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Abstract

Land-cover change can alter the spatiotemporal distribution of water inputs to mountain
ecosystems, an important control on land-surface and land-atmosphere hydrologic fluxes.
In eastern Mexico, we examined the influence of three widespread land-cover types,
montane cloud forest, coffee agroforestry, and cleared areas, on total and net water inputs
to soil. Stand structural characteristics, as well as rain, fog, stemflow, and throughfall
(water that falls through the canopy) water fluxes were measured across 11 sites during
wet and dry seasons from 2005 to 2008. Land-cover type had a significant effect on annual
and seasonal net throughfall (NTF <0 = canopy water retention plus canopy evapora-
tion; NTF >0 = fog water deposition). Forest canopies retained and/or lost to evaporation
(i.e. NTF <0) five- to 11-fold more water than coffee agroforests. Moreover, stemflow was
fourfold higher under coffee shade than forest trees. Precipitation seasonality and
phenological patterns determined the magnitude of these land-cover differences, as well
as their implications for the hydrologic cycle. Significant negative relationships were
found between NTF and tree leaf area index (R? = 0.38, P<0.002), NTF and stand basal
area (R*=0.664, P<0.002), and stemflow and epiphyte loading (R*=0.414, P<0.001).
These findings indicate that leaf and epiphyte surface area reductions associated with
forest conversion decrease canopy water retention/evaporation, thereby increasing
throughfall and stemflow inputs to soil. Interannual precipitation variability also altered
patterns of water redistribution across this landscape. Storms and hurricanes resulted in
little difference in forest-coffee wet season NTF, while El Nifio Southern Oscillation was
associated with a twofold increase in dry season rain and fog throughfall water
deposition. In montane headwater regions, changes in water delivery to canopies and
soils may affect infiltration, runoff, and evapotranspiration, with implications for
provisioning (e.g. water supply) and regulating (e.g. flood mitigation) ecosystem services.
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Introduction

By modifying ecosystem structure and composition,
land-cover change contributes to the spatiotemporal
redistribution of water to the soil surface. Because water
is a limiting resource for a suite of ecological processes,
the creation of altered patterns of water availability
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has the potential to affect plant population dynamics
and species’ distributions (Asbjornsen et al., 2004;
Condit et al., 2004; Engelbrecht et al., 2007; Nepstad
et al., 2007), ecosystem hydrology and biogeochemistry
(Baron et al., 1998; Nepstad et al., 2002; Farley et al.,
2004), as well as evapotranspiration and runoff (Nobre
et al., 1991). Moreover, positive or negative land-atmo-
sphere feedbacks that further modify water fluxes can
lead to ecosystem regime shifts (e.g. cloud forest to
woodland) (Lawton et al., 2001; Gordon et al., 2008)
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and affect regional climate (Avissar et al., 2002; DeFries
et al., 2002).

Over the past century, various Neotropical montane
regions have experienced dramatic and widespread
changes in land use/land cover (Thomlinson et al.,
1996; Kammerbauer & Ardon, 1999; Sarmiento & Fro-
lich, 2002; Cayuela et al., 2006; Kintz et al., 2006). Some
of the most prominent land-cover trajectories include:
forest clearing for urban and suburban development
(Romero & Ordenes, 2004), surface and subsurface
mining (Bury, 2005), and cattle grazing (Sarmiento,
1997); grassland conversion for tree plantation estab-
lishment (Farley et al., 2004); replacement of agrofores-
try systems with pasture, sugar cane, or other crops
and/or coffee intensification (Guhl, 2008); forest degra-
dation through fuelwood harvesting and selective log-
ging (Ochoa-Gaona & Gonzalez-Espinosa, 2000);
and agricultural land abandonment and forest succes-
sion (Hecht & Saatchi, 2007). Our understanding of
how these land-change pathways affect water flows at
broad spatial scales is currently constrained by lack of
information on the hydrological responses of and inter-
actions among diverse land-cover types (Giambelluca,
2002).

However, research conducted largely in native and
planted forests underscores the multiple spatial scales
at which vegetation can mediate water transfers to soil:
leaf morphology (Cavelier & Goldstein, 1989; Brewer &
Smith, 1997; Holder, 2007), tree and stand properties
(Carlyle-Moses et al., 2004; Nadkarni & Sumera, 2004;
Staelens et al., 2006), and landscape features (Cavelier
et al., 1996; Weathers et al., 2000, 2006) have all been
shown to govern water inputs to ecosystems. Stemflow,
for example, is highly dependent on bark texture and
tree architecture (Ford & Deans, 1978). Trees with
smooth bark and upward oriented branches have great-
er stemflow than trees with fissured bark and depressed
branches (Carlyle-Moses, 2004). The effects of stem
density, tree height, and canopy properties [including
leaf area index (LAI), canopy cover, crown volume, and
epiphyte loading] on throughfall have yielded conflict-
ing results, in part, because of the differential effects of
vegetation on the vertical and horizontal delivery of
water (Levia & Frost, 2006). In general, throughfall
volumes increase while stemflow amounts decrease as
canopy surface area decreases (Stogsdill et al., 1989).
However, in coastal and montane forests, where fog
water may be a primary component of the dry season or
annual water budget, clearing or stand thinning may
result in altered canopy fog interception and thus low-
er, or higher, throughfall water inputs (Lovett & Re-
iners, 1986; Ataroff & Rada, 2000). Moreover, landscape
features (e.g. vegetation type, elevation, aspect, and
edges) are conditions that also influence water redis-

tribution (Weathers et al., 2000). The amount of rain
and fog deposited to ecosystems can change consider-
ably over short distances in mountainous terrain due
to orographic effects on precipitation (Lovett et al., 1997;
Weathers et al., 2000, 2006; Holder, 2003). Further,
forest—grassland edges and coniferous vegetation
have been shown to enhance rain- and fog-water de-
position (e.g. Weathers et al., 1995, 2000, 2001,
2006; Ewing ef al., 2009). Surprisingly, few empirical
studies have examined the influence of land cover
on water inputs to tropical mountain regions despite
their sensitivity to disturbance and climatic change,
and the major implications for downstream water
resources.

Many montane species and ecosystems exhibit low
resilience to land-use/land-cover changes that affect
the quantity, type, and timing of water inputs to cano-
pies and soils. For example, epiphyte species” distribu-
tions in Neotropical forests are tightly coupled to
moisture conditions (Gentry & Dodson, 1987). In high-
land Mexico, management activities promoting drier
conditions within tree canopies (e.g. oak coppicing
and stand thinning for coffee production) have been
associated with increased abundance and biomass
of drought-tolerant epiphyte species (Hietz, 2005; Wolf,
2005). Seasonally or annually water-limited ecosystems,
or those strongly dependent on fog as a water source,
are also highly sensitive to canopy changes (Pounds
et al, 1999). The documented persistence of fog-
dependent rainforest patches at hydrologically margin-
al sites (i.e. aridity and rainfall variability) in Chile
and Australia suggests that reduced fog capture rates
following land-cover change could affect tree sur-
vival and regeneration patterns, resulting in profound
compositional  shifts within these ecosystems
(Hutley et al., 1997; del-Val et al., 2006; Gutiérrez et al.,
2008).

