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1 | INTRODUCTION

The soil, a dynamic system in time and space, represents an essential
economic resource for society (Paroissien et al., 2015) as it is the main
terrestrial reservoir of fundamental nutrients such as nitrogen and

phosphorus and fulfils the function of fertility maintenance (Quinton

Abstract

The functioning of tropical montane ecosystems are key provider of environmental
services. However, climate and land use change interactively affect the ecohydrologi-
cal and biogeochemical processes that support the provision of such services. We
evaluate the effect of land use/land coverand the seasonality and intensity of the
rainfall on the ecological functions of erosion control and nutrient regulation in a gra-
dient of human intervention in the Central Andes of Colombia. Our results show that
soil erosion (kg/ha/year) was higher in the transitory crop (187.7), followed by the
permanent crop (98.2), and much lower in the pasture (8.0) and native forest (7.2).
Our results also indicate a differential effect of land use and rainfall seasonality on
erosion and nutrient transport, both processes being significantly higher in crops and
lower in forest, both for the wet and dry seasons. However, the relationships
between erosion and rainfall intensity varied depending on the hydrological season
(in the wet seasons, no linear model was significant, while in the dry seasons, linear
models for maximum rainfall intensity were significant in both crops and in the oak
forest, and linear models with mean intensity were significant for both types of
crops). Nitrogen exhibited the highest rates of transport, which can have important
implications for water and soil pollution. Nitrogen transport via erosion (g/ha/year)
was consistent with erosion results, being higher in the transitory crop (399.9) and
permanent crop (265.3) that in the oak forest (6.9) and pasture (6.8). These results
indicate that converting forests affects the capacity of ecosystems to provide envi-

ronmental services, which is further amplified by projections of climate change.

KEYWORDS
climate change, environmental services, oak forest, soil conservation, soil pollution

et al., 2010). As a non-renewable resource, it is important to guaran-
tee its sustainability, so that its current and future functionality is
maintained (Paroissien et al., 2015). One of the multiple routes of soil
degradation is loss through water erosion (Er), which involves the
detachment of particles by the impact of raindrops, and their subse-

quent transport through surface runoff flow (Sr) (Field et al., 2011).
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With Er, nutrient transport (Nt) associated with soil particles is also a
contributor to soil degradation (Zhang et al., 2015), the three pro-
cesses (Sr, Er and Nt) being closely related. In the analysis of ecohy-
drological interactions, those that integrate climate, vegetation and
soil allow assessing the ecological functioning and the cycling of mass
and energy in ecosystems (Silva & Lambers, 2021).

As a naturally complex process, Er can be affected by global
change (Paroissien et al., 2015), as it is determined by rainfall intensity
and seasonality (Sun et al., 2016; Zhang et al., 2011), land cover and
land use (Xiao et al., 2015). Er and Nt have ecological, environmental
(Field et al., 2011) and economic relevance at different spatial scales,
negatively affecting ecosystem function (Cohen et al., 2006). Both
processes (Er and Nt) are directly associated with environmental and
socio-economic degradation (Ehigiator & Anyata, 2011) and specifi-
cally, with soil degradation (Xiao et al., 2015), thus representing a
global threat to the environment (Zhang et al., 2011). The negative
impacts of these processes include decreased soil productivity (Guo
et al, 2015), water pollution and eutrophication (Recanatesi
et al, 2013) and altered biogeochemical dynamics (Quinton
et al., 2010). They also influence atmospheric composition and climate
change, and threaten the provision of soil-related ecosystem services
worldwide, especially in tropical humid areas where erosive potential
is high due to heavy rainfall (Cohen et al., 2006).

Ecosystems respond to rainfall at different spatial and temporal
scales, the timing and magnitude of rainfall events are important
drivers of ecosystem processes. Understanding how the relationships
between drivers, fluxes and ecosystem processes change through
space and time is a key component of describing ecosystem function-
ing. This is particularly important in functions associated with nutrient
regulation because the amounts of nutrients available and their circu-
lation in an ecosystem have consequences for numerous ecological
processes (Corman et al., 2015).

