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Abstract: Riparian vegetation represents a protective barrier between human activities installed in
catchments and capable of generating and exporting large amounts of contaminants, and stream
water that is expected to keep quality overtime. This study explored the combined effect of landscape
composition and buffer strip width (L) on stream water quality. The landscape composition was
assessed by the forest (F) to agriculture (A) ratio (F/A), and the water quality by an index (IWQ)
expressed as a function of physico-chemical parameters. The combined effect (F/A × L) was quantified
by a multiple regression model with an interaction term. The study was carried out in eight catchments
of Uberaba River Basin Environmental Protection Area, located in the state of Minas Gerais, Brazil,
and characterized by very different F/A and L values. The results related to improved water quality
(larger IWQ values) with increasing values of F/A and L, which were not surprising given the
abundant similar reports widespread in the scientific literature. But the effect of F/A × L on IWQ
was enlightening. The interaction between F/A and L reduced the range of L values required to
sustain IWQ at a fair level by some 40%, which is remarkable. The interaction was related to the
spatial distribution of infiltration capacity within the studied catchments. The high F/A catchments
should comprise a larger number of infiltration patches, allowing a dominance of subsurface flow
widespread within the soil layer, a condition that improves the probability of soil water to cross
and interact with a buffer strip before reaching the stream. Conversely, the low F/A catchments are
prone to the generation of an overland flow network, because the absence of permanent vegetation
substantially reduces the number of infiltration patches. The overland flow network channelizes
runoff and conveys the surface water into specific confluence points within the stream, reducing or
even hampering an interaction with a buffer strip. Notwithstanding the interaction, the calculated L
ranges (45–175 m) are much larger than the maximum width imposed by the Brazilian Forest Code
(30 m), a result that deserves reflection.
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1. Introduction

Riparian buffers represent undeniable benefits to stream water quality in catchments affected by
agricultural nonpoint source pollution [1–4]. The benefits occur because riparian buffer strips favor
physical processes, such as infiltration, sediment deposition or adsorption, as well as biochemical
mechanisms, such as nutrient uptake or denitrification [5–7]. The role of riparian vegetation in the
retention of nutrients and sediments has been reviewed in various studies [8–12]. A key parameter of
riparian buffers is the width. Several studies refer minimum thresholds for riparian buffer width [13],
while in some countries, such as Brazil or the United States, this width has been legally imposed or
recommended [14,15]. However, other studies consider fixed-width recommendations problematic
because riparian ecological responses are highly variable [8], and hence, optimal buffer widths are
expected to vary from site to site [13]. On the other hand, width is just one among other major factors
influencing stream water quality. Other key factors are landscape composition and patterns.

Following an early work by Kuehne, dated from the 1960s [16], numerous studies investigated the
impacts of landscape composition and patterns on stream and lake water quality [17], even reporting
that landscape characteristics are critical to water quality [18,19]. The reports evolved from cases where
the relationship between the composition of landscape and the variation in water quality indicators
was explored [20], to cases where the focus was moved to the spatial arrangement of the landscape
(patterns) [21,22]. In the earlier studies, good water quality was generally associated with undeveloped
watersheds dominated by forest land use, while poor water quality was linked to human development
activities, such as agriculture [23]. In the more recent studies, a variety of landscape metrics was
used to explain the correlation between landscape patterns and stream water quality, including patch
density, largest patch index, landscape shape index or contagion [24–27].

The assessment of stream water quality based on the correlation with buffer strip widths or
on the relationship with landscape composition usually leads to distinct results, and sometimes the
standpoints are antagonistic. Various studies have shown that landscape composition within the
river basin are decisive to identify the impacts of human activities on water quality [28,29], while
other studies stated that patterns at the riparian buffer zones are more powerful to explain those
impacts [30,31]. Eventually, the observed discrepancies were related to the dataset structure. Riparian
variables are expected to become better explanatory variables when the land use is fairly homogenous
and/or one land use category is widely dominant, as occurred in the [30,31] studies. In other cases,
the landscape composition is almost always the first explanatory variable. However, discrepancies can
also be interpreted as a scale problem [32]. The combined roles of the whole basin and buffer strip
scales have been discussed in recent studies [33–36]. It has been reported that water quality varies
along the direction of flow, due to human activities and the changing size of the buffer zone, and the
self-purification ability of the water is influenced by the landscape composition in the river basin [37].

