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Abstract: This paper presents a procedure to study depressional wetlands in southern Brazil and
focuses on the mechanisms controlling water dynamics and environmental degradation due to
anthropogenic interference. The study is based on an inventory of wetlands, a digital elevation model,
the geological and geotechnical characteristics of geological materials, a multitemporal analysis of
satellite images, the distribution of land use types, and onsite monitoring of water level and rainfall
data. One hundred and twelve depressional wetlands were identified with a total area of 902 ha and a
catchment area of 5456.8 ha. These wetlands were grouped into two classes with different hydrological
control mechanisms. From the water level monitoring, the wetlands were found to present different
hydrological conditions. Before rainy periods, the wetlands were almost dry or had little water;
after rainy periods, over half of the wetlands were still dry or had groundwater levels below the
surface, and the water levels of the other wetlands increased. The multitemporal analysis showed a
reduction in the wetland water surface area from 270 ha in 1991 to 60 ha in 2019, which confirms the
monitoring result that the amount of stored water is decreasing because of anthropogenic activities.
Anthropogenic activities affect wetland water dynamics because of changes in the landscape and soil
characteristics of the catchment area, and drainage of wetland areas by ditches for agricultural water
supply; more than 50% of wetlands showed a high degree of change (environmental degradation),
with conditions that make restoration or remediation very difficult.

Keywords: wetlands; environmental degradation; land use; geological aspect; Brazil

1. Introduction

Depressional wetlands are characterized as inland aquatic ecosystems that occur in topographic
lows with closed or nearly closed elevation contours, which allow surface and groundwater
accumulation and typically present weak surface water connections [1] as their surface water levels
fluctuate in response to wet and dry periods [2]. These wetlands are environments with great
environmental importance [3–5] because they provide habitats for native vegetation and wildlife,
reduce erosion during peak events, maintain stream flow during drier periods, recharge aquifers, store
precipitation and runoff water, provide atmospheric moisture by evapotranspiration, assimilate and
retain pollutants and sediments derived from upland sources, improve water quality, and provide
water availability for different purposes such as agriculture and livestock [6].

However, these areas are highly vulnerable to anthropogenic changes (e.g., extensive wetland
drainage for agricultural and livestock, land use transitions to agriculture or grazed grassland,
infrastructure developments, urban sprawl, extraction of water, and overexploitation of groundwater
resources), and several wetland areas in the world are facing intense degradation processes at different
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levels [6–11]. Wetland hydrological, hydrogeological, biogeochemical, habitat, and ecological functions
are impacted, which has resulted in decreases in ponded water, changes in groundwater flow, losses of
plant and animal species, and changes in nutrient dynamics [12–16]. Moreover, several depressional
wetlands are already lost, for example, in the Prairie Pothole Region (PPR) located in the United States
and Canada, Johnston [17] verified that ~5000 to 6000 ha yr−1 of depressional wetlands have been lost
since the 1980s. In addition to the losses of and negative impacts on depressional wetland functions,
their restoration is difficult. Moreno-Mateos et al. [9] analyzed data from 36 studies of 358 North
American wetlands and observed that they did not recover to reference conditions, even after 50 years
following restoration.

Thus, carrying out studies that evaluate degradation is essential to assess different levels of impact,
identify potential targets for preservation, conservation, and restoration, and develop management
strategies to reduce the losses and damage caused by anthropogenic changes in depressional wetlands.
In the USA, Europe, and Canada, evaluating the effects of anthropogenic changes is very common,
where robust and long-term studies are being developed to better comprehend the magnitude of impacts
on wetland components as well as proposals to restore them [9,13,18–21]. However, in Brazil, there is
evidence that depressional wetlands are being altered due to agricultural expansion, urban sprawl,
and road construction [22–25], but the degradation of depressional wetlands is not well documented.
The studies are limited and are related to wetland hydro-physicochemical characterization (e.g., [26,27])
and wetland hydrodynamic analysis (e.g., [28]) developed mainly in the Pantanal region (central
Brazil), but specific studies to assess degradation have not been identified.

In the northeastern central portion of São Paulo State (southern Brazil), depressional wetlands
are very common, and these wetlands are spread over 200,000 km2. However, these wetlands have
been experiencing intense anthropogenic activities that are degrading or destroying them due to the
expansion of sugarcane plantations; this expansion changes infiltration, groundwater recharge, surface
runoff generation (which in 15 years increased from 44.68% to 57.15% of the total agricultural area
in São Paulo State [29]), the removal of vegetation, the drainage of wetlands by ditches for more
than 60 years, cultivation during dry periods, road construction, and the expansion of urban areas.
Currently, little is known about the degradation of depressional wetlands in this region as well as their
main characteristics and water dynamics, which are the basis of degradation assessment [30].

As depressional wetlands are important for environmental stability and as sources of freshwater
for many purposes, and given the intense changes imposed on environmental components by humans,
studying the previously mentioned wetlands and the effects of anthropogenic activities is fundamental.
Thus, the objective of this work was a first approach to evaluate the degradation by focusing on
hydrological aspects of depressional wetlands situated in the Leme region in the northeastern central
portion of São Paulo State (southern Brazil) to guide environmental management and policy decisions.
The evaluation of degradation was based on previously collected data, interpretations of satellite
imagery and aerial photographs, and simple indicators such as the compositions of soils and other
geological materials, morphology, flooded areas, field surveys, and monitoring of rainfall and ponded
water. In addition, because there is no work about the basic characteristics and functioning of
depressional wetlands in the study area, we studied their essential characteristics, classified them,
and determined their potential functions, which helps us to comprehend the magnitude of changes
caused by anthropogenic activities.

2. Study Area

The study area is located in the eastern central portion of São Paulo State and covers an area of
approximately 715.2 km2 between 47◦15′ and 47◦30′ W longitude and 22◦00′ and 22◦15′ S latitude
and includes the municipalities of Leme, Pirassununga, Santa da Cruz da Conceição, Corumbataí,
and Araras (Figure 1).

Herbaceous plants such as grasses, sedges, rushes, reeds, and some flowering herbs compose the
wetland vegetation, and several species die back at the end of the growing season. In the catchment
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areas of wetlands, the natural vegetation consists of a type of savanna called Cerrado [31] and dense
tropical forests. However, the study area has been almost entirely converted to rural land uses,
in which sugarcane crops predominate, and the landscape has been heavily terraced due to agricultural
management. Moreover, many wetlands have been ditched over 60 years to pump water to irrigate
sugarcane crops [32].Geosciences 2020, 10, x FOR PEER REVIEW 3 of 33 
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Figure 1. Location of the study region, wetlands, and main drainage channels.

The drainage network in the Leme region is 695 km long and has a density of 0.96 km/km2.
The main rivers are Ribeirão do Roque, which is located in the north and runs W–E, and Ribeirão do
Meio, which is located in the south and runs SW–NE. These rivers are tributaries of the Mogi-Guaçú
River. Smooth slopes and plains with slopes of less than 10% predominantly constitute the relief in the
region. In a few areas, steeper slopes occur with slopes greater than 10%, but few slopes are greater
than 20%. The elevations range between 530 m and 800 m.

The climate is characterized as subtropical humid to very humid, with extreme winter droughts.
The rainfall is mainly concentrated from November to March and ranges from 98 to 590 mm/month,
whereas the monthly rainfall from April to October is between 0 and 130 mm. The mean annual rainfall
is approximately 1300 mm and ranges from 730 to 2200 mm. Figure 2 shows the mean monthly rainfall
data and the number of rainy days per month for the last 20 years and the variations in annual rainfall
obtained from a 68-year series (1950–2018). The reference mean annual evapotranspiration is higher
than 1000 mm [33], and the mean annual temperature ranges from 20 to 21 ◦C.

Geologically, the study region consists of (1) diabases (Serra Geral Formation) distributed mainly
in the form of sills that are fractured and have various thicknesses; (2) friable Eolian sandstones
(Botucatu Formation), with low degrees of cementation and high porosities; (3) medium- and
fine-grained fluvial sandstones (Pirambóia Formation) with variable thickness; (4) claystones, shales,
and siltstones (Corumbataí Formation), which can contain calcareous cements; (5) siltstones and shales
(Irati Formation), which present arhythmic alternation with limestones and restricted conglomerate
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levels; and (6) sandy siltstones (Tatuí Formation) that form thick layers of clayey siltstones and have
interbedded layers of sandstones, limestones, shales, and flint.Geosciences 2020, 10, x FOR PEER REVIEW 4 of 33 
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Figure 2. Mean rainfall/month (a) and number of days with rain/month (b) for the last 20 years and (c)
annual rainfall from a 68-year series (1950–2018) in the study region.

