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Abstract: Forest to pasture land use change following deforestation in Southern Amazonia can result
in changes to stream water quality. However, some pasture streams have riparian forest buffers,
while others are dammed for farm ponds. Stream corridor management can have differential effects
on hydrology and dissolved organic matter (DOM) characteristics. We examined rainfall-runoff
patterns and DOM characteristics in a pasture catchment with a forested riparian buffer, and an
adjacent catchment with an impoundment. Total streamflow was 1.5 times higher with the riparian
buffer, whereas stormflow represented 20% of total discharge for the dammed stream versus 13%
with buffer. Stream corridor management was also the primary factor related to DOM characteristics.
In the impounded catchment, DOM was found to be less structurally complex, with lower molecular
weight compounds, a lesser degree of humification, and a larger proportion of protein-like DOM.
In the catchment with a forested buffer, DOM was dominated by humic-like components, with
fluorescence characteristics indicative of DOM derived from humified soil organic matter under
native vegetation. Our results suggest that differences in stream corridor management can have
important implications for carbon cycling in headwater pasture catchments, and that such changes
may have the potential to influence water quality downstream in the Amazon basin.

Keywords: pasture; land use change; Amazon; fluorescence spectroscopy; dissolved organic carbon

1. Introduction

The Amazon basin plays a significant role in the global carbon (C) cycle [1]. The basin contains
a variety of landscapes spanning from pristine forest to regions impacted by deforestation and
fires resulting from agricultural expansion [2]. Since the 1970s, agricultural land expansion and
intensification have been changing the landscape of Southern Amazonia through the replacement of
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native forests with pasture or cropland [3]. In Brazil, net forest loss in the "arc of deforestation" between
1990 and 2015 accounted for 41% of global forest loss during those years (53 out of 129 Mha) [4,5].
Mato Grosso emerged as the state with the highest rate of deforestation between 1988 and 2018 with a
total loss of 14.3 Mha (33.1% of the total Brazilian deforestation) [6]. For decades, the predominant land
cover following deforestation has been pasture for livestock, with more recent conversions directly
to cropland or from pasture to cropland [7,8]. These changes in land use have had a number of
consequences on freshwater ecosystems, especially with respect to hydrology and biogeochemistry of
small streams [9–11].

Dissolved organic matter (DOM) enters inland waters in response to various natural factors
(e.g., climate and landscape), anthropogenic forcings (e.g., land use), as well as hydrological
processes [12–15]. Several studies show that the quantity and quality of DOC is proportional to land
cover type [16,17], though few studies have evaluated the influence of stream corridor management
following catchment-scale land cover change. Land use change impacts the hydrology of headwaters
stream characteristics in ways that may influence DOM delivery and transformation [18–20]
since the quantity and quality of DOM is controlled by biological (e.g., primary production and
decomposition), chemical (e.g., photodegradation and redox reactions), and physical processes (e.g.,
hydrology) [15,21–23]. DOM in aqueous systems is a heterogeneous mixture of organic compounds
that have ecologically important functions in processes that impact the C cycle and nutrient cycling [24].
Although organic matter can be rapidly degraded by biological activities, its chemical and fluorescence
characteristics allow for the use of DOM concentrations and characterization as an environmental tracer
in some ecosystems [25,26]. While land use change at the catchment scale has been evaluated relative
to hydrology and water quality in streams [20,27], the influence of stream corridor management (e.g.,
the presence or absence of riparian buffers, or the presence or absence of reservoirs or impoundments)
on hydrological functioning and stream water quality has received little attention by researchers.

Analysis of excitation emission matrices (EEMs) of water samples via fluorescence spectroscopy
allows for a detailed view of DOM characteristics in environmental samples. EEMs can be used
to track the origins of individual DOM peaks observed in aqueous samples [28], aiding in the
identification of C origin. Thus, monitoring of DOM dynamics provides substantial information about
the connections and ecosystem functioning in space and time [13,14,29,30]. Recently, fluorescence and
optical absorbance techniques have been used to assess water quality in agricultural river basins [26],
as well as Brazilian basins that cover tropical savannah (e.g., Cerrado), wetland (e.g., Pantanal),
and urban areas [16]. Fluorescence characterization facilitates the detection of differences between
natural and anthropogenic sources of DOM in agricultural streams [31]. Thus, a combination of optical
properties (fluorescence and absorption) in conjunction with conventional DOC measurements can be
used to discriminate temporal and spatial variations of DOM.

This study aims to evaluate hydrological dynamics and the DOC quantity and DOM quality for
adjacent pasture catchments with differing stream corridor management in Southern Amazonia
to better understand the influence of stream corridors on hydrology and C cycling in different
hydrological periods. Results provide additional evidence for a better assessment of the role of
headwater streams in the C cycle following deforestation events.

