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a  b  s  t  r  a  c  t

The  water  and  energy  fluxes  of  a  shaded  coffee  plantation  in the  lower  montane  cloud  forest  (LMCF)  zone
of central  Veracruz,  Mexico,  were  measured  over  a  two-year  period  (September  2006–August  2008)  using
the  eddy  covariance  method.  Complementary  measurements  of throughfall  and  stemflow  were  made  to
study  rainfall  interception.  The  sum  of  the  observed  sensible  (H)  and  latent  (�E)  heat  fluxes  was  almost
95%  of  the  net radiation  (Rn)  minus  the  canopy  heat  storage  fluxes,  indicating  very good  energy  balance
closure.  The  mean  annual  evapotranspiration  was  1066  mm,  and  95% of  the  corresponding  FAO  Penman-
Monteith  reference  evapotranspiration  (ET0)  of  1117  mm  yr−1. Interception  loss  was  8%  of  annual  rainfall
(1386  mm).  Both  the eddy  covariance,  and  the throughfall  and  stemflow  measurements  showed  average
wet-canopy  evaporation  rate to  be  very  low  (0.05  mm  h−1) compared  to the  corresponding  rainfall  rate
(3.06 mm  h−1). As a result,  and  despite  the low  canopy  storage  capacity  of the  coffee  plantation  (Cm,
0.50  mm),  interception  was  dominated  by  post-event  evaporation  of  intercepted  water  rather  than  by
within-event  evaporation.  Comparing  the  results  for  the  coffee  plantation  with  interception  data  from
mature  and  secondary  LMCFs  in  the  study  area  suggests  that  the  conversion  of  LMCF  to shade-coffee  may
lead to a decrease  in interception  loss  of  8−18%  of  incident  rainfall.  This  decrease  is caused  by  a three-
to  seven-fold  decrease  in  Cm, probably  due  to the  lower  leaf  area  and  smaller  epiphyte  biomass  of  the
coffee  plantation.  The  mean  annual  dry-canopy  evaporation  was  992  mm,  and  89%  of ET0.  Comparing  the
eddy covariance-based  estimate  of  dry-canopy  evaporation  for the  coffee  plantation  with  sapflow-based
estimates  of  transpiration  for the  LMCFs  did  not  show  any  clear  differences.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The conversion to shaded coffee plantations has affected many
areas with montane cloud forest across the Neotropics. The
temperate-humid climate and the highly organic soils characteriz-
ing these forests are ideal for the cultivation of high-altitude coffee
(Coffea arabica). The total area used for C. arabica production in Latin
America (excluding Brazil) is estimated at ca. 3 million ha (Perfecto
et al., 1996; Rice, 1999), which is almost 35% of the estimated area of
cloud forest in the region (ca. 8.8 million ha; Scatena et al., 2010).
Although all cloud forests have in common a reduction in evap-
otranspiration (ET) on the one hand and enhanced precipitation
inputs through fog deposition on the other, compared to montane
forests not affected by fog, not all cloud forests are equal. A distinc-
tion is generally made between: (1) tall (15−33 m)  lower montane
cloud forest (LMCF) subject to low to moderate fog incidence; and
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(2) upper montane cloud forest (UMCF) of intermediate stature
(1.5−18 m)  exposed to high fog incidence (see Bruijnzeel et al., 2011
for details). The altitudinal range of coffee plantations (500–2000 m
a.s.l.; Perfecto et al., 1996) generally overlaps with the distribution
of LMCF (Kappelle and Brown, 2001; Scatena et al., 2010).

The conversion of LMCF to shaded coffee plantations usually
involves the partial or complete replacement of the forest canopy
with tree species that not only provide appropriate shading for the
coffee plants, but also fix atmospheric nitrogen and so help to main-
tain soil fertility (notably species of Inga or Erythrina; Moguel and
Toledo, 1999). The shaded plantation has a simpler structure com-
pared to the original forest, including much lower values of tree
density (and therefore basal area), tree height, and Leaf Area Index
(LAI), as well as a much reduced species diversity (e.g. López-Gómez
et al., 2008), including the number and diversity of epiphytes (Hietz,
2005).

The changes in vegetation structure and species composition
following LMCF conversion to shade-coffee can be expected to
alter ET in a number of ways. Firstly, transpiration (Et), normal-
ized for available energy, tends to decrease with decreasing leaf
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area (Baldocchi, 2005, and citations therein). At the same time, soil
evaporation may  increase because of increased insolation and tur-
bulent exchange at the soil surface (Baldocchi and Meyers, 1991;
Stuart Chapin III et al., 2002; cf. Lin, 2010), although the overall
effect will also depend on soil moisture conditions (Hide, 1954), and
degree of cover and thickness of the litter layer (Marthews et al.,
2008). Changes in species composition and diversity may  also alter
Et through changes in plant physiological traits (notably stomatal
conductance, hydraulic conductivity, and rooting depth; Baldocchi,
2005; cf. Fernández et al., 2009). Furthermore, the capacity of the
canopy to intercept and store precipitation depends largely on
the surface area of the canopy, particularly LAI (Aston, 1979; Van
Dijk and Bruijnzeel, 2001; cf. Fleischbein et al., 2005; Dietz et al.,
2006). Epiphytes and mosses are also known to store considerable
amounts of water (e.g. Pócs, 1980; Richardson et al., 2000; Köhler
et al., 2007). Changes in vegetation structure can also alter the evap-
oration rate from the wet canopy (E) by modifying the turbulent
exchange efficiency (e.g. Teklehaimanot and Jarvis, 1991). Never-
theless, since E is usually very low in LMCF environments, changes
in canopy water storage capacity are likely to have a much greater
effect on overall rainfall interception loss (I) than changes in E (cf.
Ponette-González et al., 2009; Holwerda et al., 2010).

The actual changes in ET following the conversion of LMCF to
shade-coffee are poorly documented (Bruijnzeel et al., 2010, 2011).
This is mainly a consequence of the scarcity of comparative data
on overall ET for both LMCF and shaded coffee plantations. Yet,
changes in ET alter the quantity of precipitation that is available for
infiltration and runoff production, and hence directly affect catch-
ment water yield (e.g. Muñoz-Villers, 2008; Muñoz-Villers et al.,
2012; cf. Bruijnzeel, 2004). Reliable data on ET are, therefore, crit-
ical to evaluate the effects of LMCF conversion to shade-coffee on
water resources.

The present study aims to improve our understanding of the
hydrological consequences of the conversion of LMCF to shaded cof-
fee in central Veracruz, eastern Mexico. Micrometeorological and
eddy covariance data were collected in a shaded coffee plantation
over a period of two years (September 2006–August 2008), along
with throughfall and stemflow measurements and modeling for the
determination of interception loss. The results are compared with
previously published data on ET and its components for nearby old-
growth and secondary LMCF (Holwerda et al., 2010; Muñoz-Villers
et al., 2012) to evaluate the likely changes in ET associated with the
conversion.

2. Materials and methods

2.1. Study area

The study was conducted near the town of Coatepec on the
lower eastern (windward) slope of the Cofre de Perote volcano, cen-
tral Veracruz State, Mexico (Fig. 1). The central region of Veracruz
is the second most important coffee-growing region of Mexico
(SAGARPA, 2007, cited in López-Gómez et al., 2008). The coffee
plantations are generally located at altitudes between 1000 and
1400 m a.s.l., which overlaps with the LMCF zone that extends from
about 1100 to 2400 m a.s.l. LMCF is known in Mexico as ‘bosque
mesófilo de montaña’  (see García-Franco et al. (2008) for detailed
descriptions of this type of forest). However, as a result of continued
deforestation, LMCF in the region has been decimated, and shaded
coffee plantations now occupy a similar proportion of the land-
scape (18%) as the remaining forest fragments (21%; Muñoz-Villers
and López-Blanco, 2007; cf. Williams-Linera et al., 2002).

The measurements were made in the ‘La Orduña’ coffee planta-
tion, located on a level plateau at 19◦28′ N and 96◦56′ W at an eleva-
tion of 1210 m a.s.l. (∼2 km east of Coatepec, Fig. 1). The coffee plan-
tation is a so-called modern shaded monoculture (sensu Moguel and

Fig. 1. Approximate location of the scaffolding tower (white circle with black centre)
in  the La Orduña coffee plantation, central Veracruz, Mexico.

