wetlands (PhAW)
65%
61%62% B

20%

16%
15%
e 210
0% 0% 0% -l 0% 0 0% I R R B P il TR TR TRy
—CUF AA } 5 FP SHL NG SVA GL qrﬂ\r TWBT wC

Figure 2:  (a) Spatial distribution of land use/cover categories; and (b) Barplots showing
the proportion of land of each category, in central moist Puna across time.
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Table 3 presents the transition matrix between 2000 and 2009 in central Moist Puna.
The overall agreement (percentage of coinciding area, under equal LULC class) among the
comparative maps was 92%. Of the 8% of land-use change, 4.2% disturbed the chosen LULC
categories. Agricultural areas increased by about 53.1%, mainly as a result of the
encroachment of natural grasslands and shrublands in that order, whereas had a reduction of
233.6 km? after land abandonment. Low forest reduced by 60.2%, largely replaced by
shrublands following a forest degradation process, whereas experimented a slight recovery
process (20.8 km?) due to colonisation of shrublands and agricultural land. Natural grasslands
decreased around 2700 km? principally by expanding agricultural frontier, but had a minor
augmented due to glaciers retreat and dried up of high-Andean wetlands (108 km?).

Table 3:  Transition matrix showing land-use changes of interest (in square kilometres)
and change ratio occurred between 2000 and 2009 in central Moist Puna.

2009 Change
2000 2. 3.1.1. 3.3.1. Other Total (%)*
2. 48814 | 16.3 2400 556.2 7853.9 53.1
3.1.1. | 10.6 | 677.5 4.4 10.2 702.7 -60.2

33.1. | 233.6 2.1 38656.9 108 39006 -6.6
Other | 43 1069 693.8 | 14701.2 | 16468.3 7.1
Total | 5129.9 | 1764.9 | 41755.1 | 15375.6 | 64025.5
CLC Code: 2. Agricultural areas; 3.1.1. Low forest; 3.3.1. Natural
grasslands. *Change ratio between years was calculated as ((Area;
in 2009 — Area; in 2000)/Area; in 2000) x 100, where Area; = area
of each land use/cover class.

Table 4 introduces the transition matrix between 2009 and 2013 in central Moist Puna.
The overall agreement among the comparative maps was 91.8%. Of the 8.2% of land-use
change, 2% (1317 km?) disturbed the chosen LULC categories. Agricultural extent decreased
by about 17.7%, mainly as a result of land abandonment (2099.4 km?), whereas had a growth
of 542 km? at the expenses of grassland. Low forest (reduced by 47.5%) continued under a
degradation process also identified in the preceding time period. Natural grasslands increased
by 0.8% (300 km?) principally by farming de-intensification and the persistent dried up
process of high-Andean wetlands.

Table 4:  Transition matrix showing land-use changes of interest (in square kilometres)
and change ratio occurred between 2009 and 2013 in central Moist Puna.

2013 Change
2009 2. 3.1.1. | 3.3.1. | Other Total (%)*
2. 57542 | 8.1 542 160.5 6464.8 | -17.7
3.1.1. 0 369.1 0 0 369.1 -47.5

33.1. | 5994 | 168 | 37457.8 | 1081.3 | 39306.5 0.8
Other | 1500.3 | 157.5 | 1006.2 | 15221.1 | 17885.1 8.7
Total | 7853.9 | 702.7 | 39006 | 16462.9 | 64025.5
CLC Code: 2. Agricultural areas; 3.1.1. Low forest; 3.3.1. Natural
grasslands. *Change ratio between years was calculated as ((Area;
in 2013 — Area; in 2009)/Area; in 2009) x 100, where Area; = area
of each land use/cover class.
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Fig. 3 on the top row illustrates the intensity of land increase/decrease from 2000 to 2009
across the 25 provinces in central moist Puna. In this initial-time period, central moist Puna
described a territory with a tendency to increase cropland areas and to decrease pasture and
forestland extents. There are six provinces with a high intensity level and twelve with
medium strength level, affected by agricultural area increase, pasture area decrease and forest
extent decline. However, most of the provinces had very low proportion of change (32%) or
no change (41%) denoting undisturbed areas primarily related to cropland extent decrease,
grassland area increase and forestland extent increase.

At LULC category level, spatial distribution shows that increase in cropland extent
(Fig. 3(a)) was related to decrease in pasture area (Fig. 3(d)), validated by a strong negative
correlation (r;=-0.96839901 and P-value <0.001). In the same way, reduction of agricultural
areas (Fig. 3b) corresponded with the expansion of pasture lands (Fig. 3(c)) proving a
negative relationship (r,= -0.6321261 and P-value <0.001). Forestland extent increase
(Fig. 3(e)) occurred with slight force (1.8% of proportion of land-change) in one province
(Churcampa), whereas forest area decreased (Fig. 3(f)) in 12 provinces (half of the territory),
but intensely focussed in four jurisdictions. Pairwise relation between goals and losses of
forest class presented a moderate negative correlation (r,= -0.4194168 and P-value <0.05).
Whereas very slight negative relation was found between forestland decrease and crops
increase (r,= -0.3497234 and P-value <0.1), even so, two strongly deforested provinces (19%
for Acobamba and 8.3% for Angaraes) developed an important growth of farming activity
(15% for Acobamba and 9.4% for Angaraes).

