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Abstract: The recognition of the natural environment as an element that provides ecosystem services
to society has led to an increased interest in the study of these services and the implementation of
payment for environmental services (PES) initiatives. Although in recent years it has gained strength
as an environmental conservation and restoration strategy, the PES instrument lacks something in the
monitoring of its actions that inhibits its concrete efficiency, such as indicators that represent the study
area. Based on the results of water, soil, and vegetation quality reported in a case study on a rural
property participating in a PES-Water scheme in Brazil, the present study aimed to establish minimum
water quality indicators relevant to the monitoring of PES-Water programs and propose a flowchart
for monitoring actions and environmental aspects to support future projects of the same nature. Based
on the results, the monitoring of these areas must involve the continuous checking of soil indicators,
water and vegetation. In addition, details of the microclimate and socioeconomic conditions must be
recorded. The results should also be systematized, disseminated, and made available in a monitoring
system to serve the various actors involved, thereby facilitating the understanding of the PES
instrument and the remuneration for the environmental services provided.

Keywords: environmental quality indicators; environmental monitoring; PES-Water; principal
component analysis (PCA); water–soil–vegetation correlation

1. Introduction

Ecosystem services make significant contributions to human welfare; some are es-
sential and cannot be replaced and almost all are becoming increasingly scarce [1]. There
are real costs to providing ecosystem services, and we must develop suitable mechanisms
for paying for them. Payment for ecosystem services is becoming increasingly popular
as a way to manage ecosystems using economic incentives [1,2]. Such monitoring of
ecosystem services is mandated by a suite of recent multilateral political agreements and
(inter)national assessments that have adopted the ecosystem service framework; these
include the Intergovernmental Science Policy Platform on Biodiversity & Ecosystem Ser-
vices (IPBES) [3], the Aichi Biodiversity Targets [4], the European Union (EU) Biodiversity
Strategy [5], and the recent US memorandum directing federal agencies to factor ecosystem
services into planning and decision making [6]. An example of an initiative in the face of
these agreements is the role of The Group on Earth Observations Biodiversity Observation
Network—GEOBON, which focuses on monitoring biodiversity and ecosystem services at
the global level [7].

In addition to complying with regulations and agreements, the supervision of activities
proposed in a PES program through periodic assessments is used to understand the range
of the provision of ecosystem services under these programs [8]. The monitoring data must
be linked to the results of the initial projects to highlight the quality and frequency of the
available information [9].
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The effectiveness of the monitoring ensures reliability for the people involved, and
when it is disclosed along with details of the methodologies used it serves as an instrument
for validating the method, in addition to providing support for future projects [10,11]. On
the other hand, its absence limits the environmental performance of PES programs and
entails difficulty in understanding the quality and quantity of services provided [12–14].

For continuous monitoring that faithfully represents reality, it is necessary to establish
(i) parameters consistent with the study ecosystem, which can be monitored in the medium
and long term, that are low cost, effective, and easy to apply, and capable of diagnosing
the status of the environment and measuring the desired changes in the environmental,
social and economic aspects; (ii) a minimum frequency of monitoring consistent with the
adopted indicators, which requires knowledge and technical support [15,16].

These parameters, for now termed “indicators”, serve to warn about a phenomenon,
problem, challenge, or established goal [17]. They can be used for a wide range of purposes,
such as measuring food production, water supply, water regulation and habitat mainte-
nance. In PES programs, the indicators act as a key element to provide information on the
evolution of the program with respect to the established goals. Furthermore, when crossed
with information from regions not considered in the application of the program, they make
it possible to highlight the changes in the ecosystem arising from the implementation of
PES for environmental quality and human well-being [18].

Although there has been a growing interest in monitoring ecosystem services, whether
in terms of spatialization in the light of natural supply or the scope of PES schemes, several
governments have not been successful in measuring and monitoring these services [19],
and even lack indicators and monitoring approaches that can be applied on a global scale
and serve to support decision making [20]. Monitoring these services has created one of
the main bottlenecks for the proper efficiency of the said instrument, mainly due to the
failure to obtain and/or disseminate information or its absence and cost of implementation,
thus compromising the achievement of the established objectives [15,21,22].

Therefore, the objectives of this study are to (i) evaluate the spatial–temporal variability
of water quality parameters relevant to PES program initiatives; (ii) analyze the spatial
variation of the properties of the soil and vegetation cover and its correlation with the
physical–chemical characteristics of the water; and (iii) propose a PES-Water monitoring
scheme based on the previous results.

2. Materials and Methods

The present study was developed from the results obtained in a case study carried out
on a rural property participating in a payment for environmental services (PES) program
with a water focus in the municipality of Campinas, in the state of São Paulo, Brazil.
The region is influenced by the tropical Atlantic and continental and polar Atlantic air
masses and is classified as Cfb (temperate with mild summer), Cfa (subtropical with hot
summer), and Cwa (subtropical with dry winter and hot summer) under the Köppen
climate classification system. The rainy season starts in the spring, especially in October,
and lasts until mid-April with a peak in the summer and a drought from May to September,
so that the precipitation values are between 1200 and 1800 mm annually [23,24].

