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a  b  s  t  r  a  c  t

Land  use  change  in  riparian  zones  is one  of  the most  significant  threats  to water  quality  in watershed
ecosystems.  Riparian  forests  play a major  role  in  protecting  water  quality,  and  there  is  a need  to  assess
the  role  of riparian  restoration  in reducing  nutrients  and  sediment  loading.  This  study  uses  watershed
simulation  modeling  to  evaluate  impacts  of  riparian  forest  restoration  on  water  quality  in  a  tropical
agricultural  watershed.  Soil  Water  Assessment  Tool  (SWAT)  is used  to simulate  streamflow,  suspended
sediment  and nutrients  of the  Sarapuí  River  watershed,  located  in southeast  Brazil.  We  observe  a  spatial
and  temporal  variation  in water  quality  impacts  of  changes  in  land  use/land  cover  (LULC)  and  rainfall
patterns.  Watersheds  with  agricultural  and  some  residential  areas  had  a  higher  sediment  and  nutrients
loads  than  forest  and  with pasture  land  uses,  especially  during  the  wet  season.  Forested  watersheds  in
general  had  a better  water  quality  than  other  LULC  types.  Riparian  restoration  in  the  study  watershed
can  reduce  suspended  sediment  (9.26%),  total  nitrogen  (22.6%),  and  total  phosphorus  (7.83%).  Protecting
riparian  zone  and  site-conservation  practices  is critical  to improve  water  quality.  We  observe  that  the
simulation  model  provides  a  satisfactory  baseline  of the  watershed  system  to evaluate  impacts  of  land
use  changes.

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The riparian zone is the interface between terrestrial and aquatic
ecosystems, playing an important role on nutrients and sediments
transfer (Kuglerová et al., 2014; Ou et al., 2016). Although the ripar-
ian forest can contribute to the water quality protection, it is one of
the most degraded ecosystems in the world (Nilsson and Berggren,
2000; Kuglerova et al., 2014). Replacing riparian forests by other
land uses decreases water quality due to bank erosion, increas-
ing nutrient and sediment loads into the river (Ding et al., 2013;
Ou et al., 2016; Yang et al., 2016a). In this context Zhang et al.
(2013) and Yang et al. (2016b), emphasizing the importance of
understanding the benefits from their restoration.

Riparian forest cover plays a major role in the biogeochemical
cycles in watersheds. The vegetation provides protection against
erosion, retention of pollutants, excessive nutrients runoff and it
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have influence in water temperature (Sopper, 1975; Sweeney et al.,
2004; Lima and Zakia, 2006; Mingoti and Vettorazzi, 2011; Schilling
and Jacobson, 2014; Tanaka et al., 2016) and benefits both the qual-
ity of human life and survival of aquatic species (Saalfeld et al.,
2012; Ding et al., 2013; Yang et al., 2016a; Tanaka et al., 2016). Par-
ticularly in the current context, agriculture and urban growth have
been appointed as the primary cause of water quality degradation
(Uriarte et al., 2011; Lin et al., 2015; Huang et al., 2016).

Cho et al. (2010) also used SWAT to simulate an intact ripar-
ian zone in a watershed, observing that the forested riparian zone
reduced 20.5% of sediment loads to the river. In this context, the
proximity to surface water has been used as a criterion for prior-
itizing areas for forest restoration in watersheds (Vettorazzi and
Valente, 2016).

Nejadhashemi et al. (2012) used models to evaluate land use
change impacts in agricultural watersheds, founding that conver-
sion from forest to urban and agriculture lands lead to greater
impact on hydrologic variables than for other land use conversions.

Studies have also reported the impacts of riparian land use on
water quality using hydrological models. Gitau et al. (2006) used a
model in evaluating a combination of best management practices
that include riparian buffers in reducing phosphorus loads. Moriasi
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et al. (2011) used a hydrological model to quantify the effect of
riparian forest buffer and Bermuda grass filter strip on sediment
yield in a reservoir in USA. Wiseman et al. (2014) and King et al.
(2016) also in the USA highlight the relation between manage-
ment practices in the riparian zone with the decrease the effects
of nonpoint pollution in the watersheds.

However, the impacts of riparian restoration in tropical river
basins are not well documented. Monteiro et al. (2016) observed
that riparian restoration to comply with Brazilian Forest Code could
reduce sediment load by 29.4% in a catchment in the Brazilian.
Concerning to this condition, we can highlight the Brazil scenario
relating with no accomplishment of laws relate to the riparian zone,
i.e. the land use in the buffer area is not only with forest; and the
fragmentation process the Atlantic Forest, that is a biodiversity
hotspot (Mittermeier et al., 2011). Nowadays, it is highly threat-
ened since it has been reduced to only 11% of its original cover
(Ribeiro et al., 2009). Considering its relationship with the water
quality and, as mention by Strassburg et al. (2016) that the forest
reduction affects the water quality and, consequently, water sup-
ply, there is a need to understand the importance of tropical forest
cover to water quality and how the riparian forest restoration can
contribute to the water resources conservation.

In this context, we use a watershed hydrological model to
simulate the effects of riparian zone restoration on water qual-
ity in tropical agricultural watersheds. It presents a comparative
evaluation of watershed-wide and riparian zone forest restora-
tion on water quality for policy considerations. This is important
in using riparian zone management within the broader context
of watershed systems. The specific objectives were: (1) to model
hydrological processes for streamflow and water quality in a
watershed system; (2) to evaluate the impacts of agricultural and
residential lands on sediment and nutrient loadings; and (3) to sim-
ulate a riparian zone restoration scenario and its impacts on an
agricultural watershed system.

