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Abstract. Globally, coffee has become one of the most sen-
sitive commercial crops, being affected by climate change.
Arabica coffee (Coffea arabica) grows in traditionally
shaded agroforestry systems in tropical regions and accounts
for ∼ 70 % of coffee production worldwide. Nevertheless,
the interaction between plant and soil water sources in these
coffee plantations remains poorly understood. To investigate
the functional response of dominant shade tree species and
coffee (C. arabica var. typica) plants to different soil water
availability conditions, we conducted a study during near-
normal and more pronounced dry seasons (2014 and 2017,
respectively) and a wet season (2017) in a traditional cof-
fee plantation in central Veracruz, Mexico. For the differ-
ent periods, we specifically investigated the variations in
water sources and root water uptake via MixSIAR mixing
models that use δ18O and δ2H stable isotope composition
of rainfall, plant xylem and soil water. To further increase
our mechanistic understanding of root activity, the distribu-
tion of below-ground biomass and soil macronutrients was
also examined and considered in the model as prior infor-
mation. Results showed that, over the course of the two in-
vestigated dry seasons, all shade tree species (Lonchocarpus
guatemalensis, Inga vera and Trema micrantha) relied, on
average, on water sources from intermediate (> 15 to 30 cm
depth: 58± 18 % SD) and deep soil layers (> 30 to 120 cm
depth: 34± 21 %), while coffee plants used much shallower
water sources (< 5 cm depth: 42± 37 % and 5–15 cm depth:
52± 35 %). In addition, in these same periods, coffee water
uptake was influenced by antecedent precipitation, whereas

trees showed little sensitiveness to antecedent wetness. Our
findings also showed that during the wet season coffee plants
substantially increased the use of near-surface water (+56 %
from < 5 cm depth), while shade trees extended the wa-
ter acquisition to much shallower soil layers (+19 % from
< 15 cm depth) in comparison to drier periods. Despite the
plasticity in root water uptake observed between canopy trees
and coffee plants, a complementary use of soil water pre-
vailed during the dry and wet seasons investigated. However,
more variability in plant water sources was observed among
species in the rainy season when higher soil moisture condi-
tions were present and water stress was largely absent.

1 Introduction

Coffee agroforestry systems are highly valued because of
their ecological, environmental, economic and social bene-
fits (Mas and Dietsch, 2004; Perfecto et al., 2007; Tscharn-
tke et al., 2011). Moreover, shade coffee of the species Ara-
bica (Coffea arabica) accounts for ∼ 70 % of the total cof-
fee production (USDA, 2018). Although Arabica coffee is
mainly grown in tropical montane regions, it is cultivated un-
der a wide range of climatic and soil conditions (Jha et al.,
2014). Coffee Arabica plantations can be broadly classified
as traditional or modern coffee systems, according to vege-
tation composition and structure and management practices
(Moguel and Toledo, 1999). In the traditional systems, coffee
plants are cultivated under a diverse canopy of native and/or
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introduced shade tree species. In contrast, monoculture cof-
fee plantations exemplify the modern cultivation scheme, in
which the shade is provided by a single commercial tree
species. The use of agrochemicals is also typically required
in this type of plantation (Moguel and Toledo, 1999).

Until recently, the vast majority of Arabica coffee was cul-
tivated in traditionally managed shaded coffee plantations,
which have lower production costs and enhanced biodiver-
sity, carbon sequestration, soil fertility and biological pest
control in comparison to modern systems (Greenberg et al.,
1997; Perfecto et al., 2002; Kellermann et al., 2008). How-
ever, coffee management practices have become more inten-
sive, promoting the replacement of native trees with fast-
growing monospecific timber species (i.e., Cedrela odorata,
Eucalyptus deplupta, Hevea brasilensis) (Nath et al., 2011).

Growing a crop in association with shade trees inevitably
leads to some degree of competition for the above-ground
(light) and below-ground (water and nutrients) resources
(Monteith et al., 1991). In an agroforestry system, the out-
come of competition for light is relatively predictable due
to the hierarchical structure of the canopy (i.e., shade trees
intercept part of the sunlight, thereby reducing the amount
available for the understory crop). Conversely, competitive
interactions for below-ground resources can be much more
diverse and complex. The central hypothesis of agroforestry
underscores that crops and trees are complementary in their
use of soil water (Cannell et al., 1996); however, the de-
gree to which this occurs will be largely controlled by the
spatial and temporal patterns of resource availability, root
distribution and root activity, which in turn depend on fac-
tors such as climate, soil conditions, crop and tree species,
and plantation age, density and management practices (Beer
et al., 1998; Lehmann, 2003; van Noordwijk et al., 2015).
In addition, below-ground competitive interactions for wa-
ter and/or nutrients are much more difficult to elucidate than
above-ground relationships. So far, the most common ap-
proach is to measure the distribution of root abundance of
crops and trees and examine to what extent they overlap or
are separated (e.g., Schaller et al., 2003; van Kanten et al.,
2005). An important limitation of this method is, however,
that the spatial distribution of roots does not always mir-
ror the actual resource capture along the soil profile (Daw-
son et al., 2002; Lehmann, 2003). Another approach is to
examine the vertical patterns of soil water (Cannavo et al.,
2011; Padovan et al., 2015) or nutrient (Schroth et al., 2000,
cited in Lehmann, 2003) depletion. However, these methods
are problematic because they cannot provide information on
whether resource depletion is caused by the crop, the trees, or
both (Cannavo et al., 2011; Padovan et al., 2015). Recently,
the use of hydrogen (δ2H) and oxygen (δ18O) water stable
isotope techniques in combination with mixing models based
on Bayesian theory has proved to be a powerful tool for quan-
tifying the proportions and probability distributions of differ-
ent water sources to plant uptake across different ecosystems
and regions (Barbeta et al., 2015; Beyer et al., 2018; Penna et

al., 2018), with the potential to largely overcome the above-
mentioned limitations (Dawson et al., 2002; Lehmann, 2003;
van Noordwijk et al., 2015). Although rarely implemented,
including nutrient and root distribution data along the soil
profile to inform these models could provide more compre-
hensive insights into depth of plant water uptake (cf. Muñoz-
Villers et al., 2018).

To date, research into plant–soil interactions and plant wa-
ter source partitioning in coffee agroforestry systems has
been extremely scarce. To our knowledge, only five studies
have investigated the water sources of shade trees and coffee
shrubs using either information on the isotopic composition
of plant xylem and bulk soil water (Wu et al., 2016), soil
water depletion (Cannavo et al., 2011; Padovan et al., 2015)
or root distribution (Schaller et al., 2003; van Kanten et al.,
2005). Moreover, all these studies have been carried out in
intensive monospecific plantations characterized by high cof-
fee planting densities (∼ 4000–5000 shrubs per hectare), and
low density (∼ 150–280 trees per hectare) and very low di-
versity (one to two species) of shade trees. While recognizing
the limitations of some of the methods used in these previous
studies, the available information suggests that competition
for water between coffee and trees can be strong at sites with
a pronounced seasonal dry period (Padovan et al., 2015; Wu
et al., 2016), while it seems to be virtually absent at sites
with no or a relatively short dry season (Schaller et al., 2003;
Cannavo et al., 2011). Further, although most coffee roots
are usually located in the upper soil layers (< 30 cm depth;
van Kanten et al., 2005, and references therein), the plant
and soil interactions for water during the dry season seem
to occur below the main crop rooting zone (> 30 cm depth)
(Wu et al., 2016). The latter reflects the ability of coffee to
develop an extensive root system and to increase the root wa-
ter uptake at greater soil depths once the available water has
been depleted in shallower layers (Huxley et al., 1974, cited
in Lehmann, 2003).

Currently, we lack information on plant water sources in
traditional shade coffee plantations. In these agroforestry
systems, the higher density and diversity of shade trees could
potentially lead to stronger and more diverse tree–crop inter-
actions (van Noordwijk et al., 2015). On the other hand, the
dense tree canopy reduces light availability and hence limits
coffee water use. This could lead to a lower soil water de-
mand and thus increased plant water availability during the
dry season.

