
Abstract Adult evergreen Ramón (Brosimum

alicastrum Sw. Moraceae) trees can thrive on the

shallow soils atop limestone of northern Yucatan

despite limited soil water storage capacity, and do

not require irrigation during the annual dry sea-

son. We hypothesized that early development of

deep roots to reach moist subsoil layers or

groundwater is critical to the performance of

ramón trees growing on thin soils (~5 cm deep)

over limestone bedrock. We conducted an isoto-

pic study in a non-irrigated ramón plantation

aimed at determining the sources of water used

by trees of different age (5 or 9 years old) at the

peak of the dry season. Pit excavation showed

that Brosimum alicastrum roots were mostly

concentrated in the upper soil and bedrock layers.

About 5-year-old trees showed a much sharper

decrease in shoot water content (21%) than

9-year-old ones (10%) during the dry season.

Foliar d13C values were significantly higher in

5-year-old trees (–27.5 ± 0.3&) than in 9-year-old

ones (–28.5 ± 0.3&), indicating greater water use

efficiency and water stress levels in the younger

age group. The d18O signature of stem water did

not differ significantly between tree age groups at

either sampling date. Stem water d18O values of

Brosimum alicastrum trees at the peak of drought

(–2.3 ± 0.3/–2.9 ± 0.3&) were significantly differ-

ent from groundwater (–4.3 ± 0.1&) for both age

groups. According to d18O data, ramón trees

utilized bedrock water from depths between 0.5

and 2.5 m during the late dry season. Better dry-

season water status in 9-year-old trees compared

to 5-year-old ones appeared to be more the result

of greater volume of soil and bedrock explored

for water than the outcome of deeper rooting

depth. The ability to take up water stored in the

upper few meters of the weathered limestone

bedrock during the pronounced dry season is

likely the key feature allowing Brosimum alica-

strum to thrive under non-irrigated conditions in

the shallow, rocky soils of the Yucatan. Locally

adapted native tree species capable of efficiently

extracting water from bedrock may be the only

perennial crops suitable for rainfed cultivation in
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the shallow soils atop limestone of northern

Yucatan.
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limestone Æ Stable isotopes Æ d13C Æ d18O

Introduction

Soils developed on weathered limestone bedrock

in the Yucatan peninsula are shallow and rocky

and typically have little moisture storage capacity

(Duch 1995; Weidie 1985). Despite limited water

storage, these soils can support woody vegetation

with large standing biomass under the seasonally

dry tropical climate of northern Yucatan. Large

trees can be found in natural forests (Cairns et al.

2003) and homegardens (Jiménez-Osornio et al.

1999) throughout the region, indicating that

shallow soil does not represent a major hindrance

for the establishment and growth of native tree

species. For this reason, agroforestry systems are

considered a suitable alternative to slash and burn

agriculture after abandonment of henequen

(Agave fourcroydes Lem.) cultivation in many

areas of the northern Yucatan Peninsula (Mont-

añez-Escalante et al. 2005; Negreros-Castillo and

De Clerck 1999).

The Ramón (Brosimum alicastrum Sw.Mora-

ceae) is a native evergreen tree species which has

traditionally been considered an important crop

by the Maya people in the Yucatan, and is still

widely cultivated in their homegardens (Gillespie

et al. 2004; Peters and Pardo-Tejada 1982).

Brosimum alicastrum trees produce large

amounts of high quality fodder during the dry

season, which has led to the establishment of

ramón plantations dedicated to forage production

for livestock since the 1970’s (Ayala and Sandoval

1995). Adult Brosimum alicastrum trees can

thrive on shallow soils atop limestone and do not

require irrigation during the prolonged dry season

of northern Yucatan, which suggests root access

to subsoil moisture or groundwater (Gillespie

et al. 2004). However ramón seedlings and sap-

lings may require frequent watering to survive the

dry season during the first few years after estab-

lishment (Gillespie et al., 2004). Several studies

conducted in the greenhouse have shown that the

performance of ramón seedlings is very sensitive

to water stress (Gillespie et al. 2004; Rasmussen

1990), but little is known about the water use

strategy and moisture sources of Brosimum ali-

castrum trees growing on shallow soils under

natural field conditions.