Toledo, 1999), in which most of the natural forest has been replaced
by various species of Inga shade trees. The coffee shrubs (C. arabica)
were planted at a density of ca. 2000 ha−1 and were typically about
2.5 m high. The shade trees were planted at a density of ca. 220 ha−1

and formed a canopy of about 14 m high. The LAI and canopy cover
were estimated at 1.8 m2 m−2 and 82%, respectively, using hemi-
spherical photography (Locher, 2007). A photograph of the coffee
plantation is shown in Supplemental Fig. S1.

In this region, C. arabica flowers in March or April, the period
of fruit development is between May  and October, and harvest-
ing is done between December and February (Villers et al., 2009).
The coffee plants and shade trees are subject to pruning, but this
takes place at irregular intervals of several years (cf. Hernández-
Martínez et al., 2009). During the present study period (September
2006–August 2008), no pruning took place. The shade trees gener-
ally had few epiphytes. The volcanic soil at La Orduña is ferralitic,
with a silty clay texture, an average organic matter content of 2–4%
(A horizon, 0–20 cm depth), and an average porosity of 63% (A and B
horizons, 0–100 cm;  Meza and Geissert, 2007). No data on rooting
depth of the coffee shrubs and shade trees are available. The soil
is covered by a thin, but continuous litter layer of a couple of cm
thickness (F. Holwerda, pers. obs.).

The climate at this latitude is strongly influenced by the trade-
winds and the subtropical high pressure belt (Metcalfe, 1987).
Between November and April, the proximity of the subtropical high
leads to stable, dry weather conditions. However, during this time
of year, the study region is also affected by the regular passage
of cold fronts that produce light rains and/or drizzle for 1–3 days
per event (Báez et al., 1997). With the northward movement of
the Inter-Tropical Convergence Zone in the summer, the region
comes under the influence of the easterly trade-winds that bring
humid conditions with frequent showers and thunderstorms (Báez
et al., 1997). Hence, the climate can be divided into two seasons:
a dry season (November–April) and a wet season (May–October).
The mean annual temperature (1971–2000) as measured at 1–2 km
from the study site by the National Weather Service of Mexico
(SMN) is 19.5 ◦C, with a minimum monthly mean temperature of
15.5 ◦C in January and a maximum of 22.5 ◦C in May  (SMN, 2011).
The corresponding mean annual rainfall is 1765 mm,  of which 389
(22%) and 1376 mm  (78%) fall on average during the dry and wet
season, respectively (SMN, 2011). Inputs by cloud water intercep-
tion are almost negligible in this region (Holwerda et al., 2010;
Muñoz-Villers et al., 2012; see also Section 4.2 below). A more
detailed description of the local weather will be given below.

The micrometeorological measurements were made from a
16 m high scaffolding tower, located in the southwestern corner of
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the coffee plantation (Fig. 1). The fetch was approximately 300 m
towards the south, and more than 500 m towards the southeast and
east. The dominant wind direction during the daytime was  south-
east. With a measurement height of 18.5 m (see below), and taking
the zero-plane displacement as 0.75 of the canopy height of 14 m
(Monteith and Unsworth, 2008), the fetch-to-height ratio was  at
least 63 in the dominant wind direction. This is more than twice
the value of 28 found by Klaassen et al. (2002) to yield accurate
scalar flux measurements downwind from a forest edge.

2.2. Micrometeorological measurements

Measurements of incoming (Sin) and outgoing (Sout) short-
wave radiation (W m−2) were made at 17.5 m using a CM7
albedometer (Kipp and Zonen). Incoming (Lin) and outgoing (Lout)
long-wave radiation were measured at 17.5 m using precision
infrared radiometers (The Eppley Laboratory). Net radiation (Rn)
was calculated by adding the respective short- and long-wave
radiation components. Temperature (T, ◦C) and relative humid-
ity (RH, %) were measured at 17.9 m using two  different types of
combined T/RH sensors (HMP35 and HMP45, Vaisala). For both T
and RH, the readings of the two sensors differed by less than 1%
(y = 1.01x − 0.37 (◦C) for T, and y = 1.00x + 0.20 (%) for RH), and the
average T and RH as measured with the two sensors were used in
the present analysis. Actual vapour pressure (VPA, kPa) and vapour
pressure deficit (VPD) were calculated from RH and the saturation
vapour pressure (SVP) at temperature T. VPA was also calculated
from dry- and wet-bulb temperatures measured at 18.5 m using
thermocouples (see below). There was good agreement between
values of VPD derived from the T/RH sensors (y) and the thermo-
couples (x): y = 0.98x + 0.01 (kPa), r2 = 0.99, giving confidence in the
humidity data from the T/RH sensors. Wind speed (U, m s−1) was
measured using an A100R cup anemometer (Vector Instruments).
Wind direction (Udir, degrees) was calculated from sonic anemome-
ter data (see below). Rainfall (P, mm)  was measured at 15 m using an
ARG100 tipping bucket rain gauge (Environmental Measurements
Ltd.; 0.2 mm resolution). The rain gauge was dynamically calibrated
to account for the variable error due to the loss of water during
bucket rotation following the method of Calder and Kidd (1978).
The readings by the ARG100 (y) were within 1% of those by a total-
izing gauge (x) located at 17.5 m on the same tower (y = 1.00x − 0.06
(mm  h−1), r2 = 1.00). The data from the rain gauge were stored
using a HOBO pendant event data-logger (Onset). All of the other
above-mentioned measurements were taken every 30 s by a 21X
data-logger (Campbell Scientific Ltd.) and 5-min averages were
stored in an external storage module. Rainfall and climatic data
are available for three years (September 2006 until August 2009).

Measurements of the horizontal (u, v) and vertical (w) wind
components were made at 18.5 m using a Solent R3 sonic
anemometer (Gill Instruments) that also measured the sonic tem-
perature (Ts). Dry- (Td) and wet-bulb (Tw) temperatures were
measured at about 20 cm northwest from the center of the
anemometer (to minimize disturbance of the southeasterly day-
time winds) using a pair of fast-response, type E thermocouples
(custom made in the workshop of the Faculty of Earth and Life
Sciences of the VU University, Amsterdam). The diameter of the
thermocouple wire was 0.127 mm.  The wet-bulb thermocouple
consisted of a dry-bulb thermocouple fitted with a cotton wick that
was kept wet by a constant supply of distilled water. The signals
of the sonic anemometer and the thermocouples were measured
every 0.1 s (10 Hz sampling rate) using a CR23X data-logger (Camp-
bell Scientific Ltd.). The data were stored in two different ways: (1)
in a low data output (continuous) mode; and (2) in a high data
output (intermittent) mode. In continuous mode, means, standard
deviations, co-variances, and correlation coefficients were stored
every 5-min in a low capacity data storage module, whereas in

intermittent mode the raw (10 Hz) data were stored in a high capac-
ity memory module. The raw turbulence data were stored for a total
of 23 dry and predominantly sunny days between November 2006
and August 2007. The 5-min turbulence data stored by the data-
logger in continuous mode (‘data-logger data’) are available for two
years (September 2006 until August 2008).

2.3. Energy balance and calculation of fluxes

The energy balance of the coffee plantation was defined as
(Monteith and Unsworth, 2008):

Rn − J − G = H + �E (1)

where Rn is the net radiation (see above), J the change in stored
amounts of sensible and latent heat below the measurement level,
G the soil heat flux, and H and �E are the sensible and latent heat
fluxes, respectively (all terms are in W m−2). The change in storage
of sensible and latent heat (J) was calculated from the changes in
temperature and humidity measured at 17.9 m (Thom, 1975). The
soil heat flux (G) was not measured. However, as will be shown
in Section 3, the slope of the linear regression of (H + �E) against
(Rn − J) was  near unity, suggesting that G was  very small.

The sensible heat flux (H) was derived as the covariance between
the turbulent fluctuations of the vertical wind speed (w) and the
dry-bulb temperature (Td) according to:

H = �Cpw′T ′
d (2)

in which � is the density of air (kg m−3) and Cp the specific heat of
air at constant pressure (J kg−1 K−1).

The latent heat flux (�E) was calculated using (Dyer, 1961; Dyer
et al., 1982):

�E = ��
(

Aw′T ′
w − Bw′T ′

d

)
(3)

where Tw is the wet-bulb temperature, � the latent heat of vapor-
ization (J g−1), and A and B are constants during a particular
flux-averaging interval, calculated as:

B = Cp

�/1000
(4)

A = 6.212�
(

101.3
p

)
+ B (5)

in which � is the slope of the saturated vapour pressure-
temperature relationship at the wet-bulb temperature (Tw,
kPa K−1), and p is the atmospheric pressure (kPa) for which a fixed
value of 88 kPa was  taken.