All lithologies are covered by unconsolidated material packages constituting soil (residual or
transported + residual) and saprolitic and weathered rock layers that can vary between 1 m and
10 m; the groundwater level is positioned between the bedrock and residual layers. The texture
of the unconsolidated materials varies from sandy to clayey; in general, the materials display low
heterogeneity when only the residual soil layer is present. However, high heterogeneity may appear
when there is a transported soil layer (i.e., a layer of sandy colluvium that overlies the clayey
residual diabase soil). The unconfined aquifer can be characterized as porous, with variable hydraulic
conductivity values and thicknesses ranging from 0 m to 10 m. The wetland soils are Melanic Gleysols,
characterized by variable textures along the soil profile, poor drainage, and a 30-cm dark A horizon;
just below this horizon is a layer with a mottled or motley gray color that can extend to a depth of
more than 150 cm.

3. Materials and Methods

To evaluate degradation and characterize depressional wetlands in the study area, we applied
a landscape-level assessment [30], which considered the use of geographic information systems,
remote sensing, and previous data. Based on this assessment level, we determined the distribution
of geological materials, delineated wetlands and catchment areas, analyzed the temporal variations
and distributions of ponded water and land use types, identified anthropogenic interferences (e.g.,
road density and presence of drainage ditches), and established the significance of wetland functions,
which permitted us to inventory, describe, and provide an overview of wetland conditions. We also
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considered some field procedures to validate information obtained through the landscape assessment
and to improve our comprehension of wetland characteristics, water dynamics, and degradation
levels. The field procedures included monitoring rainfall and water levels in some wetlands, validating
land use and geological material maps and anthropogenic interferences, improving wetland limits,
and performing soil sampling. Based on these factors, the method scheme is illustrated in Figure 3.
Some of the proposed steps adopted previously established methods such as the classification of
wetlands or were modified, for example, the determination of the function significance step. However,
monitoring of the water depth, evaluation of anthropogenic interference, and wetland degradation
steps were proposed.
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3.1. Depressional Wetland Conceptual Model

The basic conceptual model that addresses the essential conditions of the depressional wetlands
present in the study region is helpful for surveying specific sites and for understanding the processes
controlling wetland hydrology, the water budget, the feedbacks among them, and their responses to
climatic variability and land management practices. The main concepts and understanding of the
hydrology and water budget of depressional wetlands were based on Hayashi et al. [6] and Acreman
and Felicity [34].

The hydrology of depressional wetlands must be analyzed based on the surrounding upland
hydrology because some of the inputs and outputs are correlated to upland processes. The inputs
are direct precipitation (P) in the wetland, surface runoff (R) and subsurface flow (SF) from uplands,
occasional overflow (OF) from other wetlands or rivers during very wet periods, and groundwater
flow (G) in the form of either diffuse or point discharge (G > 0). The outputs are evapotranspiration
(ET) from the entire wetland including both inundated and surrounding non-inundated wetland areas,
groundwater flow when wetlands recharge (G < 0) the aquifer, and drainage surface flow (D) when
the wetlands are connected with natural drainage channels or ditches.

Depressional wetlands can be separated into four regions (Figure 4), corresponding to ponds,
moist areas, wetlands, and catchment areas (contribution zones). These areas can have variable sizes
and shapes, and sometimes ponds and moist areas can disappear because of climatic conditions and
anthropogenic interference in wetlands or catchment areas. For example, in the study area, rainfall
is seasonal, thus, the water inputs are also seasonal; according to Hayashi et al. [6], ponds that are
occasionally central in wetlands often become dry, depending on the catchment size. However, wetland
hydrological processes such as groundwater flowing beneath a dry pond area and the rest of the
wetland continue through the dry period, regardless of whether a moist area remains.

In subsequent wet periods, the subsurface moisture directly influences the reappearance of ponds
depending on the depth of the moist layer in relation to the wetland surface because the time required
for soil to become saturated is less. The rainfall and soil characteristics of a catchment area also
influence the wetland water budget, depending on the magnitude and duration of a rainfall event and
soil infiltration rates. If a rainfall event occurs with a low intensity and short duration, this water will
probably infiltrate (I) and not recharge the groundwater because it will be stored in superficial soil
layers and then lead to evapotranspiration. However, long durations of moderate to high intensity
rainfall will produce surface runoff (P–I) (Hortonian overland flow) and infiltration, which can be
converted to subsurface flow or recharge the groundwater, raising the water table and discharging to
wetlands. During a rainfall event, for locations where the water table is close to the ground surface,
which in general is in low portions of floodplains and around wetlands, the water table may rise to the
ground surface. When the soil becomes saturated, additional rainfall will also become surface runoff

(saturation excess overland flow). It is important to note that the surface runoff and the precipitation
that fall directly in wetlands are short-term inputs, and they are the most critical for maintaining
wetlands, despite the atmospheric moisture deficit (i.e., P−E < 0). Meanwhile, groundwater flow and
subsurface flow are considered as moderate- to long-term inputs, and depending on their position
within a complex of wetlands, the wetland hydrology behavior can be different during wet and
dry periods.

Based on these considerations, a conceptual model of depressional wetlands is presented in
Figure 4, and the equation that describes the basic water budget is as follows.

∆s = input− output (1)

where ∆s is the change in water storage in a wetland; the inputs are P, R, SF, OF (OF > 0), and G (G > 0);
and the outputs are E, D, (OF < 0), and G (G < 0). Substituting these variables into Equation (1) yields

∆s = P + R + SF±OF±G− ET −D (2)
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3.2. Collection of Previous Data and Development of Maps of the Environmental Components

In this step, existing information about the region including a basic characterization of the
geological materials (unconsolidated deposits and bedrock), topographic maps, satellite images,
aerial photographs, and rainfall records was collected. These data were then assessed to verify their
adequacy and usefulness for the conceptual model. Table 1 shows the previously collected data for the
environmental components and the corresponding product, source, and spatial scale or resolution.

Table 1. Collected data on environmental components and the corresponding product, source, and
spatial scale.

Environmental Components Product Source Scale or
Resolution

Relief and drainage channels Topographic map [35] 1:50,000
Lithologies units Bedrock map [32] 1:50,000

Unconsolidated material units Map unconsolidated materials [32] 1:50,000
Landform unit Landform map [32] 1:50,000

Geotechnical characterization of unconsolidated material units Basic characterization of unconsolidated materials [32]
[36] -

Annual, monthly and daily rainfall and rainfall events Rainfall records [37] 0.5 mm

Wetlands; Land use types Satellite images [38] 30 m
[39] 10–30 m

Wetlands Aerial photos [40] 1:35,000
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Maps of the drainage channels, topography, unconsolidated materials, and geology were developed
from previous data. However, we updated the map of unconsolidated material and validated it in the
field according to the procedures proposed by Zuquette et al. [41], which are based on interpretations of
aerial images and photographs and characterization of unconsolidated materials. The characterization
of unconsolidated materials included fundamental geotechnical parameters (e.g., texture, grain specific
weight, porosity, and hydraulic conductivity) and was based on field and laboratory work. The basic
geotechnical parameters were obtained from undisturbed and disturbed samples at different depths
(0.2 m, 0.6 m, and 2.0 m) from exposed soil profiles and auger drilling executed at several sites
mainly near wetlands; laboratory tests followed the procedures of Zuquette and ABNT [42–44]
considering triplicates.

For the years 1991 and 2019, we developed land use and occupation maps, and the land use
conditions in 2019 were validated in the field. The satellite images (Landsat) used to elaborate the land
use and occupation maps were from the same period of the year (the rainy season) to represent the
same season, and both years also presented similar rainfall event characteristics. In the ArcGIS 9.3
software, the satellite images were georeferenced, and land use boundaries were delineated manually.

3.3. Identification, Delineation, and Characterization of Depressional Wetlands and Catchment Areas

The depressional wetlands were inventoried, identified, and preliminarily delineated by hand in
ArcGIS 9.3 based on an interpretation of satellite imagery (Landsat) with the help of aerial photographs
and Google Earth images, considering typical wetland shapes, topographic positions, vegetation types,
hydric soils, and the presence of water. The satellite images were taken during the wet season to easily
observe wetland boundaries and the presence of ponded water in the wetlands. Based on the inventory,
field observations were used to refine wetland boundaries. For the field work step, authorization was
obtained from the owners of the visited areas, and a standard field form was developed to document
the observed aspects exemplified at each stage. We used hydromorphic soil characteristics as the
main indicators to determine the wetland extent, which corresponded to evidence of high organic
matter content, the presence or absence of chemical reduction including mottling, occasional specks of
elemental manganese, soil color, and muck presence. These characteristics were verified following
Brazilian pedological suggestions [45]. To help analyze wetland extent, we also used soil saturation and
flooding evidence (e.g., marks of the water level on vegetation and drift lines) as auxiliary information.
For the delineation of the wetland limits, transects were executed in two perpendicular directions,
and this procedure was performed in more than 90% of the wetlands. In these transects, soils were
examined by digging a hole with an auger to a depth of 2 m, and the coordinates of locations where
soil changes in the wetlands were obtained. After obtaining these points, adjustments were made to
the boundaries marked via the interpretation of the satellite images and aerial photographs.

