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Abstract  

Agriculture is the main driver of land-use change worldwide, and its intensification increases 

eutrophication of surface water bodies among a wide range of environmental, societal, and economic 

problems. One of the most frequent strategies to reduce the external loads of nutrients is the maintenance 

or re-establishment of riparian zones. We conducted in situ monitoring of surface and subsurface water in 

three different vegetated buffer zones (grassland, shrubland, forest), and adjacent croplands for an entire 

year, to test nutrient retention capacity under a range of natural precipitations levels. All three crop areas 

had soils with lower quality in their physical properties in comparison to their respective buffer zones. 

Start of runoff was delayed and infiltration was greater in the three buffer zones, compared to crop areas. 

Surface runoff and TP and PO4 loads were lower in the three buffers than crop areas, however, nutrient 

concentrations were lower only in the forest riparian buffer. TP and PO4 loads in surface runoff in buffer 

zones increased linearly with runoff rate. Lower NO3 loads were recorded in buffers, and NO3 load was 

higher with grater runoff. In subsurface runoff, PO4 concentration and load were lower in the three buffer 



 

zones than crop areas. PO4 concentration increased with temperature in crop areas and PO4 load increased 

with precipitation. Lowest NO3 concentrations and loads were observed in the grassland buffer. In both 

crop and buffer areas, NO3 concentration and load increased with temperature. Our results suggest that 

riparian buffers comprised of herbaceous and woody vegetation have highest rates of phosphorus and 

nitrogen retention. Management of riparian areas has great potential to mitigate eutrophication of water 

bodies, but future climatic scenarios for the study region forecast greater precipitation, which could reduce 

the effectiveness of riparian buffers. 

Keywords: Nutrient removal, rainfall, climate change, riparian vegetation 

 

Highlights 

• We investigated nutrient retention capacity of riparian buffer zones with forest, shrubland or 

grassland. 

• Nutrient retention in both surface and subsurface runoff water was greater in riparian buffer areas 

than adjacent crop areas. 

• Forest cover enhanced P retention, and grassland had the greatest effect on N dynamics. 

• Mixed herbaceous and woody riparian buffers should yield greatest nutrient retention. 

• Projected increase in regional precipitation may reduce the capacity for nutrient retention in 

riparian buffer zones. 

 

1. Introduction 

Agriculture is the main driver of land use change worldwide, and its intensification increase the diffuse 

transfer of nutrients to surface water bodies causing a wide range of environmental, societal, and economic 

problems (Foley et al. 2005, Bender et al. 2018). Eutrophication induced by agricultural runoff is one of 

the main causes of aquatic ecosystem deterioration (Moss 2008, Withers et al. 2014, Wurtsbaugh et al. 

2019). Runoff magnitude, dynamics and chemical composition are controlled by multiple factors that 

involve characteristics of rainfall, soils, topography, vegetation and land use (Hu & Li 2019). The 

mechanisms that define the fate of rainwater are relevant to understand runoff generation, infiltration, and 

erosion (review in Reid et al. 2018). In general, smoother surfaces promote runoff, explaining why in 

cultivated areas runoff is high (Simmonds et al. 2016, Zhao et al. 2018). Furthermore, the composition of 

runoff water is conditioned by soil use and vegetation cover, which alters nutrient concentration in the soil 



 

and their elemental relationships (Groppo et al. 2015). Nutrients can move from the soils to the water as 

they become dissolved in runoff water or moved in particulate form when bound to soil particles and 

suspended sediments (Wang et al. 2014).  

Under this scenario, one of the most frequent strategies to reduce the external loads of nutrients to aquatic 

ecosystems is the maintenance or re-establishment of riparian zones (also referred through the text as 

buffer zones), which act as buffers, by trapping, eliminating, and/or transforming macro and 

micronutrients. Nutrients retention and removal occur through high particle deposition, uptake by plants, 

and soil microbial processes (Dosskey et al. 2010), and are influenced by climate, the width of the 

vegetated area, the slope of the banks, and the type of vegetation, among others (Zhang et al. 2010). It has 

been suggested that arboreal vegetation can be more effective in the removal of nitrogen (N) and 

phosphorus (P) than shrubs and grasslands (Zhang et al. 2010, Aguiar et al. 2015, Walton et al. 2020). In 

areas with riparian trees, where the soil is protected from the impact of raindrops, the infiltration rate is 

higher, and erosion is lower than in areas with herbaceous vegetation (Aguiar et al. 2015). A lower export 

of P from riparian zones with trees occurs regardless of rain intensity. For nitrogen, in contrast, there 

seems to be a significant role of the type of vegetation and soil microbial community in strong connection 

to rain intensity (Neilen et al. 2017). Water availability, and N and P content in the first layers of arboreal 

riparian soils can be significantly lower than those in soils with herbaceous cover, due to the high 

evapotranspiration rates of trees (Chen et al. 2003, Fortier et al. 2015) and higher microporosity due to 

larger roots. This mechanism reduces the mobility of nutrients from the soil to runoff water (Fortier et al. 

2015).   

Despite the widespread application of direct seeding practices has led to a reduction in soil erosion 

(Horowitz et al. 2010, Rusu 2014), it has also promoted the accumulation of P in the first 2 cm of soil 

profile, thus dramatically increasing the export of dissolved forms in runoff water (Sharpley et al. 2000, 

Tiessen et al. 2010). Thus, the top first layers strongly influence the composition of surface runoff water 

(Rowe et al. 2015, Smith et al. 2016, Baker et al. 2017), increasing the risk of water contamination due to 

the high accessibility of bioavailable forms for phytoplankton and macrophytes (Boström et al. 1988). 

Since buffer zones represent narrow strips of different types of vegetation surrounded by crops, or by 

crops and aquatic ecosystems, they can behave in different ways under high nutrient loads. Nutrient 



 

retention can lead to an enrichment of buffer zone soils with labile forms of P, when compared to the 

adjacent agricultural fields, which suggests that under this circumstances soils in buffer zones can 

eventually behave as significant sources of both inorganic and organic dissolved P (Dodd & Sharpley 

2016). Regardless of species composition and life forms, higher rates of P cycling and solubility occur in 

riparian vegetation than in adjacent cultivated areas (Stutter et al. 2009), likely because buffer areas soils 

(both arboreal and grasslands) have a higher content of organic matter and a high microbial activity 

(Roberts et al. 2013).  

Extreme precipitation events increase drag and transport of nutrients from cultivated areas (Gao et al. 

2014). Such impact is expected to increase in the context of climate change (IPCC 2014, Haylock et al. 

2006, Westra et al. 2014, Ockenden et al. 2017). In particular, higher P and N loads are expected in water 

bodies, transported by surface and subsurface runoff, with seasonal variability depending on the local 

climate (Jeppesen et al. 2009, Jeppesen et al. 2011, Ockenden et al. 2016). This enhanced load of nutrients 

is one of the mechanisms by which further algal and cyanobacterial blooms are expected in the future 

(Paerl & Huisman 2008, González-Piana et al. 2017; Haakonsson et al. 2017, Meerhoff et al. 2022).  

Long-term monitoring has shown that agricultural practices alter runoff and soil erosion processes, 

enhancing the loss of P when compared to riparian environments (Verheyen et al. 2015). Our study aimed 

to test the nutrient retention capacity of buffer zones, within the largest basin-level water-quality recovery 

plan Uruguay has implemented so far, to face the water quality crisis in the main drinking water source. 

Thus, we evaluated in situ surface and subsurface water of three different vegetated buffer zones 

(grasslands, shrubs, and forest), and the uphill adjacent crops for a whole year, to test their nutrient 

retention capacity under a wide range of natural precipitations. Based on international findings, we 

expected that the different types of riparian vegetation and their particular attributes would modify the 

physical-chemical characteristics of runoff water, since they vary in the magnitude and form of absorption 

and/or infiltration of sediments, nutrients and micronutrients from the area of drainage, while 

simultaneously providing organic matter. The forest was expected to retain a greater amount of nutrients 

from surface and subsurface runoff water than grassland cover (an intermediate effect is expected in the 

shrubland). On the other hand, higher intensity rainfall would expectedly reduce the "buffer" effect of the 

vegetation by increasing the transport of substances between the terrestrial and aquatic environment, with 



 

greater magnitude effects in grassland riparian zones (due to less protection from the direct impact of 

precipitation). 

 

2. Methods 

2.1. Site description and study design 

The study was conducted in 2018-2019 in Paso Severino Reservoir, located in the Santa Lucia River 

Basin, Uruguay (34°12'12”S, 56°18'10”W). This is the biggest reservoir for drinking water in the country, 

which is operative since 1987 and supplies water to 60% of the Uruguayan population and numerous agro-

industrial activities. Climate is humid subtropical with hot summers and without dry season (Köppen 

1936, Peel et al. 2007), with an annual average temperature of 16.6°C and accumulated precipitation of 

1257 mm in the study area (based on the historical 1991-2020 records from the Uruguayan Meteorological 

Institute). The seasonal distribution of rainfall is highly variable, as well as the rain intensity among 

precipitation events, resulting in the occurrence of periods of drought at any time throughout the year, 

despite evapotranspiration is much higher in summer. Dairy production and agriculture have historically 

been the predominant land use within the Paso Severino basin (Chalar et al. 2017, Arocena et al. 2018). 

In 2013, after a dramatic event of bad smell and taste caused by (non-toxic) cyanobacteria that jeopardized 

water access to Montevideo and the metropolitan area, several protection and rehabilitation measures were 

taken in the basin, through the “Action plan for the protection of environmental quality and available 

sources of drinking water in the Santa Lucía basin”. This is the largest basin-level water quality recovery 

plan implemented so far (DINAMA 2013). One of the actions was to fence a 100-m wide perimeter around 

the entire reservoir (as from 2016). Changing natural vegetation cover, crops, livestock, and the 

application of agrochemicals were prohibited in this aera, with the purposes of favoring the growth and 

regeneration of natural vegetation in the margins and of minimizing, in the long term, the input of nutrients 

and sediments transported by runoff and erosion into the reservoir. 

For this study, three 100-m wide buffer areas inside the fenced area were selected based on the 

predominant vegetation cover: 1) grasses, 2) shrubs, and 3) native forest. All of them receiving runoff 

from adjacent land dominated by crops (artificial pastures of oat, sorghum, and clover) (Fig. 1). The sites 

(S) were defined as the three different pairs of crops + buffer. The grassland was dominated by Cynodon 



 

dactylon, an exotic and invasive grass species, while the larger plants were dominated by Eryngium sp. 

and some regeneration of the bush Vachellia caven, and many other small typical herbaceous plants of the 

region in lower abundances. In the shrubland, V. caven, Senna corymbosa and other subshrubs, mainly of 

the Baccharis genus, dominated in terms of abundance. Such a composition represents a vestige of the 

original, pre-agriculture, savanna ecosystem. The native forest was comprised of Allophylus edulis, 

Schinus longifolius, and Scutia buxifolia, among other native woody species, and also had a high density 

of large herbaceous plants, such as Eryngium sp. A high number of shoots of the invasive species Fraxinus 

americana and Gleditsia triacanthos were also found. Although vegetation was already established before 

the fencing, protective measures have promoted natural succession.  

The three sites have typical Argiudoll soils according to the USDA classification. Selected farms 

experienced similar uses and management: annual crop rotations with multi-year pastures, without 

fertilizations during the sampling period. Topography at all three sites had an average slope of 3°. 

Figure 1. Map showing the study area location (34°12'12”S, 56°18'10”W), the fenced perimeter of the reservoir (in 

yellow) and the position of a surface and subsurface runoff sampling site (orange) and sample points (white) within 

crop and buffer zones. 

 

2.2. Field sampling and laboratory analyses 



 

Surface and subsurface runoff water samples were collected from August 2018 to July 2019, after storm 

events ranging from 19 to 101 mm. Meteorological data: air temperature, humidity, rainfall and wind 

intensity, were recorded at 15-minute intervals during the whole period (Rainwise Portlog) (Table A.1). 

 

2.2.1. Soil physical-chemical analyses 

Soil pits were dug to determine the structural and morphological characteristics of the different soils. To 

measure water extractable nutrients, composite samples of soils from 10 random points adjacent to the 

water sampling points were taken at three different depths (0-2.5 cm, 2.5-7.5 cm and 7.5-15.0 cm). We 

determined (at 0-5.0 cm and 5.0-10.0 cm) the concentration of organic carbon (Walkey & Black 1934), 

texture (% clay, sand, and silt; Bouyoucos 1927), apparent density (Burke et al. 1986), hydraulic 

conductivity in saturated flow (Klute & Dirksen 1986), and water content (gravimetric) of the soil. 