Further, ecohydrological research in these shade coffee
systems is becoming increasingly important since trees have
been promoted as a strategy for mitigating and adapting to
future climate (Schroth et al., 2009; Vaast et al., 2016; Rice,
2018). Shaded coffee plantations store more carbon than sun-
grown coffee systems, thereby contributing to the reduction
of greenhouse gases (Vaast et al., 2016; Rice, 2018, and ref-
erences therein). In addition, the tree canopy provides some
level of protection against the rising mean and maximum air
temperatures (Baker and Haggar, 2007; Schroth et al., 2009;
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Vaast et al., 2016), which in recent modeling studies have
been pointed out as the key climatic changes affecting cof-
fee growth, yield and quality (Schroth et al., 2009; Baca et
al., 2014; Bunn et al., 2015). Although there are important
differences across sites, rainfall is also predicted to decrease
and become more variable in many of the world’s coffee-
growing regions. For example, Giorgi (2006) estimated that
rainfall will decrease by about 17 % (per 100 years) during
the dry season and by about 9 % during the wet season in
Mexico and central America. Similarly, predictions by Kar-
malkar et al. (2011) for the same regions pointed out changes
in rainfall of −24 % to +8 % (per 100 years) during the dry
season and of −39 % to −1 % during the wet season. As
such, if warming is accompanied by decreases in rainfall, this
could lead to, or exacerbate, competition for water sources
between coffee shrubs and shade trees (Baker and Haggar,
2007), which in turn could affect the long-term sustainability
of these agroecosystems.

Mexico is among the largest shade coffee producers in
the world, and the central region of Veracruz constitutes
the second most important coffee zone in the country. In
this area, we selected a representative traditional shade cof-
fee plantation to investigate plant water sources of domi-
nant shade tree species and coffee (C. arabica var. typica)
shrubs under different conditions of soil water availability.
During near-normal and more pronounced dry seasons (2014
and 2017, respectively) and a wet season (2017), variations
in depth of plant water uptake were examined using the sta-
ble isotopic composition (δ18O and δ2H) of rainfall, plant
xylem and soil water in combination with a Bayesian mixing
model (MixSIAR), along with microclimatic and soil mois-
ture measurements. To further increase our understanding of
root activity and water uptake, the distribution of roots and
macronutrients along the soil profile was also examined and
considered in the mixing model as prior information. Specif-
ically, we addressed the following questions.

1. Does a complementary water use strategy between
shade trees and coffee shrubs prevail over competition
in a traditional shaded agroforestry system?

2. Does competition exist for water sources among tree
and coffee species during more pronounced dry peri-
ods?

3. What are the seasonal patterns in plant–water source
partitioning?

2 Materials and methods

2.1 Study site

The research was carried out in La Orduña coffee planta-
tion (∼ 100 ha) located on a flat plateau at an elevation of
1210 m a.s.l. on the eastern slopes of the Cofre de Perote
mountain (19◦28′ N, 96◦56′W) in central Veracruz State,

Mexico (Fig. 1). The coffee plantations in this region occur
between elevations of 1000 and 1350 m a.s.l. (Marchal and
Palma, 1985; Hernández-Martínez et al., 2013).

The climate is classified as temperate humid with abundant
rains during the summer (García, 1988). Two distinct sea-
sons can be distinguished: (1) a wet season (May–October),
during which rainfall is associated primarily with cumulus
and cumulonimbus clouds formed during convective and oro-
graphic uplift of the moist maritime air masses brought in
by the easterly trade winds; and (2) a (relatively) dry sea-
son (November–April), during which most rainfall falls from
stratus clouds associated with the passage of cold fronts
(Báez et al., 1997). Mean annual rainfall measured nearby
the study site during the period 1971–2000 was 1765 mm,
with on average 389 mm falling during the dry season and
1376 mm falling during the wet season (SMN, 2014). Mean
annual temperature over this period was 19.5 ◦C, with min-
imum and maximum monthly average values of 15.5 and
22.5 ◦C observed in January and May, respectively (SMN,
2014). Annual potential evapotranspiration (ET0) is about
1120 mm (Holwerda et al., 2013).

The investigated shade coffee plantation is a so-called tra-
ditional commercial polyculture system (sensu Moguel and
Toledo, 1999) which was established more than 80 years
ago. The tree canopy was diverse and consisted predomi-
nantly of the species Inga spp., Citrus spp., Lonchocarpus
guatemalensis, Trema micrantha and Enterolobium cyclo-
carpum (Holwerda et al., 2016). The shade trees were planted
at a density of ca. 500 ha−1 and currently form a canopy of
about 14 m high. The Arabica coffee plants were of the va-
riety typica. Typica – a tall cultivar of Coffea arabica – was
the first coffee variety that arrived in Mexico from Ethiopia
(Renard, 2010); it has bronze-tipped young leaves and the
berries are large. Plants of the typica variety are tolerant to
conditions of low soil fertility and drought but vulnerable to
most pests and diseases (Escamilla et al., 2005). In the study
site, this cultivar was planted approximately 20 years ago at
a density of about 1700 shrubs per hectare, currently having
an average height of ∼ 2 m. In this region, the coffee flow-
ering occurs in March or April, fruit development between
May and October, and ripening and harvest between Octo-
ber and February (Villers et al., 2009). The management of
the plantation involves weed control practices and selective
pruning of mature coffee plants and shade trees at irregular
times once every ∼ 7 years (cf. Hernández-Martínez et al.,
2009). No pruning activities occurred during or in between
our study periods. A photograph of the coffee plantation is
provided in the Supplement.

The soil type is an Andic Acrisol derived from volcanic
ashes. Soil profiles (∼ 150 cm) are multilayered (A, B1/BT
and BC) and have clay (∼ 65 %) as the dominant texture
across all layers. A general description of the soil profile
showed a dark brown to dark yellowish brown, clay silty or-
ganic A horizon (0–20 cm) overlying a dark yellowish brown,
clay silty sand B1/BT horizon (20–135 cm), followed by a
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Figure 1. Study site location in the municipality of Coatepec, Veracruz, Mexico. Source: QuickBird Satellite Image (Digital Globe, 2010)
© DigitalGlobe, Inc.

dark yellowish brown, clay sandy BC horizon (> 135 cm).
Average soil bulk densities and porosities were 1.2 g cm−3

and 63 %, respectively, along the A and B horizons (Holw-
erda et al., 2013). The underlying material consists of deeply
weathered old lava and sandy–gravelly pyroclastic flow de-
posits (Rodríguez et al., 2010). Soils were mostly covered by
a thin (1–2 cm) but continuous layer of litter.

2.2 Hydrometeorological measurements

During the study period, rainfall and microclimate condi-
tions were continuously monitored above the canopy in an
18 m high tower, located in the southwestern part of the cof-
fee plantation. Rainfall (P , mm) was measured using a TR-
525 M tipping bucket rain gauge (Texas Electronics, USA).
Temperature (T , ◦C) and relative humidity (RH, %) were
measured using a HC2-S3 probe (Rotronic, USA). Data were
recorded every 30 s, and accumulated (P ) or averaged values
(all other parameters) were stored at 5 min intervals using a
CR1000 datalogger (Campbell Scientific Ltd., USA).

2.3 Isotope sampling

To examine the water sources of overstory shade trees and
understory coffee shrubs, plant tissue and soil samples were
collected for isotope analysis at the middle (23 January) and
end (11 and 26 April) of the 2014 dry season. In 2017, the
dry season was warmer and drier, offering the opportunity

to examine the vegetation responses to more pronounced dry
conditions. Therefore, a second sampling campaign was car-
ried out to collect plant and bulk soil samples at the mid-
dle (27 February), end (5 April) and late end (20 May) of
the 2017 dry season. Another sampling was carried out in
the middle of the 2017 wet season (4 August) to evaluate
plant–soil water uptake patterns at higher soil water avail-
ability conditions.