Based on the inventoried wetlands, the respective catchment areas were delineated. Initially,
a digital elevation model (DEM) was used, which was developed in ArcMap 9.3 at a scale of 1:50,000
with a spatial resolution of 30× 30 m pixels from the drainage channel net, wetlands, lakes, contour lines
(20 m spacing), and points using a regular grid method. The model was refined using the fill filter to fill
small depressions and the low-pass filter to smooth the matrix, thereby reducing local variations and
removing raster noise. The model was validated by comparing the original contour line geometries
and values with those generated from the DEM. In the next step, ArcScene 9.3 was used to control the
vertical exaggeration of the developed DEM and to manually delineate the catchment boundaries.

The wetland characterization was based on environmental maps, unconsolidated material
descriptions, identification of anthropogenic interferences, and rainfall and water level monitoring.
From the environmental maps, the relief, geology, and unconsolidated material distribution of wetlands
and their catchment areas were determined. Based on satellite images (Google Earth) and field work
in both wetland and catchment areas, we identified anthropogenic interferences that are described
in Section 3.7. To evaluate the water dynamics and hydrological conditions, rainfall and water level
monitoring were conducted both before the rainy season and after the occurrence of significant rainfall
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events (rainy season). For rainfall monitoring, we considered two rainfall gauges (pluviographs)
located close to the Pirassununga and Leme urban areas, which were monitored for two months before
the beginning of the rainy season and one month after the start of the wet period. For water level,
observations focused on the presence of ponded water at the surface and in ditches as well as evidence
of saturation or wetting. To assist in the monitoring of changes in the water depth and saturation,
reference stakes were installed in 35 wetlands with different topographies, landforms, and geological
materials at the limit between pond and non-pond areas and between saturated and unsaturated soils.
When the wetlands were dry at the surface, the stakes were installed in places with evidence of flooding
or inside ditches where possible, assuming that if water did not surge onto the surface, the water levels
could be observed inside these features. In addition, during water level monitoring, when possible,
wells close to the wetland, holes dug with an auger during the wetland delineation step, and ditches
within the wetland were analyzed to verify the groundwater levels in the field, which helped with the
analysis of water level monitoring and inference of the water table in the wetlands from the geological
profiles (Section 3.4).

To summarize and analyze information about wetland and catchment area characterization,
we used basic statistics (e.g., mean, standard deviation, maximum, and minimum). We also performed
Kruskal–Wallis [46] and Tukey’s Honest Significant Difference (HSD) [47] tests to verify whether there
were statistically significant differences between the catchment and wetland areas considering the
different geomorphological settings into which wetlands are inserted.

3.4. Analysis of Regional Intermediate Groundwater Flow

Even if the conceptual model considers regional and intermediate groundwater flows,
the catchment area alone does not permit a proper analysis of this process. Thus, the regional
groundwater flow was analyzed with a set of geological cross sections constructed from the DEM,
hydrography, geology, and unconsolidated maps for a group of depressional wetlands, floodplains,
drainage channels, lakes, and reservoirs. Due to limited well data, it was not possible to properly
determine the groundwater level of unconfined aquifers; thus, the water table was inferred from
the analysis of the field data (water levels in wells close to the wetland, holes dug with an
auger, and excavated ditches) and the elevations of the drainage channels, lakes, and wetlands.
The groundwater level between two known heights was considered to have a smooth curved
shape, corresponding to a typical water table shape. Based on these cross sections, the groundwater
flow direction was analyzed to investigate the potential contribution of regional and intermediate
groundwater flows between wetlands, drainage channels, lakes, and reservoirs.

3.5. Wetland Classification

The wetland classification was based on the hydrogeomorphic (HGM) classification proposed
by Brinson [48], which considers the geomorphic setting, water source, and hydrodynamics.
The geomorphic setting was related to landforms and the position of the wetland in the landscape.
The analysis of the water source considered the main input components including rainfall, overbank
floodwater, surface runoff, subsurface flow, and groundwater flow, and the evaluation of the
hydrodynamics considered the level of energy and the direction in which the water moves in
the wetland. This classification system was used because hydrological and geomorphologic variables
drive the chemical and physical processes and biotic community structure of wetlands [49] and because
the HGM classification system has low cost, is easy to apply, and permits the aggregation of variables
into functions.

The classification of depressional wetlands was initially carried out using geological,
unconsolidated material, landform, land use, and topographic maps, and where possible, the water
level in wells was estimated by field observations during the two incursions. The geomorphic settings
analyzed the elevations, landforms, geological profiles, vegetation cover, and dominant soil types.
For the water sources and hydrodynamics, the proximity to rivers, lakes, floodplains, and aquifers,
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the maximum and minimum rainfall, and the distribution of rainfall throughout the year were
considered. However, this procedure only provides an initial determination of the HGM classification;
the final determination was made through a field investigation (described in Section 3.2) for some
reference wetlands, which were the monitored wetlands. Based on the classification of the wetlands,
the mechanisms that control the water dynamics of the wetlands were determined.

3.6. Assessment of Potential Function Significance

It is often inappropriate to assess all wetland functions because not all wetlands perform all
functions to the same degree or magnitude. The selection of functions for assessment should consider
the characteristics of the wetland ecosystem and landscape, the assessment objectives, and the available
data. Based on the HGM classes, it is possible to identify the potential functions that are most likely
to be performed [50]. The selected functions to be assessed in this study are groundwater recharge
and discharge, the removal of nonpoint source pollutants, and surface runoff storage. Groundwater
recharge is related to the potential for the wetland to contribute water to an aquifer, which can be
associated with the wetland capacity to contribute to the maintenance of drainage channel flow during
the dry season. Groundwater discharge is related to the potential for the wetland to serve as an area
where groundwater can be discharged to the surface, which helps to control the stored water and
can provide water that leaves the wetland as streamflow. The removal of nonpoint pollutants (i.e.,
sediments, nutrients, or toxins) from overland runoff is the potential capacity of a wetland to remove
pollutants from the water; in other words, the wetland works as a filter. The function of surface runoff

storage is critical to the maintenance of a wetland and reflects the capacity of a wetland to collect and
retain surface runoff, direct precipitation, and floodwater as standing water above the soil surface,
pore water in the saturated zone, or soil moisture in the unsaturated zone. In addition, the water
storage function is essential to support the biogeochemical processes that occur in wetlands such as
the removal of nutrients and particulates.

The assessment was carried out through a qualitative approach to identify the importance of
potential functions for depressional wetlands. In other words, this study was not concerned with the
wetland function performance in terms of index or rates, but in terms of the potential and importance
of a wetland to perform specific functions. Some of the selected parameters and the respective
assumptions were based on [51]; however, these authors considered only surface runoff water storage
and nonpoint source pollutant removal functions, therefore, other parameters were selected to analyze
the groundwater discharge and recharge functions. Table 2 shows the parameter assumptions in
relation to the respective analyzed functions.

3.7. Anthropogenic Interferences and Environmental Problems

Anthropogenic interferences and activities in the catchment and wetland areas can affect depressional
wetland hydrology and functions and lead to environmental problems [10]. Thus, analyzing such influences
involves evaluating the degree of environmental pressure, which can result in environmental impacts.
The following anthropogenic interferences and activities were identified and quantified in satellite
images and on site: (1) land use types and distribution, which can change infiltration, groundwater
recharge, and the generation of surface runoff; (2) excavation within wetlands and artificial drainage
channels (ditches) constructed to supply agriculture with water, which can result in a decrease in
ponded water and wetland water storage and lower the groundwater level; and (3) landscape alteration
due to the construction of terraces to reduce surface runoff energy, roads, allotments, and streets that
change the surface runoff flow direction and infiltration and the filling of wetlands with other types of
soil to plant sugarcane, which can change the water dynamics.

Considering that anthropogenic interferences affect the amount of water within wetlands, the water
level and ponded area surface were evaluated. The evaluation of water level was performed based
on the results of the onsite monitoring of rainfall and water level inside 35 wetlands (Section 3.3).
For ponded areas, using Landsat satellite images in two different years from March 1991 and 2019,
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we determined, manually delineated in ArcGIS, and quantified the spatial distribution of the surface
of ponded water considering the same period (wet season) and similar previous 12 months of rainfall
patterns to compare the results.

Table 2. Parameters and respective assumptions considered to analyze the significance of wetland functions.

Function Function Parameter Explanation

Water quality Nonpoint source
pollution removal

Proximity to sources
More of the perimeter of the wetland surrounded by agricultural and
urban land uses, the higher the probability that polluted runoff entering
the wetland

Proximity to water body
If there are water bodies near to wetland, smaller will be the probability
that polluted runoff entering the wetland because it can enter directly in
surface water.

Wetland soil
characteristic

Finer the texture and the higher the organic matter content of the soil,
the higher its cation exchange capacity is and the more effective it is in
retaining and transforming nutrients.

Hydrology

Surface runoff Storage

Watershed position The further upstream in a watershed, the greater is the impact of water
storage on overall watershed hydrology.

