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In the high-elevation humid tropics, human- and climate-driven land transitions can alter hydrologic connections between the atmosphere and
surface waters, with local and downstream effects. We conducted a data synthesis to examine the influence of forest-to-grassland conversion,
agroforest-to-nonforest conversion, tree plantation establishment on nonforest land, and recent glacier retreat on throughfall, evapotranspiration,
runoff, and nitrate fluxes in montane Latin America (including the Caribbean) and Hawaii. Our synthesis reveals heterogeneous—sometimes
unexpected—responses to land change. For example, in contrast with temperate highlands, forest-to-grassland conversion in the high-elevation
tropics often results in little runoff increase and lower streamwater nitrate loss. Tree plantation establishment leads to diminished runoff; the
magnitude of this effect is tenfold greater than with forest-to-grassland transitions. We highlight cases in which land use, land cover, and water
relationships derived from temperate ecosystems do not apply to and, therefore, should not underpin watershed management programs in the

high-elevation tropics.
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Tropical mountains have captivated the imagination
of Western scientists since the Age of Exploration. A
key figure in the study of tropical montane landscapes was
Alexander von Humboldt, whose work with Aimé Bonpland
elucidated the important controls of latitude, altitude, cli-
mate, and soils on the spatial patterning of ecosystems.
During an ascent of Chimborazo volcano, in Ecuador, for
example, Humboldt and Bonpland (2009 [1817]) made
meticulous observations of the biophysical environment
along an elevational gradient spanning roughly 6000 meters
(m), comparing and contrasting their measurements with
records for temperate mountains and keenly noting the
greater breadth of climatic and vegetation zones in the trop-
ics (figure 1):

In the temperate zones at 45 degrees, the limit of per-
manent snow, which is also the limit for all organized
life, is only at 2533 meters above sea level. The result
is that on mountains in temperate zones, nature can
develop the variety of organized beings and meteo-
rological phenomena on only half the surface offered
by tropical regions, where vegetation ceases to exist
at only 4793 meters. (von Humboldt and Bonpland
2009 [1817], p. 78)

Humboldt appreciated that these biophysical conditions
influenced the diverse land-use practices that he observed in
the high-elevation tropics, which, in some regions with long
human histories, have given rise to landscapes resembling
intricate patchwork mosaics (Young 2009).

Today, two centuries after Humboldt’s expedition, human
populations continue to modify land cover in tropical high-
lands through various activities, including deforestation,
animal husbandry, tree plantation establishment, agricul-
ture, urban development, mining, and wetland drainage.
Approximately half of all tropical montane cloud forest has
now been converted to these and other land uses (Mulligan
2011), although some upland regions are experiencing for-
est recovery after land abandonment (Aide et al. 2013). At
the highest elevations (more than 4500 m above sea level),
recent climate-driven glacier retreat is exposing new land for
ecosystem succession (Schmidt et al. 2008) and for human
use as well.

Whether direct or indirect, land-use and land-cover
change (hereafter, land change) in the high-elevation trop-
ics (defined as at least 1000 m above sea level and up to
23 degrees [°] 27 minutes [] north [N] and 23°27’ south [S])
can have a disproportionate influence on water resources
through effects on water input, nutrient transport, and
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Figure 1. Alexander von Humboldt’s illustration of tropical (Chimborazo, Ecuador), temperate (Mont Blanc, Alps), and
subarctic (Sultielma, Lapland) mountains. In this 1817 diagram, Humboldt depicted the influence of latitude and altitude
on climate, vegetation, and land use along elevational gradients. Source: Reprinted from von Humboldt (1817).

sedimentation (McClain and Naiman 2008). Such effects are
likely to be compounded at wet sites characterized by abun-
dant rainfall or high-intensity storms (Ponette-Gonzalez
et al. 2010a). Because human populations in tropical regions
often depend on water supplied by montane ecosystems
during dry periods (Bradley et al. 2006) and, in some
cases, throughout the year (Buytaert et al. 2006), montane
land changes that affect water quantity and quality can
have significant socioeconomic consequences for local and
downstream communities. This is especially true in regions
where mountains make up a large percentage of the land
area (e.g., Central America), enhance precipitation recycling
(e.g., Andes—Amazon), or abut arid to hyperarid lowlands
(e.g., Central Andes).

With tropical land change on the rise (Lindquist et al.
2012), a better understanding of human impacts on water
pathways, linkages, and associated fluxes of matter and

http://bioscience.oxfordjournals.org

energy across the full range of tropical landscapes, from
montane to lowland, is crucial to improving water man-
agement. For example, payments for watershed services
(PWS)—programs in which downstream water users
financially compensate upstream residents to maintain or
adopt land-use practices that enhance watershed protec-
tion (Stanton et al. 2010)—are being rapidly implemented
in tropical highlands. In Latin America, the total number
of PWS programs grew sevenfold (from 5 to 36) between
1999 and 2008 (Stanton et al. 2010). Seven such projects
were implemented in the northern Andes during this time
frame (Goldman-Benner et al. 2012). Despite the growth in
PWS initiatives, there is little empirical science indicating
how multiple land-change trajectories in the high-elevation
tropics affect water resources (Quintero et al. 2009). Much of
the existing data stem from research conducted in temperate
systems. However, differences in environmental variability
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and land management between tropical and temperate high-
lands are expected to have contrasting outcomes for water
quantity and quality. Given these differences, an evaluation
of the state of knowledge about land change in tropical high-
lands and its effects on water resources is needed.

