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Woody encroachment due to changes in climate or in the disturbance regimes
(fire and herbivory) has been observed throughout the savannah biome over
the last century with ecological, hydrological and socioeconomic consequences.
We assessed changes in tree density and basal area and estimated changes in
rain interception by the canopies across a 5-year period over a biomass gradient
in Cerrado vegetation protected from fire. We modelled throughfall, stemflow
and net rainfall on the basis of tree basal area (TBA). Tree density increased by
an average annual rate of 6.7%, basal area at 5.7% and rain interception by the
canopies at 0.6% of the gross rainfall. Independent of the vegetation structure,
we found a robust relationship of 0.9% less rainfall reaching the ground as
TBA increases by 1 m* ha . Increases in tree biomass with woody encroach-
ment may potentially result in less water available for uptake by plants
and to recharge rivers and groundwater reserves. Given that water is a season-
ally scarce resource in all savannahs, woody encroachment may threaten the
ecosystem services related to water resources.

This article is part of the themed issue “Tropical grassy biomes: linking
ecology, human use and conservation’.

1. Introduction

Increases in biomass, stem densities or cover of woody plants in arid and semi-arid
environments have been documented over the past decades in various regions
around the planet [1-6], with a number of proposed abiotic and biotic mechan-
isms. Among the possible factors behind woody encroachment are changes in
rainfall regime [2,4], elevation of atmospheric CO, concentration [5,7], invasion
by exotic trees [8], changes in disturbance regimes such as suppression of fire
[3,7,9] and decline in browsers or overgrazing [3,7,9]. Increases in woody cover
or density can result in altered habitat for specialized fauna, changes in plant
species composition [10,11] and also biogeochemical cycles and ecosystem
services, such as carbon storage and water provisioning [1,8,12-15].

Vegetation structure is closely linked to hydrological processes, and several
studies have shown that reduction in forest cover causes increases in water
yield and increasing tree cover on low biomass vegetation causes a decrease in
water yield [8,12,13,16—19]. Therefore, woody encroachment can have direct con-
sequences on the water cycle [20]. Increases in tree biomass lead to higher
evaporative losses [18,21-26], but the vapour returned to the atmosphere does
not become rain in the same location where it evaporates [27]. Consequently, at
the scale of a watershed, the biomass increase has been demonstrated to result
in lower production of water [8,13,16,18] in spite of models predicting that this
vapour may have the effect of increasing rainfall at the global scale [28]. The
increase in carbon storage due to woody encroachment or through forest planta-
tions (in regions where the historical vegetation was not forest) may come at the
cost of water [13-15], aggravating the water crisis already experienced by
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countries in savannah regions. Changes in the water cycle due
to woody encroachment or afforestation on grassy biomes have
not received public attention, while carbon sequestration
initiatives have been stimulated worldwide, under the assump-
tion that ‘the more trees the better’ [14,15]. The trade-off
between water and carbon is also related to scale, because the
benefits of carbon storage in the biomass are global, while
the subsequent decrease in provision of water is local.

Woody encroachment has been recorded in many non-
forest ecosystems around the world including the Cerrado,
a savannah vegetation covering the central plateau of
Brazil. Woody biomass increases and forest expansion in Cer-
rado vegetation has been recorded in the core area of the
biome [29], and also at the edges, close to the Amazonian
forest [30], the Atlantic forest [31,32] and the dry Caatinga
[33]. Woody encroachment in the Cerrado has been related
to a decrease in fire frequency or total fire suppression,
with estimated rates ranging from a 1 [33] to 4% [30] increase
in total basal area (TBA) per year. The Cerrado biome is a
dynamic mosaic of vegetation types with varying biomass
that can be related to environmental conditions [34], but
has been maintained by fire at different frequencies [35,36].
In addition to natural fires caused by lightning [37], the
whole Cerrado biome was historically burned by Indians
once every 5-10 years and in the last three centuries it was
burned every 1-2 years by ranchers [38]. In recent decades,
however, fire frequency in the Cerrado remnants has been
reduced, leading to woody encroachment where no abiotic
limitations exist for biomass accumulation. Inside protected
areas, fire has been suppressed over the past decades as a
national conservation policy, even if the ecosystems are fire
dependent. In the whole state of Sao Paulo, the use of fire on
native vegetation has been prohibited by law since the year
2000. On private properties, farmers also protect their land
from fire when used for crops, silviculture or pasture with
exotic grasses [39]. Under these land uses, fire is negative, as
it destroys what has been cultivated, including the dry biomass
of exotic grass that is eaten by cattle in the winter.