In upland areas, vegetation patterns exert control
over hydrologic processes as well, including evapotran-
spiration, infiltration, soil water storage, and runoff
(Bruijnzeel & Proctor, 1995). Although forest conversion
often results in lower evapotranspiration rates and
higher water yields (Bosch & Hewlett, 1982), land-use
change can sometimes have unanticipated conse-
quences. In northern Thailand, findings indicate that
sensible heat advection from cultivated sites may con-
tribute to high evapotranspiration rates from adjoining
secondary vegetation (Giambelluca et al., 2000). In their
grassland afforestation study, Farley et al. (2004) demon-
strated that loss of soil organic matter under pine
plantations can lead to significant reductions in soil
water retention capacity. Deforestation in wet montane
regions has also been linked with increased frequency
of landslide events (Dai & Lee, 2002; Restrepo & Alvar-
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ez, 2006), increased surface water runoff (Ziegler et al.,
2004; Molina et al.,, 2007), and downstream flood-
ing (Bradshaw et al., 2007). These studies combined
underscore the critical and diverse role of land cover
in regulating water fluxes.

Finally, land conversion on tropical mountains may
interact with increasing precipitation variability to
affect water resources. Vegetation type is likely to
modulate the magnitude of climate impacts, including
extreme rainfall events or El Nifio Southern Oscillation
(ENSO) (Dale, 1997). Positive feedbacks between
land-cover change and climatic variability could there-
fore exacerbate the risk of natural hazards and
reduce the temporal reliability of water supply for
domestic consumption, agricultural production, and
industrial activities. Regions dependent on annual or
seasonal discharge from headwater areas may be parti-
cularly vulnerable to such feedbacks (Viviroli et al.,
2003).

The overarching objective of this study was to exam-
ine the effects of three land-cover types on water inputs
across a moist, but seasonally dry montane landscape
affected by fog and characterized by high interannual
precipitation variability. Here, we address the following
questions: (1) How does land-cover type affect the
partitioning of rainfall into throughfall and stemflow
fluxes? (2) How does vegetation stand structure affect
the amount, type, timing, and spatial distribution of
water inputs to soil? and (3) How do tropical storms,
hurricanes, and ENSO-related variability in seasonal
precipitation affect throughfall fluxes to dominant
land-cover types?
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Materials and methods
Study region

This study was conducted at mid-elevations in the
central highlands of Veracruz State in eastern Mexico
(19°20N, 96°50W; Fig. 1). Regional climate is tropical
with a mean annual temperature of ~ 17-20 °C (Garcia,
1973). Total annual rainfall ranges from 1000 to
2200 mm, and relative humidity is 70-80% year round
(Jauregui Ostos, 2004). The central highlands are influ-
enced by tropical maritime and continental polar
air masses during the wet (May—October) and dry
(November—April) seasons, respectively, creating pro-
nounced seasonal differences in rainfall. Approxi-
mately 80% of annual rainfall occurs during wet season
months, when small-scale convective systems, tropical
storms, depressions, and hurricanes regularly develop
in the Gulf of Mexico. From November to April, the
study region receives only 20% of annual rainfall in-
puts. Dry season climate is strongly influenced by
Northers that bring cold air and additional moisture
in the form of drizzle and fog (Béez et al., 1997). ENSO
also modifies seasonal precipitation amount and timing
(Cavazos & Hastenrath, 1990). El Nifio events are gen-
erally associated with higher than mean, while La Nifa
events with lower than mean, dry season rainfall
(Cavazos, 1997; Magana et al., 2003).

Colonial era and current land-use practices add com-
plexity to the natural environmental heterogeneity of
the Sierra Madre Oriental mountain range. Remnant
patches of lower montane rain forest (sensu Grubb,
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Fig. 1 Location of the study region (stippled area) at mid-elevations in central Veracruz, Mexico. Between 1000 and 1500ma.s.l.,

dominant land-cover types are tropical montane cloud forest, cattle pasture, coffee agroforestry, and sugar cane. Towns and cities in close
proximity to the study sites are marked with stars. The port city of Veracruz (1 ma.s.l.) and Cofre de Perote Volcano (4282 m) are east and

west of Xalapa, respectively.
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1977), here used interchangeably with ‘cloud” forest (i.e.
forests receiving moisture inputs from fog or mist;
Stadtmuiiller, 1987), are nested within a matrix of shade
coffee agroforests, sugar cane fields, and cattle pastures.
These agroecosystems persist as the most prevalent
land-cover types in the study region. Together, they
represent 40-60% of the total land area (Mufoz-Villers
& Loépez-Blanco, 2008). In addition, urban and peri-
urban settlements, including the capital city of Xalapa
and the town of Coatepec, are expanding into forested
and agricultural lands.

Site selection

An existing contrast in land management was used to
examine total and net water inputs within and across
three widespread, and structurally distinct, land-cover
types: lower montane rain forest (Grubb, 1977) (n = 6),
shade coffee (commercial polycultures; sensu Moguel &
Toledo, 1999) (n =5), and cleared areas (1 = 6). Cleared
areas here refer to cattle pastures and grassy areas with
low herbaceous cover. Forest fragments adjacent or in
close proximity (<3km) to coffee agroforests and
cleared areas were chosen to ensure that the experi-
mental treatment — land-cover type — would not be
confounded by the effects of local meteorological con-
ditions. In April 2005, three paired sites were selected
in the Xalapa—Coatepec region (Table 1). These sites
were located in the upper catchment of the Antigua
watershed (1325 km?) between 1300 and 1500 ma.s.1. on
east-facing (i.e. windward) slopes of Cofre de Perote
Volcano (4282 m). In June and August 2006, three addi-
tional paired sites, one in Xalapa—Coatepec and two in
Huatusco-Totutla, were included in the study. The
Huatusco-Totutla area is ~ 35km south of Xalapa-
Coatepec (Fig. 1). Totutla lies within the lower Antigua
watershed (1475 km?) and Huatusco within the Jamapa
watershed (1924 km?). Sites were located between 1100
and 1350 ma.s.l. northeast of Pico de Orizaba (5675 m).
Site descriptions are summarized in Table 1.

Land-cover types surveyed

Forests in this region are composed of a unique mixture
of temperate and tropical tree species (Williams-Linera,
1997). The most common species in the semi-deciduous
overstory are Carpinus caroliniana Walt., Clethra mexicana
DC., Liquidambar styraciflua L., and Quercus spp. In the
evergreen broadleaf understory, abundant species in-
clude Cinnamomum effusum (Meissner) Kostermans,
Hedyosmum mexicanum Cordem., Oreopanax xalapensis
(Kunth) Decne. & Planch., and Turpinia insignis (Kunth)
Tul. Commercial polyculture coffee agroforests are
dominated by native, non-native, and exotic species,
most of which are evergreen. Preferred shade trees are
Citrus spp., Heliocarpus donnell-smithii Rose, Inga spp.,
Leucaeana leucocephala (Lam.) de Wit, Trema micrantha
L. Blume, and increasingly Macadamia integrifolia Mai-
den & Betche.