Jackson et al. (1999) suggested that rapid

development of deep roots to reach soil layers

where substantial water depletion does not occur

may facilitate establishment and survival of young

trees in seasonally dry tropical ecosystems. We

hypothesized that early development of deep

roots to reach moist subsoil layers or groundwater

is critical to the performance of ramón trees

growing on thin soil over limestone in the sea-

sonally dry tropical climate of northern Yucatan.

We further hypothesized that access to moist

subsoil layers or groundwater buffers ramón trees

from drought stress during the severe dry season,

while saplings with shallower roots experience

more severe water stress. In order to test these

hypotheses, we conducted an isotopic study in a

non-irrigated ramón plantation on shallow soil

(about 5 cm deep) aimed at determining the

sources of water used by trees of different age at

the peak of the dry season.

The carbon stable isotope composition of plant

tissues reflects the interplay among all aspects of

plant carbon and water relations and can be used

as an integrator of whole plant function (Dawson

et al. 2002). In C3 plants, discrimination against
13CO2 versus 12CO2 by the Rubisco enzyme is

linked to photosynthesis via ci/ca, the ratio of

intercellular to ambient CO2 concentrations

(Farquhar et al. 1982). This ratio reflects the rel-

ative magnitudes of photosynthetic rate and sto-

matal conductance, so analyses of carbon stable

isotopes at natural abundance in leaf tissue serve

as a surrogate for estimating intrinsic water use

efficiency (WUE, the ratio of carbon acquired to

water vapour losses via stomatal conductance).

Variation in leaf d13C is caused by genetic and

environmental factors that influence gas exchange

through morphological and functional plant re-

sponses. Environmental factors influencing leaf

d13C include soil moisture, relative humidity,

irradiance, temperature and nitrogen availability

(Dawson et al. 2002). Generally plants with high

d13C are thought to have high WUE. Drought
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stress tends to enhance WUE because stomatal

conductance is comparatively more strongly

affected by water limitation than carbon assimi-

lation, thus leading to increased leaf d13C values.

Therefore leaf d13C measurements can help

explore the range of variation in water use effi-

ciency and drought stress levels among conspe-

cific trees of different age (Dawson et al. 2002).

The zones of active water uptake by plant roots

can be determined through analyses of oxygen

stable isotope ratios at natural abundance, which

allow discrimination among different potential

moisture sources (Brunel et al. 1995; Ehleringer

and Dawson 1992). There is no isotopic frac-

tionation during water uptake by terrestrial

plants, so the d18O of stem water reflects that of

the source water (Dawson et al. 2002). In tropical

regions the isotopic signature of rainfall water

often exhibits little seasonal variation (Yurtsever

and Gat 1981), and a pronounced dry season may

be required for the development of vertical gra-

dients in the isotopic composition of soil water.

During the dry season, the upper soil layers be-

come enriched in the heavier isotope (18O) due to

evaporative fractionation, resulting in steep gra-

dients in oxygen isotopic signatures with depth

(Barnes and Turner 1998). Therefore the stem

water isotopic signatures of deep and shallow

rooted trees are expected to differ most widely at

the peak of the dry season.

Materials and methods

Site description

The study was carried out in a non-irrigated

ramón (Brosimum alicastrum Sw. Moraceae)

plantation in northern Yucatan (Fig. 1: Kam-

pepén, 089�39¢10¢¢ W; 20�50¢00¢¢ N) between

October 2001 and April 2002. The tree stand in-

cluded interspersed ramón trees of 5 and 9 years

of age planted on a 3 · 3 m planting grid. Aver-

age trunk diameters of 9 and 5 year-old ramón

trees were 15 ± 1.1 and 6.2 ± 0.9 cm, respectively.

Height of 5-year-old trees was 1.8–3 m, while 9-

year-old ones were 2.5–4.5 m high. Average an-

nual temperature at this site is 27.2�C, and total

annual precipitation is approximately 1,000 mm,

with a rainy season normally extending from May

through October. The area experiences a pro-

nounced 4–6 month dry season in the winter

months during which only about 10–20% of the

total annual rainfall is received (Orellana et al.

1999). The topography of Northern Yucatan is

mostly flat, and the lithology consists of highly

permeable Tertiary limestones and dolomites

(Weidie 1985). Soils are extremely shallow and

rocky (Duch 1995; Estrada-Medina 2000).