2. Materials and Methods

2.1. Site Description and Headwater Watersheds

The study was carried out at the Pedra Alta ranch in the municipality of Alta Floresta, Mato
Grosso, Brazil, located in Southern Amazonia. The Pedra Alta ranch (9◦49’ S, 55◦59’ W, 300 m.a.s.l.) is
located near the southern slopes of the Serra do Cachimbo in the lower part of the Teles Pires river
basin [32] (Figure 1). This 2000 ha ranch was established in 1983 and has 1450 ha of pasture (Brachiaria
genus) with low application of mineral fertilizers and 550 ha of forest. The predominant soil at the
ranch is classified as Chromic Acrisol [33] with 784 g kg−1 of sand, 80 g kg−1 of silt and 136 g kg−1



Water 2019, 11, 390 3 of 20

of clay, 15 g kg−1 total nitrogen, 138 g kg−1 of organic carbon (0–0.10 m depth), and a soil pH of 5.3
(in 1:2.5 soil:water slurry). The tropical forest vegetation consists of dense evergreen species with an
average height of 30 m, but with some emergent trees reaching a height of up to 45 m [34]. The 30-year
mean annual temperature is 25.7 ◦C with a mean annual precipitation of 2230 mm y−1 distributed over
a pronounced dry season (June to September, 230 mm) and wet season (October to May, 2000 mm) [32].
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commonly established when pastures are cleared from forested ecosystems in this region of the 
Amazon [10] (Figure 1). The catchment with forested riparian buffer (hereafter the “Forest 
catchment”) is a 360 ha second order catchment. This catchment presented a mix of land covers: 62 
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1). 

The catchment boundaries were delineated by interpolating between contours established with 
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Figure 1. The location of the Pedra Alta ranch in Alta Floresta, Mato Grosso, Brazil, in Southern
Amazonia with the location of the micrometeorological station (yellow star (a)) and the two studied
headwater pasture catchments (Dam (b), and Forest (c)). Water samples were collected and discharge
recorded at locations indicated by red circles.

We selected two headwater pasture catchments, one with riparian forest adjacent to streams (e.g.,
riparian buffer) and the other with a dammed stream (Figure 1). The catchment with the dammed
stream without riparian forest buffer was classified as a first-order catchment of 59 ha (hereafter known
as the “Dam catchment”), with a series of three impoundments used for drinking water for livestock.
These reservoirs are representative of typical small reservoirs (i.e., farm ponds) commonly established
when pastures are cleared from forested ecosystems in this region of the Amazon [10] (Figure 1).
The catchment with forested riparian buffer (hereafter the “Forest catchment”) is a 360 ha second order
catchment. This catchment presented a mix of land covers: 62 ha of forest buffering the streams in
which we collected water samples; 298 ha under pasture (Figure 1).

The catchment boundaries were delineated by interpolating between contours established with a
high-precision differential GPS (Hiper +, Tocon Inc., Tokyo, Japan) with relative altitudes georeferenced
to altitude reported in Google Earth. In addition, GPS data was used to calculate the slope angle of
the water bodies. We measured the vertical distance as the difference in elevation between collection
points and the horizontal distance calculated as the pathlength between collection points. We took the
arc tangent of the relationship between the vertical distance and the horizontal distance to define the
stream slope for each catchment.

2.2. Precipitation and Discharge Measurements

Precipitation and discharge were monitored over 15 months every 10 min between 15 May
2016 and 28 August 2017. Precipitation and rainfall intensity were measured with a meteorological
station (WXT520, Vaisala Inc., Helsinki, Finland, accuracy ± 5%) installed between the two catchments
(Figure 1) and connected to a CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA). Discharge
was measured in both catchments using a water level sensor (CTD-10, Decagon Devices, Inc., Pullman,
WA, USA, ±0.05% complete scale at 20 ◦C) coupled to a small microcontroller (Arduino UNO R3,
https://www.arduino.cc) combined with a standard Arduino SD protection card for data storage [35].

https://www.arduino.cc
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The sensors were installed in the base of the main stream thalweg and protected inside a perforated
PVC tube. The tube and sensor were protected against roots and trees along the flow bank for stability
during storm flows. We also performed water level measurements during field visits using a tape
measure (±0.01 m) to validate the sensor measurements.

We developed flow classification curves based on flow discharge measurements performed
on 28 December 2016, 7 March 2017, 30 April 2017, 27 August 2017, and 30 December
2017. These measurements covered the range of minimum to maximum stages of the baseflow.
The calculation of the instantaneous flow discharge was made from measurements of the cross-section
of the fluvial channel at the flow sampling points [36] and the stream velocity of both watersheds.
Flow velocity was measured using a fluviometric micromoline (model MCN-1, Inc., Belford Roxo, RJ,
Brazil). We used power adjustments to define stage-discharge curves with resulting power functions
for the Dam catchment (Qd = 2.27 ×10−13 WL4.407, R2 = 0.96), where WL is the water level, and Qd is
the discharge, and the Forest catchment (Qf = 7.55 ×10−6 WL1.829, R2 = 0.85), where Qf is the discharge
(Figure S1).