Wetland size The larger wetland size, greater will be the water storage.

Catchment area The larger catchment area, greater will be the probability to generate
higher volumes of runoff

Saturated hydraulic
conductivity

The hydraulic conductivity determines the amount of water that soil
can receive and store, and be available as surface runoff.

Groundwater discharge
and recharge

Saturated hydraulic
conductivity

The hydraulic conductivity determines the amount of infiltrated water.
Higher hydraulic conductivity greater will be the groundwater
recharge potential in catchment area, which will rise groundwater level
increasing the possibility to groundwater discharge in wetland.

Catchment area
The larger catchment area, greater will be the volume of infiltration and
potential local groundwater recharge that increase the possibility of
higher groundwater discharge volumes in wetland.

occurrence of
throughflow

Identification of occurrence of throughflow that moves nearly parallel
to the soil surface until a certain point that returns to the surface
becoming or not overland flow, thus reducing the volume of
groundwater recharge.

Wetland area Greater the wetland area, greater will be the groundwater recharge
in wetland.

4. Results

The results, analyses, and assessments of the conditions of the wetlands and catchment area are
presented in the order in which they were collected.

4.1. Inventory and Basic Characteristics of the Wetlands and Catchment Areas

During the inventory, 112 wetlands, which cover approximately 902.0 ha, were identified
and delineated. The average wetland size was 8.1 ha, with equivalent square dimensions of
283.7 m × 283.7 m. The largest wetland had an area of 40.4 ha, and the smallest wetland had an
area of 1.1 ha. The shapes and extents of the wetlands were quite diverse, but they tended to be
circular and serve as water catchment and storage features. The spatial arrangements of the wetlands
and their positions with respect to the relief also differed. While they were typically close to each other
(wetland complex), some isolated wetlands were identified. In general, the wetlands were associated
with flat areas at high elevations, but were also observed at middle elevations or near the bases of hills
close to drainage channels and floodplains.

The total wetland catchment area was approximately 6456.8 ha, with mean, maximum,
and minimum areas of 57.6 ha, 334.3 ha, and 3.3 ha, respectively. Their shapes and extents also varied
from circular to elongated. The average catchment area was 12 times larger than the wetland area.
Figure 5a shows the spatial distribution of the wetlands and their association with drainage channels
and relief, and Figure 5b shows the ratio of the wetland area to the corresponding catchment area.
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4.2. Soil Characterization of Wetlands and Catchment Area

Based on field surveys, an analysis of updated geologic and geotechnical surveys from previous
data and other environmental maps, the soil was characterized to verify the variations among the
wetlands and the corresponding catchment areas.

The distributions of the lithologies and unconsolidated materials were combined in the map in
Figure 5c. The lithologies underlying the wetlands and catchment area were those of the geological
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formations including the Tatuí (sandy siltstones), Irati (siltstones and shales), Corumbataí (claystones
and siltstones), Pirambóia (fluvial sandstones), Botucatu (eolian sandstones), and Serra Geral (diabase)
Formations. The unconsolidated materials of the catchment area were classified into two large groups:
residual material originating from the previously described lithologies and transported materials
(sandy colluvium, alluvial deposits, and clayey colluvium). The unconsolidated wetland material was
denominated as hydromorphic soil, the characteristics of which are associated with Melanic Gleysol.
The basic geotechnical characteristics of the different types of unconsolidated materials are shown in
Table 3.

Table 3. Basic geotechnical characteristics of the unconsolidated materials in the study region.

Unconsolidated Material Area
(km2) Texture a Thickness

(m)
Soil Total
Porosity

Hydraulic
Conductivity (cm/s)

R.U.M. from Diabases 107.2 Clay to Sandy clay <10 0.45–0.62 10−4–10−5

R.U.M. from Eolian sandstones 16.7 Sand to Loamy Sandy <2 0.41–0.48 >10−3–10−4

R.U.M. from fluvial sandstones 39.5 Sandy loam to Sandy clay loam <5 0.41 10−3–10−4

R.U.M. of siltstones and claystones 173.3 Clay <5 0.35–0.48 10−4–10−6

R.U.M. siltstones and shale 32.4 Clay to Sandy clay <5 0.50–0.54 10−4–10−6

R.U.M. from sandy siltstones 28.4 Sandy clay loam <5 0.40 10−4–10−5

T.U.M. sandy colluvium 162.7 Loamy sand to Sandy loam <10 0.37–0.44 10−2–10−3

T.U.M. clay colluvium 47.2 Clay <5 0.50 <10−4–10−6

T.U.M. sandy alluvium 96.8 Sandy loam <2 0.37–0.47 10−3–10−6

Hydromorphic soil
(Melanic Gleysol) 9.0 Sandy clay loam to Clay <2 0.45–0.60 10−6

Legend: R.U.M.: Residual unconsolidated material; T.U.M.: Transported unconsolidated material. a Soil texture
was classified based on [52].

It was observed that 64.2% of wetland areas occurred on diabase lithology, where residual
unconsolidated material from diabases, sandy colluvium, and clay colluvium transported
unconsolidated materials predominately cover the catchment area. The other wetlands were
distributed on Tatuí (20.5%), Corumbataí (14.3%), and Irati (1%) Formation lithologies, presenting
sandy alluvium and sandy colluvium, residual unconsolidated material from siltstones and claystones,
and siltstones and shale covering the catchment areas. The unconsolidated material of wetlands
contain a hydromorphic soil layer varying from sandy clay loam to clay texture and from 1 to 2 m
thick. These soils are also enriched in the underlying organic matter (30 cm), the porosity was highly
variable, and the hydraulic conductivity values were low.

Based on the geology, unconsolidated maps and their characterizations, well profile descriptions
obtained from the National Groundwater Database, field observations, and the DEM, five combinations
of geological materials and the relief of the wetlands were identified, and their respective geological
profiles were inferred. The main characteristics are described below.

• Combination 1—Wetlands associated with diabase and residual unconsolidated material

This combination included 33 wetlands and their respective catchment areas. These wetlands
varied in size with an average size of approximately 10.5 ha, generally occurring in the highest portion
of the ground, and tended to be circular including the catchment area. The unconsolidated material
that covered the catchment area had a clay to sandy clay texture and a thickness of up to 10 m. Figure 6a
shows the typical relationships between these wetlands and the geological materials.

• Combination 2—Wetlands associated with transported unconsolidated material composed of clay
colluvium overlying the diabase

This combination included 11 wetlands, which were more elongated than those of combination
1 and had an average area of less than 5 ha and smaller contribution zones. The unconsolidated
material of the catchment area was more clayey and less than 5 m thick. Figure 6b shows the typical
relationships between these wetlands and the geological materials.

• Combination 3—Wetlands associated with residual unconsolidated materials from the Corumbataí,
Irati, and Tatuí Formations
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This combination included 14 wetlands with areas ranging from approximately 1 ha to 12 ha with
an average of 5 h, and contribution zones of varying sizes. The soil texture ranged from sandy loam to
clay with variable depths. Figure 6c shows the typical relationships between these wetlands and the
geological materials.

• Combination 4—Wetlands associated with transported unconsolidated material consisting of
sandy colluvium deposited on the residual materials

The 35 wetlands in this combination were associated with the highest portion of the ground and
sandy transported materials, with depths ranging from 2 to 10 m. The elevation between the lowest
point of the wetland and the top of the catchment area generally does not exceed 5 m. The average
size of these wetlands was 9.6 ha, whereas that of the catchment area was 25 ha. Figure 6d shows the
typical relationships between the wetlands and the geological materials.

• Combination 5—Wetlands associated with unconsolidated materials in alluvial deposits

The 19 wetlands included in this combination interacted with the sandy transported unconsolidated
materials deposited along the margins of the Mogi-Guaçú River as alluvium that mainly overlies
the Tatuí Formation. Figure 6e shows the relationships between the geological materials and these
wetlands. These wetlands were elongated and had an average area of 4.7 ha, whereas their contribution
zones were rarely circular and had an average area of 18.5 ha.Geosciences 2020, 10, x FOR PEER REVIEW 15 of 33 
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Figure 6. Wetlands and geological materials: (a) typical cross section of wetlands associated with
diabase and residual unconsolidated material; (b) typical cross section of wetlands associated with
transported unconsolidated material composed of clay colluvium overlying the diabase; (c) typical
cross section of wetlands associated with residual unconsolidated materials from the Corumbataí, Irati,
and Tatuí Formations; (d) typical cross section of wetlands associated with transported unconsolidated
material consisting of sandy colluvium deposited on the residual materials; (e) typical cross section
wetlands associated with unconsolidated materials in alluvial deposits.
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To verify whether there were statistically significant differences in wetland and catchment areas
among the five identified combinations of geological material and relief that compose wetlands,
we applied Kruskal–Wallis and Tukey’s HSD tests. The results showed that for the Kruskal–Wallis test
considering wetland area, p was 0.0098, which was lower than 0.05, indicating that there was a difference
between the combinations. However, this difference only occurred between wetlands associated with
diabase and residual unconsolidated material and wetlands associated with unconsolidated materials
in alluvial deposits. For the catchment area, p was 0.0003262 from Tukey’s test, indicating that there
was a difference between wetlands associated with transported unconsolidated material consisting of
sandy colluvium deposited on the residual materials and wetlands associated with unconsolidated
materials in alluvial deposits.

