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A case study of a deliberate change in the design of a new Eucalyptus plantation, aimed at alleviating water impacts, was carried out
in an experimental catchment located in the center part of the State of Sao Paulo, Brazil. It involved the identification of saturated
areas in the catchment, based essentially on topographic analysis, as a tool to help in zoning of the new forest plantation, with the
objective of improving the flow of water to downstream users, as well as to avoid water quality changes. The design involved the
allocation of part of the identified saturated areas as water conservation areas, as well as a change in the spacing of the planting.
Measurements of tree growth at the age of two years of the new plantation reveal that the forest productivity of the new plantation
design, in terms of projected annual wood increment at the end of the rotation, will be similar to the old plantation scheme, despite
the loss of planted area. Preliminary results of the continuous monitoring of the catchment water balance appear to indicate that

the objective of increasing the catchment water yield may possibly also be achieved.

1. Introduction

Awareness about the need to consider watershed manage-
ment as a tool for the development of forest plantations man-
agement strategies that focus on both forest productivity and
environmental and social benefits, mainly in terms of main-
taining water supply and water quality to downstream users,
is increasing.

This hydrosolidary management strategy [1], of course,
is driven by the mounting evidence about the hydrological
effects of forest plantations, which show that in many situa-
tions they can decrease surface water generation and ground-
water recharge [2, 3]. It is also a necessary change in manage-
ment strategy in response to the growing water scarcity [4].
But most importantly, it is also a strategy that derives from
the need to devise forest plantation management plans that
are based on the concept of adaptive management, that is, a
plan that is focused on forest productivity, but also takes into
account the site specificities and terrain conditions, as well

as the social interests in the landscape, in a process of con-
tinuous learning and improving [5].

Available evidence is indicating that plantation forestry
may have specific hydrological characteristics that are related
to the fast rate of growth of the species used, with corre-
sponding high water consumption, and the short rotation
period of the forest stands, which does not permit the catch-
ment water balance to achieve hydrologic stability as the
forest cover ages [6, 7]. Catchment scale plantation evapo-
transpiration tends to increase with mean annual precipita-
tion and can be from about 100 to 250 mm higher than
grassed catchments for annual rainfalls of 1000 to 1500 mm,
respectively [8, 9]. Available results of hydrological studies
of forest plantations in Brazil [10], in terms of evapotran-
spiration and catchment water balance, are indicating that
in some parts of the country the catchment scale plantation
evapotranspiration will not differ from the climatic mean,
whilst in another conditions it may be higher and quanti-
tatively similar to the values estimated by Zhang et al. [9].



Clearly, these results show that there is no reason to expect
that forest plantations are always inherently bad to the water,
or that they would produce hydrological effects of the same
magnitude in all situations. Instead, these results show that
the control of water impacts is very much dependent on the
implementation of sustainable strategies of forest plantation
management.

For example, considering the different climatic condi-
tions, in water-limited regions the potential reduction of
water resources caused by forest plantations is smaller, in ab-
solute terms, than in wetter regions, but the impact can be
socially more damaging due to the already scarce water avail-
ability [11]. And for a given climatic condition, several op-
tions are available for devising sustainable forest manage-
ment strategies in order to control or minimize the poten-
tial water impacts, involving terrain conditions, planting
arrangement, species physiology, water use efficiency, vari-
ation in stand age, spacing, site productivity, forestry oper-
ations, percentage of catchment area planted, and so forth
[2, 8, 12—14]. Invariably, all of them are very much dependent
on the foremost assumption that the management plan
must be based on the catchment, for the catchment is the
natural scale of the water in the landscape and, from the
standpoint of hydrosolidarity, the most important indicator
of the potential hydrological effects of forest plantations is
the catchment water balance [1, 4, 15, 16].

The location and spatial arrangement of the plantations
within the catchment can influence streamflow generation.
There is evidence that the magnitude of this influence is
proportional to the fraction of the area planted [8, 17]. On
the other hand, water tends to accumulate in the lower parts
of the catchments, where the water table is also close to the
surface. Trees located in these saturated areas present out-
standing growth rate, as compared to those growing in the
upper parts of the catchment and early studies demonstrated
that the removal of these riparian vegetation increased catch-
ment water yield [18]. Therefore, keeping the plantations
away from these saturated areas will contribute to maintain
the flow of blue water downstream [1], being thus a recom-
mended management practice of water conservation and also
a common land use policy in many countries. In Brazil, for
instance, these areas closed to the streams, limited to a fixed
30 m strip in both sides of the stream, as well as along a radius
of 50 m of the spring in the catchment headwater, are legally
protected. However, saturated areas do not occur linearly and
it may thus be that in many situations these fixed limits will
not be enough to achieve the purported objectives of water
protection.