Data from the Integrated Center for Agrometeorological Information (Centro Integrado
de Informações Agrometeorológicas) [25] indicate that in the period of study between April
2019 and September 2020, the average temperature in the municipality was 22.3 ◦C, with
October being the hottest month, with a monthly average of 25.4 ◦C, and with July being
the coldest month, with a monthly average of 19.1 ◦C. As for precipitation in the same
period, the municipality had an average of 81.9 mm, with a higher monthly average in
February 2020 of 214.9 mm and a lower average for April 2020.

Details of the property used for the study, the location of which is given in Figure 1,
were gathered in the PES program in February 2018. It has an area of 102.9 ha, of which
14.4 ha is a permanent preservation area (APP), 16.8 ha is the remaining vegetation, and
58.3 ha is pasture, with livestock rearing as the main activity.
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Figure 1. Location of the study area in the city of Campinas and state of São Paulo, Brazil.

The Customized Property Program under the PES defined goals and actions that
are subdivided into four blocks: (i) forest code, which covers the legal obligations for
forest restoration and protection of native vegetation; (ii) rural sanitation, which deals
with domestic effluent management and rainwater drainage actions; (iii) soil conservation,
which relates to the implementation and maintenance of soil conservation practices; and
(iv) granting the use of water resources.

Seven bimonthly follow-up points were defined, the brief description of which is given
in Table 1. They determine the degree of water quality, given the spatial distribution on
the property, and ascertain whether the results obtained are associated with the measures
adopted or whether they reflect the seasonality of precipitation.

Table 1. Environmental characterization of sampling points.

Point Description Spatial Representation

1

Downstream property
External point

Quality of water leaving the property
Unpaved road
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Table 1. Cont.

Point Description Spatial Representation

2

Test Pit
Forest remnant
External course

Access way
PES planting
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2.1. Water Quality

The water sampling took place in April 2019, July 2019, September 2019, November
2019, and January 2020, with four samples being taken at each point for statistical analysis.
The first stage of water quality analysis consisted of measuring the following parameters:
dissolved oxygen—DO (oximeter), biochemical oxygen demand—BOD (oximeter and in-
cubation), pH (potentiometer), temperature (oximeter), turbidity (turbidimeter), electrical
conductivity (conductivity meter), total dissolved solids—TDS (gravimetry), total phosphorus
(ascorbic acid method), total nitrogen (Kjeldahl digestion and distillation), and total coliforms
(multiple tubes).

The water data were subjected to a descriptive statistical analysis (mean, standard
deviation, and variation coefficient) to understand the variability of the limnological indi-
cators used, and later a principal component analysis (PCA) was applied to the data set to
assess the contribution of each indicator to the spatial–temporal variability of quality. This
approach allows us to assess which variable has the greatest weight in statistical analysis
and which are the most important variables from a statistical point of view [26].
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2.2. Soil Quality

To assist the understanding of spatial changes in water quality indicators, especially
regarding the physical–chemical characteristics of the soil and if they influence the analyzed
water parameters, single surface soil samples were collected with the aid of an auger. The
parameters analyzed are shown in Table 2. It is noteworthy that there were no repetitions
per sampling point, and there was a lack of measurement in different sampling months.

Table 2. Soil quality parameters and measurement methods.

Parameters Determination

Micronutrients (mg/dm3)

Copper (Cu) DTPA

Iron (Fe) DTPA

Manganese (Mn) DTPA

Zinc (Zn) DTPA

Boron (B) Hot Water

Macronutrients
(mg/dm3 for P)

(mmolc/dm3 for Ca and Mg)

Calcium (Ca) Resin

Magnesium (Mg) Resin

Phosphorus (P) Resin

Cation exchange capacity—CEC (mmolc/dm3)
Calculation according to IAC

methodology [27]

Base saturation V% Calculation according to IAC
methodology [27]

Acidity
Active − pH CaCl2

Total − H + AL (mmolc/dm3)
Calculation according to IAC

methodology [27])

Particle size distribution
(g/Kg)

Clay HMFS + NaOH

Silt HMFS + NaOH

Total sand HMFS + NaOH

Organic matter (g/dm3) Oxidation

2.3. Vegetation Cover Quality

Like that adopted for soil quality indicators, a vegetation quality indicator was used
to register any associations between it and water quality parameters. The parameter used
to analyze the vegetation was the leaf area index (LAI). This study assessed it by means
of hemispheric photographs, which can map the size, magnitude, and distribution of the
canopy openings with the location where the photograph was taken [28], so that the higher
the LAI value, the better the vegetation density [29].