To this end, we synthesized data from the literature to
assess the potential impacts of four major land transitions
that frequently occur at wet sites (at least 1000 millimeters
[mm)] of precipitation per year) in montane tropical Latin
America and the Caribbean (LAC) and in Hawaii—forest-
to-grassland conversion, coffee agroforest-to-nonforest
(i.e., cropland or grassland) conversion, tree plantation
establishment on nonforest land, and recent glacier retreat
(figure 2)—on water quantity (as throughfall, evapotrans-
piration [ET], and runoff) and quality (as throughfall,
soil solution, and streamwater nitrate [NO3] fluxes). We
included Hawaii in our analysis because it has experienced
a suite of land transitions similar to those in LAC since
European colonization. In addition, the extensive body of
research conducted at high elevations in Hawaii comple-
ments the existing literature for LAC. We aimed to discern
patterns in the responses of water quantity and quality to
land change in the high-altitude tropics and evaluate the
degree to which these patterns differ from those expected on
the basis of research in temperate ecosystems. Therefore, our
results suggest when it may not be appropriate to extrapolate
findings from temperate ecosystems to the tropics. We also
identify gaps in our current understanding of land-change
effects on water resources and highlight research needs
in order to improve the management of tropical montane
watersheds.

Toward an understanding of hydrologic connectivity
in the high-elevation tropics

We use hydrologic connectivity—broadly defined as “water-
mediated transfer of matter, energy and/or organisms within
or between elements of the hydrologic cycle” (Pringle 2001,
p. 981)—as an organizing framework because of its utility
in tracing the movement of constituents across multiple
ecosystem boundaries. Drawing from research in highland
(primarily temperate) regions, we also use this framework
to predict the influence of diverse land transitions on the
direction of water and NOj3 fluxes in the high-elevation
tropics (figure 3). Below, we describe expected hydrologic
and NOj responses to land change; in the sections that
follow, we compare these predictions with data from the
growing literature for tropical highlands.

Predicted effects of land change on water fluxes. Land change
affects the partitioning of water among various hydrologic
pathways: interception, throughfall, stemflow, ET, infiltra-
tion, and runoff. In high-elevation wet tropical regions,
annual rainfall inputs range from around 1000 to more than
6000 mm, storm intensity can be high, and there is a large
precipitation gradient across space. At equatorial latitudes
(10° N to 10° S), rainfall tends to decrease with elevation,
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whereas between 10° and 30° north and south, rainfall peaks
at middle elevations and then declines, sometimes substan-
tially, at the highest elevations (Rundel et al. 1994). Where
ecosystems are immersed in fog seasonally or throughout
the year, fog water deposition to plant canopies can be a
significant additional source of water (from less than 5% to
more than 75%; Bruijnzeel et al. 2011). Trees intercept more
precipitation than nonwoody vegetation does, and in high-
elevation tropical forests, the fraction of water that falls from
the canopy to the soil as throughfall ranges from 54% to 179%
(throughfall values greater than 100% are the result of fog
drip; Bruijnzeel et al. 2011). A smaller proportion of incom-
ing precipitation is funneled down plant stems as stemflow
(less than 1%-31%; Bruijnzeel et al. 2011). Evaporation from
soil or leaf surfaces and transpiration to the atmosphere
(ET) is one pathway of water loss from ecosystems. Research
in temperate ecosystems shows that woody vegetation, with
its deeper roots, has more access to water and, therefore,
has higher rates of ET than do grasses (Bosch and Hewlett
1982). Water that does not exit the ecosystem as ET exits as
surface runoff on the landscape, infiltration into soil, and
groundwater flow. Therefore, we expected conversion of any
forested tropical high-elevation ecosystem to result in more
surface runoff because of reduced canopy interception and
ET in nonforest ecosystems and vice versa (figure 3a-3c).
On ice-capped tropical mountains, glacier retreat results in
greater meltwater inputs to watersheds and exposes once-
buried substrates to primary succession, which is likely to
lead to an increase in ET over the long term as plants occupy
ice-free sites (Huss et al. 2008). However, in the short term,
we anticipated that glacier retreat would increase surface
runoff (figure 3d). When runoff was insensitive to changes
in precipitation or ET, we inferred that a change in soil water
storage had occurred.

Predicted effects of land change on NO; fluxes. Because water
pathways connect montane landscapes longitudinally to
upstream and downstream environments, land changes
that enhance or reduce water flow can have cascading
effects on ecosystem nutrient dynamics (Likens et al. 1970,
Pringle 2001, McClain and Naiman 2008). We focus here
on NOj because nitrogen may be a limiting (Vitousek and
Farrington 1997) or excessive (Matson et al. 2002) nutrient
in tropical montane ecosystems and because NOj flux is par-
ticularly sensitive to land transitions. NOj3 is considered the
most mobile form of nitrogen, and its movement within and
across ecosystems is tightly coupled to the hydrologic cycle
(Likens et al. 1970, Vitousek et al. 1979). In addition, nitrogen
deposition is increasing worldwide (Galloway et al. 2008),
especially in tropical regions that are undergoing rapid land
change (Matson et al. 1999).