There is a continuous increase in the global demand for food that
accelerates the conversion of natural ecosystems into agricultural
lands, a conversion that modifies the potential provision of ecosystem
goods and services (Balthazar et al., 2015). This is evident in tropical
regions that, for centuries, have been subject to colonization for agri-
culture and pastoralism (Vanacker et al., 2014), which strongly impacts
Er and Nt and, consequently, the capacity of soils to sustain agricul-
ture, potentially threatening regional or global food security
(Paroissien et al., 2015). In turn, one of the most direct impacts of cli-
mate change is the increase in rainfall intensity and the increase and
intensification of dry periods (Pedersen et al., 2021), leading to higher
occurrence and intensity of Sr and higher Er and Nt rates (Field
et al., 2011).

In consequence, land use, land cover and rainfall regimes control
the intensity and frequency of Sr, Er and Nt. A better understanding
of these relationships is important for proper soil and water manage-
ment and conservation (Peng & Wang, 2012). Specifically, for an ade-
quate control of Er and Nt, it is necessary to understand their spatial-
temporal variability in different climatic conditions and land cover
types, aspects that acquire greater importance given the current rate

of change of both climate and land use change. This is of particular

interest in tropical montane regions where ecosystems are highly vul-
nerable to anthropogenic and climatic changes and where land man-
agement is critical to the sustainability of communities living within
and outside such regions (Balthazar et al., 2015). Although the impacts
of land cover conversion on Er and Nt have received increasing atten-
tion worldwide (Suescun et al, 2017), few studies combine such
impacts with rainfall seasonality and its implications on the regulation
of ecosystem functions, particularly for erosion control and nutrient
cycling.

Tropical ecosystems with healthy soils can support multiple eco-
system services, such as water and climate regulation that are impor-
tant for the development of environmental policy and ecosystem
management in these regions. Particularly, in the northern Andes,
where our study area is located (the Rio Grande basin), the landscape
is dominated by combinations of mosaics of pastures and crops (with
economic uses such as cattle ranching for dairy production) and rela-
tively isolated patches of native forests. In these areas, deforestation
is explained by socio-economic and biophysical factors. These land
use practices can have an important effect on the supply of ecosys-
tem (Ramirez, 2014). In fact, Suescuiin et al. (2021) found that, in the
same area, phosphate fluxes in infiltration and surface runoff were
higher in transformed systems than in natural forests, and a large part
of the additional nutrient inputs in productive systems from fertiliza-
tion can be lost due to surface runoff or infiltration. In this study, we
evaluate the effect of vegetation cover type and rainfall seasonality
and intensity on Sr, Er and Nt in a gradient of land cover types that
resemble different stages of human intervention (oak forest, transitory
crops, permanent crops and pasture) in tropical montane regions. Our
results provide relevant information for the formulation of adaptation
measures to global change, with emphasis on soil and water conserva-
tion in rural land production systems in tropical highlands.

2 | MATERIALS AND METHODS

In this study, we analysed the processes of Sr, Er and Nt, by establish-
ing experimental plots in four land cover types that represent a gradi-
ent of human intervention (oak forest, transitory crop, permanent
crop and pasture) in the tropical Andes. During 2 years of monitoring,
rainfall (mm) and Es and Er were measured, as well as the depth of Sr
(mm). Using this, Er (kg/ha) and Nt (g/ha) rates were determined for
each cover. The nutrients studied were calcium (Ca®*), magnesium
(Mg2"), potassium (K*), phosphate (PO43~) and total nitrogen (N). The
relationship between Sr and Er was verified by means of an explor-
atory correlation analysis. We compared Sr and Er between the four
covers, and within each cover between wet and dry seasons, as a way
to evaluate the potencial effect of vegetation cover type and rainfall
characteristics  (seasonality and intensity) on Sr, Er and
Nt. Subsequently, linear regression models were fitted between Er as
the dependent variable, and maximum and mean rainfall intensity as
independent variables, following a statistical criterion (even if physi-
cally or conceptually the variables could have different association

patterns, in the observed range, the relationships between the
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FIGURE 1
anthropic intervention

different variables were essentially linear, allowing us to compare
these associations through simple slope comparisons). Correlations
and linear regressions were performed both for the entire study
period and discriminated between wet and dry seasons. Finally, the
results were analysed in the context of the regulation of ecosystem
functions (regulation of erosion control and nutrient retention), which
are key in tropical montane ecosystems as they support ecosystem
services related to water and soil.