Using this information, we calculated daily discharge based on the automatic water level
measurements normalizing discharge by the watershed area (mm d−1). We then separated the
hydrographs into baseflow and stormflow components. The contribution of baseflow to total discharge
was estimated by the baseflow index calculated by hydrograph separation using a digital filter
implemented by Ladson et al. [37] that takes into account the algorithm Lyne and Hollick [38].
Stormflow was obtained as the difference between total discharge and baseflow. We present baseflow
and stormflow as a percentage of total stream discharge.

2.3. Water Sampling and Processing and Environment Variables Measurements

Streamwater samples were collected in both Dam and Forest catchments on five occasions
(25 July 2016, 5 November 2016, 7 March 2017, 29 April 2017, and 28 August 2017). These dates
covered a range of flow levels and antecedent precipitation levels. We collected 11 sampling points in
the Dam catchment located along the stream, and 15 sampling points in the Forest catchment (Figure 1).
At each sampling points (distant 50 m from one point to the other), we obtained a sample 0.10 m below
the surface from visually well mixed sites in the main thalweg. Water samples were filtered in the field
using pre-combusted filters (Whatman GF/F glass fiber filter, 0.7 µm pore size) prior to being stored in
60 mL amber glass vials with Teflon-lined tops previously acid washed [16,39]. Water samples were
refrigerated (about 6 ◦C) and stored in the dark for laboratory testing within 24 hours of collection.

For each sampling location, we also measured pH, oxidation-reduction potential (ORP, mV) and
stream temperature (Tw, ◦C). These measurements were made using a portable HI 98121 (Hanna
Instruments, Woonsocket, RI, USA). Corrections in ORP were made based on the water temperature at
each collection point following [40] as shown in Equation (1):

Eh = ORP − 0.6743 Tw + 273.76 (1)

where Eh (mV) is the corrected oxidation-reduction potential [39,41].

2.4. Measurements of DOC and Characterization of DOM Compositions

Water samples were divided into two aliquots. The first aliquot was used for DOC
concentration measurements which were determined by UV-Vis absorbance using a spectrophotometer
(Spectro::lyser®-S::can MESSTECHNIK GmbH, Vienna, Austria, precision ± 2%) with absorbance
measured between 200 and 750 nm in increments of 2.5 nm and with results referenced to a blank
spectrum derived from 18.2 MΩ Milli-Q ultrapure water. Measurements of DOC concentration were
corrected using a calibration curve developed by preparing solutions of DOC concentrations known
from standards obtained from the International Humic Substances Society (IHSS) [16,39]. Previous
studies have found similar relationships between DOC means derived from the spectrophotometer
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and those determined by the combustion techniques in a TOC analyzer (Multi NC3100e, Jena Analytik
AG, Germany) [39,42]. However, the TOC analyzer was out of service during the present study.
DOC concentration estimates were corrected from the Spectro::lyser default values (i.e., DOC derived
using s::can global calibration) using the calibration curve developed using the IHSS SWHA standards
(Figure S2) and compared with previous calibration curves developed using the Jena Analytik TOC.
The IHSS-derived and Jena Analytik TOC-derived estimates differed by < 5% overall for the full
sample set. The DOC values in this study are reported based can be considered internally consistent
(e.g., for comparing between the two catchments). The reported DOC values have an estimated error
of ±10%.

The second aliquot was used to generate the excitation-emission matrices (EEMs) using an
Aqualog fluorescence spectrometer (Horiba Scientific, Edison, NJ, USA) with a quartz cuvette of 1 cm
path length and excitation wavelengths (Ex) between 240 and 600 nm at 3 nm intervals, and emission
wavelengths (Em) between 213 and 621 nm at 3.1 nm interval, (and pass = 3 nm, integration time
= 1 s). In total, 130 EEMs were measured: 55 EEMs for the dam catchment and 75 EEMs for the
forest catchment.

2.5. EEMs Pre-Processing and Parallel Factor Analysis (PARAFAC)

EEMs from the Dam and Forest catchments were analyzed together by PARAFAC [43] to increase
the variability of DOM fluorescence signatures and help detect components that might otherwise be
present in insufficient amounts to be detected in our study area [44]. Preprocessing prior to applying
PARAFAC was performed using the eemR package (version 0.1.4) in R (v.3.1.3) [45] to visually evaluate
identify and exclude samples that presented analytically compromised EEMs. Of the 130 water samples
collected in the two catchments, only three were excluded due to apparent analytical artifacts in the
unprocessed EEMs. Following this screening, correction factors were applied in the remaining EEMs,
including the removal of the first and second order Raman scattering, absorbance corrections and
internal filter effects, blank subtraction, and standardization for Raman units. For the latter, EEMs were
normalized using the integrated fluorescence intensities for a DOM-free water standard evaluated
daily under maximum fluorescence intensity [46]. After the pre-processing steps, a file containing the
corrected EEMs was generated and used to develop the PARAFAC model in MATLAB (MathWorks,
Natick, MA, USA) using drEEM and the N-way toolbox [43].

The analysis of PARAFAC using the split-half validation technique of Stedmon and Bro [47]
yielded a three-component model (C1–C3) that explained 99% of the total variation in the fluorescence
EEMs dataset of the samples collected in the study catchments. The peak excitation and emission
wavelengths for each component were then compared with components reported in the literature and
registered in the Openfluor database [48].