Atmospheric nitrogen is deposited to ecosystems in pre-
cipitation (wet and fog deposition) or directly onto surfaces
in particulate or gaseous form (dry deposition). In temper-
ate regions, total (wet plus dry and fog) atmospheric NO3
inputs to forest canopies are greater than those to cropland
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Figure 2. Common land-use and land-cover types found at high elevations (at least 1000 meters [m] above sea level) in
the Latin American and Caribbean tropics and Hawaii (clockwise from the top left): montane forest (photograph: Kate
A. Brauman), cropland (photograph: Alexandra G. Ponette-Gonzilez), coffee agroforest (photograph: Alexandra G.
Ponette-Gonzdlez), pasture (photograph: Erika Marin-Spiotta), timber plantation (photograph: Kathleen A. Farley), and
glacier ice (photograph: Kenneth R. Young). Characteristics of four prevalent land transitions, which are the focus of this
synthesis: forest-to-grassland conversion, agroforest-to-nonforest conversion, tree plantation establishment on nonforest
land, and recent glacier retreat.

or grassland because of enhanced fog and dry inputs to o, alternatively, NO3 may be leached from canopy surfaces
forest land cover (Fowler et al. 1999). As water passes from  and incorporated into throughfall along with dry-deposited
the atmosphere to the soil, plant canopies may retain NO3,  materials (Weathers et al. 2006). The labile nitrogen that is
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Figure 3. The predicted land transition effects on the
direction of change in water (H,0) and nitrate (NO3) fluxes
across ecosystem boundaries, including inputs in throughfall
(TF) and outputs as evapotranspiration (ET), runoff (R),
and groundwater flow (G). The white arrows represent
fluxes in the initial land cover, and the gray arrows
represent those in the replacement land cover; land change
can increase (gray larger than white), decrease (white larger
than gray), or have a neutral effect (gray and white the same
size, as in panel [h]) on any of these fluxes. The predicted
effects of forest-to-grassland conversion, agroforest-to-
nonforest conversion, tree plantation establishment on
nonforest land, and recent glacier retreat on water (a-d)
and nitrate (e-h) inputs and outputs to ecosystems are
largely based on research from highland temperate regions.

deposited to soil may then be taken up by plants and microbes
and retained in biomass. Nitrogen in soil solution that moves
below the rooting zone can be lost to groundwater or exit the
system in surface or subsurface runoff. When NOj3 inputs to
an ecosystem are not equivalent to NOj3 outputs, it can often
be assumed that a change in nitrogen storage or cycling
has occurred (Pace 2013). Similar to temperate highlands
(Likens et al. 1970), we expected that, in nitrogen-limited
tropical montane regions, forest and agroforest conversion
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would increase streamwater NOj3 loss. We anticipated that
reduced plant water and NO3 uptake and increased runoff
losses from nonforest ecosystems would offset the effect
of lower levels of dry and fog atmospheric NO3 deposition
(figure 3e, 3f). In contrast, tree plantation establishment
was expected to increase NOj3 inputs to soil—but also water
uptake—thus decreasing runoff and hydrologic NO3 losses
(figure 3g). In areas undergoing deglaciation, we predicted
that increased runoff from watersheds would promote more
NOs loss (figure 3h).

Land change and hydrologic connectivity in high-elevation humid
tropical landscapes. LAC and the island of Hawaii provide an
excellent geographic template for examining the hypotheses
outlined above regarding potential land-change impacts
on hydrologic connectivity in the high-elevation tropics
(figure 3). LAC contains more than 50% of the global
tropical mountain area, as well as the world’s largest water-
shed (the Andes-Amazon) and its associated river systems
(Latrubesse et al. 2005). Although LAC is half the size of the
Asia-Pacific region in terms of mountain area and popula-
tion, the urban population living higher than 1000 m above
sea level in LAC is double that of the Asia—Pacific region
(Huddleston et al. 2003). Moreover, a staggering 40% of the
people residing at more than 1000 m above sea level in LAC
live above 2500 m above sea level (Huddleston et al. 2003). In
addition, LAC boasts the largest number of PWS programs
worldwide (Stanton et al. 2010). PWS is also an important
policy tool for watershed management on the island of
Hawaii, where, in contrast to LAC, human populations are
concentrated in low-lying areas. However, vast areas of
highland forest in Hawaii have been cleared and converted
for cattle grazing and agricultural production. Therefore,
land-change effects on water quantity and quality in high-
elevation LAC and Hawaii have the potential to result in
extensive local impacts for mountain communities and cities
and for downstream users.