Despite the abundance of scientific literature on the relationship between stream water quality,
buffer strip widths and landscape composition, a specific issue has not been tackled so far: The potential
interaction among buffer strip widths and landscape composition. The studies mentioned in
the previous paragraph link stream water quality variations to changes in buffer strip width
and(or) landscape composition, acting independently as main effects, but fail to address potential
joint effects. However, interactions among main effects are widely discussed in the scientific
literature about regression models [38–40], and can play a role in the context of water quality
assessments and their correlation with multi-scale factors. For example, stream water quality
could be improved with narrower buffer strips if an enhanced self-purification of runoff was
accomplished within a rural catchment by a large proportion of forest areas relative to agricultural areas.
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The negative consequences of overlooking interaction effects have been discussed in some forums
(https://statisticsbyjim.com/regression/interaction-effects/). When interaction effects are statistically
significant, the main effects cannot be interpreted without considering the interactions, under the
sentence of severe misinterpretation of results and prognosis.

The general purpose of this study was to explore the relationship between water quality variation,
landscape composition, buffer strip widths, and potential interactions between composition and widths.
This general goal comprised the following specific objectives: (1) Investigate potential interactions
between landscape composition and buffer strip widths using a linear regression model with and
without an interaction term; (2) determine the range of buffer strip widths that ensure a regular water
quality, as a function of a landscape composition index (ratio native forest/agriculture), with and
without considering the interaction effects; (3) interpret the results from a management standpoint.
The research was carried out in the Uberaba River Basin (state of Minas Gerais, Brazil), namely within
the Municipal Environmental Protection Area (EPA-MURB) located at the headwaters. The study area
comprises eight sub-basins of EPA-MURB. Watercourses in these catchments may be affected by a
diversity of non-point (diffuse) pollutants, including nitrogen and phosphorus from fertilizers or fine
sediments from soil erosion, mostly derived from sugar cane plantations. In this study, water quality
was assessed by an index that involves the measurement of dissolved oxygen, turbidity, total dissolved
solids, which means parameters that can be interpreted as proxies to those pollutants. The index
is called IWQ—Index for Water Quality and was proposed by the Environmental Company of São
Paulo State—CETESB (https://cetesb.sp.gov.br) to be used in water quality assessments. The regression
models were first applied to the IWQ and then to its formation variables, with the purpose to identify
the most influencing ones. The studied watercourses are characterized by approximately 15, 30 and
50 m wide riparian forests. The reason for selecting these buffer widths relates to the rules imposed
in the Brazilian Forest Code (Law No. 12651/12). There are two rules: The transition rule takes into
account the size of land property calculated as fiscal modules and creates a distance from the stream
margin that goes from a minimum of 5 m to a maximum of 20 m, considering the regular river bank;
the permanent rule defines 30 m as unique distance. The rationale was, therefore, to span buffer widths
that enclose these limits, considering the real buffer widths observed in the field.

2. Materials and Methods

2.1. Study Area

The study area encompasses the Municipal Environmental Protection Area of Uberaba River
Basin (EPA-MURB), which covers 528.1 km2 of Triângulo Mineiro Region, State of Minas Gerais, Brazil
(Figure 1). The EPA-MURB is located in the Brazilian Central Plateau, and the Northeast portion
of Paraná River Basin, between the altitudes 710–1040 m and within the planimetric coordinates
188–220 km East and 7815–7840 km North expressed in the Universal Transverse Mercator system, zone
23K. The topography is characterized by undulated landscapes, sometimes incised by steep valleys.

Geology is dominated by two groups and associated formations (Figure 2a). The São Bento Group
and associated Serra Geral Formation is composed of Lower Cretaceous grey to black basaltic lava
flows (15–70 m thick), cropping out at lower altitudes. The Bauru Group, which overlays the São
Bento Group along with an erosive contact, comprises the Uberaba Formation overlaid by the Marília
Formation, being both composed of Cretaceous sandstones and conglomerates. The contact between
the two sequences is abrupt, being marked by a silexite level and a conglomerate rich in quartz grains
cemented with calcite [41]. The latosols dominate the landscape while the argisols occupy just small
areas (Figure 2b) (https://www.embrapa.br/solos/sibcs). The latosols are characterized by clayey texture,
whereas the argisols are characterized by sandy texture. Soil erosion may be intense because the land
is prepared for seeding in the Autumn season, a period characterized by erosive rainfall events [42].

https://statisticsbyjim.com/regression/interaction-effects/
https://cetesb.sp.gov.br
https://www.embrapa.br/solos/sibcs
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Figure 1. Location of the Environmental Protection Area of Uberaba River Basin in the Uberaba
Municipality, State of Minas Gerais, and Brazil. Adapted from Valera et al. [15].