4.3. Hydrological Aspects of Wetlands

In relation to wetland hydrological conditions, the ponded water and saturated soil conditions
identified in the field and in satellite images were different for the dry and wet seasons. During the dry
period, most of the wetlands were dry; however, some still had some water in the center of the wetland,
or the soil was saturated. For wet periods, some of the wetlands presented ponded water varying from
0.01 to 1.5 m in depth, and in the others, the soil was saturated. Figure 7 shows the conditions of a set of
wetlands for four different periods, which highlights the water condition variations during the dry and
rainy periods and for specific years. Dry wetlands with little water are shown in Figure 7a,b (2004 and
2011, respectively), which are consistent with the dry periods. Figure 7c,d (2016 and 2017, respectively)
show features that indicate the presence of water, which is the result of the rainy period. Another
interesting hydrological aspect observed in the study area was the occurrence of throughflow in some
wetland catchment areas associated with sandy colluvium unconsolidated material, which covered
residual unconsolidated material from diabases.
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4.4. Rainfall and Water Level Monitoring

Before beginning the rainy season, the accumulated rainfall of the two previous months was
110 mm, the total days without and with rainfall events were 47 and 13, respectively, and rainfall
events were not concentrated and generally presented low intensities (<6 mm/day). The one month
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monitored during the rainy season presented an accumulated rainfall of 300 mm including 13 days
without and 17 days with rainfall events concentrated at the beginning and middle to end of the month,
respectively. The rainfall event intensities ranged from 1 mm/day to 79 mm/day, with a standard
deviation of 20.4 mm/day and an average of 16 mm/day.

For water level monitoring, we considered different hydrological conditions, which represented
the conditions of the water level before and after the rainy season. Table 4 shows the results of the
hydrological conditions observed in the monitored wetlands. Before the rains, these wetlands were
mostly dry (54%), the soil was slightly saturated (6%), the ponded water depth was low (26%) or the
groundwater level was near the surface in artificial drainage channels, and some wetlands suffered
excavation and augering holes (14%). Different hydrological conditions were observed after the rainfall
events that occurred in the study area. Figure 8a,b show the differences in one of the monitored
wetlands before and after the rainy season. Five wetlands that were dry, two with saturated soil
conditions, and one with water in artificial drainage channels and excavation holes showed evidence
of flooding (23%). All the wetlands that presented ponded water had increased water volumes (26%).
The wetlands that showed water in ditches and excavation holes also had elevated water levels (11%).
However, eight dry wetlands (23%) showed no evidence of ponded water, saturation, or water in
ditches and wetlands that had been excavated for water supply after a rainy season.

Table 4. Hydrological conditions of monitored wetlands before and after a rainy period.

Hydrological Condition Dry Season Rainy Season

Water storage in man-made drainage channels and excavation
holes that water level is below wetland surface 5 6

Ponded water in wetlands 11 8

Soil saturation evidences. 2 -

Dry conditions 17 8

Increase of ponded water depth * 9

Water storage increase in man-made drainage channels and
excavated and augering holes * 4

Legend * This hydrologic condition only occurs after the rainy period because it is associated with an increase in
water depth due to rainfall events.
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4.5. Wetland Classification

Based on the obtained data, the wetlands in the Leme region were classified based on the
hydrogeomorphic classification as depressional. The depressional wetlands occurred mainly in the
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highest plain portion of the landscape and on the floodplains of the Mogi-Guaçú River and the
Ribeirão do Roque, but fewer than 10 were located on the middle slopes. The identified potential
sources of water were groundwater discharge, rainfall (direct source), surface runoff, subsurface flow,
and overflow from drainage channels, and the magnitude and occurrence of each input source varied.
The predominant hydrodynamics were vertical and seasonal fluctuations.

The depressional wetlands in Leme were also verified to show variability in terms of wetland water
dynamics. The depressional wetlands were classified into two subclasses, the functional scheme of
which is shown in Figure 9a,b. The characteristics of the hydrogeomorphological subclasses recognized
in the study area are described below.Geosciences 2020, 10, x FOR PEER REVIEW 18 of 33 
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or in the floodplains of the Mogi-Guaçú and Roque Rivers; (c) example of diffuse spring; (d) example
of point spring.
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The first class is associated with the ninety-three wetlands located on higher and flat portions
of the terrain. The main water entry is groundwater flow, and the magnitude of the discharge is a
function of the position of the water level, which mainly occurs in a diffuse way (Figure 9c). However,
in some wetlands, water may also be contributed from point discharge sources. Figure 9d shows an
example of a point discharge source that occurs in the southeastern portion of Wetland 26. The other
water inlets in these wetlands are the subsurface flow and surface runoff that occur in its basin and
direct precipitation; however, their importance as water inputs is less than that of groundwater flow.
The water output is either through evapotranspiration, natural or artificial drainage channels, or direct
recharge of the aquifer. In terms of the catchment and wetland areas, they presented varied sizes
and shapes.

The second subclass is the 19 wetlands located in the low part of the terrain near the floodplains
of the Mogi-Guaçú and Roque Rivers. The main input is groundwater discharge; however, overbank
flow may provide an important contribution, depending on the proximity of the drainage channel and
wetland and the river water level, which influences the overflow volume. The output is by overflow
when high-intensity rainfall events occur, groundwater recharge, and evapotranspiration.

4.6. Significance of Wetland Potential Functions

From the qualitative analysis of several parameters, the significances of potential wetland functions
were assessed. For nonpoint pollution removal, proximity to pollution sources, proximity to water
bodies, and wetland soil characteristics were considered. It was verified that 80% (Figure 10b) of the
catchment area surrounding the wetlands was used for agricultural purposes, which corresponded
mainly to sugarcane crops, indicating the high importance of nonpoint pollutant removal. In relation
to the proximity to water bodies, two situations were verified: depressional wetlands that were far
from (>100 m) intermittent or permanent surface waters (lakes and rivers) and wetlands that were
near permanent water bodies. The first case (80%) represented the most common situation in the
study area, and because wetlands are not close enough to water bodies, the likelihood that polluted
runoff entering the wetlands otherwise enters surface water is low. The second case (20%) was the
opposite of the first case, so considering this parameter for wetlands, the potential to remove nonpoint
pollution is more significant than that in the first case. The wetland soils of the study regions presented
high organic matter contents and generally fine textures, indicating that they have important cation
exchange capacity and efficiency in retaining and transforming nutrients.

The analysis of the water storage function considered the wetland size, catchment area, hydraulic
conductivity, and watershed position. The wetlands, as previously shown, are of various sizes,
and those that are larger present a greater potential to store water from surface runoff, precipitation,
subsurface flow, and groundwater discharge. The same logic was applied to the catchment areas,
which were also varied, and the larger ones indicate a greater capacity to generate higher volumes
of surface runoff to be stored. It was verified that the saturated hydraulic conductivity ranged from
low (<10−5 cm/s) to high (>10−3 cm/s) and moderate (10-4 cm/s); in the catchment areas (46%) with
low values, the water storage function presented a greater importance due to the higher possibility of
generating surface runoff. The wetlands were varied in relation to the watershed position and were
located predominantly near drainage channels of the 1st, 2nd, and 3rd orders, which indicates that the
water storage function of these wetlands can have great impacts on the overall watershed hydrology.

For the groundwater discharge and recharge function, we analyzed hydraulic conductivity,
occurrence of throughflow, and catchment and wetland areas. We found that the saturated hydraulic
conductivity of unconsolidated materials in the catchment area varied from low to high and moderate,
consequently resulting in different recharge and discharge potentials. In the study area, wetlands
with larger catchment areas presented a greater probability of infiltrating a higher volume of water,
increasing the wetland groundwater discharge potential. The Leme depressional wetlands were varied,
and those with greater areas had greater potential for groundwater recharge. More than 20 catchment
areas displayed throughflow, indicating low significance for the groundwater discharge function.
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4.7. Land Use, Anthropogenic Interference, and Surface Area of Ponded Water

Agricultural uses were dominant within the wetlands and the catchment areas, in which the main
land use type was semi-perennial crops (mainly sugarcane) (62.9%). A comparison of the two maps
(Figure 10) showed a slight decrease (0.3%) in the vegetated areas, an increase in urban areas (1.6%),
and a shift (4.4%) from permanent to semi-perennial (orange plantation) and annual crops, mainly to
sugarcane plantations.