The photographs were taken with a north orientation at the sampling points, at a height
of 1.3 m in a single sample using a Cyber-shot® Digital Camera Sony DSC—F828 camera with
a Fisheye Opteka® 0.22X AF lens attached, and analyzed in HemiView ©, version 2.1; Software
for convenient image analysis of hemispherical photography; Delta-T Devices, University of
Kansas Centre for Research, David A. Vieglais and He-lios Environmental Modelling Institute:
Burwell, Cambridge, UK, 1999, classifying light (white pixels) and plant biomass (black pixels).

2.4. PES-Water Monitoring Plan

Considering the need and the difficulty in monitoring PES-Water programs, mainly
due to the availability of technical personnel, financial resources, equipment, and the
edaphoclimatic characteristics of the places of interest, and with the data collected by this
study on the property, it is proposed to carry out a monitoring scheme with a view to
gaining the benefits generated by applying the program in rural properties.

To support the monitoring program proposal, a correlation analysis was performed
on the indicators of the soil–water–vegetation aspects, considered through the application
of the Pearson correlation coefficient. This is a measure of the linear association between
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variables [30] varying between −1 and 1, so that the positive or negative sign indicates
the direction of the association between the considered variables. In situations of null
correlation, with an r value close to zero, there is usually no association between the
variables [31]. Because these extremes are hardly reached, the authors of [30] suggest a
classification with intermediate ranges of interpretation to be considered: an r coefficient
between 0.10 and 0.30 as the weak degree of correlation, that from 0.40 to 0.60 as a moderate
correlation and that from 0.70 to 1 as strong correlation.

3. Results
3.1. Spatial–Temporal Variation of Water Quality Indicators

Table 3 shows the average sampling values per sampling point for water quality
parameters together with their variation coefficients and standard deviation (SD).

Table 3. Water quality per sampling point in the study property, Campinas, Brazil.

Dissolved Oxygen
(mg/L)

Biochemical Oxygen Demand
(mg/L) pH Turbidity (NTU)

Point Average SD CV (%) Average SD CV (%) Average SD CV (%) Average SD CV (%)

1 6.61 b 1.38 20.91 3.39 d 1.27 37.50 7.35 d 0.26 3.49 16.29 c 8.75 53.76
2 6.53 b 1.85 28.36 3.18 bc 1.59 49.92 7.26 c 0.41 5.70 19.43 d 22.85 117.57
3 6.21 a 1.76 28.42 3.08 b 1.52 49.17 7.20 bc 0.33 4.54 8.73 b 5.06 57.93
4 5.65 d 1.69 29.88 2.91 a 1.44 49.32 7.04 a 0.24 3.35 39.44 f 28.41 72.02
5 5.18 c 1.36 26.21 2.55 e 1.09 42.60 7.09 a 0.26 3.66 23.29 e 8.01 34.39
6 6.22 a 1.92 30.83 3.30 cd 1.56 47.39 7.18 b 0.22 3.02 48.92 g 17.24 35.24
7 6.18 a 1.69 27.41 2.78 a 1.30 46.65 7.07 a 0.24 3.44 7.09 a 5.54 78.10

Temperature (◦C) Electrical Conductivity
(µs/cm)

Total Dissolved Solids
(mg/L) Total Phosphorus (mg/L)

Point Average SD CV (%) Average SD CV (%) Average SD CV (%) Average SD CV (%)

1 20.68 c 0.69 3.31 101.81 a 7.48 7.35 141.30 c 43.34 30.67 0.03 a 0.02 63.95
2 19.18 a 0.51 2.67 101.56 a 26.48 26.07 160.80 d 56.08 34.88 0.06 b 0.07 114.05
3 21.06 d 0.44 2.11 108.55 f 8.68 8.00 210.00 b 52.22 24.87 0.06 b 0.05 96.62
4 20.03 b 0.36 1.80 98.50 e 7.35 7.46 226.40 a 76.78 33.91 0.09 e 0.12 131.65
5 18.95 a 0.23 1.22 95.02 c 5.75 6.06 235.90 a 54.52 23.11 0.05 c 0.03 57.37
6 21.73 e 0.28 1.28 96.29 d 7.46 7.75 269.50 e 63.48 23.55 0.08 d 0.04 48.51
7 20.27 b 0.48 2.38 75.17 b 18.74 24.93 227.80 ab 73.76 32.38 0.03 a 0.02 50.91

Total Nitrogen (mg/L) Total Coliforms (NMP/100 mL)

Point Average SD CV (%) Average SD CV (%)

1 25.67 a 18.30 71.30 1600.00 a - -
2 13.52 a 19.58 144.78 1600.00 a - -
3 25.12 a 33.70 134.17 1600.00 a - -
4 22.33 a 16.15 72.30 1600.00 a - -
5 13.10 a 15.48 118.25 1600.00 a - -
6 25.17 a 16.41 65.20 1600.00 a - -
7 33.12 a 43.27 130.64 1600.00 a - -

SD—standard deviation; CV—coefficient of variation. Averages followed by the same lower case do not differ
chronically from each other by the Tukey Test at 5% probability to the sampling site. 1. Downstream property;
2. native forest; 3. sewer amount; 4. erosive process; 5. consumption—nascent; 6. livestock interference;
7. property amount.