Climate is tropical (Aw in the Köppen’s classification scheme) and the climatic domain is
semi-humid with 4 to 5 dry months and relative humidity of 70–75%. The temperature ranges between
20 and 24 ◦C, on the annual average. The period from October to February observes the warmest
temperatures that vary between 21 and 25 ◦C. The coldest month arrives in July, when temperatures
drop to 16 to 18 ◦C. Based on a sixty-two years record, mean annual precipitation of 1584.2 mm is
estimated for Uberaba municipality. The amount of rainfall varies considerably during the year, with
average values ranging between 42.8 and 541 mm (www.inmet.gov.br/).

Agriculture and livestock production are important economic activities in the EPA-MURB. These
areas form a mosaic where they alternate with spots of native vegetation (Cerrado), as illustrated in
Figure 3. The landscape has changed significantly in the past half-century. In the 1960s, the Cerrado
was the dominating land cover, reaching 40% of the EPA-MURB. In the following decades, expansion of
managed pastures and (to a smaller extent) areas used for short-cycle agriculture (mostly corn and rice)
caused a significant reduction in the share of native vegetation in the region. More recently, large areas
have been converted to sugar cane plantations related to the production of energy from ethanol [43].
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On 20 January 1999, the EPA-MURB was legally protected through the State Law No. 13183,
for an area of 463 km2, being recognized as Sustainable Land Use Conservation Unit because
of its important groundwater resources and remnants of Cerrado Biome. On 28 December 2005,
the protection has been considered at Municipal level by the Law No. 9892 for an area of 528.1 km2.
The management plan for the EPA-MURB was published by the Municipal Secretary of the Environment
(http://www.uberaba.mg.gov.br/), which divided the area into five zones: (1) Urban consolidation zone;
(2) tourism and/or leisure development zone; (3) agricultural area; (4) conservation area of natural
resources and (5) recovery zone. Recently (2017), Complementary Law No. 561 has regulated the
urban perimeter within the EPA-MURB.

2.2. Studied Sub-Basins

The studied sites comprised eight small to medium sub-basins selected within the EPA-MURB
(Figure 4), with areas ranging from 136.3 hectares (Borá 1 sub-basin) and 3764 hectares (Lajeado
sub-basin). The distribution of main land uses or covers is summarized in Table 1. In all cases the
catchments were mostly used for agriculture, namely sugar cane plantations, as well as natural or
managed (used for the grazing of domestic livestock) pastures. The use for agriculture (“A” column in
Table 1) represents 56.7% (Borá 2 sub-basin) to 88.8% (Borá 2 sub-basin) of the catchment areas, and
therefore, they can be considered basins with significant anthropogenic influence. Besides the use
for agriculture, the eight catchments are substantially covered with native (Cerrado) and managed
(eucalyptus) forests (“F” column), with proportions to the agriculture use (“F/A” column) ranging from
0.1 to 0.7. The other uses or covers (“Other” column) comprise the rural dwellings, water bodies (lakes
and reservoirs), roads, orchards and areas used for rainfed or irrigated corps. The riparian buffers
marginal to the watercourses (“L” column) were characterized by quite different widths: On average
and approximately, 15 m in the Alegria, Lageado and Mangabeira 1 sub-basins; 30 m in the Borá 1,
Mangabeira 2 and Uberaba sub-basins; and 50 m in the Borá 2 and Lanhoso sub-basins. The water
samples were collected at the sub-basins’ outlets.

http://www.uberaba.mg.gov.br/
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River Basin.

Table 1. Land use and cover within the studied sub-basins. Symbols: L—approximate average
width of riparian buffer marginal to the water course, observed in satellite images; F—forest cover
(native or managed); A—use for agriculture (sugar cane plantations; natural and managed pastures);
Other—other uses or covers.

Sub-Basin Area (ha) L (m) F (%) A (%) Other (%) F/A L × F/A

Alegria 1263.4 15 21.3 75.4 3.3 0.3 4.2
Lajeado 3764.8 15 30.5 67.9 1.6 0.4 6.7

Mangabeira 1 373.1 15 36.1 63.7 0.3 0.6 8.5
Borá 1 136.3 30 9.3 88.8 2.0 0.1 3.1

Mangabeira 2 426.6 30 31.1 68.0 0.9 0.5 13.7
Uberaba 1737.0 30 3.4 81.5 15.0 0.0 1.3
Borá 2 409.4 50 40.5 56.7 2.8 0.7 35.7