Subsamples of soil were oven dried at 105 °C for 3 days to determine moisture content.  

 

2.2.2. Surface runoff 

Surface runoff was artificially generated using a rainfall mini-simulator according to the methodology 

described in Kamphorst (1987) (Fig. A.1). The runoff simulation was conducted within 24-36 hours after 

the selected storm events. Therefore, the soil was at "field capacity" in all sampling events, i.e., when the 

drainage to deeper layers is very low and the water content of the soil is stabilized (Kirkham 2005). 

Although with this design the initial transport of compounds happening during a storm event was not 

captured, this methodology allowed us to explore the transport of nutrients some days after a long-lasting 

rainfall event typical of the region. 

The simulator consisted of a sprinkler with 49 capillaries and a built-in pressure regulator necessary to 

produce a standard precipitation with uniform drops, which fall from a height of 0.5 m on a plot of 0.0625 

m2 (Iserloh 2013). Each simulation consisted of a high intensity 3-minutes rain (6 mm/min). Although it 

certainly does not reflect natural conditions in Uruguay, this high intensity is necessary to produce 

processes comparable to those that occur naturally during rainfall, such as particle entrainment. We 

performed four sampling campaigns (one per season), which consisted of three replicated simulations in 

each buffer zone and three simulations in the corresponding crop area. Shrubs and forest sites shared the 



 

same crop area, therefore only one set of three simulations was done (with a total of 15 simulations in 

each sampling event).  

Simulation plots were randomly located within each vegetation of interest and aboveground vegetation 

was cut before the start to a height of 5 cm, to standardize the procedure. At the downslope end of each 

plot, a V-shaped drainage outlet was used to collect the surface runoff water in plastic bottles. In each 

simulation, the time until the beginning of runoff (i.e., first drop of water collected at the end of the plot), 

the volume of fallen precipitation and the volume of collected runoff water were recorded. The ratio 

between these last two variables determined the percentage of surface runoff. In addition, the percentage 

of bare soil of each plot was estimated through processing photographs taken at the site with the free 

software CobCal v2.0 (Ferrari et al. 2006). 

The water collected was stored in clean and rinsed polyethylene bottles at 4°C for further analysis in the 

laboratory, where TP and PO4
3- (method 4500-P), TN (method 4500-N.C), NO3- (method 4500-B), NH4 

(method 4500-NH3) and suspended solids (SS), were analyzed according to standardized methodologies 

(APHA 1998). The nutrient loads were calculated by multiplying the concentration measured in the water 

collected in each simulation by the volume of runoff water in each plot (as in Borin et al. 2005).  

 

2.2.3. Subsurface runoff 

The subsurface water collectors consisted of a 110-mm diameter PVC bottom-sealed tube buried 

approximately 90 cm in the ground, with a 20-cm long section with small perforations (1 mm diameter) 

placed at the same height that the soil B horizon. At the top, a PVC elbow sealed with a mesh allowed the 

exchange of air and prevented the entry of rainwater and small animals. A separate shorter tube (200-mm 

diameter) buried in the first layers of the soil prevented the immediate surface runoff water from entering 

the tube, in order to ensure that only the water circulating in the soil’s B horizon could enter the PVC pipe 

through the pores. Water was thus stored at the bottom of the tube until its collection (Fig. A.1) 

(methodology details in Calvo et al. 2020). An iron cage was placed in each dispositive as protection 

against potential cattle and passersby. The collectors were installed by triplicate in each crop area and the 

respective buffer zone (n total=18). 



 

Sampling was performed eight times following significant rain events, between 24 and 36 hours after each 

rainfall. Temperature, % dissolved oxygen, pH, and conductivity of the stored water were measured in 

situ using a multi-parameter probe (MACRO 900, Palintest Ltd.). Also, we measured the water depth in 

each collector to calculate stored volume. The water retained in the collectors was then removed using a 

water pump connected to a 12V battery and stored in rinsed polyethylene bottles at 4 °C, until their 

processing in the laboratory as described above. Only dissolved nutrients, fraction most measured in 

subsurface water, were considered since clay particulates (and associated nutrients) move very slowly in 

the soil matrix through the porous system during water infiltration under unsaturated conditions and during 

water flows under saturated conditions (Hansen et al. 2002, Fredlund et al. 2010). Each collector was 

cleaned, and minimal maintenance tasks were performed after sampling. The nutrient load was calculated 

by multiplying the concentration of the collected water by the volume of water stored inside the collectors. 

The collection area of the devices was estimated at 0.1 m2, according to the type of soil and the hydraulic 

conductivity in saturated flow values associated with the different horizons. 

 

2.3. Retention analysis 

Comparing concentrations and loads in sites on the same slope is a broadly used approach (e.g., Balestrini 

et al. 2011, Aguiar et al. 2015, Saleh et al. 2018), and despite being a simplification, it can help understand 

nutrient dynamics and mechanisms acting at the basin scale. The percentage of nutrient retention by the 

buffer vegetations was estimated considering the loads measured in the crops uphill as 100% and, 

assuming this represents the nutrients load transported to the buffer zones. Meanwhile, the values 

measured in the vegetated buffers were assumed to be the remaining percentage of nutrients after filtering 

within the riparian buffer zone. The difference was assumed to be the mass of nutrients removed (negative 

difference) or enriched (positive difference) by the buffer zone.  

 

2.4. Statistical analysis 

We test for significant differences between sites (3 levels: crop + grassland, crop + shrubland, and crop + 

forest) and zones (2 levels: crop and buffer soils) in Bray-P, TN, organic carbon, organic matter, and 

conductivity using two-way ANOVAs. 



 

We used two complementary approaches to analyze our runoff data. First, we evaluated the effects of site 

(3 levels: crop + grassland, crop + shrubland, and crop + forest) and zone (2 levels: crop and buffer) by 

testing for differences in mean surface (n event = 4) and subsurface (n event = 8) runoff water 

characteristics among treatments. For such testing we used two-way ANOVAs and Tukey’s HSD function 

for pairwise comparisons. In surface runoff the tested variables were time to onset, volume collected, and 

concentrations and loads of TP, TN, PO4, NO3 and NH4. For subsurface runoff the tested variables were 

PO4 and NO3 concentrations and loads. Shapiro-Wilk tests were conducted for normality check of 

residuals and Levene test for homoscedasticity check. 

Secondly, we constructed generalized linear models (GLMs, stats package) and linear models (LM, stats 

package) to test for effects of potential explanatory variables related to climatic and soil characteristics on 

surface and subsurface runoff characteristics. For surface runoff the response variables were time to onset, 

volume of runoff water collected, and TP, TN, PO4, NO3 and NH4 concentrations and loads. The 

explanatory variables were soil humidity, vegetation cover, runoff rate, organic matter content, Bray-P 

and N total in soil. For this analysis we pooled the three crops and the three buffers in one group to detect 

broad responses regardless of land cover. Before running GLM, we visually inspected the goodness of fit 

of the distribution function for each response variable in our data. The best fitting model was then chosen 

following Akaike's Information Criterion (AIC), where lower values are considered as better-fitted models 

(Sakamoto et al. 1986), after checking for test assumptions and residual distribution patterns, while 

variance explained (D2) was calculated as deviance: 1- (residual deviance/null deviance). All models were 

subjected to a residual checking plots analysis to ensure that the GLM assumptions were met. Furthermore, 

a hierarchical partitioning was performed to determine the proportion of variance independently explained 

by each variable of all the variance explained using the package hier.part (Nally & Walsh 2004). To 

analyze the relation between surface runoff rate (L/min) and the concentration and load of TP, PO4, TN, 

and NO3, we used linear models (LM), choosing the best fit using AIC and deviance. Also, LM were used 

to analyze the relation between concentration and load of TP, PO4, TN, and NO3 and subsurface water 

volume, as well as with precipitation and ambient temperature. For the LMs, we pooled the three sites to 

enable detection of a potential overall difference between crops and buffers. 



 

The significant differences of nutrient retention between the three buffer zones for both superficial and 

subsurface runoff were tested by one-way ANOVA (3 levels for site), followed by Tukey’s multiple 

comparison tests. Shapiro-Wilk tests were conducted for normality check of residuals and Levene test for 

homoscedasticity. All statistical analyses were conducted using the open-source software R (R Studio 

Team, 2018). 

 

3. Results 

3.1. Soil characteristics 

Crop soils had lower physical quality and chemical characteristics that differ from that of respective buffer 

zones. Concentration of available phosphorus varied significantly in relation to soil depth in both crop and 

buffer areas, with higher concentrations in the upper layers (Table A.2, Table A.3). Soil TN was 

significantly higher in forest than grassland. TN varied in relation to depth in both crop and buffer soils 

(Table A.2, Table A.3). The concentration of organic carbon was lower in the areas with crops, and overall 

higher in the forest site than in the grassland. Organic carbon was more abundant in the superficial layer 

of the soil for all covers (Table A.2, Table A.3). Higher soil apparent density and lower total porosity 

occurred in the crop only in forest, which promoted lower hydraulic conductivity. The grassland site had 

significant higher apparent density than shrubland and forest. The forest site presented an overall greater 

conductivity due to a high value in the buffer (significantly higher than in the crop). Percentage of clay 

did not show differences between sites, land covers or soil depth (Table A.2, Table A.3). The percentage 

of sand was greater in the crop than in the buffer zone within the grassland site, and was lower in both 

shrubland and forest. Silt showed the opposite pattern, with lower percentage in the crop than in the buffer 

zone within the grassland site, and higher in both shrubland and forest. 

Crops from the three sites were similar, which allowed us to treat them as replicates for comparison with 

riparian buffer. When comparing buffer soils, forest showed the highest values of hydraulic conductivity 

in saturated flow, % of organic carbon, organic matter and nitrogen (Table A.2, Table A.3). 

Soil humidity increased with accumulated precipitation previous to the runoff simulation (Fig. A.2), with 

precipitation explaining between 60 and 80% of variability in soil humidity across all study areas. 



 

Vegetation cover in the crop plots was always significantly lower than in the buffers and varied among 

months, increasing towards the warmer months (Fig. A.2). 

 

3.2. Surface runoff 

Crops infiltrated less runoff water and registered higher loads of P being transported downhill than buffers. 

The forest cover was the only one that consistently showed reduced nutrient concentration and loads for 

both P and N. Differences between crop areas and buffer zones were found for most of the response 

variables measured, and in less magnitude also between sites. The starting time of runoff (onset) was 

significantly longer, and the volume of water collected was significantly lower in the three buffer zones 

(Fig. 2, Table 1). Onset was slower in the grassland site than in the shrubland site (Fig. 2, Table 1). In the 

forest zone, water fully infiltrated in the plot and there was no surface water flow in several simulations.  



 

 

 
Figure 2. Time to onset (s) (upper panel) and runoff volume (L) (lower panel) of surface water in crops (orange) 

and buffers (green) of the three sites: grassland (left), shrubland (middle), and forest (right). Mean values, standard 

errors (boxes) and minimum and maximum values (whiskers) are shown. 

 

In surface runoff TP and PO4 concentration and load behaved differently. For concentration we registered 

overall higher mean values of both TP and PO4 in the grassland than in the other two sites and an 

unexpectedly high concentrations in shrubs (Fig. 3, Table 1). The proportion of PO4 in TP (µg/L) was in 

general high, with a global mean ca. 70%. Although it was not significantly different between zones, there 

was a trend of slightly higher values in crops. On the contrary, TP and PO4 loads were significantly lower 

in the buffer zones than in the crop areas for all three vegetated buffers (Fig. 3, Table 1).  

TN concentration and load tended to be higher in the buffer zones than in crops for grassland and shrubland 

sites but were lower in the buffer zone in the forest site (only significant for TN load, Fig. 3, Table 1). 

NO3 concentration did not differ between crops and buffers for the three sites (Fig. 3, Table 1), while on 

the contrary, NO3 load was significantly lower in the three vegetated buffer zones than in their respective 

crop areas (Fig. 3). NH4 concentration was significantly higher in shrubland than in grassland and forest, 

and it tended to be higher in the buffer zone than in the crop in grassland and shrubland, and lower in 

forest (Fig. 3, Table 1). NH4 load was significantly lower in the forest buffer zone than in its respective 

crop area. Suspended solids did not differ between sites or between zones (ANOVA, p>0.05). 

  



 

   



 

Figure 3. From top to bottom: TP, PO4, TN, NO3 and NH4 concentration (µg/L) (left panels), and loads (kg/ha) 

(right panels), of surface runoff water in crops (orange) and buffers (green) of the three sites: grassland (left), 

shrubland (middle), and forest (right). Mean values, standard errors (boxes) and minimum and maximum values 

(whiskers) are shown. 

