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Abstract: This research investigated the source and fate of different chemical species of N and P on
a deep tropical urban reservoir, the artificial Lake Paranod, located in the city of Brasilia (Brazil).
To determine an N and P budget, nutrient input from the external load (four main tributaries and two
wastewater treatment plants), internal load (from sediment) and nutrient output (from a downstream
dam) were estimated empirically. Nutrient storage was evaluated in two compartments: water
column and sediment. Nutrient input from the tributaries varied by season presenting higher loads
in the wet season, especially N. Nutrient budgets in our study indicated that Lake Paranoa retained
dissolved inorganic nitrogen (DIN), PO,3~-P, total organic phosphorus (TOP) and exported total
organic nitrogen (TON), both on a seasonal and annual scale. Surface sediment is the major storage
compartment for both N and P. These results show the pressing need for action to reduce the P
outcome charges, mainly, from the wastewater treatment plants. The data here presented contributes
to the recognition of this situation and to a better comprehension of these nutrient dynamics, as well as
an understanding of the behavior of tropical deep-water reservoirs. This can help to promote more
effective management, providing a reference for other similar systems.
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1. Introduction

Water availability and demand issues are exacerbated by the lack of planning regarding usage
and occupation of a hydrographic basin. Through ‘point sources’ or ‘diffuse sources’ in a hydrographic
basin (external load), considerable amounts of nutrients can reach lakes and reservoirs, inducing
eutrophication with P perceived as the limiting nutrient to primary production [1,2] and the key factor
in determining the trophic state in continental water systems. The P input from sediment (internal
load) has also been reported to be an important source for the eutrophication of water bodies [3,4].

Eutrophication can significantly compromise the quality of lake and reservoir waters, undermining
multiple uses of the water, for instance: for agricultural irrigation, industrial use, human and animal
consumption, and preservation of aquatic ecosystems. One of the main concerns related to the
eutrophication process is the proliferation of cyanobacteria over other aquatic species. According to
Codd et al. [5], various types of cyanobacteria can produce toxins (cyanotoxins) that cause adverse
effects to water ecosystems and human health.

There have been many attempts to assess and control the external loading and retention of
nutrients and particularly P, in order to restrain eutrophication in lakes and reservoirs around the
world [6-10]. Most of this research, however, has been conducted in shallow lakes [4,6,11,12] and/or in
lakes located in temperate zones [13-15]. As far as we know;, there are only a few studies [16,17], and
little information exists about deep reservoirs, especially in tropical and semi-arid regions.
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Tropical lakes differ from their counterparts in many aspects. One of the most important is the
level of irradiance, which is higher in tropical areas. In addition, there is no great seasonal variation
of irradiation, which, combined with lower Coriolis effects at low latitudes, creates weakly stratified
lakes with relatively warm and uniform temperatures [18].

The influence of latitude on the biogeochemical cycles is less documented than its influence on the
ecology of a lake [19,20]. Two features can be expected to distinguish the nutrients and other elements
cycling in tropical lakes from those in temperate ones: the absence of a temperature-driven convective
overturn in tropical lakes, due to the lack of thermal stratification; and the significantly higher fluxes of
allochthonous Fe and Mn (hydr) oxides from the intensely weathered tropical soils of the catchment
area [18].

This need for more information indicates the importance of studies involving the nutrient mass
balance of different chemical species of N and P in reservoirs located in tropical savannah climates,
as well as the mechanisms of retention and export. This is especially true for N, as it has been the
subject of few studies and the internal load is usually neglected. This, in itself, justifies the importance
of the present study. However, a more recent issue increases this importance: despite receiving the
effluents from two sewage treatment plants, the reservoir under study, at Lake Paranod, has been used
as a source of drinking water since 2017 for the population of the national capital, Brasilia.