Evaluating land-change impacts on water quantity
and quality: Data synthesis

To assess these impacts, we synthesized a database of
empirical studies published in peer-reviewed journals and
the gray literature. Using the Web of Science and Google
Scholar, we used the search terms land use, land cover,
throughfall, evapotranspiration, runoff, nitrate, mountains,
tropics, Latin America, Caribbean, and Hawai’i in multiple
combinations in English, Spanish, and Portuguese to locate
papers listed between 1999 and 2013 for water quantity and
between 1995 and 2013 for water quality. We chose these
time frames because the vast majority of research on land
change and water resources in the high-elevation tropics
has been published in the last two decades (see the supple-
mental material). Data were included from studies in which
two or more land-use or land-cover types were compared
at one site, except in one case, in which the data for only
one land use or land cover were reported but in which
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Table 1. The number of study sites and the number of observations (n) of water quantity and quality in the high-elevation
tropics of Latin America (including the Caribbean) and Hawaii, grouped by land-transition and flux type.
Water Nitrate

Throughfall  Evapotranspiration Runoff Throughfall Soil solution Streamwater
Land transition Study sites n  Study sites n Study sites n Study sites n Study sites n Study sites n
Forest to grassland 27 34 4 4 6 6 20 25 - - 7 7
Agroforest to nonforest 9 15 4 5 5 8 7 9 2 2 - -
Tree plantation establishment 6 8 2 2 4 5 - - - - - -
Glacier retreat - - - - 2 3 - - - - - -

measurements for the alternate land use or land cover in
the same region were located (see supplemental table S1).
Separate studies conducted at the same site were included
in the data set as independent observations if the measure-
ments were for different fluxes or different land uses or if
the sampling occurred during different time periods (Farley
et al. 2005). Across studies, the measurement periods ranged
from 6 months to several years. When multiple years of
continuous data were reported in one study, the average was
taken over the study period and included in the data set as
a single data point. There were few published studies for
some land transitions (e.g., tree plantation establishment)
and processes (e.g., soil NOj3 loss; table 1). For this reason,
we included a few studies conducted on low mountains with
sites less than 1000 m above sea level but greater than 600 m
above sea level (see table S1). We found a total of 53 studies
conducted in Brazil, Colombia, Costa Rica, Ecuador,
Guatemala, Jamaica, Mexico, Peru, Puerto Rico, Venezuela,
and Hawaii (see table S1 for a list of references included in
the synthesis and site locations).

For water quantity, we included a total of 37 studies and
90 observations (91% of the observations were from higher
than 1000 m above sea level) of throughfall, ET, or surface
runoff fluxes (in mm per year) measured in forest, cof-
fee agroforest, tree plantation, and glaciated sites (tables 1
and S1). We could not find sufficient data on stemflow,
infiltration, and groundwater recharge, and these processes
were therefore not included in the analysis. Given the large
amount of variability in precipitation across the sites (from
about 1000 to about 5000 mm per year), we examined the
relative effect of land change on water fluxes. For each obser-
vation, we calculated water flux as a percentage of the total
measured precipitation in the initial and replacement land
use and land cover and then estimated the relative hydro-
logic response to land change as the difference between the
two. Medians and ranges were used to assess the average and
variation in response within each land-transition type.

For water quality, we assembled data from a total of
16 studies and 43 observations (93% of the observations
were from at least 1000 m above sea level) of throughfall,
soil solution, or streamwater NOj3 fluxes (in kilograms per
hectare per year; tables 1 and S1). We found no data on
NOs flux following tree plantation establishment or glacier

http://bioscience.oxfordjournals.org

retreat in the high-elevation tropics; therefore, our analysis
is constrained to forest and agroforest conversion effects on
NOs; fluxes. For these data, the change in NOj3 flux was cal-
culated as the flux in the replacement minus the flux in the
initial land cover divided by the flux in the initial land cover
and expressed as a percentage.

To reveal gaps in the literature, we examined the number of
sites and observations for each land-transition and flux type
(table 1). The processes with the largest number of observa-
tions were throughfall water and NOj3 flux. These data were
normally distributed and complied with the assumption of
homogeneity of variances. Therefore, we conducted paired
t-tests to examine the mean differences between paired land-
use and land-cover types. Given the limited sample sizes for
all other processes (table 1), no additional statistical analyses
were conducted. In the following sections, we report the
patterns that emerged from our synthesis of the literature
and include references that serve as examples of the patterns
found (see table S1 for a complete list of references included
in the synthesis).

Land-change influences on water quantity

Unlike in temperate systems, in which conversion of forest to
grassland typically generates a substantial increase in runoff
(Bosch and Hewlett 1982), our synthesis of recent studies
from the high-elevation tropics of LAC and Hawaii (e.g.,
Crespo et al. 2011) indicates that forest-to-grassland transi-
tions often produce little increase in runoff. In addition, tree
plantation establishment has been shown to have a greater
relative effect on ET and runoff than forest conversion to
grassland does (e.g., Buytaert et al. 2007).

Conversion of forest and agroforest to nonforest land. In montane
tropical LAC and Hawaii, we found throughfall to be highly
sensitive to changes in land use and land cover. For example,
in our data set, water input was at most 53% higher in
grassland than in forest and at most 58% higher in cropland
and grassland than in coffee agroforest (figure 4a, 4b; e.g.,
Fleischbein et al. 2005, Cannavo et al. 2011). Where fog water
inputs to vegetation canopies were high enough to result
in fog drip to soil, these land transitions actually reduced
the total throughfall flux by as much as 22% (e.g., Brauman
et al. 2010, Ponette-Gonzdlez et al. 2010a). In total, the

February 2014 / Vol. 64 No. 2 « BioScience 97

107 ‘7 A1enige, uo 3son3 £q /310°s[euINO[PI0FX0°20ULIIS01q//:d)Y WOy papeoumoq


http://bioscience.oxfordjournals.org
http://bioscience.oxfordjournals.org/
http://bioscience.oxfordjournals.org/