 

Table 1. Results of two-way ANOVA testing main effects of factors: site (S) and zone (Z: buffer vs crops), and 

their interactions (S*Z), on runoff onset (s), runoff volume (L), TP concentration (µg/L), TP load (kg/ha), PO4 

concentration (µg/L), PO4 load (kg/ha), TN concentration (µg/L), TN load (kg/ha), NO3 concentration (µg/L), NO3 

load (kg/ha), NH4 concentration (µg/L) and NH4 load (kg/ha) in surface runoff,  and PO4 concentration (µg/L), PO4 

load (kg/ha), NO3 concentration (µg/L) and NO3 load (kg/ha). C=crop, B=buffer zone. 

 Site  Zone  S*Z 

Surface F d.f. p  F d.f. p  F d.f. p 

Runoff onset 5.55 53 ** 
 

34.67 53 *** C<B 
  ns 

Runoff volume   ns 
 

72.76 60 *** C>B 
  ns 

TP 5.03 60 ** 
 

  ns  4.09 60 * 

TP load   ns 
 

24.93 60 *** C>B 
  ns 

PO4 5.51 60 ** 
 

  ns  4.94 60 * 

PO4 load   ns 
 

25.65 60 *** C>B 
  ns 

TN 5.11 60 ** 
 

  ns  5.06 60 ** 

TN load   ns 
 

7.89 60 ** C>B 
  ns 

NO3   ns 
 

  ns  
  ns 

NO3 load   ns 
 

9.56 60 ** C>B 
  ns 

NH4 4.41 60 * 
 

  ns  3.26 60 * 

NH4 load   ns 
 

18.74  *** C>B 4.31 60 * 



 

    
 

       

Subsurface    
 

       

PO4 5.93 78 ** 
 

62.69 78 *** C>B   ns 

PO4 load   ns 
 

40.66 78 *** C>B   ns 

NO3 2.97 78 . 
 

  ns  3.83 78 * 

NO3 load 3.4 78 * 
 

  ns    ns 

 

Statistical results of ANOVA tests are shown, indicating F-values and degrees of freedom (d.f.) ns not significant 

p>0.05; *p<0.05; **p<0.01; ***p<0.001 

 

When runoff characteristics (related to water dynamics and nutrients) from crops and buffers were pooled, 

we detected broad patterns showing that surface runoff was differentially explained by soil and climatic 

variables, with a prevailing role of vegetation cover (%) and soil humidity (Table 2). Soil organic carbon 

was relevant, explaining water infiltration. Onset was negatively related to runoff rate and positively with 

organic carbon in soil, while runoff volume was negatively related with both vegetation cover and organic 

carbon in soil. As expected, soil P largely explained both P concentration and load in runoff water (Table 

2). Concentration and load of TP and PO4 increased with Bray-P in soil. Higher vegetation cover (%) was 

associated with lower concentrations and lower loads of both TP and PO4, while, as expected, more runoff 

rate increased loads. A reduction in soil humidity promoted higher values of TP concentration, as well as 

TP load. For nitrogen, an increase in vegetation cover and runoff rate promoted higher TN and NO3 loads, 

while TN in soil increased only NO3 loads (Table 2). None of the explanatory variables were significant 

for TN, NO3 and NH4 concentrations (D2< 0.05, not shown). NH4 concentration and load increased with 

TN in soil and soil humidity and decreased with runoff rate 

No relationship between the TP and PO4 loads with runoff rate was found in crops (p<0.05). In the buffer 

zones, however, load of both TP and PO4 increased linearly with higher values of runoff rate (TP: R2 =0.67 

and PO4: R
2 =0.59) (Fig. 4). TN, NO3 and NH4 loads increased significantly with runoff rate in both crops 

areas (TN: R2 =0.36, NO3: R
2 =0.28, NH4: R

2=0.24) and buffer zones (TN: R2 =0.40, NO3: R
2 =0.44 and 

NH4: R
2=0.64, respectively) (Fig.  4). 

 



 

Table 2. Main effects of explanatory variables on surface runoff response (GLM models). Explanatory variables: 

vegetation cover (%), soil humidity, runoff rate, organic matter content, Bray-P in soil, TN in soil, and their 

interactions. Response variables: time to onset (s), runoff volume (L), and TP, and PO4 concentration (µg/L) and 

TP, PO4, TN, NO3 and NH4 load (kg/ha). *Represents a significant interaction between factors. The percentage of 

deviance explained by the model is shown (D2). 

 

Model 
Predictors of 

model 
Estimate SE t p I D2 

Onset ~ Runoff rate + Organic 

carbon 
Runoff rate -3.79 0.63 -5.99 *** 71.21 0.54 

 Organic carbon 0.14 0.05 2.76 ** 28.79  

Volume ~ Organic carbon + 

Vegetation cover 
Organic carbon -0.35 0.11 -3.26 ** 60.77 0.36 

 Vegetation cover -0.01 0.004 -2.54 * 39.23  

TP ~ Bray-P * Runoff rate + 

Vegetation cover * Soil humidity 
Bray-P 0.07 0.02 3.15 ** 53.57 0.33 

 Runoff rate 7.83 3.7 2.12 * 2.38  

 Vegetation cover -0.02 0.01 -1.24  25.87  

 Soil humidity -0.04 0.01 -2.28 * 18.17  

TP load ~ Runoff rate + Bray-P + 

Vegetation cover * Soil humidity 
Runoff rate 143.84 17.25 8.36 *** 83.8 0.57 

 Bray-P 5.13 1.96 2.62 * 7.39  

 Vegetation cover -2.48 2.23 -1.11  5.36  

 Soil humidity -6.7 2.3 -2.91 ** 3.46  

PO4 ~ Bray-P + Vegetation cover Bray-P 0.04 0.01 3.99 *** 71.51 0.24 
 Vegetation cover -0.01 0 2.97 ** 28.48  

PO4 load ~ Bray-P + Runoff rate * 

Vegetation cover 
Bray-P 4.53 1.25 3.63 *** 11.81 0.60 

 Runoff rate 152.61 73.82 2.09 * 81.58  

 Vegetation cover -2.06 1.44 -1.43  6.6  

TN load ~ Runoff rate * 

Vegetation cover + Soil humidity 

* Vegetation cover 

Runoff rate 0.77 0.26 2.9 ** 79.72 0.45 

 Vegetation cover 0.004 0.006 0.61  4.75  

 Soil humidity -0.008 0.005 -1.57  15.53  

NO3 load ~ Runoff rate + TN soil 

+ Vegetation cover 
Runoff rate 0.09 0.15 5.93 *** 83.2 0.41 

 N tot 0.03 0.01 2.16 * 9.52  

 Vegetation cover 0.001 0 2.06 * 7.28  

NH4 load ~ TN soil + Runoff rate 

+ Soil humidity 
N tot 6.21 0.04 2.41 * 30.04 0.66 

 Runoff rate 0.03 0.05 5.57 *** 62.95  

 Soil humidity 0.001 0 2.18 * 7.01  

 

Ns not significant p>0.05; *p<0.05; **p<0.01; ***p<0.001 

 



 

 

Figure 4. Graphical output of the linear regressions between load (kg/ha) of total phosphorus (TP), phosphate (PO4), 

total nitrogen (TN), nitrate (NO3) and ammonium (NH4) in surface runoff water and runoff rate (L/min). Orange 

dots and lines represent crops and green ones the buffers. Data from the three sites were pooled. 

 

3.3. Subsurface runoff 

The PO4 concentration and load in subsurface runoff were significantly lower in the three buffer zones 

than in the crop areas, and concentration overall lower in the forest site (Fig. 5, Table 1). In contrast, 

subsurface NO3 in buffer zones revealed a significant interaction between site and zone. Grassland buffer 

had lower NO3 concentration (Tukey’s test, p = 0.05) than the adjacent crop area, load showed a similar 

but nonsignificant trend. In the shrubland and forest zones, the trend was the opposite, with higher but not 

significant values of NO3 concentration and load measured in the buffers (Fig. 5, Table 1). NH4 

concentration and loads is subsurface runoff water were negligible and are not shown (in average less than 



 

18% of NO3 measured). Neither the concentration nor the load was significantly different between sites 

or zones (two-way ANOVA, p>0.05). 

Figure 5. Top panels: Subsurface phosphate (PO4) concentration (µg/L) and load (kg/ha), bottom panels: NO3 

concentration (µg/L) and load (kg/ha) in crops (orange) and buffers (green) of the three sites: grassland (left), 

shrubland (middle), and forest (right). Mean values, standard errors (boxes) and minimum and maximum values 

(whiskers) are shown.  

 

We further explored nutrient dynamics in relation to gradients of precipitation and ambient temperature. 

In subsurface runoff water moving through crops, PO4 concentration increased with ambient temperature 

(R2=23, p<0.001), and PO4 load increased with precipitation (R2=21, p<0.001). In buffer areas there was 

no clear relationship with these environment variables (Fig. 6). PO4 load increased with subsurface water 

volume for both crop and forest (R2=39, p<0.001 and R2=14, p<0.05, respectively) (Fig. A.3). NO3 

concentration tended to decrease with temperature (Fig. 6), in both crop and buffer areas, but relationships 



 

were statistically non-significant. NO3 load tended to decrease with temperature in both crop (R2=14, 

p<0.05) and buffer (R2=17, p<0.05) areas. In contrast, no trends were found with precipitation. NO3 load 

increased with subsurface water volume for both crop and forest (R2=41, p<0.001 and R2=13, p<0.05, 

respectively) (Fig. A.3). 

 

Figure 6. Top-Left: Relationship between PO4 concentration (µg/L) and temperature (°C) in crops and buffers. Top-

Right: Relationship between PO4 load (kg/ha) and precipitation (mm) in crops (orange) and buffers (green). Bottom: 

Relationship between NO3 concentration (µg/L) (Left) and NO3 load (kg/ha) (Right) with temperature (°C) in crops 

(light grey) and buffers (dark grey).  

 

3.4. Retention capacities 

Riparian buffer zones effectively retained the load of PO4 in both surface and sub-subsurface runoff but 

were less effective in reducing its concentration. In surface runoff, the greatest reduction in PO4 

concentration among buffer zones was in forest (~50%). PO4 change was close to zero in the grassland, 

and increased in the shrubland (one-way ANOVA, p<0.05) (Fig. 7A). PO4 load retention was greatest in 



 

the forest zone (~80%), however, no statically significant difference was observed among the three areas. 

Subsurface water revealed between-area differences in PO4 concentration and load retention by the three 

buffer zones, with 50% as the overall mean retention for the different riparian vegetation (Fig. 7B). Total 

nutrient retention in surface water was greatest in the forest area. TP retention was -8, -65 and 53% in 

grassland, shrubland and forest, respectively (ANOVA, p<0.05), TP load was 25, 34 and 78% in grassland, 

shrubland and forest, respectively (ANOVA, p>0.05, positive % indicates retention by buffers, and 

negative % indicates enrichment). 

The effect of buffer zones was more variable for NO3, which acted as either a nutrient sink or source 

depending on the type of vegetation and runoff layer (surface vs. sub-subsurface). In surface runoff, we 

found no significant differences in NO3 concentration among buffer zones, despite in the grassland zone 

the concentration was reduced (~25%) and shrubs and forest buffers appear to release NO3. However, the 

NO3 load was clearly retained in the three buffer zones, being maximal in grassland with ~50% (ANOVA 

p>0.05) (Fig. 7A). For total nitrogen concentration the retention was -68, -146 and 21%, (ANOVA, 

p<0.05) and for load -11, 18 and 62% (ANOVA, p>0.05), for grassland, shrubland, and forest, 

respectively. Meanwhile, in subsurface runoff, NO3 concentration was only reduced in grasslands 

(ANOVA, p<0.05; Tukey, Grassland>Shrubs*), while the concentration in shrubs and forest, and load in 

all three buffer zones increased, suggesting a release of NO3, although no significant differences were 

observed among buffer zones (Fig. 7B). For NH4, the significant retentions registered were for load in 

surface runoff water in shrubland and forest (41 and 72%, respectively; ANOVA, p<0.05). 



 

 

 

Figure 7. Surface (top) and Subsurface (bottom) potential retention of phosphate (PO4) and nitrate (NO3) 

concentration (µg/L) and load (kg/ha) in runoff water for the three sites studied: grassland, shrubland, and forest. 

Mean values and standard errors are shown. The green area shows the nutrients removed (positive difference) and 

the red area the nutrient enriched (negative difference) by the buffer zones. 

