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A B S T R A C T   

Land-use intensification impacts freshwater ecosystems in many agricultural landscapes, including the Rio de la 
Plata grasslands in Southeastern South America. We evaluated water chemistry of rivers, streams and lakes 
associated with a protected river-floodplain in the Queguay River basin in Uruguay. From 2019–2021, we 
measured phosphorus (P) and nitrogen (N) forms, dissolved oxygen (DO), turbidity and other chemical pa
rameters; basin-scale land-use via Sentinel satellite imagery; and trophic status based on nutrient concentrations 
and Principal Components Analysis (PCA). Results highlighted low nutrient concentrations in the Queguay 
rivers, indicating this watershed as a national reference for evaluating eutrophication in Uruguay. Levels of total 
nitrogen (TN) in rivers averaged 430–510 µg/L and total phosphorus (TP) averaged 44–51 µg/L, classifying them 
as oligotrophic-mesotrophic systems. Streams ranged in TP from 51 to 97 µg/L and in TN from 545 to 701 µg/L, 
suggesting meso- to eutrophic states according to TP levels, and potential anthropogenic eutrophication in 
smaller basins with crop cover > 25%. Floodplain lakes are a conservation target within the protected area and 
had TP averaging 74–109 µg/L, suggesting eutrophic-hypereutrophic states based on TP and potential external 
nutrient inputs. The positive correlation between basin-scale crop cover and mean TP and soluble reactive 
phosphorus (SRP) concentrations suggested that land-cover plays a role in nutrient levels of fluvial and lotic 
systems. This study establishes a baseline for water chemistry in lakes and fluvial ecosystems in the Queguay 
River basin within an extensive agricultural region of the La Plata River Grasslands. By providing the first time 
series dataset of water chemistry for this area, we fill a major geographical gap regarding the limnological at
tributes of freshwater ecosystems in northwestern Uruguay. Results highlight the value of the Queguay basin for 
freshwater habitat conservation, and the vulnerability of these systems to land cover changes and nutrient 
loading from external sources.   

1. Introduction 

Freshwater ecosystems in South American river basins comprise a 
network of aquatic habitats (Ward, 1998; Ward et al., 1999), that 
together support the highest diversity of freshwater fauna on earth (Reis 
et al., 2016). These environments are subject to multiple anthropogenic 
impacts, including agricultural intensification, land-use conversion and 

hydrological modification, leading to declines in water quality and 
populations of aquatic species, as well as biodiversity loss (Coutinho 
et al., 2009; Salazar et al., 2015; Schneider et al., 2017). Many of these 
land-use activities are associated with increased nutrient loading in 
aquatic environments, thus potentially leading to processes of eutro
phication (Allan, 2004; Arbuckle and Downing, 2001; Jordan et al., 
1997). As nitrogen and phosphorus affect aquatic biomass and primary 
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productivity, understanding the relative contributions of these essential 
nutrients is a key for evaluating potential threats to the structure and 
function of freshwater ecosystems (Hecky and Kilham, 1988; Vollen
weider, 1968). 

Trophic status is a fundamental property of aquatic ecosystems, 
inextricably linked to the biotic integrity and chemistry of lakes and 
streams (Dodds and Cole, 2007). Incorporating nutrient concentrations 
and other physical or biological parameters, trophic status serves as an 
indicator of eutrophication, classifying aquatic systems according to 
biomass (Brugnoli et al., 2019; Chalar et al., 2011; Dodds and Cole, 
2007; Pacheco et al., 2012). The trophic status of freshwater systems can 
be susceptible to the impacts of agricultural intensification and land-use 
conversion (Coutinho et al., 2009; McDowell et al., 2004), ultimately 
disturbing aquatic biodiversity and ecosystem productivity. Changes in 
trophic status – related to changes in temperature, dissolved oxygen, and 
turbidity – have direct impacts on habitat quality for aquatic biodiver
sity, as well as reproduction, survival and growth at multiple life stages 
(Pusey and Arthington, 2003). While there is substantial data to infer the 
trophic status of temperate systems, more information on water chem
istry and trophic status of tropical and subtropical freshwater ecosys
tems is required to understand the ecology of these systems (Cunha 
et al., 2013, 2021; Huszar et al., 2006). 

The La Plata Grasslands is one of the most extensive areas of natural 
grasslands in the world over at 700,000 km2 (Soriano, 1991), and is 
currently experiencing distinct changes in land-cover from grassland to 
intensive agriculture and afforestation (Baeza and Paruelo, 2020). 
Within this regional agricultural landscape, eutrophication is a threat to 
water quality (Alonso et al., 2019; Chalar, 2009), as evidenced by large 
blooms of toxic cyanobacteria in the principal rivers, reservoirs, and 
coastal lagoons (Bonilla et al., 2015; de la Escalera et al., 2017; 
González-Piana et al., 2011; Vidal and Britos, 2012). Recent large-scale 
algal blooms in the la Plata estuary, initiated by processes of eutrophi
cation upstream, exacerbated by increased water residence time, rainfall 
and flooding (Aubriot et al., 2020; Kruk et al., 2021), highlight the ur
gent need for understanding nutrient dynamics in major tributaries, 
lakes and manmade reservoirs. Pressures on these aquatic systems 
associated with agriculture and land-use conversion, include 
nutrient-loading, sedimentation and carbon inputs, coupled with 
climate variability, and alterations in both trophic dynamics and di
versity (Barreto et al., 2017; Chalar et al., 2017; Goyenola et al., 2015; 
Graeber et al., 2015). Floodplain lakes contribute to the overall biodi
versity in riparian floodplain landscapes (Saunders et al., 2002), but can 
be particularly susceptible to nutrient loading in South American ri
parian ecosystems (Agostinho et al., 2018; Thomaz et al., 2007). In 
particular, increases in total phosphorus are associated with the con
version of native grasslands to intensive agriculture (Gorgoglione et al., 
2020; Goyenola et al., 2015), as well as urban inputs (Alvareda et al., 
2020). 