Hydrologic response

Throughfall ET  Runoff

Figure 4. The range and distribution of hydrologic
responses to land change at high elevations (at least

1000 meters above sea level) in the Latin American

and Caribbean (LAC) tropics and Hawaii. Hydrologic
responses are expressed as the percentage change in
throughfall, evapotranspiration (ET), and runoff following
(a) forest-to-grassland conversion, (b) agroforest-to-
nonforest conversion, (c) tree plantation establishment
on nonforest land, and (d) recent glacier retreat. The
whiskers show the highest and lowest values (excluding
outliers, which are shown as dots, and an extreme outlier,
which is shown as an asterisk). Ninety-one percent of the
observations are from highland LAC. See supplemental
table S1 for a list of references included in the analysis.
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replacement of forest or agroforest with nonforest resulted
in a 20% and 4% mean increase in throughfall, respectively
(forest conversion, #(33) = -6.52, p < .000001; agroforest
conversion, #(14) = -2.99, p < .01).

Relative changes in ET following forest and agroforest
conversion were smaller and less variable than changes in
water input were (figure 4a, 4b). This may be because of
the lower vapor pressure deficit characteristic of the humid
tropics (Brauman et al. 2012). ET declined 12%-20% after
forest-to-grassland conversion and, in one case, increased
by 13% (figure 4a; Ataroff and Rada 2000). A comparison
of coffee agroforest and nonforest ecosystems similarly
indicated the potential for enhanced (increases of 1%-7%)
or reduced (reductions between 2% and 7%) ET with shade-
tree removal (figure 4b; e.g., Harmand et al. 2007). On
average, ET decreased by 15% with forest-to-grassland and
increased by 1% with agroforest-to-nonforest land change.

Given the clear impact of vegetation change on water fluxes,
we were surprised to find that, with the exception of one case,
in which runoff from a bare field was 19% greater than from
a coffee agroforest (Bellanger et al. 2004), surface runoff was
little affected by transitions from forest and coffee agroforest
to nonforest ecosystems at high elevations in tropical LAC
and Hawaii (figure 4a, 4b; e.g., Bellanger et al. 2004, Salemi
et al. 2013). On average, runoff increased by 2% with forest-
to-grassland and by 0% with agroforest conversion, despite
higher levels of throughfall and often less ET, which suggests
that recharge was the process most influenced by land change.

Tree plantation establishment on nonforest land. Changes in water
cycling following tree plantation establishment on nonforest
land in tropical montane LAC and Hawaii have been exam-
ined in relatively few studies. The data that we could find
showed that throughfall water fluxes were 10%-54% lower
on plantations than on nonforest sites (figure 4c; e.g., Leén
Peldez et al. 2010) and 20% lower on average (#(7) = 4.67,
p < .002). In the two cases in which ET has been measured
(Buytaert et al. 2007, de Almeida 2012), increases in ET of
similar magnitude were reported: 21%-30%. Consistent with
the decrease in water input and the increase in canopy water
loss, we found that surface runoff decreased by between 13%
and 44% following the establishment of tree plantations on
nonforest land (figure 4c; e.g., Crespo et al. 2011, Salemi et al.
2013). Although these results support our initial hypothesis
of lowered throughfall and increased ET from woody veg-
etation (figure 3c), we did not expect this land-transition
type to impart a greater relative change in ET and runoff
than forest conversion did. Of particular significance is that
the median change in runoff following tree plantation estab-
lishment was tenfold greater (a decrease of 20%) than with
conversion of forest to grassland (figure 4).

Glacier retreat. Glacier cover represents an important but
understudied hydrologic control on water dynamics in
tropical landscapes, with important consequences for water
security (Bradley et al. 2006). For this synthesis, we were

http://bioscience.oxfordjournals.org

$102 ‘7 Areniqa uo jsong £q /510°s[ewnolpIoyxo-oous1osolq,/:djy woij papeojumo


http://bioscience.oxfordjournals.org
http://bioscience.oxfordjournals.org/
http://bioscience.oxfordjournals.org/

unable to find direct comparisons of ET rates in glaciated
and deglaciated watersheds. However, as we had anticipated,
runoff generation increased with glacier retreat, by as much
as 2% annually (figure 4d; e.g., Mark and McKenzie 2007).

Heterogeneous hydrologic responses to land change in the high-
elevation tropics. We detected heterogeneous and sometimes
unexpected hydrologic responses to land change in the high-
elevation tropics of LAC and Hawaii. Forest and agroforest
conversion to nonforest resulted in more throughfall and
often less ET but generated a minimal increase in runoff,
contrary to the findings for temperate regions, in which a
reduction in forest cover is known to significantly increase
water yield (Bosch and Hewlett 1982, Brown et al. 2005).
These results underline the important influence of soil
physical properties and geologic substrate on surface run-
off. Moreover, they suggest that, when soil disturbance and
compaction are kept to a minimum, tree canopy removal will
have negligible effects on runoff flux in tropical montane
regions (Bruijnzeel 2004, Molina et al. 2007).