In all seven samplings, xylem samples were obtained from
three individuals of each of the three dominant shade tree
species (Lonchocarpus guatemalensis, Inga vera and Trema
micrantha) by extracting ∼ 5–6 cm cores using a Pressler in-
crement borer inserted at 1.2 m above ground (n= 60 sam-
ples of trees in total). On each occasion, xylem samples were
taken from the same individuals but from various aspects
of the trunk. The bark was immediately removed after core
extraction to avoid contamination of phloem water. For the
coffee plants, samples were obtained from ∼ 6 cm segments
of mature suberized branches that were cut near the main
stem of several shrubs each time. The bark (∼ 1 mm thick)
and cambium were not stripped from the coffee branches,
to avoid exposure of the samples to evaporation. All cof-
fee plants were sampled randomly (n= 40 samples of cof-
fee shrubs in total). During the 2014 and 2017 dry seasons,
sampling of coffee shrubs involved five to six individuals
each time. Since only one sampling occasion was performed
during the 2017 wet season, a larger number of individu-
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Table 1. Characteristics of the shade trees and coffee plants sampled for water isotope analysis during 2014 and 2017. Numbers between
parentheses are the standard deviation.

Family Species Canopy 2014 2017 n

layer DBH Height DBH Height
cm m cm m

Fabaceae
Lonchocarpus

Overstory
101.5 20.3 119.8 21.0

3
guatemalensis (12.6) (1.3) (12.1) (1.2)

Fabaceae Inga vera Overstory
39.3 10.7 48.1 9.6

3
(15.7) (4.8) (13.3) (1.2)

Cannabaceae Trema micrantha Overstory
13.16 8.15 23.3 15.2

3
(6.8) (3.1) (7.2) (2.2)

Rubiaceae
Coffea arabica

Understory
12.7 2.83

NA NA
5a

var. typica (2.1) (0.7) 6b

10c

a Number of individuals sampled each time in the 2014 dry season; b number of individuals sampled each time in the 2017 dry
season; and c number of individuals sampled in the 2017 wet season. NA means not available.

als (10) was sampled to reduce the uncertainties associated
with different sampling sizes between wet and dry seasons,
respectively. For each tree, we measured diameter at breast
height (DBH) and height, and for the coffee plants the diam-
eter of the main stem was measured below its bifurcation in
small branches (Table 1).

Bulk soil samples were collected at three locations and at
depths of 5, 15, 30, 60, 90 and 120 cm, using a hand auger
(n= 126 samples of soil in total). Auger sampling points
were located so that each of the sampled shade trees and cof-
fee plants had one soil sampling point within a 3 m radius.

Samples of xylem and bulk soil were collected during the
morning and early afternoon (between 08:30 and 13:30 LT),
and each sampling campaign was preceded by at least 6 d
up to 22 d without or with minimum accumulated rainfall
(< 5 mm). All xylem and soil samples were collected quickly
and carefully and stored in water-tight vials to avoid any
evaporation (see section below).

To establish the local meteoric water line and compare soil
water sources with recent rainfall, bulk samples of rainfall
(n= 80 in total) were collected weekly at a nearby (∼ 5 km)
meteorological station over the course of the two years stud-
ied (November 2013–October 2014 and November 2016–
October 2017) as part of a long-term isotope sampling of
precipitation (cf. Muñoz-Villers et al., 2018).

2.4 Isotope collection and analysis

Samples of precipitation, plant xylem and bulk soil for iso-
tope analysis were collected in 30 mL borosilicate glass vials
sealed with polycone caps to prevent evaporation. All sam-
ples were refrigerated until extraction and analysis at the
Center of Stable Isotope Biogeochemistry (CSIB) at the Uni-
versity of California-Berkeley, USA.

Xylem and soil samples were extracted using cryogenic
vacuum distillation (temperature: 100±1.1 ◦C, vacuum: 3±
1.5 Pa and time: 60–70 min) following the method of West
et al. (2006). The δ2H and δ18O isotopic compositions of ex-
tracted water samples were determined using an isotope-ratio
mass spectrometer (Thermo Delta Plus XL, Thermo Fisher
Scientific, USA). The analytical precision of the instrument
was ±0.60 ‰ (1 SD) for δ2H and ±0.12 ‰ (1 SD) for δ18O.
Samples of precipitation were analyzed for δ2H and δ18O
using a laser water isotope analyzer (L2140-i) from Picarro
Inc. (Santa Clara, CA, USA) at high precision and without
Micro-Combustion Module mode. The analytical precision
was±0.65 ‰ (1 SD) and±0.20 ‰ (1 SD) for δ2H and δ18O,
respectively.

The isotope values are expressed in delta notation (‰) rel-
ative to Vienna Standard Mean Ocean Water (VSMOW). To
evaluate evaporative enrichment in the soil and xylem wa-
ter isotopes relative to rainfall, we calculated the deuterium-
excess parameter (d = δ2H− 8 · δ18O; Dansgaard, 1964).

2.5 Soil sampling and laboratory determinations

To determine volumetric soil water content (SWC), samples
were collected at 5, 15, 30, 60, 90 and 120 cm depth from
each of the three boreholes excavated during the soil isotope
samplings. Soil moisture content was determined gravimet-
rically and converted to volumetric values by using the bulk
density of the soil sample. In addition, to determine the an-
tecedent moisture conditions for the 15 d prior to each sam-
pling date, an antecedent precipitation index (API) was cal-
culated following Viessman et al. (1989).
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To examine pH and N, P and K macronutrient concen-
trations along the soil profile, soil samples were collected
at 5, 15, 30, 60, 90 and 120 cm depth from each borehole
(n= 3 samples per soil depth) during three isotope sam-
pling campaigns: 11 April 2014 (dry season), 27 Febru-
ary 2017 (dry season) and 4 August 2017 (wet season).
Samples (n= 18) for determining other chemical properties
were collected at the same depths in soil profiles. All sam-
ples were first air-dried and then sieved using 2 mm screens.
Soil pH was determined using a glass electrode pH meter in a
1 : 2 soil : water ratio. Organic matter (OM) was determined
by the Walkley–Black method. Total carbon (C) and total ni-
trogen (N) were measured using a TruSpec dry combustion
CN analyzer (LECO, USA). Extractable phosphorus (P) was
determined by the Bray I method (Bray and Kurtz, 1945).
Exchangeable cations (Ca+, Mg+, K+, Na+) were deter-
mined by extracting soil with 1 MNH4OAc (pH 7.0). Ca+

and Mg+ were analyzed using atomic absorption spectrom-
etry and K+ and Na+ were analyzed using flame photome-
try. Soil cation exchange capacity (CEC) was determined by
the ammonium acetate 1N (pH 7.0) method (Van Reeuwijk,
2002) and base saturation (BS) was calculated as the portion
of CEC that is occupied by exchangeable bases: (Ca+, Mg+,
K+, Na+)/CEC.

2.6 Root biomass

To examine the root biomass distribution along the soil pro-
file in the study plot, 33 soil cores were collected using 5 cm
diameter and 10 cm long samplers. Soil cores were extracted
at 5, 20, 40, 60 and 90 cm depth (from 5 to 40 cm: n= 9
for each depth, and from 60 to 90 cm: n= 3 for each depth).
All cores were processed immediately in the laboratory. Soil
samples were first sieved using 2 mm screens to separate the
bigger roots. Next, the samples were washed using a fine ny-
lon mesh sieve and then separated into diameter classes (< 1,
1–2 and > 2 mm) and dried at 70 ◦C for 48 h. Root biomass
(g m−3) was calculated from the dry weight of the roots and
the volume of the core sampler for each class and soil depth.
No differentiation between roots of coffee shrubs and shade
trees was made.

2.7 Plant water uptake sources and temporal patterns

The MixSIAR Bayesian mixing model framework (Moore
and Semmens, 2008; Stock and Semmens, 2017) was used
to determine the most likely contributions of water sources
for the shade tree species and coffee shrubs sampled over
the course of the 2014 (23 January, 11 and 26 April) and
2017 (27 February, 5 April, 20 May) dry seasons and the
2017 wet season (4 August). To assess temporal changes
in the different plant water sources, the seven sampling oc-
casions were modeled separately. The mixture data for the
model were the mean xylem water isotopic (δ2H and δ18O)
composition of the shade tree species and coffee shrubs,

changing accordingly with the sampling date. Based on sta-
tistical tests, the relative contributions of four potential plant
water sources were evaluated and restricted to the follow-
ing soil groups: near-surface water (< 5 cm), shallow (5 to
15 cm), intermediate (> 15 to 30 cm) and deep soil water
(> 30 to 120 cm). For each sampling date, the mean and stan-
dard deviation of the soil water isotope (δ2H and δ18O) signa-
tures from the four different grouped soil depths were intro-
duced into the model, all corresponding to the date of xylem
tissue collection.