Precipitation monitoring and historic rainfall data

Two monitoring stations, each consisting of a passive
string fog water collector (after Falconer & Falconer,
1980) attached to a tipping bucket rainwater collector
and a tipping bucket rainwater collector, were em-
ployed in clearings to monitor the temporal distribution
of precipitation (defined as fog plus rain). The
25cm x50cm  cylinder-shaped fog collectors were
made from high-density polypropylene and strung
with Teflon (0.5 mm diameter). Each collector was cov-
ered with a circular hood (50 cm diameter) to exclude
vertical rainwater inputs and attached to a funnel
(31 cm diameter). Water collected onto Teflon strands
passed through the funnel and into a tipping bucket
rain gauge (RainWise Inc., Bar Harbor, ME, USA). A
second tipping bucket rain gauge was placed next to the
fog collector to measure rain-only deposition. Both fog-
and rainwater collectors were connected to a datalogger
(Campbell Scientific Inc., Logan, UT, USA). Calculation
of fog water deposition (to the artificial collectors) took
into account collection area of passive fog samplers

Table 1 Geographic location and duration of sampling at six paired sites in central Veracruz, Mexico

Paired Distance Sampling
site Region Coordinates Elevation (ma.s.l)  Land-cover types (forest to coffee) ~ (months)
1 Xalapa—-Coatepec N19°30'W96°58"  1400-1450 Forest-coffee-cleared ~ Adjacent 34.5

2 Xalapa—-Coatepec N19°27'W96°59’ 1300-1350 Forest-coffee-cleared ~ Adjacent 32.5

3 Xalapa—Coatepec N19°31"'W96°59’ 1400-1500 Forest-coffee-cleared <3km 32.5

4 Xalapa—Coatepec N19°28'W97°00"  1550-1600 Forest-cleared na 22

5 Huatusco-Totutla ~ N19°12'W96°54’ 1050-1150 Forest-coffee-cleared <1km 19

6 Huatusco-Totutla ~ N19°11'W96°59’ 1350-1400 Forest-coffee-cleared <1km 19

Distance between forest and coffee plots was <3 km. Rainfall measurements were made in clearings adjacent to all forest fragments
and coffee agroforests.
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(1069 cm?). Monitoring stations were mounted on roof-
tops in the cities of Xalapa and Coatepec <1-5km
distant from the study sites. Beginning in September
2005, dataloggers were programmed to collect data on
fog- and rainwater inputs at 30 min intervals. Datalog-
ger malfunctions occurred during several months of
2005 and 2006, thus some wet and dry season data are
not used here to describe rain and fog patterns. How-
ever, we also deployed rainfall (open ‘bulk’ funnels)
collectors in clearings adjacent to all sites where
throughfall was measured (see ‘Throughfall measure-
ments’) and used these data to supplement missing
tipping bucket rain gauge data. Dry season fog water
inputs (to the artificial passive collectors) were calcu-
lated per day (127 days per dry season) and then scaled
to estimate total dry season (181 days) fog deposition.
We also identified the occurrence, timing, duration,
frequency, and volume of fog, rain, and mixed rain-
fog events. In addition, we compared our data with
monthly rainfall ‘normals’ (i.e. rainfall averaged over a
30-year period) for 1971-2000 from Mexico’s Comisién
Nacional del Agua (National Water Commission) for
the meteorological stations closest to each sampling
location.

To assess ENSO effects on dry season rainfall, historic
rainfall data for all meteorological stations in central
Veracruz >1000m were obtained from Mexico’s Servi-
cio Meteoroldgico Nacional (National Weather Service).
Eleven stations with overlapping temporal measure-
ments spanning 1965-1999 were included in the analy-
sis (Appendix S1). Monthly rainfall totals were
compiled for each station and year. Years with missing
data were excluded (e.g. 1966 for Las Animas meteor-
ological station). Median monthly station rainfall was
computed for November, December, January, February,
March, and April of each year. These values were then
summed to obtain an estimate of annual dry season
rainfall for the central highlands. Monthly Southern
Oscillation Index (SOI) values were downloaded
from the Australian Bureau of Meteorology (http:
//www.bom.gov.au/climate/current/soihtm1.shtml).
Average SOI values were used to classify each dry
season as neutral (SOI > —2 and SOI < 2), El Nifio
(80l < —2), or La Nifa (SOI>2) after Caso et al. (2007).
Differences in dry season rainfall among neutral, El
Nifio and La Nifa events were evaluated.

Throughfall measurements

From April 2005 to March 2008, throughfall, water that
falls through plant canopies, was measured in six forest
fragments and five shade coffee agroforests. Rainfall
was also collected in eight clearings (see ‘Precipitation
monitoring’) (Table 1). Throughfall samplers were con-

structed following the design of Weathers et al. (2001,
2006). Twenty centimeter (8in) diameter funnels, con-
nected to Tygon tubing and maintained upright with
PVC, were used to collect throughfall in 6 L containers.
A polywool filter was inserted into the funnel neck to
prevent debris from inhibiting water flow (Weathers
et al., 2001). Using a stratified random sampling design,
167 collectors were installed in the six forest (n = 90)
and five shade coffee (n="77) plots. Fifteen collectors
were established in each forest and 14-16 collectors in
each coffee plot. Average plot size was ~ 1300m?.
Samplers were mounted 1m aboveground and spaced
at 12m intervals in fixed rather than roving locations to
reduce soil disturbance. The cumulative area over
which throughfall was sampled was ca. 1.4ha. Seven-
teen rainfall collectors were installed in clearings adja-
cent to sampling areas.

Water from throughfall and rainfall collectors was
collected weekly. As distance between sites prohibited
collection on the same days, collection dates were
staggered (i.e. Monday, Wednesday, and Friday) such
that water at each paired site was collected on the same
day each week.

Stemflow sampling

Stemflow was measured within three (of the six) forests
and three (of the five) coffee agroforests from May 2006
to April 2007. Vegetation structure and composition
data were used to compute relative species dominance
and relative species abundance for each site. Species
with the highest combined values [i.e. (relative basal
area + relative density)/2] were selected for stemflow
measurements: Quercus pinnativenulosa, C. mexicana,
Alchornea latifolia, T. micrantha, and Mimosa scabrella.
T. micrantha was sampled at two coffee sites. The bark
of Q. pinnativenulosa is highly fissured, while C. mex-
icana’s bark is intermediate between fissured and
smooth. A. latifolia and T. micrantha have nearly smooth
bark, and M. scabrella has very smooth bark. Four trees
per site, two small [10-20 cm diameter at breast height
(dbh)] and two mid-size (20-40cm dbh), were ran-
domly selected for collar installation. Stemflow collars,
~ 8 mm thick, were constructed from heavy aluminum
foil and polyurethane foam and fitted to trees (n = 24) at
dbh following Butler & Likens (1995). Tygon tubing
drained water into 60 L collection containers located at
the base of trees. A polywool filter was inserted into the
tubing to prevent debris from interfering with water
flow. An additional throughfall collector was installed
1m from the bole of the same tree to allow for direct
comparison between stemflow and throughfall. Stem-
flow was collected twice and once per week during the

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01985.x
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rainy and dry seasons, respectively. Collars were
checked monthly for leakage.

Stand structure and composition

At 10 sites, stand structure and composition measure-
ments were conducted on all trees > 5cm dbh and
> 2m tall within 80 m? circular vegetation plots around
each throughfall collector (n=152). Voucher samples
for all tree species were collected and identified at the
Institute of Ecology, A.C., in Xalapa. Tree height and
diameter were measured with a clinometer and dbh
tape, and number of stems per tree was counted. Crown
projection area was estimated by measuring the length
of the tree crown, from the bole of the tree to the edge
of the crown, six times. The mean radius length and the
formula for the area of a circle were used to calculate
crown projection area (m?). Epiphyte loading per tree
was evaluated qualitatively by conducting visual
observations from underneath the tree. Following Nad-
karni et al. (2004), each tree was assigned to an abun-
dance category: 1, no epiphytes; 2, scarcely covered; 3,
moderately covered; and 4, heavily covered. Wet season
(i.e. July 2006) and dry season (i.e. January 2007) LAI
was measured with a LI-COR 2000 Plant Canopy Ana-
lyzer (Lincoln, NE, USA) at sites in Xalapa—Coatepec.