The main contributions and innovations of the present study are that this is the first, as far as we
know, that deals with the mass balance of nutrients including the evaluation of external and internal
loads in deep tropical reservoirs, especially for nitrogen. In addition, it is one of the few studies that
take into account the different chemical forms of the nutrients in the budget, not just total nitrogen and
total phosphorus. The aim of this paper is to present, based on an empirical model, the seasonal and
annual budget of different species of N and P, to identify the main sources of each nutrient, to discuss
the prominent factors concerning the retention or export of them in a deep reservoir and evaluate the
importance of the internal load to the budget.

2. Materials and Methods

2.1. Study Area

Lake Paranoa (LP) is an urban reservoir located in the city of Brasilia, capital of Brazil (Figure 1).
LP is a deep artificial lake, with an average water depth of 12.42 m (max. 38 m, near the dam) and
a surface area of 37.5 km2. The reservoir has a maximum storage capacity of 498 x 10° m3. The retention
time of the water in the lake used to be 0.82 years [21] until the period of the present study, when it
increased to more than 2 years, due to a reduction of the discharge through the dam. This discharge
reduction was necessary to allow capture of the lake water to supply the population during the severe
water crisis recorded at that time. The catchment area is 1034 km? and there are four main tributaries
that discharge into Lake Paranoa: The Riacho Fundo and Gama streams at the south and the Bananal
and Torto streams at the north. Accordingly, five sub-catchments can be considered: Riacho Fundo,
Gama, Torto, Bananal and Lake Paranoa.

Lake Paranoa basin is the most human-influenced in the Federal District. Its main issues are
related to population growth (2.9 million, Brazilian Institute of Geography and Statistic (IBGE)) [22],
land use and occupation (Figure 2). The sub-basins located to the North (Torto and Bananal) are the
best preserved due to the influence of the Brasilia National Park, a less densely populated area with
more preserved savannah vegetation. Between these, the Torto sub-basin has the highest load of
nutrients (nitrogen and phosphorus), with a visible process of siltation in its watercourse in the extreme
northern part of the lake, near the mouths of Torto and the Bananal streams [23,24]. The southern
sub-basins (Riacho Fundo and Gama), however, are more urbanized and densely populated, therefore,
more impacted, than the northern ones, mainly due to deforestation, gravel pit exploitation, soil
movements, and soil exposure and degradation [24]. The Riacho Fundo sub-basin is the basin that
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exhibits the highest nutrient load among all the tributaries [23] also with visible aspects of siltation
along its natural watercourse.

Lake Paranoa also receives effluents from two wastewater treatment plants (WWTP North and
WWTP South). According to Mar da Costa et al. [25], the treatment plants operate using similar
processes, activated sludge with nitrogen and phosphorus biological removal, followed by an additional
flotation treatment to upgrade phosphorus removal.

The regional climate, according to the Koppen-Geiger classification [26], is the Savannah Climate
(Aw) type, with two distinct seasons: a dry season during winter (historically: May-September) and
a wet season during summer (historically: October—April), with annual average precipitation of 1600
to 1700 mm [27].

The average annual air temperature for the study period was 21.9 °C, with little variation over the
year. The monthly rainfall was below the historical average in most of the months studied. Average
yearly total rainfall was 1214 mm, alternating between dry season with precipitation below 251 mm
and wet season with precipitation above 963 mm (Figure 3).
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Figure 1. Localization of study area and sampling points.
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Figure 2. Land use and occupation of Lake Paranoa catchment area.
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Figure 3. Monthly rainfall and air temperature in the Lake Paranod catchment area.
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2.2. Sample Collection

2.2.1. Tributaries and Downstream Dam

Subsurface water samples were collected monthly between November 2016 and August 2017 at
the stream-mouth of the main tributaries of Lake Paranoa (Torto, Bananal, Riacho Fundo and Gama)
and at the downstream dam (Figure 1). Considering the low medium-depth (<1 m) of the tributaries
and the downstream dam point for the most of the sampling period, all the samples were collected in
5 L polypropylene bottles (previously cleaned with a hydrochloric acid solution, 10%), collected at
approximately 30 cm below the water surface and immediately transported in thermal boxes, under
refrigeration, to the laboratory.