2.1 | Study area

The study area is located in the upper part of the Rio Grande basin, in
the central Andes of Colombia, at an altitude of 2800 m a.s.
(Figure 1). This is a strategic basin in the country, as the Rio Grande
provides water to supply the demand of approximately half of the
population of Medellin, the second largest city in the country, and is
used for hydropower generation and is also known as the second larg-
est producer of milk and dairy products in the country. The average
annual rainfall is 1857 mm, with a bimodal distribution (two rainy sea-
sons in MAM and SON and two drier seasons in DJF and JJA). The
landscape is dominated by introduced pastures dedicated to dairy cat-
tle ranching, with some relicts of native forests and patches of crops
or stubble. Overall, the dominant land uses in this area correspond to
pastures in combination with several kinds of crops. The traditional
land conversion process in the Colombian Andes begins with forest
clearing, followed by land preparation with tillage. Once crops are
established, intensive use of agrochemicals and pesticides is common.

After a few cultivation cycles, land is converted into pastures. These

Oak-forest
Rl T

Pasture

Location of the study area in the Rio Grande basin (Colombia) and the four vegetation covers that represent a gradient of

agricultural activities are determined by regional and national
demands for agricultural products (Garcia-Leoz et al., 2018). In partic-
ular, the Rio Grande basin has a total area of 130,000 ha, of which
forests cover 23,036.8 ha (22.3%), pastures 59,793.8 ha (58.0%), per-
manent crops 789.3 ha (0.8%) and transitory crops 1477.2 ha (1.4%).
These four land cover types represent 82.5% of the basin. The soils
are acidic (Andic Dystrudepts subgroup) high in organic matter and
generally nutrient poor. We installed experimental plots in a relatively
small area where these four dominant vegetation types were in prox-
imity to each other. This allowed us to control for spatial variability in

climatic, topographic and edaphic properties.

2.2 | Land cover types

In our study, the reference natural cover is the forest, which corre-
sponds to an oak-forest dominated by Quercus humboldtii Bonpl, a
species classified as vulnerable by the International Union for Conser-
vation of Nature (IUCN). The dynamics of land use change begins with
the clearing of the native forest to make way for transitional crops.
After several harvests (approximately 2 years), the crop yields drop
and pastures are established, which are the longer lasting covers over
time. In this experiment, first, a potato crop was established for which,
prior to planting, soil was prepared by applying 250 kg/ha of magne-
sium sulphate and 600 kg/ha of agricultural lime for the purpose of
neutralizing soil acidity and increasing the pH. The crop was fertilized
at planting with 300 kg/ha of 15-15-15 (15% N, 15% P,0s and 15%
K,0) and 50 kg/ha of Agrimins® mineral supplement (total N 8.0%,
ammoniacal N 1.0%, ureic N 7.0%, P,Os 5.0%, CaO 18.0%, MgO
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6.0%, S 1.6%, B 1.0%, Cu 0.14%, Mo 0.005% and Zn 2.5%); then, foliar
fertilizer was used every 15 days. Subsequently, a combined corn-
beans system was planted, 700 kg/ha of poultry manure and 50 kg of
15-15-15 for each kg of seed were applied at the time of planting,
and after 5 months, fertilization with 250 kg/ha of 15-15-15 was
applied again.

The other agricultural cover was a permanent crop dominated by
a grass (Pennisetum americanum [L.] Leeke), with a longer vegetative
period than the transitory crop and requiring less intensive soil
management and lower supply of agrochemicals. To prepare the soil
for the establisment of this cover, 600 kg/ha of agricultural lime and
250 kg/ha of magnesium sulphate were applied. At planting,
200 kg/ha of 15-15-15 and 50 kg/ha of Agrimins were applied.
Every 3 months, the grass was harvested at ground level. Finally, a
pasture for direct grazing (Pennisetum clandestinum Hochst. ex Chiov)
dedicated to dairy cattle, with management practices such as paddock
rotation (with a 50-day rest period), pest control with commercial
pesticides and fertilization applying 200 kg/ha every 50 days of
Nitro-xtend (40% nitrogen and 6% sulphur). These pastures have been

intensively managed for at least 35 years.