During times of rainfall, values of �E as derived with Eq. (3) may
be erroneous due to the wetting of the dry-bulb thermocouple. To
avoid this problem, �E under rainy conditions (defined as all 30-min
periods with P > 0 plus a post-rainfall period of 3 h to allow com-
plete drying of the sensor) was  calculated using the energy balance
equation and the sensible heat flux as measured with the sonic
anemometer (Hs = �Cpw′Ts

′) (Van der Tol et al., 2003; cf. Mizutani
et al., 1997):

�E = Rn − J − Hs − C2

1 − C1
(6)

C1 and C2 come from the equation that relates Hs to the ‘true’ sen-
sible heat flux and are calculated as (Liu et al., 2001):

C1 = 0.51
Cp

�
T (7)

C2 = 3T�Cp

2c2
(w′u′u + w′v′v) (8)

where w′u′ and w′v′ are the co-variances of the turbulent fluctu-
ations of the horizontal (u, v) and vertical (w) wind components,
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T is the average air temperature (K), and c the speed of sound
(m s−1).

2.4. Eddy covariance data corrections and data quality
assessment

The raw u, v, w data were corrected for angle of attack
errors resulting from the imperfect (co)sine response of the sonic
anemometer (Gash and Dolman, 2003; Van der Molen et al., 2004)
using the correction functions of Nakai et al. (2006).  Next, two rota-
tions were applied to the wind data to align: (i) u in the mean wind
direction (i.e. v̄ = 0); and (ii) w normal to u (i.e. w̄ = 0; Kaimal and
Finnigan, 1994). The averaging time used was 30 min. The data-
logger data were subjected to the same coordinate rotation as the
raw data using the algorithms given by Sozzi and Favaron (1996).
Correction factors for the angle of attack error and the underestima-
tion of the flux due to the use of a relatively short (5-min) averaging
time (Finnigan et al., 2003) were obtained by comparison with the
fluxes derived from the raw data (using linear regression).

Furthermore, the w′T ′
d

and w′T ′
w co-variances may  have been

underestimated somewhat due to the limited response time of the
dry- and wet-bulb thermocouples (cf. Dyer et al., 1982), and the
spatial separation between the sonic anemometer and the ther-
mocouples (Moore, 1986). To correct for this, the w′T ′

d
and w′T ′

w

co-spectra were compared with the co-spectrum of the sonic heat
flux (w′T ′

s). Assuming that the w′T ′
d

and w′T ′
w co-spectra have a

shape similar to the co-spectrum of w′T ′
s at high frequencies, cor-

rection factors (CF) were calculated using (cf. Sakai et al., 2004):

CF = 1 +
(∑

f>fcutCO(wTs)

w′T ′
s

−
∑

f>fcutCO(wx)

w′x′

)
(9)

in which CO is the co-spectrum, x denotes the dry- (Td) or wet-bulb
(Tw) temperature, and fcut is the frequency beyond which CO(wx)
is affected by high frequency loss (see also Section 3 below).

Finally, due to the absorption of direct and reflected solar
radiation (Sin and Sout, respectively), the dry-bulb thermocouple
measured a higher temperature than the actual air temperature,
the so-called temperature excess error, εr (Jacobs and McNaughton,
1994). However, at the same time, εr is reduced by the cooling effect
of wind passing over the thermocouple. As a result, εr is correlated
with the vertical wind speed (w), creating additional w′T ′

d covari-

ance (i.e. w′ε′). The error in w′T ′
d due to the covariance between εr

and w was calculated using (Jacobs and McNaughton, 1994):

w′ε′
r = −Ca(Sin + Sout)

2hu
w′u′ (10)

in which a is the absorption coefficient of the thermocouple wire
for short-wave radiation, C the ratio of the diameter and perime-
ter of the wire (1/�), h the convective heat transport coefficient
(W m−2 K−1), and the other terms are as defined previously. The
absorption coefficient (a) was estimated from the slope of the linear
regression of the excess temperature (calculated as the difference
between Td and T measured by the Vaisala temperature sensors)
against the radiation load (Sin + Sout), whereas h was  calculated
from the Nusselt number of the thermocouple wire (see Jacobs and
McNaughton, 1994 for further details).

The quality of the eddy covariance measurements was evalu-
ated from the slope of the linear regression of the sum of H and �E
against the available energy (Rn ( J). The closer the slope is to unity,
the better the energy balance closure, and thus the higher the con-
fidence that may  be placed in the eddy covariance measurements
(cf. Wilson et al., 2002). The degree of energy balance closure was
also evaluated by calculating the ratio of the cumulative sum of
the turbulent energy fluxes to the cumulative sum of the avail-
able energy, i.e. the so-called energy balance ratio (EBR; cf. Wilson

et al., 2002). The closer EBR is to unity, the better the energy balance
closure.

2.5. Calculation of total evapotranspiration and gap-filling

Total evapotranspiration (ET) of the coffee plantation was  calcu-
lated as the sum of �E as derived with Eqs. (3) and (6) for dry-canopy
and rainy conditions, respectively. Dry-canopy conditions were
approximated by excluding all 30-min periods with rainfall, includ-
ing a post-rainfall period of 3 h (see above for definition of rainy
conditions). To exclude negative values of �E related to dew for-
mation at night, only daytime (Rn > 10 W m−2) values of �E were
used in the calculation of dry-canopy evaporation. Note that night-
time values of �E as obtained with Eq. (6) for rainy conditions were
not excluded because rates of E from the wet  canopy can be con-
siderable under such conditions (Stewart, 1977).

For about 15% of the daytime observations, dry-canopy �E
data were missing (usually because the wet-bulb thermocou-
ple had dried out). In those cases, �E was calculated using the
Penman-Monteith (P-M) equation in combination with the canopy
conductance model of Jarvis (1976) (see Appendix A for details).
Because the response of gc to climatic conditions was different for
the wet and the dry season, the canopy conductance model was
parameterized separately for the respective seasons.

The reference evapotranspiration (ET0) was calculated follow-
ing the FAO guidelines (Allen et al., 1998).

2.6. Throughfall and stemflow measurements

Between June 2008 and January 2009, throughfall (TF, mm)
and stemflow (SF, mm)  were measured about 50 m east of the
tower. The measurements were terminated in January 2009 after
the equipment was stolen. TF was measured using two, 2 m long by
0.3 m wide V-shaped troughs made of stainless steel and equipped
with a custom-built, 50 ml  capacity tipping bucket (VU University,
Amsterdam). The troughs were installed at an angle of 15–20◦ to
facilitate drainage, and had 2 cm high risers to reduce splash losses.
To account for the spatial variability of TF, one trough was  relocated
a total of five times during the 7-month measurement period. Mean
event TF was calculated as the average of the TF as measured by the
two troughs (see below for the definition of a rainfall event).

SF was  measured on four coffee shrubs which had multiple
branches (typically 3–5) originating from a main stem near the
ground. SF was measured on individual branches (0.5–1.0 m above
the ground) using 5–10 cm diameter plastic collars wrapped tightly
around the branches, with any remaining spaces sealed with silicon
sealant. The SF drained into a 50 ml  capacity tipping bucket via PVC
tubing. Event SF per unit ground area (mm)  was  calculated by mul-
tiplying the average SF (L stem−1) of the four coffee shrubs times the
stem density (0.25 stems m−2; see above). The areal SF of the shade
trees was  assumed negligible because of the low number of trees
per ha (220 stems ha−1). All TF- and SF tipping bucket devices were
dynamically calibrated following Calder and Kidd (1978).  The data
were recorded using HOBO pendant event data-loggers (onset).

2.7. Rainfall interception loss

Rainfall interception loss (I, mm)  was  determined as the dif-
ference between incident rainfall (P), and throughfall (TF) plus
stemflow (SF). For the period for which no interception data were
available (September 2006–May 2008), I was calculated using the
Liu (2001) interception model:

I = Cm

[
1 − exp

(
− k

Cm

)
P
][

1 − E

kR

]
+ E

R
P (11)
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in which Cm is the canopy storage capacity (mm),  k the canopy cover
fraction, Ē/R̄ the ratio of the mean evaporation rate from the wet
canopy (E, mm  h−1) to the mean rainfall intensity (R, mm h−1), and
P the total event rainfall (mm),  where rainfall events were defined
as periods with P > 0.2 mm separated by a dry period of at least 3 h
(cf. Schellekens et al., 1999).