Occupying the highest altitudes of central Brazil, the
Cerrado comprises a series of vegetation types with variable
structure and biomass, ranging from open grasslands to forest
vegetation. Soils in the Cerrado are mostly oxisols or entisols
(Quartzipsament), distrophic, acidic with low fertility, very
deep and well drained (89%), with high infiltration and
therefore efficient groundwater recharge [40]. The Cerrado is
the moistest savannah in the world [41], with annual precipi-
tation in 86% of the biome ranging from 1000 to 2000 mm [40]
and evapotranspiration estimated between 700-1900 mm
[24/42,43]. Such climate conditions permit savannah and
forest as alternative stable states [44], with woody encroach-
ment occurring after fire suppression. The favourable climate
and soil conditions in the majority of the Cerrado biome have
provided perennial rivers that supply eight of the 12 largest
watersheds of Brazil, in spite of the long dry season, which
ranges from three to seven months [40].

The Cerrado biome covered 22% of Brazil up to very
recently, because climate and soils were not suitable for tra-
ditional cultivation, constraining agriculture expansion. This
barrier has been surpassed in the last decades by technological
advances, resulting in a rapid land conversion and certainly
huge biodiversity losses [45,46]. Land conversion for pasture,
agriculture or forestry, the most common land uses in the
Cerrado biome [45], has probably influenced many ecological

processes, among which are those related to water resources. n

Distinct land uses can have opposite influences on hydrologi-
cal processes, such as annual river discharge increasing after
forest conversion for agriculture or pasture [47,48] or decreasing
after afforestation [13,49]. Besides land-use changes, woody
encroachment has the potential to modify the ecohydrology
of watersheds covered by native Cerrado vegetation. Across
the natural mosaic of tree biomass in the Cerrado vegetation,
it is generally considered that the proportion of rainfall lost as
evapotranspiration or recharging groundwater reserves and
providing streamflow vary across the structural gradient as
has been demonstrated worldwide [8,21,22,25,26]. If biomass
increases due to woody encroachment, changes are also
expected in the partitioning of rainfall in interception, stemflow
and throughfall; this has never been assessed in the Cerrado veg-
etation where previous hydrological studies have mostly
focused on evapotranspiration only [23,24,43].

Despite rain interception often accounting for more than
20% of annual rainfall, and up to 45%, depending on veg-
etation characteristics and climate [50], rain interception by
tree canopies as a separate process has often been neglected,
particularly when the consequences of changes in land use,
in climate or in vegetation cover are analysed [51]. Water inter-
cepted by the canopies has, however, a completely distinct fate
from the water reaching the ground and infiltrating, because
the first is not available for use by plants and does not contrib-
ute to groundwater recharge or streamflow. Given the increase
in woody cover, and particularly due to altered fire regimes,
our aim was to determine how woody encroachment may
affect the hydrological cycle in the Cerrado, focusing particu-
larly on rain partitioning—the relative amounts of rainfall
retained by the canopies (interception), running down the
stems (stemflow) or falling on the ground (throughfall).