2.6. Optical Indices Calculations

We calculated four optical indices representing DOM characteristics, with three calculated from
the EEMs including the fluorescence index (FI), humification index (HIX) and biological index (BIX)
using the R package eemR version 0.1.4 [45], while the data extracted from the s::can UV-Vis sensor
was used to calculate slope ratio (SR) [16].

FI represents the ratio between the maximum fluorescence emission intensity at 470 nm
and 520 nm, excited at 370 nm [49], has been used to distinguish between DOM of terrestrial,
or allochthonous, versus microbial, or autochthonous, origins [50,51]. FI values between 1.2 and 1.5
are indicative of terrestrially derived DOM [51]. HIX values are calculated by dividing the integrated
fluorescence intensity between 435 and 480 nm emission wavelength with excitation at 254 nm by
the integrated fluorescence intensity between 300 and 345 nm emission wavelength with excitation
at 254 nm [52] and is used as an indicator of a material’s age and recalcitrance within a natural
system [53,54]. Low (<5) values for HIX have been found to correspond to fresh DOM derived from
plant biomass and animal manure [55–57], while higher values correspond to DOM that is generally
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resistant to degradation and should persist in the environment longer than substances with lower
degrees of humification [56,58]. The BIX ratio is calculated by dividing the emission intensity at
380 nm by the maximum emission intensity observed between 420 and 435 nm, obtained at excitations
310 nm [59]. BIX values between 0.8 and 1.0 correspond to DOM of a microbial origin, whereas values
< 0.6 are considered to be derived from allochthonous DOM sources [58]. Finally, the spectral slope ratio
(SR) was calculated as the ratio of the slopes of the absorbance spectra over 275–295 nm and 350–400 nm
segments, where the spectral slope for each segment was calculated using a nonlinear adjustment of
an exponential function of the absorption [23,60]. SR was used as a proxy of the relative molecular
weight and source of the DOM, with values < 1 indicative of enrichment in high-molecular-weight
compounds, and higher values DOM consisting of lower molecular weight compounds [17,60].

2.7. Statistical Analyses

Comparisons of the mean values of studied parameters for the different stream corridor land
covers (L) and hydrological months (H) for the two catchments were performed in SPPS 17.0 (SPSS Inc.,
Chicago, IL, USA) using univariate analysis of variance. When the requirements for parametric tests
were not met, we used Tamhane’s non-presumed equal-variance test. Data are presented as means
±95% confidence intervals to illustrate significant differences between means, which is appropriate
because the Tamhane’s test results were consistent with the degree of overlap between the confidence
intervals. All graphics presented here were made using Sigmaplot version 12.5 (Systat Software Inc,
San Jose, CA, USA).

The results were further explored using factor analysis on loadings from the principal component
analysis to identify interdependencies between parameters (e.g., common factors) and to identify
temporal and spatial clusters within the reduced parameter space. The factor analysis included Tw, pH,
Eh, DOC concentrations and all DOM optical indexes (FI, HIX, BIX and SR) and fDOM components
(C1, C2 and C3) identified from PARAFAC.

Results of all measurements are publicly available at the following link: http://dx.doi.org/10.
5683/SP2/OKJKR8.

3. Results

3.1. Hydrograph, Precipitation, and Stream Discharge

The catchments showed different discharge profiles due to the variation in land cover (Figure 2).
The hydrographs of the Dam catchment showed less variation over the months and had more baseflow
during the driest periods of 2016 (May to November) (Table 1). Both basins were dominated by
baseflow (87% for Forest and 80% for Dam) (Figure 2, Table 1). The largest stormflows occurred in
November 2016 in the Dam catchment, which were not observed in the Forested catchment.

http://dx.doi.org/10.5683/SP2/OKJKR8
http://dx.doi.org/10.5683/SP2/OKJKR8
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Figure 2. Daily variation of precipitation (a) and discharge in two headwater catchments (Qd for the
Dam (b), and Qf for the Forest catchment (c)) at the research site. The graphs show data from May 2016
to August 2017 and the red vertical lines indicate sampling campaigns.

Despite the Dam catchment having the highest magnitude discharge during the study period,
mean daily discharge was significantly (p > 0.001) greater in the Forest catchment (Figure 2, Table 1).
The average daily discharge in the Forest catchment was 1.60 mm d−1, and 1.04 mm d−1 in the
Dam catchment with an accumulated discharge of 750.82 mm and 487.33 mm, respectively (Table 1).
A significant relationship was found between accumulated precipitation and discharge only for the
Dam catchment (R2 = 0.94, p = 0.006) (Figure S3).

Table 1. Cumulative monthly precipitation (PPT) and discharge (Qd for Dam and Qf for Forest
catchments), mean and median daily discharge, percent baseflow (BF) and stormflow (SF) with the
discharge for hydrological months in pasture catchments at the research site.