2.2.2. Lake Water Column

Five field trips (December 2016, February 2017, April 2017, June 2017, 17 August 2017) were
conducted in order to collect water samples from nine points distributed along Lake Paranoa (P1-P9,
Figure 1), including wet and dry periods. Water samples were collected at two depths: subsurface and
bottom, using a horizontal Van Dorn sampler. The water samples were then transferred to previously
cleaned 5 L polypropylene bottles and immediately transported to the laboratory in thermal boxes,
under refrigeration.

2.2.3. Wastewater Treatment Plant

The average monthly nutrients concentrations data and the average monthly effluent flow from
the wastewater treatment plants (WWTP North and WWTP South, Figure 1) for the study period
(November 2016 to August 2017) were provided by the Company of Environmental Sanitation of the
Federal District (CAESB).

2.2.4. Pore Water

Pore water samples were taken from three different sites, located at the north, center and south
parts of the lake (Figure 1). In situ samplers, referred to as sampling candles, were used to obtain pore
water profiles on the same day at the three points. The sampler has ten vertically separate chambers
machined to 2.5 cm resolution, that allow sampling of ten strata (depth) simultaneously. The chambers
were made of tubular ceramic water filters, with pore dimensions between 2 and 3 um. Before installation
in the field, the samplers were purged and filled with nitrogen gas. Then, the samplers were introduced
into the sediments, leaving two chambers in the overlying water above the sediment to allow for
complete sediment-water interface sampling, and left for 12 h. After that, the pore water samples were
collected from each chamber with a sealed syringe. The sampler structure and operating principle
are detailed described by Carmouze et al. [28]. The pore water samples were collected at six different
periods (February 2017, March 2017, April 2017, June 2017, July 2017, August 2017), including wet and
dry periods.

2.2.5. Sediment

A surface sediment sampling was conducted (October 2017) at the same locations as the water
column collection (P1-P9, Figure 1) using a Van Veen Grab sampler. After rough material (e.g., twigs,
stones, plastic) removal, the samples were transferred to 50 mL conical Falcon tubes using a spatula
and then immediately transported to the laboratory in refrigerated thermal boxes, and subsequently
frozen at —20 °C.

2.3. Sample Preparation and Chemical Analyses

All reagents used were analytic grade and were obtained from Sigma-Aldrich (Saint Louis,
MO, USA).
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2.3.1. Water Column (Tributaries and Lake)

Water samples were filtered through 0.45 um cellulose acetate membranes from Sartorius Stedim
Biotech (Gotingen, Germany) for analysis of inorganic and dissolved organic nutrients. The samples
destined for ammonium analysis were preserved with the addition of a phenol solution. Ammonium
(NH4*), nitrite (NO,7), nitrate (NO3~) and orthophosphate (PO,437) were determined by phenate,
colorimetric (Griess reaction), cadmium reduction and ascorbic acid methods, respectively, with
all measurements made in a UV-VIS spectrophotometer Agilent Cary 8454 (Agilent Technologies,
Santa Clara, CA, USA) [29]. The sum of NH;*, NO,™ and NOj™~ represents dissolved inorganic
nitrogen (DIN) in the water samples.

In order to determine total organic nitrogen (TON) and total organic phosphorus (TOP), unfiltered
water samples were used. To determined dissolved organic nitrogen (DON) and dissolved organic
phosphorus (DOP), filtered water samples were used. All samples destined for the determination
of the organic forms of nutrients had been previously digested (using specific persulfate solution
for each of the nutrients) in an autoclave at 120 °C for 50 min, to liberate the inorganic forms of N
or P [29]. The digestion was performed on the sampling day and the digested samples were kept
under refrigeration until the time of analysis. These resulting inorganic forms were then determined as
described above for the original inorganic forms, as nitrate for the N and as orthophosphate for P.

Particulate organic nitrogen (PON) and particulate organic phosphorus (POP) were calculated
by the difference between TON and DON; TOP and DOP, respectively. The concentrations of total
nitrogen (TN) and total phosphorus (TP) were calculated by the sum of their respective organic and
inorganic species.