The water quality indicators raised for the bimonthly monitoring points showed
medium to high dispersion; that is, there was a low homogeneity of data for the parameters
of DO, BOD, turbidity, total dissolved solids, total phosphorus, and nitrogen, while the pH
parameters, temperature, and electrical conductivity showed low dispersion.

To select the most relevant components for the present study, Table 4 shows the percent-
age of total variance explained by each component associated with its respective eigenvalue.
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Table 4. Explained variance of sample data.

April 2019 July 2019 September 2019

Comp.
Initial Eigenvalues Initial Eigenvalues Initial Eigenvalues

Total % Var. % Accum. Total % Var. % Accum. Total % Var. % Accum.

F1 2.82 31.33 31.33 3.27 36.39 36.388 4.07 45.17 45.17
F2 2.23 24.78 56.10 2.81 31.18 67.564 2.15 23.89 69.06
F3 1.29 14.38 70.48 1.56 17.38 84.945 1.42 15.73 84.79
F4 1.07 11.90 82.38 0.70 7.81 92.761 0.90 10.05 94.84
F5 0.74 8.25 90.64 0.29 3.25 96.016 0.28 3.09 97.93
F6 0.47 5.27 95.91 0.22 2.49 98.506 0.12 1.35 99.28
F7 0.32 3.60 99.51 0.08 0.85 99.360 0.05 0.52 99.81
F8 0.03 0.32 99.83 0.04 0.44 99.804 0.01 0.15 99.95
F9 0.01 0.17 100.00 0.02 0.20 100.00 0.004 0.05 100.00

November2019 January 2020

Comp.
Initial eigenvalues Initial eigenvalues

Total % Var. % Accum. Total % Var. % Accum.

F1 3.17 35.28 35.28 3.77 41.90 41.90
F2 2.75 30.56 65.84 2.08 23.08 64.98
F3 1.48 16.45 82.29 1.17 12.99 77.97
F4 1.19 13.20 95.49 0.952 10.58 88.55
F5 0.33 3.70 99.19 0.52 5.78 94.33
F6 0.03 0.32 99.51 0.45 4.95 99.29
F7 0.02 0.22 99.74 0.04 0.40 99.69
F8 0.02 0.17 99.91 0.02 0.26 99.95
F9 0.01 0.09 100.00 0.005 0.05 100.00

Comp—component, Var = variance; Accum. = accumulated; F1 to F9—components.

According to Kaiser’s criteria [32], the main components with eigenvalues greater
than one were initially considered. Therefore, the nine original components (F1 to F9) could
be reduced by three or four new components, depending on the sample. Table 5 presents
the factorial load matrix of the water quality variables in the selected components. The
highest values of the factor weights point to the most significant variables in each factor.

Similar to what was found by [33–35], in the analysis of water quality indicators it is
suggested that factors with a factor load greater than 0.75 tend to be indicative of a strong
association. This justifies the adoption, in Figure 2, of two components in association matrices
between components and indicators. There is an average accumulated variance of 64.71%
of the data variability (April 2019 = 56.11%, July 2019 = 67.56%, September 2019 = 69.06%,
November 2019 = 65.84% and January 2020 = 64.98%).

It can be seen from Figure 2 that in all samplings, Component 1 (F1) is associated in
the first or second degree with the parameter total dissolved solids—TDS—that is, the
TDS parameter appears between the two prominent indicators of the first component in all
of the sampling points, associating with each other the TP indicator for the sampling of
April 2019 and November 2019, the OD for July 2019 and the BOD for September 2019 and
January 2020.

Component 2 (F2), on the other hand, exhibits variable behavior between the indicators,
depending on the sample. For the April 2019 and July 2019 samples, whose precipitation
before sampling was at the lowest rates relative to that of the other samples, this component
is related to the BOD parameter, corroborating the increase in the BOD value in the context
of low rates due to the accumulation of pollutants in the water body. In the September and
November samples, the TN indicator is associated with this component. Meanwhile, in the
January samples, there is a strong association of this component with the parameters of
temperature and turbidity, demonstrating the potential for disintegration, displacement,
and carrying soil particles to bodies of water when precipitation occurs.
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Table 5. Factor load matrix of water quality variables in selected main components.