Specifically, we quantified throughfall and stemflow across
a biomass gradient in the Cerrado vegetation, to elucidate the
relationships between tree biomass and the proportion of
rain water lost to the atmosphere due to interception by the
canopies. We expected a decrease in the amount of rainfall
reaching the ground as the woody encroachment progresses
based on the premise from past hydrological studies that
higher aerial biomass results in higher rain interception by
the canopies. We searched for robust relationships between
the hydrological processes and vegetation structure to make
predictions about canopy rain interception, a highly relevant
hydrological process that is often neglected by ecologists due
to the difficulty in quantifying it. We briefly discuss some pos-
sible implications of woody encroachment on ground water
recharge and water supply and also management interventions
to optimize this ecosystem service.

2. Material and methods
(a) Study area

We conducted our study at the Ecological Station of Assis (EEcA),
in southwestern Sao Paulo state, Brazil (22°35'S and 50°23' W).
The regional land relief is relatively flat and the soils in the whole
study site are very deep, well drained, with no apparent stoniness
or rockiness, and no mechanical restriction to the expansion of root
systems [34]. In the study plots, soil was classified as loamy Rhodic
Hapludox and Quartzipsaments, slightly differing among plots in
the soil water holding capacity [34]. According to the Koppen
classification, the climate is Cfa—warm temperate, humid with a
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hot summer. The mean annual temperature is 22°C, with a mean
maximum of 28.7°C and a mean minimum of 15.4°C. Annual rain-
fall is 1441 mm, concentrated in the summer (October—March),
with a dry season in the winter (April-September) [34] and the
potential evapotranspiration is estimated to be 1100 mm [52].
The rainfall regime, in the study region, is characterized by a
large proportion of rain events with very low volume, a regime
that is similar to the whole Cerrado biome, where rain events
with volume above 30 mm are relatively rare [53].

The EEcA preserves 1312 ha of Cerrado vegetation, which was
previously used for cattle grazing for about a century (historical
records of EEcA) and burned every 1-3 years, as the traditional
livestock system in the whole Cerrado biome [38]. Since 1959,
cattle were excluded and the vegetation has been protected from
fire [29]. The protected vegetation has changed in structure over
the last few decades, with a remarkable increase in biomass
after fire suppression, detected by aerial photographs and satellite
images from 1962 to 2006 [31]. Grasslands with no trees covered
21.3% of the area in 1962, but did not exist in 2006, while the cerra-
dao (forest-type vegetation) expanded from 53 to 91.4% of the
protected area in the same time period. In the last survey [54], a
tree biomass gradient ranging from cerrado stricto sensu (savan-
nah) to the cerradao was still apparent, with the tree community
varying in density (from 860 to 1800 individuals ha'), basal
area (5.2 to 234m?ha”'), mean height (29 to 12.6 m) and
canopy cover (42.8 to 90.0%). The ground is covered by a sparse
layer of small shrubs, forbs and grasses in the lower biomass veg-
etation, which has been gradually replaced by a litter layer as
biomass increases (electronic supplementary material, figure S1).
This replacement has been observed, although not quantified,
over the 5-year period of monitoring.

(b) Vegetation sampling

Changes in the vegetation in the EEcA have been monitored on the
ground since 2006 by means of a network of 30 permanent plots. In
this study, the biomass gradient from open canopied cerrado stricto
sensu to closed canopied cerradao was represented by 14 plots
(20 x 50 m each, subdivided into 10 subplots of 10 x 10 m), that
were randomly distributed over the whole protected area. The
maximum and minimum distances between plots were 3 km and
50 m, respectively. In each plot, all living trees with diameter at
breast height—dbh > 5 cm were measured between January and
April 2006, and again between January and April 2011. From
these data, the community attributes, tree density and tree basal
area (TBA), were obtained on the two occasions (electronic sup-
plementary material, table S1), to quantify the encroachment
over the 5-year period in each plot.