2. Material and methods

2.1. Study area

The study area was the Sarapuí River Watershed (1550 km2),
located in the Sao Paulo State (between the coordinates UTM 23S
195,000 m and 265,000 m;  7,360,000 m and 7,420,000 m),  south-
east Brazil (Fig. 1).

Sarapuí River is a tributary of Tiete River, one of the main rivers
in Brazil, that showed the lowest values of the national water
quality index in 2014 (SMA, 2014). Sarapuí River watershed is a
particular case of an agricultural watershed close to very high-
density urban areas like Sorocaba and Sao Paulo. Sarapuí River
supplies four cities in the Sao Paulo State, and its proximity to
those areas represents trends for agricultural and urban sprawl
due to the demands from large cities. The watershed was  originally
covered by the Atlantic Rain Forest, which was replaced by agri-
culture, pasture, eucalyptus and residential (urban) areas. Pasture
and farm lands represent, together, 53% of the watershed. Agri-
culture crops included grains, fruits, and vegetables. Despite the
agricultural activities, 37% of the watershed was forest cover.

The main rivers flow from east to west and the drainage network
is particularly dense in watershed eastern portion, where there
are areas associted with the highest elevation. Thus, the density
of the drainage network decreases in the central and west regions.
Majority of soil types in the Sarapuí River watershed had red or
yellow tropical soils, mainly Latosols, and low-activity clays. How-
ever, other soil types also occurred in the watershed, as Gleysols
and young soils such as Regosols and Fluvisols. Gleysols occurred
more on the central and west portion of the watershed.

The region was  under the influence of Cwa climate (humid
temperate with dry winters). Annual precipitation was  between
1354.7 mm and 1807.7 mm  (CEPAGRI, 2014a,b), and with the
primarily from October through March. Between December and
February were the maximum precipitations (around 200 mm
monthly) (CEPAGRI, 2014a,b). Temperatures ranged from 5 ◦C to
32 ◦C, with an annual average of 20 ◦C. January and February were
the hottest months (monthly temperature average of 24 ◦C), and
June and July were the coldest months (monthly temperature aver-
age of 16 ◦C).

Six subwatersheds (numbered 1–6) were selected based on
physical characteristics and percentage of forest cover to establish
the experimental sites (i.e. watershed experimental). We selected
subwatersheds of low-order streams (3rd order) with similar area,
shape, average slope, and soil types, but varying in forest cover
percentage. The three subwatersheds with more than 55% of forest
cover (W1, W2 and W5  – Fig. 1) were named “forested”, while other
three, with 35% or less of forest cover (W3, W4  and W6 – Fig. 1) was
named “degraded”. According to Vannote et al. (1980), low-order
streams (orders 1–3) are strongly influenced by terrestrial inputs.

Subwatershed 5 had 75% of forest cover followed by subwa-
tersheds 1 and 2 (both with 60% of forest cover). Subwatershed
3 represents only 25% of forest cover, 30% of agriculture and the
largest residential area (12%). Subwatershed 4 had the largest agri-
cultural area (54%) and 35% of forest cover. Subwatershed 6 was
29% covered by forest, 32% by agriculture and 32% by pasture.

2.2. Conceptual model

The conceptual framework for the Sarapuí River Watershed
Model consisted of a system, which included the watershed hydro-
physical characteristics, land use/management and conservation
actions (riparian restoration), with water quality as the effect
(Fig. 2). We  used slope, hydrology, climate, soil and land use/land
cover (LULC) information to calibrate a hydrological model (SWAT-
Soil Water Assessment Tool) for the Sarapuí River to assess the
water quality characteristics and their relation to LULC pattern.
Then, we  created a new LULC map  simulating a 100% riparian
restoration, i.e. the buffer zone occupied 100% by forest cover.
The new scenario was used in the model to simulate water qual-
ity responses of riparian forest restoration. The conceptual model
presents the overall data flows in this research, of which hydro-
logic processes are simulated using the SWAT model, described in
section below.

2.3. SWAT model development

SWAT (Soil and Water Assessment Tool) model was used to
model streamflow, sediment yield (suspended solids) and nutrients
load (total nitrogen and total phosphorus). SWAT is a non-point
source pollution model created to predict long-term impacts on
water and water quality in watersheds with varying soils, land use,
and management (Neitsch et al., 2011). It is a continuous-time,
semi-distributed, process-based river basin model (Arnold et al.,
2012). It has been applied to understand the sediment losses and
nutrient loadings in watersheds around the world (Marshall and
Randhir, 2008; Reungsang et al., 2009; Wilson and Weng, 2011;
Poudel et al., 2013; Lin et al., 2015). It has also been used for simu-
lating riparian processes (Cho et al., 2010; Moriasi et al., 2011; Sun
et al., 2016; Monterio et al., 2016).

The model further divides subwatersheds connected by stream
networks. The model further divides into hydrologic response
units (HRUs) that are unique combinations of different LULC types,
soils, and surface slopes. Within each subwatershed, the areas
with similar LULC, soil types, and surface slopes are lumped
together into a single HRU. The model requires several datasets,
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