Organic matter content is very high in these soils,

ranging from 23.5% to 49.9% (Bautista-Zuñiga

et al. 2004). Total soil nitrogen content is around

1.4 ± 0.7% (Campos and Dirzo 2003). Soil water

content at field capacity (–0.03 MPa) ranges from

40% to 65% of dry soil weight in these soils.

Moisture content at wilting point (–1.5 MPa)

ranges from 33% to 59% of dry soil weight.

Therefore plant available water (difference

between moisture content at field capacity and

permanent wilting point) is only 2–12% in these

soils (Weisbach et al. 2002). A very hard lime-

stone layer formed by the solution and precipi-

tation of calcium carbonate (locally known as

‘‘laja’’; Duch 1995; González-Herrera et al. 2002)

is often found near the ground surface. Below the

shallow soil and consolidated limestone layers

there is a soft, squeezable, weathered limestone

of high porosity (35–50% compared to 5–15% of

consolidated limestone; Estrada-Medina et al.

2005), which is locally termed ‘‘sascab’’. Subsur-

face sascab strata can be several meters thick.

Meteoric precipitation infiltrates quickly into the

porous, permeable limestone bedrock (González-

Herrera et al. 2002). Depth to the groundwater

table is 9 m at Kampepén, with little ( < 1 m)

interseasonal fluctuations (pers. obs.).

Sampling

Trees were sampled for oxygen stable isotope

analysis in October 2001 (end of rainy season)

and in April 2002 (peak of dry season). Eight

trees per tree age group were sampled on both

occasions. Suberized twigs approximately 10 mm

in diameter and 50–80 mm long were cut from the

canopy, and all leaves and green stem tissue were

removed from them to avoid contamination of

xylem water by isotopically enriched water
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(Ehleringer and Dawson 1992). Two stem sam-

ples were collected per tree. Clipped twigs were

immediately placed in a capped vial, wrapped in

parafilm and stored in the freezer for later pro-

cessing and analysis.

Soil/bedrock samples were collected at the

peak of drought in late April 2002. One pit 2 m in

diameter was excavated amidst the Brosimum

alicastrum trees included in the study to charac-

terize all possible sources of water. The pit was

manually excavated by a team of three local Maya

well-drillers using picks, shovels and dynamite.

The pit was dug down to a depth of 9 m until the

groundwater table was reached. Due to budget

constraints, we decided to excavate the pit at the

time of the year when depth gradients in oxygen

isotopic signatures as well as vertical partitioning

of water sources between tree age groups were

more likely to occur. The extremely shallow and

rocky soil at the experimental site precluded more

extensive sampling of potential water sources.

Soil/bedrock samples were promptly taken from

freshly excavated pit sidewalls for water content

measurement and for oxygen isotope analysis of

water. For each depth, 3–5 replicate soil/bedrock

samples were collected from the sidewalls of the

pit. Freshly collected soil and bedrock samples

were placed in capped vials, wrapped in parafilm

and stored in the freezer until water extraction for

oxygen isotope analyses. Groundwater samples

were obtained from the bottom of the pit after the

aquifer was reached.
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Fig. 1 Map of the Yucatan peninsula showing the location of the Kampepén experimental area
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Water was extracted from soil and plant stem

samples using a cryogenic vacuum distillation line

(Ehleringer et al. 2000). The water content of

stems, soil and bedrock samples was calculated

according to differences in sample weight before

and after thorough water extraction (100�C, 3 h).

Oxygen stable isotope analyses were conducted at

the Centre for Stable Isotope Biogeochemistry of

the University of California at Berkeley. d18O

values were obtained by the CO2: H2O equili-

bration method: 500 lL of the extracted water

was injected into airtight vials flushed with

2,000 ml m–3 or 3,000 ml m–3 CO2 in He. After

48 h, CO2 in the head space was analysed for its

oxygen isotope ratio with a Finnigan MAT Delta

Plus XL isotope mass spectrometer (IRMS)

interfaced with a GasBench II and PAL-80

autosampler (Tu et al. 2001). d18O values are

expressed in delta notation (&) relative to an

accepted international standard (V-SMOW)

(Ehleringer and Dawson 1992). Analytical preci-

sion of d18O measurements was ±0.18&.