E was calculated using Eq. (6),  and the ratio Ē/R̄ was  calculated
for all hours for which the canopy was considered to be fully wetted
(i.e., P > 0.5 mm h−1; cf. Schellekens et al., 1999). Canopy cover frac-
tion k was taken as 0.82 based on the hemispherical photo analysis
by Locher (2007),  whereas Cm was obtained via a non-linear least
square fit of the Liu (2001) interception model (Eq. (11)) to the data
(see further Section 3 below).

3. Results

3.1. General climatic conditions

The monthly mean daily incoming solar radiation (Sin) as mea-
sured between September 2006 and August 2008 was 15.4 ± 2.8
(SD) MJ  m−2 day−1 on average for the dry season (November–April)
versus 18.6 ± 1.8 MJ  m−2 day−1 for the wet season (May–October)
(Fig. 2a). Daily inputs of Sin were typically lowest during the first half
of the dry season (November–January), and highest during the tran-
sition from the dry to wet season (April, May) and in the middle of
the wet season (July, August). Monthly mean daily temperatures (T)
were 17.3 ± 1.5 ◦C and 20.2 ± 0.9 ◦C on average for the dry and wet
seasons, respectively, with the lowest values observed for January
and the highest in May  (Fig. 2b). As indicated by the standard devi-
ation (SD) of the monthly mean T, day-to-day variations in temper-
ature were largest during the dry season. The same was observed
for the vapour pressure deficit (VPD, Fig. 2c). This greater variability
reflects the alternation of warm and dry (during times of high atmo-
spheric pressure) and cool and wet (cold front passages) weather
conditions that is typical for the dry season in the study area (cf.
Muñoz-Villers et al., 2012). The monthly mean daily VPD was  usu-
ally highest during the transition from the dry to the wet season
(April, May; Fig. 2c), while the overall difference between the dry
and wet seasons was small (0.66 ± 0.19 kPa versus 0.72 ± 0.18 kPa,
respectively). Monthly means of daily actual vapour pressure (VPA,
Fig. 2c) were lowest in the dry season (1.43 ± 0.10 kPa) and highest
during the wet season (1.74 ± 0.07 kPa), reflecting the dominance
of drier continental air masses during the dry season versus moister
maritime tropical air masses during the wet season. Monthly mean

Fig. 2. Monthly means (solid lines) and standard deviations (dark grey areas) of (a)
incoming solar radiation (Sin); (b) temperature (T); (c) vapour pressure deficit (VPD,
solid line) and actual vapour pressure (VPA, dashed line); and (d) wind speed (U) as
measured at the La Orduña coffee plantation between September 2006 and August
2008. Light grey areas indicate dry season periods.

daily wind speeds (U) were low and did not differ between seasons
(1.46 ± 0.11 on average; Fig. 2d).

Annual amounts of rainfall (P, calculated for the period
September–August) during the two years of observation were
1318 mm (2006/07) and 1453 mm (2007/08), with the average
(1386 ± 95 mm)  being about 20% below the long-term average of
1765 mm (Fig. 3a). Monthly totals of Penman-Monteith reference
evapotranspiration (ET0) showed a clear seasonal variation (Fig. 3b)
in accordance with the variation of Sin (Fig. 2a). Annual ET0 was
1073 mm for the year 2006/07 and 1162 mm for the year 2007/08.

3.2. Eddy covariance data corrections and energy balance closure

A total of 344 half-hourly periods of raw turbulence data dis-
tributed over 23 days were collected between September 2006 and
August 2008. Fig. 4 compares the average w′T ′

d and w′T ′
w co-spectra

Fig. 3. (a) Monthly totals of rainfall (P, bars) as measured between September 2006 and August 2008 at the La Orduña coffee plantation. The line represents the long-term
mean  (1971–2000) as measured at 1–2 km from the site (SMN, 2011). (b) Corresponding monthly totals of the FAO Penman-Monteith reference ET0. Grey areas indicate dry
season periods.
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Fig. 4. Average w′T ′
s , w′T ′

d
, and w′T ′

w co-spectra as calculated from the raw turbu-
lence data collected at the La Orduña coffee plantation. Also shown is the theoretical
scalar co-spectrum (w′c′) of Kaimal et al. (1972).  The two vertical lines indicate
the  cut-off frequencies for the w′T ′

d
and w′T ′

w co-spectra, respectively. See text for
explanation.

with the w′T ′
s co-spectrum (sonic heat flux) and the theoretical co-

spectrum of w′c′ according to the model of Kaimal et al. (1972).
While the w′T ′

s co-spectrum follows the shape of the model curve
reasonably well, the w′T ′

d and w′T ′
w co-spectra show some loss of

covariance at high frequencies due to the limited response time
of the thermocouples and their spatial separation from the sonic
anemometer. The associated cut-off frequency (fcut) was  some-
what lower for w′T ′

w (∼0.1 Hz) as compared to w′T ′
d (∼0.4 Hz),

reflecting the slower response of the wet-bulb thermocouple (cf.
Shaw and Tillman, 1980). Nevertheless, since turbulent motions
with f > 0.1 Hz contributed little to the total w′T ′

d and w′T ′
w covari-

ance, the average corrections factors calculated with Eq. (9) were
small (1.02 ± 0.01 and 1.06 ± 0.02 for w′T ′

d and w′T ′
w, respectively).

It should be noted that these corrections for high frequency loss
were applied to the co-variances (Eqs. (2) and (3))  after the lat-
ter were corrected for the angle of attack error and the use of too
short a flux-averaging time. The latter two corrections increased
the w′T ′

d and w′T ′
w co-variances by 23% on average and the w′T ′

s
covariance by 21%. The correction for spurious covariance due to
the temperature excess error (w′ε′

r; Eq. (10)) was on average 14%
of w′T ′

d. The corrected w′T ′
d co-variances agreed very well with the

heat flux measured with the sonic anemometer (w′T ′
s) corrected for

water vapour flux (Schotanus et al., 1983): w′T ′
d = 1.01 w′T ′

s − 0.01
(K m s−1, r2 = 0.97).

In Fig. 5, the sums of the sensible (H) and latent heat (�E) fluxes
as derived with Eqs. (2) and (3) for daytime, dry-canopy conditions
are compared with the available energy (Rn − J). The slope of the
linear regression (0.99) is close to unity, indicating very good energy
balance closure, as also confirmed by the high value of the energy
balance ratio (EBR = 0.94 in Fig. 5).

Fig. 5. Sums of the sensible (H) and latent heat (�E) fluxes against available energy
(Rn − J) for daytime, dry-canopy conditions between September 2006 and August
2008 at the La Orduña coffee plantation. See text for explanation.

3.3. Evapotranspiration

Monthly totals of evapotranspiration (ET), as calculated using
Eq. (3) for daytime, dry-canopy conditions and Eq. (6) for rainy
conditions are shown in Fig. 6. Amounts corresponding to dry and
rainy conditions are also shown separately. Monthly ET followed
a clear seasonal pattern, with lower values during the dry sea-
son (73 ± 12 mm mo−1 on average) and higher values during the
wet season (105 ± 12 mm mo−1). Corresponding values of reference
evapotranspiration (ET0) were 81 ± 22 and 106 ± 14 mm mo−1 for
the dry and wet seasons, respectively.

At all times, dry-canopy evaporation contributed most to
monthly ET. Monthly values of dry-canopy evaporation were
strongly correlated (r2 = 0.86) with monthly values of Sin (cf. Fig. 2a).
Evaporation during rainy conditions constituted a relatively small
proportion of total ET, both in the dry season (2.4 mm  mo−1 on
average, or 3% of ET) and in the wet season (9.9 ± 5.7 mm mo−1,
or 9% of ET) (see also Section 3.4 below). Monthly totals of evapo-
ration during rainy conditions were strongly correlated (r2 = 0.81)
with monthly P. Annual ET was 1062 mm for the first year (2006/07)
and 1071 mm for the second year (2007/08), with the mean value
(1066 mm)  being 95% of the corresponding ET0 (1117 mm). The
mean annual evaporation measured during dry-canopy conditions
was 992 mm (versus 74 mm for rainy conditions), and 89% of ET0.