Parameters
April 2019 July 2019 September 2019

F1 F2 F3 F4 F1 F2 F3 F1 F2 F3

DO −0.682 0.698 0.125 0.048 −0.871 0.430 0.125 0.704 −0.100 −0.672
BOD −0.530 0.774 0.186 −0.258 −0.551 0.734 0.186 0.909 0.049 −0.308
pH −0.439 −0.259 −0.261 0.210 −0.521 0.726 −0.261 0.860 −0.247 0.360

Turb 0.728 0.586 0.260 −0.303 0.734 0.498 0.260 −0.099 0.753 0.557
Temp 0.123 0.634 −0.236 0.273 0.219 0.879 −0.236 0.692 0.586 −0.283

EC 0.205 0.271 0.799 −0.214 0.204 0.428 0.799 0.539 −0.696 0.367
TDS 0.765 −0.182 −0.257 −0.049 0.868 0.163 −0.257 0.863 −0.060 0.413
TP 0.801 0.466 0.512 0.593 0.566 0.190 0.512 0.566 0.009 0.195
TN −0.254 0.086 −0.597 −0.159 0.490 0.537 −0.597 0.400 0.824 0.075

Parameters November 2019 January 2020

F1 F2 F3 F4 F1 F2 F3

DO −0.104 0.828 0.199 −0.238 −0.746 0.062 0.466
BOD −0.762 0.043 0.248 0.589 −0.833 0.295 0.341
pH 0.538 0.608 −0.130 0.560 0.833 −0.281 0.268

Turb 0.102 −0.294 0.870 0.364 −0.149 −0.706 −0.336
Temp −0.039 0.645 0.597 −0.417 0.034 0.879 −0.053

EC 0.664 0.609 −0.346 0.239 −0.797 0.238 −0.241
TDS 0.868 −0.343 0.186 −0.288 0.867 0.375 −0.154
TP 0.916 0.164 0.308 0.136 0.320 0.659 −0.280
TN −0.499 0.822 −0.002 −0.072 0.561 0.078 0.699

F1 to F4—components; DO—dissolved oxygen; BOD—biochemical oxygen demand; Turb—turbidity; Temp—
temperature; EC—electrical conductivity; TDS—total dissolved solids; TP—total phosphorus; and TN—total
nitrogen (all variables, except total coliforms, which did not differ between themselves). The factor above
0.75 indicates a strong association between.
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Figure 2. PCA factor load: (a) April 2019, (b) July 2019, (c) September 2019, (d) November 2019,
(e) January 2020. F1 and F2-components; DO-dissolved oxygen, BOD-biochemical oxygen demand,
Turb-turbidity, Temp-temperature, EC-electrical conductivity, TDS-total dissolved solids, TP-total
phosphorus, and TN-total nitrogen. Black circles-association with F1 (Component 1) and gray
circles-association with F2 (Component 2).
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3.2. Spatial Variation of Soil Properties and Vegetation Cover

Table 6 shows the main physical–chemical characteristics of the soils and variability in
the vegetation cover obtained through the leaf area index (LAI) at the sampling points at
the property.

Table 6. Physical–chemical characteristics of soils and leaf area index (LAI) at sample points.

--------Micronutrients (mg/dm3)------- -------Macronutrients-------
pH H + Al V%

CEC
(mmolc/dm3)Point Cu Fe Mn Zn B P Ca Mg

1 2.80 264.00 28.00 8.20 0.94 25.00 32.00 12.00 4.90 31.00 60.00 78.30
2 1.50 108.00 17.20 3.50 0.62 11.00 20.00 12.00 4.80 26.00 57.00 60.40
3 1.30 140.00 12.00 2.30 0.75 11.00 15.00 7.00 4.70 20.00 54.00 43.90
4 1.40 242.00 19.60 13.00 0.82 34.00 31.00 9.00 4.70 45.00 49.00 88.20
5 1.20 620.00 11.20 17.20 0.91 68.00 28.00 14.00 4.50 50.00 48.00 96.10
6 1.80 460.00 21.80 16.20 0.84 71.00 18.00 7.00 4.60 39.00 42.00 67.70
7 1.90 312.00 74.00 5.80 0.88 12.00 16.00 9.00 4.40 46.00 38.00 74.10

Particle Size Distribution (g/Kg)
Textural Class

Organic Matter
(g/dm3) LAI (m2/m2)

Point Sand (%) Clay (%) Silt (%)

1 728.00 149.00 123.00 Loamy sand 16.00 1.48

2 751.00 132.00 117.00 Loamy sand 8.00 0.57

3 773.00 123.00 104.00 Loamy sand 9.00 0.57

4 630.00 250.00 120.00 Sandy clay loam 21.00 2.00

5 623.00 212.00 165.00 Sandy clay loam 23.00 0.32

6 711.00 161.00 128.00 Sandy loam 12.00 0.68

7 542.00 263.00 195.00 Sandy clay loam 13.00 2.82

Note: Cu—Copper, Fe—iron, Mn—manganese, Zn—zinc, B—boron, Ca—calcium, Mg—magnesium, P—
phosphorus, H + Al—total acidity, V%—base saturation, CEC—cation exchange capacity, LAI—leaf area index.
1. Downstream property; 2. native forest; 3. sewer amount; 4. erosive process; 5. consumption—nascent;
6. livestock interference; 7. property amount.