We introduce the first baseline of water chemistry and land-use data 
in fluvial and lacustrine systems in a large, protected freshwater flood
plain of the Queguay River Basin - a watershed that plays an important 
role for conserving biodiversity and protecting aquatic resources within 
the landscape of the La Plata grassland region of Southeastern South 
America. We evaluate 1) water chemistry and nutrient concentrations in 
fluvial and lake systems over time, 2) gradients of trophic status of 
streams and marginal lakes and a discrimination of natural vs. anthro
pogenic eutrophication, and 3) potential threats of upstream land-use 
activities to water chemistry of fluvial and lake systems designated as 
conservation targets in a protected area. We used the following water 
chemistry parameters as indicators for habitat quality, including dis
solved oxygen, saturation, turbidity, electrical conductivity, total dis
solved solids, oxidation-reduction potential, nitrate, ammonium, soluble 
reduced phosphate, total nitrogen total phosphorus, and total N:P over 
two years in a network of streams and lakes of the Queguay River Forest 
Reserve in Uruguay. We classified land-use into seven categories to 
associate water chemistry with land cover at basin scale. Finally, we 

used nutrient levels and multivariate analysis to identify trophic gradi
ents and evaluate potential natural and anthropogenic drivers of 
eutrophication. 

2. Material and methods 

2.1. Study system 

The Pampa biome in Southeastern South America is characterized by 
extensive grasslands and land-use conversion of grassland or prairie to 
crops and afforestation (Fig. 1; Brazeiro et al., 2020; de Oliveira et al., 
2017). Within this biome, the Queguay River Basin, extending 8551 
km2, is a tributary of the lower Uruguay River and holds one of Uru
guay’s largest riparian forest areas, “Montes del Queguay” [translated 
here as: Queguay River Forest Reserve], integrated into the National 
System of Protected Areas (SNAP) in 2014. The confluence of two large 
rivers and multiple streams form a freshwater floodplain that constitutes 
a Protected Area (PA) of 19.969 km2. The Queguay Basin provides 
habitat for at least 98 fish species (Paullier et al., 2019), and the recent 
description of a new annual species Austrolebias queguay Serra, Loureiro, 
based on the holotype specimen from the Queguay wetlands (Serra and 
Loureiro, 2018) suggests the area’s importance for aquatic species di
versity. The PA is surrounded by a matrix of land-uses, including 
Eucalyptus spp. plantations, soybean, and other crops, as well as grass
lands used as pasture. The PA aims to protect fluvial ecosystems and 
lakes, for which increasing nutrient levels from agrochemicals has been 
reported as a potential threat to these systems (DINAMA, 2012). 

We selected as fluvial sites, the six largest watersheds that fed 
directly into the PA: two rivers, the Queguay Grande (QAP) and Que
guay Chico (QCH), and four streams, Buricayupí (BUR), Guayabo 
Grande (GGR), Ñacurutú (NAC) and Santana (SAN; Table 1, Fig. 1). We 
also sampled 5.4 km upstream of SAN at Santana – Rta. 4 (SAN4), 
immediately upstream of a 5.0575 ha afforestation nursery that pro
duced 15 million seedlings in 2019 (UPM 2020), to control for potential 
point sources that could confound land-use impacts from diffuse sources 
of nutrients. 

Lakes were identified using the national Geographic Information 
System (GIS) layer for open waters (MVOTMA, 2019) and local expertize 
of authors. Their geomorphometric form and location in the floodplain 
suggest that some of these lakes are abandoned meanders of the main 
river channel (Ward et al., 1999). We chose the term “marginal lakes”, as 
used for those in the Paraná River basin (Roberto et al., 2009; Thomaz 
et al., 2007). Given their episodic connectivity with the floodplain 
multiple times a year during flooding events, these marginal lakes may 
be classified as plesiopotomal habitats (Ward et al., 1999). We identified 
a total of 22 permanent lakes in the PA that ranged in size from 0.5 to 
14.6 ha, of which four of them were selected based on accessibility, area, 
and conservation and management value (Table 2). They included the 
three largest lakes in the PA in terms of surface area (LAG1, LAG2 and 
LAG3), and a < 1 ha lake (LAG4) isolated from the hydrological network 
within an extensive forested area in the PA (Fig. 1). Area and perimeter 
were calculated from Google Earth images, and thus may be under
estimated due to canopy cover (Table 2). Shoreline development (D) 
described morphometric differences among lakes, where P = lake 
perimeter and A = lake area (Table 1). 

Shoreline development : D = P/(2√ℼA)(Aronow1982) (1) 

For fluvial sites, basin form factor, where L = basin length and A 
= basin area was used to describe morphometric parameters of the study 
watersheds (Table 1).  

Basin Form Factor: A/(L2)                                                                 (2) 

Drainage basins for all sites were delineated using Digital Elevation 
Models ASTER GDEM 2 (NASA/METI/AIST/Japan Spacesystems [GIS 
layer] and U.S./Japan ASTER Science Team, 2001). Lake drainage 
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Fig. 1. Map of A) South America, B) study region in the Queguay River Basin, within the Uruguay River Basin. C) Water chemistry sampling sites (colored by type; 
labeled by code name) in the Protected Area (green) and official “Adjacent Area” (gray) in the Queguay River Basin. 

Table 1 
Site characteristics of sampled streams and rivers in the Queguay River Basin, where E = Elevation sensu DEM, A = Basin Area (km2), L = total length, W = width of 
basin and Rf = Form factor. In site names, R = River, Ao = Arroyo (Stream).  

Sitio Code E (masl) A (km2) L (km) Wmax (km) Rf Depth (m) Stream Order 

Streams & Rivers                
Ao. Buricayupi BUR  33.0  425  42  18  1.31  0.80  3 
Ao. Guayabo Gr. GGR  40.9  287  34  19  0.80  0.35  3 
Ao. Nacurutu NAC  40.8  248  32  12  1.72  0.65  3 
Ao. Santana SAN  41.9  235  27  18  0.73  0.50  3 
Ao. Santana – Rt. 4 SAN4  52.0  172  18  15  0.53  2.5  3 
R. Queguay Gr. QAP  35.3  3277  122  49  1.36  1.65  5 
R. Queguay Ch. QCH  40.4  1385  91  34  1.20  1.0  4  
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basins were drawn based on the fluvial inputs directly into the lake, 
except for LAG4, which due to its isolation from the fluvial network, was 
considered to hold a drainage basin that comprised all rivers and streams 
flowing into the Queguay River parallel to the lake (Supplementary 
Material). Ecoregions of Uruguay were obtained from the national 
ecoregion GIS layer (Brazeiro et al., 2015). 