The knowledge of the functioning of these saturated
areas, which can occur wherever the soil’s capacity to store
water is exceeded, was developed from the early concept of
Variable Source Area [19-23], which was useful in explaining
streamflow generation in forested catchments in response to
rainfall, in contrast with the old established Hortonian con-
cept of overland flow generation [24]. The core of the vari-
able source area concept is a combination of two processes
that occur during rainfall: slope soil water movement and
channel expansion [21, 25, 26]. Rain falling on the saturated
areas of the catchment runs off as saturated overland flow.
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FiGure 1: Location of the Aguai experimental catchment in the
State of Sao Paulo, Brazil.

For the same reason, these areas are also a potential source
of contaminants that may impair water quality [27, 28]. Be-
cause of that, it is important that these areas be protected by
their natural vegetation, in order to preserve its hydrological
functioning and prevent catchment degradation [29, 30].
Therefore, it is most important to determine the location of
these saturated areas of a catchment, to help in zoning of the
forest plantation design, which will contribute to improve the
flow of water downstream, as well as to avoid water quality
changes and catchment degradation.

In this paper, we describe a case study of a deliberate
change in the design of a new Eucalyptus plantation in an ex-
perimental catchment located in the center part of the State
of Sao Paulo, Brazil, with the objective of keeping the Euca-
lypt trees away from identified saturated areas of the catch-
ment, other than the legally required strip along the stream
and headwater.

2. The Study Area

The experimental catchment is part of the PROMAB, a
cooperative research program of hydrologic monitoring of
forest plantations of IPEF, Institute of Forest Research and
Studies, under the coordination of the Forest Hydrology Lab-
oratory of the Forest Science Department of the University
of Sdo Paulo. This cooperative program comprises presently
20 experimental catchments in several parts of Brazil. Some
of these catchments were installed as a paired catchments
project, while most of them follows the single catchment
approach, as is the case of the study catchment, which was
installed as an experimental catchment for the monitoring
program in January 2002.

The experimental catchment is located at International
Paper forestland in the municipality of Aguai, State of Sao
Paulo (22°06"10""S/40°53'25""W) (Figure 1). The catchment
has an area of 75.2 ha. Eucalyptus plantations occupy about
61% of the catchment total area. 37% of the remaining area
is covered with native vegetation, while forest roads comprise
1.5%.

In terms of soils, Folic Cambisol comprises 72% and Red
Podzolic soil comprises 21% of the total catchment area.
Both these soils are relatively shallow, with an overall depth
not greater than 40 cm, in direct contact with the limestone
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parent material. Therefore, around 93% of the catchment
area is comprised of shallow soils, and such conditions are
reflected in the hydrological functioning of the catchment,
which is characterized by flashy hydrological response to
rainfall events and an intermittent stream flow regime. Usu-
ally, stream flows from October through June, as a reflection
of the rainy season of the region (October through March).
In general, there is no streamflow during the months of July,
August, and September.

The Eucalyptus plantation (hybrid of E. urophylla and
E. grandis) was planted in 2000, at a spacing of 3.00 X 2.75m
and was clearfelled in 2007. After the harvesting, besides the
exclusion from planting of some of the identified saturated
areas, other than the legally prescribed, a new plantation with
hybrid of the same species but different clone was established
in 2008 in the catchment, at a spacing of 6.00 x 1.40 m. It is
expected that this new spacing design will compensate for the
loss of planted area, and, hopefully, also for water conserva-
tion, because of the possible hydrological effects of the new
plantation architecture [14].

3. Methods

The hydrological monitoring of this catchment involves the
continuous measurement of precipitation, with a recording
rain gauge, and discharge, with the use of a stream gauging
station with a mixed triangular and rectangular weir, in
which water stage is continuously measured by an electronic
device, at a 15 min interval.

Routine field observations indicated the occurrence of
wet areas outside the legally protected strip of 30 m of the
stream channel (see Figure 3), which prompted a study aim-
ing at the identification and mapping of the saturated areas in
the catchment, which was carried out before the clearfelling
of the Eucalyptus plantation in 2007.