(c) Rainfall partitioning

The rainfall regime over the study period was characterized on the
basis of data obtained from the nearest climatological station [55],
located at distances ranging from 2 to 4 km from the sampled plots.
Throughfall and stemflow in each sample unit were quantified as
proportions related to the gross precipitation, simultaneously col-
lected. We recorded the gross precipitation from the automatic
station and, additionally, in nine funnel precipitation gauges (plu-
viometers), positioned around the sampling plots, following rules
recommended by Helvey & Patric [56]. We installed the aluminium
funnels, each with a catchment area of 165 cm” and an 8 cm high
sloping edge, at 1 m above the ground surface (electronic sup-
plementary material, figure S2). From September 2010 to January
2012, we sampled on 61 occasions. Each sampling occasion, as
defined by Ziegler [57], comprised one or more consecutive rain
events. A rainfall event was defined as a measurable amount of
rainfall separated from the previous or the next rainfall input by
the time required for the foliage and trunks to dry [58]. For the pur-
pose of this study, after field observations, we established this

interval to be 5 h. On many occasions, the rain volume varied con-
siderably and randomly among the pluviometers in open areas. To
avoid the influence of this variation on the analyses, we selected 26
occasions when gross precipitation was spatially homogeneous
(coefficient of variation <15%) and represented the local variation
in rain intensities (distribution of rain volumes and intensities at
electronic supplementary material, figure S3). The gross precipi-
tation used in the analysis was obtained by the sum of the 26
average values (volumes transformed in millimetres) from the 10
pluviometers in open areas (electronic supplementary material,
table 52). When one or more data points were missed, the average
for one occasion was calculated among the other pluviometers.

To quantify the throughfall in each 1000 m? plot, we installed
10 pluviometers, one in each subplot of 100 m?, moving them
periodically at random [56,59,60]. The pluviometers used to col-
lect the throughfall were installed at least 15 cm from the closest
stem, to avoid heavy run-off from the trunks and branches [59].
The total volume of throughfall collected in each plot was quan-
tified by the sum of the 26 average values (volumes transformed
in millimetres) among the 10 pluviometers [60] (electronic sup-
plementary material, table S2). When one or more pluviometer
data points were missed, the average for one event was calcu-
lated among the other pluviometers in the same plot. The
proportion of throughfall in each plot (Py%) was obtained by
dividing the total throughfall in the plot (sum of 26 average
values) by the average value of total gross precipitation obtained
from the 10 pluviometers at open areas on the 26 occasions
(following the method in [60]).

Stemflow was quantified at the community level (see [61]) in
eight subplots (100 m* each), one inside each plot, representing
the biomass gradient (on the basis of TBA). All trees within each
subplot were sampled from March 2011 to January 2012, on 17
occasions (electronic supplementary material, table S3), totalling
102 trees. A polyurethane collector (see [62]) was fixed to each
stem at a height of 1.3 m above ground (electronic supplementary
material, figure 52), channelling the stemflow to a container. On
the occasions when the volume of stemflow exceeded the capacity
of the container, we estimated the missing values as follows: we
obtained a linear regression for each individual tree using all
data collected for that tree, where the stemflow was the response
variable and the gross rainfall was the predictor variable [58].
The total volume of stemflow collected from all trees within the
subplot was transformed in millimetres, considering that this
volume corresponded to the amount of rainfall running down
the stems over an area of 100 m? in that period [61]. From the div-
ision of this value by the gross precipitation in the same period, we
obtained the proportion of rain over a plot reaching the ground
running down the stems in each subplot—stemflow (Ps%).

The net rainfall in this study was represented by the sum of
throughfall and stemflow, expressed as percentages of gross rain-
fall. The difference between the gross rainfall and the net rainfall
corresponds to the rain interception by the canopies [56,58,60].

(d) Data analyses

Tree density and TBA were calculated for each plot (and subplot)
in 2006 and 2011. The encroachment over the 5-year period was
quantified as the difference between the two surveys in each plot,
presented as histograms. The annual rate of encroachment for
each variable was calculated by transforming the absolute
increase in a percentage related to the value recorded in 2006,
divided by 5 years. The average value and standard deviation
for the whole study area are presented.