3.4. Rainfall interception

During the 7-month period of throughfall (TF) and stemflow
(SF) measurements, a total of 923 mm of P was  recorded, dis-
tributed over 125 events. The distribution of event size was  strongly
positively skewed, as indicated by the average (7.4 ± 11.3 mm)
and median (2.5 mm)  values (range: 0.4–71.3 mm).  The average

Fig. 6. Monthly totals of evapotranspiration (ET, solid line, left y-axis) plus amounts corresponding to dry (dotted line, left y-axis) and wet conditions (dashed line, right
y-axis), as measured at the La Orduña coffee plantation between September 2006 and August 2008. Grey areas indicate dry season periods.
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Fig. 7. Rainfall interception loss (I) against rainfall (P) at the La Orduña coffee plan-
tation. The line represents the fitted Liu rainfall interception model. See text for
explanation.

event duration was 3.4 ± 4.2 h (range: 0.15–25.5 h). Total TF was
840 ± 41 mm,  or 91% of the corresponding P. The standard error
(SE) of the total TF was 29 mm (3%). Total SF associated with the
coffee shrubs was estimated at 15 ± 14 mm;  the associated SE was
1.8 mm (12%). The total inferred interception loss (I) was  68 mm,  or
7% of incident P. Adding the SE’s of the TF and SF quadratically and
assuming the error in P to be negligible (low wind speeds) would
suggest an uncertainty of 29 mm (43%) for I.

Fig. 7 shows a scatter graph of I versus P for all 125 rainfall events.
The relationship between I and P is very weak: I = 0.02P + 0.38,
r2 = 0.16, indicating that the evaporation (E) from the wetted
canopy was very low compared to the corresponding rainfall rates
(R). This observation agrees with measured values of E (Eq. (6)),
which averaged 0.05 mm h−1 for all hours with R > 0.5 mm h−1. The
corresponding average R was 3.06 mm h−1, yielding an average rel-
ative evaporation rate (Ē/R̄) of 0.02. The value of the canopy water
storage capacity (Cm) as obtained via a non-linear least square fit
of the Liu (2001) interception model (Eq. (11)) to the data was
0.50 ± 0.06 mm,  with the error representing the SE as derived from
the covariance matrix of the estimated Cm. Fig. 7 also compares
observed values of I with values calculated using the Liu model.
Although the overall fit was poor (r2 = 0.19) because of the combina-
tion of low I and large variation in observed values of I for individual
events, measured (68 mm)  and modeled (69 mm)  interception
totals matched closely. The total interception loss as calculated with
the Liu model for the two-year period between September 2006 and
August 2008 was 209 mm (105 mm yr−1), equivalent to 8% of the
corresponding P of 2771 mm (1386 mm  yr−1).

4. Discussion

4.1. Energy balance and main controls on evapotranspiration

The energy balance ratio obtained in this study (0.94) was higher
than the average EBR of 0.84 reported for 22 FLUXNET sites (Wilson
et al., 2002), giving confidence in the derived sensible and latent
heat fluxes. Furthermore, the fact that the slope of the linear regres-
sion relationship between H + �E and available energy was  almost
unity (Fig. 5) indicates that the soil heat flux in the coffee planta-
tion was very small. This, in turn, suggests that the amount of Rn

received at the soil surface was also very small, presumably because
of the relatively high canopy cover of 82% (cf. Fanjul et al., 1985).

Fig. 8. Average daytime patterns of the Bowen ratio (ˇ) at the La Orduña coffee
plantation for, respectively, days preceded by: (i) a day with rainfall (solid line); (ii)
one day without rainfall (dotted line); and (iii) three days without rainfall (dashed
line). Mid-day is defined as the period between 11:00 and 15:00.

Low amounts of available energy at the soil surface suggest the
evaporation from the litter layer and soil must also have been low
(cf. Wallace et al., 1999; Lin, 2010). This contention was  supported
indirectly by the constancy of the Bowen ratio (  ̌ = H/�E) shown
in Fig. 8. If soil/litter evaporation would have been an important
component of overall dry-canopy �E, then one would expect �E
to decrease and values of  ̌ to increase on days following rain-
fall (cf. Jackson and Wallace, 1999; Ong et al., 2000). However, the
average mid-day (11:00–15:00 h)  ̌ for the fourth day after rain-
fall (0.66 ± 0.05) was  only slightly higher than that for the first day
after rainfall (0.62 ± 0.05), suggesting that Et from the shade trees
and coffee shrubs dominated ET during dry-canopy conditions. In
addition to the effect of shading by the canopy, the thin litter layer
covering most of the soil surface may  have reduced soil evaporation
further (cf. Marthews et al., 2008).

Rates of dry-canopy ET varied two-fold between the wet and
dry seasons (Fig. 6), mainly due to seasonal changes in available
energy (cf. Fig. 2a). The seasonal variation in Sin and ET is higher
than observed for equatorial tropical forest (e.g. Malhi et al., 2002;
Da Rocha et al., 2004), reflecting the higher latitude of the present
site.

The average wet-canopy evaporation rate (E = 0.05 mm h−1) as
derived using the energy balance equation and the sensible heat
flux as measured with the sonic anemometer (Eq. (6)) was  very
low compared to the average rainfall rate (R = 3.06 mm h−1). As a
result, the relative evaporation rate during wet canopy conditions
was very low (Ē/R̄ = 0.02) and interception loss I showed almost
no further increase with rainfall P once the canopy had become
saturated (Fig. 7). The relative contributions to overall I by canopy
storage and evaporation during rainfall can be estimated from the
first and second terms of Eq. (11), respectively (Liu, 2001). Of the
total I of 209 mm  derived for the period September 2006–August
2008, only 47 mm (22%) was estimated to have resulted from evap-
oration during rainfall. Hence, despite the low storage capacity of
the shaded coffee plantation (Cm = 0.5 mm),  post-event evaporation
of intercepted water stored in the canopy dominated the intercep-
tion process at this site.

4.2. Shade-coffee versus cloud forest: interception loss

In Table 1, the results obtained on total ET and its respective
components for the La Orduña coffee plantation are compared
with corresponding data for an old-growth (hereafter called MAT)
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Table 1
Summary of data on transpiration (Et) and/or rainfall interception loss (I) for shaded coffee plantations and lower montane cloud forests (LMCF) in the Neotropics. Et data are also expressed as a percentage of the FAO Penman-
Monteith  reference evapotranspiration (ET0) or net radiation, Rn (where available). Interception data are also expressed as a percentage of rainfall (P). Total evapotranspiration (ET) is calculated as the sum of Et and I. Also shown
(where  available): P: actual rainfall during the study period; MAP: mean annual precipitation; density of the coffee shrubs and shade trees; LAI: Leaf Area Index; hc: mean canopy height; and Cm: canopy water storage capacity.

Location and
plantation/forest type

Elevation
(m a.s.l.)

P/MAP (mm)  Plant/tree density
(stems ha−1)

LAI (–)/hc(m)  Cm (mm)/E/R Et

(mm)/(Et/ET0;
Et/Rn)

I (mm)/(% of P) ET
(mm)/(ET/ET0)

ET0 (mm) Methods: EC (eddy
covariance); TF
(throughfall); SF
(stemflow)

Coffee Shade trees

Commercial shaded coffee plantation
Costa Rica, centrala

Caribbean region (shaded
by  Erythrina poeppigiana)

1200 3208/3100 6300 12.8 3.8/20 − 640b/0.62; − − 800/0.78 1025 EC method and
modeling

Costa  Rica, central
valleyc (Inga densiflora)

1200 2959/2500 4773 277 5.5/− 0.52/− 923/0.74; − 348/12 1271/1.02 1244 Sapflow; TF (72
fixed gauges,
0.008 m2) and SF

Southern  Costa Ricad

(Erythrina poeppigiana)
640 3134/3500 ∼5000 ∼156 >1.5e/− − 897/0.78; − − − 1150 Sapflow

Southern Costa Ricad

(Eucalyptus deglupta)
640 3134/3500 ∼5000 ∼278 >1.8e/7.4 − 899/0.78; − − − 1150 Sapflow

Southern Costa Ricad

(Terminalia ivorensis)
640 3134/3500 ∼5000 ∼278 >2.2e/7.6 − 1057/0.92; − − − 1150 Sapflow