2.3.2. Wastewater Treatment Plant

NH,* and PO,3~ concentrations in the WWTPs effluents were quantified by ionic chromatography
(Metrohm 850 ionic chromatography system, Metrohm, Herisau, Switzerland). TP concentrations
were measured by UV/visible spectrophotometric analysis (Spectrophotometer Perkin Elmer UV/Vis
Lambda 25, Perkin Elmer, Shelton, CT, USA) after persulfate digestion. TOP was calculated by the
difference between TP and PO,3~. All the analyses were performed based on standard methods [29].

2.3.3. Pore Water

The pore water samples were analyzed for the inorganic species NH, ™ and PO,3~, using the same
methodology as for the free water samples, described above.

2.3.4. Sediment

The sediments samples (previously freeze-dried) were used to determine P and N.

Phosphorus fractions were determined using an adaptation of the sequential extraction method
according to Pellens et al. [30]. Total phosphorus (TP) concentration in the surface sediments was
calculated by the sum of all the fraction concentrations targeted during the sequential extractions
(inorganic phosphorus, organic phosphorus, non-apatite inorganic phosphorus and apatite phosphorus).
After extracting procedures, the resulting reactive inorganic phosphate was determined by UV-VIS
spectrometry using the ascorbic acid method [29].

Total nitrogen (TN) was measured using a CHNS elemental analyzer, (Perkin ElImer EA 2400
Series II, Perkin Elmer, Shelton, CT, USA).

2.4. N and P Loads Calculations

2.4.1. External Inputs

Monthly nutrient input (Inp) was determined for each source (tributaries and WWTPs) by
multiplying the measured concentration and the mean streamflow at the sampling point. The monthly
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streamflow of each tributary and all the data from the WWTPs were obtained from CAESB. The average
monthly flows were obtained, indirectly, from daily water level data through a rating curve, as estimated
by Mentzafou and Dimitriou [31] and Waters and Webster-Brow [4]. All the flow data provided by
CAESB were obtained at a hydrometric gauging station.

2.4.2. Internal Input

The input from the internal load was obtained by multiplying the diffusive fluxes at the
sediment-water interface and the area of Lake Paranoa.

The diffusive fluxes (J) of NH;"-N and PO,3~-P were predicted from the concentration gradients
observed in the pore water profiles and calculated according to Fick’s first law of diffusion [32] for
sediments (Equation (1)).

] =®Ds (%) 1)

where ] corresponds to the diffusive flux in mg m~2 d~!, ® is the porosity, Ds is the molecular coefficient
correct for sediment tortuosity in cm? s71, dCj/dz is the concentration gradient of NH;*-N and PO,3~-P
in mg L~! across the sediment-water interface. The gradient concentration of the constituent i on the
sediment-water interface was calculated from the linear portion of its profile in pore water, through
linear regression of the points contained in this segment [33].

The diffusion coefficients for NH4+ and PO,>~ at 25 °C (Dysec) in sediment-water systems are
19.8x 107 cm™2 d s7! and 7.34 x 107 cm™2 d s7!, respectively [34]. The temperature dependence of
the Dyso¢c was considered according to the Stokes-Einstein relation (Equation (2)).

vasec T

Ds = Dysec-
S 25°C oT-Tooc

@)
where T is the temperature in Kelvin during sampling, T»s-¢ the temperature 25 °C in Kelvin (298.15 K),
25 o the dynamic viscosity of water at 25 °C (0.8903 g m~! s~!) and vT the dynamic viscosity of water
at temperature T (g m~!s7).

The porosity (®) was determined by the water loss method at 60 °C (wet weight) until it reached
the constant weight and calculation according to Berner [35] (Equation (3)).

W-ds
@ =
W-ds + dw(1 - W)

®)

where @ is the sediment porosity, W is the % of wet weight, ds is the mean density of the solid particles
(sediment), determined from the mass of dry sediment at a given volume and dw is the mean density
of pore water.