 



 

4. Discussion 

We found strong evidence of nutrient retention by buffer zones and consequent improvement of 

agricultural runoff water quality. All three types of vegetation cover (i.e., grassland, shrubland, and forest) 

decreased the amount of water reaching the reservoir and thus reduced dissolved and particulate nutrient 

loads. Among the three, forest cover enhanced phosphorus retention, while grassland was the strongest 

regulator of nitrogen dynamics. 

Physical properties of soils in adjacent crop fields had lower quality than soils in riparian buffer areas. 

Soil with higher bulk density caused a faster start of surface runoff and a greater amount of water moving 

across the surface than in buffer zones. Soil physico-chemical characteristics, strongly affected by land 

use, influence infiltration and runoff (Boizard et al. 2013, Alaoui et al. 2018). During our one-year study, 

vegetation cover in cultivated lands was low in certain periods, creating conditions that generally reduce 

time required to onset runoff (Zhang et al. 2019). Similar to our findings, Aguiar et al. (2015) found high 

infiltration in riparian buffer areas, with maximum values in wooded areas, followed by shrubs and finally 

herbaceous vegetation.  

Although simulated runoff has been shown to underestimate P concentration due to the short contact time 

between soil and water, it nonetheless can be a useful approach to understand the mobilization of 

compounds in soils (Dougherty et al. 2004, Dunkerley 2008). Even with potential underestimation, P 

concentration values were high in surface runoff from crops. Recent studies have found high TP 

concentrations in the reservoir water, with an average of ~300 µg/L during the period 2004-2016 (Aubriot 

et al. 2017), with a strong correlation between water TP and agriculture- land cover, and an inverse 

correlation between TP and forest- land cover (Gorgoglione et al. 2020), although both native forest and 

forest plantations were mixed in the analysis. In our study, surface PO4 represented up to 75% of the TP 

in crops, suggesting that P was transported mainly as dissolved, directly bioavailable, form (Goyenola et 

al. 2015). In the subsurface runoff water, the concentration of PO4 was lower than in the surface runoff, 

but the loads transported were substantial as well. Despite its low solubility within deep water-saturated 

soil, oxygen decreases and reduction processes may occur that enhance the release of soluble P into soil-

water (Zhang & Furman 2020). The concentration of TP in top soil layers and groundwater are correlated 



 

across various land uses, which suggest a potential for vertical leaching of phosphorus to groundwater 

(Liao et al. 2019).  

According to our results, forested riparian vegetation would result in less TP and PO4 being transported 

from crops to water bodies via surface and subsurface water movement. Lower PO4 concentration in 

surface water within the riparian buffer were only observed in our forested zone. Reduced loads and 

retention of PO4 was observed in all three buffer zone types (with maximum in the forest). In general, 

greater substrate rugosity in riparian zones reduces runoff velocity, promoting increased infiltration and 

therefore reducing transfer of pollutants to aquatic ecosystems (Markin et al. 2007, Duchemin & Hogue 

2009). In our study, P dynamics were strongly related to vegetation cover and soil humidity, both 

conditioned by the prevailing type of vegetation and likely their different effects on soil P sorption (Cao 

et al. (2019). In areas dominated by woody vegetation accumulated organic matter promotes phosphorus 

retention (Aguiar et al. 2015).  

In contrast to P, subsurface water had higher nitrate concentrations than surface runoff in both crops and 

buffers, as expected (Bechman 2014). Nitrate is highly soluble and mobile, and it has been found to be 

mainly transported by subsurface flow (Simmons et al. 1992). We registered a reduction in nitrate 

concentration only in the grassland, both in surface and subsurface runoff. Nitrate load was reduced in the 

three buffer zones in the surface runoff, and only reduced in the grassland in the subsurface layer. 

Moreover, in shrubland and forest, we registered particularly higher subsurface concentration and load 

values in the buffer zones than in the respective crops. In various meta-analyses, the effectiveness of 

nitrogen removal has been shown to vary widely, with more consistent reduction values in water moving 

sub-superficially (Mayer et al. 2007, Valkama et al. 2019). Shallow subsurface flow through riparian 

zones can highly affect nitrate concentrations, as it moves through plant roots and microbial populations 

that promote and maximize immobilization and denitrification (Dosskey 2001, Lasagna et al. 2016). 

Williams et al. (2014) found lower NO3 concentration near the surface (20 cm deep) than in a deeper layer 

of riparian soil (60 cm) and assumed that removal may be more efficient in near-surface riparian soils due 

to their higher content of organic matter. Nitrate retention has been documented in deeper layers of the 

soil, even for narrow herbaceous and woody zones through vegetation uptake and denitrification; although 

the latter seems less strong than in the first layers (Balestrini et al. 2011). The low nutrient retention and 

even exportation from the shrubland buffer zone may be related to the recent agricultural history of the 



 

area, whit crops up to the water margin until the fencing of the exclusion area. Vegetation and soil recovery 

may take several years, and thus the increase of the removal capacity, as vegetation succession continues 

and natural processes recover. 

Overall, we found less phosphorus exported to watercourses from forested riparian zones than from zones 

with herbaceous cover, and the opposite pattern for nitrogen, mainly nitrate, as was broadly also found by 

Neilen et al. (2017). In our study area, a mix of herbaceous and woody species would enhance overall 

nutrient retention, already suggested for other regions (Cao et al. 2019), although studies have report 

different effectiveness and it does not seem possible to generalize (Prosser et al. 2020). Deep-rooted 

woody vegetation buffer is efficient in trapping soluble nutrients, due to the high infiltration capacity, 

while grass buffer seems effective in trapping coarse sediments and sediment-bound nutrients (Lee et al. 

2000). Despite the important role of width (Zhang et al. 2010, Aguiar et al. 2015), more recently also 

interpreted as the ratio of source area to buffer area (Prosser et al. 2020), vegetation type has been found 

in some cases to have the highest influence on mass removal of phosphorus and nitrogen (Mankin et al. 

2007). In our study site, the width of the riparian vegetation was almost invariable which allowed us to 

compare the effects of vegetation type per se. The potential changes in effects as a result of different strip 

widths should eventually be assessed. Besides the type of vegetation and width, various other factors can 

influence the efficiency of buffers in reducing the movement of nutrients (recent review in Prosser et al. 

2020) and should be considered when planning and managing these areas (Mander et al. 2017). 

We found some evidence on how the increase in precipitation and, to a lesser extent, the increase in 

temperature, could impact nutrient dynamics. For agricultural lands in many locations worldwide, 

increased precipitation is expected to increase the flux of nutrients to freshwaters because of increased 

runoff (Bender et al. 2018, Carpenter et al. 2018), through many interactions with surface cover, litter, 

and soil exposure (Puntenney-Desmond et al. 2020). Increasing rainfall intensity augment raindrop energy 

and surface runoff velocity (Wang et al. 2014), and usually for bare agricultural soils, there is a clear 

positive correlation between rainfall amount and intensity and runoff rate (Wang et al. 2014), and also 

with TP load and concentration (Ding et al. 2017). Here, the values for TP and PO4 loads exported in 

surface runoff from crops were not related to the magnitude of runoff rate, probably because during the 

whole period, although the change was not substantial, the crops grew and on average the area increased 

its vegetation coverage from 70% to more than 90%. Meanwhile, TN, NO3 and NH4 loads in crops were 



 

positively related with runoff rate. Runoff rate, together with soil erodibility and agricultural management 

practices largely control superficial nitrogen losses (Zhang et al. 2016). 

In the buffer zones, regardless of the predominant type of vegetation, the surface transport of both P and 

N increased with increasing runoff rate. Availability of nutrients in runoff has been found to be more 

influenced by runoff rate rather than by soil nutrient concentration or other soil properties (Wang et al. 

2014, Zhang et al. 2019). In areas where more frequent extreme rainfall events are predicted this could be 

particularly relevant (Ockenden et al. 2017) and likely affect nutrient retention by riparian vegetation. In 

buffer areas, soil P cycling is enhanced and soil P solubility increased, leading to a high risk of dissolved 

phosphorus leaching into water bodies during rainfall events (Stutter et al. 2009, Stutter & Richards 2012), 

even bigger if leaf litter is accumulated in the soil (Cabrera-Lamanna 2019, Franklin et al. 2020). The 

removal efficiency of buffer zones, regardless of the type of vegetation cover, is negatively correlated 

with the amount and intensity of precipitation (Bu et al. 2016), which is also relevant under future climatic 

scenarios. Zhang et al. (2019) found that particulate phosphorus load is predominantly transported through 

the soil at the early stage of storm events, while dissolved P concentrations tended to be constant and, 

hence, make a more important relative contribution to TP towards the end of each precipitation event. 

In subsurface water, while no trend was found in the buffer zones, PO4 load increased with precipitation 

in the crop area. Buffer phosphate seems to be less subject to climatic variations than the cultivated zones, 

although the scarcity of data makes it difficult to draw robust conclusions. In this sense, a previous study 

with P leaching loss from riparian zones found that the lower export of phosphorus from riparian areas 

with trees (compared to areas without riparian vegetation) occurs regardless of rainfall intensity (Neilen 

et al. 2017). 

In our study, air temperature was associated with water PO4 concentration in crops and for both NO3 

concentration and load in buffers and crop zones. Removal efficiency of nitrate in buffer zones seems 

higher in summer than in winter likely due to the enhanced activity of denitrifying bacteria (Zak et al. 

2018). Although recent models have predicted that, as long as water demand of plants is fulfilled, warming 

will increase future phosphorus uptake by crops and hence lead to less nutrients available be transported 

to water bodies, at the same time increased precipitation will still increase total dissolved phosphorus loss 



 

(Kalsic et al. 2019, Wang et al. 2021), so that the magnitude and direction of the overall effect is difficult 

to predict. 

The conservation and management of vegetated buffer zones, combined with a widespread and efficient 

application of best management practices for agriculture and animal production to reduce nutrients export, 

is essential to reduce the input of particulate and dissolved nutrients to water bodies and mitigate their 

impact (Sharpley et al. 2006, Sharpley et al. 2015, Arocena et al. 2018). Some management practices 

frequently used that involve tillage or manure are more effective in reducing erosion than runoff 

(Martinez-Mena et al. 2020). This is useful in many situations when P is mostly lost in its particulate form 

during rainfall events (Bender et al. 2018), but in our study site the predominant form was the dissolved 

one. Dissolved nutrient losses are the hardest to be recognized by farmers and are not targeted by the 

widespread management practices aiming at reducing erosion and particulate phosphorus loads (Dodd & 

Sharpley 2016). Zhang et al. (2019) found that particulate P was the dominant fraction (> 80%) of total P 

loss when the soil is completely bare, but dissolved P was dominant in the presence of an herbaceous 

cover (because of reduced erosion). Only with actions to mitigate erosion in a plantation, there will be still 

a lot of P loss. 

In our study case, the restoration of the buffer area was only implemented along the reservoir shoreline, 

but extending the measure to tributaries and especially to headwater streams, could be equally or even 

more needed to maximize the retention, as these areas are more relevant for nutrient removal at the basin 

scale (Correll 2005). In addition, conservation practices to maximize riparian buffers effectiveness should 

be aimed (Yasarer et al. 2017, Wagena & Easton 2018, Martinez-Mena et al. 2019), for example, the 

inclusion of site-specific information and accounting for preferential flow processes (Dąbrowska et al. 

2018, Hester & Fox 2020), and the removal of vegetal biomass. Here, cattle were completely excluded 

from the buffer area, but the entry of livestock during short periods of time could be a management option 

to reduce biomass accumulation if animal density and time frame are considered (Cole et al. 2020). 

Furthermore, a periodical harvest of vegetal material from buffer zones does not decrease buffer 

effectiveness in nutrient and sediment removal, and can even increase nutrient retention rate by P uptake 

(Hille et al. 2018, Jiang et al. 2018). Also, as discussed before, if plant community composition is 

strategically chosen when buffers are implemented and maintained, a greater efficacy may be achieved 



 

with a narrower strip, thus improving the balance between aquatic ecosystem protection and productive 

purposes (Prosser et al. 2020).  

 

5. Conclusions 

Large amounts of phosphorus are transported from crop fields to the Paso Severino Reservoir, mostly in 

dissolved forms through runoff water. We found that riparian buffer zones retain significant amounts of 

nutrients, and this was the case for all three classes of vegetation cover. Study results suggest that that 

buffer areas comprised of mixed herbaceous and woody vegetation would achieve greatest retention of 

phosphorus and nitrogen.  