Southern Costa Ricaf

(Eucalyptus deglupta)
600 2509g/2740 5900 110 3.5/19 − − 376g/15 − − TF (6 fixed troughs,

0.24 m2) and SF
Costa  Rica, Turrialbah

(Erythrina poeppigiana)
620 1949/− − − − − − 68/4 − 1152i TF (4 fixed troughs,

0.5 m2) and SF
Costa  Rica, Turrialbah

(Cordia alliodora)
620 1949/− − − − − − 260/13 − 1152i TF (4 fixed troughs,

0.5 m2) and SF
Mexico,  central

Veracruzj
1100−1500 1732k/− − 299k 1.6k/− − − 38k/2 − − TF (15 fixed gauges,

0.03 m2) and SF
This  study 1200 1386/1765 ∼2000 ∼220 1.8/14 0.50/0.02 992l/0.89; 0.60 105/8 1097/0.98 1117 EC method; TF (1

fixed and 1 roving
trough, 0.57 m2)
and SF

Lower  montane cloud forest
Costa Rica,

Monteverdem (windward
forest)

1200 6390/− 3.4/20 − − <1920n/<30 − − TF (5 fixed gauges,
0.01 m2); no SF

Costa  Rica,
Monteverdem (leeward
forest)

1200 3690/− 3.5/20 − − <1030n/<28 − − TF (5 fixed gauges,
0.01 m2); no SF

Mexico,  central
Veracruzj

1100−1500 1732o/− 4.6o/− − − 291o/17 − − TF (15 fixed gauges,
0.03 m2) and SF

Mexico,  central
Veracruzp (old-growth
forest, MAT)

2100 3427/− 6.3/27 3.30q/0.01q 787/0.92; 0.59 563r/16 1350/1.58 855 Sapflow; TF (4
fixed troughs,
1.14 m2) and SF
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and a regenerating (hereafter called SEC) lower montane cloud
forest at 2100 m a.s.l. in the current study area (see Holwerda
et al., 2010; Muñoz-Villers et al., 2012 for details of these stud-
ies). Although the data for the MAT  and SEC cover almost the same
period (November 2006–October 2008) as those for the La Orduña
plantation, they cannot be compared directly because of altitu-
dinal differences in climate and rainfall characteristics. However,
some semi-quantitative observations with respect to the observed
differences in ET can be made.

First of all, it should be noted that the values of I listed in Table 1
for the MAT  and SEC are ‘apparent’ interception losses, i.e. they
include ‘gains’ from cloud water interception (cf. Bruijnzeel et al.,
2005). However, rates of cloud water interception by the MAT  and
SEC were very low (≤2% of annual P), and thus the actual values of I
were only slightly higher, i.e. 18 and 9% for the MAT  and SEC, respec-
tively. Finally, values of Ē/R̄ for the MAT  and SEC were derived
using E rates calculated with the Penman-Monteith equation (see
Holwerda et al., 2010; Muñoz-Villers et al., 2012 for details).

Naturally, absolute values of I are much lower for the coffee
plantation than for the MAT  and SEC because of the much lower P
at 1200 m a.s.l. than at 2100 m a.s.l. (Table 1). However, expressed
as a percentage of P, I of the coffee plantation (8%) is almost equal
to that of the SEC (8%) and about half that of the MAT (16%). It
was previously shown that the interception process at La Orduña
was dominated by post-event evaporation rather than by within-
event evaporation. Not surprisingly, this was also the case for the
higher situated MAT  and SEC (Holwerda et al., 2010; Muñoz-Villers
et al., 2012), as also evidenced by the low Ē/R̄ value derived for the
two forests (i.e. 0.01 versus 0.02 for the plantation, Table 1). Hence,
the observed difference in relative I between the coffee plantation,
and the MAT  and SEC) must have been due to differences in Cm

and rainfall characteristics (notably average event size). Indeed, the
value of Cm derived for the coffee plantation (0.50 mm)  was  only
about 35% and 15% of the values obtained in the same way for the
SEC (1.50 mm)  and MAT  (3.30 mm),  respectively (Table 1). At the
same time, the average event size at the coffee plantation (6.9 mm,
cf. Section 3.5) was almost half that observed at the cloud forest
sites (12.9 mm  on average, Muñoz-Villers et al., 2012). As a result,
even though the Cm of the shaded coffee plantation was smaller by
a factor of about three (in the case of the SEC) to seven (in the case
of the MAT), the fractional I was  almost the same (SEC) or lower by
a factor of only about two (MAT).

Nevertheless, from the observed reduction in Cm it follows that,
in this particular region, the conversion of LMCF to shade-coffee is
associated with a decrease in I. Estimating the magnitude of this
decrease by calculating I for the MAT  and SEC using the Liu inter-
ception model and P data from La Orduña would suggest a decrease
from 16% of P to 8% upon converting the SEC and from 26% to 8% in
the case of the MAT. The high Cm of the MAT  was  related to its high
LAI (6.3, Table 1) and the relatively large epiphyte biomass of this
forest (cf. García-Franco et al., 2008), while the lower value for the
SEC was  attributed to a combination of lower LAI (5.2) and a near-
absence of epiphytes (Holwerda et al., 2010). The even lower Cm

of the coffee plantation may  be explained in the same way, which
is supported by the fact that: (1) the difference in Cm between the
shaded coffee plantation and the SEC was  proportional to the dif-
ference in LAI (i.e. both differ by a factor of about three); and (2) epi-
phyte occurrence in the plantation was rather low (cf. Hietz, 2005).

Very similar results were obtained by Ponette-González et al.
(2009), who measured throughfall and stemflow in various shaded
coffee plantations and LMCF fragments between 1100 and 1500 m
a.s.l. in the present study area (Table 1). They found that I in shaded
coffee plantations (2% on average) was lower by a factor of almost
nine as compared to the cloud forest (17% on average), and that
this difference was  related to a decrease in both LAI and epiphyte
biomass (Table 1).
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Published estimates of I are available for four other shaded cof-
fee plantations in the Neotropics, all located in Costa Rica (Table 1).
The average interception fraction observed for these plantations
was 11 ± 4%. As demonstrated previously, a comparison of the lat-
ter value with the interception fraction obtained for La Orduña is
confounded by differences in rainfall characteristics. Further, only
one of the four studies reported a value of Cm and none of the
studies reported values of E or Ē/R̄, thereby precluding any direct
comparison of interception parameters.

Similarly, data on I of LMCF in Costa Rica for comparison with
the local coffee plantations are very limited (Table 1). Häger and
Dohrenbusch (2011) measured TF in windward and leeward LMCF
at Monteverde, NE Costa Rica. The low TF observed at both the
windward (70% of P) and leeward site (72%) suggests very high
interception fractions for these forests (∼30%, Table 1). Although
SF was not measured, this probably did not have much of an effect
because SF in LMCF is usually a very small fraction of P (<1%;
Bruijnzeel et al., 2011). The high I derived for the Costa Rican LMCF
may  reflect their very high epiphyte biomass (26 t ha−1 for the
leeward forest; Häger and Dohrenbusch, 2011) or simply the low
number of TF gauges used (Table 1), which tends to underestimate
TF and thus overestimate I (Lloyd and Marques-Filho, 1988). Nev-
ertheless, similarly high values of I have been reported for similar
forests elsewhere in Latin America by studies that did employ ade-
quate numbers of TF gauges (Cavelier et al., 1997; Fleischbein et al.,
2005; Holwerda et al., 2010; cf. Bruijnzeel et al., 2011). Summariz-
ing, without detailed information on rainfall characteristics, a direct
comparison between the I fractions of the Monteverde LMCF and
the Costa Rican coffee plantations listed in Table 1 is difficult. Nev-
ertheless, the data available from Costa Rica seem to confirm the
results from Veracruz that the conversion of LMCF to shade-coffee
is associated with a considerable decrease in I, related in turn to a
large reduction in Cm.

4.3. Shade-coffee versus cloud forest: Dry-canopy
evapotranspiration

Normalized for climatic conditions by dividing by the reference
ET0, the annual dry-canopy ET for the coffee plantation as derived
from the eddy covariance measurements (0.89) proved to be sur-
prisingly similar to the sapflow-based Et estimates for the MAT  and
SEC (0.92, Table 1). As a result, the same holds for the evapora-
tive fraction (�E/Rn): 0.60 for the coffee plantation, and 0.59 for the
MAT  and SEC (Table 1). However, this apparent similarity should
be interpreted with care: whilst soil/litter evaporation is implicit
in the eddy covariance-based estimate of dry-canopy ET, it is not
included in the sapflow method (cf. Wilson et al., 2001). Never-
theless, the constancy of the Bowen ratio in the days following a
rainfall event suggests that soil/litter evaporation in the La Orduña
coffee plantation was small compared to Et (Fig. 8).