A negative flux value indicates a solute flowing into the sediment (sediment acts as a sink) whereas
a positive flux indicates a solute release from the sediment (sediment acts as a source).

2.4.3. Output

Monthly nutrient output (On; p) was settled by multiplying the average concentration and the
mean streamflow at the downstream dam. The data concerning streamflow at the downstream dam
was provided by CAESB.

2.5. N and P Storage Calculations

2.5.1. Lake Water Column

The stock of N and P contained in the lake water column was derived from lake volume and
NT and TP mean concentrations observed in the lake. The lake volume, during the study time,
was calculated based on the volume-quote curve provided by CAESB. The data from used quotes
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were gathered from the Information System on Hydric Resources-DF from the Federal District’s Water,
Energy, and Sanitation Regulatory Agency (ADASA).

2.5.2. Sediment

The stock of N or P contained in the sediment was derived from the lake area, sediment density
and TN or TP mean concentrations observed in the surface sediment, considering only the first 10 cm
of the sediment.

2.6. N and P Budget Calculations

The general mass-balance equation (Equation (4)) for the nutrients N and P was based on studies
by Ramirez-Zierold et al. [9], Torres et al. [36] and Waters and Webster-Brown [4].

AM
(N, P)
— = 2l O p) @

AM
where (AT Y named retention, is the change of N or P retained in the lake (or exported from the

lake, if negative), In p is the nutrient inputs via external (tributaries and WWTPs) and internal (from
sediment) sources, and Oy p is the nutrient output from the downstream dam.

The seasonality in the study region is well defined as being a wet season and a dry season.
These two seasons were established from the monthly precipitation data of the National Institute of
Meteorology (INMET): wet season (WS, monthly rainfall > 100 mm) and dry season (DS, monthly
rainfall < 100 mm), according to Torres et al. [36].

In order to evaluate the nutrient seasonal mass balance, the nitrogen and phosphorus input loads
(tributaries, WWTP and internal load) or output load (downstream dam) were obtained from the sum
of the months corresponding to the wet (WS, November 2016-March 2017) and dry (DS, April-August
2017) seasons. The annual loads, in turn, were obtained from the sum of the input loads (In p) or
output loads (Oy p), over the entire study period (November 2016-August 2017).

The contribution of the internal load was considered only for the annual budget because it
represents a very small contribution when compared to the other sources. This contribution was
obtained from the sum of the monthly average diffusive fluxes of the N and P species multiplied by
the lake area.

The atmospheric deposition and groundwater nutrients flow were not monitored in the catchment
region and not included for the budget in the current assessment. Evaporation losses of materials other
than water also were assumed to be negligible and were not included in the load estimates, as was
done by Ramirez-Zierold et al. [9]. It is important to point out that there is historically little variation
in the lake water level (3%) over the year.

3. Results and Discussion

3.1. N and P Dynamic in the Lake Paranod Catchment

Average flows and nutrients concentrations of the four investigated tributaries, the two wastewater
treatment plants (WWTP), the downstream dam and average concentrations of the nutrients in the
lake for the wet and dry seasons are shown in Table 1.

The nonparametric Mann-Whitney test showed that there were no significant differences (p < 0.05)
between dry and wet season concentrations for the majority of the investigated nutrients, considering
all tributaries. The exceptions were:

e  Significantly higher mean concentration (p < 0.05) of PO43~-P in the Riacho Fundo stream in the
dry season,
e  Significantly higher mean concentration (p < 0.05) of TOP in the Gama stream in the wet season.
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Table 1. Mean flows, mean concentrations and standard deviations of nitrogen and phosphorus in the streams (input), effluent from WWTPs (input), downstream
dam (output) and lake for the wet and dry seasons.