3.3. Correlation between Water, Soil, and Vegetation Characteristics

Figure 3 shows the Pearson coefficient obtained for the analysis of the correlation
between the aspects of soil, water, and vegetation. Blue cells represent a negative correlation
while red ones a positive correlation and the more vivid the color, the greater the coefficient.

Figure 3 shows a medium to high correlation between some soil properties, especially
concerning the content of organic matter and nutrients—calcium and zinc, since these
are constituents of minerals—and the organic matter of the substrate where vegetation
develops; therefore, it is a sensitive indicator for management [36], as well as for organic
matter with potential acidity and cation exchange capacity.

In the interface of the soil–vegetation features, the LAI presented a high correlation
with the parameters of the manganese soil and clay content (r = 0.85 and r = 0.72, respec-
tively). The availability of micronutrients in the soil, including manganese, depends on the
soil’s redox potential, as well as biological activity and pH. Generally, very acidic soils tend
to have excess manganese, which affects the aerial part of vegetation since it accumulates in
the leaves and subsequently the roots by compromising their photosynthetic capacity [37];
however, the type of soil and the characteristics of organic matter can also influence this.
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Figure 3. Correlation matrix between water, soil, and vegetation properties in the selected main com-
ponents. Blue cells-negative correlation, red cells-positive correlation. Veg-vegetation, P-phosphorus,
OM-organic matter, pHS-soil pH, Ca-calcium, Mg-magnesium, H + Al-total acidity, CEC-cation
exchange capacity, V%-base saturation, B-boron, Cu-copper, Fe-iron, Mn-manganese, Zn-zinc, LAI-
leaf area index, DO-dissolved oxygen, BOD-biochemical oxygen demand, pHA—water pH, Turb—
turbidity, Temp—temperature, EC—electrical conductivity, TDS-total dissolved solids, TP-total
phosphorus, and TN-total nitrogen. R coefficient between 0.10 and 0.30: weak correlation; r coefficient
between 0.40 and 0.60: moderate correlation; r coefficient between 0.70 to 1: strong correlation.
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3.4. PES-Water Monitoring Program Proposal

Figure 4 presents guiding questions based on the document guide book for payment
for environmental water services on area selection and monitoring [38], and the answers
that are given to these questions in Figure 5 are based on results obtained in this study.
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- Is there a need for a different monitoring frequency depending on the adopted indicator?

Parameters
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Figure 4. Guiding questions for implementing PES-Water monitoring.

Knowing that water quality is influenced by the dynamics of climatic seasonality,
and in the case of properties participating in the PES-Water program, related to changes
in land use addressed through improvements, it is suggested that the monitoring fre-
quency should be comprehensive and continuous. Furthermore, it should consider at
least one hydrological year, which means that the indicators related to water quality are
monitored twice a year, in the dry and rainy seasons. This climatic differentiation between
the samplings is important to prevent possible changes in the monitored parameters being
attributed to the interventions undertaken within the scope of the PES, since it is known
that these can take years to be notified.
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Parameters
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- Quantitative indicators of soil quality: micronutrients and macronutrients, CEC, organic matter, 
pH, V%, and granulometric composition
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Figure 5. Basic responses for the implementation of PES-Water monitoring.
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4. Discussion
4.1. Spatial–Temporal Variation of Water Quality Indicators

The occurrence of high values and absence of behavioral differentiation for the pa-
rameter of total coliforms at the sampling points is notable. The microbiological quality of
natural waters tends to be compromised by the absence of plant protection that would act as
a barrier for runoff, which can carry animal or even human feces and contain multi-resistant
bacteria that cause contamination of the water resource [39]. However, the presence of the
total coliforms in natural waters does not necessarily imply contamination by fecal material,
since this group of coliforms includes bacteria that naturally occur in soils, water, and
plants, especially in tropical climates; therefore, this is a limited health value analysis [40].

The water analysis from a spring in the rural area of the municipality of Varre-Sai,
Rio de Janeiro, showed contamination by total coliforms in samples with a maximum of
1600 NMP/100 mL [41]. This contamination is associated with land use and occupation and
is aggravated by precipitation events. A study of the microbiological quality of the water
used for human consumption in the extreme western region of Santa Catarina observed
that 64.1% of the analyzed samples were contaminated by total coliforms, highlighting the
need to take preventive measures and properly treat compromised waters to prevent the
occurrence of waterborne diseases [42].