Forest Dam

Date Month
PPT

(mm)
Qf (BF)
(mm)

Qf (mm d-1) % BF % SF
Qd

Accumulated
(mm)

Qd (mm d-1) % BF % SF

Mean Median Mean Median

25/07/2016 Jul/16 32 26.9 0.38 0.40 94.9 5.1 59.0 0.84 0.81 96.6 3.4
05/11/2016 Nov/16 464 12.1 0.12 0.62 41.6 58.4 72.1 0.70 0.62 84.6 15.4
07/03/2017 Mar/17 1414 339.2 2.78 2.36 83.4 16.6 217.9 1.79 1.47 71.5 28.5
29/04/2017 Abr/17 403 205.5 3.88 3.55 86.5 13.5 83.5 1.57 1.25 77.4 22.6
28/08/2017 Aug/17 36 166.5 1.38 1.11 97.0 3.0 54.7 0.45 0.34 94.7 8.7

Total (study period) 2350 750.8 487.3
Mean (study period) 1.60 87 13 1.04 80 20

3.2. Concentrations of DOC and Optical Characteristics of DOM

DOC concentrations in streams varied significantly between Dam and Forest catchments and
between the hydrological months (Figure 3). DOC in the Forest catchment was 2.97 ± 0.33 mg L−1

(mean ± CI), and 2.19 ± 0.31 mg L−1 in the Dam catchment. For both catchments, DOC was
significantly greater during November 2016 in relation to the other hydrologic months following
the onset of the rainy season (Figure 3 and Table S1). In the Forest catchment—in both the November
2016 and March 2017 months—the DOC values were significantly greater than in the Dam catchment
(Figure 3) for the same period.
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Figure 3. Mean dissolved organic carbon (DOC) (±95% CI, n = 11 Dam; n = 15 Forest) at the research
site, grouped by Dam and Forest catchments and hydrologic month. The statistical results are expressed
using the Tamhane test of non-presumed equal variances and the probability of type I error (P) to test
with land cover (L) and hydrological month (H) as fixed effects. *** p < 0.001.

Fluorescence index (FI) values varied between 1.29 and 1.41 during all months and for both
catchments, indicating that DOC was predominantly derived from terrestrial sources in both areas
(FI < 1.5) (Figure 4a, Table S1). The mean values of the FI showed significant differences between the
catchments, with greater values in the Dam catchment in relation to the Forest catchment during all
months (Figure 4a, Table S1). The values for spectral slope (SR) were significantly different between
catchments and months for the complete set of data (Figure 4b). SR ranged from 0.74 to 1.25 and the
highest SR values were found in the Dam catchment in all months compared to the Forest catchment
(Figure 4b, Table S1). Higher variability among SR values for different sampling dates was found in
the Dam catchment, mainly in months of July 2016, November 2016 and March 2017, which presented
values suggesting DOM predominantly comprised of compounds with higher molecular weight
(Figure 4b, Table S1).
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Forest catchments and hydrological month for (a) fluorescence index (FI) and (b) slope ration (SR).
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The values of the humification index (HIX) showed a significant difference between catchments
with different coverages and hydrological months (Figure 5a, Table S1). HIX values were always higher
in the Forest catchment during all hydrological periods. HIX varied from 3.39 to 5.51, with an average
value of 4.14 ± 0.21 reflecting more humic source material of mainly terrestrial origin. In contrast,
the Dam catchment presented comparatively lower HIX values ranging from 1.37 to 2.93, with mean
values around 2.15 ± 0.24 (Figure 5a, Table S1), with lower values indicative of autochthonous DOM
that is more recently produced. Similar to HIX, the biological index (BIX) also presented a significant
difference between catchments and between hydrological months (Figure 5b). BIX values were higher
for the Dam catchment (0.95 ± 0.11) compared to Forest (0.69 ± 0.01) (Figure 5b, Table S1). During the
month of July 2016, August 2017 and mainly March 2017, mean values of BIX were < 0.8, corresponding
to a more recent production of DOM of microbial origin (Figure 5b, Table S1).
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3.3. Fluorescence Characterization by PARAFAC 

Based on the PARAFAC modeling of EEMs from water samples collected in both catchments, 
we validated a three component model (C1, C2, and C3) to characterize fDOM in the sample set 
(Table 2). These components were compared to the values of components described and archived in 
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Figure 5. Mean (±95% CI, n = 11 Dam; n = 15 Forest) at the research site, grouped by Dam and Forest
catchments and hydrological month for (a) humification index (HIX) and (b) biological index (BIX).
Statistical results are expressed using the Tamhane test of non-presumed equal variances and the
probability of type I error (P) to test with land cover (L) and hydrological month (H) as fixed effects.
*** p < 0.001. Dotted lines indicate threshold values for HIX and BIX for indicator values [58].

3.3. Fluorescence Characterization by PARAFAC

Based on the PARAFAC modeling of EEMs from water samples collected in both catchments,
we validated a three component model (C1, C2, and C3) to characterize fDOM in the sample set
(Table 2). These components were compared to the values of components described and archived in the
OpenFluor database [48], indicating that C1 and C2 in the present study relate to terrestrial material
comprised of humic-like fluorophores, whereas C3 was identified as having protein-like characteristics.
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Table 2. Positions of excitation (Ex) emission (Em) maxima of the three components of fluorescent
dissolved organic matter (fDOM) identified by the PARAFAC model using all collected samples
independently collected in the Dam and Forest catchments. Two lines in the excitation (red lines) and
emission (blue lines) spectra show half-split validation results.