Further, we also considered the use of additional data such
as soil macronutrients (N, P, K) and root biomass informa-
tion to constrain model estimates by specifying an “informa-
tive” prior distribution of the soil source proportions (Stock
and Semmens, 2017). These data were also grouped into four
classes based on the depth of the soil samplings and corre-
sponding largely to the grouping for soil water: near-surface
(< 5 cm), shallow (5 to 15 cm), intermediate (> 15 to 30 cm)
and deep (> 30 to 120 cm). In addition, the nearest corre-
sponding dry or wet season datasets of soil macronutrients
were used according to the date of sampling. More details
on the informative prior parametrization are provided in the
Supplement. The effect of using these priors (i.e., a weight
proportion before considering the isotope data) on the water
source distribution was then examined by comparing these
with the results of “non-informative” (i.e., all the combina-
tions of proportions of water sources were equally likely)
simulations. The results of each of these model runs were
accepted based on the examination of Markov chain Monte
Carlo convergence using the Gelman–Rubin and Geweke di-
agnostic tests (Gelman et al., 2014).

Furthermore, the effect of isotope fractionation on the
quantification of plant water sources was specifically ex-
plored by comparing the results of the informed two-
isotope mixing model with those from a mixing model us-
ing only one water stable isotope ratio in the MixSIAR
Bayesian framework. This approach has been used elsewhere
(e.g., Evaristo et al., 2017; Barbeta et al., 2019) to provide
some initial insights. Nevertheless, we are aware that the use
of a single-isotope ratio approach in a multiple water source
model could lead to erroneous results due to the overlap of
feasible solutions with poor constraint of uncertainties (see
Parnell et al., 2010).

Lastly, the relative contributions of the water sources were
compared among shade trees and coffee shrubs across all
sampling dates using factorial ANOVA and Tukey’s HSD
(honestly significant difference) post hoc tests. The analy-
ses were carried out in R Statistical Software version 3.2.4
(R Development Core Team, 2016).
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3 Results

3.1 Hydrometeorological conditions

Precipitation (P ) was 1650 mm in the first study year
(November 2013–October 2014) and 1423 mm in the sec-
ond study year (November 2016–October 2017). During
the 2013–2014 dry season (November–April), rainfall was
323 mm, and mean daily values of temperature (T ) and va-
por pressure deficit (VPD) were 17.6± 3.0 ◦C and 0.65±
0.39 kPa, respectively. The lowest monthly P and the high-
est T and VPD were observed in April at the end of the dry
season (Fig. 2a and b). During the 2016–2017 dry season,
rainfall amounted to 235 mm, with the lowest monthly values
registered in January and February at the middle of the sea-
son (Fig. 2b). Mean daily T was 18.3±2.6 ◦C, with the high-
est values observed at the end of the dry period. Generally,
VPD was high during the entire dry season (0.78± 0.46 kPa
on average) and reached maximum values in February and
May.

Compared to long-term (1971–2000) climatic records of
the region, rainfall in the first study year was very close to
the mean annual precipitation of 1765 mm (SMN, 2014). In
contrast, the second year was drier (∼ 300 mm less; −20 %),
especially during the dry season, which had about 40 % lower
precipitation than the average value of 389 mm. Also, higher
mean monthly temperatures (+0.54 ◦C) prevailed across the
2017 dry season in comparison with the 1971–2000 period.
Although rainfall during the 2013–2014 dry season was also
about 20 % lower than normal, this season was considered to
be near average.

Rainfall during the 2017 wet season (May–October) was
lower in comparison to 2014 (1188 mm vs. 1326 mm, respec-
tively) (Fig. 2b). Further, the mean air temperature and va-
por pressure deficit were slightly higher in the 2017 wet sea-
son than in the 2014 wet season (20.7± 1.6 ◦C and 0.67±
0.25 kPa vs. 20.1±1.5 ◦C and 0.60±0.21 kPa, respectively)
(Fig. 2a).

3.2 Soil moisture and antecedent precipitation during
sampling campaigns

During the 2014 dry season campaign (January–April), mean
soil water content (SWC) was on average 33.8± 1.7 % at
5 cm depth, 40.2± 14.5 % at 15 cm depth, 38.9± 6.4 % at
30 cm depth and 48.3±1.4 % at 60 to 120 cm depth (Fig. 2b).
In comparison, SWC in the 2017 dry season campaign
(February–May) was lower in the first 30 cm (32.5± 3.9 %);
meanwhile, water content in the deeper layers was similar
(49.0± 2.9 %) with respect to the 2014 dry period. In 2014,
the lowest SWC values were observed at the end of the dry
season (April), whereas the greatest soil moisture depletion
in 2017 was registered at the middle of the dry season (Febru-
ary) (Fig. 2b).

During the wet season sampling in August 2017, SWC
values at 5 cm (28.2± 2.6 %), 15 cm (30.9± 4.3 %), 30 cm
(38.4± 4.8 %) and 60 to 120 cm (49.0± 2.9 %) depths were
generally higher in comparison to the 2017 dry period
(Fig. 2b). Although the 2017 wet season sampling showed
slightly lower SWC values in the shallower soil layers in
comparison to the 2014 dry season, the SWC values in the
deeper layers were higher. For the different samplings, an-
tecedent precipitation conditions (API) were, respectively, 4,
30 and 13 mm for 23 January and 11 and 26 April 2014 and 1,
12, 9 and 43 mm for 27 February, 5 April, 20 May and 4 Au-
gust 2017.

3.3 Stable isotope composition of waters

Over the study periods, a greater range of variation was found
in the rainfall isotope composition of the 2013–2014 year
(from −126.7 ‰ to 14.4 ‰ for δ2H; from −17.7 ‰ to
0.0 ‰ for δ18O) in comparison to the 2016–2017 year (from
−113.3 ‰ to 15.5 ‰ for δ2H; from−15.9 to 0.0 ‰ for δ18O)
(p > 0.05) (Fig. 3). Overall, mean dry season rainfall was
significantly more enriched than the mean wet season rainfall
in δ2H and δ18O (p ≤ 0.001) (Tables 2 and 3). On average,
the isotopic compositions of the dry and wet season rain-
fall were both more depleted during the second study year
than during the first study year; thus, the local meteoric water
line of 2016–2017 had a slightly steeper slope in comparison
to the one for 2013–2014 (Fig. 3). Nevertheless, the range
of variation of deuterium-excess values was similar between
the years (9 ‰–29 ‰ for the first year vs. 9 ‰–31 ‰ for the
second year; Fig. 3), and deuterium-excess values of rainfall
within the dry and wet seasons were not statistically different
(p ≥ 0.05).

For all sampling dates, hydrogen and oxygen isotope com-
position of bulk soil water showed a consistent pattern of
increasing isotope depletion with soil depth (Supplement),
in which shallower (5–15 cm) soil water was significantly
more enriched than intermediate (15–30 cm) and deeper
(30–120 cm) soil water layers (p ≤ 0.001) (Tables 2 and 3;
Fig. 3). In correspondence, the lowest values of deuterium
excess generally characterized the near-surface soil water
pool.

For the 2014 dry season samplings, bulk soil ranged
from −83.3 ‰ to −11.9 ‰ for δ2H and from −11.1 ‰ to
−0.9 ‰ for δ18O (Fig. 3a). For the 2017 dry season sam-
plings, bulk soil water showed a narrower range of varia-
tion and more enriched isotope values (from −54.8 ‰ to
−19.1 ‰ for δ2H and from −7.5 ‰ to −1.5 ‰ for δ18O)
in comparison to 2014 (Fig. 3b). However, statistical differ-
ences were only suggested for the intermediate and deeper
soil layers in both water isotopes between the two dry sea-
sons investigated (p ≤ 0.001).