2.3 | Experimental design and field monitoring

The magnitude and intensity of rainfall events were recorded by with
Davis Vantage Pro2 weather station in a location at the centre of the
four covers and not father than 200 m from each one, with 5-min
recording resolution, in addition to three analogue rain gauges distrib-
uted in open fields. To monitor runoff and erosion, we established
two monitoring sites on each land cover type (two plots per land
cover type). At each of those sites, a 10 x 2 m runoff plot (Sr) was
established in the direction of the main slope, which was relatively
uniform among cover types (19.5% in the oak forest, 21.6% for pas-
ture, 18.9% in the transitory crop and 21.8% in permanent crop). Each
runoff plot had a gutter at the bottom of the 10 m to collect surface
runoff, which was connected to a container for water storage
between measurements and sample collection periods. These gutters
were also used as sediment traps (for Er measurement) by superim-
posing a fine mesh fabric on top of them, allowing the capture of soil
particles entrained in the Sr flow. The characteristics of rainfall and Sr,
Er and Nt fluxes were monitored in the four cover types for a period
of 24 months (February/2014-January/2016). Weekly Sr fluxes were
recorded in depth (mm) and Er in kg/ha. Weekly sediment samples,
from each plot, were combined each month for chemical analysis in
the laboratory. Representative values of Sr and Er were calculated as

the average from both plots.

2.4 | Laboratory analysis

Sediment samples from each plot were oven dried at 65°C for 48 h,

then sieved and weighed. Subsequently, the samples from different

plots in the same cover for each month were combined and subjected
to chemical analysis. Calcium, magnesium and potassium cations were
extracted using neutral 1 N ammonium acetate (CH3;COO NH,) and
determined by atomic absorption spectrophotometry (Klute, 1986).
Phosphate was determined using the Bray-Il method (Kalra &
Maynard, 1991). Finally, the Kjeldahl method was used for the analy-

sis of total nitrogen (Jones et al., 1991).

2.5 | Data processing
2.5.1 | Rainfall characteristics and effects on Sr
and Er

To analyse the relationships between seasonality and intensity of rain-
fall and both Sr and Er processes, weekly amounts (mm/week), and
the maximum and average intensity (mm/h) of precipitation were
determined using the 5-min records from the weather station. The cri-
teria for differentiating wet (or dry) seasons was the occurrence of at
least four consecutive weeks in which the average weekly precipita-
tion was greater (or lower) than the weekly average for the 2-year
observation period (27 mm/week). Relationships between Sr and Er
were examined by Pearson correlation analysis, considering both the
total study time and wet and dry hydrological seasons independently,
for each cover type.

2.5.2 | Nutrient transport via soil erosion (Nt)

The Nt as particulate material (via soil erosion) was determined from
average monthly concentrations of each nutrient in the total amount
of transported soil (Er). Thus, Nt was calculated as the product of the
concentration of each nutrient by the weight of particulate material,

expressed in g/ha/year.

2.5.3 | Effect of vegetation cover and rainfall
seasonality and intensity on Es and Er

To determine the potential effect of vegetation cover and rainfall
seasonality on Sr and Er rates, a two-way analysis of variance with
interaction was applied (after verification of normality). A transfor-
mation was applied to satisfy assumptions (mainly to overcome the
lack of normality), for Sr it was log(Sr + 0.01) and for Er it was log
(Er 4+ 0.01). To determine the relationship between Er and the maxi-
mum and average rainfall intensity in each cover type, regression
models were adjusted for the total study time and for both wet and
dry hydrological seasons. Subsequently, to evaluate differences in
rainfall-runoff-erosion relationships between cover types, the slope
values of the significant regression models were compared using a
slope parallelism test. All analyses were performed in the R statisti-

cal application.
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3 | RESULTS
3.1 | Rainfall characteristics and effects on Sr
and Er

For the 2years of monitoring, a total rainfall of 2786 mm was
recorded, with a mean monthly value of 116 mm. This period was sep-
arated into five wet seasons and six dry seasons (Figure 2a). Annual
rainfall generally exhibited a bimodal behaviour, with 34.2% of total
rainfall concentrated in the dry seasons and 65.8% in the wet seasons.
The maximum weekly rainfall value recorded was 121 mm/week in
the wet season. The mean value of maximum intensity was
18.9 mm/h (maximum 62.4 mm/h and minimum 2.4 mm/h), while the
mean value of average intensity was 3.0 mm/h (maximum 5.5 and