Our results show that the large-scale management measures applied will most likely decrease the direct 

input of nutrients into the reservoir, however, other factors must be considered. Current models for climate 

change project increased precipitation in the study region (Haylock et al. 2006, Reyer et al. 2015, Brêda 

et al. 2020), which may reduce buffering capacity in the riparian zone. In accordance with our results, 

previous studies have concluded that changes in precipitation and land uses that increase nutrient loading 

are likely to exacerbate eutrophication (Ockenden et al. 2016, Sinha et al. 2017). Thus, effective 

management of water quality requires consideration of agricultural practices, but also additional action. 

For example, buffer strips between paddocks may reduce the transport of nutrients to buffer zones (Sahu 

& Gu 2009), making them more efficient in the long term. To reduce reservoir eutrophication will require 

management at the whole-catchment level within the context of climate change (Nobre et al. 2020). Our 

findings emphasize that management also requires a focus on the dominant form of nutrients in runoff 

(Dodd & Sharpley 2016). Future research should aim at understanding the role that increasing runoff 

interacting with increasing temperature and future agronomic practices will exert on loads exported from 

the basin to water bodies. 
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Figure A.1. Left: Picture of the rainfall simulator in the field. Roght: A schematic diagram of the design of the 

subsurface runoff water collectors with the detail of the dimensions of each section and an image of a collector 

installed in the field inside a cultivated plot. 

 



 

Figure A.2. Upper panels: Soil humidity (%) vs. accumulated precipitation (mm) in each event for the three crops 

located uphill of buffers (left), and the three buffers: grassland, shrubland, and forest (right). Lower panels: Plot 

vegetation cover (%) in the four sampling dates when simulations were performed for crops and buffers, grouped 

regardless of site. Mean values, standard errors (boxes) and minimum and maximum values (whiskers) are shown. 

 

 

Figure A.3. Relationship between PO4 and NO3 load (kg/ha) with subsurface runoff water collected (L) in crops 

(orange) and buffer (green). 

 

Table A.1. Summary of the eight storm events sampled, indicating type of sample collected on each date (surface 

or subsurface runoff water), accumulated rainfall (mm), duration of the event (days), number of previous days 

without rain ˃ 10 mm, and average air temperature (°C), relative humidity (%) and wind velocity (km/h) during the 

week before sampling.  

     Week before sampling 

Date Type of sample 
Accumulated 

rainfall (mm) 

Length of 

event 

(days) 

Previous 

days without 

rain >10 mm 

Air T 

(°C) 

Relative 

humidity 

(%) 

Wind 

(km/h) 

Aug-18  
 

Subsurf 46 2 5 11.63 78.8 15.6 

Sep-18  
 

Subsurf 19 1 4 18.98 72.9 15.4 

Oct-18 Surf  Subsurf 97 2 7 15.88 78.6 17.9 

Nov-18 Surf  Subsurf 101 4 28 23.57 69.9 21.1 

Jan-19 
 

Subsurf 33 4 8 28.27 75.8 12.9 

Feb-19 Surf  Subsurf 38 2 9 24.72 70.8 10.8 

May-19 Surf  Subsurf 75 1 3 15.04 85.8 13.1 

Jul-19 
 

Subsurf 56 2 13 10.65 86.9 12.8 

 



 

Table A.2. Soil characteristics of the crops and three buffer types: grassland, shrubland and forest. Conductivity (C, 

cm/h), organic carbon (%), clay, sand, and silt (%), organic matter (OM) and apparent density (AD) were measured 

at two depths: 0 - 5 and 5 - 10 cm. Phosphorus (Bray-P, ppm) and nitrogen (TN, %) were measured at 0 - 2.5, 2.5 - 

7.5 and 7.5 - 15 cm. 

Zone z (cm)  
C 

(cm/h) 

Org C 

% 
Clay Sand Silt OM AD z (cm) 

Bray-P 

(ppm)  
TN % 

Crop 

0 - 5 1.17 3.405 24.8 21.2 54 5.87 1.54 0 - 2.5  25.5 0.42 

5 - 10 0.29 2.26 20 19.9 60.1 3.9 1.49 2.5 - 7.5  8.5 0.275 

                7.5 - 15  5.5 0.205 

Grassland 

0 - 5 0.94 4.18 20 19.8 60.2 7.21 1.46 0 - 2.5  18 0.4 

5 - 10 0.56 2.28 20 19.7 60.3 3.93 1.56 2.5 - 7.5  7 0.19 

                7.5 - 15  3 0.14 

Shrubland 

0 - 5 1.83 3.59 22.4 32.2 45.4 6.19 1.52 0 - 2.5  25 0.39 

5 - 10 2.68 3.06 22.4 30.4 47.2 5.28 1.31 2.5 - 7.5  12 0.3 

                7.5 - 15  5 0.21 

Forest 

0 - 5 21.32 4.66 20 31.3 48.7 8.03 1.27 0 - 2.5  13 0.57 

5 - 10 17.23 3.44 22.4 30.2 47.4 5.93 1.26 2.5 - 7.5  7 0.35 

        7.5 - 15  4 0.24 

 

Table A.3. Results of two-way ANOVA testing main effects of factors: site (S), zone (Z: buffer vs crops) and depth, 

and their interactions (S*Z), on Phosphorus (Bray-P, ppm) and nitrogen (TN, %) measured at 0 - 2.5, 2.5 - 7.5 and 

7.5 - 15 cm, and conductivity (C, cm/h), organic carbon (%), clay, sand, and silt (%), organic matter (OM) and 

apparent density (AD) measured at two depths: 0 - 5 and 5 - 10 cm. Only significant interactions of factors are 

shown. 

 Site Zone Depth  S*Z 

  F d.f. p F d.f. p F d.f. p F d.f. p 

Bray-P   ns   ns 37.9 12 ***    

TN % 4.12 12 *   ns 16.86 12 ***    

Org C % 10.95 5 * 25.35 5 ** 90.34 5 ***    

C (cm/h) 10.45 35 *** 11.79 35 **   ns 9.41 35 *** 

AP 22.92 47 *** 8.19 47 ** 5.18 47 * 3.52 47 * 

Clay   ns   ns   ns   ns 

Sand 35.87 6 *** 24.83 6 **   ns 8.85 6 * 

Silt 16.39 5 ** 8.51 5 *   ns 7.4 5 * 

 

Statistical results of ANOVA tests are shown, indicating F-values and degrees of freedom (d.f.) ns not significant 

p>0.05; *p<0.05; **p<0.01; ***p<0.001 
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Resumen: Evaluar las variaciones 

temporales   y   características   del    flujo de 

agua dentro del suelo es relevante, 

especialmente a escala de cuenca, para 

identificar los mecanismos de generación de 

escorrentía y vías de transporte de nutrientes 

y contaminantes hacia los cuerpos de agua 

superficiales. En zonas agrícolas, los 

manejos del suelo alteran las dinámicas 

naturales de los procesos hidrológicos y 

biogeoquímicos   en sus primeras capas. 

El monitoreo del agua subsuperficial es 

complejo, ya que su flujo no es uniforme, y 

muchas de las técnicas permiten caracterizar 

dicho líquido sólo en términos cuantitativos. 

En este estudio, por su parte, se propuso una 

metodología para la obtención de muestras 

de agua subsuperficial, que permite captar 

y almacenar agua moviéndose en el suelo 

a una profundidad específica de interés. Para 

ello, se diseñaron colectores cilíndricos 

plásticos con un área perforada, por donde 

ingresa el agua, y un sector de 
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almacenaje. Se   realizaron   protecciones 

en dichos colectores para evitar el ingreso 

directo del agua de lluvia y del agua infiltrada 

verticalmente desde la superficie en el área 

inmediata a los mismos. La metodología fue 

puesta a prueba en predios productivos 

adyacentes al Embalse de Paso Severino 

(34°12´12´´S, 56°18´10´´O, Florida, 

Uruguay), donde permitió registrar 

diferencias en la concentración de nutrientes 

del agua subsuperficial entre zonas agrícolas 

y sus zonas buffer adyacentes. Además de 

efectivos, los dispositivos resultaron ser de 

bajo costo y fácil construcción, por 

consiguiente, al realizar los ajustes 

específicos para cada suelo, el uso 

generalizado de estos dispositivos parece 

muy promisorio. 

Palabras clave: escorrentía, contaminantes, 

zona de amortiguación, colectores. 

 
Abstract: Assessing the temporal variation 

and characteristics of the water flow within 

the soil is key, especially at the basin scale, to 

identify the mechanisms of runoff generation 

and transport pathways of nutrients and 

pollutants to surface water bodies. In 

agricultural areas, different soil management 

   may modify the natural dynamics of 
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hydrological and biogeochemical processes 

occurring the first layers of the soil. The 

monitoring of subsurface water is complex 

since its flow is not uniform, and many of 

the techniques allow a quantitative-only 

characterization. In this study, we propose a 

methodology for obtaining subsurface water 
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Abstract 

Under a climate change scenario, mean temperatures are expected to increase and flood events to be more 

frequent, severe and less predictable. These climatic pressures will coexist with agriculture intensification, 

probably enhancing the already excessive transfer of nutrients to surface water bodies. One of the most 

frequent rehabilitation strategies to reduce nutrient losses and store carbon is the maintenance or re-

establishment of riparian zones. However, if nutrient loading from the watershed is high, saturated buffer 

strips can act as sources rather than sinks, particularly during high flow events when soil is water saturated 

or flooded. Here, we experimentally mimicked water saturated and flooded riparian and agriculture 

environments by simulating a two-weeks light rain and a short-term heavy rain scenario, in combination 

with warming (two levels: control and elevated temperature), over crop and forest soils from a key 

watershed in Uruguay. We found both temperature and rain regime to affect nutrient release and CO2 

emissions, but was not possible to generalize about the outcomes of climatic variability, as they greatly 

depend on soil land use. If crop soil is waterlogged or flooded, a significant PO4 exportation from soils 

occurs, and warming acts on top of that enhancing the release. In forest soils, such release happened only 

in the extreme case of flooding and with a much lower effect of warming. For nitrogen, the loads mobilized 

during the short-term flood were not high for water quality standards, but we detected changes in the 

nitrate and ammonium proportions due to flooding. For total nitrogen and nitrate, we registered an overall 



 

enhanced release under warming and from forest soil, while ammonium release was higher in forest but 

did not show an evident effect due warming. Regarding CO2, we found a noticeable result in the switch 

from sink to source in forest soils under the scenario of warming and rewetting. Our experimental results 

suggest that warming and extreme precipitation will alter nitrogen cycle alterations and enhance the risk 

of freshwater eutrophication due to an increase mobilization of soil P from watersheds. In forest, the 

increase in soil-surface C release to the atmosphere with increasing temperature and water availability 

suggest that global warming will accelerate soil organic-carbon decomposition, and potentially drive 

positive feedback to future warming. The development of universal strategies to mitigate the negative 

impact of flooding under a warmer scenario could be complex, as responses depend on land use cover. 

Key words: climate change, extreme rainfall, land use, nutrient release 

 

1. Introduction 

Diffuse pollution is a major threat to surface water bodies, and one of the main causes of aquatic ecosystem 

deterioration, due to eutrophication caused mainly by nutrient transfer from agricultural land (Kronvang 

et al., 2007, Jabłońska et al., 2020), causing a wide range of environmental, social and economic problems 

(Bender et al., 2018). In addition to increased nutrient loads due to fertilization, agricultural land-use 

changes tend to increase runoff of precipitation and thus a higher volume of water reaches aquatic 

environments than from soils covered by grassland, shrubland or native forest (Aguiar et al., 2015; Calvo 

et al., under review). Under this scenario, one of the most frequent rehabilitation strategies to reduce the 

external load of nutrients is the maintenance or re-establishment of riparian zones, which act as buffers 

through the storage and purification of water. 

Floodplains, where riparian areas are usually located, could proportionally be greater phosphorus (P) 

sources than upland soils depending on the amount of P stored in the soil, floodplain area and inundation 

period (Reavis & Haggard, 2016). If nutrient loading from the watershed is high, phosphorus and nitrogen 

immobilization and transformation rates via biological processes (i.e., microbial mineralization, 

denitrification and plant assimilation) can be insufficient and lead to an enrichment of soils with labile 

forms (Stutter et al., 2012; Valkama et al., 2019). The enhanced soil P cycling and increased soil P 

solubility compared to agricultural lands, can lead to a high risk of dissolved phosphorus leaching into 



 

water bodies (Stutter et al., 2009; Stutter & Richards, 2012), even bigger if leaf litter is accumulated in 

the soil (Franklin et al., 2020). Under certain circumstances nutrient saturated buffer strips can therefore 

act as sources rather than sinks, particularly during high flow events, ice thaw, and high bank erosion 

conditions (Dosskey et al., 2010; Dodd & Sharpley, 2016; Vidon et al., 2010). A higher frequency of 

cycles of flood and exposure in low lands could facilitate the decomposition and reduction of soil organic 

matter, which under normal conditions is effective in retaining P and N (Barret & Burke et al., 2000; 

Wang et al., 2021). This is especially relevant in riparian zones surrounding reservoirs, which have 

particular hydrology dynamics and a water regime that is frequently artificially regulated, together with 

climate variability and anthropogenic activities carried out in the catchment area (Ye et al., 2019; Wang 

et al., 2021). 