Statistical analysis

Sample periods beginning in April and ending in March
are referred to as ‘water years.” Total throughfall per site
was measured for each season and sample year, and the
net throughfall flux calculated as:

TF — BR = NTF, (1)

where TF is the throughfall in mm, BR the rainfall in
mm, and NTF the net throughfall flux in mm. We
considered negative net throughfall NTF<0) to indi-
cate canopy water retention plus canopy evaporation.
Positive net throughfall (NTF>0) was considered to be
fog water deposition. To quantify fog contribution to
total throughfall, weeks with positive NTF were
summed to calculate fog water deposition per dry
season (181 days). However, positive NTF values still
underestimate fog inputs, because canopy evaporation
and stemflow are not accounted for in this calculation
(Weathers et al., 1992). For each tree under which stem-
flow was sampled, weekly stemflow was summed over
wet and dry seasons. The ratio of stemflow (liters) to
throughfall (mm) was then calculated to compare rela-
tive species effects on stemflow generation (Schroth
et al., 1999).

Throughfall and net throughfall data were averaged
to calculate total and net fluxes by land-cover type, the

main unit of statistical analysis. These data are ex-
pressed both in volumetric terms and as a percentage
of rainfall. Owing to logistical difficulties, rainfall and
throughfall were not collected in three forests and three
coffee agroforests in Xalapa—Coatepec during Septem-
ber, October, and November 2007. Given spatial varia-
bility of precipitation in mountainous terrain (Lovett
et al., 1997), we did not model water fluxes to these sites
for the periods with missing data. Instead, water flux
data for these 3 months were not included in the
analyses. Therefore, measurements for water year
2007-2008 are for 9 months only.

Wilcoxon'’s signed ranks test was employed to exam-
ine differences between fog water inputs to passive fog
and throughfall collectors. Nonparametric Kruskal-
Wallis test and Mann-Whitney U pair-wise compari-
sons were used to detect differences in throughfall
among land-cover types and stemflow among species.
These tests were also used to compare storm and
hurricane weeks with nonevent weeks. Differences
among seasons and years were tested with repeated
measures ANOVA. Relationships between total and net
water inputs and stand variables were analyzed using
linear regression. All analyses were performed using
spss v.14. Significance was set at P <0.05 (two-tailed).

Results

Above-canopy rain and fog inputs

Rainfall in Xalapa-Coatepec ranged from 1464 to
2203 mm during water year April 2005 to March 2006;
1901-2609 mm during water year April 2006 to March
2007; and from 1002 to 1182mm during water year
April 2007 to March 2008. Based on these measurements
and 30-year rainfall ‘normals’ for September-November
(441-556 mm), water years 2005-2006 and 2007-2008
had similar rainfall. Maximum rainfall was recorded
in water year 2006-2007, when sites experienced wetter
than average conditions. Rainfall during water year
2006-2007 was 18-48% greater than mean annual rain-
fall for the period 1971-2000 (1500-1765mm) and
18-51% greater than in water year 2005-2006.
Significantly more rainfall was recorded during wet
(RMANOVA: F = 3.9, P <0.05) and dry (RMANOVA: F =10.9,
P <0.001) seasons of water year 2006-2007. A total of
9-47% (158-531 mm) more rainwater fell on Xalapa-—
Coatepec sites from May to October 2006 than from
May to October 2005. Maximum half-hourly rainfall
during wet season months was 42 mm. An exceptional
spike in rainfall was observed during the ENSO dry
season from January to March 2007 (Fig. 2). Rainfall
inputs were 70-92% ( + 244-339 mm) greater than dur-
ing the preceding dry season (November 2005 to April
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Fig. 2 Rainfall (mm) measured weekly from April 2005 to March 2008 in four clearings in the Xalapa—Coatepec region of central
Veracruz, Mexico. Rainfall collections were conducted during the 2005 Atlantic Hurricane season, a mild ENSO warm phase event (peak
December 6 to February 7), and moderate to strong La Nifia conditions (December 7 to March 8). Inset: Data from 1965-1999 representing
11 stations >1000ma.s.l. in central Veracruz indicate that ENSO events are associated with a significant increase in dry season

(November—March) rainfall. Error bars indicate + 2SE.

Table 2 Average and range of rain and fog water inputs (mm day ') measured in clearings during three consecutive dry seasons

Fog input
Rainfall (mm) (mm day’l)
Fog input (mm) Water input (mm)
Season Mean Range Mean Range Total Total (rain + fog) % Fog N (weeks)
DS1 363 324410 0.37 0.15-0.59 67 430 15 26
DS2 643 575-708 0.65 0.36-0.94 118 761 15 26
DS3 144 104-178 0.33 0.20-0.44 34 178 19 15

Data were collected from 2005 to 2008 in the Xalapa—Coatepec region of central Veracruz, Mexico. Fog water was sampled with two
artificial passive fog samplers installed near the cities of Xalapa and Coatepec. Fog inputs were calculated based on the collection

area of passive fog samplers.

2006). Although dry season rainfall in Huatusco-Totutla
was lower (mean =439 mm) than in Xalapa—Coatepec
(mean = 644 mm), winter rainfall was above average
across the entire study area (mean =598 mm). Fog
water inputs were also twofold greater during the
2006-2007 dry season compared with other years’ dry
seasons (Table 2).

Average daily dry season fog input was 0.45 mm day .
Fog water represented ~ 16% (3-year mean) of the total
(rainfall plus fog inputs to passive collectors) above-
canopy water input. Dry season fog water inputs to
passive collectors and rainfall showed a significant posi-
tive relationship (fog water deposition =0.3 + 0.154
x rainfall, R* = 0.531, P<0.001).

Annual below-canopy throughfall water inputs

On average, 1441 + 299 mm (83%) and 1694 + 352 mm
(98%) of annual rainfall measured in cleared areas,

1732 £ 350 mm, reached the soils of forests and coffee
agroforests, respectively. Mean annual forest canopy
throughfall ranged from 80% to 87% of incident rainfall,
whereas throughfall measured under coffee canopies
was 97-102% of rainfall. Again, all values >100%
indicate fog water deposition. Although throughfall
volumes did not differ significantly among land-cover
types, significant differences in annual percent through-
fal, NTF amount, and percent NTF were de-
tected (Kruskal-Wallis test: Xz =74, P<0.02). Depend-
ing on the year, forest canopies retained and/or lost
to evaporation five- to 11-fold (204-381mm, 17%)
more water (i.e. NTF<O0) than coffee agroforests
(34—41mm, 2%).

Throughfall displayed similar temporal patterns as
rainfall, with total volume inputs to forest and coffee
sites significantly greater during water year 2006-2007
(RMANOVA: F = 58.8, P<0.001). Weekly rainfall sampled
in clearings vs. throughfall measured under forest

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01985.x
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Fig. 3 (a) Total and (b) net throughfall fluxes (mm) by land-cover type, measured during three wet (May—October) and three dry
(November—April) seasons from 2005 to 2008, Veracruz, Mexico. Total throughfall volumes were similar among land-cover types.
Significant differences between forest fragments and cleared areas and shade coffee agroforests and cleared areas are indicated by
*P <0.05, **P<0.01, ***P <0.001. Note: although water year 3 does not include data for September, October, and November 2007, land-

cover patterns are consistent during the three sample years.

and coffee canopies explained 97% of the variation
in throughfall (throughfall =—0.095 + 0.959 x rainfall,
R?>=0.971, P<0.001). Significant negative relationships
also were found between weekly rainfall and percent
net throughfall inputs to forest (NTF=6.511—-0.299
x rainfall, R®=0.257, P<0.000001) and coffee sites
(NTF = 4.740—0.278 x rainfall, R*> = 0.196, P <0.001).