The sampling unit for modelling throughfall was the 1000 m?
plot and for stemflow was a 100 m* subplot. For modelling the
hydrological processes, we used the community data from 2011,
the year that we started sampling rainfall. Tree density and TBA
were assessed as possible predictor variables for the hydrological
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Figure 1. Changes over a 5-year period in the Cerrado vegetation protected from fire: tree basal area (a) and density of trees from 5 cm dbh (b). Bars correspond to
fourteen 1000 m? plots of native vegetation sampled for this study in 2006 and 2011, ordered from the left in increasing plot basal area.

processes, representing the vegetation structure and biomass.
The highest correlation coefficients with the response variables
were obtained when using TBA, the predictor variable in this
study. We used linear regression to predict the throughfall (Py%)
and the stemflow (P4%) as a function of TBA. Analyses were
performed using the software Statistica v. 7.0 [63].

3. Results

(a) Changes in the vegetation structure

TBA increased in the study site at an average rate of 5.7%
(£2.7%) per year. TBA increased in all plots with absolute
values of change ranging from 2.04 to 4.77 m*ha ! over a
5-year period (figure 1a). No relationship was found between
the initial basal area and the extent of change in basal area,
indicating that the biomass accumulation over 5 years was
not influenced by the initial biomass. Density increased in
13 from the 14 plots (figure 1b), at an average rate for the
whole study site of 6.7% (+4.0%) per year. Density did not
change in the plot with the highest density in the first
survey. The greatest increase was 800 treesha ' in 5 years
(12.8% per year) in a plot with an initial TBA of
9.8 m?>ha ! and initial density of 1280 ind ha .

(b) Relationships between hydrological processes and
tree basal area

Throughfall estimation was based on the total gross rainfall of
908.5 mm, collected on 26 occasions and corresponding to
73 rain events. Stemflow was quantified as a proportion of
the total gross rainfall of 583.1 mm recorded on 17 occasions,
corresponding to 41 rain events.

Throughfall (Py%) varied across the biomass gradient from
75.4% of the gross rainfall in the plot covered by the closed

(@ 100
95 -
90 -
85 1
80 1
75 -
70 1
65 -
60

throughfall (%)

12 14 16 18 20 22 24 26 28
basal area (m? ha™!)

stemflow (%)

0 5 10 15 20 25 30 35
basal area (m? ha™!)
Figure 2. Linear regressions representing changes in throughfall (a) and

stemflow (b) as tree basal area increases across the biomass gradient of
the Cerrado vegetation. Dashed lines represent the 95% confidence interval.

canopy vegetation to 97.2% in the plot covered by the more
open canopy vegetation, therefore being linearly and negatively
correlated with the tree biomass (figure 24). The higher the TBA,
the lower the proportion of rainfall falling below the canopy.
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Figure 3. Partitioning of rainfall (throughfall, stemflow and interception by the canopies) across the biomass gradient of Cerrado vegetation, represented by tree

basal area.

TBA explained 75% of the variation in the proportion of
throughfall across the biomass gradient in the Cerrado
vegetation (Py% = 102.82-0.94 TBA; r?=0.75, p < 0.001).

Stemflow (P4%) ranged from 0.3% of the gross rainfall in
the subplot covered by the more open canopy vegetation to
2.9% in the subplot with the more closed canopy vegetation,
showing a linear and positive correlation with tree biomass
(figure 2b). The higher the biomass the higher the proportion
of rainfall running down the stems; TBA explained 84% of the
variation in Py% across the biomass gradient in the Cerrado
vegetation (Py% = —0.07 + 0.10 TBA; * = 0.84, p = 0.002).