Component 1 Component 2 Component 3

Ex (nm) Em (nm)
Contribution

to total
fDOM

Ex (nm) Em (nm)
Contribution

to total
fDOM

Ex (nm) Em (nm)
Contribution

to total
fDOM

<252
(357) 474 40.1% <252

(321) 408 39.1% 288 333 20.8%

UV Humic-Like Ubiquitous Humic-Like Protein-Like
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vegetation cover to the hydrosphere during months of high precipitation, thereby mobilizing 
terrestrial C to the hydrosphere in November 2016 following the dry season. 
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Components C1 and C2 showed two excitation maxima in a single emission spectrum, as a
combination of two fluorescent peaks (Table 2). Together, components C1 and C2 represented 79.22%
of the DOM fluorophores. C1 had a primary excitation peak at < 252 nm and a secondary peak at
357 nm with a maximum emission peak at 474 nm, and C2 has a maximum primary excitation at
< 252 nm a secondary peak at 321 nm showing an emission peak at 408 nm. Using the OpenFluor
database [48], the C1 and C2 component were found to have a strong similarity (values > 0.95) for a
variety of aquatic environments [15–17,20,27,61].

The C3 component had a maximum emission band at 333 nm for an excitation at 288 nm,
with a fluorescent peak that resembles protein compounds [62] (Table 2). In addition, C3 represented
20.8% of the total fDOM in the complete set of data. A correspondence for C3 was identified in the
OpenFluor database (similarity > 0.95) and resembled the spectral characteristics found in natural and
anthropogenic systems [20,63,64].

The component percentages of total fDOM were significantly different between the catchments
and hydrological months (Figure 6). The total fDOM in the two streams surveyed was almost entirely
composed of terrestrially derived materials, as reflected by the aggregate percentages of components
C1 and C2. The C1 component represented approximately 12% more of the fDOM signal in the Forest
catchment, compared to the Dam catchment (Figure 6a,b, Table S1), whereas for C2 this difference
between catchments was lower overall (~8%) and showed no significant difference in July 2016.
In contrast to C1 and C2, component C3 was significantly greater in the Dam catchment (42.1 ± 1.3)
compared to the Forest catchment (22.4 ± 4.0) (Figure 6c, Table S1). The total fDOM of C3 was
significantly greater in all hydrologic months in the Dam catchment, especially in July 2016, August
2017 and mainly March 2017, when C3 represented ~60% of the total Dam fDOM.
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Figure 6. Mean (95% CI, n = 11 Dam; n = 15 Forest) at the research site, grouped by Dam and Forest
catchments and hydrological month for percentages of the total fDOM for (a) C1, (b) C2, and (c) C3.
The statistical results are expressed using the Tamhane test of non-presumed equal variances and the
probability of type I error (P) to test with land cover (L) and hydrological month (H) as fixed effects. ***
p < 0.001.

3.4. Principal Component Analysis (PCA)

Factor analysis was applied to all environmental variables (Tw, Eh, pH, Table S2) and sample
results including DOC concentrations, DOM optical indexes (SR, FI, HIX and BIX) and PARAFAC
components C1, C2, and C3 (as % of total fDOM). This resulted in two main components explaining
more than 62% of the total variance in the sample set (Figure 7). The first component (PC1) showed a
transition from a more aromatic terrestrial DOM (HIX (0.81), C1 (0.91), positive charges) with a higher
presence in the Forest catchment for a DOM of more protein origin (C3 (-0.93), BIX (-0.85), negative
load) found mainly in for the Dam catchment. The most significant factors for PC2 were DOC (0.88)
and Tw (0.58). The variations between hydrological periods were consistent with the understanding
that the humic type DOM is transported from the terrestrial environment with greater vegetation
cover to the hydrosphere during months of high precipitation, thereby mobilizing terrestrial C to the
hydrosphere in November 2016 following the dry season.
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4. Discussion

4.1. Variations of Hydrology in Dam and Forest Catchments

Recent studies in Amazonia have shown that land cover strongly affects stream discharge [5,10,65].
We found a 1.5 fold reduction in discharge for the pasture catchment with the dammed stream
compared to the pasture catchment with a riparian forest buffer. This difference may be related to
increased evaporation, infiltration, and water consumption for livestock. Soil porewater proximal
to the ground (approximately 2 m) is available for plants, leaving a larger volume of water to move
and be exported from catchments [66]. Evaporation losses represent about 5% of total global river
flows [67,68], and depending on the livestock density (as cattle per unit area), water consumption may
be significant. For instance, cattle weighing between 250–455 kg can drink approximately 42 L of water
per day [69,70].