Lanhoso 1243.6 50 37.5 62.1 0.3 0.6 30.2

2.3. Water Sampling and Physico-Chemical Analyses

The stream water samples were collected in the streams, 60 cm far from the stream margin, in
sectors that were adjacent to the riparian buffer. The sampling campaigns were conducted on a monthly
basis, from January 2016 to January 2017 (13 months). The sampling took place from calendar days 15
and 20, every month. The year of 2016 was dry because the annual rainfall (1214.4 mm) was smaller
than the local long-term average precipitation (1584.2 mm). Table 2 reviews the prevailing weather
conditions in the sampling days, as well as during the three antecedent days. The sampling days
were characterized by low rainfall (<5 mm), with the exception of February 2016 and January 2017
campaigns. In these two campaigns, rainfall during the sampling day has reached 5.9 and 10.9 mm,
respectively. Average rainfall in the three antecedent days was also small (3.5–5.8 mm), with the few
exceptions represented in Table 2 in boldface. The exceptional days were 13 November 2016, and 16
January 2017, with precipitation >25 mm. Taken altogether, the average analytical results should be
related to long-term effects of landscape composition and buffer strip width on the quality of stream
water, rather than short term effects associated with storm events.
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Table 2. Weather conditions (rainfall) in the water sampling day and the three antecedent days (day-1
until day-3). Values larger than 10 mm day-1 are represented in boldface. Source: Valera et al. [15].

Water Sampling Date
Year 2016 2017

Month January February March April May June July August September October November December January
Day 19 16 15 19 17 21 19 16 20 18 15 20 17

Rainfall (mm)

Day 2.0 5.9 4.0 2.4 0.5 0.2 0.0 0.8 0.1 3.7 1.9 2.3 10.9
Day-1 8.0 8.7 5.5 1.2 2.8 0.0 0.0 0.0 0.7 4.7 13.9 2.6 27.0
Day-2 3.4 2.9 2.3 0.9 0.1 0.0 0.0 0.0 0.1 4.9 32.4 5.0 10.0
Day-3 16.6 2.8 6.3 3.7 0.9 0.0 0.0 0.0 0.0 0.6 8.4 1.4 4.4

The measurement of water quality parameters in every campaign involved 10 repetitions,
as recommended in the CONAMA’s Resolution No. 357/2005. The parameters were measured
using a Horiba U-50 Series multi-parameter probe, and comprised: T—water temperature (◦C), pH,
ORP—Oxidation Reduction Potential (mV), Ec—Electrical conductivity (µS cm−1), Turbidity, measured
in Nephelometric Turbidity Units (NTU), DO—Dissolved oxygen (mg L−1), PDO—Percentage of
Dissolved Oxygen (%), and TDS—total dissolved solids (mg L−1). The analytical results are provided
as Supplementary Material.

A subset of parameters was used to calculate the Index for Water Quality (IWQ) proposed by the
Environmental Company of São Paulo State—CETESB (https://cetesb.sp.gov.br):

IWQ =
n∏

i=1

qi
wi , (1)

where 0 ≤ IWQ ≤ 100, qi is the quality of ith parameter obtained from standardization of the measured
values into a 0–100 range, wi is the weight of ith parameter, which varies in the 0 ≤ wi ≤ 1 interval
as a function of its importance to the overall quality, and n is the total number of parameters. This
IWQ evaluates water quality on the basis of nine parameters (n = 9), including water temperature,
pH, dissolved oxygen, turbidity, total dissolved solids, biochemical oxygen demand, fecal coliforms,
total nitrogen and total phosphorus. Data may be lacking for some parameters, but the index can still
be calculated using the available data and adjusting the weights to different values. In the present
study, the calculus of IWQ was based on five parameters (n = 5), namely the first five from the CETESB
list, while the weights were set to—0.10 (water temperature); 0.21 (pH); 0.17 (turbidity); 0.2 (dissolved
oxygen); 0.17 (total dissolved solids), as proposed in [45]. The transformation of measured parameters
into q scores (Equation (1)) is based on standardization curves, which are portrayed in Figure 5 for
the selected parameters. The average of each parameter in the studied catchments, as well as the
corresponding IWQ values, are depicted in Table 3.
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Table 3. Average water quality based on the five parameters used to calculate the IWQ (Index for Water
Quality) index (Equation (1)). The full inventory of values, obtained within the monitoring period
(January 2016–January 2017), is provided as Supplementary Material.