Seasonality of water inputs

Compared to 1287 £266 mm of rainfall, mean wet
season throughfall flux was 1087 + 220 mm (84%) to
forest and 1252 £+ 264mm (97%) to coffee (Fig. 3a).
However, there was considerable variation among sites.
Between 79% and 91% of rainfall reached forest soils,
whereas 97-100% was deposited to shade coffee sites.
Wet season NTF to all forest and coffee sites was
negative, indicating water retention and/or evapora-
tion from plant canopies (Fig. 3b). Net throughfall flux
measured under forest canopies was four- to sevenfold
(—120 to —279mm, 16%) more negative than under
shade coffee agroforests (—32 to —40mm, 3%). Differ-
ences in NTF amount and percentage were detected
between forests and shade coffee agroforests (Mann-
Whitney U-test: P<0.002), forests and cleared areas
(Mann-Whitney U-test: P<0.001), and shade coffee
agroforests and cleared areas (Mann-Whitney U-test:
P <0.007).

Average dry season throughfall water input was
approximately one-third of the wet season flux. Relative
to 359 £ 127 mm of rainfall, 289 + 107 mm (81%), and
359 + 131 mm (100%) were delivered to forests and
coffee agroforests, respectively. Between 75% and 98%
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Fig. 4 Fog water throughfall inputs [net throughfall (NTF)>0]
to forests and shade coffee agroforests, Veracruz, Mexico, mea-
sured during three consecutive dry seasons. On average, fog
water deposition to shade coffee was greater than to forest
fragments. In addition, fog inputs were twofold greater during
the 20062007 El Nifio dry season (November 2006 to April 2007).

of rainfall was deposited to forest soils during the dry
season, whereas throughfall under coffee agroforests
was 96-104% of rainfall. Dry season differences in
NTF volume and percentage of rainfall between forests
(=69 £ 22mm, 19%) and shade coffee agroforests
(=03 £7mm, 2%) (Mann-Whitney U-test: P <0.05)
and forests and cleared areas (Mann-Whitney U-test:
P <0.037) were also significant, but only percent NTF
differed between coffee agroforests and cleared areas
(Mann-Whitney U-test: P<0.037). Overall, land-cover
differences in NTF amount were more pronounced

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01985.x
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Fig. 5 Ratio of stemflow (L) to throughfall (mm). Stemflow and
throughfall were measured under three forest and two coffee
shade tree species: Quercus pinnativenulosa (QP), Clethra mexicana
(CM), Alchornea latifolia (AL), Trema micrantha (TM, TM2), and
Mimosa scabrella (MS) in three cloud forest fragments and three
shade coffee plantations from May 2006 to April 2007, Veracruz,
Mexico. Different letters (a,b,c) denote significant differences
between species (P <0.05).

during the wet season, but proportionally, these were
greater during the dry season.

During the dry season, fog water deposition in
throughfall ranged from 0% to 7% (0-25 mm; dry season
2005-2006); 0-10% (0-51mm; dry season 2006-2007);
and 0-6% (0-9mm; dry season 2007-2008) of total
(rain + fog) dry season throughfall (Fig. 4). Dry season
fog inputs to coffee agroforests were significantly high-
er than inputs to forests during dry seasons 2005-2006
and 20062007 (Mann-Whitney U-test: P<0.045), but
not in 2007-2008. Mean fog water input to coffee land
cover comprised <5% of dry season throughfall. Fog
water deposition to passive fog collectors was signifi-
cantly greater than fog inputs to forest and coffee sites
(Wilcoxon’s signed ranks test, P<0.001).

Stemflow was measured during the wettest water
year (2006-2007) over which we sampled. Individual
trees generated 100-1000L of stemflow during the wet
season and 15-400L during the dry season. Mean rates
of stemflow generation (Lmm ™' of throughfall) were
higher under coffee shade trees than under forest trees
during both seasons (Fig. 5). C. mexicana and Q. pinna-
tivenulosa had low stemflow to throughfall ratios (<0.1),
while M. scabrella (0.4) and T. micrantha (0.3) had the
highest ratios. Species differences varied seasonally,
with dissimilarity among forest and coffee species most
pronounced in the wet season.

Tropical storms, hurricanes, and ENSO

During this study, seven tropical storms and hurricanes
affected water inputs to the region. In 2005, Tropical

Storm Bret (June 29), Tropical Storm Gert (July 24),
Tropical Storm Jose (August 22), and Hurricane Stan
(October 4) made landfall on the coast of Veracruz,
while Hurricane Emily (July 20) made landfall north
of Veracruz in Tamaulipas State. In 2007, Hurricanes
Dean (August 22) and Lorenzo (September 28) landed
in Veracruz. Although these events varied in duration,
maximum wind velocity, and rainfall intensity, their
effects on rain and throughfall were clear (Table 3).
Mean rainfall during nonstorm event weeks was
36 £ 3mm, as compared with 109 & 12mm during
storm and hurricane event weeks. Total throughfall
fluxes to forest and coffee soils were also threefold
higher during storm and hurricane weeks, reflecting
the increase in rainfall.

Response of forest canopies to extreme rainfall was
more variable than that of coffee canopies, as evidenced
by the net throughfall flux (Table 3). During nonstorm
weeks, forest NTF was 0 to —16 mm (mean =—6 + 1 mm),
and coffee NTF was 0 to —7mm (mean =-—1 + 1mm).
During storm and hurricane weeks, NTF to forests and
coffee agroforests ranged from —6 to —29mm (mean =
—14 4+ 3mm) and -1 to —6mm (mean =—4 4+ 1mm),
respectively. With the exception of Jose, storms and hurri-
canes appeared to lessen differences in percent canopy
interception between forest and coffee sites.

Interannual comparisons of dry season rainfall
(November—April) for the period 1965-1999 indicate
that ENSO events were associated with higher
than (313 +23mm) and La Nifa events with lower
than (236 £15mm) mean dry season rainfall
(278 & 16 mm), but these differences were not signifi-
cant. Relative to the 1965-1999 data, the 2007-2008 La
Nifia dry season we monitored ranked 25th in terms of
rainfall (1 =driest, 31 = wettest). When defined as
November-March, ENSO dry seasons were signifi-
cantly wetter than neutral dry seasons (Mann-Whitney
U-test: P<0.05) (Fig. 2, inset). Rainwater inputs in-
creased by 28%, but there was much inter-ENSO varia-
bility (November—April; 203-549 mm). We measured
rainfall during one mild ENSO event in 2006-2007. In
comparison with 1965-1999 dry season rainfall, this was
the rainiest dry season on record (598 mm). We com-
pared our Xalapa site (site 3; Table 1) with Xalapa
meteorological station rainfall data for 1920-2000 and
found similar results.