Five types of anthropogenic interference were identified within the wetlands: ditches and
excavation of the wetland for exploiting water for irrigation and other agricultural uses, agricultural
activities, roads cutting wetlands, and expansion of urbanized areas. Excavations (Figure 11a) and
ditches (Figure 11b) were observed in more than 20 and 40 wetlands, respectively, and they were
generally identified close to sugarcane plantations. Agricultural activities occurred all across the study
area and could be associated with both wetland areas and wetland catchment areas. For catchment
areas, it was observed that agricultural activities changed the landscape due to the construction of
terraces higher than 1 m that permit the storage of overland flow (Figure 11c,d) and change the surficial
soil layer due to agricultural management and the weight of machinery. It was observed that more
than 10 wetlands, located both north and south of the study area, were cut by roads, and Figure 11e
shows that Wetland 29 was cut by a road (SP-225). The expansion of urbanized areas changed four
wetland landscapes, as shown in Figure 11g,h. The first image shows the positions of the terraces that
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were built during different periods to restrict the wetland, and they serve as a reference to evaluate the
changes in size even before urbanization occurred. The second image also shows the lines of the streets
in the current urban area, which are orthogonal to the edges of the wetland as well as the decreases in
stored water and wetland area.Geosciences 2020, 10, x FOR PEER REVIEW 21 of 33 
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activities in the wetland and catchment areas. Figure 12b,c shows the same set of wetlands in 2017, 
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Figure 11. Evidence and examples of anthropogenic interferences: (a) wetland that was excavated
to extract water for agriculture; (b) artificial drainage channel (ditches); (c) terraces in the catchment
area; (d) detail of Figure 11c showing water storage due to terraces in the catchment area; (e) effect of
road construction on stored water of Wetland 29 (06/2019); (f) photograph showing details of the road
construction effect, in which one side displayed more water than the other; (g,h) changes in Wetland
104 caused by urbanization in July 2010 and June 2017.
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The magnitude of changes caused by anthropogenic interference also varied. Figure 10a shows
a set of wetlands that illustrate the magnitudes of the changes in 2013 resulting from agricultural
activities in the wetland and catchment areas. Figure 12b,c shows the same set of wetlands in 2017,
and the details of Wetland 58 indicate that the landscape characteristics were heavily physically
changed by the construction of terraces of channels excavated to drain the area and enable agricultural
use. The others, except for Wetland 57, did not present evidence of ponded water, which could be the
effect of ditches. Figure 12d shows a wetland that had been totally modified by agricultural activities
including ditches and presented evidence of erosion.

Geosciences 2020, 10, x FOR PEER REVIEW 22 of 33 

 

could be the effect of ditches. Figure 12d shows a wetland that had been totally modified by 
agricultural activities including ditches and presented evidence of erosion. 

 
Figure 12. Examples of environmental changes: (a) set of wetlands highlighting Wetland 58—October 
2013; (b) Wetland 58—June 2017; (c) detail of Wetland 58, (d) wetland that was totally modified by 
agricultural activities, had been ditched, and presented evidence of erosion. 

Assuming that the changes and responses of the water dynamic components of wetlands can be 
measured based on the amount of water present in them, using satellite images from March 1991 and 
2019, we quantified the surface area of ponded water inside the wetlands. The total rainfall amounts 
for the 12 months preceding March 1991 and 2019 were 1390 mm and 1350 mm, respectively. As 
observed in Figure 7a,b, in 1991, more than 60 wetlands presented flooded areas totaling 270 ha of 
ponded surface. However, in 2019, only 29 presented evidence of ponded water, and the results 
showed a significant decrease from 270 ha in 1991 to 60 ha in 2019. 

5. Discussion 

5.1. General Comments 

In this manuscript, we inventoried, characterized, and studied the degradation of depressional 
wetlands in the Leme region. The main findings showed that the 112 inventoried wetlands were 
located within different geological materials and relief settings and were classified into two 
subclasses with different hydrological control mechanisms. The studied potential functions of 
depressional wetlands that presented high significance were groundwater discharge and recharge 
and surface runoff storage functions, but the removal of pollutants showed moderate potential. 
Anthropogenic interference (e.g., ditches, physical landscape and soil alteration, and water pumping) 
produced changes at different levels in both wetland and catchment area characteristics and affected 
wetland hydrology, which resulted in a decrease in the surface area of ponded water, a reduction in 
the water level, or even the drying of wetlands. 

The applied methodology is flexible and reproducible and permits inventorying, characterizing, 
classifying, and evaluating the degree of degradation in several wetlands and identifying potential 
wetland targets for reclamation. It further allows the combination of quantitative and qualitative 

Figure 12. Examples of environmental changes: (a) set of wetlands highlighting Wetland 58—October
2013; (b) Wetland 58—June 2017; (c) detail of Wetland 58, (d) wetland that was totally modified by
agricultural activities, had been ditched, and presented evidence of erosion.

Assuming that the changes and responses of the water dynamic components of wetlands can
be measured based on the amount of water present in them, using satellite images from March 1991
and 2019, we quantified the surface area of ponded water inside the wetlands. The total rainfall
amounts for the 12 months preceding March 1991 and 2019 were 1390 mm and 1350 mm, respectively.
As observed in Figure 7a,b, in 1991, more than 60 wetlands presented flooded areas totaling 270 ha
of ponded surface. However, in 2019, only 29 presented evidence of ponded water, and the results
showed a significant decrease from 270 ha in 1991 to 60 ha in 2019.

5. Discussion

5.1. General Comments

In this manuscript, we inventoried, characterized, and studied the degradation of depressional
wetlands in the Leme region. The main findings showed that the 112 inventoried wetlands were
located within different geological materials and relief settings and were classified into two subclasses
with different hydrological control mechanisms. The studied potential functions of depressional
wetlands that presented high significance were groundwater discharge and recharge and surface
runoff storage functions, but the removal of pollutants showed moderate potential. Anthropogenic
interference (e.g., ditches, physical landscape and soil alteration, and water pumping) produced
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changes at different levels in both wetland and catchment area characteristics and affected wetland
hydrology, which resulted in a decrease in the surface area of ponded water, a reduction in the water
level, or even the drying of wetlands.

The applied methodology is flexible and reproducible and permits inventorying, characterizing,
classifying, and evaluating the degree of degradation in several wetlands and identifying potential
wetland targets for reclamation. It further allows the combination of quantitative and qualitative
approaches based on low-cost mapping procedures and field and laboratory work, but experienced,
trained professionals are required. The procedure used to monitor wetland water levels in the short
term, despite its simplicity, proved to be interesting because long-term monitoring is expensive
and such data for undeveloped countries and large wetland complex areas are lacking. Moreover,
the monitoring also facilitates verifying significant variations in the wetland water levels in relation to
rainfall events, thereby enabling inferences about wetland hydrology and environmental impacts.

On the other hand, the limitations of the method are associated with the scale of the work and the
monitoring design. All the maps of environmental attributes should have compatible scales, and to
reproduce this method, we recommend using it only for large areas with mapping scales from 1:50,000
to 1:10,000. For larger scales in undeveloped countries, maps with more detailed scales are rare,
and their elaboration for large areas is expensive due to extensive field and laboratory work. At scales
smaller than 1:50,000, it is not possible to thoroughly map and characterize depressional wetlands.
The monitoring design provides only an indication of the water level between two periods, and the
locations of stakes should be planned properly to identify the places where water surging occurs.
Moreover, it is necessary to spatialize rainfall and to compartmentalize the study area rainfall depths to
better comprehend the influence of precipitation variability on water depth and ponded surface area.

Note that the methodology used is a first approach to characterize and understand the magnitude
and impacts caused by anthropogenic interferences, which presented an overall characterization and
condition of the Leme depressional wetlands. Thus, it is necessary to develop more specific studies
related to the long-term monitoring of the water table and evapotranspiration, characterization of the
different infiltration conditions (soil + land use and management) of the catchment area, and modeling
of water dynamics considering not only a single depressional wetland, but also the whole watershed
and other types of wetlands to verify groundwater flow and connectivity.

After a brief review of the main findings and analysis of the applied methodology, it is important to
deeply interpret the results and point out the potential implications of this study. As there are only a few
studies in Brazil regarding depressional wetlands, several comparisons or relations made throughout
the discussion were associated with other depressional and palustrine wetlands around the world,
mainly the Prairie Pothole wetlands located in the United States and Canada. Although these wetlands
are situated in a region with different wetland genesis, climate, and geology as well as the presence
of snow in wetland water dynamics, in general, the Prairie Pothole area has groundwater discharge
as the main input and groundwater recharge and evapotranspiration as the principal outputs [53],
which are similar to the main input and outputs of the studied wetlands. Thus, it is possible to realize
only a rough comparison because they present approximately similar hydrological mechanisms.