In contrast, tree plantation establishment on nonforest
land led to a significant decrease in surface runoff, and the
effect of this land transition on ET and runoff was greater in
magnitude than that observed with forest loss. Previous stud-
ies have suggested that the hydrologic effects of tree planta-
tions are strongly mediated by tree species (Farley et al. 2005,
van Dijk and Keenan 2007). For example, in high-elevation
Hawaii, Kagawa and colleagues (2009) attributed higher
rates of ET in nonnative timber plantations than in native
forest to species-specific differences in water use. Likewise,
streamflow reductions following the establishment of tree
plantations on grassland have been shown to vary according
to the original land-cover type and plantation species, with the
greatest declines occurring in catchments planted with water-
demanding species (e.g., Eucalyptus spp.) and in areas for-
merly covered by tropical alpine grassland (Farley et al. 2005).

As we expected (figure 3d), glacier retreat on tropical
mountains enhanced surface runoff. Over longer time scales,
such losses have been shown to be more dramatic. In the
Cordillera Blanca mountain range of north-central Peru, for
example, glacier recession increased runoff by 23% between
1998-1999 and 2001-2004 (Mark et al. 2005). More recently,
historical and inferred hydrographs constructed by Baraer
and colleagues (2012) for this region indicate that many
watersheds have transitioned to a declining dry season dis-
charge regime, with the pulse of water released by negative
glacial balance already having moved through the system.
Therefore, any increases in runoff caused by deglaciation
may be ephemeral (Bury et al. 2013). Moreover, as tropical
glacier retreat proceeds and the hydrologic regime is increas-
ingly dominated by rainfall, seasonal streamflow variability
will also be amplified (Mark et al. 2005).

Land-change effects on water quality

In tropical montane LAC and Hawaii, forest and agroforest
systems are being converted to more intensive land uses,
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and these land transitions may have contrasting effects
on water quality. Our synthesis of recent research for the
high-elevation tropics (e.g., Biicker et al. 2011) suggests
that streamwater NOj losses frequently decline with forest-
to-grassland change. However, conversion of shaded to
unshaded coffee agriculture leads to elevated levels of soil
NOs loss and probably to streamwater export (e.g., Harmand
et al. 2007, Vazquez et al. 2011), similar to what has been
observed following deforestation in temperate mountains
(Likens et al. 1970).

Forest-to-grassland transitions. Forest-to-grassland transitions
in tropical montane LAC (we found no comparable studies
for Hawaii) strongly influence the amount of NOj delivered
from the atmosphere to the soil surface (figure 5a). In 15 of
25 cases (table 1; e.g., Pérez-Sudrez et al. 2008), the rainwater
NO;s fluxes measured in grassland were larger, by 14%-273%
(the median was 27%), than inputs measured in forest
throughfall (#(24) = 1.14, p < .262). The single study that we
found in which NOj3 losses from forest soils were compared
with those from a nearby forest gap documented a decrease
in soil solution NO3 with canopy removal (Wilcke et al.
2009). Streamwater NO3 exports increased by up to 38%
and decreased by as much as 100% with forest-to-grassland
transitions, with a 34% median decline in streamwater
NOj export (figure 5a; e.g., Biicker et al. 2011). Therefore, it
appears that conversion of highland tropical forest to grass-
land often results in lower levels of streamwater NOj3 loss.

Conversion of coffee agroforest to nonforest. As with forest-
to-grassland transitions, conversion of coffee agroforest
to nonforest ecosystems caused a net increase of 51% in
NOj3 delivery to soil (figure 5b; #(8) = -2.97, p < .018).
Comparisons of coffee agroforests and unshaded coffee
monocultures under similar levels of fertilization have also
shown higher rates of NOj leaching from unshaded coffee
systems (e.g., Harmand et al. 2007). In fact, agroforest con-
version to monoculture coffee was found to double soil NO3
loss (figure 5b; e.g., Babbar-Amighetti and Zak 1995). We do
not know of any studies in which streamwater NOj3 export
from shaded and crop-or grass-dominated watersheds have
been measured simultaneously (figure 5b). However, in
highland Mexico, NO3 concentrations were tenfold larger in
streams draining shaded coffee than in those draining pas-
ture, which highlights the influence of fertilizer application
on streamwater chemistry (Vazquez et al. 2011).

Unexpected changes in water quality with forest-to-nonforest transi-
tions in tropical highlands. There are still few contemporane-
ous measures of land-change effects on water quality in the
high-elevation tropics of LAC and Hawaii (tables 1 and S1).
Nonetheless, the data that do exist suggest that tropical
forest-to-grassland transitions in these regions often result
in less, rather than more, watershed NOj3 loss (figure 5a).
Various mechanisms have been put forth to explain this pat-
tern, which has also been observed in lowland tropical LAC
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Figure 5. Nitrate responses to land change at high
elevations (at least 1000 meters above sea level) in

the Latin American and Caribbean tropics. (a) The
percentage change in throughfall and streamwater nitrate
flux following forest-to-grassland conversion. (b) The
percentage change in throughfall and soil solution nitrate
Sflux following agroforest-to-nonforest conversion. No data
(nd) were found on soil solution flux following forest-to-
grassland conversion or streamwater nitrate export
following coffee agroforest conversion. The whiskers show
the highest and lowest values (excluding outliers, which
are shown as dots). See supplemental table S1 for a list of
references included in the analysis.