Flow (m®

Input/Output/Lake s-1) NH*-N (mg L) NO,™-N (mg L) NO;™-N (mg L) TON (mg L-1) PO43~-P (mg L) TOP (mg L1)

Wet  Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry
Torto Stream 0.6 0.09 0.038+002 0.024+002 0.010+£0.01 0.004+0.00 0.30+0.18 0.24 +0.07 1.3+1.19 15+1.10 0.002 £ 0.00 <DL 0.005£0.01  0.014 £ 0.02

Bananal Stream 14 0.83  0.007+£0.00 0.006 +£0.00 0.002+0.00 0.002+0.00 0.032+0.02 0.059 +0.02 2.0+1.25 19 +1.47 0.002 £0.00  0.002+0.00 0.008 + 0.01 <DL
Riacho Fundo Stream 5.1 2.1 0.056 £0.05 0257 +0.31 0.039+0.02 0.052+0.03 0.99+0.31 1.5 +0.55 0.88 +1.22 0.67+1.03  0.002+0.00 0.006+0.00 0.024+0.02 0.009 + 0.01
Gama Stream 2.0 0.64 0.011+£0.00 0.015+£0.01 0.002+0.00 0.001+0.00 017+0.16  0.087 +0.03 1.7 +1.03 1.8+1.27 0.002 +£0.00 0.002+0.00 0.008+0.01 0.003+0.01
WWTP North 045 046 2.5+259 7.3 +3.97 NA NA NA NA NA NA 2.6 +2.60 4.5+3.97 0.35 +0.08 0.31 +0.10
WWTP South 14 12 7.5+3.98 58 +1.37 NA NA NA NA NA NA 7.6 +3.98 44+314 0.36 + 0.09 0.22 +0.05
Downstream dam 13 30 0.038+004 019+020 0.009+001 0.030+0.02 0.18+0.13 0.23 +0.03 1.7 +1.04 22 +1.85 0.002 + 0.00 <DL 0.005 +0.01  0.003 + 0.00
Lake - - 0.122+0.14 029+0.07 0.025+0.04 0.033+0.03 020+0.19 0.051 +0.06 2.1+143 2.9 +0.92 <DL <DL 0.021 £0.03  0.036 + 0.05

WWTP—wastewater treatment plant. TON-total organic nitrogen. TOP-total organic phosphorus. DL: detection Limit (DL = 0.002 mg L~!). NA—data not available.
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These results suggest different sources for these two chemical forms of P in the streams in the
southern part of the lake (Figure 1).

The higher concentration of PO43~-P in the Riacho Fundo Stream during the dry period demonstrates
the contribution of the wastewater treatment plant that discharges its effluent in this tributary.

The downstream dam water samples showed significantly lower concentration (p < 0.05) only
for ammonium in the wet season. This can be attributed to dilution by the rainwater and the lower
concentration of the discharge (p < 0.05) of the wastewater treatment plant (WWTP) located on the
shore of the lake in its northern portion.

Differences in the ammonium and total organic phosphorus (TOP) dynamics were found between
the two WWTP located on the shore of the lake. As mentioned above, only the one located at the
northern portion shows a decrease in ammonium concentration during the wet season. On the other
hand, the WWTP located at the southern portion of the lake was the only one to present a significant
increase of TOP concentration (p < 0.05) in its discharges into the lake. These differences can be
attributed to their different operating conditions. The WWTP located at the northern portion was
operating at half of its maximum capacity; the one located at the southern portion, according to data
from the Sanitation Company (CAESB) itself, was close to its operating limit resulting in an inefficient
treatment for phosphorus removal.

The lake waters showed significant differences (p < 0.05) between seasons only for ammonium
and nitrate. These two nutrients showed an inverse behavior, registering a decrease in the nitrate
concentration and an increase in the ammonium concentration in the dry season. This can be attributed,
at least in part, to the biogeochemical process of nitrate reduction or denitrification in the dry period.
The data related to the lake are presented (Table 1) in terms of general average, including the nine
points of sampling and the two depths, for each season used for the calculation of the nutrient stock in
the water column.

3.2. N and P Load and Storage

Table 2 shows the results of N and P loads imported to the LP from external (Torto, Bananal,
Riacho Fundo, Gama, WWTP North and WWTP South) and internal sources during the wet and dry
seasons as well as the loads discharged from the LP (downstream dam).