In late April 2002, sunlit, mature leaf samples

were collected from the same Brosimum alica-

strum trees included in the water source deter-

mination study. All the sampled leaves had been

formed during the rainy season prior to the study.

Leaf material was oven dried, ground and ana-

lyzed for d13C. Analyses were conducted on a

continuous flow mass spectrometer (Europa

Scientific Hydra 20/20, Chelshire, England) at the

Stable Isotope Facility of the University of Cali-

fornia at Davis. d13C values are expressed in delta

notation relative to an accepted international

standard (Pee Dee Belemnite).

Statistical analyses were conducted using the

SPSS 13.0 program. Stem water content values,

d18O data and leaf d13C data were subjected to

the Student’s T test in order to detect significant

( < 0.05) differences between the two tree age

groups. Within each age group, stem water con-

tent values and d18O data were analysed by Stu-

dent’s T test to detect seasonal differences

between sampling dates.

Results

At the end of the rainy season in October 2001,

Brosimum alicastrum showed similar average

stem water contents in the two tree age groups

(Table 1). Stem water contents in ramón trees

decreased significantly (Student’s T test;

P < 0.001) over the course of the dry season for

both age groups. However 5-year-old trees

showed a much sharper decrease in shoot water

content (21%) than 9-year-old ones (10%) during

the dry season (Table 1). The d18O signature of

stem water did not differ significantly between

tree age groups at either time of sampling (Stu-

dent’s T test; P > 0.05). In 9-year-old trees the

d18O of stem water was significantly (P < 0.05)

more enriched in May 2002 than in October 2001

(0.9& increase), suggesting utilization of water

sources subject to progressively greater evapora-

tive isotopic enrichment. By contrast, stem water

d18O remained nearly unchanged between sam-

pling dates in 5-year-old trees. Foliar d13C values

were significantly higher in 5- than in 9-year-old

trees at the peak of drought, indicating greater

water use efficiency and water stress in the

younger age group. Across age groups, foliar d13C

in ramón trees correlated negatively (r2 = –0.626;

P < 0.05) with shoot water content (Fig. 2).

Table 1 Shoot water content determined by weight difference after water extraction, d18O of stem water, and leaf d13C in
interspersed 5 and 9-year-old Brosimum alicastrum trees in a forest farm plantation in Kampepén

Stem water content (%) Stem water d18O (&) Foliar d13C (&)

October 2001 April 2002 October 2001 April 2002 April 2002

Brosimum 9-year-old (n = 8) 47.7 ± 0.5 43 ± 0.8** –3.2 ± 0.1 –2.3 ± 0.3 –28.5 ± 0.3*
Brosimum 5-year-old (n = 8) 46.5 ± 0.8 36.9 ± 0.6 –3 ± 0.7 –3 ± 0.7 –27.5 ± 0.3

Stem water content and stem water d18O were measured at the end of the rainy season (October 2001) and at the peak of the
dry season (April 2002), while foliar d13C was measured in April 2002 only. Means ± standard errors are shown for all
variables

*Values in same column significantly different at P < 0.05; **Significantly different at P < 0.001
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Pit excavation in April 2002 exposed an ex-

tremely rocky, shallow soil 5 cm deep overlying

heterogeneous fractured bedrock (Fig. 3). A very

hard limestone layer (‘‘laja’’) near the ground

surface was underlain by softer bedrock of high

porosity (‘‘sascab’’). Some soil-filled cracks and

crevices were encountered within the limestone

bedrock matrix in the upper 200 cm of the profile.

The soil was classified as Lithic Leptosol accord-

ing to the FAO system. Although root density in

the soil/bedrock profile was not quantified in this

study, visual inspection of pit sidewalls suggested

that Brosimum alicastrum roots were mostly

concentrated in the upper soil and bedrock layers.

Root density appeared to be very high in the thin

topsoil layer as well as in soil pockets within the

limestone bedrock matrix. Dense mats of roots

were encountered growing along cracks in the

bedrock. Sascab bedrock strata in the upper

200 cm of the profile were colonized by fine roots

as well. Root abundance appeared to decline

sharply with depth, and no roots could be found

below 200 cm despite careful visual inspection of

pit sidewalls.