2.2. Water chemistry monitoring 

We monitored 14 physicochemical parameters every 2–3 months 
from Jan-2019 to Feb-2021 in streams and rivers, and from Mar-2019 to 
Feb-2021 in lakes. Temperature (T), pH, turbidity (NTU), electrical 
conductivity (Cond), Oxidation-Reduction Potential (ORP), dissolved 
oxygen (DO), oxygen saturation (SO2), and total dissolved solids (TDS), 
were measured with a multiparametric sensor HORIBA U-50. For nitrate 
(NO3), ammonium (NH4), total nitrogen (TN), total phosphorus (TP), 
soluble reactive phosphorus (SRP) and TN:TP ratios we collected 1 L 
water samples at each site. Water chemistry sampling in all four lakes 
was conducted within the top 0.50 cm of the water column in the center 
of each lake using a kayak to avoid edge effects. Samples were preserved 
at < 4 ◦C and sent to the Limnology Laboratory, Facultad de Ciencias, 
Universidad de la República - Montevideo, Uruguay, for analysis. Dis
solved nutrients were analytically determined from filtered samples 
using Munktell Micro-glass fiber filter MGF. SRP was estimated using the 
technique described by Murphy and Riley (1962), NH4 following Kor
oleff (1970), and NO3 by the method of Müller and Wiedemann (1955). 
TN and TP were determined using unfiltered water samples by the 
simultaneous analytical technique of Valderrama (1981). 

Trophic status is the rate of carbon input into these systems and is 
related to nitrogen (N) and phosphorus (P) input rates (Schindler, 1977; 
Smith, 1998; Vollenweider, 1968). We evaluated site trophic status 
based on TN and TP concentrations (Dodds et al., 1998; Nürnberg, 1996; 
Smith, 1998), using TN:TP as a reference for P- vs. N-limited systems. We 
were unable to measure chlorophyll-a. Ordination analysis was per
formed to determine the relative distribution of lake and fluvial sites 
along a trophic gradient (Primpas et al., 2010). Given the lack of bio
logical parameters (e.g., chlorophyll-a), we evaluated streams and rivers 
along a gradient from oligo-mesotrophic to eutrophic, and lakes along a 
gradient from oligotrophic to hypertrophic, using nitrogen and phos
phorus concentrations as well as Principal Component Analysis (PCA; 
Knoll et al., 2015). 

To contextualize these results on a national scale, we compared mean 
nutrient levels in Queguay rivers and streams to those of other agri
cultural watersheds in Uruguay. The Negro River basin is the largest 
tributary to the Uruguay River, with a total area of 68,000 km2, that 
contains three hydroelectric dams. The Negro River is a national focus 
regarding water quality and quantity (Aubriot et al., 2020), and the 
impacts of afforestation on streamflow (Silveira et al., 2016). Water 
chemistry sampling in Negro River sites had also been conducted with 
HORIBA U-50 and YSI multiparametric sensors and similar analytic 
methods for nutrient concentrations in the same laboratory (Chalar 
et al., 2015). Thus, we considered mean values for these watersheds 
highly comparable, despite potential differences in ecoregion, soils, and 
geology. Nutrient concentrations for the Cuareim and Santa Lucia River 
Basins were obtained from the publicly available dataset of the 

Uruguayan Ministry of Environment (OAN-MA, 2021). The Santa Lucia 
is a national focus for water chemistry monitoring (Barreto et al., 2017; 
Gorgoglione et al., 2020). The Cuareim River is an agricultural water
shed within the same Basalt ecoregion as the upper Queguay River 
Basin. 

2.3. Land use land cover (LULC) classification 

A Land-use Land cover (LULC) Map was made using a supervised 
classification of Sentinel 2 MultiSpectral Instrument (S2/MSI) images. 
We selected S2 Level-2A Surface Reflectance images between two pe
riods (18-Sep-2019–06-Oct-2019 for austral spring, and 26-Jan- 
2020–05-Feb-2020 for summer) to capture phenological differences 
among LULC classes. For each period we constructed a new image 
computing the median value of each band based on all available images 
with < 1% cloud cover. We used all reflective bands (N = 10; Supple
mentary Material, Table A1) and computed two additional indexes for 
vegetation function, i.e., the Normalized Difference Vegetation Index 
(Rouse et al., 1974) and the Water Index (Gao, 1996). All sensor bands 
with spatial resolution of 10 × 10 m were resampled at 20 × 20 m. The 
LULC classification discriminated nine categories: Winter crops, Sum
mer crops, Double crops, Afforestation, Native forest, Natural grassland, 
Bare soil, Wetlands, and Water (including natural and artificial water 
bodies). All crops were lumped, resulting in seven LULC classes (Sup
plementary Material, Appendix A). 

Based on visual interpretation of images from both periods and the 
support of high-resolution images, at least 40 polygons per LULC cate
gory were selected. In each LULC category we randomly selected 70% of 
polygons for training classification algorithms and the remaining 30% to 
evaluate classification processes. Additionally, inside each polygon 
subset, we randomly selected 500 and 200 pixels per category for 
training and evaluation process respectively. We performed a supervised 
classification with a random forest classifier (Breiman, 2001) using the 
selected pixels of training subsets and values of all 24 bands (10 
reflective bands plus two indexes per period) as predictor variables. 
Random forest classification was performed with 50 iterations and seven 
variables per tree split. The evaluation process was performed with a 
contingency matrix between classification results and the reserved 
evaluation subset and computed overall, user and producer accuracy. All 
S2/MSI images were obtained from the Google Earth Engine (GEE) 
platform (Gorelick et al., 2017). All remote sensing analyses were per
formed in GEE; all maps were created in QGIS v. 3.14 (QGIS Develop
ment Team, 2020). LULC classifications during the 2019–2020 water 
chemistry survey were then used to evaluate differences in trophic status 
among sites and discriminate sources of natural and anthropogenic 
eutrophication. 