In the 2017 wet season sampling, bulk soil isotope compo-
sition ranged from −70.5 ‰ to −37.5 ‰ for δ2H and from
−8.4 ‰ to −4.1 ‰ for δ18O (Fig. 3c), showing significant
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Figure 2. (a) Daily mean air temperature and vapor pressure deficit (VPD) and (b) daily total rainfall (P ), as measured from November 2013
to October 2014 and from November 2016 to October 2017, and volumetric soil water content (SWC) measured at different depths during
the sampling campaigns in the study area; different depths are indicated by the unique symbols shown in the lower panels (the key to the
symbols is at the top). The blue-colored areas indicate the 6 to 22 d period of minimum rainfall (< 5 mm) preceding the dates of isotope
sampling in January (mid dry season) and April (late dry season) of 2014 and in February (mid dry season), April and May (late and end of
the dry season), and August (mid wet season) of 2017.

Table 2. Mean± (SD) H and O stable isotope composition of 2013–2014 precipitation, tree xylem water and bulk soil water of the 2014 dry
season sampling, and corresponding deuterium-excess values (‰).

δ2H δ18O d-excess

Precipitation Dry season 1.6± 8.5 −1.9± 1.4 17.0± 5.1
n= 41 Wet season −42.4± 36.1 −7.2± 4.3 14.9± 2.8

0–5 cm depth −20.5± 7.8 −2.4± 1.0 −1.5± 4.1
Bulk soil water > 5–15 cm depth −30.8± 9.4 −3.7± 1.1 −1.2± 6.3
n= 54 > 15–30 cm depth −54.7± 10.3 −7.0± 0.9 1.2± 6.6

> 30–120 cm depth −66.8± 8.6 −8.7± 1.3 3.0± 4.7

Plant xylem Shade trees −55.4± 7.6 −6.2± 1.0 −5.8± 4.1
n= 41 Coffee shrubs −25.5± 10.8 −3.4± 1.8 1.7± 5.0

differences in the shallow, intermediate and deep soil wa-
ter pools in comparison to the 2017 dry season (p ≤ 0.001).
In all sampling periods, bulk soil water across the different
depth groups was isotopically distinct from rainfall during

the 2014 and 2017 dry seasons (p ≤ 0.001 for both water
isotopes).

Across all sampling periods, xylem water of coffee shrubs
was more enriched than that of shade trees (p ≤ 0.001) (Ta-
bles 2 and 3; Fig. 3). In the 2014 dry season, xylem wa-
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Figure 3. (a) Isotope composition of xylem water for shade trees and coffee shrubs, bulk soil at different depths as observed during the three
sampling dates (23 January, 11 and 26 April 2014), and isotope values of rainfall during the period December 2013 to November 2014. The
dashed line represents the 2013–2014 local meteoric water line (LMWL; δ2H= 17.82+8.26·δ18O). (b) Isotope composition of xylem water
for shade trees and coffee shrubs, bulk soil at different depths during the three sampling dates (27 February, 5 April and 20 May 2017) and
isotope values of rainfall during the period December 2016 to November 2017, and (c) isotope composition of xylem water for shade trees
and coffee shrubs, bulk soil at different depths during the middle of the 2017 wet season (4 August) and isotope values of rainfall during
the period December 2016 to November 2017. The dashed lines in (b) and (c) represent the 2016–2017 local meteoric water line (LMWL;
δ2H= 21.0+ 8.36 · δ18O). The solid line in all the panels represents the global meteoric water line (GMWL; δ2H= 10+ 8 · δ18O). The
panels on the right show the deuterium-excess values for the plants and soil water sources and rainfall preceding the sampling campaigns.
The dashed blue line represents the deuterium-excess value of the GMWL.
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Table 3. Mean± (SD) H and O stable isotope composition of 2016–2017 precipitation, tree xylem water and bulk soil water of 2017 dry
season sampling, and corresponding deuterium-excess values (‰).

δ2H δ18O d-excess

Precipitation Dry season −2.9± 16.0 −3.0± 1.8 21.5± 4.3
n= 39 Wet season −47.8± 34.4 −7.9± 4.1 15.2± 3.3

0–5 cm depth −24.3± 3.9 −2.2± 0.5 −6.9± 6.6
Bulk soil water > 5–15 cm depth −32.1± 5.3 −3.6± 0.5 −3.4± 4.1
n= 54 > 15–30 cm depth −41.9± 5.7 −5.7± 0.6 3.4± 4.8

> 30–120 cm depth −47.3± 3.8 −6.5± 0.5 5.0± 3.2

Plant xylem Shade trees −44.9± 5.6 −4.4± 0.7 −9.7± 5.4
n= 42 Coffee shrubs −21.3± 7.2 −2.8± 1.0 1.3± 6.2

ter isotope values of shade trees ranged from −65.5 ‰ to
−32.1 ‰ for δ2H and from −7.6 ‰ to −3.6 ‰ for δ18O;
meanwhile, a larger variation was observed in the xylem wa-
ter of coffee shrubs (from −46.5 ‰ to −9.6 ‰ for δ2H and
from −6.3 ‰ to −0.6 ‰ for δ18O) (p ≤ 0.001) (Fig. 3a).
Among tree species, Lonchocarpus guatemalensis showed
the most depleted xylem water isotope signature (−58.1±
4.8 ‰ for δ2H and −6.8± 0.5 ‰ for δ18O), whereas Inga
vera had the most enriched values with a greater range of
variation (−51.0± 10.2 ‰ for δ2H and −5.3± 1.1 ‰ for
δ18O). Statistical tests showed that Inga vera was different
from the other tree species in δ18O (p < 0.05).

In the 2017 dry season, the isotopic composition of shade
trees varied from −56.7 ‰ to −34.5 ‰ for δ2H and from
−6.0 to −3.2 ‰ for δ18O; corresponding values for coffee
shrubs varied from −39.6 ‰ to −7.8 ‰ for δ2H and from
−4.4 ‰ to −1.1 ‰ for δ18O (p ≤ 0.001) (Fig. 3b). In con-
trast to 2014, L. guatemalensis showed the most enriched
isotope value (−41.3± 5.7 ‰ for δ2H and −4.6± 0.5 ‰ for
δ18O), and I. vera had the most depleted values (−48.5±
5.1 ‰ for δ2H and −4.8± 0.8 ‰ for δ18O), with differences
being statistically significant for δ2H (p < 0.05).

Overall, isotope values of plant xylem water were more en-
riched during the 2017 dry season than during the 2014 dry
season (p ≤ 0.001) (Figs. 3a, b and 4). Deuterium-excess
values were also lower in shade trees and coffee shrubs dur-
ing 2017, indicating a more evaporative signature (Tables 2
and 3; Fig. 3). Plots of δ2H xylem water against height for the
individual shade trees and coffee shrubs sampled in both dry
seasons are shown in Fig. 4, in which a similar δ2H pattern
was displayed between trees and coffee shrubs in the years
2014 and 2017.

During the 2017 wet season sampling, δ2H and δ18O val-
ues in xylem water of trees and coffee shrubs were more
depleted in comparison to the 2017 dry season (p < 0.05)
(Fig. 3c). The range of variation was from −60.6 ‰ to
−45.6 ‰ in δ2H and −6.2 ‰ to −5.4 ‰ in δ18O for trees,
and from −42.2 ‰ to −34.4 ‰ in δ2H and −5.4 ‰ to
−4.4 ‰ in δ18O for coffee shrubs (p ≤ 0.001).

It was observed that the xylem isotopic composition of
all shade trees and coffee plants fell within the range of
the soil water sources during the 2014 dry season samplings
(Fig. 3a). For the 2017 dry season, we again observed a good
isotopic match between the shade tree xylem water and soil
water. However, for the coffee plants, the xylem water was
more enriched in δ2H in comparison to soil water (Fig. 3b).
During the 2017 wet season sampling, a slight enrichment in
δ2H was again observed in the xylem water of coffee, while
trees showed a good overlap with soil water (Fig. 3c). Based
on these results, tests were carried out to specifically evaluate
the effects of deuterium fractionation on coffee water sources
by running a simple mixing model using only hydrogen iso-
tope ratios in the MixSIAR framework.