Sub-Basin Temperature (◦C) pH Turbidity (NTU) DO (%) TDS (mg/L) IWQ

Alegria 20.7 7.3 35.9 80.0 0.04 28.3
Lajeado 21.1 7.4 15.8 83.8 0.03 30.0

Mangabeira 1 19.0 7.1 6.2 84.7 0.04 30.8
Borá 1 21.3 7.5 21.9 83.3 0.02 29.4

Mangabeira 2 20.1 7.0 3.8 83.2 0.05 31.0
Uberaba 21.1 6.2 4.3 80.8 0.03 28.7
Borá 2 20.3 7.5 27.3 86.7 0.05 34.0

Lanhoso 19.7 7.4 2.0 124.8 0.06 33.4

According to https://cetesb.sp.gov.br, the quality of stream water is graded as follows: Extremely
poor (IWQ ≤ 19), poor (19 < IWQ ≤ 36), regular (36 < IWQ ≤ 51), good (51 < IWQ ≤ 79), excellent
(79 < IWQ ≤ 100). It is worth to note that the IWQ index is rather sensitive to small changes in
the bearing parameters, given the multiplicative formulation of Equation (1). As corollary of this
conception, a good water quality (IWQ > 51) requires that all q values are high, while an excellent
quality (IWQ > 79) implies that all q scores are very high.

2.4. Multiple Linear Regression with Interactions

A typical multiple linear regression model involving a dependent variable (Y) and two independent
variables (X1 and X2) is written as:

Y = β1X1 + β2X2, (2)

where β1 and β2 are regression coefficients representing the main effects of X1 and X2 on the predicted
values of Y. Sometimes, besides the main effects, the dependence of Y on X1 and X2 is further
constrained by interaction effects. An interaction exists when the effect of one independent variable
changes, depending on the value of the other independent variable. In those cases, Equation (2) is
recast as [46]:

Y = β1X1 + β2X2 + β3X1X2, (3)

where β3 is the joint effect of X1 and X2 on Y and the product X1X2 is the interaction between X1

and X2 producing that effect. This product is also called a two-way interaction term, because it is the
interaction between two independent variables.

The presence of interactions in multiple regression can be identified through statistical tests,
namely through assessing the statistical significance of the interaction term, and comparing the
coefficient of determination with and without the interaction term. If the interaction term is statistically
significant, the interaction term is probably important. And if the coefficient of determination is
also much bigger with the interaction term, it is definitely important. If neither of these outcomes is
observed, the interaction term can be removed from the regression equation. As alerted in various
forums (e.g., https://statisticsbyjim.com/regression/interaction-effects/), when interaction effects are
present, it means that interpretation of main effects without considering joint effects may be incomplete
or misleading.

In the present study, the independent variables used to model water quality with multiple
regression were the riparian buffer strip width and the ratio between forest and agriculture, represented
by the variables L and F/A in Table 1. In the first run, the dependent variable was the water quality
index represented as IWQ in Table 3. In a second run, the regression analysis was replicated for water
temperature, pH, dissolved oxygen, turbidity and total dissolved solids, which are the formation
parameters of IWQ, to evaluate their specific roles in the studied area. The dataset comprehended the
values of all these variables in the eight catchments. These data were processed for estimation of main
effects and joint effects in the STATISTICA computer program (http://www.statsoft.com).

https://cetesb.sp.gov.br
https://statisticsbyjim.com/regression/interaction-effects/
http://www.statsoft.com
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2.5. Thematic Maps

The thematic maps (e.g., Figures 1–3) were prepared in ArcMap software of ESRI [47], a common
tool in spatial analysis of hydrologic and environmental data widely used in many studies [42,44,48–66].
The base information was compiled from various spatial databases, namely the maps published by the
Brazilian Institute for Geography and Statistics (https://ww2.ibge.gov.br) on the 1: 100,000 scale, and the
digital terrain model obtained from the ASTER GDEN V2 satellite image with a spatial resolution of 30 m.

3. Results

The scatter plots representing the IWQ index as a function of variables L (buffer strip width) and
F/A (ratio forest over agriculture), as well as of interaction term L× F/A, are displayed in Figure 6a,
6b and 6c, respectively. The corresponding coefficients of determination are R2 = 0.61, R2 = 0.72 and
R2 = 0.93, meaning that the variance explained by the models raises from the main effects (L, F/A) to
the interaction effect (L × F/A). The scatter plot of Figure 6a may be influenced by the small number
of buffer strip widths (just three different values). This may limit the use of buffer strip width as a
continuous variable in a regression model. The results of multiple regression support the conclusions
taken from observation of Figure 6. In Table 4, it is evidenced that all multiple regression terms are
significant at p ≤ 0.05 and that the adjusted coefficient of determination is slightly higher (R2 = 0.99)
when the interaction term is incorporated in the model, relative to the no interaction case (R2 = 0.97).Water 2019, 11, x FOR PEER REVIEW 9 of 18 
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Table 4. Results of multiple regression model. In this run, the IWQ was used as a dependent variable.