Although our ENSO dataset is limited, the 2006-2007
dry season was extreme and had a major impact on
below-canopy water fluxes. Throughfall water inputs
to all land-cover types were twofold greater from
November 2006 to April 2007 than during the pre-
vious (November 2005-April 2006) and subsequent
(December 2007-March 2008) dry seasons (Fig. 3b).
Estimated fog water deposition to forest and coffee

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01985.x
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Table 3 Characteristics of tropical storms and hurricanes that made landfall on or near the coast of Veracruz between 2005 and
2007, as well as throughfall and net throughfall inputs to forest (F) and coffee (C) plots

Wind Rainfall

Storm/hurricane Landfall date, speed Duration intensity Rainfall Throughfall ~Net Throughfall
event location (kmh™) (b (mmday ') (mmweek ) (mmweek ') (mmwk )

No event 36 +4 F:30 £3 F: —6 + 1(17%)

36 +4 C:35+4 C: -1 +13%)

Tropical Storm Bret June 29 Tuxpan, 65 29 10 89 £ 39 F: 83 + 39 F: —6 + 2(7%)
(June 28-29, Veracruz 87 + 39 C: 85+ 39 C: -2+ 12%)
2005)

Hurricane Emily July 20 Carboneras, 205 246 20 117 £ 25 F: 105 + 17 F: —12 + 11(10%)
(July 10-20, Tamaulipas 108 + 30 C: 104 £+ 27 C: —4 + 4(4%)
2005)

Tropical Storm Gert July 24 75 42 50 121 £ 24 F: 104 +£ 22 F: —17 + 8(14%)
(July 23-25, Horconcitos, 127 + 20 C:122 £17 C: =5+ 3(4%)
2005) Veracruz

Tropical Storm Jose August 22 N/NE 85 32 >50 156 + 25 F: 127 £23  F: —29 + 4(19%)
(August 22-23, Port of Veracruz, 153 £ 25 C:147 £20 C: -6 £7(4%)
2005) Veracruz

Hurricane Stan October 4 San 130 96 >50(58)* 136 + 19 F: 118 £ 21 F: —18 + 2(13%)
(October 1-5, Andres Tuxtla, 141 £ 19 C:136 217 C: -5+ 3(4%)
2005) Veracruz

Hurricane Dean August 22 155 228 50*(42)* 71+6 F: 65 £+ 8 F: —6 £+ 3(8%)
(August 13-23, Tecolutla, 68 +4 C:67+7 C: -1 £ 4(1%)
2007) Veracruz

Hurricane Lorenzo September 28 Barra 130 71 >50%(46)* 79+£3 F: ND F: ND
(September 23— de Tecolutla, C: ND C: ND
25, 2007) Veracruz

*Rainfall intensity data gathered with on-site precipitation monitoring are reported in parentheses for Stan, Dean, and Lorenzo.
Data on date and location of landfall, maximum wind speed, duration, and rainfall intensity were obtained from Mexico’s National

Weather Service (http:/smn.cna.gob.mx/).

soils was also higher (Fig. 4); a small (12mm) net
water gain was even recorded in coffee agroforests
(Fig. 3b). As a result, throughfall measured under coffee
slightly exceeded rainfall to adjacent clearings, causing
an unexpected throughfall pattern: coffee>cleared >
forest.

Stand structure and composition

Importance Value Index (IVI; Curtis & McIntosh, 1951)
was calculated for each tree species recorded in forest and
coffee plots and used to describe species composition of
each land-cover type. Forest species with the highest IVIs
(> 5%) were Quercus spp. (23%), C. mexicana (13%),

H. mexicanum (9%), L. styraciflua (8%), C. caroliniana
(5%), A. latifolia (5%), and T. insignis (5%). In shade coffee
agroforests, the most important species were T. micrantha
(27%), M. scabrella (10%), Quercus sp. (9%), Grevillea
robusta (8%), Inga vera (8%), Lippia myriocephala (6%),
and A. latifolia (6%). Sites displayed wide variability in
the abundance of trees with deciduous habit; these
comprised 5-60% of individuals. Thus, ~ 34% of all
trees measured within forests were deciduous, whereas
<16% of coffee shade trees were deciduous.

Significant differences in vegetation structural para-
meters were found among land-cover types. Mean
density of individuals (>5cmdbh > 2m tall) was
threefold greater in forests (936 4+ 166 treesha™') than
in coffee agroforests (299 + 62treesha ') (Kruskal-

© 2009 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2009.01985.x
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Wallis test: y*=6.036, P<0.014). Mean minimum tree
height was lower in forest (6.6 & 0.4) than in coffee plots
9.6 £1.1) (Kruskal-Wallis test: 12: 6.036, P<0.014).
Basal area was almost threefold greater in forest
(31 + 3.5m?ha ") than in coffee sites (13 + 2.5m*ha"")
(Kruskal-Wallis test: XZ =6.036, P <0.014), while crown
projection area, summer and winter LAI were at least
twofold greater in forest than in coffee plots (Kruskal—-
Wallis test: y*>=4.321, P<0.038; y*>=4.5, P<0.034;
xz =3.857, P<0.05). Differences in basal area corre-
sponded with LAI measurements. Mean wet season
LAI across forest sites was 4.6 m?>m~2, while LAI across
coffee sites was 1.6m>m 2. Dry season LAI decreased
at two of three measured forest sites, while LAI within
coffee agroforests did not vary seasonally. Forty-six
percent of forest trees supported epiphytes; 27% were
scarcely, 11% were moderately, and 8% were heavily
covered. Epiphytes were observed on 22% of coffee
shade trees; 13% had few, while 1% was moderately,
and 8% were heavily covered.

Stand structure and net throughfall fluxes

Significant negative correlations were detected between
NTF and LAI at tree and stand scales. Mean tree LAI
(average of wet and dry season LAI values; n=72)
alone explained 38% of the variation in median weekly
net throughfall under individual trees (NTF=
2.343-1.906 x mean LAI, R*=0.38, P<0.001) (Fig. 6a).
Stand basal area was significantly and positively corre-
lated with LAI (r=0.95, P<0.001), while mean mini-
mum tree height was negatively correlated with NTF.
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Basal area accounted for 66% of NTF variation (R*=
0.664, P<0.002) (Fig. 6b). When mean minimum
height was added to the regression, these two variables
predicted 78% of the variation in annual net through-
fall flux to the sites (NTF =—318.426—7.476 x basal area
m?ha~! + 37.393 x mean minimum height, R>=0.781,
P <0.005).

Total annual stemflow per tree was positively corre-
lated with NTF (r=0.485, P<0.019) and negatively
correlated with epiphyte load (r=-0.643, P<0.001).
Together, these variables explained 62% of stemflow
variation (stemflow = 1.163E6 + 519 x net  through-
fall-3.298E5 x epiphyte load, R?>=10.622, P<0.0001),
with species type explaining an additional 5% of the
variation.

Discussion

Land-cover change and canopy water fluxes

Our findings demonstrate that land-cover change can
dramatically alter the amount, type, and spatiotemporal
distribution of water delivery to canopies and soils.
Throughfall water inputs decreased in the order:
cleared areas>shade coffee agroforests>lower mon-
tane rain forests. Forest canopy throughfall estimates
fell within the range of values reported for lower
montane cloud forests, 80-101% (Bruijnzeel, 2002), but
throughfall inputs to coffee agroforests were higher
than expected compared with measurements conducted
in Colombian (42-49%) and Venezuelan (79%) shade
coffee plantations (Ataroff, 2002; Jaramillo-Robledo,
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Fig. 6 Linear regressions of (a) mean leaf area index per tree against median weekly net throughfall to forest trees (®) and coffee shade
trees (M), and (b) stand basal area m?ha ' against net annual throughfall flux (mm) to forest fragments (®), shade coffee plantations

(M), and cleared areas (@), Veracruz, Mexico.
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2003). An approximate threefold reduction in LAI asso-
ciated with forest to coffee conversion resulted in an
eightfold decrease in canopy water retention/evapora-
tion and a corresponding 15% increase in throughfall
water flux to soils. Replacement of coffee agroforestry
with pasture was found to be equivalent to a fourfold
decrease in canopy interception and a 2% increase in
throughfall.