Published estimates of Et are available for five other shaded cof-
fee plantations in the Neotropics, all located in Costa Rica (Table 1).
Four of these employed the sapflow method, and the average ratio
of Et to ET0 obtained in these studies was 0.81 ± 0.08. This value
is somewhat lower than the ratio of dry-canopy ET to ET0 of 0.92
derived for the La Orduña plantation. Again, this may  reflect the
exclusion of the soil/litter evaporation component by the sapflow
method. Surprisingly, the only other study that used the eddy
covariance method (Gómez-Delgado et al., 2011) obtained a much
lower ratio of Et to ET0 for their plantation in the central Atlantic
region of Costa Rica (0.62, Table 1). This result cannot be explained
by a lower leaf area, as the corresponding LAI was about two times
the value derived for the La Orduña plantation (i.e. 3.8 versus
1.8, Table 1). At the same time, the Costa Rican plantation had a
much lower number of shade trees (13, versus 220 trees ha−1 at La
Orduña), so that the higher LAI must be due to the much higher

density of coffee shrubs (6300, versus ∼2000 plants ha−1, respec-
tively; Table 1). Coffea arabica exhibits strongly reduced stomatal
conductance in response to increased atmospheric vapour pressure
deficits (Fanjul et al., 1985), a situation that would be promoted
under conditions of low shade such as in the Costa Rican planta-
tion (cf. Van Kanten and Vaast, 2006). Gutiérrez and Meinzer (1994)
measured an average stomatal conductance of 0.09 mol m−2 s−1 in
non-shaded C. arabica in Hawai’i at an average LAI of 4.8. Estimating
the canopy conductance of the Costa Rican plantation by multiply-
ing the average stomatal conductance found in Hawai’i (∼2.3, in
units of mm s−1) times the LAI of the Costa Rican plantation (3.8)
would suggest a value of gc ≈ 9 mm s−1. This is much lower than the
average gc of 14 mm s−1 found at La Orduña (data not shown), sug-
gesting the rather low dry-canopy evaporation of the Costa Rican
plantation may  well be related to the low stomatal conductance of
the coffee shrubs.

There are virtually no comparative data on Et for Costa Rican
LMCF. However, taking the similarity in the ratio of dry-canopy
evaporation to ET0 found for the Mexican plantation and nearby
cloud forests (0.89 and 0.92, respectively) as a starting point, the
low average Et/ET0 ratio derived for the coffee plantations in Costa
Rica (0.81, excluding the low 0.62 for the plantation in the central
Caribbean region for now; Gómez-Delgado et al., 2011) suggests Et

for LMCF in Costa Rica may  also be lower than in Eastern Mexico
due to differences in LAI (Table 1) and the duration of wet  canopy
conditions during which Et is typically suppressed (cf. Bruijnzeel,
2000; Giambelluca et al., 2009). The importance of prolonged wet
canopy conditions is illustrated by the very low values of Et and
Et/Rn reported for a windward LMCF at 1450 m.a.s.l. near Mon-
teverde receiving a mean annual rainfall of about 6000 mm,  viz.
361 mm yr−1 and 0.36 (K.F.A. Frumau, personal communication in
Bruijnzeel et al., 2011). Both these values are much lower than the
corresponding values for the Mexican MAT  and SEC (788 mm yr−1

and 0.59, respectively). The annual Et for the Monteverde forest is
also much lower than the 640 mm obtained for the plantation that
showed the lowest Et of all Costa Rican coffee plantations cited
in Table 1 (Gómez-Delgado et al., 2011), despite similar LAI (3.0
vs. 3.8), canopy height (22 m vs. 20 m)  and, perhaps surprisingly,
total ET (776 mm yr−1 vs. 800 mm  yr−1) (Bruijnzeel et al., 2011).
Thus, given the major difference in annual rainfall between the two
sites, the strongly suppressed Et in the Monteverde LMCF is most
likely the result of prolonged wet canopy conditions (estimated at
57% of the time, K.F.A. Frumau, personal communication). Although
this particular LMCF may  represent an exceptional case (Bruijnzeel
et al., 2011), it does illustrate the need for more comparative data on
Et and soil/litter evaporation in both LMCF and coffee plantations
subject to contrasting rainfall conditions.

5. Summary and conclusions

The water and energy exchange of a shaded coffee plantation in
the lower montane cloud forest (LMCF) zone of central Veracruz,
Mexico, were investigated using a combination of micromete-
orological (eddy covariance, EC) and hydrological (throughfall
and stemflow) measurement techniques. The derived wet- and
dry-canopy evaporation fluxes were compared with previously
published data on evapotranspiration (ET) from a secondary (SEC)
and mature (MAT) LMCF in the same study region to evaluate the
changes in ET following cloud forest conversion to shade-coffee.

The EC, and throughfall and stemflow measurements showed
that the average wet-canopy evaporation rate from the coffee plan-
tation was  very low compared to the corresponding rainfall rate
(Ē/R̄ = 0.02), which is in agreement with the equally low value
of Ē/R̄ = 0.01 previously calculated (with the Penman-Monteith
equation) for the MAT  and SEC. Hence, the interception process
in the LMCF belt is largely dominated by post-event evaporation of
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intercepted water stored on the canopy. From the derived values
of the canopy water storage capacity (Cm) for the coffee plantation
(0.50 mm),  the SEC (1.50 mm)  and the MAT  (3.30 mm),  the decrease
in interception loss following the conversion of LMCF to shade-
coffee in this region was estimated at 8–18% of the annual rainfall
of 1386 mm.  The lower Cm of the coffee plantation was attributed
to a lower Leaf Area Index (LAI) and lower epiphyte biomass.

In contrast, the ratio of dry-canopy ET to reference ET0 observed
for the coffee plantation (0.89) was almost equal to the ratio of tran-
spiration (Et) to ET0 as measured with the sapflow technique in the
MAT and SEC (0.92). The constancy of the Bowen ratio observed dur-
ing days following rainfall suggests dry-canopy ET was  dominated
by Et from the shade trees and coffee shrubs and the contribution
from soil/litter evaporation was minimal. More comparative data
on Et as well as on soil/liter evaporation are needed to more fully
quantify the effects of cloud forest conversion to shade-coffee on
overall ET.
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Appendix A.

For periods when eddy covariance data were not available, �E
was calculated using the Penman-Monteith equation (Monteith,
1965):

�E = �(Rn − J) + �CpVPDga,V

� + �(1 + ga,V/gc)
(A.1)

where � is the slope of the saturated vapour pressure-temperature
relationship at temperature T (kPa K−1), � the psychrometric con-
stant (kPa K−1), gc the canopy conductance (m s−1), and ga,V the
aerodynamic conductance for vapour flux (m s−1).

Canopy conductance was calculated using the model of Jarvis
(1976):

gc = gmaxf1(Sin)f2(VPD) (A.2)

in which gmax is the maximum value of gc under optimal conditions
and f1 and f2 are the response functions for solar radiation (Sin) and
vapour pressure deficit (VPD), as given by (e.g. Stewart, 1988; Harris
et al., 2004):

f1(Sin) =
(

Sin

1100

)  (
1100 + j1

Sin + j1

)
(A.3)

f2(VPD) = exp(−j2VPD) (A.4)

where j1 and j2 are fitting parameters, which together with gmax,
were obtained by fitting Eqs. (A.2)–(A.4) to observed values of gc

calculated from the inverted P-M equation (cf. Harris et al., 2004).
The aerodynamic conductance to vapour flux was  calculated

using (cf. Gash et al., 1999; Humphreys et al., 2003):

ga,V = u∗
u/u∗ + 2/0.41 + (�M − �V)/0.41

(A.5)

where u* is the friction velocity (m s−1), the value 0.41 the von
Karman’s constant, and � M and � V are the integrated stability cor-
rection functions for momentum and vapour, respectively (Paulson,
1970; Monteith and Unsworth, 2008). The friction velocity was
calculated as (Stull, 1988; Weber, 1999):

u∗ = (w′u′2 + w′v′2)
0.25

(A.6)

Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.agrformet.
2012.12.015.
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Muñoz-Villers, L.E., Holwerda, F., Gómez-Cárdenas, M.,  Equihua, M.,  Asbjornsen, H.,
Bruijnzeel, L.A., Marín-Castro, B.E., Tobón, C., 2012. Water balances of old-growth
and  regenerating montane cloud forests in central Veracruz, Mexico. J. Hydrol.
462–463, 53–66, http://dx.doi.org/10.1016/j.jhydrol.2011.01.062.