Throughfall and stemflow presented opposite tendencies.
As stemflow corresponded to a very small proportion of gross
rainfall, it had a negligible influence on the estimation of net rain-
fall. Therefore, the model obtained from the sum of the two
previous regression equations indicates a negative influence of
TBA on the net rainfall P,% (P,% = 102.73-0.85 TBA).

We found the partitioning of rainfall gradually changed
as tree biomass increased (figure 3). The proportion of rain
reaching the ground (throughfall + stemflow) under the
more open cerrado stricto sensu vegetation in the sampled
area (TBA of 7.5m?ha ') corresponded to 96.6% of gross
rainfall, while this proportion was 79.7% for the densest cer-
raddo (TBA of 27 m*ha ). Interception by the canopies,
therefore, was 3.4% of rain in the cerrado stricto sensu and
20.3% in the cerradao. Considering the rate of woody
encroachment recorded, we estimated an annual increase in
rain interception for the whole study site of 0.6% (+0.1%)
of the gross rainfall per year.

4. Discussion

An increase in tree density and biomass has been observed in
savannahs in different regions and continents. The causes of
woody encroachment vary among regions and ecosystems,
but some major factors are already known to favour coloniza-
tion of grassy biomes by woody species. Even though
encroachment can have multiple causes that are not clearly
understood, at least some of the effects are clear and predictable,
including a direct increase in carbon storage and decrease in
water production at the level of watersheds [13-15,49]. In this
study, we demonstrated that the amount of rainfall intercepted

by the canopies is also predictable. We documented the woody
encroachment of Cerrado vegetation due to fire protection and
quantified the direct effects of the encroachment on rain inter-
ception by the canopies. We modelled throughfall, stemflow,
net rainfall and rain interception by the canopies on the basis
of TBA across the biomass gradient from open savannah to
closed savannah-forest vegetation. We also assessed tree
density as a predictor of hydrological changes, but this commu-
nity attribute did not relate well to throughfall or stemflow,
while basal area, a precise and easily obtainable variable, pro-
vided robust models. We found a remarkable increase in the
proportion of rain intercepted as a consequence of woody
encroachment. This ‘missing’ rain is substantial given that the
potential evapotranspiration in the region is estimated at 77%
of annual rainfall [52] and only the excess water will recharge
groundwater reserves and provide streamflow. Classical studies
on forest management have demonstrated the strong relation-
ship between tree biomass and hydrological processes [16],
and an increase in tree biomass in periodically dry ecosystems
has been reported to cause remarkable decrease in streamflow
[8,13,16,18]. Rain interception by the canopies, therefore, has
the potential to exert a strong influence on the ground water
recharge and streamflow at the scale of a watershed.

(a) Woody encroachment

Tree density and also TBA are rapidly increasing at the study
site, at rates slightly above those mentioned in other studies
documenting woody encroachment in the Cerrado (e.g.
[30,33]). Fire suppression or decreasing fire frequency have
been reported as the main explanation for woody encroach-
ment in Cerrado vegetation across Brazil [29-33,64], with
frequent fires, regardless of season, been shown to reduce
woody biomass [65]. Changes over time in density and TBA
in our study differed: TBA increased in the cerradao plots at
similar rates as those of the cerrado stricto sensu, but density
stabilized around 2000 ind ha™*!, corresponding to a basal
area around 23 m”ha !, and after that, mortality equalled
recruitment, resulting in no significant changes in density
over 5 years. The larger trees kept growing, accumulating
carbon and probably increasing the roughness of the canopy
surface, which leads to increase in rain interception [58]. Even-
tually, the community structure instead resembles a tropical
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forest, and the floristic composition switches from endemic
Cerrado species to generalists or shade-tolerant forest species,
as demonstrated by previous studies [30,33,54]. In the long
term, due to competition, the community will probably be
composed of even larger trees at lower densities. We document
that changes in the vegetation have been followed by hydrolo-
gical changes, as previously observed in other regions [8,13,18].