2.4. Statistical analyses 

To compare mean water chemistry parameters among lakes, rivers 
and streams, we used nonparametric Kruskal-Wallis (KW) tests and 
posthoc Dunn tests in the PMCMCplus package (Pohlert, 2021). To 
evaluate differences in variability by system type, we performed the 
nonparametric Fligner-Killeen test for equal variances. A correlation 
matrix was constructed to select independent variables. The PCA, 

Table 2 
Site characteristics of marginal lakes, where E = Elevation, P = Perimeter, L = length, CO = Cardinal orientation, Wmax = maximum width and DL = shoreline 
development. Depth (m) to the nearest 0.05 m in streams and lakes was the average maximum depth. Number of fluvial inputs is the number of inlets/outlets that 
connect to the lakes sensu the national GIS layer for water courses in Uruguay.  

Lakes Code E (m) Lake area (ha) Area basin (km2) P (km) L (km) CO Wmax (m) DL Depth (m)* No. fluvial inputs 

L. Amarilla LAG1  33.0  14.0  1793  6.61  3.56 SW-NE  102  4.00  4  2 
L. del Amarillo LAG2  35.7  13.8  52  3.75  2.18 E-W  192  2.94  4.2  1 
L. del Burro LAG3  34.4  14.7  35  6.39  3.72 E-W  91  3.82  4  3 
L. Agua dulce LAG4  34.9  0.91  4003  1.12  0.66 SW-NE  31  3.34  2  0  
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comprising nine chemical parameters (SO2, PH, ORP, Cond, NO3, NH4, 
TN, TP), was conducted using the prcomp command in base R language 
(R Core Team, 2020). These parameters are recommended by the 
Mediterranean eutrophication monitoring program (UNEP, 2003), with 
biological parameters not measured here, chlorophyll-a and phyto
plankton (Kitsiou and Karydis, 2011). We used linear regression to 
evaluate the relationship between percentage crop cover and site-based 
averages for nine water chemistry parameters. All statistical analyses 
were conducted in R version 4.0.2 (R Core Team, 2020). 

3. Results 

3.1. Water chemistry 

Characteristic of lentic systems, lakes showed lower DO than rivers 
and streams and lower electrical conductivity in comparison to streams 
(KW values in Table 3, Fig. 2). DO levels in rivers averaged 8.7 
± 1.4 mg/L, while in lakes OD was 5.0 ± 2.3 mg/L at the surface 
(Table 4, Fig. 2). Lakes were more turbid than streams, but not rivers, 
with an NTU of 28.0 ± 26 influenced by the high turbidity of the smaller 
and shallower LAG4 (NTU 62 ± 27, Fig. 3). Lakes exhibited lower 
electrical conductivity (174 ± 47 µS/cm), as well as lower TDS (113 
± 31 mg/L) compared to streams and rivers (Table 4, Fig. 3). The ORP of 
lakes was lower than that of streams and rivers (KW = 7.3, p = 0.007), 
showing that fluvial systems held a higher oxidative potential than 
lakes. 

Total phosphorus concentrations were, on average, higher in lake 
systems at 85 ± 26 µg/L than rivers at 47 ± 7 µg/L and streams at 75 
± 29 µg/L, influenced by high levels of TP > 100 µg/L in LAG3. LAG2 
and 3, which were fed by small streams with > 25% crop cover, showed 
relatively high average TP (Table 5). LAG3, which was highly connected 
to the fluvial network and fed directly by the del Burro Stream, showed 
the highest levels of TP and SRP, the lowest levels of NH4 and the lowest 
TN:TP ratio among all lakes. In contrast, LAG1 had relatively low crop 
cover and relatively low PT of 74 ± 22 µg/L (Table 5). The isolated lake 
(LAG4) displayed the highest levels of TN and NTU, the lowest levels of 
TP and the highest TN:TP ratios among all lakes (Table 5). Among all 
sites, the lowest average levels of PT (44–51 µg/L) were observed in the 
two river sites, QCH and QAP, which influenced the overall averages 
among habitat type. Lakes were higher in TN than rivers (602 ± 110 vs 
474 ± 124 µg/L), but on average slightly lower in TN than streams (625 
± 166 µg/L). We found exceptionally lower TN values in QAP and QCH 
of 433 µg/L and 510 µg/L, respectively, and higher TN in the isolated 
LAG4 surrounded by native forest. TN among streams and lakes LAG1, 2 
and 3 were similar (Table 5). Lakes and streams had lower TN:TP (more 
N-limited) than rivers (p < 0.05, KW tests in Table 3). Among streams, 
higher NO3 concentrations were observed in BUR, SAN and SAN4 
(Fig. 3); while high SRP and TP concentrations were observed only in 
SAN and BUR, reaching levels TP > 150 µg/L in Dec.–2019 and Jun- 
2020, respectively (Supplementary Material, Fig. 2B.). 

The variability of nutrients in these systems reflected the spatial and 
temporal dynamics of nutrient concentrations and their potential rela
tionship with basin-scale land cover (Fig. 5). Regarding temporal vari
ability, fluvial systems were more variable than lakes in terms of TDS, 
Conductivity, Turbidity, TN, and Nitrate (Fig. 4, Table 3). The absolute 
lowest TN values were 295 µg/L in QAP, meanwhile maximum values 
> 1000 µg/L were observed in LAG2 (1121 µg/L) and streams GGR 
(1055 µg/L) and SAN (1055 µg/L). TP values varied from a minimum of 

29.2 µg/L in QAP to 168 µg/L in LAG2 and maxima of 156–160 µg/L in 
streams BUR and SAN as well as in LAG3 (Fig. 4). 

3.2. Land use land cover (LULC) classification 

The most modified sub-basins in terms of LULC were streams NAC 
and GGR, with > 50% land cover representing crops and forest planta
tions (Fig. 5). The basins of the rivers, QCH and QAP, were the least 
transformed basins feeding into the PA, with a natural grassland cover of 
80% in both basins (Fig. 5). The drainage basin of lake fluvial inlets, 
LAG2 and 3 were directly fed by small watersheds of 51.8 km2 and 
35.3 km2, respectively, with 28–48% crop cover and 7–12% afforesta
tion. In contrast, LAG1 was directly fed by two inputs from a relatively 
large basin (1792 km2) comprising 70% natural grassland and 14% crop 
cover, including the entire Queguay Chico River watershed. LAG4 was 
an isolated lake in the central Queguay River floodplain, thus the 
watershed was delineated as the Queguay River basin from this point 
upstream, as a source of external inputs during flooding. This large 
watershed also exhibited relatively low crop cover 14% and high 
grassland cover (70%), encompassing the basins QCH and QAP. The 
contingency matrix showed good results for the classification process, 
with an overall accuracy of 96.9%, with low and equally distributed 
commission and omission errors (Supplementary Material, Tables A2 
and A3). Percentage crop cover was correlated positively with increases 
in average TP and SRP (F = 5.6, p = 0.042 and F = 5.2, p = 0.049, 
respectively; Fig. 6). 