3.4 Root biomass and macronutrients along soils
profile

Overall, most roots were concentrated in the first 5 cm of soil
with a sharp decline in biomass at 20 cm depth (Fig. 5a). Fine
roots (< 1 mm) followed by bigger roots (> 2 mm) domi-
nated the shallower soil layers (< 20 cm); meanwhile, roots
in general were scarce at deeper depths (> 60 cm). Soil acid-
ity was highest near the surface and decreased gradually
with depth (Table 4). Organic matter (OM) and total carbon
were also greatest between 5 and 15 cm depth, while val-
ues decreased rapidly below ∼ 30 to 60 cm depth. Although
highest concentrations of nitrogen were found in the first
15 cm of soil, values remained relatively high and constant
at deeper layers (Fig. 5b). Phosphorus showed its highest
concentration at the topsoil with values decreasing sharply
below 30 cm depth. In contrast, concentrations of potassium,
sodium and magnesium were lowest in the first 15 cm, while
maximum values were observed below 90 cm depth. Base
saturation (BS) was very low along the soil profile, indicat-
ing poor availability of soil macronutrients. Soil cation ex-
change capacity (CEC) was generally low across depths, in-
dicating little potential for interaction between clay particles
and cations.
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Figure 4. Plant height vs. δ2H xylem water for coffee plants and shade tree species corresponding to the (a) 2014 and (b) 2017 dry season
samplings.

Figure 5. (a) Distribution of root biomass for three size classes of roots (different color bars); the error bars represent 1 standard deviation
of uncertainty and (b) macronutrient distribution along the soil profile, here normalized and expressed as a ratio to their maximum values
(absolute values in Table 4).

3.5 Plant water sources

We found a good agreement between the MixSIAR Bayesian
mixing model results using a non-informative and an infor-
mative prior distribution (on average 5 % difference across
all xylem water contributing sources; p > 0.05). This indi-
cates that the independent distribution (soil macronutrients
and root data) set a priori to optimize source proportion esti-
mates (informative approach) in the model was not influen-
tial enough to significantly modify the results obtained us-
ing the isotope signatures of the xylem water sources alone
(non-informative approach). Having this agreement between
models, we present the results of the water source contribu-
tion based on the informative model runs. Results of the non-
informative approach are provided in the Supplement.

The model results showed that the intermediate and deep
soil water pools (> 15 to 120 cm soil depth) were the main
sources for the shade trees over the course of the 2014 dry
season (91± 37 % on average; Fig. 6 and Supplement).
Across this period, L. guatemalensis showed on average the
highest proportion of water uptake between 30 and 120 cm
soil depth (49± 26 %), while T. micrantha and I. vera de-
pended strongly on soil water sources between 15 and 30 cm

(54±18 % and 67±6 %) (p < 0.001). In contrast, the water
uptake of coffee plants was mainly sustained by sources from
the first 15 cm of soil (94±27 % on average; Fig. 6 and Sup-
plement), having significant differences with all shade tree
species (p < 0.001).

During the 2017 dry season, the same trend with most wa-
ter extracted from intermediate and deep soil layers was ob-
served in the shade trees (91±39 % on average; Fig. 7a–c and
Supplement). Among sampling dates, differences between
tree species only appeared to occur at the end of the dry pe-
riod (5 April) (p < 0.05). Coffee water sources were again
restricted to much shallower soil layers (0–5 cm: 53± 44 %
and 5–15 cm: 42± 41 %; Fig. 7a–c and Supplement) com-
pared to shade trees.

Overall, we did not find any statistically significant differ-
ence among the main plant water sources between the dry
periods investigated (p < 0.05). Across the individual sam-
plings throughout the two dry seasons, we observed that an-
tecedent precipitation had a stronger effect on the water up-
take sources of coffee plants than trees (Fig. 8). For exam-
ple, when dry antecedent wetness prevailed (API15 < 5 mm;
Fig. 2b), coffee water sources were mainly composed of soil
water from > 5 to 15 cm depth (91± 3 %). Alternatively,
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Table 4. Soil characteristics (average values) determined at the different depths.

Soil pH P Na K Ca Mg CEC BS OM C N Clay Loam Sand
depth (H2O) (mg kg−1) (cmolc kg−1) (%)
(cm)

5 4.07 33.33 1.47 0.60 3.86 0.87 16.10 0.42 5.18 3.01 0.38 60.8 25.1 13.9
15 4.12 4.60 1.08 0.47 0.95 0.12 13.27 0.20 2.89 1.90 0.30 63.8 24.3 11.9
30 4.34 n.d. 2.22 0.77 1.92 0.54 14.65 0.37 1.55 1.31 0.23 70.9 18.6 10.5
60 4.95 n.d. 2.36 0.93 3.81 1.21 20.35 0.41 1.02 0.69 0.22 66.9 16.3 16.8
90 5.10 n.d. 2.75 1.11 3.78 1.27 18.85 0.47 0.48 0.50 0.20 66.1 14.9 19.1
120 5.16 n.d. 3.00 1.45 3.76 1.20 17.60 0.53 0.41 0.51 0.20 65.1 14.0 20.9

Figure 6. MixSIAR Bayesian mixing model results showing the mean likely contribution of each water source to the xylem water of shade
canopy trees and coffee shrubs. (a)–(c) show results for the sampling dates of 23 January and 12 and 26 April 2014, respectively, using the
informative prior distribution. Lg: L. guatemalensis; Tm: T. micrantha; In: I. vera; and Ca: Coffea arabica. Error bars represent 1 standard
deviation of uncertainty.

when wetter antecedent conditions were present (API15 >

10 mm), the near-surface soil water layer (58±31 %) was the
main contributing source. In contrast, tree water uptake was
essentially sustained by deeper soil water sources at low and
relatively high antecedent wetness conditions (94±23 % and
87±23 %, respectively) (Fig. 8). Nevertheless, for all species
investigated, the relationships between API and the contribu-
tion of near-surface soil water sources were not statistically
significant (p > 0.05).

During the 2017 wet season, water source partitioning dif-
fered among shade tree species (Fig. 7d and Supplement).
During this period, L. guatemalensis and I. vera showed the
greatest use of deep soil water (74±37 % and 69±41 %, re-
spectively), while shallower soil water was the main source
for T. micrantha (91± 23 %), having significant differences
with the other tree species (p < 0.001). Coffee consistently
showed the use of near-surface water sources (98± 5 %;
Fig. 7d and Supplement), which was significantly different
from all shade tree species (p < 0.001).

3.6 Fractionation effects on coffee water sources

To evaluate the effects of xylem deuterium fractionation on
our results for coffee water source uptake, we compared the

relative contribution of each soil water source obtained via
the single-isotope (δ2H) mixing model with those obtained
via the informative two-isotope mixing model. In general, we
observed that the δ2H model consistently estimated a lower
contribution of the shallow soil water source and a higher
contribution of the near-surface soil water source (Supple-
ment). On average, the reduction in the shallow soil water
source (−25.7± 29.0 %) coincided very well with the in-
crease in the near-surface soil water source (+28.1±30.6 %).
These differences were most pronounced for the 2017 dry
season samplings (p > 0.05; Supplement), during which the
differences in δ2H between coffee xylem water and soil wa-
ter were greatest. However, there were no significant differ-
ences between the relative contributions of the intermediate
and deep soil water sources estimated by the two models
(p > 0.05). In summary, the results of the δ2H mixing model
suggested an even more pronounced soil water partitioning
between coffee and shade tree species than those obtained
with the informative two-isotope mixing model.
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Figure 7. MixSIAR Bayesian mixing model results showing the mean likely contribution of each water source to the xylem water of shade
canopy trees and coffee shrubs. (a)–(d) show results for the sampling dates of 27 February, 5 April, 20 May and 4 August 2017, respectively,
using the informative prior distribution. Lg: L. guatemalensis; Tm: T. micrantha; In: I. vera; and Ca: Coffea arabica. Error bars represent 1
standard deviation of uncertainty.