minimum 0.7 mm/h). In all weeks the pasture had higher Sr values

than the other cover types, with peaks parallel to rainfall in all wet
seasons except in the fourth (Figure 2b). Similarly, both crops exhib-
ited the highest Er values, particularly in the second year (Figure 2c).
Table 1 shows the annual values of Sr and Er in each cover for
the total study time and discriminating between wet and dry hydro-
logical seasons. In general, for the four cover types, weekly mean
values of Sr and Er were higher in the wet than in the dry seasons (2.9
and 2.4, respectively). On average, for both wet and dry seasons, and
without discriminating between seasons, pasture exhibited a mean
weekly Sr of 23.5 mm/week; 6.0, 4.3 and 4.7 times higher than tran-
sitory crop, permanent crop and oak forest, respectively (Table 1).
Similarly, for both the wet and dry seasons, on average, as well as
without discriminating between seasons, the transitory crop had a
weekly mean Er of 187.7 kg/ha/year; 26, 23.5 and 1.9 times higher

than oak forest, pasture and permanent crop, respectively. An effect
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period (February/2014-January/2016). Precipitation exhibited a bimodal behaviour with five wet and six dry seasons.
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TABLE 1 Mean values of Sr (mm/year) and Er (kg/ha/year) in
each cover type for the total study time and discriminating between
wet and dry hydrological seasons (standard deviation in parenthesis)

Surface runoff (mm/year)

Land cover Total period Wet season Dry season
Oak forest 4.9 (3.6) 14.3 (2.5) 22(1.3)
Pasture 23.5(15.6) 51.1(0.1) 16.0 (10.3)
Transitory crop 3.9 (2.4) 5.4(0.4) 2.9(3.2)
Permanent crop 5.5(2.3) 9.6 (5.6) 3.8(3.4)
Soil erosion (kg/ha/year)

Land cover Total period Wet season Dry season
Oak forest 7.2(3.8) 12.2(5.1) 6(2.4)
Pasture 0(1.1) 14.4(0.1) 8(1.4)
Transitory crop 187.7 (96.9) 371.5(311.7) 136.3 (58.9)
Permanent crop 98.2 (32.0) 185.5 (78.7) 79.3(38.1)

of seasonality was observed in the correlations between Sr and Er, as
significant correlations were present in all cover types when not dis-
criminating between seasons, and only in both crops in the wet sea-

sons and in the forest in the dry season (cells with stars in Table 2).

3.2 | Nutrient transport via soil erosion (Nt)

Both crops (the transitory crop higher than the permanent crop) had,
on average, higher Nt than the oak forest and the pasture, which had
low and similar values between them. In general, for all four cover
types, the highest Nt values were recorded for nitrogen, followed by
calcium, potassium, magnesium and the lowest for phosphorus. In
fact, Nt values for nitrogen were twenty nine, fourteen, nine and two
times higher than those for phosphorus, magnesium, potassium and
calcium, respectively. The annual Nt values for the 2 years of monitor-

ing are presented in Table 3.

3.3 | Effect of land cover and rainfall seasonality
and intensity on Sr and Er

We found significant differences for both Sr and Er between hydro-
logical seasons and between cover type. In the wet season, both Sr
and Er were significantly higher (P < 0.05) than in the dry season
(in the four covers) (Figure 3). Sr was significantly different between
pasture and the other cover types (being higher in pasture) and with
no significant differences between both crops (Figure 3a). Both crops
had significantly higher Er than the oak forest and pasture (P < 0.05)
but without differences neither between both crops nor between oak
forest and pasture (P > 0.05) (Figure 3b). Finally, Nt was directly corre-
lated (strong linear relationship, P < 0.05) to Er. Therefore, the effect
of cover type and rainfall seasonality and intensity on Er was also
reflected in Nt.

An exploratory analysis of the relationships between Er and the
maximum and average intensity, discriminating between wet and dry
seasons, was carried out for the four cover types and for the total
monitoring time (Table 4). An effect of rainfall seasonality was
observed for the entire period (when not discriminating by season). All
models were significant (except in the pasture with maximum inten-
sity). In the wet seasons, no model was significant, while in the dry
seasons, models for maximum rainfall intensity were significant in
both crops and in the oak forest, and models with mean intensity
were significant for both types of crops.

According to the results of the slope parallelism test performed in
the significant models, we found significant differences in only three
cases (Table 4). Thus, for the entire study period, and considering the
maximum rainfall intensity, an increase in one unit of the latter
determines on average increases in the Er of up to 31 times in the oak
forest and pasture, with respect to the permanent crop. Similarly, a
one-unit increase in average rainfall intensity leads to an average
increase in Er of up to 23 times in the oak forest with respect to the
permanent crop (Table 4).