As we and Lopez-Gémez et al. (2008) have shown,
forest structural heterogeneity in this region is highly
simplified by commercial polyculture coffee produc-
tion. Tree density, LAI, basal area, epiphyte load, and
mean minimum tree height all decrease sharply along a
gradient from cloud forest to cleared areas. Of these
parameters, basal area (a correlate of LAI) and vertical
stratification appear to be the most important vegeta-
tion factors governing annual net throughfall inputs to
forests and coffee agroforests. In Indonesia, forest man-
agement — forest with extraction of small and large
diameter trees, and agroforestry — caused a 9-11%
increase in throughfall to montane soils, with LAI and
tree height explaining 81% of the variation within these
forest use types (Dietz et al., 2006). Similarly, in the
Luquillo Experimental Watershed in Puerto Rico,
throughfall amounts measured under closed (27%),
multistrata (48%), and monostrata (66%) canopies, and
in riparian areas, recent gaps, and open canopies
(80-88%) were best explained by canopy cover, canopy
stratification, total branches above throughfall collec-
tors, and stand density (Scatena, 1990). As with our
findings, these studies suggest that relative to other
land-cover transitions (e.g. agroforestry to pasture),
forest conversion may have a disproportionately large
impact on water delivery to soils.

The effect of distinct canopy types on stemflow has
received less attention, but appears to be equally vari-
able. In this study, coffee shade species T. micrantha and
M. scabrella had higher stemflow than forest species
Q. pinnativenulosa, C. mexicana, and A. latifolia. Coffee
tree species had smooth bark and supported fewer
epiphytes. In turn, epiphyte abundance was negatively
correlated with stemflow, suggesting that management
practices resulting in diminished water storage in the
epiphyte compartment enhance the flow of water down
tree stems. However, as epiphyte load and bark rough-
ness often covary in montane cloud forest regions
(Hietz & Hietz-Seifert, 1995), it is difficult to ascertain
whether changes in epiphyte abundance, tree species,
or both combined, affected stemflow.

Epiphytes and epiphyte mats increase the capturing
surface area of individual trees (Nadkarni, 1984) and
have large canopy water storage capacities (e.g.
7-3300Lha'; Richardson et al., 2000). That epiphytes
modify stemflow fluxes beneath forest canopies has

now been established (Veneklaas & Vanek, 1990;
Holscher et al., 2004; Fleischbein et al., 2005; Zimmer-
mann ef al., 2007). For example, stemflow measured
in 10-year old, 40-year old, and old-growth tropical
montane forest stands decreased with increasing non-
vascular epiphyte coverage (Holscher et al., 2003). Tree
species composition has also been shown to influence
stemflow. Schroth et al. (1999) compared tree-based
land-use systems in Amazonia and found that high
stemflow-yielding peach palm trees (Bactris gasipaes)
generated similar stemflow amounts in peach palm
monocultures as in forest fallows despite much higher
tree densities in the latter. Epiphyte removal and
changes in canopy composition can therefore increase
within-stand spatial heterogeneity of water inputs — by
concentrating water around tree stems — as well as total
stemflow volume.

At fine spatial scales, discerning the effects of specific
canopy properties on throughfall water inputs is
equally challenging (Loescher ef al., 2002; Nadkarni &
Sumera, 2004). Problems arise from leaf area sampling
techniques — plant canopy analyzers, hemispherical
photography, and litterfall traps (Levia & Frost, 2006)
— that differ in spatial resolution from throughfall
collectors, and, thus, do not accurately capture three-
dimensional canopy structure. Despite these limita-
tions, we found a significant negative relationship
between tree-scale LAI and tree NTF (Fig. 6a), another
correlate of stemflow. Taken together, our data show
that major reductions in leaf and epiphyte surface area
associated with forest conversion decrease the amount
of water retained in plant canopies and available for
evaporation, thereby increasing throughfall and local
stemflow generation.

Seasonality of water inputs

Interactions among rain and fog seasonality and land-
cover attributes had effects on water redistribution that
were masked when land-cover types were compared
annually. Tree phenology and precipitation characteris-
tics determined the magnitude of land-cover differences
in water inputs to canopies and soils, as well as their
implications for the hydrologic cycle. In these lower
montane rain forests, canopy cover is highest from May
to October, when temperate and tropical trees are
photosynthetically active (Williams-Linera & Tolome,
1996), and lowest between November and February
when some temperate forest trees abscise their leaves.
Conversely, commercial coffee agroforests have low
LA, irrespective of season. These phenological dissim-
ilarities heightened (attenuated) the absolute forest-
coffee difference in canopy net throughfall during the
wet (dry) season. However, as a percentage of rainfall,
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land-cover contrast in NTF was more pronounced dur-
ing the dry season. Partial leaf abscission by forest
canopies may have been insufficient to ‘wash out’ the
land cover effect. Alternatively, a seasonal shift in pre-
cipitation type and intensity may explain the enhanced
dry season disparity between forest and coffee cover
types. Fog and ‘chipi-chipi’ (i.e. drizzling rain; Ruxton,
1848) are more prevalent during dry season months,
and these low-intensity precipitation events generally
result in higher proportions of canopy interception.
Furthermore, the relationship between rainfall intensity
and canopy interception was stronger for forest than for
coffee sites. In this highly fragmented landscape,
another possibility is that a ‘vegetation breeze’ (i.e.
increased rainfall over clearings adjoining forest sites)
(Wang et al., 2000) led us to overestimate dry season
forest canopy water retention/evaporation. In contrast
with our NTF calculations, effects of forest vs. coffee
species on stemflow generation were more pronounced
during the wet season (Fig. 5). On average, coffee trees
generated 654 L of stemflow from 1601 mm of through-
fall (TF/SF=0.4), compared with 151L per 1512mm
(TF/SF = 0.1) under forest trees.

Decreased wet season canopy water retention/eva-
poration by coffee agroforests and cleared areas implies
that land-use change could potentially alter the ratio of
sensible to latent heat fluxes to the atmosphere (Giam-
belluca et al., 2000). Lower rates of wet-canopy evapora-
tion also increase the amount of water available for
surface flow (Bonell, 1998). We have shown that forest
to coffee conversion dramatically accelerates the rate of
water delivery to soils via throughfall and stemflow,
especially when rainfall is heavy and frequent, further
suggesting that the shade coffee canopies we studied
may have a reduced capacity to buffer soils against the
impacts of high-intensity rainfall. While increases in
below-canopy water fluxes can increase rainsplash ero-
sion (Herwitz, 1985), reduce opportunities for infiltration
(Herwitz, 1986; Harden & Scruggs, 2003), and contribute
to surface runoff (Sinun et al., 1992; Harden, 1996), soil
properties and underlying geology will clearly influence
the magnitude of these effects (Bruijnzeel, 2004). In a
study conducted at some of our study sites, Geissert &
Ibafiez (2008) found that shade coffee soils had higher
bulk density, lower organic matter, and soil porosity than
forest soils. In addition, saturated hydraulic conductivity
at 0-10 and 10-20 cm depth was 57-82mmh ™" in forest
and 6-15mmh ™" in coffee sites. Over the course of this
study, ~ 30% of wet season days had hourly rainfall
totals >6mmh ' and ~20% had hourly totals
>15mmh ™" It is therefore reasonable to expect that
altered water partitioning as a result of forest to coffee
land-use change, and/or increasing rainfall intensities
will enhance runoff from this mountain watershed.