Term β StdError (β) B StdError (B) p-Level

Without interaction (Adjusted R2 = 0.97)

Intercept 26.14 0.32 0.0000
L 0.54 0.07 0.08 0.01 0.0005

F/A 0.65 0.07 5.64 0.58 0.0002

With interaction (Adjusted R2 = 0.99)

Intercept 23.80 0.94 0.00
L 1.10 0.22 0.16 0.03 0.01

F/A 1.19 0.22 10.31 1.87 0.01
L × F/A −0.91 0.36 −0.15 0.06 0.05

In keeping with the results of multiple regression (Table 4), the relationship between water quality
(IWQ), buffer strip width (L) and landscape composition (F/A) can be expressed by the following Equations:

IWQ = 26.14 + 0.08× L + 5.64×
F
A

, (4a)

IWQ = 23.80 + 0.16× L + 10.31×
F
A
− 0.15× L×

F
A

, (4b)

where Equation (4a) represents the relationship without considering the interaction between L and F/A and
Equation (4b) the case where this interaction is accounted for. The graphical representation of Equation (4a,b)
are illustrated in Figure 7a,b. Figure 7a portrays a couple of parallel lines describing the evolution of IWQ as
a function of L, for the extreme values of F/A (0 and 1). The lines are parallel because the model predicts no
interaction [67]. The buffer strip widths required to ensure a regular water quality in the studied sub-basins
(36 < IWQ≤ 51) range from L = 130 m to L = 310 m, when F/A = 0, and from L = 60 m to L = 250 m when
F/A = 1. These results change considerably when the interaction term is incorporated in the regression analysis,
as demonstrated in Figure 7b. Now, the non-parallel lines indicate much smaller L ranges to attain the regular
water quality, namely L = 75–175 m for F/A = 0, and L = 45–155 m for F/A = 1. The consequences for planning of
adopting one or the other model are evident, either for the planning of landscape composition or buffer strip
widths. The interaction model may be more realistic because of its larger R2 and interaction term significance.
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The results of multiple regression applied to the IWQ parameters are depicted in Table 5. Only the
regressions with interaction term were considered in this second run. The results suggest a dominance
of turbidity in the control of IWQ in the studied sub-basins. For this parameter, the coefficient of
determination (R2 = 0.6) is satisfactory, and all regression coefficients are significant at p-level ≤ 0.05.
The results for total dissolved solids are characterized by a moderate R2 = 0.5, but the regression
coefficients are not significant. The results for the other parameters are characterized by a low R2 = 0.1
and non-significant regression coefficients.

Table 5. Results of multiple regression model. In this run, the formation parameters of IWQ were used
as dependent variables, namely water temperature, pH, turbidity, dissolved oxygen and total dissolved
solids. The significant values (p-level ≤ 0.05) are represented in boldface.

Term b StdError (b) B StdError (B) p-Level

Water temperature (Adjusted R2 = 0.10)

Intercept 23.89 2.98 8.01 0.00
L −1.69 −0.09 0.10 −0.92 0.41

F/A −2.10 −6.94 5.93 −1.17 0.31
L × F/A 2.58 0.16 0.18 0.87 0.43

pH (Adjusted R2 = 0.10)

Intercept 8.18 1.84 4.46 0.01
L −1.56 −0.05 0.06 −0.75 0.49

F/A −1.03 −1.85 3.65 −0.51 0.64
L × F/A 2.58 0.09 0.11 0.77 0.48

Turbidity (Adjusted R2 = 0.6)

Intercept 130.65 31.49 4.15 0.01
L −4.50 −3.93 1.07 −3.68 0.02

F/A −4.29 −225.90 62.62 −3.61 0.02
L × F/A 7.19 6.99 1.91 3.66 0.02

Dissolved Oxygen (Adjusted R2 = 0.1)

Intercept 42.48 56.08 0.76 0.49
L 1.34 1.37 1.90 0.72 0.51

F/A 0.99 60.97 111.50 0.55 0.61
L × F/A −1.28 −1.46 3.40 −0.43 0.69

Total dissolved solids (Adjusted R2 = 0.45)