(Neill et al. 2006, Chaves et al. 2009). Valiela and colleagues
(2013) suggest that lower rates of atmospheric NO3 inputs
to pasture than in forest could explain lower hydrologic
NOj3 export observed in pasture. Our synthesis for tropi-
cal highlands does not support this idea. NO3 inputs to
grassland are frequently greater than those to forest because
of preferential retention of NO3 by forest canopies (Clark
et al. 1998, Ponette-Gonzélez et al. 2010b). Because forest
conversion decreases ET (figure 4a) and biotic demand for
nitrogen, decreases in watershed NOj3 export could be attrib-
uted to differences in terrestrial nitrogen cycling and storage
between forest and pasture (Neill et al. 2006). Alternatively,
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NOj3 may be retained in deep soil layers (Matson et al. 1999,
Lohse and Matson 2005). The low levels of surface runoff
from established grasslands (figure 4a) suggest that the
maintenance of vertical hydrologic flow paths may play
an important role in modulating soil NOj3 loss (Lohse and
Matson 2005, Boy et al. 2008).

In two studies (Wilcke et al. 2009, Vazquez et al. 2011),
forest conversion resulted in an increase in NO3 export, as
we had anticipated, perhaps because of differences in soil
age, soil nutrient status (Lohse and Matson 2005), or land-
use practices. In one of the earliest studies in which land-use
effects on tropical river chemistry were detected, McDowell
and colleagues (1995) found that watershed NOj3 losses
increased with human population density and with the
extent of agricultural land use in upland Caribbean catch-
ments. Export of NO3 was two to four times greater in the
most densely populated catchment, despite that area’s having
less than half the total runoft.

In coffee-growing landscapes, agroforest conversion
resulted in an increase in soil solution NOj3 fluxes (figure 5b).
We suggest that this is because of management practices—
largely, the addition of fertilizer nitrogen: In a recent study
by Tully and colleagues (2012), total inorganic nitrogen
(NOj3 plus ammonium) soil losses from conventional cof-
fee monoculture were threefold greater than from coffee
agroforest, a difference that they attributed to the combined
effects of increased fertilizer input and reduced shade tree
biomass in conventional monoculture farms.

Implications for watershed management

in the high-elevation tropics

The success of PWS programs depends on the ability to
predict the impacts of land change on water resources
(Brauman et al. 2007), but many programs lack information
linking land use and land cover to hydrologic service provi-
sion. As a result, managers in tropical regions are likely to
rely on assumptions rather than on empirical relationships
(Farley et al. 2011) or, alternatively, on relationships derived
from studies in temperate ecosystems. However, at high
altitudes, tropical and temperate regions differ in funda-
mental ways that affect hydrologic connectivity. For example,
ecosystems located near the equator have yearlong growing
seasons and, therefore, continuous water use by vegetation.
Except at the highest elevations (approximately 5% of tropi-
cal mountain areas), snow does not persist for more than a
few hours on tropical mountains (Rundel et al. 1994); as a
result, vegetation effects on seasonal snow-cover dynamics
are less important than in temperate regions. Human influ-
ences on tropical mountains are also quite distinct. Tropical
mountains are blanketed by a spectrum of land-use and
land-cover types over a broad range of elevations, as was
first described by Humboldt, whereas land-use diversity is
narrower in temperate zones (figure 1). A smaller area and
proportion of land in tropical highlands is under formal
conservation protection (Chape et al. 2008). In addition,
most high-elevation tropical landscapes receive lower levels
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and different proportions of nitrogen input from wet, fog,
and dry deposition (Weathers and Ponette-Gonzalez 2011),
which suggests that NOj3 responses to land change may be
dampened relative to those in temperate regions.

Land change at high elevations in LAC and Hawaii there-
fore results in hydrologic and NOj responses (figure 6) that
differ from those expected on the basis of principles devel-
oped in temperate mountain ecosystems (figure 3), which
limits their usefulness in tropical PWS initiatives. The effect
of land change on ET is of particular significance within the
context of PWS because of long-standing debates about the
nature of the relationships among land cover, ET, and water
yield (Bosch and Hewlett 1982, Farley et al. 2005, Ellison
et al. 2012). Similar to temperate regions, ET from forested
ecosystems has been shown to be greater than that from
grasses in seasonally water-limited tropical montane envi-
ronments (figure 4a; Brauman et al. 2012). However, at very
wet sites affected by fog and characterized by high relative
humidity, there is evidence that ET can be similar or greater
in grassland than in forest (figure 4a; Ataroff and Rada
2000). Clearly, the extent to which forest cover (or a lack
thereof) affects water yield in high-elevation tropical regions
depends on whether hydrologic processes are more strongly
governed by atmospheric (i.e., climate) or vegetation (i.e.,
plant water use) controls or by interactions between the two
(Brauman et al. 2012).