During the dry season, we estimated that fog con-
tributed an additional 16% to total above-canopy water
inputs. For the most part, incident fog inputs remained
trapped in vegetation canopies, with <5% deposited to
forest and coffee soils in throughfall. Recent research
indicates that canopy wetting by fog droplets may
comprise an important component of stand evaporation
in montane cloud forests (Klemm et al., 2006; Giambel-
luca et al., 2009). Such studies suggest that land-cover
change effects on fog deposition rates may also have
major consequences for energy partitioning during the
dry season (Lawton et al., 2001).

Several possible explanations may account for the
low volume of fog drip under plant canopies relative
to total incident fog at our sites: overestimation of fog
water deposition, evaporation from tree canopies, foliar
uptake of fog water, or interception by canopy epi-
phytes (Weathers et al., 1992; Lovett, 1994; Burgess &
Dawson, 2004; Richardson et al., 2000; Nadkarni &
Sumera, 2004; Ewing et al., 2009). First, artificial fog
collectors may have overestimated fog water deposition
to plant canopies, even though fog water inputs fell at
the low end of the 0.2-4mmday ' range reported for
montane cloud forests (Bruijnzeel & Proctor, 1995). A
significant positive relationship between rain and fog
inputs measured in clearings suggests that passive fog
collectors captured wind-driven rain during ‘chipi-chipi’
(i.e. drizzle) events. In addition, our precipitation mon-
itoring data show that fog events seldom occurred
without rain, and when they did, they were generally
brief: 89% of all fog events recorded spanned <30 min.
That fog water deposition to passive collectors was
significantly greater than fog inputs measured in forest
and coffee canopy throughfall is not surprising given
that passive fog collectors and natural plant surfaces are
likely to differ in rates of fog water collection (Lovett,
1994). Second, fog water may have evaporated from
plant canopies (Weathers et al., 1992; Klemm et al., 2006).
Crown overlap increases the foliage layers through which
water must pass (Nadkarni & Sumera, 2004), and, in turn,
increases the likelihood that water droplets deposited to
leaf surfaces will evaporate (Ford & Deans, 1978). In
addition, crown overlap can create a ‘shelter’ effect,
whereby fewer leaves are exposed to fog droplets and
thereby fog drip is reduced (Unsworth & Crossley, 1987).
Third, although foliar uptake of fog water typically repre-
sents a small fraction of plant water use, it is plausible that
evergreen cloud forest trees absorb fog water through their
leaves during dry periods to rehydrate plant parts (Hutley
et al., 1997; Burgess & Dawson, 2004). Finally, canopy
epiphytes may intercept fog inputs (Nadkarni, 1984).

Ecologically, these dry season fog inputs may be
important for canopy communities and evergreen
trees within the forests studied. Epiphytes with high
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moisture requirements are likely to benefit from this
added water input, while for Neotropical tree species at
the latitudinal limit of their distributional range, fog
may ameliorate water stress. In the coffee agroforests
we studied, fog drip increased the amount of dry
season water deposited to soils. Fog water inputs that
increase surface soil moisture, stimulate mineralization
processes, or are absorbed by plant roots may affect
plant vigor (Ewing et al., 2009). Further, fog can act as a
significant control on transpirational losses (Ewing
et al., 2009). As certain genotypes of Coffea arabica are
highly sensitive to water stress (DaMatta & Cochicho
Ramalho, 2006), fog inputs to coffee soils during water-
limited periods coupled with diminished water losses
from coffee plants may lower plant water stress, thereby
improving coffee production. Therefore, fog capture
and deposition may have direct economic benefits for
farmers.

Precipitation variability

Over the course of this 3-year study, water fluxes were
sampled during one of the most active Atlantic hurri-
cane seasons on record, a mild ENSO event, and during
strong La Nifia conditions (Fig. 2). This variability
provided us with a unique opportunity to examine
how tropical storms, hurricanes, and ENSO asso-
ciated-changes in seasonal precipitation might affect
throughfall fluxes to different land-cover types. Our
findings show that forest-coffee differences in percent
canopy interception were reduced during extreme rain-
fall events. We did not observe major increases in
litterfall inputs following these events, suggesting that
increased rainfall intensity rather than leaf area reduc-
tions lessened the differences between forest and coffee
sites. However, we cannot evaluate the relative impor-
tance of canopy characteristics vs. meteorological con-
ditions here, because we did not sample throughfall on
an event basis. In addition, rain and fog measurements
(Table 2) and historic rainfall data support the observa-
tion that dry season rainfall is enhanced during ENSO
events (Cavazos, 1997). Because this enhancement coin-
cides with the dry season when water inputs are low,
ENSO-associated water pulses may affect forest dy-
namics, including changes in plant recruitment and
biomass production (Holmgren ef al., 2001; Weltzin
et al., 2003; Lewis et al., 2004). Such marked interannual
differences in winter rainfall are of major agricultural
importance as well. Central Veracruz is the second largest
coffee-producing region in Mexico. Moisture stress is
thought to stimulate flowering and bud break in coffee
plants (Alvim, 1960), thus excessive dry season rainfall
can interfere with coffee development and affect yields.

Implications

Understanding how land-use change and precipitation
variability alter water partitioning can help elucidate
possible climate change impacts on water resources
(Bonell, 1998). Climate scenarios for Central America
indicate that rising temperatures may lead to increased
precipitation intensity and frequency of extreme rainfall
events and dry seasons (Easterling et al., 2000; Bates
et al., 2008). Of particular relevance for tropical moun-
tains, rising cloud levels have been suggested as a
potential consequence of land-use change and atmo-
spheric warming (Pounds et al., 1999; Still et al., 1999).
Climate change effects on ENSO cycles are highly
uncertain, but the strength and frequency of these
events may also increase (Timmermann et al., 1999).

Our data demonstrate that the fraction of water
retained /evaporated from plant canopies decreases
with increasing rainfall intensity and that during tropi-
cal storms and hurricanes, this decrease is especially
pronounced in forests. It is interesting to note that the
maximum annual change in throughfall water flux
imparted by forest conversion (17%) was greater than
the maximum change recorded in forests following
tropical storms and hurricanes (10%). On short time-
scales, land-cover change may thus have a greater effect
on water redistribution than increasing rainfall inten-
sity. Nonetheless, in fragmented human-modified
mountain landscapes, an increase in precipitation in-
tensity and in the number of extreme events will likely
exacerbate the effects of land-cover change to further
promote runoff in these mountain watersheds. In areas
where soil hydraulic properties have been substantially
altered as a result of intensive land management, high
runoff during rainy season months may intensify the
risk of natural hazards and/or hinder soil water and
groundwater recharge (Bruijnzeel, 2004). These results
have regional implications for northern Latin America,
where hurricanes are frequent, much terrain is moun-
tainous, and where coffee cultivation and cattle grazing
are dominant land uses.

Based on our measurements, forest conversion to
pasture could result in a 16% decrease in fog input to
plant canopies during the dry season. This decrease is
nearly equivalent to the maximum projected rainfall
reduction of 20% for the Latin American region by 2080
(IPCC, 2007). In our study region, where dry season
ENSO events are associated with wetter than average
conditions, it is unclear whether or not an increase in
the strength or number of ENSO events might offset
these effects. Regardless, synergistic interactions be-
tween climatic variability and land-cover change could
converge to affect the structure and composition of
this transitional mixed temperate deciduous-tropical
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evergreen forest, as well as the productivity of coffee
agroforests. The extreme sensitivity of montane ecosys-
tems to climatic oscillations (Bush et al., 2004) and
documented changes in species distributions and abun-
dances on tropical mountains (Pounds et al., 1999;
Parmesan & Yohe, 2003) further suggest that changing
hydrologic cycles will have profound effects on these
land-use systems (Enquist, 2002).
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