Total rainfall during the twelve months prior to

soil/bedrock sampling was 70% of the long term

mean (702.6 mm) in the experimental area

(Fig. 4). Only 9 mm of rain were recorded during

March and April 2002. At the peak of drought in

late April 2002, gravimetric water content in the

upper 600 cm of the soil/bedrock profile fluctu-

ated between 8% and 15%, and no clear trend

with depth was observed (Fig. 5a). Mean soil/

bedrock water content values showed large stan-

dard errors, reflecting an heterogeneous profile

composed of soil pockets interspersed within an

intricate matrix of limestone bedrock strata with

varying water holding capacities. The markedly

seasonal rainfall pattern in northern Yucatan

favoured the development of a steep vertical

isotopic gradient in the soil/bedrock profile during

the dry season. Evaporative isotopic enrichment

of soil/bedrock water was very pronounced near

the surface but declined sharply with depth

(Fig. 5b). The d18O signature of bedrock water

closely approached that of aquifer water at

around 300 cm depth. Groundwater samples
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Fig. 2 Relationship between the carbon isotope composi-
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collected in late April 2002 at the peak of the dry season

Fig. 3 Schematic of the upper 3 m of the soil/bedrock
profile observed in the excavated pit, showing the
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collected at the bottom of the experimental pit

had an average d18O value of—4.3 ± 0.1&

(n = 3). According to d18O data, ramón trees of

both age groups appeared to be utilizing bedrock

water from depths between 50 cm and 250 cm

during the late dry season (Fig. 5b). Stem water

d18O values of ramón trees at the peak of drought

were significantly different from groundwater for

both age groups (P < 0.001; Mann–Whitney

U-test).

Discussion

Large decreases in stem water content between

October 2001 and April 2002 indicated that con-

siderable water stress developed in ramón trees of

both age groups during the dry season (Bradford

and Hsiao 1982). These results suggest that

groundwater was not the major source of water

for ramón trees during the dry season, as phre-

atophytic species tapping a permanent water ta-

ble are usually well buffered from seasonal

drought (Gries et al. 2003; Zencich et al. 2002).

The pattern of root distribution encountered in

the pit at the Kampepén plantation supported this

interpretation, as no roots could be found below

2 m depth despite careful visual inspection of pit

sidewalls. Further, ramón trees had stem water

d18O values which departed significantly from the

groundwater d18O signature. Stem water d18O

values at the peak of the dry season were between

1.2& and 2& more enriched than aquifer water,

depending on tree age group. Phreatophytic spe-

cies typically exhibit xylem sap isotopic values

closely matching that of aquifer water, particu-

larly during drought periods when other sources

of water are scarce (Chimner and Cooper 2004;

Ewe et al. 1999; Flanagan et al. 1992; Snyder and

Williams 2000; Zencich et al. 2002). Groundwater

utilization by woody vegetation under seasonally

dry climates has been shown before to decrease

with depth to the phreatic level, even when the

strata overlying the aquifer are easier to pene-

trate by roots than limestone bedrock (Cramer

et al. 1999; Farrington et al. 1996; Zencich et al.

2002).

According to d18O data, ramón trees of both

age groups relied on water stored within the up-

per 2.5 m of the fractured limestone bedrock

during the dry season. Total precipitation during

the dry season (November 2001–April 2002) at

Kampepén was 140 mm, which prevented com-

plete depletion of moisture in the upper layers of

the soil/bedrock profile (Fig 5a). Water stored in

bedrock strata plays a critical role in supporting

tree transpiration during dry periods in ecosys-

tems with shallow soils (e.g., Hubbert et al. 2001;
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Rose et al. 2003; Zwieniecki and Newton 1996).

Weathered limestone bedrock can hold significant

amounts of water (Fig 5a) that appears to be

accessible to ramón roots, as indicated by the

presence of fine roots in sascab bedrock strata.

Macropores or preferred pathways for water

percolation in the fractured limestone matrix

likely contributed to the recharge of bedrock

during the wet season, and following occasional

rain during the dry season. Downward transfer of

excess water from topsoil to underlying limestone

by tree roots after rain (reverse hydraulic lift, or

hydraulic descent) may have also contributed to

the rapid recharge of bedrock (Burgess et al.