For nitrogen, the removal in riparian zones is commonly attributed to both denitrification, which 

permanently removes N from the soil to the atmosphere, and plant uptake, where N is only temporarily 

retained and eventually returns to the available pool once mineralized (Hefting et al., 2005). The balance 

between overall retention and environmental nutrient loss, are functions of hydrology and soil organic 

matter properties (Castellano et al., 2013; Zhu et al., 2018). Both waterlogging and flooding can result in 

nitrogen losses, reduced uptake and overall lower use efficiency of nutrients (Kaur et al., 2019). Riparian 

areas that have not previously been flooded and likely have larger stock of nutrients that could be released 

upon flooding may have an exacerbated effect on both phosphorus and nitrogen release, with potential 

effects on nutrient cycling at the basin scale. 

Under a climate change scenario, mean temperatures are expected to increase and flood events to be more 

frequent, severe and less predictable (IPCC, 2021). This is likely to have impacts on the terrestrial 

surroundings, as extreme flood events can result in large land areas with floodwater persisting even for 

several weeks or months (Najibi & Devineni, 2018). At higher temperatures, chemical and biological soil 

reactions are enhanced (van der Putten et al., 2016). This is assumed to magnify the effects of extreme 

floods, potentially leading to higher nutrient release rates from flooded soils, with mobilization rates 

increasing with temperature (Tang et al., 2016). Under warmer temperatures, microbially mediated redox 

reactions are enhanced, and thus P release to floodwater (Kumaragamage et al., 2020). For sediment lakes, 



 

there is also evidence of enhanced phosphorus release with higher temperature (Jeppesen et al., 2009; 

Wang et al., 2013). 

Greenhouse gas (GHG) emissions from soils may change in response to changing weather. Flooding may 

increase soil net GHG emissions, due to changes in soil redox potential and microbial activity (Hou et al., 

2000), while soil warming accelerates organic matter decomposition thus increasing soil-surface CO2 

release to the atmosphere (Davidson & Janssens, 2006). The combined impacts of flood and warming can 

lead to high gaseous C loss from grassland soils, partly due to plant senescence and large amounts of 

decaying material (Sánchez-Rodríguez et al., 2019b). In crops, the outcomes of flooding emissions depend 

on agricultural practices regarding plant covering, fertilizers, organic residues, etc. (Sánchez-Rodríguez 

et al., 2017). In reservoir sediments, the re-wetting after a drought leads to an initial release of gases 

accumulated in the pores during the dry period and latter an enhanced microbial decomposition of organic 

matter into CO2 (Kosten et al., 2018; Paranaiba et al., 2020). CO2 fluxes from drawdown areas can vary 

as a function of adjacent land cover types, with more CO2 emissions near forestland than near grassland, 

likely because forest has more organic matter (Almeida et al., 2019). In riparian soils, the elevated storage 

and availability of nutrients influence biological productivity and consequently might affect CO2 fluxes 

(Petrone et al., 2008), together with seasonal changes in biogeochemical conditions (Vidon et al., 2014).  

The timing and temporal variability of floods is primarily driven by climate, while land use and 

hydrological infrastructure would be more important influencing their magnitude. If offend flooded, 

riparian zones can contribute to water quality degradation and change carbon fluxes, thus limiting their 

long-term effectiveness. An improved understanding of biogeochemical mechanisms affecting nutrients’ 

transport in riparian zones will help predict removal effectiveness under different future scenarios, as well 

as the occurrence of potential feedbacks with climate change due to differential behaviors as source or 

sink of carbon. In this study, we experimentally mimicked water saturated and flooded riparian and 

agriculture environments by simulating a two-weeks light rain and a short-term heavy rain scenario, in 

combination with a warming scenario, over crop and forest soils from a key watershed in Uruguay.  

We hypothesize that water saturation and flooding alter microbial activity and the mechanisms acting and 

therefore expected changes in nutrient cycling, with more P released to water and modified nitrogen forms 

ratios. As temperature is a key regulator of biochemical reaction rates in soil, we hypothesize that warming 



 

shapes the outcome of flooding on soil nutrient release and carbon fluxes, by accelerating chemical and 

biological soil reactions and thus enhancing nutrient release and CO2 emissions due to increased 

decomposition of organic matter. Further, we hypothesize that land use will strongly influence nutrient in 

soil superficial layers, in crops due to fertilization history and management practices, and in forest due to 

potential nutrient retention and enrichment. The specific concentrations and dynamics will shape the 

release of nutrients to soil and flood water, and also its interaction with climatic impacts. 

 

2. Methods 

2.1. Site, sampling and initial analyses 

The soil samples were taken in winter from the Paso Severino Reservoir, located in the Santa Lucia Basin, 

Uruguay (34°12'12”S, 56°18'10”W). Climate is humid subtropical with hot summers and without dry 

season (according to the Köppen-Geiger climate classification), with annual average temperature of 17.0 

°C and precipitation of around 1300 mm, based on the historical period 1961-1990 from the Uruguayan 

Meteorological Institute. The seasonal distribution of rainfall is highly variable, as well as the rain 

intensity among precipitation events, and long events are not uncommon. Soil water content depends on 

the precipitation-evaporation balance, normally storing water during the low evapotranspiration seasons 

when it becomes progressively wet and reaches saturation state (Silveira, 2000). The crop sampled was 

an artificial perennial ryegrass pasture. The native forest had a high density of large herbaceous plants, 

such as Eryngium sp. and trees such as Allophylus edulis, Schinus longifolius, and Scutia buxifolia, among 

other species. A high number of shoots of invasive species Fraxinus americana and Gleditsia triacanthos 

were also found. 

Thirty-two intact corers of the first 15 cm of soil (6 cm diameter) from crop and native forest fields were 

extracted randomly by the direct push method, using transparent acrylic tubes. The bottom of the tubes 

was sealed with rubber material and tubes were transported in cold boxes to the lab. The corers were 

removed with their vegetation, which was scarce because of the season, and the superficial layer of litter. 

Extra samples of the upper 15 cm of the soil were taken to the lab to determine the concentration of N-

NO3 (ppm, specific ion method), P (Bray 1, spectrophotometric method), organic carbon (%, Walkley-



 

Black method) and Fe (ppm, atomic spectrophotometry method). Also, the initial humidity content was 

estimated by placing extra samples at 105 °C for three days, and organic matter by burning the dried 

samples at 500 °C for 2 hours. 

2.2. Experimental design 

Soil corers brought from the field were placed in wood structures inside climatic chambers to acclimate 

for 4 days and randomly assigned to experimental treatments. The design was completely factorial with 

32 experimental microcosms in total, 2 cover soils: crop (C) and forest (F), 2 temperatures: control (C) 

and warming (W), 17.5 and 20.5 °C, and 2 rainfall regimes: a long-lasting light rain (LR) and long-lasting 

light + short-term heavy rain (HR), with 4 replicates of each treatment (Fig. 1). Our response variables 

were PO4 concentration in soil water and TP, PO4, TN, NO3 and NH4 concentrations in flood water. In 

addition, we measured CO2 flux in all treatments during the different phases. 

The tubes received low intensity light of approximately 80 lum/ft² (PAR) from fluorescent lamps with a 

light spectrum similar to that of sunlight. A Rhizon sampler (0.12-0.18 μm pore size; Rhizosphere 

Research Products, The Netherlands) was inserted into the middle of each soil corer at the beginning of 

the experiment to collect soil water throughout the experiment, minimizing the damage to soil structure 

(Seeberg-Elverfeldt et al., 2005). All experimental units were placed at the same height to avoid 

temperature fluctuations and to homogenize the quantity of incident light, and a relative humidity of 70%. 

We randomly distributed the thirty-two soil corers between the two temperature treatments. 

After this acclimation phase, on day 5 we started the simulated light rain in all the tubes, by carefully and 

gradually adding distilled water up to the soil surface, using a syringe connected to a tube to minimize soil 

disturbance. Here we define waterlogged soil as when soil pores are saturated with water but water does 

not exceed the soil surface (Kaur et al., 2019). In the light rain treatment (LR), the soil remained 

waterlogged for 15 days, simulating a long and maintained period of light rainfall. Meanwhile, in the light 

+ heavy rain treatment (HR), on day 9 we flooded the tubes with distilled water approximately 10 cm 

above soil surface. The tubes remained flooded for 5 days, simulating an episode of heavy rain. Then, 

water above the soil was carefully removed with a syringe and the soil remained waterlogged for five 

more days. On day 20, the tubes from all treatments stop receiving water and remained 4 more days (soil 



 

recovery phase) until the end of the experiment. Flood durations vary greatly in the literature from 24-hs 

to several months (e.g., Reavis & Haggard, 2016; Young & Ross, 2018), to mimic local conditions or 

study a particular mechanism. Here, we chose our water-saturated and flooded periods according to 

information gathered in the area (no published data). 

 

 

Figure 1. Schematic 

design of the 

experiment and the 

duration (days) of the 

periods: acclimation, 

light rain, heavy rain 

and recovery. Right: 

picture of the soil corers 

during the experiment. 

 

We collected soil water every 4-5 days from an intermediate depth of the soil column with the Rhizon 

samplers connected with a 50-mL syringe, from both waterlogged and flooded corers. In every 

measurement, they were left till they have collected enough water for the analyses (~20 hs) and the 

samples were analyzed for phosphate (PO4). Soil-water was measured in 2 or 3 random cores per treatment 

due to logistics associated to the experiment. Flood water (FW) was sampled only from the flooded 

treatment corers with a 50-ml syringe connected with a rubber tube from an intermediate depth of the 

water column. Flood water was analyzed for total phosphorus (TP), phosphate (PO4), total nitrogen (TN), 

nitrate (NO3) and ammonium (NH4), according to standardized methodologies (APHA, 1998). Water lost 

due to evaporation and sampling was replaced, when necessary, by adding distilled water till soil was 

waterlogged (i.e., during light rain) and till water level was back to 10 cm over the soil surface when 

flooded (i.e., during heavy rain). 

Every 2-3 days we did CO2 measurements (environmental logger Senseair K33 ELG) in intervals of 30 

seconds for 5 minutes in each tube. The sensor was placed in a plastic container attached to a rubber lid 

that hermetically sealed the tube, and precaution was taken in every measurement to wait till the air was 



 

homogeneous in both compartments to start recording. Diffusive fluxes were estimated based on the slope 

of the gas concentration versus time (Almeida et al., 2016). A data quality control was applied based on 

R2 values of linear fit for CO2 measurements (above 0.70). Calculations with lower R2 value were removed 

from the database. In addition, we continuously assessed light and temperature in situ with sensors set 

inside the chambers (Hobo Pendant MX-Temp, Onset), with recordings every 15 minutes. The study was 

carried out under a 12:12 day:night photoperiod. Dissolved oxygen (DO) concentration of floodwater was 

measured daily during the flood by inserting a probe (Oxyguard) midway between the soil surface and top 

of the water column. All tubes were left uncovered during the experiment to allow oxygen diffusion, thus 

mimicking field conditions as much as possible. After 23 days, the experiment was concluded and final 

samples of soil from each treatment were analyzed.  

2.3. Data analysis  

Differences in PO4 soil-water concentration among treatments was assessed using three-way ANOVAs 

with 2 levels for soil cover, 2 levels for temperature and 2 levels for rain. Three-way ANOVAs with 2 

levels for soil cover, 2 levels for temperature and 4 levels for time (the days when nutrients in flooded-

water were sampled) were used to test the effect of the treatments on TP, PO4, TN, NO3 and NH4 

concentrations in flood water. In both cases Tukey's HSD function was applied for pairwise comparisons. 

Shapiro-Wilk tests were conducted to test for normality and Levene’s test for homoscedasticity. 