(b) Hydrological processes in the biomass gradient
The stemflow ranged from 0.3 to 2.9% of the total rainfall and
increased with gains in woody biomass, due to increase in
number and size of tree stems channelling water to the
ground per area unit. The amount of water running down
the stems was five-times higher in the high biomass veg-
etation compared with the low biomass vegetation. The
proportions of stemflow recorded in this study are among
the lowest already documented for different vegetation
types around the world [22,25,58—-61]. The low efficiency of
Cerrado trees in channelling the rain falling over their cano-
pies to the ground through their stems is linked to
functional traits such as stem tortuosity and inclination or
thick bark, common attributes of Cerrado trees that are
negatively correlated with stemflow efficiency [66].

Within the biomass gradient analysed, throughfall varied
from low values similar to those recorded in temperate eco-
systems up to values as high as those observed in tropical
regions [67]. Even though net rainfall encompasses both
throughfall and stemflow, the low contribution of the latter,
as observed in numerous ecosystems around the world [67]
does not change the trend for decreasing water reaching the
ground as tree biomass increases. The expected compensa-
tory effect between the two processes that could result in
similar values of net rainfall independent of the biomass
[58,59] was not observed in this study. The net rainfall
in the Cerrado vegetation is, therefore, almost entirely
determined by the throughfall.

Rain interception by the canopies in this study ranged from
3.4% of the gross rainfall in the open canopied to 20.3% in the
closed canopied savannah. We did not quantify ground inter-
ception. In addition to water retained by canopy, additional
rain is probably retained by small plants or litter across the bio-
mass gradient in the Cerrado vegetation, which would result in
an even lower proportion of rain reaching the soil. Rain inter-
ception by the canopies in this study was lower than values
recorded in different forest ecosystems around the world,
which were mostly above 20% [50]. If these values, however,
are analysed under the encroachment perspective, when an
open Cerrado vegetation turns into a forest after fire suppres-
sion (or due to other causes), the amount of water retained
by the canopy is six-times higher than the historical value,
increasing at a rate of 0.6% of total rainfall per year. Most
hydrological studies do not separate this arrested water
from that used by plants [8,16,18,47], which returns to the
atmosphere as transpiration, because it neither recharges
groundwater reserves or becomes streamflow. Transpiration
and rain interception have, however, completely different
ecological meanings [51]. While transpiration is a function per-
formed by trees taking up water from the soil and has
ecophysiological constraints, rain interception is a physical pro-
cess of the water evaporating from the leaf surface without
being used by plants, dependent only on environmental con-
ditions [17]. The amount of rain intercepted by the canopies

over a year, thus, can be considered as a direct decrease in
annual rainfall, with consequences for the ecological processes
and hydrological fluxes in a watershed. Given that water
returning to the atmosphere as vapour generally does not
become rain in the same location where it evaporates [27],
both increasing rain interception and transpiration result in
reduced streamflow [8,13,18].

() The robust relationship between long-term rain

interception and tree basal area
Within the range of the TBA analysed in this study, we esti-
mated that as TBA increases by 1 m?ha~}, there will be an
increase in 0.9% in the proportion of rainfall retained by the
canopies of Cerrado vegetation. Studies have demonstrated a
consistent increase in throughfall as woody biomass decrease.
For example, thinning of Pinus halepensis plantations in
Valencia, Spain, resulted in an increase of throughfall in 1%,
as TBA decreases by 1 m?ha ! [25], and data from Indonesia
show an increase of about 0.8% in throughfall, as TBA
decreased by 1 m?ha ! [22]. Despite most studies [22,26]
being wary about making predictions in other systems, we
noted a remarkable consistency of the relationship between
increase in TBA and the corresponding decrease in throughfall
in different studies and across vegetation types: a narrow range
of 0.8 to 1.0% less net rainfall as biomass of a particular
vegetation type increases in 1 m*ha . This pattern may be
very informative when predicting the hydrological conse-
quences of changes in vegetation biomass across the world.
The strong and consistent relationship between rain intercep-
tion and tree biomass supports the recommendation [25] of
using dendrometrical variables to inform forest management
aiming at water production, and TBA arises as a good predictor
from this and other studies [22,25,26].