Intensity of land increase Intensity of land decrease Provincial boundaries

Land use/cover not present N istP
o 1 2 3 4 5 (I T T T 0 moist Funa

Figure 3: Land increase/decrease intensity of the chosen land use/cover categories at
provincial scale in central Moist Puna. Top row: maps for the period 2000 and
2009. Bottom row: maps for the period 2009 and 2013. (a), (b), (g), (h)
Agricultural area; (c), (d), (i), (j) Natural grassland extent; and (e), (f), (k), (1)
Forestland extent. Ranks of intensity: 0 (no change), 1 (j>0-3.8%)), 2 (|>3.8—
7.6%l|), 3 (>7.6-11.4%|), 4 (>11.4-15.2%)), 5 (]>15.2-19.0%]).
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Fig. 3 on the bottom row shows the intensity of land increase/decrease from 2009 to 2013
across the 25 provinces in central moist Puna. In this final-time period, forestland extent
continued declining, grassland extent stayed balanced and agricultural areas inclined
negatively. Despite this land-use changes, the territory continued, as initial-time period,
dominated by areas with very low proportion of change (39% of the provinces) or with no
change (33% of the provinces). However, there were strong variations registered in eight
provinces due to cropland extent decrease.

At LULC category level, Fig. 3(g) and Fig. 3(j) captured similar spatial distribution
between provinces affected by cropland extent increase and pasture area decrease, confirming
a negative correlation (r,= -0.5596783 and P-value <0.01). On the contrary, as can be seen
from the Fig. 3(i) and Fig. 3(h), enlargement of grassland extent had no significant relation
(r,= -0.0352285 and P-value= 0.8672) with reduction of agricultural areas. Whereas
forestland extent declined (Fig. 3(1)) with very low intensity in seven provinces that were
positively interrelated to cropland size decrease (r,= 0.4883865 and P-value <0.05). It should
be noted that no forest area increase was assessed in the final period (Fig. 3(k)).

3.2 Capacity and importance of drivers to predict the distribution of individual land-use
changes

Each explanatory variable displayed different spatial distribution within the study area
(Fig. 4). Population density varied slightly between both periods, characterising a territory
with eleven provinces in a growing rate and fifteen provinces with a declining proportion
over time. Income driver showed rather similar values for all the provinces, except for three
provinces, Huamanga and Huancayo that include a major city each, and Yauli characterised
by mining development. Education presented provinces of Junin with a higher percentage of
people with completed secondary school than the provinces of Ayacucho and Huancavelica.

Population density (log) Income (S/year) Education (%)

i i
{.) 2000 - 2009 & 2009-2013 ‘w 2000 - 2009 2009 - 2013 v:nu - 2009 qu -2013
3 a ! ) / ) .
I - ] 3 3
v ’ ] " ‘ ' : v ’
S Sy ) )

1 i
1 1 2
'

b 8 3 3 W e B o 3 ‘!‘" ‘ *:’

,567792 - 868657 +557653 - 864079 ' 116,550000 - 168,650000 194,233333 - 331,420000, 22,160319 - 33,076633 22,820000 - 33,946000

868658 - 1,169521 1864080 - 1,170504 i 168,650001 - 220,750000 331,420001 - 468,606667 33,076634 - 43,992947 33,946001 - 45,072000
1,169522 - 1,470386 1,170505 - 1,476930 1 220,750001 - 272,850000 468,606668 - 605,793333 43,992948 - 54,909261 45,072001 - 56,198000
[ 1.470387 - 1,771251 I 1,476931 - 1,783356 ! I 272,850001 - 324,950000 [ 605,793334 - 742,980000 | [ 54,909262 - 65,825575 [ 56,198001 - 67,324000
I 1,771252 - 2072115 I 1,783357 - 2,089781 /I 324,950001 - 377,050000 [ 742,980001 - 880,166667 I 65.825576 - 76,741889 I 67,324001 - 78,450000
No moist Puna No moist Puna ' No moist Puna No moist Puna ' No moist Puna No moist Puna
Provincial boundaries Provincial boundaries | Provincial boundaries Provincial boundaries | Provincial boundaries Provincial boundaries

Figure 4:  Spatial distribution of each driver for both time periods. The values of drivers
are organised in equal interval quintiles.

There were disparities regarding how well the drivers predicted individual land-use
changes (Fig. 5(a)). Changes in area decrease were better predicted in agricultural area (both
periods), forestland extent (2000-2009) and natural grassland extent (2000-2009), in that
order. Natural grassland decrease (2009-2013), forestland extent decrease (2009-2013) and
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all changes in area increase were poorly predicted by all three drivers. Overall, our results
show that variations of cropland extent were the best explained.