Catchment limits were handily defined using topograph-
ical maps (scale 1:10,000, IGC/SP 1979) and digitized on
screen. Contours, elevation points, and stream lines were
digitized and a digital elevation model (DEM) was generated
based on 5m interval contour lines by the algorithm TOPO
to RASTER. These procedures were conducted in ArcGis 9.2
[31], adopting the UTM coordinate system, zone 23S, and
datum Corrego Alegre.

The identification of the saturated areas was basically
done by topographic analysis [22] using the Topographic In-
dex (TI) as a proxy of Variable Source Areas (VSA), and it
was used to identify the saturation probability [32-34]. This
index represents a physical parameter easily calculated, based
on elevation and soil data of the area. Thus, TI could be cal-
culated using hydrological models on most common Geo-
graphic Information Systems (GIS) [35].

Topographic index has been successfully used to estimate
saturation probability in several studies [34-36]. Notwith-
standing the better performance of dynamic models for the
prediction of saturation areas, topographic index was able to
reach 86% of model effectiveness [34]. However, the use of
TI requires some assumptions: steady-state flow, uniform
recharge rates, absence of unsaturated lateral flow, subsurface

lateral flow, subsurface relief similar to surface relief and
hydraulic conductivity exponential and equal over the area
[36]. The study catchment appears to attend most of these
assumptions, mainly because of the uniformity and shallow-
ness of the two prevailing soils and absence of significant
subsurface water storage. These conditions indicate that the
main factor governing the movement of surface water is
topography.

The topographic index was calculated considering the
equation proposed by Beven and Kirkby [37] and also pro-
posed as proxy of saturated areas [35]:

AZIn(tan(ﬁ)-&-D)’ (1)

where A is topographic index (In(d - m™!)); a is upslope pixel
contribution area (m?); f3 is local surface topographic slope
(radians); K is mean saturated hydraulic conductivity of the
soil (m-d~1); D: soil depth (m).

The components « and 8 were calculated directly on
ArcGIS, using a filled DEM as source. For accumulated con-
tribution area («), a multiple flow direction [38] was used,
since it presents better performance than 8-direction flow
[34]. Since the catchment soils are predominantly homoge-
nous (72% of Cambisols plus 21% of Red Podzolic soil), K
was considered as constant over the area. Again taking into
account the soils conditions, soil depth was estimated using
the methodology proposed by Renno et al. [39]. Following
Aryal and Bates [33], the minimum possible resolution was
used according to the original contour maps scale 5 meters.
This resolution was also tested by Sorensen and Seibert [40],
with good results on the mapping of saturated areas.

Topographic index results in a range of values that is cor-
related to saturation probability [35]. However, saturation
probability varies along the year, according to precipitation
regime and amount. Therefore, in order to define a threshold
value, some selected hydrographs of the period prior to the
clearfelling and for the period after clearfelling were used for
stormflow analysis and estimation of the relation between
rainfall and stormflow. The separation of direct flow and base
flow was made using the procedure developed by Hewlett
and Hibbert [20]. An example of the selected hydrographs
that were analyzed is given in Figure 2 and the summarized
results of such analysis is given in Table 1. As given in this
table, we considered that, on average, 12% of typical rainfall
becomes stormflow and this percentage was used to define a
threshold, also considering that saturated areas are the main
sources that contribute to stormflow in forested catchments
[20]. In order to establish a threshold to identify saturated
areas, T1 values obtained for each pixel were sorted and we
selected the highest values that represent 12% of the catch-
ment area.

4. Results and Discussion

The results of the identification of saturated areas of the study
catchment are presented in Figure 3. Most of the saturated
areas occur near the stream channel and large patches are
concentrated around the spring in the catchment headwaters,
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TABLE 1: Summarized results of the analysis of rainfall-storm flow
of selected hydrographs for the period prior to the clear felling of the
old Eucalyptus plantation (Mature forest) and after the clear felling
(Young plantation).

Precipitation (mm) Ratio (%)

Jan/03/2008 211 1.5

7yrold Jan/17/2008 12.2 1.2
Jan/19/2008 34.0 17.5
Feb/03/2008 30.0 16.4

Average 24.3 9.1
Jan/28/2009 21.6 31.7

Young Mar/11/2009 16.2 10.8
plantation Apr/05/2009 32.8 10.7
Jun/27/2009 16.8 2.5
Average 21.8 13.9

which is in agreement with the protection of these areas.
Also, it is possible to observe some strips of saturated areas
in the northeast portion of the catchment, probably rep-
resenting intermittent channels that flow in precipitation
events. As can be seen in this figure, the legally protected area
with a fixed strip around the streams, as determined by the
Brazilian Law, is not always enough to protect all saturated
areas of a catchment. In some cases, this may create situations
where areas of the catchment that could be planted are set
aside as protection areas, whilst other areas, hydrologically
critical, are free to be planted. Because of that, it may be dif-
ficult to establish an ideal catchment management strategy
without compromising the main economical objective of
forest production. In this case, for instance, the area incor-
porated as water protection area in the new planting design
indeed included part of the identified saturated areas of the
catchment, but not all of them, and this had to do with other
operational constraints, forest road design, harvesting plan-
ning, and so forth.