Easily obtained, globally comprehensible, precise and not
dependent on destructive sampling, TBA can be a robust pre-
dictor of throughfall, stemflow and rain interception at the
community level, all crucial processes when elucidating and
quantifying the influences of vegetation on rainfall partition.
The recommendation of TBA as a predictor variable for
hydrological processes arises after decades of leaf area
index (LAI) being almost universally used as the community
attribute to predict rainfall partition, because this is, undeni-
ably, the variable most clearly related to rain interception and
transpiration [8,22,25,58]. However, even though LAI can be
essential for studies focused on hydrological processes in
individual trees, it is influenced by many different factors,
such as variability in space, time [22-24,58,68] and species
composition [22,58,68]. These factors reduce the predictive
power of LAI for a community as a whole or for long periods
(see, for example, [22]). Most criticisms of LAI as a predictor
variable for hydrological processes are valid also for canopy
cover. This descriptor of vegetation also varies with phenolo-
gical seasonality, and has low precision, because the different
methods of estimation (e.g. line interception, densitometers,
hemispherical photographs) result in different values for
the same plant community.

(d) Consequences of woody encroachment on the water
cydle

The inverse relationship between tree biomass and streamflow
is well known, on local [13,18] or regional scales [47]. Among
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the consequences of woody encroachment in savannahs and
grasslands is, therefore, the decrease in water productivity
[8,20]. A decrease in water production as tree biomass increa-
ses is a direct consequence of increasing rain interception
and transpiration.

Understanding the relationships between tree biomass,
transpiration, interception and streamflow has provided oppor-
tunities to predict change in water production in response to
management interventions [12,19]. Conflicts related to water
use due to trade-offs among different demands (human or
cattle consumption, industry, hydroelectricity and irrigation)
can be aggravated if woody encroachment or afforestation
cause biomass increases, probably culminating in total suppres-
sion of water supply in drier regions where the average annual
precipitation does not surpass 1000 mm [13]. Hydrological
responses to management interventions to avoid woody
encroachment or to reduce TBA (e.g. prescribed fires or thin-
ning) are, however, more relevant in regions under mesic
conditions, where rainfall surpasses evapotranspiration only
in part of the year. Management interventions are likely to be
more effective if soils are deep and well drained, capable of stor-
ing the excess of water falling during the rainy season that
supplies perennial springs and rivers in the dry season
[12,19]. These are the dominant environmental conditions in
the Cerrado biome.

The shift from savannah or grassland to forest vegetation
poses a trade-off between two highly relevant ecosystem ser-
vices—carbon sequestration and water supply [13-15]. While
there is a carbon market, because carbon sequestration benefits
the whole world, there is no value attached to water provision-
ing, a critical ecosystem service that has a much higher local

1. Archer S, Boutton TW, Hibbard KA. 2001 6.

value than carbon sequestration [13-15]. Besides the effects
on water provisioning, woody encroachment has indirect con-
sequences on ecosystem functioning [1,15] and biodiversity
[10,35,36]. Changes in the amount of rain reaching the ground
have the potential to cause habitat changes by decreasing soil
water availability for plants, soil fauna and microorganisms.

Re-establishing disturbance regimes to maintain the his-
torical vegetation structure and avoiding afforestation are
urgent and strongly recommended strategies to prevent the
negative consequences of woody biomass increase on the
water resources in the savannahs. As fire is the most relevant
disturbance conditioning the existence of savannahs and
grasslands in different regions of the world [3,41,44,69], pre-
scribed burning is among the strategies to maintain the
hydrological regimes in watersheds occupied by savannahs
and grasslands, especially when and where water supply is
the first priority among ecosystem services.
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