The Torto and Gama streams presented the greatest variations between the dry and the wet
season loads. The load of the Torto stream during the wet season was 13 times higher than that in the
dry season for DIN and 12 times for TON. Increase of this magnitude was not observed for P in this
tributary. Gama also presented wide input variation between wet and dry seasons. The load of this
stream in the wet season was: 8, 6, 3.5 and 10 times higher than in dry season for DIN, TON, PO43-
and TOP, respectively.

The Riacho Fundo e Gama tributaries, which discharge into the southern portion of the lake,
presented the highest contributions of both N and P in the two periods.

The tributaries located in the northern portion contributed considerably less in the two periods,
drought and rainfall. Among all, the Riacho Fundo stream was by far the one that contributed the
most N and P to the lake.

The annual DIN load imported to the lake (Table 2) shows the dominance of WWTP on input
in the lake. The two wastewater treatment plants, the WWTP North and WWTP South, provide the
major annual contribution of DIN (275 Mg, 66.8%).

The Southern tributaries (Riacho Fundo and Gama) provided the second major annual contribution
of DIN (132 Mg, 32%). The Northern tributaries (Torto and Bananal) and internal load provided 1.2%
(5.0 Mg) and 0.01% (0.03 Mg), respectively.
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Table 2. Nitrogen and phosphorus load imported from streams (input), WWTPs (input), internal load (input) and discharged through the dam (output).

Input/Output DIN (Mg) TON (Mg) PO43--P (Mg) TOP (Mg)
Wet  Dry Annual Wet Dry Annual Wet Dry Annual Wet Dry Annual
Torto Stream 33 025  3.53(0.86%) 12 1.0 13 (6.4%) 0.019 ND 0.02 (0.01%) 0.051 0.013 0.06 (0.37%)
Bananal Stream 09 059 1.50 (0.36%) 36 12 49 (23%) 0.034 0.017 0.05 (0.02%) 0.158 ND 0.17 (0.97%)
Riacho Fundo Stream 86 40 125 (30.4%) 70 11 81 (39%) 0.13 0.13 0.27 (0.10%) 1.9 0.20 2.10 (12.3%)
Gama Stream 57  0.69 6.37 (1.55%) 55 9.2 65 (31%) 0.052 0.015 0.07 (0.03%) 0.24 0.023 0.26 (1.54%)
WWTP North 17 35 52.9 (12.8%) NA NA NA 18 21 40 (15.3%) 2.5 15 3.93 (23%)
WWTP South 161 62 222 (53.9%) NA NA NA 163 56 218 (84.5%) 7.7 2.8 10.5 (62%)
Internal load NA 0026 0.026 (0.01%) NA NA NA 0.12 NA 0.12 (0.04) NA NA NA
Total input 274 138 412 (100%) 174 34 207 (100%) 181 77 258 (100%) 13 4.6 17.1 (100%)
Output 48 14 62.5 (15.2%) 296 51 347 (167%) 0.44 0.042 0.48 (0.19%) 1.1 0.11 1.23 (7.2%)

WWTP—wastewater treatment plant. Numbers in italics represent only NH4*-N (WWTPs and internal load). DIN: dissolved inorganic nitrogen. NA: data not available. ND: not detect.
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With regard to the data from the tributaries, these results can be related to the use and occupation
of the soil in the hydrographic basin since the southern tributaries run through more urbanized areas,
with a greater level of soil sealing and poorer sanitation system coverage. The northern tributaries,
in turn, are less affected by urban expansion since they are located in an environmental preservation
area and have greater sanitation system coverage.

A load of 62 Mg of DIN was discharged through the dam, which is equivalent to 15% of the
input load.

Considering only the contributions of the tributaries, as there is no estimate of organic nitrogen from
the wastewater treatment plants, the streams of the southern region provided the major contribution
of TON (146 Mg, 70%). Therefore, 30% of TON (62 Mg) was supplied by tributaries of the northern
region (Torto and Bananal).

A total load of 347 Mg of TON was exported through the dam, which is equivalent to 67% of the
input load.