A study from urban water bodies observed that the first component (33.4% of the total
variance) was strongly associated with pH and turbidity, indicating that these variables
are the most significant in defining the quality of water and moderately associated with
thermotolerant coliforms and total residue. The second component (32.5%) was strongly
associated with BOD, total phosphorus, and dissolved oxygen, and moderately associated
with chlorophyll-a and total nitrogen. This can be interpreted as the influence of pollution
sources that deposit nutrients in water bodies and generate eutrophication [43].

The observation that the results obtained in the factor analysis indicated that the
parameters responsible for fluctuations in water quality was mainly related to the discharge
of effluents and natural temperature so that in relatively less polluted areas there was
contamination by a point source of domestic sewage. In areas of medium pollution,
organic contamination came from a point source of domestic wastewater and nutrients
from agriculture and orchard plantations, and in highly polluted areas the contamination
came from point sources via domestic wastewater, wastewater treatment plants, and
industries [44].

4.2. Spatial Variation of Soil Properties and Vegetation Cover

There is a direct relationship between soil pH and base saturation—V—so that the
higher the pH, the higher the V%, confirming the one found in the study in ref. [45].
However, as described by the same author, soils with a very acidic pH, generally less than
4.5, tend to have phosphorus deficiency, low levels of Ca, Mg, and K, a good availability of
iron, copper, manganese, and zinc micronutrients, low effective CEC, and base saturation,
contrary to what was observed for the present study.

It is observed that points 2 (native forest) and 3 (sewer amount) had the lowest
recorded levels of organic matter, since they are composed mainly of sand particles, with
a percentage greater than 75% in both. Sandy soils tend to have a low content of organic
matter and consequently a low average CEC, retaining small amounts of cations and
therefore being more susceptible to nutrient loss [45].

In the analysis of the leaf area index (LAI), the highest value was recorded for point
7—2.817 m2/m2, and the lowest value was recorded for point 5—0.325 m2/m2, reflecting
the conditions of use and occupation around them. According to the scale proposed [29], of
the total sampled points, 42.8% depict LAI as referring to exposed soil (points 2, 3, and 5),
14.3% represents an area of exposed soil covered by undergrowth (point 6), 14.3% depicts
an area with tree–shrub vegetation (point 1), and 28.6% represents an area with dense
vegetation (points 4 and 7).
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A study from Amazônas observed that the values for LAI vary depending on the
ecosystem analyzed, as this indicator is influenced by the degree of soil fertility and water
supply that establish the structure and floristic composition of the canopy [46]. The Ribeirão
Anhumas Permanent Protection Area study in Campinas found that, in an area of urban
influence, the LAI value varied between 1.311 m2/m2 (dry) and 1.398 m2/m2 (rain) and in
a predominantly rural area, it varied between 1.548 m2/m2 (dry) and 1.826 m2/m2 (rain).
Such values correlate with the values of organic matter and CEC of the soil so the lowest
values for these indicators were obtained for the point located in an urban area and the
highest values were obtained for the area of rural approximation [47].

4.3. Correlation between Water, Soil, and Vegetation Characteristics

Nutrients can be transferred from the tree biomass to the soil when the vegetation is
washed by rain, which causes organic mineral substances to be dragged down, and via
the decomposition of litter, leads to fallen trunks and branches, and dead roots. However,
these events depend on the occurrence of rain, the temperature, and the leaf area index [48].
The organic matter from decomposed litter enables the nutrients to be incorporated in
the soil, which adsorbs them through the CEC and the percentage of clay present in the
samples [49].

Still, there is an influence of soil pH as well as sand content on the water parameters
BOD, EC, and pH, such that the former reflects to a greater or lesser extent the water
that drains over the soil surface or in its profile, mainly in erosion events. Erosion can
take a greater amount of solids and sediments to the water bodies, including vegetation
elements that have not yet degraded, and therefore increases the BOD rate and the electrical
conductivity, and makes the pH more acidic. When only water quality parameters are
analyzed, there is a low to medium correlation between the indicators, except for the total
phosphorus and turbidity parameters that have a positive r of 0.79 and the TDS and pH
parameters that have a 0.74 correlation.

4.4. PES-Water Monitoring Program Proposal

The results were obtained in this study through the field evaluation of the rural
property participating in the PES, and the provisions of the legislation of National Water
Agency (ANA). These include Resolution n◦ 903/2012, which creates the national surface
water quality monitoring network, Resolution n◦ 357/2005 of the Environment National
Council (CONAMA), which provides water quality standards and indexes, WQI—Water
Quality Index, and TSI—Trophic State Index, that are commonly used to assess water
quality. It is inferred that water monitoring must at the very least consider the dissolved
oxygen parameters, electrical conductivity, temperature, turbidity, total dissolved solids,
and total phosphorus. It is advisable that for the temperature parameter both the water
temperature and the air temperature should be measured, to indicate any improvements in
the microclimate resulting from the actions adopted under the program.