Figure 8. Contribution of near-surface soil water to plant uptake
at different antecedent precipitation conditions across the 2014 and
2017 dry seasons.

4 Discussion

4.1 Methodological aspects

To our knowledge, the ecohydrological study presented here
is one of the first that incorporates biophysical properties as
prior information alongside plant water source information
from stable isotope (δ18O and δ2H) data into a MixSIAR
Bayesian mixing model framework, as a way to improve our
understanding of the processes that lead to differences in the
depth of plant water uptake. Even though our findings did
not change significantly by including or excluding the prior
information such as soil macronutrients and root data, ex-
ploring plant water source partitioning using these two model
approaches provided more confidence in our results. There-
fore, we call for more studies that combine soil nutrient and
root biomass distribution with plant water source informa-
tion from δ18O and δ2H data, to explore the additional value
of these biophysical parameters elucidating plant–soil inter-
actions in different regions and environments.

In recent years, some plant, soil and/or deep subsurface
water source studies that have used stable isotopes have
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identified isotope variation that could be the result of iso-
tope fractionation processes caused by water molecules in-
teracting with clay surfaces, partially filled pore spaces or
salts (Oerter et al., 2014; Oshun et al., 2016; Chen et al.,
2016; Lin et al., 2018; Gaj and McDonnell, 2019; Gaj et
al., 2017). Our soils were rich in clay content, and accord-
ing to some studies this type of soil structure can impart iso-
tope fractionation (Meißner et al., 2014; Oerter et al., 2014;
Orlowski et al., 2016a; Lin et al., 2018). Thus far, how-
ever, these isotope effects have been more evident in clay-
rich soils with high cation exchange capacities (CEC∼ 30 to
70 cmolc kg−1; Oerter et al., 2014; Orlowski et al., 2016b)
in combination with low soil water contents (SWC< 20 %;
Meißner et al., 2014; Orlowski et al., 2016b). In this respect,
the soils in our study area are characterized by low CEC (<
21 cmolc kg−1; Table 4). This reflects relatively little inter-
action between cations adsorbed and clay mineral particles,
which indirectly suggests minimal impacts of interlayer wa-
ter bound in the soil structure (cf. Vidal and Dubacq, 2009).
In addition, our soil samples were collected at relatively high
SWC across the different sampling periods (∼ 30 % to 60 %;
Fig. 1). As such, we have assumed that the probability of
fractionation due to soil properties that may impact water ex-
traction efficiency was very small or completely absent and,
therefore, the extracted soil water was the same the plants
had access to.

With regard to our plant samples, we specifically observed
enrichment in the deuterium composition of the xylem wa-
ter in the coffee plants in comparison to bulk soil water. It
is not surprising that fractionation was evident for δ2H and
not δ18O, given the higher fractionation factor of 2H rela-
tive to 18O (Rundel et al., 2012). Some possible explana-
tions for this xylem water enrichment could be related to bark
evaporation (Ellsworth and Sternberg, 2015) and/or xylem–
phloem water exchange (Cernusak et al., 2005), since we did
not remove the bark and cambium from our coffee branch
samples. On the other hand, like many other crops, coffee
plants associate symbiotically with arbuscular mycorrhizal
fungi (López-Andrade et al., 2009; Perea Rojas et al., 2019).
Studies in our coffee growing region of Veracruz have docu-
mented the presence of mycorrhizal structures in coffee roots
(Muleta et al., 2008; Arias et al., 2012), which can promote
increases in plant water and nutrient uptake (Scheneiger and
Jakobsen, 2000; Augé, 2004). Although no research has been
carried out yet to test the influence of mycorrhizal fungi on
isotope fractionation during coffee root water uptake, this ef-
fect could have been present and also responsible for the iso-
topic mismatch between the coffee xylem water and soil wa-
ter sources.

We did evaluate the effects of these isotope enrichments
in the coffee xylem water on the relative contributions of
the coffee water sources using a single-isotope (δ2H) mix-
ing model. Consistently, the model results estimated a higher
near-surface water and a lower shallow soil water source con-
tribution in comparison to the dual-isotope informative prior

mixing model. In contrast, the estimated proportions of the
intermediate and deep soil water sources were similar be-
tween models. Thus, the effect of fractionation was translated
into a more pronounced spatial separation between the main
soil water sources of the coffee plants and shade trees, but
our overall results were not different.

4.2 Complementary water use strategy between shade
trees and coffee shrubs

Our findings showed that all shade tree species
(L. guatemalensis, I. vera and T. micrantha) relied mainly on
water sources from deep soil layers (> 15 to 120 cm depth),
while the use of much shallower water sources (< 15 cm)
was observed in the coffee (C. arabica var. typica) over the
course of the near-normal and more pronounced dry seasons
studied. These findings suggest a spatial and temporal
partitioning of soil water sources between shade trees
and coffee plants during drier periods and water-resource
complementary in this coexistence species environment.

Although comparisons of our findings with other tradi-
tional shade Arabica coffee plantations are difficult because
studies are essentially lacking in this type of agroecosys-
tem, there are a handful of other investigations carried out
in shade coffee monospecific plantations in the humid trop-
ics in which complementary rather than competitive water
use strategies prevailed. For example, Cannavo et al. (2011)
compared the water use and soil water availability of an un-
shaded coffee vs. a shaded monoculture (Inga densiflora)
coffee plantation in Costa Rica, both 7–8 years old, using
soil moisture measurements and water balance calculations.
Their results showed that soil water content in the deeper soil
layers (> 120 cm depth) was lower in the shaded coffee sys-
tem than in the sun-grown coffee system, while water con-
tent in the shallower layers was similar. This suggested that
associated shade trees preferentially used water from deeper
soil horizons, providing some evidence of complementarity
water use between coffee plants and native Inga trees dur-
ing the dry season. However, the authors acknowledged that
they were unable to separate roots of coffee from those of
trees in the soil profiles, so they could not be certain whether
trees were the only individuals extracting water from deeper
sources. In this respect, our study showed that there was al-
ways a mixture in water uptake from different sources (soil
group depths), but a separation between the main sources of
water for shade trees and coffee shrubs clearly prevailed.

Other investigations in Costa Rica have examined the
below-ground resource competition of Arabica coffee in as-
sociation with fast-growing timber species using data of
plant growth, root distribution and density, and soil mois-
ture and nutrient patterns. For example, the study of Schaller
et al. (2003) carried out in a commercial (Eucalyptus de-
plupta) shade coffee plantation where soils are highly fer-
tilized showed that coffee had a relatively even root distri-
bution along the first 40 cm of soil depth, with a higher root
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density in the proximity of the coffee rows. Conversely, the
root system of E. deplupta was much shallower, with most
roots concentrated in the upper 10 cm of the soil. In this case,
the tree root density was found to be highest in the alleys
between the coffee rows. The authors explained that the ap-
parent complementary resource exploitation of this tree–crop
system was mainly attributed to high availability of soil re-
sources and the high competitiveness of the coffee limiting
the expansion of tree roots (cf. Lehmann, 2003). Although
in our study we did not determine the depth distribution of
coffee and tree roots, our findings showed that all shade tree
species were tapping water from deeper soil layers than cof-
fee, suggesting that trees are deep rooted and able to explore
larger soil volumes, causing little competition with coffee.

In Nicaragua, Padovan et al. (2015) compared the root
distribution, soil moisture, transpiration and leaf water po-
tential patterns in a sun-grown coffee system and an agro-
forestry of coffee planted with two timber trees (decidu-
ous Tabebuia rosea and evergreen Simarouba glauca). Their
findings showed that coffee roots were more abundant than
tree roots and mainly concentrated in the shallower soil lay-
ers (0–80 cm depth). Most roots of both tree species were ob-
served in deeper layers (> 100 cm), suggesting a clear niche
differentiation with coffee. During the 3-year study period,
volumetric water content along a 2 m soil profile was higher
in the sun-grown coffee than in the shaded coffee, which was
explained by greater soil water uptake from trees below the
crop rooting zone (Padovan et al., 2015). Moreover, coffee
shrubs in the shaded plantation were more water stressed
(i.e., lowest midday leaf water potentials) during the pro-
nounced dry season studied (Padovan et al., 2018). Their re-
sults suggest that despite the clear hydrological niche seg-
regation, competition between coffee and shade trees may
occur if the dry season is long and severe enough.