5.2. Wetland Characterization and Function Significance

Depressional wetlands are located in different settings with respect to relief and geological
materials, and the analysis of the relationship between them is essential because their characteristics
influence the amount of rainfall available for infiltration in the catchment area, local groundwater
recharge, surface runoff generation, and subsurface flow. In other words, this analysis should be
undertaken to understand the variability of the wetland geomorphological context and to infer an
overview of how this variability can affect wetland water dynamics. For example, the wetland
catchment areas located on flat and high regions composed of unconsolidated material with clay
texture present low potential infiltration due to the low values of saturated hydraulic conductivity,
which can result in high potential for overland flow generation and low potential for groundwater
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recharge [54–56]. Moreover, in the areas that present thicker unconsolidated materials, the probability
that the infiltrated water provides groundwater recharge may be even smaller due to the greater
depth of the effective transmission zone. On the other hand, catchment areas with highly permeable
unconsolidated materials (sandy colluvium) yield high potential for groundwater recharge and low
potential to generate overland flow [57,58]. The wetlands located on the floodplains of the Roque and
Mogi-Guaçú Rivers presented a different hydrological behavior from those of other wetlands because
they are strongly influenced by the groundwater water level, which is usually shallow, and less time is
therefore required for the rainfall to infiltrate and reach the groundwater. This factor directly affects
the water level as well as the recharge by overflows due to flooding [59,60].

In relation to the wetland and catchment areas, the average catchment area was 31% larger than the
wetland area, which is in accordance with the range (5–35%) found by Hayashi et al. [6] in depressional
wetlands in the PPR. Based on the five combinations of unconsolidated material, lithologies and relief,
we used the Kruskal–Wallis and Tukey’s HSD tests on wetland and catchment areas to verify whether
there are statistically significant differences between these combinations. The results showed that
there was a difference between wetlands located on lowlands and uplands, which can be related to
geomorphological characteristics. Although no statistically significant difference was found between
upland wetlands, the area proportion is a useful guide because land management may affect the
wetland water balance [6]; the area proportion also permits a comparison with other wetlands. In other
words, the quantities of water budget components such as infiltration, runoff, and evapotranspiration
are dependent on this area proportion. For example, two wetlands with the same characteristics of
geology, relief, and land use can present different water balance behaviors if the relation between
catchment and wetland areas is too diverse, which would necessitate a different management strategy
for each wetland type.

When analyzing the hydrological mechanism used to comprehend and classify depressional
wetlands, we verified that during the rainy season, the wetlands receive water from direct rainfall,
surface runoff, and subsurface flow from uplands, and because the groundwater level is shallow, as the
level rises because of groundwater recharge in the catchment area, groundwater discharge in wetlands
becomes the main water input. The groundwater discharge may have a more significant contribution
in wetlands located in low positions within the landscape [21]. Another important mechanism that
was observed only for the wetlands located on the higher portion of the terrain in sandy colluvium
unconsolidated materials and during the rainy period was throughflow, which is a part of subsurface
flow where a certain point at the flow returns to the surface as overland flow prior to becoming
groundwater [61]. The implication of throughflow in the wetland water budget can be a decrease in
upland local groundwater recharge and wetland groundwater recharge because rainfall water returns
to the surface and solar radiation exposure can increase evaporation. In addition to the groundwater
contribution, wetlands located in floodplains can receive water from overbank flow from drainage
channels, and the magnitude is a function of the rainfall intensity and duration, which influence
river water levels [62]. During the remaining months (dry season), the water sources are restricted
to regional, intermediate, and local groundwater flow and subsurface flow, and the subsurface and
local groundwater flows depend on the amount of water that infiltrates in the catchment area and
on the flow conditions, which are controlled by the geological materials. It is important to note that
for regional and intermediate groundwater flow, we roughly estimated their contributions based on
geological cross sections, and the real contributions of these components need further investigation.

In turn, water loss occurs by natural processes such as evapotranspiration, groundwater recharge,
and depending on the configuration of the wetland, drainage through intermittent or perennial outlets
and by anthropogenic components such as ditches and pumps for use in agricultural irrigation, animal
husbandry, and other human purposes. Ditches, water pumping, and groundwater recharge are
directly associated with wetland areas, and evapotranspiration occurs throughout both wetland and
catchment areas [6]. However, evapotranspiration from moist areas may have a major influence on the
water balance of wetlands [63]. In terms of contributions to water balance, evapotranspiration may
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present higher rates during the dry season due to lower volumes of rainfall. Groundwater recharge
depends on hydraulic conductivity below the transmission zone [64], and wetlands with low values
may present low potential groundwater recharge (e.g., wetlands located on residual unconsolidated
material from diabases).

In general, the overall significance of the studied wetland functions is high to moderate, but the
removal of pollutants presents a moderate potential to remove pollutants because most wetlands are
not close to surface water; in other words, the probability that pollutants reach surface water is low.
Despite this moderate potential, the catchment area of depressional wetlands is used for anthropogenic
activities such as sugarcane crops that represent potential pollution sources. Sugarcane land use
is an important potential pollution source if vinasse is used to increase production and is applied
inadequately and indiscriminately. Vinasse can pollute water and soil [65] and has high concentrations
of nitrate, potassium, and organic matter; in high concentrations, it can cause two conditions. It can
improve the water infiltration capacity because it can cause soil aggregation, which increases the
leaching of ions that can contaminate groundwater [66]. On the other hand, it can promote the
dispersion of soil particles, which can decrease the infiltration capacity, resulting in an increase in
surface runoff generation and the probability of contaminated surface waters [67].

For potential surface runoff storage, most wetlands present high to moderate significance. The high
potential is because the wetlands have large catchment (>8 ha) and wetland (>4 ha) areas and are
usually located in upstream watersheds and because the surface layer presents high saturated hydraulic
conductivity. The combination of these factors indicates that the probability of generating a greater
volume of overland flow is higher, and wetlands have enough area to store this flow and reduce the
impact of downstream runoff. The moderate significance is associated with catchment areas that
have unconsolidated material consisting of sandy colluvium, which presents high saturated hydraulic
conductivity (i.e., rainfall has a high possibility of infiltrating instead of becoming overland flow).
However, it is important to note that depending on rainfall duration and intensity, wetlands that have
sandy colluvium in catchment areas can experience throughflow and can exfiltrate part of the rainfall,
thus increasing the significance of these wetlands for performing the surface runoff storage function.

Similar logic can be applied to the potential groundwater recharge and discharge functions.
Wetlands that have large extents tend to have greater areas to discharge groundwater and recharge
the aquifer, and consequently have greater volumes. Most wetlands present large catchment areas,
and when associated with unconsolidated material that has low saturated hydraulic conductivity,
the possibility to infiltrate and recharge groundwater is higher, which can increase the groundwater
level and affect the flow rates of groundwater discharge. However, for unconsolidated materials
with low infiltration capacities, the effects of rainfall on groundwater levels due to lower potential
groundwater recharge are probably less significant.

5.3. Wetland Degradation

Different anthropogenic interferences (e.g., the construction of ditches and roads, excavation
within wetlands, and the use of the surrounding land for a variety of purposes) in the study region have
caused changes of varying magnitudes in wetland hydrology including changes in the catchment area
and the wetland area. The change in land use from forest to agricultural activities, mainly sugarcane,
may change wetland characteristics and the infiltration and Hortonian overland flow dynamics in
the catchment. On agricultural activity, converting wetlands to sugarcane plantations is a procedure
commonly observed in the study area, and the effects of these modifications increase the degradation
or totally modify some wetlands. Associated with wetland ditching, such changes have been one of the
principal factors in the destruction of small depressional wetlands around the world [9,10,14]. In turn,
the changes in catchment area are related to compaction of the surface layer because of the type of
land management, which can intensify the construction of terraces that cut into hill slopes, store water,
and decrease the surface runoff flow into wetlands. To investigate the soils of the region, Failache and
Zuquette [56] considered a set of typical rainfall events in the east-central portion of São Paulo and
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studied the soil characteristics, infiltration, and Hortonian overland flow generation behavior of several
land use types including sugarcane in different management stages. They found that independent of
soil type, sugarcane and orange crops compacted the surface soil layer over the years because of the
weight of machinery. Considering sugarcane at the beginning and end of the cultivation cycle (seven
years), the dry specific weight and total soil total porosity of the surface layer (up to 20 cm) ranged
from 1.358 to 1.520 g/cm3 and from 0.54 to 0.48, respectively, for residual unconsolidated material from
diabases and from 1.470 to 1.637 g/cm3 and from 0.46 to 0.38, respectively, for sandy colluvium. Due to
soil compaction, the infiltration rates decreased significantly, which resulted in an increased generation
of Hortonian overland flow, which can increase erosion and wetland sedimentation processes [7],
or flow to and be stored on terraces. The problem associated with stored water on terraces is that the
time to infiltrate is much longer due to low infiltration rates, which can increase the evaporation rates
because stored water is exposed to solar radiation for a longer time. On the other hand, part of the
water that infiltrates is absorbed by sugarcane crops and then transpired; the other part is stored in the
surficial soil layer, and only a small part is available to percolate to the groundwater.