Intercept 0.02 0.04 0.55 0.61
L 0.10 0.00 0.00 0.07 0.95

F/A 0.67 0.04 0.08 0.48 0.65
L × F/A 0.13 0.00 0.00 0.05 0.96

4. Discussion

The results of multiple regression, with and without interaction effects (Equation (4a,b)), indicate
the improvement of water quality as a function of increasing forest to agriculture ratios (landscape
composition) and buffer strip widths. The non-scaled regression coefficients (β; Table 4) point to a 45%
contribution of L and 55% of F/A to IWQ values in the studied catchments, when the non-interaction
model is used, and an equal contribution (50%) from both variables when the interaction model is
adopted. These results are not surprising because many studies so far reported the benefits of forest
cover and buffer strip widths to stream water quality, as quoted in the Introduction section [8–12].

The striking result refers to the interaction between F/A and L (Equation (4b)), because it describes
a substantial reduction of L values required to sustain a regular water quality (36 < IWQ ≤ 51) in the
streams, relative to the non-interaction model. The reductions related to the interaction reach 44%
when the lines representing F/A = 0 are compared for L values across Figure 7a,b, and 38% in the case
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of F/A = 1. This is remarkable and requires a thorough interpretation. It seems that the positive effects
on water quality resulting from the independent actions of F/A and L are amplified by a combined
action (F/A × L) that ought to identify and justify.

The runoff that reaches a riparian buffer is mostly generated upstream within the catchment. It
is, therefore, acceptable to link the combined action to hydrologic processes taken place away from
the buffer strips, and hence, related to F/A. These processes must, however, describe a hydrologic
connection between forested areas (high F/A) and buffer strips, because a combined action inherently
assumes an interplay between the two land cover parameters. A potential strong candidate is the
infiltration capacity of soils, and, more importantly, its spatial distribution [68]. This is a crucial
control on hydrological processes at the interface between the ground surface and soil, including the
distribution of flowing water by overland flow and shallow underground flow. The continuity of
overland flow or alternation with subsurface flow depends on the intensity of rainfall and the locations
of relatively high infiltration patches isolated on hillslopes [69–71]. In this context, it is expected
that high F/A catchments comprise a larger number of infiltration patches, and that subsurface flow
dominates in these catchments. It is also expected that subsurface flow is widespread within the soil
layer, a condition that improves the probability of soil water to cross a buffer strip before reaching
the stream. The higher the F/A ratios, the larger will be the chance of soil water to interact with the
buffer strip. This scenario could explain a combined action of F/A and L on IWQ. Contrarily to high
F/A catchments, low F/A catchments (e.g., dominated by agriculture) are prone to the generation of
an overland flow network, because the absence of permanent vegetation substantially reduces the
number of infiltration patches. The overland flow network channelizes runoff and conveys the surface
water into specific confluence points within the stream, reducing or even hampering an interaction
with a buffer strip [72]. Taken altogether, the F/A and L parameters represent the buffering capacity of
vegetated areas distributed away and along the stream banks, respectively, while the F/A × L parameter
represents the additional capacity promoted by a hydraulic connection between the two areas.

Besides the infiltration capacity issue, it is worth to explore the potential influence of rainfall
intensity in the interaction effect, considered relevant in areas where annual climate fluctuations are
stronger, including the tropical regions [73,74]. Turbidity is extremely sensitive to rainfall intensity and
played a dominant role in the regression analyses of individual parameters (Table 5). The turbidity
records of all studied catchments (see Supplementary Materials) are represented graphically in Figure 8,
along with the corresponding daily precipitation record. It is evident the response of turbidity to larger
values of daily precipitation, namely in the Borá 1 (January 2016), Lageado (April 2016) and Alegria
(January 2017) catchments. A close inspection of Table 1 reveals that these catchments are among those
with a lower L × F/A value. There are, however, striking exceptions: The Uberaba River catchment has
the lowest L × F/A value (1.3 m), but barely responds to precipitation events; the Borá 2 catchment
turbidity peak in September 2016 is not justified by a precipitation event. It is worth recalling, however,
that the control of turbidity in streams is not only determined by the studied parameters, namely F/A,
L, infiltration capacity and flow convergence related to L × F/A, and rainfall intensity. Topography is
also a key parameter [75], which was not addressed in this study because the focus here was put on the
interaction between landscape composition and buffer strip widths. We believe topography would
help to explain the Uberaba River exception. This is a headwater catchment located in a relatively flat
area (compare Figure 4 with Figure 1). These areas are well acquainted with retain sediments because
they generate lower overland flow velocity while maximizing infiltration and particle deposition,
in opposition to steep slope areas [76].