Nevertheless, this new planting scheme, besides protect-
ing part of the hydrologically critical areas, also decreased the
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FIGURE 3: Map of the experimental catchment showing the identi-
fied hydrologically sensitive areas.
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FIGURE 4: Scaled schematic representation of the catchment land
use in the former in comparison with the new planting design.

percentage of the catchment area under plantation, which is
also a management strategy for water conservation. To illus-
trate the changes that occurred in the catchment, Figure 4
gives a scaled representation of the areas with plantation, the
area legally protected by the Brazilian Forest Code (APP), the
identified saturated areas, and the proportion of these satu-
rated areas that has been incorporated as protected areas. As
given in this figure, the effective planting area decreased from
72% to 54% of the total area of the catchment. On the other
hand, protected areas increased from 21% to 41%. This in-
crease was a result of the incorporation of 13% of the catch-
ment area as a deliberate expansion of the “APP” protected
area, and 7% corresponding to the new area incorporated as
protected area. With this change in land use, the saturated
area under protection increased from 58% to 72%.
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FiGure 5: Evidence of hydrologically sensitive area being occupied
by the former Eucalyptus plantation in the study catchment.

It is interesting to observe that in this catchment a large
proportion of the saturated areas is located in middle slopes,
farther from the edges of the intermediate tributary, as well
as in the headwaters of the right tributary, and they were
under Eucalyptus plantation during the former rotation.
Figure 5 shows a field observation of saturated area located
in the center part of the new protected area, attested by the
green understory grass and accumulated water in the surface.
As mentioned before, this area is probably an intermittent
channel that concentrates flow in precipitation events. In this
case, it is possible to observe that unprotected saturated areas
may cause many operational problems like soil compaction,
erosion, and road maintenance.

The changes occurred in the catchment, in terms of
planted area, saturated areas, area occupied by forest roads,
trees height, trees DBH, stand volume, and projected average
annual increment, comparatively between the former plan-
tation and the new plantation design, are summarized in
Table 2.

An illustration of the comparative DBH classes distribu-
tion between the former and the new plantation design can
be seen in Figure 6. It can be seen that the new plantation
design appear to be growing more uniformly, with concen-
tration of most trees in the central classes of DBH, at the age
of 2 years.

The results of the field measurements of the comparative
growth of the former and the new plantation in the study
catchment, at the age of two years of both plantations, as well
as the projected average annual increment of wood at the end
of the rotation period of the new planting (7 years), given
in Table 2, show clearly that it is possible to develop new
forest management designs, aimed, of course, at the primary
objective of maintaining plantation productivity, but now
imbedded with water conservation values, when the manage-
ment plan is focused on the catchment. In the present study,
this water conservation value strategy was based on the pro-
tection of hydrologically critical saturated areas of the catch-
ment, which is intended to increase the flow of water to
downstream users, and on a different design of the new
planting, which intends to result in increased net precipita-
tion, by reducing interception losses [41, 42] and decreasing
percentage of the occupation of the catchment area by the

TaBLE 2: Comparative values of the changes occurred in the exper-
imental catchment, in terms of planted area, water conservation
area, area of forest roads, fertilizer consumption, average stand
height, DBH and volume, at the age of 2 years, and projected average
annual increment of wood at the end of the rotation period (7
years), also based on the parameters measured at the age of 2 years,
pulp production and tons of pulp per hectare, between the former
plantation and the new plantation design.