Drainage through ditches in the study area is extensive and is one of the major factors affecting
wetland water dynamics, and this practice is also applied in other wetlands around the world.
Ehsanzadeh et al. [68] estimated that 30% of wetland areas have been drained in the Canadian
portion of the PPR, and drainage can be more extensive in the U.S. portion [69]. The drainage in
the Leme region is sometimes focused on smaller, seasonally, and ephemerally flooded wetlands.
According to Mccauley et al. [14], the smaller ones dry out and consolidate surface water into fewer,
more permanent basins that likely become larger and deeper, which was also observed in some Leme
wetlands. The main effects of wetland drainage can be associated with groundwater level drawdown,
and recent studies indicate that wetland drainage increases downstream flooding in some watersheds,
but the magnitude of the effect remains uncertain [6]. Van der Kamp and Hayashi [64] similarly verified
that in the prairie region, wetland drainage strongly affects the local groundwater; however, they noted
that the effect on regional groundwater recharge may be small. In turn, McCauley et al. [14] found that
wetland drainage tends to increase the ponded water areas of end-basin depressions, which can be
considered a flooding impact, although not on outflowing streams.

Similarly, the construction of roads also affects the water dynamics of a few wetlands, and the
main observed effect is the formation of a groundwater and surface water flow barrier that modifies
the water depth. McCauley et al. [14] also observed such impacts; however, these authors verified that
road construction can also facilitate flow between ditched wetlands. Shuldiner and Cope [70] explained
that because of impoundment caused by roads, the water level tends to increase on the upflow side of
the structure and decrease on the downflow side, consequently changing wetland areas and altering
the natural distribution of water in wetlands. For the wetlands with ditches, before ditching, water
flow was diffuse, and the change to concentrated flux at a certain point in the wetland resulted in a
significant disruption of the hydrological regime [70].

In the Leme region, only a few wetlands are located close to urbanized areas. The main problem
associated with these areas is the concentration of surface runoff because the lines of streets in the
current urban area are orthogonal to the edges of the wetlands; furthermore, the expansion of urban
boundaries physically changes the catchment and wetland landscape. The results of these changes
are decreases in water storage, water depth, wetland area, and vegetation. Moreover, because of the
increase in runoff rates, erosion and sedimentation may also be enhanced, which is in agreement with
the observations of Reinelt and Horner [71]. Azous [72], the U.S. EPA [73], and Reinelt et al. [12] also
observed in depressional freshwaters in U.S. urban areas that such changes altered water level response
times, water depths, and durations and frequencies of inundation, decreased infiltration in catchment
areas, and reduced stream baseflows and groundwater supplies to wetlands.

Thus, it is evident that anthropogenic interferences have several impacts in the Leme wetlands
and to evaluate those impacts, we quantified the water inside wetlands based on the hypothesis
that the analysis of surface water level and ponded area in relation to rainfall input can reflect the
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impacts of these changes. The main implication of the discussed changes was the faster decrease
in water volume in several wetlands. However, the magnitude of the decrease varied and was
verified in satellite images and by water level monitoring. Over 28 years, the surface ponded area
decreased more than 4.5 times, and decreases occurred in all wetlands. The monitoring results were
corroborated with multitemporal data and showed that before the rainy season, in several wetlands,
the geological materials on the surface were very dry or even cracked, and that the vegetation showed
signs of lacking water, which could be preliminarily associated with a drier period. The monitored
wetlands that had water at their surfaces also had groundwater levels closer to the wetland surfaces.
In addition, the wetlands associated with sandy colluvium in the catchment area showed evidence
of sedimentation due to erosion, which reduced their useful water volume. However, after a rainy
period, for the same rainfall amount, eight areas were still dry, and 10 wetlands had water below
the surface, demonstrating that the water dynamics and hydrological functions of these wetlands
were affected in some way by anthropogenic interferences. These wetlands were located in areas
with intense anthropogenic activities in both the catchment and wetland areas such as the presence
of extensive agricultural management, landscape modifications, pumping, and artificial drainage
channels, which are well known to change the water dynamics and hydrological functions of wetlands
including water storage and groundwater discharge and recharge [10,14,70,74]. Although these results
are strongly indicative of wetland degradation, future studies to model wetland hydrology and consider
geological material variability are essential because many of the wetlands that are experiencing high
anthropogenic pressure are located in clay soils. Wetlands with clay soil may cause water ponding
that is perched above the groundwater table, which results in smaller storage volumes and shorter
seasonal hydroperiods than in wetlands with deeper sands that permit connections with shallow
groundwater [75,76]. Thus, when analyzing the monitoring data, it is essential to consider this
variability so that erroneous interpretation is avoided.

To comprehend the global situation of degradation in the study area based on an understanding
of the dynamic wetland water components, Figure 13 shows the main anthropogenic activities that
were identified in the region, the modifications of the components of the wetland and catchment
areas, and the main environmental changes that could occur in both the wetlands and the catchment
areas. The relationships shown in Figure 13 demonstrate that anthropogenic interferences affect the
factors that modify the equilibrium of wetlands and catchment areas and can lead to changes in the
wetland water dynamics and even the destruction of the wetlands. Agricultural activities are the most
influential because they change the environmental conditions of both the wetlands and the catchment
areas, which leads to the degradation of the wetlands.

Based on the multitemporal analysis of the flooded wetland area and land use changes and the
evaluation of anthropogenic interferences and environmental changes associated with short-term
monitoring, it was possible to identify wetlands that present evidence of degradation including
those that experience a high degree of anthropogenic pressure. To improve wetland management,
these results enable the choice of potential targets for reclamation and support more effective planning
and water management in the region to ensure environmental quality and to maintain and improve
wetland hydrological functions.
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Figure 13. Main anthropogenic interferences, environmental changes, and affected functions of
wetlands and catchment areas.

6. Conclusions

The 112 assessed depressional wetlands covered a total area of approximately 900 ha and included
different geological materials, relief settings, and characteristics. The wetlands were divided into
two hydrogeomorphic classes with different hydrological control mechanisms, which are related
to groundwater flow, surface runoff, subsurface flow, overflow, evapotranspiration, and drainage
surface flow. In general, the studied wetlands showed high significance for the groundwater discharge
and recharge functions and the surface runoff storage function; however, they showed moderate
significance for the removal of pollutants, mainly because most of the wetlands were not close to
water bodies.

Considering that changes in the hydrology of wetlands are reflected in the variable amount of
water present in these areas, we concluded that the water dynamics of the studied wetlands were
affected by anthropogenic activities in the catchment areas and within the wetlands. A comparison
of the ponded water area in 1991 with that in 2019 showed a significant water volume loss in the
studied wetlands, which confirmed the data obtained from onsite monitoring. The wetlands presented
different hydrological conditions that varied in the two monitoring periods. Before the rainy periods,
most of the 35 monitored wetlands were dry, the soil was only slightly saturated, or the depth of the
ponded water was low. After the rainy periods, over half of the wetlands were still dry, or there was



Geosciences 2020, 10, 296 28 of 31

water only inside the ditches excavated to drain the wetlands for water supply; the other wetlands had
ponded water, even if the water level was low.

The anthropogenic activities that affected wetland water dynamics changed both the wetland
catchment and wetland area characteristics. The land uses (agriculture, pasture, urban, and road) in
the catchment area affected the water dynamics in two ways. First, they compacted the superficial
layer of geological materials, which reduced the infiltration rate and therefore decreased the amount of
infiltrated water and the percolation distribution during the dry season, consequently impacting the
local potential groundwater recharge. Second, they physically changed the landscape, for example,
terraces that store water and reduce the surface runoff that reaches wetlands were constructed,
and urbanized areas that change the surface flow direction and reduce the amount of infiltrated water
had expanded. The modifications in wetlands were related to the construction of drainage ditches
for agricultural water, and the results showed evidence of decreasing the available stored water in
wetlands; furthermore, the construction of roads reduced the ponded water in parts of the wetlands.

We conclude that the proposed procedure is flexible and can evaluate the degree of degradation
of several wetlands and identify potential wetland targets for reclamation. The procedure also yields
data to realize more effective planning and water management in the region to ensure environmental
quality and to maintain and improve wetland hydrological functions. This method has several
advantages; it combines quantitative and qualitative approaches and considers the variability of
geological materials, land uses, and management practices. The data used to characterize the wetlands
were obtained from common and low-cost mapping procedures, in situ tests, and laboratory equipment,
but experienced, trained professionals are required. However, the drawbacks are related to the scale of
the work, which is indicated only for large areas up to mapping scales between 1:50,000 and 1:10,000;
monitoring provides only an indication of the water level between two periods, the locations of stakes
should be planned properly to identify the places where water surging occurs, and it is necessary to
spatialize and compartmentalize rainfall to improve the interpretation of water depth results.

For future work, we intend to apply specific algorithms considering satellite images to monitor
water levels and field monitoring studies to validate offsite monitoring results. Furthermore,
mathematical models will be applied to quantify the depressional water budget changes due to
anthropogenic activities.
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