For CO2 analysis we defined period according to rain (acclimation, light rain, heavy rain, recovery). To 

test differences in CO2 flux during each period between soil types, rainfall regimes and temperature 

treatments, we calculated the mean emission during the entire experimental period. Differences among 

treatments in mean emissions were assessed using three-way ANOVAs and Tukey's HSD function for 

pairwise comparisons. Shapiro-Wilk tests were conducted to test for normality and Levene’s test for 

homoscedasticity. All statistical analyses were conducted using the open-source software R (R Studio 

Team, 2018). 

 

3. Results 

3.1. Soil properties 



 

Forest and crop soils exhibited different physico-chemical properties and drainage capacity, with forest 

soils being well drained while crop soils were poorly drained. In the initial characterization, crop soil 

doubled the values of nitrogen (N, ppm) and phosphorus (P Bray) content than forest soils, while forest 

presented higher iron concentration (Fe, ppm) and equal percentage of organic carbon (CO, %) (Table 1). 

The final samples showed high deviations in iron concentration in soils of both crop and forest. Soil 

organic matter (SOM) content was 6.62 % ± 0.69 in crops and 9.24 % ± 1.73 in forest (ANOVA, F1,4 = 

5.93, p=0.06). pH of the soil-water was always nearly neutral and did not differ between soils nor between 

temperature or rain treatments (p>0.05), and ranged between 6.0 and 7.1 in all treatments.  

 

Table 1. Soil characteristics from crop and forest in both initial and final experimental time, for the treatments 

control, warming, light rain (LR), and light + heavy rain (HR): nitrogen (N-NO3, ppm), phosphorus (P, Bray 1), 

organic matter (CO, %) and iron (Fe, ppm). na = not applicable.  

 Initial Final 

Soil Crop Forest Crop Forest 

Temp. na na Control Warming Control Warming 

Rain na na LR HR LR HR LR HR LR HR 

N-

NO3 

8.0 ± 

1.7 

3.7 ± 

1.2 

3.0 ± 

0.0 

4.0 ± 

0.0 

4.5 ± 

2.1 

3.5 ± 

0.7 

4.0 ± 

1.4 

3.5 ± 

0.7 

7.0 ± 

5.6 

3.0 ± 

1.4 

P 
17.0 ± 

3.6 

8.7 ± 

1.5 

16.5 ± 

2.1 

11.5 ± 

2.1 

20.0 ± 

1.4 

13.5 ± 

0.7 

10.5 ± 

0.7 

10.0 ± 

2.8 

12.0 ± 

2.8 

12.5 ± 

0.7 

CO 
3.0 ± 

0.5 

3.2 ± 

0.2 

3.04 ± 

0.4 

3.1 ± 

0.2 

2.9 ± 

0.2 

3.09 ± 

0.04 

3.3 ± 

0.3 

2.9 ± 

0.4 

3.3 ± 

0.5 

3.3 ± 

0.2 

Fe 
189.3 ± 

23.5 

233.0 ± 

14.7 

280.5 ± 

0.7 

208.5 ± 

60.1 

182.0 

± 73.5 

216.5 

± 28.9 

219.5 

± 50.2 

197.0 

± 79.2 

201.5 

± 79.9 

248.5 

± 62.9 

 

3.2. PO4 release in soil water 

We did not find a clear generalizable effect on PO4 release to soil-water with the climatic variables of 

warming or rainfall intensity. Instead, the effects depended strongly on soil type. In crops, PO4 release to 

soil-water was higher under continuous waterlogged conditions (light rain treatment) than in the treatment 

adding a flood event. Also, warming enhanced PO4 release to soil-water in the light rain scenario but not 



 

in the heavy rain one. Overall, we registered a higher release from crop soils, when compared to forest, in 

most simulated scenarios of temperature and rainfall. For forest, we registered an increase in PO4 release 

from forest soil at control temperature after the flood. 

In the light rain treatment (soil under waterlogged condition during the entire experiment) we registered 

the greatest values of PO4 release to soil-water, higher than in the light + heavy rain treatment (average 

161 ± 41 µg/L, versus 66 ± 50 µg/L in the heavy rain treatment). For crop soils, concentration was 

particularly higher at elevated temperature (average 179 ± 31 µg/L, versus 143 ± 42 µg/L at control), 

while in forest soils there was no significant effect of temperature (20 and 19.5 µg/L) (Fig. 1). In the forest 

soils, the highest release was found under flooding conditions and in the control than in the warming 

treatment. The mean concentration of PO4 was significantly higher in crops than in forest, showing a 

substantial influence of the type of land use (Fig. 2, Table 2). Temperature produced significant 

differences, with higher mean release of PO4 in the warmer treatment.  

Day 



 

Figure 2. PO4 concentration in soil water during light rain (left panels) and heavy rain (right panels) in soil water 

from crops (upper panels) and forest (bottom panels) soils under control (light gray) and high (dark grey) 

temperature. Mean values, standard deviation and minimum/maximum values are shown. Periods of light rain 

(lightest blue) and heavy rain (darkest blue) are shown in the background. 

 

Table 2. Results of four-ways ANOVA testing main effects of factors: soil (crop vs forest), rain (light vs light + 

heavy), temperature (control vs warming), and their interactions, on PO4 concentration (µg/L) in soil water. 

Statistically significant interactions are shown (Tukey test, p<0.05). 

  d.f. F p    

Rain 172 13.73 ***    

Temperature 172 7.68 **    

Soil 172 168.03 ***    

Rain * Temperature 172 7.94 ** 
Heavy Rain-Control 

Light Rain-Warming 

> 

> 

Heavy Rain-Warming 

Heavy Rain-Warming 

Rain * Soil 172 64.14 *** 

Heavy Rain-Crop > Light Rain-Crop 

Heavy Rain-Forest > Light Rain-Forest 

Light Rain-Crop > Light Rain-Forest 

Heavy Rain-Crop > Heavy Rain-Forest 

Temperature * Soil 171 12.72 *** 

Control-Forest 

Control-Crop 

Warming-Crop 

> 

> 

> 

Warming-Forest 

Control-Forest 

Warming-Forest 

 

Statistical results of ANOVA tests are shown, indicating respective F-values and degrees of freedom (d.f.) ns not 

significant p>0.05; *p<0.05; **p<0.01; ***p<0.001 

 

3.3. Flood-water 

Flood water temperature were 17.9 and 20.2 ºC for the control and warming treatment respectively (Fig. 

S1). Dissolved oxygen was not different between temperature treatments, but it did differ between soil 

types, being lower in forest (ANOVA, F1,60=7.62, p<0.05). 

For both TP and PO4 concentrations in the flood water the was a trend of higher concentrations under the 

warmer treatment. The effect of temperature was marginally significant in PO4 for both crop (232 ± 30 vs 

180 ± 27 µg/L in the control, mean ± se) and forest (average 151 ± 19 vs 123 ± 16 µg/L). TP and PO4 

were significantly higher in crop than in forest soils (TP: 249 ± 23 vs 188 ± 15 µg/L; PO4: 206 ± 21 vs 

137 ± 12 µg/L, crop and forest, respectively) (Fig. 3). For the crop soils submitted to elevated temperature 



 

both concentrations tended to decrease with time (Fig. 3). The proportion of PO4 in TP was overall high 

in flood water, but significantly higher in crops (80.75%) than in forest (71.03%) (ANOVA, F1,48=12.57, 

p<0.001), while no differences were recorded between temperatures and dates. 

For total nitrogen, concentration in flood water was higher under warmer conditions only for crop (540 ± 

92 vs 307 ± 30 µg/L, Tukey = 0.07) (Fig. 4). Under control temperature, the concentration increased with 

time, with the opposite trend in the soils submitted to elevated temperature (Table 3). Mean NO3 

concentration was higher under warming for crop (126 ± 29 vs 99 ± 20 µg/L in the control treatment) and 

forest (176 ± 24 vs 111 ± 15 µg/L in the control). Was also higher NO3 in forest (144 ± 17 vs 113 ± 15 

µg/L in crop) and decreased with time in all treatments (Fig. 4, Table 3). Meanwhile, NH4 concentration 

under control temperature tended to increase with time and was higher in forest (Table 3). Under warming 

there was high variability in the concentration and no clear trend was observed (Fig. 4). 



 

Figure 3. TP and PO4 concentrations (µg/L) in flood water of crop and forest soils at control and high temperature. 

Mean values, standard errors (boxes) and minimum and maximum values (whiskers) are shown. The national 

maximum PT limit for freshwater systems (25 µg/L) is indicated with a red dash line.  



 

 Figure 4. Total nitrogen (TN), nitrate (NO3) and ammonium (NH4) concentrations (µg/L) in flood water at control 

(left panels) and high (right panels) temperature and in both crop (light grey) and forest (dark grey) soils. Mean 



 

values, standard errors (boxes) and minimum and maximum values (whiskers) are shown.  

 

Table 3. Results of four-ways ANOVA testing main effects of factors: temperature (control vs warming), soil (crop 

vs forest), and time (4 sampling days), and their interactions, on TP, PO4, TN, NO3 and NH4 concentration (µg/L) 

in flood water. 

  TP PO4 TN NO3 NH4 

 F p F p F p F p F p 

Temperature 2.93 0.08 3.02 0.06  ns 12.11 **  ns 

Soil 3.99 * 6.56 * 7.82 ** 12.32 ***  ns 

Time  ns  ns  ns 31.78 ***  ns 

Temperature * Soil  ns  ns 4.76 *  ns  ns 

Temperature * Rain  ns  ns 5.24 **  ns  ns 

Soil * Time  ns  ns  ns  ns  ns 

Temperature * Soil * Time ns  ns  ns  ns  ns 

 

CO2 flux 

For rain regime, warming and land use we did not found a generalizable effect on CO2. The only 

significant variable affecting CO2 flux was the moment of measurement. For crops, we found at control 

temperature always positive values of flux (emitting CO2). For forest, during the acclimation period, soils 

were emitting CO2 at low temperatures and capturing at high temperature. Once rewetted, forest soil 

switched to CO2 emission at high temperature (significant differences in ANOVA and Tukey tests). 



 

 

Figure 5. CO2 flux during light rain (left panels) and extreme rain (right panels) at control (upper panels) and 

elevated (lower panels) temperature in crop (light gray) and forest (dark gray) soil. Mean values, standard errors 

(boxes), and minimum and maximum values (whiskers) are shown. 0 is indicated by a red dashed line. Values above 

0 indicate CO2 efflux or net emission to the atmosphere, while values below 0 represent CO2 influx or net sink. 

Missing data is due to the quality control applied based R2 values of linear fit for CO2 measurements (data removed 

if R2 < 0.70). 

 

4. Discussion 

Our results confirmed that soil saturation and flooding mobilize phosphorus and increased CO2 emissions, 

and a potential synergistic effect of warming. However, we cannot generalize about the outcomes of 

climatic variability in temperature and rain regimes, as they greatly depend on soil land use. If crop soil 

is waterlogged or flooded, a significant PO4 exportation occurs, and warming acts on top of that enhancing 

the release. In forest soils, such release happened only in the extreme case of flooding and with a much 

lower effect of warming. For nitrogen, the loads mobilized during the short-term flood were not high for 



 

water quality standards, but we detected changes in the nitrate and ammonium proportions due to flooding. 

For total nitrogen and nitrate, we registered an overall enhanced release under warming and from forest 

soil, while ammonium release was higher in forest but did not show an evident effect due warming. We 

registered a switch from sink of CO2 to source in forest soils under warming and rewetting conditions. 

Waterlogging and short-term inundation resulted in phosphate enrichment of soil and flooded water. Soil 

water PO4 concentration was particularly high in crop soils, while in flood water, TP and PO4 

concentrations were high also in forest soils. The release from soils of both land uses far exceeded the 

limits allowed by national law for surface water bodies (TP: 25 µg/L, DINAMA). In this study, dissolved 

reactive P was the major fraction of P in floodwater, representing more than 70% in both crop and forest, 

and slightly higher in crops, as has been registered in previous experiments simulating flood events (Jeke 

& Zvomuya, 2018). The concentrations were generally much higher than those typically recorded in 

natural rivers, lakes and lagoons in a good conservation status (Goyenola et al., 2015; Chalar et al., 2017; 

Rodríguez-Gallego et al., 2017). This reinforces the idea that periodical nutrient transportation from the 

terrestrial environment can affect water quality.  

Although in different magnitudes, during both waterlogging and flooding, there was a reduction of oxygen 

in soil pores. The outcome of floodplain soil inundation typically consists of an initial increase in aerobic 

heterotrophy (with liberation of C, N and P from leaf litter and soils), potentially followed by a phase of 

anaerobic nutrient cycling processes if flooding continues (P release and denitrification) (Ponnamperuma, 

1984; Baldwin & Mitchell, 2000). Reductive dissolution of Fe3+ oxides by microorganisms has been 

previously found to be the key process contributing to the increase of available P during the first stage of 

a flood event (Loeb et al., 2008; Maranguit et al., 2017; Concepcion et al., 2021).  