Parameter Former New
plantation plantation

Planted area (ha) 49 45

Protected areas (ha) 24.84 29.98

Forest roads area (ha) 5 4

Fertilizer consumption

(ton-ha 1) 370 345

Average stand height at the age of 11.98 11.66

2yr (m)

Average stand d.b.h. at the age of 9.71 8.97

2yr (cm)

Average stand volume (m?) 48.05 43.64

Ave3rageielmnuali increment 3973 38.34

(m?-ha!-year™')

Pulp production (ton) 3,370 3,124

Tons of pulp per hectare 67.5 70.8
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FIGURE 6: Comparative distribution of the DBH classes between the
old and the new plantation design.

new plantation, which is related to a decrease in water con-
sumption [2]. On the long run, these changes together will
probably result in a more conservative catchment water ba-
lance. This is equivalent to a more equitable distribution of
the income rainfall between green water (evapotranspira-
tion) and blue water (streamflow), which attends the social
objective of hydrosolidary management of plantation forests.

Table 3 summarizes the results of the hydrologic moni-
toring of the study catchment, with the annual values of the
catchment water balance, comparatively between the period
of monitoring of the former plantation with the period of
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TaBLE 3: Comparative results of the measurements of the study catchment water balance between the former Eucalyptus plantation
(2002-2008) and the first two years of the new plantation (2008-2010). The water year runs from August through September. P: annual
precipitation. Q: annual water yield. ET: catchment scale evapotranspiration.

Water year P (mm) Q (mm) ET (mm)
2002-2003 1150 206 943
2003-2004%) — — —
2004-2005 1202 225 978
2005-2006 1276 146 1130
2006-2007 1310 219 1091
2007-2008*) 1601 237 1364
Average for the period 1308 207 1101
2008-2009 1553 313 1240
2009-2010 1716 767 949
2010-2011 1537 420 1107
Average for the period 1602 500 1099

(*) Data from this water year was dropped because of electronic equipment failure. (**) The harvesting of the former plantation was carried out in July (dry

season) of 2008, immediately followed by the new planting.

monitoring of the first three years of the new plantation
design.

For comparison, the 30-year mean climatic water balance
for the region where the study catchment is located is as
follows: precipitation = 1346 mm; potential evapotranspira-
tion = 1026 mm; actual evapotranspiration = 946 mm; water
surplus = 400 mm. As can be seen, the average catchment
water balance is very similar to the climatic mean. As ex-
pected, the catchment scale evapotranspiration is higher than
the mean climatic actual evapotranspiration, as a result of the
plantation growth. Nevertheless, in this case the average val-
ue of the relation of catchment scale evapotranspiration and
precipitation is around 80%. In some situations, this can be
as high as 95% [43].

The results of Table 3, of course, should not be taken
as indication of the hydrological effects of the new planting
scheme, since there are only three years of the new plantation,
and also because the annual precipitation of these three years
was greater than the historical mean, which could be part
of the increase in the catchment water yield. It should also
be considered that the new plantation scheme is still in the
early stage, meaning that the water demand during this early
stage may be lower [3]. Nevertheless, the comparison of the
water balance of the last year of the former period with the
average of the new period shows that the annual precipitation
is about the same, whilst catchment water yield is about
300 mm higher, and this may be a result of the increase in the
protection of the catchment saturated critical areas.

The comparative results of catchment water balance of
forest plantation in different parts of Brazil given by Lima
[10] show that the region where the study catchment is locat-
ed is characterized by a climatic water balance that lies be-
tween the balance observed in the drier northeast region of
the country, with very low water surplus (less that 100 mm),
and the wetter southern region, where the climatic water bal-
ance is characterized by large water surplus (over 700 mm).
Therefore, the greater evapotranspiration of forest plan-
tations evidenced in experimental catchment studies, as

compared to lower vegetation, could result in a decrease of
the already low water surplus in the study region. Thus, man-
agement strategies that are intended to water conservation,
such as the ones described in the present study, may decrease
possible water impacts and therefore be more hydrologically
sustainable.

The search for sustainable forestry, through adaptive
management, involves processual changes, innovation, con-
tinuous improvement, and continuous learning guided by
monitoring results.

5. Conclusion

Evidence indicates that forest plantations, because of their
fast rate of growth, present higher water consumption, as
compared to other vegetation. The magnitude of the possible
impacts of this higher water consumption is very much de-
pended on the interaction with local climatic and soil condi-
tions. Where needed, management strategies can be devised
to alleviate water impacts. Plantation design, in terms of
spacing and percentage of occupation of the catchment area,
as well as deliberate inclusion of hydrologically critical areas
of the catchment as water protection areas appear to produce
encouraging results. The Brazilian Forest Code indeed con-
tributes for this objective of hydrosolidarity, in the sense of
increased flow of water to downstream users. However, as
shown in this study, the legally protected areas are not always
enough to encompass the entire range of the catchment sat-
urated areas.
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