Our findings also showed that during the wet season cof-
fee plants substantially increased the use of near-surface wa-
ter (+56 %) in comparison to the dry season, while all shade
trees also extended their water acquisition to much shallower
soil water pools (+19 %). This is largely explained by the
increases in soil moisture in the first 30 cm depth due to
frequent rainfall inputs that characterize the wet season in
our study area. This also suggests that coffee had a higher
root activity in the top soil layers during the wet season in
comparison to the dry season, as has been documented in
other studies (Huxley et al., 1974). Regarding the shade trees,
we observed that T. micrantha showed the greatest response
to wetter conditions by drawing most water from the first
15 cm of soil (92 %), whereas this was much less evident in
L. guatemalensis (21 %) and I. vera (27 %). Although we did
not determine the vertical distribution of roots for each of the
shade tree species studied, these findings suggest that T. mi-
crantha has a shallower rooting system than the other tree
species. The fact that the T. micrantha trees were more re-
cently planted (i.e., younger with a less developed root sys-
tem) than the L. guatemalensis and I. vera trees supports this

idea. On the other hand, the high temperature and rainfall that
characterize the wet season at our study site may favor rapid
mineralization of nutrients and their subsequent leaching to
deeper soil layers (i.e., potassium, calcium and magnesium;
Table 4). Hence, for the larger trees studied (L. guatemalen-
sis), the availability of water and nutrients at deeper depths
could have been an important resource for plant growth in
this period, partly explaining the lower activity of their shal-
lower roots. Despite the changes and the higher variability
in depth of water uptake observed among canopy trees and
coffee shrubs, a complementary use of soil water prevailed
during the wet season. Future work should be focused on the
distribution and dynamics of tree and crop roots and their
seasonal variation in relation to the availability of nutrients
and water in the soil. Also, it would be desirable to relate
these dynamics to crop and shade tree phenology to eluci-
date temporal synergistic or competitive water requirements.

4.3 The role of antecedent wetness in coffee water
uptake

Despite the relatively small sample size, our study showed
that antecedent wetness strongly influenced the water uptake
patterns of coffee plants (cf. Huxley et al., 1974). We found
that under relatively wet antecedent conditions prevailing af-
ter small rainfall events during the dry season, coffee sub-
stantially increased the use of near-surface soil water sources,
possibly as an opportunistic strategy to overcome the soil wa-
ter deficits in this period and take advantage of their much
shallower rooting system compared to trees. Conversely, tree
water uptake was mainly sourced by deeper soil water layers
showing less sensitiveness to higher antecedent wetness. In
this respect there are no comparative studies in shade coffee
agroecosystems evaluating the functional response of plant
water uptake over a range of antecedent wetness. Neverthe-
less, plant and soil water interactions under dry and rela-
tively wet conditions have been examined in other types of
agroforestry systems. For example, in the study of Gao et
al. (2018) carried out in a semiarid region in China, the au-
thors evaluated the seasonal variations in water use of jujube
(Ziziphus jujuba) trees planted with annual (Brassica napus)
and perennial (Hemerocallis fulva) crops. Using stable iso-
tope techniques and Bayesian mixing modeling, their results
showed that jujube trees generally tapped water (> 58 %)
from deep soil layers (60–200 cm depth) at low antecedent
wetness, while both B. napus and H. fulva crops primar-
ily extracted water (> 65 %) from intermediate (20–60 cm)
and shallow (0–20 cm) soil layers. This exhibits a comple-
mentary water use strategy between trees and crops. How-
ever, at higher antecedent wetness both the jujube trees and
crops extracted most water from the first 0 to 60 cm of soil
depth (> 65 %). This indicated that both species exhibited an
opportunistic strategy for accessing resources at shallower
soil depths. In this case, contrary to our findings, tree roots
rather than crop roots showed the stronger capacity to switch
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rapidly from deep to shallow sources in response to increased
soil water availability.

4.4 Implications and future directions

The consistent complementarity in plant water use strategies
observed under different hydrometeorological conditions in
the coffee plantation studied provides support to the central
tenet of agroforestry systems (Cannel et al., 1996). Based on
our findings, L. guatemalensis, I. vera and T. micrantha pro-
vide good choices for coffee shade trees due to their com-
plementarity in soil water use. Since these tree species ob-
tained their water from deeper soil layers than the coffee,
this could mean that they utilize nutrients leaching beyond
the reach of the coffee plants and so contribute to improved
nutrient cycling and increased overall productivity of the sys-
tem (van Noordwijk et al., 2015).

Nevertheless, the current outcome may change given the
new coffee management practices that consist in replacing
traditional coffee varieties (e.g., C. arabica var. typica) with
others (C. arabica var. costa rica; C. canephora) that may
exhibit deeper root systems and perhaps different water (and
nutrient) uptake strategies, in response to prevalent diseases
such as leaf rust or root nematodes. Therefore, future re-
search should be focused on evaluating the water source par-
titioning of traditional vs. new coffee disease-resistant vari-
eties and their relation to shade tree water use. In this re-
spect, there are further questions with regard to strategic use
of shade tree species, whereby fast-growing species might
be more (commercially) productive but also more compet-
itive. Some evidence from elsewhere has shown that such
management practices do not necessarily increase competi-
tion and may even enhance the water use efficiency as part of
drought-avoidance mechanisms. For example, in Southeast
China, Wu et al. (2016) used δ2H and δ18O stable isotope
methods to examine the seasonal water use of a fast-growing
rubber tree species (Hevea brasilensis) planted with Arabica
coffee. Their findings showed that rubber trees mostly ac-
cessed water from intermediate (15–50 cm depth) and deep
soil layers (50–110 cm); meanwhile, coffee mostly tapped
water from the topsoil (< 15 cm). Additionally, rubber trees
showed strong root plasticity in soil water uptake, avoiding
competition with coffee during the rainy and relatively dry
seasons. However, more research is needed since these re-
sults depend largely on tree–crop species combinations and
local climatic and soil conditions.

In addition to effects of changing management practices,
climate warming may induce changes in plant transpiration
throughout the year (e.g., Karmalkar et al., 2011). In our
study, we used a water stable isotope approach along with
root and soil macronutrient data to estimate the relative con-
tribution of the plant water sources. However, for a more
complete assessment of the plant and soil interactions, sea-
sonal plant water fluxes need to be quantified. Our results so
far have made the first steps towards serving coffee produc-

ers to make better decisions on sustainable coffee and wa-
ter management as well as providing new insights into water
resources in general, which are urgently required for imple-
menting efficient and equitable management programs in hu-
mid tropical environments (Hamel et al., 2018). However, fu-
ture work should be focused on water use of individual trees
and coffee shrubs using ecophysiological and hydrological
techniques in order to know how much water is used from
the different soil water pools.

5 Conclusions

This study provides the first baseline information on plant
water sources for a traditional shade coffee plantation in the
humid tropics. Our results showed that coffee water uptake
was mainly sustained from shallow soil sources (< 15 cm
depth), while all shade trees relied on water sources from
deeper soil layers (> 15 to 120 cm depth). This complemen-
tary strategy in soil water use between crops and trees was
consistent over the course of the near-normal and more pro-
nounced dry seasons investigated. Across these same peri-
ods, we observed that antecedent precipitation had a strong
influence in coffee plants, increasing their water uptake to
near-surface soil water sources as an opportunistic strategy
to overcome the reduced water availability. In the wet sea-
son, coffee plants substantially increased the use of near-
surface water (< 5 cm depth), whereas shade trees expanded
their water acquisition to the first 15 cm of soil depth. Over-
all, a greater soil water partitioning prevailed among tree and
coffee species when higher soil moisture conditions were
present. Nevertheless, despite such variability in plant–soil
water interactions across seasons, a clear spatial segregation
of the main water source prevailed between shade trees and
coffee plants during the rainy and dry periods investigated.
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