4 | DISCUSSION
4.1 | Effect of rainfall seasonality and intensity on
Sr, Er and Nt rates across a land cover gradient

Sr, Er and Nt processes varied significantly among different land cover
types and between hydrological seasons. Previous studies have veri-
fied a positive association between Sr and Er (Wang et al., 2010). Our
results showed that in all cover types, Sr and Er correlate significantly
without discriminating between hydrological seasons, but when dis-
criminating between seasons, this significant correlation only occurs
in both crops during the wet season and in the oak forest in the dry
season (Table 2). This is potentially associated with higher rainfall dur-
ing the wet season that generates higher Sr and Er in the crops, while
in the oak forest and pasture, there is a greater soil protection, since
in these cover types, a higher rainfall does not necessarily generate
higher Sr and Er.

Since cover type and land use affect Sr, Er and Nt rates, we found
that the highest Er and Nt occurred in the cover with the lowest Sr,
with Nt being directly proportional to Er. Sr was significantly higher in
the pasture (Figure 3a; P < 0.05) where low Er and Nt values were
present, while Sr was low in both crops where significantly higher Er
and Nt values were present (Figure 3b; P < 0.05). The low Er in the
pasture may be the result of soil compaction because of cattle tram-
pling, which decreases the impact and detachment of surface soil par-
ticles by the raindrop (Basant et al., 2020; Magliano et al., 2019). Also
the protective effect of grass cover in contact with the soil surface,
which decreases the kinetic energy of the raindrop, and with it its ero-
sive potential has been reported. However, the high Sr in the pasture,
associated with lower infiltration (Peng & Wang, 2012), carry a differ-
ent problem of high nutrient losses in solution (Suescun et al., 2017).

Other studies reported similarly higher Er values under bare soil
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conditions as in our crop sites (Zhang et al., 2011), although they did
not differentiate between hydrological seasons.

Crop type and tillage practices can generate higher Er and Nt with
consequences on soil degradation and loss of sustainable land produc-
tion. Our results show a strong interaction between Er and the crop-
ping system and management, an interaction that governs the rate and
magnitude of soil degradation in this type of cover (Ehigiator &
Anyata, 2011). Transitory crops, by not providing a permanent protec-
tive cover to the soil surface, are more susceptible to Er and Nt genera-
tion, particularly in very rainy and hilly areas. Consequently, permanent
crops, compared to transitory crops, would appear to be less impactful
in terms of natural resource conservation, particularly for maintaining
soil and water quality regulation. The implementation of soil conserva-

tion practices such as minimum tillage is of particular interest for these

TABLE 2 Pearson's correlation
L X Land cover
coefficient values for Sr and Er in each
cover type Oak forest
Pasture

Transitory crops

Permanent crops

Total period (n = 102)

purposes in tropical montane regions, where factors such as high slope
relief and high rainfall intensity are often combined. There, the replace-
ment of transitory crops with permanent crops could have a positive
impact on the control of Er and Nt rates (Wang et al., 2010).

In contrast, the oak forest exhibited a significantly lower Er than
crops (P < 0.05), as reported by other studies (Sun et al., 2016), con-
tributing to soil and water conservation (Zhang et al., 2015), a result
that is constant through both wet and dry seasons (Figure 3b). This is
due to the presence of a canopy and a litter layer, which protect the
soil surface from the impact of raindrops, jointly absorbing their
kinetic energy and temporarily storing water. As a result, Es, Er and Nt
rates are reduced, and the infiltration process is favoured (Sun
et al., 2016) which supports ecosystem services related to hydrologic
regulation (Zhang et al., 2015).

Wet season (n = 35) Dry season (n = 67)

0.54* 0.31 0.41*
0.36* 0.28 0.10
0.54* 0.63* 0.12
0.23* 0.42* 0.05

*Correlations that were significant (P < 0.05).