3.3. Trophic status 

We considered both N and P as potentially limiting nutrients of 
trophic status, given a range of average TN:TP of 6.7–13.8 among sites, 
except for the N-limited LAG4 (TN:TP = 5.5). There was a positive 
correlation between TP and SRP (r = 0.86, p < 0.001) and Cond and 
TDS (r = 1.00, p < 0.001), thus SRP and TDS were not included in the 
PCA. The first two principal components accounted for 69.7% of the 
variance (Fig. 7). Along the first axis there was loading of TP (0.39), crop 
cover (0.44), grassland cover (− 0.44) and NO3 (− 0.35), where more 
oligo-mesotrophic states were observed for large rivers, QAP and QCH, 
with low TN and SRP and larger relative grassland cover. Mean nutrient 
levels in QAP and QCH suggested oligo-mesotrophic conditions 
(Table 5). Eutrophic conditions were represented by LAG2 and LAG3, 
both displaying higher TN and SRP, and a relatively higher percentage of 
crop cover (Fig. 5). These conditions correspond to eutrophic conditions 
according to suggested boundaries for TP > 75 µg/L in streams and TP 
> 30 µg/L in lakes (Smith et al., 1999) but could be classified as oligo
trophic according to NT > 700 µg/L (Table 5). LAG 1 was located on one 
end of the trophic gradient, corresponding to lower SRP, lower TN and 
higher TN:TP ratio among lakes (Fig. 7). The higher levels of TN in the 
isolated LAG4, located at the bottom-center of the PCA was a potential 
indicator of natural eutrophication. Along the vertical axis (Dim2), 
streams GGR, NAC, and SAN were associated with higher electrical 
conductivity and higher SO2, and, at the opposite extreme, LAG4 with 
high turbidity (NTU) and higher NH4 (Fig. 7, PCA Loadings in Supple
mentary Material, Table C1). 

3.4. Regional comparison 

Comparison of site-specific mean nutrient concentrations with 

Table 3 
Tests for differences in mean (Kruskal-Wallis – KW) and variance (Fligner-Killeen – FK) of water chemistry parameters among system type (rivers, streams and lagoons) 
over the study period. Significant differences indicated as, – p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.  

Test T SO2 DO NTU Cond ORP TDS pH NO3 NH4 SRP TN TP TN:TP 

KW  0.001 35.7 *** 27.0 *** 8.2 * 52.4 *** 10.5 ** 36.9 ***  3.7 8.0 *  2.3 15.1 *** 15.0 *** 28.6 *** 10.0 ** 
FK  0.07 5.5۰ 3.6 6.9 * 15.9 *** 3.7 17.3 ***  0.88 3.7  1.1 12.2 ** 4.4 20.6 *** 0.28  
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agricultural sub-basins in Uruguay showed that the QAP and QCH Rivers 
upstream of the PA displayed among the lowest values of PT, SRP, NH4 
and NT (Table 5; Fig. 8). Given the size of the Negro River basins from 
approximately 1700 to 16,000 km2, nutrient values were more appro
priately compared with QCH and QAP (basin size ~1400–3200 km2) 
rather than Queguay Basin streams (234–425 km2). All TP values in the 
Rio Negro Basin, with the single exception of the SAL were higher than 
those of Queguay River sites, with TP means of 126–269 µg/L (Table 5). 
The Negro River sub-basins TN:TP ratios ranged from 4.3 to 6.6, except 
for SAL at 10.7 (Table 5). Within the same Basaltic ecoregion as the 
Upper Queguay and Salsipuedes Rivers, the Cuareim River sub-basins 
displayed mean SRP 2–4.5 times that of the QAP and QCH, except for 
the Tres Cruces Stream with levels below detectability in 2019–2021. All 
mean TP and TN in the Cuareim River Basins were greater than QAP and 
QCH, but TN:TP ratios were similar at values of 9–10 (Table 5). In the 

Santa Lucia Basin to the south, TP in rivers with drainage basins 
> 1000 km2 was 2–13 times greater than TP in the QCH and QAP rivers. 
Similarly, SRP was 5.5–25 times greater in Santa Lucia rivers than in the 
Queguay Rivers studied here (Table 5). 

4. Discussion 

We provide an ecological baseline for water chemistry of freshwater 
lakes and fluvial systems in an agricultural region of subtropical 
southeastern South America. Given the regional conversion of grass
lands to crops, afforestation and other intensive land-uses in the last four 
decades, the need for baseline values and reference systems is funda
mental for regional and national planning. We report some of the lowest 
average TP and TN values for rivers in Uruguay, as well as demonstrate 
high nutrient concentrations in protected floodplain lakes. Results 

Fig. 2. Box-whisker plot comparing chemical parameters, excluding T and DO, in lakes (n = 4), rivers (n = 2) and streams (n = 4). Units for all nutrient forms in μg/ 
L; Cond in μS/cm; ORP in mV as in Tables 4 and 5. Asterisks indicate significant differences according to Kruskal-Wallis tests (p < 0.05); letters indicate significant 
differences between Type sensu Dunn tests (p < 0.05). 

Table 4 
Mean and SD values for water chemistry parameters, Temperature (◦Celsius), Dissolved oxygen (mg/L), Percent saturation (SO2), pH, Oxidation Reduction Potential 
(ORP), Conductivity (µS/cm), Total Dissolved Solids (TDS mg/L), and Turbidity (NTU) in each study site.  