2001). Water redistributed to deeper bedrock or

to soil pockets within the limestone matrix would
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Fig. 5 Gravimetric water content and d18O of soil water in
the soil/bedrock profile in Kampepén at the peak of the
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standard error of 3–5 soil/bedrock samples collected from
the sidewalls of a single pit excavated through the
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d18O isotopic profile of soil/bedrock water and d18O values
of stem water in Brosimum alicastrum trees. Values at
each depth represent means and standard errors of three
soil/bedrock samples collected from the sidewalls of the pit
(n = 3–5). The crossed bar represents the d18O value of
groundwater
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be better protected from evaporation and shallow

rooted competitors. Several studies conducted in

seasonally dry tropical ecosystems elsewhere have

also found that most tree species depend on water

stored within the upper 1–4 m of the soil/bedrock

profile during the dry season (Jackson et al. 1999;

Sternberg et al. 2002; Stratton et al. 2000), even

at sites where shallow (2–4 m) groundwater is

available (Drake and Franks 2003).

Ramón trees in Kampepén had a mean leaf

d13C value which was 2–3& less negative than

that measured by Leffler and Enquist (2002) for

the same species in a dry tropical forest in Costa

Rica. This indicates that the thin, rocky soils in

northern Yucatan impose a comparatively great-

er water stress on this evergreen tree species

(Stewart et al. 1995). Whereas 9-year-old ramón

trees showed lower foliar d13C values and a

smaller dry-season decline in shoot water content

than 5-year-old ones, stem water d18O signatures

were not significantly different in the two age

groups, which indicates similar water extraction

depths at the peak of drought. According to d18O

data, rooting depth of ramón trees in Kampepén

was at least 0.8–1.4 m. However the d18O of stem

water in ramón trees was also similar to that of

bedrock water in the 1.8–2.5 m depth interval.

Better dry-season water status in 9-year-old

ramón trees (indicated by their significantly

higher shoot water content in April) appeared to

be the result of greater lateral root spread per-

mitting exploration of a larger soil/bedrock vol-

ume compared to 5-year-old trees (Casper et al.

2003). Greater development of roots in 9-year-

old trees may have also allowed more thorough

exploitation of water stored in soil pockets within

the bedrock matrix. Large inter-tree variabilities

within tree age groups in stem water content,

stem water d18O and foliar d13C suggested strong

microsite effects on the water status of ramon

individuals. Horizontally uneven thickness of the

topsoil layer, irregular spatial distribution of

subsurface soil pockets, or preferential infiltration

of rainfall water along cracks in the limestone

bedrock could have contributed to contrasting

water availability among microsites at the Kam-

pepén plantation.

In conclusion, ramón trees utilized water

stored in the upper 2.5 m of the soil/bedrock

profile during the dry season. Contrary to initial

expectations, we found no indication of

groundwater utilization in this native evergreen

tree species during the annual peak of drought.

Although water stored in the bedrock was suf-

ficient to sustain ramón trees throughout the dry

season, trees experienced considerable water

stress, as indicated by sharp decreases in stem

water content. Better dry-season water status in

bigger and older trees compared to younger and

smaller ones appeared to be more the result of

greater volume of soil explored for water than

the outcome of deeper rooting depth. The abil-

ity to take up water stored in the upper few

meters of the limestone bedrock during the

pronounced dry season is likely the key feature

allowing Brosimum alicastrum to thrive under

non-irrigated conditions in the shallow, rocky

soils of northern Yucatan. It is interesting to

note that soil nitrogen availability is generally

not limiting for tree growth in northern Yucatan

due to the dominance of nitrogen-fixing legu-

minous species in the local vegetation (Campo

and Dirzo 2003). Our results suggest that locally

adapted native tree species capable of efficiently

extracting water from bedrock strata may be the

only perennial crops suitable for rainfed culti-

vation in shallow rocky soils under seasonally

dry tropical climate. Other co-occurring native

tree crops frequently found in non-irrigated

homegardens in the Yucatan (such as Cordia

dodecandra, Spondias purpurea or Talisia oli-

vaeformis) might also rely on bedrock water

during the dry season.
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