That tropical forest-to-grassland transitions do not always
enhance watershed NOj export (figure 6) is also important,
given concerns over land-change effects on downstream
water quality. Our results support the emerging view that
some tropical montane forest watersheds share more char-
acteristics with lowland tropical (e.g., high rates of nitrogen
mineralization and nitrification and phosphorus limitation)
than with montane temperate watersheds (Matson et al.
1999). For example, in a survey of streams draining 61 mon-
tane forest sites across Central America and the Caribbean,
Brookshire and colleagues (2012) attributed substantial
hydrologic NOj losses to microbial nitrification, which sug-
gests that the replacement of forest with grassland has the
potential to lower nitrogen cycling rates and streamwater
losses (Neill et al. 2006, Chaves et al. 2009). However, as was
shown by Homeier and colleagues (2012), phosphorus—or
nitrogen and phosphorus combined—often limits forest
ecosystem processes in tropical highlands. This heterogene-
ity (sensu Townsend et al. 2008) suggests that land change in
the high-elevation tropics is likely to result in a broader set
of linked biogeochemical responses than might be expected
in highland temperate regions.

Future research needs for improved water
management in tropical highlands

All mountain systems, whether temperate or tropical, per-
form a pivotal function in the distribution and redistribu-
tion of water and materials across landscapes. As Humboldt
observed, the uniqueness of tropical mountains lies in the
breadth of climatic conditions, soil types, and associated
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Figure 6. The predicted influence of forest-to-grassland
conversion, agroforest-to-nonforest conversion, tree
plantation establishment on nonforest land, and recent
glacier retreat on the direction of change in water (H,0;
a-d) and nitrate (NO3; e-h) inputs and outputs to
ecosystems based on studies for the high-elevation tropics.
Land-change affects water and nitrate fluxes across
ecosystem boundaries, including inputs in throughfall (TF)
and outputs as evapotranspiration (ET), runoff (R), and
groundwater flow (G). The white arrows represent fluxes
in the initial land cover, and the gray arrows represent
those in the replacement land cover; land change can
increase (gray larger than white), decrease (white larger
than gray), or have a neutral effect (gray and white the
same size) on any of these fluxes. For relative magnitudes
of change, see the text.

land-use and land-cover types that is unparalleled at higher
latitudes (figure 1). The heterogeneity in hydrologic and
biogeochemical responses to land change that results repre-
sents a major challenge for managers of water resources and
connectivity in the high-elevation tropics, especially in the
context of a changing climate, altered species distributions,
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and increasing human pressures. Therefore, there is a
need to better understand how diverse land transitions
affect hydrology and biogeochemistry in these regions
(Wohl et al. 2012).

Forest-to-grassland conversion is the most widely studied
land transition with regard to its impact on water resources
(table 1). Nonetheless, there are few measures of ET and
stemflow—hydrologic processes that are key to understand-
ing land-change effects on coupled water and element cycles
(Levia and Frost 2003). Although there appears to be an
increasing focus on hydrology in coffee-growing landscapes
(Lin 2010), significant gaps remain in our understanding of
nitrogen cycling within these systems (table 1). The extent
to which land-use intensification alters hydrologically medi-
ated NOj3 loss is of crucial importance, given the preva-
lence of coffee agroforestry at middle elevations in tropical
highlands and the potential landscape-level importance of
agroforestry in mediating hydrologic connections between
upland and lowland environments.

Grassland afforestation, especially for commercial timber
plantations, is an increasingly important land-change path-
way in the humid tropics (Van Dijk and Keenan 2007). Tree
plantation establishment has been proposed as a mechanism
to increase carbon sequestration in terrestrial biomass to
mitigate the effects of climate change (Farley et al. 2005).
However, the effects of tree plantations on hydrologic con-
nectivity in the highland tropics are less well studied. We
found very few measurements of ET and no empirical data
on NOj fluxes for this land-transition type, despite much
debate over the influence of tree plantations on water yield
(table 1; Ellison et al. 2012). Tree plantation establishment on
nonforest land has been shown to reduce annual surface run-
off by as much as 36% (Buytaert et al. 2007) and could there-
fore reduce watershed NO3 export by halving water yield.

At still higher elevations, glaciers are receding at an
unprecedented pace (Thompson et al. 2006). In the Central
Andes of Peru, home to 70% of all tropical glaciers, glaciers
serve as environmental buffers, providing meltwater to
downbhill areas during seasonally dry periods (Bradley et al.
2006, Young 2009). With the exception of some research in
the Cordillera Blanca of Peru, there remain few compari-
sons of glaciated and newly deglaciated terrain in terms of
hydrologic function. Emerging work nonetheless suggests
that hydrologic reorganization of headwater areas signifi-
cantly affects water resources for downstream users (Mark
et al. 2010, Bury et al. 2013). In addition to surface runoff,
water quality is affected by chemical interactions of water
with newly exposed bedrock, as was shown by Fortner and
colleagues (2011), who found sulfide weathering that led to
low pH values and concentrations of aluminum, iron, lead,
and zinc in some streams of the Cordillera Blanca on par
with those found in acid mine drainage. Furthermore, the
chemical composition of water may change as it percolates
through developing soil profiles on newly deglaciated sur-
faces (Schmidt et al. 2008). More research on all of these
aspects of glacier retreat is essential.
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Research focused on managing ecosystems for maintain-
ing or restoring hydrologic connectivity does not yet exist for
most high-elevation tropical landscapes. The heterogeneous
responses of water quantity and quality to changes in land
use and land cover revealed in our analysis of the available
studies from tropical highland sites and a comparison with
predictions based on data from temperate ecosystems provide
evidence that additional targeted research is key for improv-
ing management outcomes and the success of PWS programs.
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