Discharge in the Dam catchment showed a greater response to precipitation compared to the
Forest catchment (Figure S3). This relationship may be associated with soil compaction in pastures
where there is no riparian forest (where livestock has access to the stream banks [71]), which we also
relate to stormflow (20% of the total flow of the catchment) during the major rainfall events, thus
reinforcing this connectivity between precipitation and discharge (Table 1). The greater stream slope in
the Dam catchment (0.031 m m−1) could be a secondary factor in the higher runoff ratio for the Dam
catchment compared to the Forest catchment.

The lack of significant relationship in the Forest catchment (R2 = 0.53, p = 0.163) was likely
due to a more buffered hydrological system (Figure S3, Table 1) coupled with a lower stream slope
(0.011 m m−1) (Figure 1), showing a possible response to delayed precipitation inputs. In the July
2016 hydrological month, accumulated precipitation was 32 mm and mean discharge was 0.38 mm
d−1, while in November 2016 the lowest discharge (0.12 mm d−1) was observed for the largest
precipitation (466 mm). This lagged response between onset of the rainy season and corresponding
rise in streamflow has been reported for other forested watersheds in the region [9]. Germer et al. [72]
studied the influence of land use change on hydrological processes for undisturbed forested and
grazing areas in the Amazon basin and found a 17-fold increase in stormflow in pasture areas due
to soil compaction and an increase in hydraulic conductivity. On the other hand, Neill et al. [73]
found that land cultivated with soybeans showed little difference in soil infiltration and saturated soil



Water 2019, 11, 390 13 of 20

hydraulic conductivity compared to native forests. They concluded that current cropping practices
such as no-till agriculture avoid generating horizontal water flows, surficial gullying, and erosion that
occur commonly in Amazon pastures [72].

Baseflow in the Forest catchment was slightly below other forested catchments measured in
Southern Amazonia (94 and 98 % of streamflow) [10,74]. This difference is likely due to the mosaic
land cover of the Forest catchment which was comprised of pasture cover for areas more distant
from the stream, and riparian forest cover for areas closer to the stream. The higher baseflow in
the Forest catchment compared to the Dam catchment may be related to rapid recharge rates due
to macropores, as opposed to groundwater recharge in the Pasture catchment which may be slower,
suggesting a potential alteration of fundamental mechanisms in headwater streamflow generation [72].
Our esults suggest that a forest to pasture conversion with dammed streams could increase the
stormflow component of stream discharge, which may occur via alterations in hydrologic flowpaths
(i.e., the way in which water travels through soil and groundwater and/or over the soil surface towards
the main channel).

4.2. Seasonal Variability in DOC and Optical Properties of DOM

In addition to land cover effects on stream discharge, seasonal precipitation was found to strongly
influence stream water quality as evidenced by seasonal variability found for DOC concentration
and DOM characteristics. DOC concentration was greater during the first large precipitation events
following the dry season and gradually decreased as the rainy season progressed, indicating a dilution
of C flowing from the ecosystem landscape, though this effect was lagged in the Forest catchment.
This conclusion is in agreement with observations of Xu and Saiers [75] who showed that the amount
of DOM mobilized by water infiltration varies with the intensity and frequency of rainfall. In addition,
the increase in DOC concentration during November 2016 may also be related to the accumulation of
organic C in the forest canopy, litter layer and near-surface soil horizons during dry periods which
was subsequently moved to streams during precipitation events [2,74].

DOM optical characteristics during all hydrological months were more aromatic for the Forest
catchment as indicated by FI values. These characteristics are generally derived from terrestrial soils
and vascular plant sources [26,76]. In contrast, the Dam catchment exhibited a gradual reduction in
FI from July 2016 to November 2017, and the SR values indicating DOM with low molecular weight
during the dry season (July 2016) and early rainy season (November 2016) compared with SR values
indicating high molecular weight DOM for March 2017 and April 2017 (Figure 4). These changes
illustrate the role of hydrological connectivity in the transport of DOM to water bodies. During
the periods of lower flow/precipitation, the water bodies in the pasture with dams and without
riparian forest tend to have a longer residence time and a higher incidence of solar radiation favoring
DOC losses through photochemical degradation and/or microbial processes and photodegradation,
thus leading to a low molecular weight and DOM aromaticity. On the other hand, the period of
higher accumulated precipitation, the DOM exhibited stronger aromatic characteristics, with low SR
values and low and relatively constant FI values, indicating a greater mobilization of fresh DOM
with high molecular weights and more aromatic compounds [27,76]. In the Forest catchments, SR
values throughout the study period indicated a predominance of higher molecular weight compounds
(lower values of SR) with greater aromaticity mainly derived from leachate vascular plant inputs from
the forest.

The HIX values for the Forest catchment showed reductions over the November 2016 to August
2017 period. This pattern is consistent with the role of forest landscapes in the transfer of DOM
to tropical freshwater systems, in which DOM derived from tropical forests is more aromatic than
DOM from other land cover types [77], which can be transported during periods of higher rainfall,
thereby increasing the organic compounds dissolved in the soil litter layer and from near-surface soil
organic matter. According to Williams et al. [20] HIX values increase with DOC concentration in areas
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with a higher proportion of riparian forest, but HIX was not found to correlate with agricultural and
human uses.