Site T (◦C) DO mg/L SO2 (%) pH ORP mV Cond µS/cm TDS mg/L NTU 

Streams 
BUR 19.9 ± 6.1 7.6 ± 1.6 85 ± 10 7.60 ± 0.31 197 ± 58 334 ± 52 217 ± 34 18.4 ± 7.6 
GGR 20.2 ± 7.4 7.1 ± 2.1 76 ± 15 7.57 ± 0.33 193 ± 55 469 ± 144 300 ± 89 21.9 ± 13.8 
NAC 18.8 ± 5.8 6.4 ± 2.4 68 ± 20 7.33 ± 0.44 176 ± 81 411 ± 72 267 ± 46 2.7 ± 3.8 
SAN 19.0 ± 5.6 7.4 ± 1.6 80 ± 11 7.59 ± 0.55 185 ± 68 367 ± 98 233 ± 64 6.8 ± 9.2 
SAN4 19.5 ± 5.8 6.7 ± 2.6 73 ± 23 7.57 ± 0.61 193 ± 41 390 ± 107 253 ± 70 12.2 ± 7.9 
Rivers         
QAP 20.3 ± 5.7 8.5 ± 1.5 95 ± 10 7.45 ± 0.56 203 ± 45 203 ± 67 132 ± 44 25.2 ± 28.4 
QCH 18.4 ± 5.0 8.7 ± 1.3 94 ± 8 7.48 ± 0.41 213 ± 48 256 ± 57 167 ± 37 20.8 ± 18.9 
Marginal Lakes 
LAG1 20.8 ± 5.8 6.1 ± 2.7 70 ± 32 7.40 ± 0.41 154 ± 83 155 ± 40 101 ± 26 20.4 ± 7.8 
LAG2 19.4 ± 5.5 4.5 ± 1.1 50 ± 10 7.22 ± 0.51 135 ± 86 214 ± 34 140 ± 22 21.1 ± 28.7 
LAG3 18.2 ± 6.0 4.8 ± 2.9 54 ± 29 7.31 ± 0.34 115 ± 76 210 ± 19 137 ± 13 13.3 ± 9.5 
LAG4 17.1 ± 5.8 4.2 ± 1.8 44 ± 18 7.26 ± 0.52 178 ± 87 123 ± 11 80 ± 6.5 58.2 ± 26.9  
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suggest that external pressures from agricultural activities play an 
important role for nutrient levels in lakes and streams, particularly TP 
and SRP concentrations. The relatively low nutrient concentrations of 
the Queguay waterbodies were evident when compared to tributaries of 
the Negro River Basin, providing a reference for evaluating regional 
standards for water quality in the Lower La Plata River basins. 

4.1. Nutrient concentrations in streams and rivers 

The Queguay River study sites showed relatively low levels of all 
forms of nitrogen and phosphorus when compared to other agricultural 
watersheds in the region. For example, we detected low levels of NH4, 
SRP, TP and TN in the QAP and QCH Rivers, which drain over 4500 km2 

of what is largely native grasslands, the dominant native land cover of 

the Pampa biome (Baeza and Paruelo, 2020). These large rivers 
exhibited TN:TP values that suggest slight P-limitation, which is rela
tively uncommon for many other agricultural watersheds in the region. 
When comparing the nutrient levels of the Queguay Rivers to tributaries 
of the adjacent Negro River basins, we observed mean SRP levels of 
13 µg/L, less than half of the lowest value reported for the Negro Basin in 
the reference Salsipuedes Stream. Similar results of exceptionally low 
nutrient concentrations in the Queguay Basin were also found for TP and 
TN (Table 5). Comparisons in nutrient concentrations can be 
confounded by differences in drainage area and geography, nonetheless, 
they provide a critical set of reference values on a regional scale to 
understand what can be considered acceptable levels of nutrients in 
agricultural watersheds. Water quality in the river and reservoirs within 
the Negro River is a national health concern as basins are affected by a 

Table 5 
Nutrient concentrations (mean ± SD) and TN:TP in the Queguay, Negro, Santa Lucia, and Cuareim River Basins in Uruguay. Basin drainage area (Area in km2) was 
estimated according to basin shapefiles (DINAGUA, 2020). Minimum mean values highlighted in bold. Trophic status (TS) sensu Smith et al. (1999) indicated as blue =
oligotrophic, light green = meso, yellow = eutrophic, red = hypertrophic (lakes).  

C. Lucas et al.                                                                                                                                                                                                                                   



Limnologica 94 (2022) 125966

8

combination of extensive livestock ranching, agriculture, and a growing 
afforestation program for Eucalyptus spp. tree plantations since 1997 
(Silveira and Alonso, 2009). Considering the lack of large hydroelectric 
dams, afforestation, and intensive agriculture in the upper Queguay 
Grande and Queguay Chico rivers, these river-basin systems provide a 
critical reference for relatively low nutrient levels in low-impact agri
cultural watersheds in the northern Pampa biome. 

The relative status and ecological value of aquatic habitats in the 
Queguay Basin is also illuminated when compared to more heavily 
impacted streams that dominate water chemistry research in the region. 
The Santa Lucia River provides drinking water for 60% of Uruguay’s 
population (MVOTMA, 2018), and has some of the highest nutrient 
levels for agricultural watersheds in Uruguay (Chalar et al., 2011). 
Intensive phosphorus sampling over two years in micro-catchments (<
20 km2) in the upper Santa Lucia Basin showed TP levels in low-impact 
basins with LULC grassland and low-intensity cattle grazing at of median 
of 100 μg P/L (Goyenola et al., 2015). This watershed is emblematic of 
some of the current problems with water quality in heavily populated 
areas (Barreto et al., 2017). In the largest tributary to the Uruguay River 
in Argentinean territory, the Gualeguaychú River Basin has relatively 
high levels of TP at a median of 80–320 μg/L in streams of comparable 
drainage area to those studied here (Juárez et al., 2016). These same 
streams have up to 15-fold the highest TN values for streams in the 
Queguay (Juárez et al., 2016). Authors cite the combination of land-use 

impacts together with the degradation of riparian vegetation could lead 
to relatively high nutrient levels in these agricultural watersheds (Juárez 
et al., 2016). 