TABLE 3 Annual values (tstandard deviation) of nutrient transport associated with erosion (Nt) in g/ha for the four vegetation cover types

Nt mean (g/ha/year)

Vegetation cover Ca Mg K P N
Oak forest 0.74 £ 0.94 0.11 +0.14 0.18 +0.23 0.04 +0.03 6.90 £ 3.39
Pasture 0.75 +0.50 0.11 = 0.07 0.13 £ 0.09 0.21 +0.17 6.81 + 6.45
Transitory crop 205.25 +128.79 2543 + 15.67 56.84 + 35.45 20.04 £ 7.85 399.92 + 158.30
Permanent crop 174.53 + 40.57 22.58 + 7.45 2247 +11.83 7.52 +£1.03 265.26 + 127.32
(a) Comparison of Sr between hydrological seasons
= | Vegetation cover
= I _ —%— Pasture
2 g | -~ QOak—forest
T b @ Permanent crops
2 S --0- Transitory crops
g T
o
hd
i
Wet season Dry season
(b) Comparison of Er between hydrological seasons
o @ oo--- e Vegetation cover
R : ...... - ,..:»i_“»f»_—f_mo -0~ Transitory crops
2w " ® ..e- Permanent crops
+ T 7 —%— Pasture
. 43 — - _
FIGURE 3 Comparison of Sr and Er rates R ® - Oak—forest
between wet and dry hydrological seasons and - b
between vegetation covers. Inside the figure, o &
letters a, b and c denote similarities or differences I T
between cover types. Wet season Dry season
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In addition to the effect of vegetation cover and land use on Sr,
Er and Nt rates, climatic conditions can significantly influence these
processes (Cano-Arboleda et al., 2022; Xiao et al., 2015). In fact, rain-
fall characteristics such as magnitude and intensity exhibit a linear cor-
relation with Sr and Er (Cortés et al., 2020; Wang et al., 2010). The
wet and dry conditions associated with rainfall seasonality during the
monitoring time provided us with the opportunity to quantify the vari-
ation in Er and Nt because both processes are driven by rainfall and
Sr. Our results showed that the differences in Sr and Er between
cover types vary depending on the hydrological season. Thus, Er was
not different between both crops (P < 0.05; Figure 3b).

In the oak forest, Er was significantly lower than in both types of
crops, both for both wet and dry seasons, indicating a high resilience
of this cover to the change of hydrological seasons, again exhibiting a
better role as a regulator of the ecosystem functions of erosion con-
trol and nutrient regulation. This is important considering that ongoing
climate variability may alter the rainfall regimes, increasing the likeli-
hood of increasingly intense hydrological extremes (Pedersen
et al, 2021), and potentially altering rainfall behaviour and
seasonality.

Different studies have found that Er increases linearly with
increasing rainfall intensity (Luo et al., 2013), a relationship that we
analysed between hydrological seasons. All regression models were
significant when not discriminating between seasons (except in the
pasture with the maximum intensity, Table 4), but in the wet seasons,
no model was significant, while in the dry seasons, only the models in
both crops and oak forest with the maximum intensity were signifi-
cant. The effect of rainfall seasonality on the relationship between
rainfall intensity and Er was evident. Apparently, in the wet season,
when the soil is saturated, it does not matter if rain is more or less
intense as the infiltration capacity will be low, allowing the generation
of Sr and Er.

42 |
quality

Implications of Er and Nt on water and soil

Our results indicate that the greatest effects on erosion and loss of
nutrients (due to erosion) occur in both crops, which in the case of the
Rio Grande basin represent 2.2% of the basin. In contrast, the forests

that represent a larger area (22.3% of the basin) had less erosion and

TABLE 4

Total period

Wet season

loss of nutrients. The most dominant cover in the watershed (pastures
with 58.0%) also had low nutrient loss due to erosion, but high nutri-
ent loss due to surface runoff, as indicated in previous studies (Garcia-
Leoz et al., 2018; Suescun et al., 2017).

In general, the highest Nt values occurred for nitrogen, while
phosphorus was the lowest, Nt being higher in both crops compared
to the forest and pasture. The biological availability of nitrogen and
phosphorus has important implications for a variety of ecological pro-
cesses, including the regulation of water and soil quality (Corman
et al,, 2015). In fact, in agricultural areas, nitrogen and phosphate are
the main indicators of soil fertility and soil quality (Xu et al., 2015).
However, in agriculture, the excess use of both is recognized as the
main cause of surface and groundwater contamination (Martinez
et al., 2009; Vadas et al., 2015; Xu et al., 2015). Future nitrogen depo-
sition from the atmosphere to the land surface is predicted to be par-
ticularly high in many forests, due to increased biomass burning and
fertilizer use, with important implications for biogeochemical cycling.
However, the impact of processes occurring in the soil (such as Er and
Nt) on biogeochemical cycling is one of the major uncertainties in the
understanding of global climate change (Quinton et al., 2010).