BIX values > 0.8 correspond to DOM of microbial origin, whereas values < 0.6 are considered to
contain little autochthonous DOM [58]. The BIX values for the Forest catchment studied varied between
0.6 and 0.8 corresponding to a mixture of primarily allochthonous DOM with minor contribution of
autochthonous DOM [58] during all studied hydrological periods. The Dam catchments exhibited
BIX values > 1.0 during July 2016, August 2017 and particularly March 2017, corresponding to a
predominantly autochthonous (microbial) DOM and the presence of freshly released DOM in the water.
These results support the hypothesis of Wilson and Xenopoulos [78] that high BIX ratios represent
microbially produced recently produced DOM.

The contribution of components C1 and C2 to total fluorescence did not vary much over the study
period in the Forest catchment, while the Dam catchment showed large variations in fluorescence
signature (Figure 6a,b). Despite the little variation for the Forest catchment, C1 during November 2016
differed significantly from the other months, and was associated with higher HIX during that month.
This increase in HIX early in the rainy season suggests an allochthonous source linked to runoff or
leachate from the soil [27]. Thus, it seems that C1 acts as an indicator of allochthonous inputs from
soil and the litter layer [76]. Component C3 was present in greater proportions in the Dam catchment
during the wetter month (March 2017; Figure 6c). This was also related to the lower HIX and higher
BIX values observed. This increase of C3 can occur due to free amino acids that are released when
organic matter is decomposed by increasing relative autochthonous DOM contributions during hot and
humid conditions [28,44,76]. Similar patterns were observed Yamashita et al. [27] in first- to third-order
streams, suggesting that high levels of protein-like components during the growing season may be
related to recent biological activity and that these components are part of the semi-labile fraction.

4.3. Effects of Land Cover on Optical Properties of DOM in Headwater Catchments

We found that the concentration of DOC and DOM characterization in the dammed stream
and the stream with a riparian buffer were significantly influenced by stream corridor land cover.
Such differences may be due to changes in hydrological flowpath activation affecting inputs of organic
matter to the riverine zone, and differences in within-stream biological activity [79]. The presence of
livestock in catchments acted to increase DOM processing rates compared to those observed in streams
with forest vegetation [20]. The optical character of the DOM in the Dam catchment were structurally
less complex. Studies in the Coweeta watersheds have reported that the relative contributions of
protein-like components are greater in managed/disturbed river basins compared to forested ones [27].
In the present study, DOM in the Dam catchment tended to show smaller molecular weights SR and
lower HIX values than DOM in the Forest catchment, which presented higher humification and more
complex compounds.

The protein-like component (C3) was present in both headwater catchments, with an overall
relative abundance of 22% of the total fDOM for the Forest catchment and 42% of total fDOM for
the Dam catchment. Significantly greater values for C3 and BIX in the Dam catchment indicate
more microbially derived DOM. It is believed that protein-like fluorophores are produced and
consumed by microorganisms [80,81] and tend to increase in areas influenced by anthropogenic
activities [20,21,82,83]. In livestock grazing areas in Southern Amazonia, impoundments are
established in pastures as a source of drinking water [10]. Changes in the optical properties of
DOM in the Dam stream may be due to the increase in primary productivity (microbial activity)
caused by the longer residence time of the water in the impoundments that favor the physical-chemical
and biological degradation of the leachate [21], along with the increase in stream temperature from
radiation, thereby increasing the production of degradation materials that fluoresce both protein and
phenolic materials [17,84]. In addition, radiation can reduce the molecular weight of DOMs by direct
photodegradation and by stimulating autochthonous production of protein-like components [85].
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Approximately 78% of the total DOM fluorescence in the Forest catchment and 58% in the Dam
catchment included components similar to humic material (C1 and C2) derived from terrestrial plants
or organic matter of the soil [86] with an aromatic chemical nature, higher molecular weight and
high HIX values that are indicative of highly-humified DOM [52,54] are common in soils with native
vegetation [18]. The fraction of humic-like fDOM in Dam catchment was 42% overall. The C1 and
C2 components were much more abundant in the catchment with the forest buffer, and were likely
derived from older soil organic matter [27]. Soils in areas with forest cover receive years of leaf litter
that decompose rapidly, thereby increasing to DOC entries to soil water and streams [2].

5. Conclusion

Statistical analyses showed that differences in land cover and related differences in hydrologic
processes (stormflow versus baseflow) were responsible for variations in DOC concentrations
and optical properties of DOM. DOM in the stream with a riparian forest buffer was mainly
derived from soil and plant material, although recent organic production DOC (protein-like)
also is evident. The pasture catchment containing the dams exhibited a predominance of DOM
with a microbially-derived character, largely due to damming and the absence of riparian forest,
which contributed to altering the hydrological, thermal and transmissive connectivity of the hydrologic
system. The results of this study suggest that changes in land cover of stream corridors can result in
altered hydrology and C cycling. Given that these land cover changes persist over multiple decades,
these anthropogenically induced transformations in the region may have significant implications for
downstream water quality in the Amazon basin.
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