Currently, the national standards for permitted total phosphorus 
levels in Uruguayan fluvial systems establish a maximum of 25 μg/L in 
national waters designated for preservation of fish and other aquatic 
flora and fauna (DINAGUA, 1979). None of the Queguay sites displayed 
mean TP values below 44 μg/L, and the absolute minimum TP record 
was 29.2 μg/L. Currently, there is a proposal to raise the binational 
standard to 100 μg/L in the Lower Uruguay River between Uruguay and 
Argentina (CARU, 2019). Previous studies in the Lower Uruguay River 
largely focus on chemical and biological indicators of eutrophication in 
the main channel (Llorente et al., 2017; O’Farrell and Izaguirre, 2014), 
and in the 783 km2 reservoir at the Salto Grande Dam at the 
Uruguay-Argentina border (Chalar, 2006, 2009; Chalar Marquisá et al., 
2002; Conde et al., 1996; De León and Chalar, 2003). Downstream of the 
dam, the Uruguay River averages 77 μg/L TP, indicating mesotrophic to 
eutrophic status depending upon the season and river hydrology (Fer
rari, 2020). Given an estimated 68% of total phosphorus inputs from 
agricultural sources (Chalar, 2006), as opposed to industry and urban 
runoff, quantification of phosphorus levels in major tributaries of the 
Lower Uruguay River is important for managing and mitigating impacts 
on aquatic systems and resources. Data from relatively low-impact 
tributaries of the Uruguay River Basin, such as the Queguay River, 

Fig. 3. Box-whisker plot comparing twelve chemical parameters in stream, river, and lake sites. Units for all nutrient forms in μg/L; Cond in μS/cm as in Tables 4 
and 5. 
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will play a critical role in reevaluating adequate regional standards for 
water quality in this agricultural region. 

4.2. Potential sources of eutrophication in marginal lakes 

Marginal lakes in the riparian zone of the Queguay River are 
potentially susceptible to nutrient loading from both external land-uses 
as well as inherent properties of these lakes in this dynamic floodplain. 
All lakes were subject to potential sources of diffuse contamination by 
allochthonous sources of nutrients from agricultural sources, but LAG3 
stood out from the others with the lowest TN:TP for all sites and TP and 
SRP almost double that of the “reference” lake, LAG4. LAG3 likely re
ceives inputs of soluble phosphorus from upstream allochthonous 
sources outside the PA, including the Burro Stream Basin. In contrast, 
the high TN and low nitrate levels in LAG4 suggested high organic inputs 
from surrounding woody vegetation, and potentially lower turnover of 
ammonium to oxygenated forms of nitrogen. This lake could represent a 
later phase of the natural process of lake isolation and natural 

eutrophication due to the slow buildup of organic material. The poten
tial anthropogenic eutrophication of lakes such as LAG3 is likely related 
to periodic connectivity to the floodplain during hydrological flood 
pulses throughout the year (Thomaz et al., 2007). Studies of marginal 
lakes in the Upper Parana River Basin show that isolated lakes exhibit 
high TN related to the accumulation of organic material (Roberto et al., 
2009; Supplementary Material). This would also explain the relatively 
high TN levels in LAG4 as compared to all other sites. In small Parana 
River lakes, an increase in connection to the floodplain was associated 
with an increase in TP in lakes (Roberto et al., 2009). Phosphorous 
concentrations in marginal lakes vary over time with hydrology and 
connectivity to the main river (Bovo-Scomparin and Train, 2008; De 
Oliveira and Calheiros, 2000). We were unable to evaluate the timing 
and duration of lake connectivity to the Queguay Grande River, which 
likely plays a key role in the observed variability in nutrient levels over 
time. 

Fig. 4. Time series of mean nutrient concentrations and TN:TP for lakes, streams and rivers of the Queguay Basin, showing months of austral summer (yellow) and 
winter (blue), as well as daily streamflow downstream of the study area at Queguay – Rt. 3 (− 32.1352◦S; − 57.9387◦W). 
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4.3. Water chemistry and land-use 

External land-uses upstream of study sites likely play an important 
role for water chemistry. Intense agricultural activities involving use of 
phosphate fertilizers enrich water bodies downstream and thus reduce 
TN:TP ratios (Arbuckle and Downing, 2001). Both natural soil compo
sition and anthropogenic and grazing activities that favor soil erosion 
and transport of dissolved materials and sediments to water bodies could 
affect the water chemistry of streams. Potential nutrient loading in 
streams SAN and BUR were evidenced by TP > 90 µg/L, respectively. 
SAN was the only stream with TN > 700 µg/L, considered a borderline 
value for oligo-mesotrophic systems (Smith et al., 1999). The low con
centrations of NO3, SRP, and TN and TP were observed in QAP and QCH 
and lakes LAG1 and LAG4, all fed by watersheds with extensive areas of 
natural grassland ≥ 80% and relatively low cover of intensive land-uses. 
The larger QCH and QAP rivers originated in eutric leptosoles (FAO, 
1990) with limited areas of intensive anthropic land uses (13% and 9% 
crop cover, respectively; 1% afforestation in both basins). Although 
native forest covered only 2–3% of these large watersheds, their location 
in the riparian zone as forest corridors along the main river channels 
may also play a role in diminishing nutrient inputs from diffuse sources 
in the basin. These river sites represented more oligo-mesotrophic 
conditions for fluvial systems in the region. Further research on algal 
biomass, macrophyte growth and other biological indicators would 
contribute a more complete evaluation of their relative trophic status. 

One of the driving concerns behind this research was the suscepti
bility for eutrophication of lakes, which plays a potentially important 
but poorly understood role in aquatic biodiversity, fish reproduction, 
and habitat heterogeneity. These lakes are identified as a conservation 
target of the PA but with no data on the quality of these habitats and 
their ecological function in the floodplain. Here we found that lake LAG3 
- and possibly LAG2 -were subject to anthropogenic sources of eutro
phication, based on relatively high phosphorus levels and low TN:TP 
(Table 5), as well as a relatively high proportion of crops and affores
tation in inlet drainage basins. Agricultural intensification outside the 
PA could contribute to the deterioration of water chemistry and the loss 
of ecological integrity in both lakes. Nonetheless, connectivity with the 
floodplain via episodic flooding is fundamental for homogenizing 
nutrient concentrations and returning lakes to lower levels (Güntzel 
et al., 2010; Thomaz et al., 2007). We expected the small, isolated lake 
surrounded by extensive areas of riparian forest to provide a potential 
“reference” system for other lakes in the floodplain. Nonetheless, the 
data suggest that this lake, a fraction of the size of the others, may be 
undergoing its own process of natural eutrophication. LAG4 stood out 
from the other lakes with lower levels of dissolved oxygen and higher 
turbidity and high concentrations of ammonium and TN. These char
acteristics may be linked to the predominance of heterotrophic over 
autotrophic processes, driven by the allochthonous contributions of 
organic matter from riparian vegetation leading to natural processes of 
lake eutrophication. 