The function “ordistep” of redundancy analysis showed that the significance to predict
land-use changes was shared among variables, and that different land-use changes were best
predicted by different variables (Fig. 5(b)). Population density was the best driver showing
its importance for predicting cropland area changes (both periods), forestland and pasture
extent decrease (2000—2009). Income did well predicting forestland extent decrease during
2000-2009, and education did well explaining agricultural area decrease in both time-steps.
No variables predicted natural grassland decrease (2009-2013) and increase (both periods),
forestland extent decrease (2009-2013) and increase (2000-2009). Overall, drivers had best
significance clarifying changes in the first-time period.

A | B 2
Natural grassland extent 2009-2013- B . g - g
s g E]
g g 3
R 2 g g
| z £ b1
& Natural grassland extent 2000-2009- S FS
S I :
)
=
[+ B 1 Agricultural area increase 0.05
< Forestland extent 2009-2013~- 8
- - 2 | Agricultural area decrease 001
g ™ ] Natural grassland exient increase
= Forestland extent 2000-2009- — g | Nawral grasshand extent decrease  [NOIOUN
= = - - Forestland extent decrease L0011 001
= : n Agricultural arca increase 0.1
E=] Agricultural area 2009-2013+ e
g :
- o m— a Natural grassland extent increase
| - Natural grassland extent decrease
LIICH al area 2000-2009 - | -

x y r | Forestland extent decrease
0.2 0.3 0.4 0.5

Adjusted R®

0.1 0.0 0.

Figure 5:  (a) Capacity of drivers to predict the distribution of individual land-use changes
for the two-time periods (green horizontal barplots are relate to LULC area
increase; red horizontal barplots are relate to LULC area decrease); and
(b) Importance of each driver for predicting individual land-changes for the two-
time periods (boxes with P-value of significant relationship are coloured; darker
colours indicate a strong correlation; grey boxes indicate no significance).

4 DISCUSSION AND CONCLUSION

This study analysed spatial patterns of land-use change occasioned by human activities
in central high-Andean moist Puna since 2000. The results described three patterns: (1) a
North—South division in terms of land-use change intensity over time, (2) two spatially
different trends of intensifying agriculture during 2000-2009 and de-intensification during
2009-2013, negatively correlated to natural grassland extent, and (3) a persistent negative
trend of forestland area over time and across space. Moreover, the observed land-use change
trends were predicted by explanatory variables based on publicly available data.

The first spatial pattern identified a North—South divide in terms of land-use change
intensity that was primarily related to population growth factor (Figs 4 and 5(b)). Northern
side of the moist Puna was characterised by high intensity levels of land increase/decrease in
each chosen LULC type (Fig. 3). Most of these provinces are located in the Mantaro river
basin characterised by fertile lowlands and high population density (especially in the
surrounding areas of the two major cities, Huancayo and Ayacucho). On the contrary,
the South sector represented by larger desolate highland extents showed a prevalent very low
proportion of area change (Fig. 3). These results agree with similar findings in the Andes that
remarked the driven role of high population density predicting agricultural intensification [8],
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[32], while isolated rural communities have little motivation to advance in their land beyond
subsistence farming [33].

The second important pattern assessed in central high-Andean moist Puna was described
by two trajectories concerning cropland extent. The first trend described a process of
agricultural intensification predicted by population growth during 2000-2009 (Figs 3(a) and
4). This period was characterised by an internal migration highly occurred in the Mantaro
Valley’s that promoted the rapid growth of commercial farming in the lowlands [34], [35].
Whereas, the second trend showed farming land decrease during 2009-2013 linked to high
population density and low schooling percentage (Fig. 5(b)). Fonte et al. [36] and Skarbg and
VanderMolen [37] confirmed that population increase result in soil degradation pushing
farmers to crop higher elevations with more favourable conditions. In the same way,
Agudelo-Patifio and Miralles-Garcia [38] reported that the city growth shifted agricultural
peri-urban systems in an Andean metropolitan area.

The third spatial pattern showed a trajectory of forestland extent decrease over the
two-time steps and across half of provinces in the central moist Puna primarily defined by
high population density, low family income and education (Fig. 4). Forest area degraded
(replaced by shrublands) more intensely during 2000-2009 (Fig. 3(f)), mainly caused by
overgrazing and controlled burning, which are principal drivers assessed in previous work
[20], [39], [40]. Although deforestation provinces were correlated to agricultural expansion,
not represented an important process, contrary to global study findings [40], [41]. On the
other hand, during 2009-2013, few provinces had a forest decline not well explained by low
population density and middle percentage of adults with complete secondary school.

In that sense, although our research focused on causal factors of the land-use change, there
is a lack for explaining the observed spatial patterns that suggest further assessment.
However, we presented a transparent approach about spatial patterns of land-use changes in
in the moist Puna that can contribute to a better understanding of complex social-ecological
mountain landscapes. Understanding the spatial patterns of changes in the extent and their
explanatory variables, is important for clarifying land-use change trajectories. Therefore,
typifying land-use change dynamics of the moist Puna would be a beneficial and interesting
field for future research. Moreover, our study could be used as starting point for the
development of research focusing on the impact of the land-use change patterns on
biodiversity and ecosystem services.
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