Total phosphorus release rates from flooded soil are significantly conditioned by land cover, with 

particular high release in bare or poorly vegetated lands (Peng et al., 2019). This can explain the increased 

P released in crop soils; as anaerobic conditions are enhanced in compacted agricultural soils (and hence 

with a lower redox potential). In experimentally flooded agricultural lands with frequent fertilization 

history, most of the phosphorous released from soils occurred within the first 48 hours regardless of soil 

chemistry (Aldous et al., 2007). Yin et al. (2018) study in an agricultural dominant reservoir estimated 

large amounts of P and N are released per year from the soil in the water-level fluctuation zone (i.e., the 



 

periodically submersed and exposed area by both anthropogenic regulation of water level and variability 

of rainfall). A decrease in pore water PO4 concentrations with a consistent increase in floodwater, as 

partially registered in our experiment, might be evidencing a rapid diffusion from soil water to surface 

floodwater (Kumaragamage et al., 2020), and its probable subsequent transport to freshwater bodies. 

Besides crops, we found that in a scenario of flooding forest could also release high P concentrations, 

likely due to rapidly available P in soil. For vegetated buffers, biogeochemical processes transform the 

accumulated P into highly mobile and highly bioavailable dissolved P forms (Gu et al., 2017), which can 

lead to fast P release rates (Maranguit et al., 2017). Regardless of land use, our results are in agreement 

with the findings of Wang et al. (2021) who stated that exposure and flood cycles in the soils will increase 

the content of soil labile P and the linked risk of P release from the soil in the water-level fluctuation zone.  

The quantity to be released upon flooded conditions depend largely on the availability of P in the soil. 

Reavis & Haggard (2016) registered in a 24-hours experiment with flooded corers, a correlation between 

soil P with SRP flux in the overlying water. In our experiment this was also the case, as initial soil P was 

higher in crop and both TP and PO4 release in flood water were higher than in forest. Tang et al. (2016) 

also found that water extractable P was the best predictor of P mobilization rates upon short-term flooding. 

In a long-term experiment (75-days), Young & Ross (2018) found soluble reactive phosphorus in soil 

water to increase over time, while flood water tended to decrease its concentration. They registered an 

important mobilization of SRP from soil through pore water and a limited flood water release because of 

resorption (Young & Ross, 2018). In their 60-day experiment incubating soil from different land uses 

under anaerobic and flooded conditions, Maranguit et al. (2017) found the impacts of flooding to be rapid 

and not only important in terms of P release but also observed that soil P forms were modified to more 

available fractions. P stores are likely to be depleted more quickly due to preferentially mineralized over 

N from organic matter, which can lead to changes in N:P ratios and potentially have ecologically relevant 

impacts (Talbot et al., 2021). In particular, organic P can be a substantial source of potentially-plant-

available P by microbial mineralization when the soil undergoes drying and rewetting cycles (Chepkwony 

et al., 2001; Richardson & Simpson, 2011). 

Water level determines the availability of oxygen in soil, and hence is a key factor of nitrogen 

transformation (Noe et al., 2013; Ye et al., 2019). Hence, it was expected that the nitrogen cycle 



 

experienced significant alterations depending on the characteristics of the flood event. Nitrate 

concentration in flood water decreased over time for both land uses and both temperatures. Ammonium 

increased with time for both soils under the control temperature, and was expected to increase faster under 

warming (Sánchez-Rodríguez et al., 2019b) but remained constant. Nitrification can be disrupted under 

anaerobic conditions, facilitating the accumulation of NH4 in soil and its diffusion into the overlying 

floodwater (Nielsen et al., 1996; Sánchez-Rodríguez et al., 2018; Tan et al., 2020). Ye et al. (2019) 

registered an increase in NH4 in the riparian soil after submergence, through nitrogen mineralization. In 

agreement, Tomasek et al. (2019) registered increased denitrification rates in an experimental short-term 

flood, reducing nitrate transportation to water bodies.  

In addition to the effects discussed above of increased water availability, and in more extreme cases of 

flooding, the increase in temperature can have interactive effects on soil characteristics and processes. In 

an experiment comparing soils with no previous history of flooding, warming was found to enhance the 

fast release of P into the soil and overlying water induced by flooding (Sánchez-Rodríguez et al., 2019b). 

This synergistic effect of warming was also found in an experiment comparing extreme temperatures of 5 

and 20°C (Loeb et al., 2008). Our experiment found the same expected trend of enhanced release under 

warming, likely due to microbial reactions releasing P being influenced by temperature (Wang et al., 

2018). 

Warming can also have profound effects on N cycling by a decrease in microbial immobilization and an 

enhanced mineralization, nitrification and denitrification in soils (Miller & Geisseler, 2018; Dai et al., 

2020). In our experiment, nitrate concentration decreased during the flood event regardless of land use 

and was higher in the warmer treatment. Both responses were expected as denitrification is strictly 

anaerobic and thus requires saturated soils (Pinay et al., 2007), and nitrification rate increase with an 

increase in soil temperature, both in the surficial layer and deeper layers in the soil (Tan et al., 2018). 

Although denitrification may be particularly sensitive to warming (Bonnett et al., 2013), it was potentially 

masked and not observed here.  The increasing accumulation of NH4 at control temperature was expected, 

as anaerobic conditions during floods lead to NH4 being the dominant N form in the soil (Gu & Yang, 

2022). Meanwhile, in the warming treatment NH4 concentration was not higher, contrary to expectations, 

as mineralization increases with temperature (Miller & Geisseler, 2018; Sánchez-Rodríguez et al., 2019b). 



 

This effect has been found in longer floods to be masked by a reduction in total microbial biomass 

(Sánchez-Rodríguez et al., 2019b). Soil microbial biomass (not measured here) is typically reduced and 

community structure changed by long-term floodings (Sánchez-Rodríguez et al., 2019a), and also by long 

term warming (Frey et al., 2008).  

Regarding land use, nitrogen cycling is strongly connected with soil microbial biomass and activity in 

forests (Bengtsson et al., 2003), and also in crops, with an important role of management strategies in the 

latter (Burger & Jackson, 2003). In forest soil, nitrate concentration in flood water was higher than in crop 

regardless of temperature. Denitrification by microbial anaerobic respiration can be a relevant N sink in 

agricultural basins with fertilization history and susceptible to waterlogged conditions as the evaluated 

here (Soana et al., 2022). Meanwhile, plant N uptake has been found to be high in forested buffer areas, 

but only temporal because N is available again once mineralized (Hefting et al., 2005). This uptake by 

vegetation was negligible in our experiment. 

Soil temperature and soil water content are the main abiotic factors controlling soil CO2 concentration 

(Maier et al., 2011), so it becomes relevant that low to moderate sustained temperature increases can alter 

the dynamics of soil water storage (Condon et al., 2020). CO2 emissions from continuously flooded crops 

have been found to be lower compared to systems with intermittent access to water (Sapkota et al., 2020), 

or even negatively correlated with soil water content in a long-term simulated flood (Xu et al., 2021). 

Poblador et al. (2017) measured riparian soil fluxes of CO2 over a year, finding that water content was a 

primarily control of the temporal patterns of CO2 emissions and registered a release peak after spring due 

to conditions of soil water content and temperature that enhanced respiration. Here, we found a noticeable 

result in the switch from sink of CO2 to source in forest soils under the scenario of warming and rewetting. 

According to our results, climate change would promote higher emission of CO2 to the atmosphere from 

terrestrial soils enriched with organic matter, in this case forests. In the same direction, Welsh et al. (2019) 

analyzed storm effects in riparian zone of an agricultural stream and found that a high intensity, short 

duration storm of low magnitude, following dry antecedent conditions, led to release of CO2 across the 

riparian zone and low SRP removal (Welsh et al., 2019). A high C loss (CO2 and CH4) when flooded and 

at elevated temperature can be partially consequence of large amounts of decomposition of plant material 

(Sánchez-Rodríguez et al., 2019b). In our experiment this would be basically roots and leaves litter, since 



 

there was almost no aerial vegetation. This pattern of peak emissions upon rewetting after a dry period 

has also been registered in reservoir sediments after extreme droughts (Kosten et al., 2018). In forest, the 

increase in soil-surface C release to the atmosphere with increasing temperature and water availability 

suggest that global warming will accelerate soil organic-carbon decomposition, and potentially drive 

positive feedback to future warming (Giardina et al., 2014; Soong et al., 2021). CH4 and N2O emission 

from riparian forest soil increase with flooding (Schindler et al., 2020), so future studies should also 

measure them to get a complete picture of the role of riparian soils in potential feedbacks with climate 

change. 

 

5. Conclusions  

Our results suggest that the temporal waterlogging or inundation of agricultural floodplains will lead to 

increased nutrient mobilization, particularly phosphate, with the release enhanced by warming. Nutrient 

losses could potentially contribute to eutrophication of adjacent freshwater systems and jeopardize their 

quality, or even produce the accumulation of certain toxic elements in the soil (review in Kaur et al., 

2020). This could be exacerbated depending on soil moisture, as drier antecedent conditions are linked to 

greater losses of total and dissolved phosphorus once the soil is rewetted (Cassidy et al., 2017; Sun et al., 

2017; Khan et al., 2022). Prolonged inundation, such as in near-shore or lowland areas, increases the 

chances of soil P release and decreases P saturation (Wang et al., 2020; Wang et al., 2021).  

The high nutrient retention effectiveness of the forest buffer zone in this reservoir under typical conditions 

(i.e., not waterlogged or flooded) was previously demonstrated (Calvo et al., under review). In a 

waterlogging scenario, the release of phosphate was substantially higher from crop soils, and therefore, 

the establishment of buffer vegetation in the water-level fluctuation zone is an effective method of 

reducing nutrients inputs into the reservoir. However, in bigger rainfall events when the soil is flooded, 

the benefits of a buffer zone were not that evident, since phosphorus concentration in forest flooded water 

was similar to crop soil and nitrogen was generally higher in forest. Flood-resilient plants, such as anoxia-

tolerant vegetation, can mitigate some of the negative impacts of flooding on soil functioning (Sánchez-

Rodríguez et al., 2019a).  



 

The findings of this study are important to understand and predict the effects of (more frequent) floodings, 

acting simultaneously with warming and land use change, and to contribute to generate models to better 

predict P and N transport and C fluxes in riparian landscapes. The interaction between global changes 

such as rapid conversions in land use and warming, seem to have feedback through more CO2 emissions. 

The results are relevant not only in flooding scenarios, but also for well-drained soils that are partly 

waterlogged by regular heavy rainfalls.  
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Supplementary material  

Table S1. Nested ANOVA results on the main effects of experimental factors: pulse (pre and post levels), baseflow 

(gradient of 8 levels), light (shade and light, nested in flow) and nutrients (control and NP, nested in flow), and their 

interactions, on periphyton biomass (chlorophyll a) (n=309), richness (n=128), and biovolume (n=128). Only 

significant results for single and multiple stressors are presented (p-value<0.05). 

 

Response 

variable 

Factor  Sum sq Mean sq Df F p 

Chlorophyll a  Pulse 8.37 8.37 1 18.03 *** 
 

Baseflow 31.11 4.45 7 9.58 *** 
 

Pulse*Baseflow 23.27 3.32 7 7.16 *** 
 

Light/Baseflow 219.91 27.49 8 59.22 *** 
 

Nutrient/Baseflow 49.78 6.22 8 13.41 *** 
 

(Light*Nutrient)/Baseflow 17.24 2.16 8 4.64 *** 

Richness Pulse 576.0 576.0 1 70.35 *** 

 Baseflow 92.7 13.2 7 1.64 ns 
 

Pulse*Baseflow 136.8 19.5 7 2.39 * 

 Light/Baseflow 70.3 8.8 8 1.09 ns 

 Nutrient/Baseflow 55.8 7.0 8 0.87 ns 

 (Light*Nutrient)/Baseflow 68.7 8.6 8 1.07 ns 

Biovolume Pulse 137.56 137.56 1 169.36 *** 

 Baseflow 9.39 1.34 7 1.65 ns 

 Pulse*Baseflow 13.01 1.86 7 2.29 ns 
 

Light/Baseflow 19.72 2.47 8 3.04 * 
 

Nutrient/Baseflow 18.85 2.36 8 2.90 * 

 (Light*Nutrient)/Baseflow 5.47 0.68 8 0.84 ns 