Fig. 5. A) Percentage cover for each of seven classes, based on the B) supervised LULC classification for 2019–2020 in the designated drainage basin of each sample 
site, listed in order of streams (BUR, GGR, NAC, SAN, SAN4), rivers (QAP, QCH) and lakes (LAG1 to 4). Water cover was < 1% in all basins. Values in Supple
mentary Material. 

Fig. 6. Preliminary linear regression of percentage crop cover (2019–2020) and mean concentrations of TP, PO4 and TN:TP among sites. Units for all nutrient forms 
in μg/L. Pearson correlation coefficients (r) shown for each regression with significance value (* p < 0.05,⋅p < 0.1). 
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With regards to the potential drivers of eutrophication in Uruguayan 
rivers and lakes (Alcántara et al., 2021; Goyenola et al., 2021), this study 
makes a few key contributions. First, the Queguay Rivers provide a 
reference watershed comprised almost entirely of natural prairie (80%), 
the dominant natural land-cover class in this Pampean landscape. We 
provide current data on phosphorus and nitrogen concentrations, dis
solved oxygen, turbidity among other variables related to eutrophica
tion processes. Second, we demonstrate that the Queguay Rivers show 
the lowest average TP among the Cuareim, Negro and Santa Lucia River 
sites, at least for 2019–2020, establishing some of the lowest values 
recorded for TP in Uruguayan rivers. Finally, we created a land-use map 
for the Queguay River basin and found a positive, albeit preliminary, 
correlation between percent crop cover and phosphorus concentrations. 
Many studies in the region cite the role that land-cover plays for nutrient 
levels and eutrophication (Alcántara et al., 2021; Aubriot et al., 2020; 
Chalar et al., 2017; Gorgoglione et al., 2020; Goyenola et al., 2020, 
2021, 2015). We intend for these novel data from the Queguay water
shed to be incorporated into more complex models that further inves
tigate the role that land-cover plays on nutrient levels, and ultimately on 
eutrophication in river ecosystems of the Pampa biome. 

4.4. Implications for conservation and management 

The basaltic region of northern Uruguay is one of the least- 
transformed regions within the La Plata Grasslands (Baeza and Par
uelo, 2020). Here, we show that it also has some of the lowest nutrient 
levels in Uruguayan watersheds. Nonetheless, few management or 
conservation efforts aim to maintain the large areas of grassland that 
likely contribute to the observed low levels of phosphorus forms and 
consistently high levels of DO in the study area. The national system of 
protected areas in Uruguay aims to integrate PAs within a national 

Fig. 7. PCA diagram based on water chemistry and percent cover of two 
dominant land-cover classes, Crops and Grassland for each study site. The first 
dimension (Dim1) along the x-axis was interpreted as a trophic status gradient 
from oligotrophic to eutrophic and hypereutrophic states (left to right), as 
shown in Table 5. 

Fig. 8. Map of stream and river sample sites and respective basins in Uruguay, comparing the Queguay River Basin (red) with data from sites in the Negro River Basin 
(green); Cuareim River Basin (orange); and Santa Lucia River Basin (gold; Table 5). 
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policy for land-use planning within a sustainable development frame
work (MVOTMA, 2015). Among aquatic resources with large conser
vation value are emblematic fish species and related socioeconomic 
activities that sustain local populations. PAs aim to protect these target 
species as well as the artisanal and sport fisheries that constitute sus
tainable economic activities (Begossi et al., 1999; Castello et al., 2009; 
Santana et al., 2020). Changes in water chemistry (e.g., pH, DO, Elec
trical Conductivity, Temperature) as well as nutrient loading and 
anthropogenic eutrophication can compromise biodiversity and the life 
cycle of aquatic species, affecting growth, survival, movement ecology 
and reproduction. Within this context, water quality monitoring in PAs 
designed to protect aquatic species can contribute to zoning for the 
conservation of water resources, including focal areas for intervention, 
buffer zones and protected headwater regions (Hermoso et al., 2015). 

5. Conclusions 

This study establishes a baseline for water chemistry in marginal 
lakes and fluvial ecosystems in the Queguay River basin, within an 
extensive agricultural region of the La Plata River Grasslands. By 
providing the first time series dataset of water chemistry for this area, 
we fill a major geographical gap regarding the limnological attributes of 
critical freshwater ecosystems in northwestern Uruguay. We demon
strate the major differences that set lakes apart from fluvial systems in a 
large freshwater floodplain, highlighting the water chemistry parame
ters most relevant to the conservation and management of natural re
sources. The hypereutrophic state of one marginal lagoon suggests that 
these protected lentic systems are subject to external inputs, but also 
that lakes could play a role in nutrient retention and buffering external 
impacts on the river itself. The preliminary association between land-use 
and water chemistry highlights the importance of basin-scale manage
ment to avoid PA isolation and water quality deterioration within the 
PA, as observed in the Everglades (Fan et al., 2011). Through this 
analysis we identified the Queguay Chico and Grande Rivers as refer
ence systems in comparison to other streams and rivers in the country 
Uruguay, including the Negro and Santa Lucia rivers. We also identified 
streams with relatively high phosphorus and phosphate levels, poten
tially serving as an alarm system for anthropogenic eutrophication in 
smaller basins with higher crop cover. Finally, we identify some char
acteristics of a lake undergoing natural eutrophication, including high 
total nitrogen, as part of the dynamics of this internal floodplain. This 
study contributes to the understanding of the broader relationship be
tween land-use and nutrient concentrations in Uruguay’s fluvial eco
systems and provides a first assessment of water quality and land-use for 
the Queguay River Basin. 
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