The use of agrochemicals can lead to degradation in water quality.
This is particularly important in high mountain ecosystems with steep
slopes, where intensive agriculture increases Er and Nt by driving
agrochemicals into surface and groundwater, potentially reducing soil
fertility, causing sedimentation and increasing nutrient content in
water bodies (eutrophication) (Recanatesi et al., 2013). This pollution
by agrochemical discharge from productive systems is one of the main
environmental concerns in the world, as it limits the use of water for

drinking, recreation and industry (Vadas et al., 2015).

4.3 | Implications of land cover conversion and
rainfall variability on the provision of ecosystem
services in tropical mountain areas

Water and nutrient flows within and between ecosystems are provi-
sioning and regulating ecosystem services. Many processes occurring
in the canopy provide essential ecosystem services that humans
depend on for survival. When the canopy, as a provider of global ser-
vices, is altered, the resulting changes can have global-scale repercus-

sions (Lowman & Schowalter, 2012). Particularly, tropical montane

Slope values of the regression models for Er in each cover type, with maximum and mean intensity as independent variables

Dry season

Vegetation cover Maximum intensity Mean intensity

Oak forest 0.002° 0.043° 0.001
Pasture 0.002° 0.023 0.001
Transitory crop 0.110% 1.882°¢ 0.086
Permanent crop 0.062° 0.968¢ 0.061

Maximum intensity

Mean intensity Maximum intensity Mean intensity

0.025 0.002¢ 0.022
1.267 0.002 0.016
0.020 0.084° 1.257¢8
0.992 0.046f 0.657%

Note: Numbers in bold denotes significant models (P < 0.05). For each column, different superscripts indicate significant differences (P < 0.05) between
slopes according to the slope parallelism test for the regression models. Only the slopes of the models that were significant were compared.
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forests and mountain rivers maintain important services to society,
such as water supply and quality and baseflow during dry periods
(Martinez et al., 2009; Vanacker et al., 2014).

One of the hydrological effects of forest canopies is the parti-
tioning of incoming precipitation into throughfall, stemflow and evap-
oration of intercepted water (Parker, 1983). This partitioning
determines water and nutrient fluxes to soil. Water fluxes in the can-
opy (stemflow and throughfall) are controlled by climate, meteorol-
ogy, type and structure of forest and spatial configuration of the
canopy (Van Stan et al., 2016). These conditions affect both nutrient
concentrations and their fluxes in water which reach the soil (Van
Stan & Pypker, 2015). In the oak forest of the present study, Suescin
et al. (2019) found that throughfall represented 87% total precipita-
tion, while stemflow represented only 0.4%. In both wet and dry sea-
sons, forest canopies produced nutrient concentration enrichment in
throughfall and stemflow. The results indicate that the increase and
intensification of droughts, and increases in the transformation of
forests Andes, could affect the capacity to regulate functions of
these ecosystems.

The conversion of forests to agriculturally productive systems is
associated with a decrease in ecosystem services (Balthazar
et al., 2015; Grizzetti et al., 2016), soil degradation and deterioration
of water quality. This conversion also implies a significant economic
loss for society in terms of ecosystem services, although market gains
drive landowners to convert for improved income (Martinez
et al., 2009). Our results support this assertion, since both crops
exhibited a significantly higher Er than the oak forest, in addition to
having, on average, the highest Nt (Table 3). Consequently, the regula-
tory effect of the oak forest, controlling the Er and Nt processes, is
affected by its conversion to crops and reflects the alteration of the
capacity of natural ecosystems to provide environmental services

associated with water and soil quality.

5 | CONCLUSION

In this work, we show how the dynamics of land cover change and
land use interact with the seasonality and intensity of rainfall to
alter the processes of Sr, Er and Nt. In the oak forest, we found
minimum values of Er and Nt, processes that accelerated in the crop
stage, but decrease to values very similar to those of the oak forest
in the pasture stage. Er and Nt increase and decrease following the
dynamics of land use change in the study area. Thus, Er increases
with the conversion of oak forests to crops and with the increase in
rainfall intensity, so that soil formation cannot compensate for its
losses and its capacity to regulate ecosystem functions such as ero-
sion control regulation and nutrient regulation decreases, which
depletes soil resources and environmental services that support
ecosystems.
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