Nakai, T., van der Molen, M.K., Gash, J.H.C., Kodama, Y., 2006. Correction of sonic
anemometer angle of attack errors. Agric. For. Meteorol. 136, 19–30.

Ong, C.K., Black, C.R., Wallace, J.S., Khan, A.A.H., Lott, J.E., Jackson, N.A., Howard,
S.B.,  Smith, D.M., 2000. Productivity, microclimate and water use in Grevil-
lea  robusta-based agroforestry systems on hillslopes in semi-arid Kenya. Agric.
Ecosyst. Environ. 80, 121−141.

Paulson, C.A., 1970. The mathematical representation of wind speed and temper-
ature profiles in the unstable atmospheric surface layer. J. Appl. Meteorol. 9,
857–861.

Perfecto, I., Rice, R.A., Greenberg, R., Van der Voort, M.E., 1996. Shade coffee: a
disappearing refuge for biodiversity. BioScience 46, 598–608.

Pócs, T., 1980. The epiphytic biomass and its effect on the water balance of two rain
forest types in the Uluguru Mountains (Tanzania East Africa). Acta Bot. Hung.
26, 143–167.

Ponette-González, A.G., Weathers, K.C., Curran, L.M., 2009. Water inputs across
a  tropical montane landscape in Veracruz Mexico: Synergistic effects of land
cover, rain and fog seasonality, and interannual precipitation variability. Global
Change Biol. 16, 946–963.

Rice, R.A., 1999. A place unbecoming: the coffee agroecosystem in Latin America.
Geogr. Rev. 89, 554–579.

Richardson, B.A., Richardson, M.J., Scatena, F.N., McDowell, W.H.,  2000. Effects of
nutrient availability and other elevational changes on bromeliad populations
and  their invertebrate communities in a humid tropical forest in Puerto Rico. J.
Trop. Ecol. 16, 167–188.

SAGARPA, 2007. Sistema de Información Agroalimentaria de Consulta,
Secretariat of Agriculture, Cattle, Rural Development, Fish and Food
<http://www.siap.sagarpa.gob.mx/ar comanuar.html>.

Sakai, R.K., Fitzjarrald, D.R., Moraes, O.L.L., Staebler, R.M., Acevedo, O.C., Czikowsky,
M.J., Da Silva, R., Brait, E., Miranda, V., 2004. Land-use change effects on local
energy, water, and carbon balances in an Amazonian agricultural field. Global
Change Biol. 10, 895–907.

Scatena, F.N., Bruijnzeel, L.A., Bubb, P., Das, S., 2010. Setting the stage. In: Bruijnzeel,
L.A., Scatena, F.N., Hamilton, L.S. (Eds.), Tropical Montane Cloud Forests: Science
for  Conservation and Management. Cambridge University Press, Cambridge, pp.
3–13.

Schellekens, J., Scatena, F.N., Bruijnzeel, L.A., Wickel, A.J., 1999. Modelling rainfall
interception by a lowland tropical rain forest in northeastern Puerto Rico. J.
Hydrol. 225, 168–184.

Schotanus, P., Nieuwstadt, F.T.M., De Bruin, H.A.R., 1983. Temperature measurement
with a sonic anemometer and its application to heat and moisture fluctuations.
Boundary-Layer Meteorol. 26, 81–93.

Shaw, W.J., Tillman, J.E., 1980. The effect of and correction for different wet-bulb and
dry-bulb response in thermocouple psychrometry. J. Appl. Meteorol. 19, 90–97.

Siles, P., Vaast, P., Dreyer, E., Harmand, J.-M., 2010. Rainfall partitioning into through-
fall, stemflow and interception loss in a coffee (Coffea arabica L.) monoculture
compared to an agroforestry system with Inga densiflora. J. Hydrol. 395, 39–48.

SMN, 2011. Climatic normals published on the website of the National
Weather Service of Mexico (SMN). http://www.smn.cna.gob.mx/index.php?
option=com content&view=article&id=42&Itemid=28 (accessed 29.12.2011).

Sozzi, R., Favaron, M.,  1996. Sonic anemometry and thermometry: Theoretical basis
and data-processing software. Environ. Softw. 11, 259–270.

Stewart, J.B., 1977. Evaporation from the wet canopy of a pine forest. Water Resour.
Res. 13, 915–921.

Stewart, J.B., 1988. Modelling surface conductance of pine forest. Agric. For. Meteo-
rol. 43, 19–35.



Author's personal copy

F. Holwerda et al. / Agricultural and Forest Meteorology 173 (2013) 1– 13 13

Stuart  Chapin III, F., Matson, P.A., Mooney, H.A., 2002. Principles of Terrestrial Ecosys-
tem Ecology. Springer, New York, 392 pp.

Stull, R.B., 1988. An Introduction to Boundary Layer Meteorology. Kluwer Academic
Press, Dordrecht, The Netherlands.

Teklehaimanot, Z., Jarvis, P.G., 1991. Direct measurement of evaporation of inter-
cepted water from forest canopies. J. Appl. Ecol. 28, 603–618.

Thom, A.S., 1975. Momentum, mass and heat exchange of plant communities. In:
Monteith, J.L. (Ed.), Vegetation and the Atmosphere, 1. Principles. Academic
Press, London, pp. 57–109.

Van der Molen, M.K., Gash, J.H.C., Elbers, J.A., 2004. Sonic anemometer (co)sine
response and flux measurement II The effect of introducing an angle of attack
dependent calibration. Agric. For. Meteorol. 122, 95–109.

Van der Tol, C., Gash, J.H.C., Grant, S.J., McNeil, D.D., Robinson, M.,  2003. Average wet
canopy evaporation for a Sitka spruce forest derived using the eddy correlation
energy-balance technique. J. Hydrol. 276, 12–19.

Van Dijk, A.I.J.M., Bruijnzeel, L.A., 2001. Modelling rainfall interception by vegetation
of  variable density using an adapted analytical model. Part 1. Model description.
J.  Hydrol. 247, 230–238.

Van Kanten, R., Vaast, P., 2006. Transpiration of arabica coffee and associated shade
tree species in sub-optimal, low-altitude conditions of Costa Rica. Agroforest.
Syst. 67, 187–202.

Villers, L., Arizpe, N., Orellana, R., Conde, C., Hernández, J., 2009. Impactos del cambio
climático en la floración y desarrollo del fruto del café en Veracruz, México.
Interciencia 34, 322–329.

Wallace, J.S., Jackson, N.A., Ong, C.K., 1999. Modelling soil evaporation in an agro-
forestry system in Kenya. Agric. For. Meteorol. 94, 189–202.

Weber, R.O., 1999. Remarks on the definition and estimation of friction velocity.
Boundary-Layer Meteorol. 93, 197–209.

Williams-Linera, G., Manson, R.H., Isunza Vera, E., 2002. La fragmentación del bosque
mesófilo de montaña y patrones de uso del suelo en la región oeste de Xalapa,
Veracruz, México. Madera y Bosques 8, 73–89.

Wilson, K.B., Hanson, P.J., Mullholland, P.J., Baldocchi, D.D., Wullschleger,
S.D., 2001. A comparison of methods for determining forest evapo-
transpiration and its components: sap flow, soil water budget, eddy
covariance and catchment water balance. Agric. For. Meteorol. 106,
153–168.

Wilson, K., Goldstein, A., Falge, E., Aubinet, M.,  Baldocchi, D., Berbigier, P., Bernhofer,
C.,  Ceulemans, R., Dolman, H., Field, C., Grelle, A., Ibrom, A., Law, B.E., Kowalski,
A., Meyers, T., Moncrieff, J., Monson, R., Oechel, W.,  Tenhunen, J., Valentini, R.,
Verma, S., 2002. Energy balance closure at FLUXNET sites. Agric. For. Meteorol.
113,  223–243.