In addition, considering the objective of PES programs in ensuring water quality and
quantity, it is suggested that a water flow/production indicator should be monitored and
that precipitation on the property should be checked monthly. In practice, the results
achieved by implementing public policies for PES on rural properties point to an increase
in flow once conservation practices have improved. For example,

• The case of PES Curator of the Waters (Conservador das Águas) in Extrema (Brazil):
in a publication referring to the program’s twelve years of existence, there are reports
that in that period more than 1.3 million trees were planted and over 125 springs were
protected, joining forces for the production of billions of liters of water [50];

• The reports of owners participating in the Oasis Apucarana (Oásis Apucarana) project
in Paraná, who observed, after five years of implementation of the program in the
municipality, the reappearance of springs thanks to the restoration of 64 ha of degraded
areas and the protection of springs with fences to prevent cattle trampling on them [51];
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• A study of the Guariroba basin in Campo Grande, Mato Grosso do Sul, which found
that the environmental practices encouraged by the PES program Living Source
(Manancial Vivo) provided an increase in the base flow, which supports the total
flow throughout the year. Although a reduction of approximately 1 mm in monthly
precipitation was reported in the period between 2012 and 2016, the authors found an
increase in the base flow of approximately 0.018 m3/s [52].

Regarding the monitoring of the environmental conditions in the areas covered by the
analyzed points, with the monitoring of the soil it was noted that the survey carried out
at the sampling points showed little difference in fertility between them. Although they
are treated secondarily in PES-Water programs, soil quality indicators are essential in the
study of programs with a water focus to check aspects related to erosion and also the soil’s
edaphic conditions for plant growth. Parameters such as organic matter, CEC, macro- and
micro-nutrients, despite being influenced by the vegetation decomposition in the soil, can
be evaluated annually [53,54].

As for vegetation, changes resulting from forest restoration or conservation are usually
slow and therefore need to be more widely monitored. This type of information is associated
with the availability of satellite images. Thus, the percentage of vegetation cover can be
monitored every two years. However, practices aimed at forest recovery such as area
fencing, seedling production, planting, and enrichment can be monitored every six months.

In PES programs with a water focus, the maintenance of vegetation cover, especially
on agricultural land, is of paramount importance as it protects the soil from the direct action
of precipitation and increases the infiltration of water into the soil [55]. Starting from the
idea that the PES-Water schemes are also aimed at controlling erosion and/or regulating
water flow, vegetation provides the services for regulating water flow, controlling water
quality, and soil protection [56]. Therefore, a synthesis of the proposed PES monitoring
implementation is presented in Figure 6.

The results of the monitoring should be systematized to mainly address the advances
made from implementing the program. They should be disseminated and made available
clearly and directly, with an accessible and easily understood vocabulary, either to the
general public or to the owners. This can be carried out via meetings, events, and websites,
respecting the principle of transparency and publicity, especially where the service provider
is concerned. It is also suggested that explanatory booklets about the PES could be prepared
and made available to owners and users of the watershed.

Furthermore, technical training actions (lectures, courses, meetings, and seminars)
can be developed with a view to improving understanding of the PES instrument, and
involving managers, technicians, beneficiaries, providers, and payers of environmental
services. It is essential that service providers are engaged and motivated so that they can
see themselves as a basic part of the program from its conception and participate more
actively on their property, so that they feel comfortable suggesting actions and solutions.
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5. Conclusions

The establishment of a monitoring system is a key issue for the success of a PES
initiative. It requires a precise definition of parameters to be evaluated in all the elements
that are considered (environmental, economic and social). These parameters should be
defined ex ante, in the planning stage of the program, to prevent conflicts due to changes
in the evaluation criteria after the properties are enrolled.

The results showed that water quality indicators are independent of spatial–temporal
variability, so that, for the parameters of DO, BOD, pH, TP, and TN, a greater oscillation
was observed relative to the spatial location of the sample points, and for the parameters
of turbidity, temperature, and EC, there was greater change between samplings. Such
sample heterogeneity was borne out by the applied statistical analysis; the multivariate
PCA analysis showed that the indicators that stood out were turbidity and temperature
associated with point 6 (livestock interference), pH with points 1 (downstream property),
3 (sewer amount) and 5 (consumption—nascent), TP with points 2 (native forest) and
6 (livestock interference), and DO and EC in point 1 (Downstream property) and point 2
(native forest). In the analysis of the correlation between the physical–chemical parameters
of the soil, LAI, and water quality indicators, there was a medium to high correlation among
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the soil quality indicators, especially regarding the content of MO and nutrients. When
analyzing only the parameters of water quality, there was a low to medium correlation
between the indicators, except for the parameters TP–turbidity, and TDS–pH. Based on
the results we can conclude that the list of indicators analyzed can support PES program
monitoring in Brazil. Additionally, the methodology developed can be easily applied in
other areas and provide the definition of the most suitable indicators to monitor water-based
PES in different Brazilian contexts.
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