The regression results based on individual parameters (Table 5) exposed a significant relationship
between catchment variables (landscape composition, buffer strip width), including their interactions,
and water turbidity, but did not reveal identical influences of those variables or their interactions on
other parameters measured in water. It should be remembered, however, that water quality parameters
may respond differently to catchment variables depending on the spatial scale or antecedent rainfall
conditions, as noted in Uriarte [31]. We, therefore, clarify that our results are valid at the studied
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spatial scales (Figure 4) and antecedent rainfall conditions (Table 2). Transposition to other settings
needs verification.Water 2019, 11, x FOR PEER REVIEW 13 of 18 
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The recognition of an interaction effect between landscape composition and buffer strip widths
capable of amplifying stream water quality improvements is certainly beneficial for water resources
planning and management. The dominant role of turbidity in the regression analyses of individual
terms suggests that water quality deterioration in the studied sub-basins is mostly related to soil erosion
and sediment transport rather than with leaching of dissolved fertilizers from the arable land into the
stream. Therefore, conservation measures related to the control of soil erosion should be prioritized
in this protected area. Eventually, the most cost-effective measure is the reinforcement of manuring
and composting of soil to raise the levels of organic matter [77] and produce stable aggregates that are
resistant to detachment by rain drop action. The level plantation is another measure of soil erosion
control, frequently used to reduce laminar erosion and increase soil water uptake. The level plantation
can be successfully coupled with strip cropping [78] that involves the alternation of forages with
strips of row crops, such as sugar cane. The control of soil erosion also comprises implementation
of techniques that prevent soil compaction, such as no-tillage treatments [79], maintenance of crop
residue to keep organic matter and nutrients in the topsoil, or more costly measures, such as terraces
in level or gradient, since they reduce the ramp length reducing the surface drag of particles and
nutrients [80]. To become effective, implementation of conservation measures should be monitored
within spatial decision support systems focused on water resources planning and management [81],
and integrate public policies and environmental management plans.

The regression results showed that, even considering the interaction effect regular water quality in
the studied catchments is only attained when buffer strip widths are within the ranges 75 ≤ L ≤ 175 m
(F/A = 0) or 45 ≤ L ≤ 155 m (F/A = 1) (Figure 7). These values are much larger than legal values in force
in Brazil. So far, the Brazilian law has defined the buffer width limits based on two scenarios: The Old
Forest Code (Federal Law No. 4771/1965) and the New Forest Code (Federal Law No. 12651/2012).
In the first case, for watercourses up to 10 m wide the permanent preservation areas needed to extend
at least 30 m upwards from the stream margin considering the widest seasonal riverbank. In the
second case, there are two rules: The transition rule takes into account the size of land property
calculated as fiscal modules and creates a distance from the stream margin that goes from a minimum
of 5 m to a maximum of 20 m, considering the regular river bank; the permanent rule defines 30 m
as unique distance. This study reinforces the suggestion of Valera et al. [15], who alerted that a
30 m buffer strip width, as proposed in the New Forest Code, is barely capable of protecting water
quality in the EPA-MURB. The discussion on buffer strips, their geometry and composition, optimal
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widths, cost-benefit analysis for implementation [82–85], among other topics, is still a matter of debate.
The discussion on interaction effects is expected to become another topic on this so challenging analysis.

5. Conclusions

The results of a multiple regression model involving an interaction term revealed the combined
positive influence of landscape composition and buffer strip widths (L) on stream water quality,
in eight catchments of Uberaba River Basin Environmental Protection Area (Minas Gerais State, Brazil).
The landscape composition was characterized by the forest to agriculture ratio (F/A), and high F/A
catchments were viewed as basins where forested areas located away from the stream are in hydraulic
connection with riparian vegetation distributed along the stream banks. This hydraulic connection
presumably amplifies the buffering capacity of forested areas and riparian buffers acting independently.
To our best knowledge, this is a new finding in the study of buffer strips and their relationship with
stream water quality. In practice, the combined effect reduced the width of buffer strips required to keep
water quality at a fair level. Without the interaction, the calculated L range was 60–310 m. It decreased
to 45–175 m when the interaction term was accounted for in the regression model. The reduction was
expressive, but not enough to drop below the maximum legal value imposed by the Brazilian Forest
Code (30 m). Eventually, this legal framework could be adapted to our scientific findings. The problem
of setting thresholds to buffer strip widths is not exclusive from Brazil, and therefore, our results could
serve as alert to other national realities.
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