In relation to P, the WWTPs are responsible for 99.8% (258 Mg) of the PO,>~ input with WWTP
South alone adding 84.5% (218 Mg) to the lake’s total annual external load. The tributaries (Torto,
Bananal, Riacho Fundo and Gama) can contribute up to 0.16% (0.41 Mg) to the total annual load
imported to the lake. The internal load was much less significant, reaching only 0.04% (0.12 Mg).

A load of 0.48 Mg of PO, -P was discharged through the dam, which is equivalent to 0.20% of
the input load.

The WWTPs were responsible for 84.8% (14 Mg) of the TOP input with WWTP South alone
contributing 61.8% (11 Mg) to the lake’s total annual, external load. The tributaries imported 15.2%
(2.6 Mg) to the total annual.

In general, these results suggesting that external loads can be major sources of N and P, contributing
to eutrophication in LP. On an annual basis, the N input to Lake Paranoa is mainly controlled by the
southern tributaries and the WWTPs, while the WWTPs provide by far the majority of the external
loads of P. Therefore, the internal load provides a secondary role in the eutrophication of LP.

The N and P stock in each compartment (water column and sediment) of Lake Paranoa is shown
in Figure 4. Surface sediment is the major storage compartment for both N and P. As expected,
phosphorus is usually transported in the particulate form attached to sediment [37], whereas nitrogen,
can be largely fixed in eutrophic lakes [38] and transported from the water column to the sediment.

WWTP

Tributaries ‘ ; Dam
N B

Water Column I »

TN =1223 Mg; TP = 12 Mg F‘_—\\,

CUus Sediment i
TN =5497Mg: TP =718 Mg .-

Figure 4. Storage of N and P in Lake Paranoa.

Total stocks of N and P in the water column of LP were approximately three and two times higher
respectively than those reported by Ramirez-Zierold et al. [9] for the Valle de Bravo (VB) reservoir,
a deep urban lake in Mexico. The total stocks of N and P in the VB were 375 Mg and 27.4 Mg respectively.
N and P stocks in the sediment were not determined for the Valle de Bravo. LP and VB had comparable
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results, probably due to the high hydraulic residence time (>2 years) and high inputs recorded in
both reservoirs.

Water column nutrient stocks in shallow lakes located in the USA, Japan, China and New Zealand
are in the range of 185-7115 Mg for TN and the 3-464 Mg for TP [4,6]. The data presented here
(Figure 4) fit within these values suggesting that average depth and climate are not determinant factors
for nutrient storage in lacustrine environments.

Comparable published data, especially for N storage calculations in sediment, were difficult to
find. To date, most of the N and P stock calculation studies have been conducted in shallow lakes in
temperate climate zones [4,6], the data from which cannot be easily applied to tropical deep lakes.
Besides this, many studies have focused on a single lake compartment (e.g., water column) or a single
nutrient (e.g., phosphorus).

Total P stock in the sediment of LP (Figure 4) was approximately four and nine times higher than
stocks reported by Waters and Webster-Brown [4], respectively, for Lake Forsyth in New Zealand, and
by Ul Solim and Wanganeo [12], for Dal lake in India, both shallow lakes located in temperate zones.
The total stock of P in Lake Forsyth was reported as 182 Mg and Dal lake, 79 Mg. Total N stock in the
sediment was not determined for either lake.

These results may be related to the high P inputs and the high hydraulic residence time of Lake
Paranoa. Inputs and hydraulic residence time are key factors for P storage [7,39]. LP had its hydraulic
residence time increased due to the water crisis registered between 2016 and 2017. Besides this, most
(>98%) of the P total load in Lake Paranoa originates from the two WWTPs (WWTP North and WWTP
South) located on the shores of the lake. Most lakes and reservoir studies that have been reported in
the specialized literature are not impacted by WWTP effluents.

3.3. N and P Budget

The results of the TN and TP mass budget in the hydrological period of 20162017 indicated that
Lake Paranod acts as a sink for both nutrients (Table 3). Different forms of N show different behavior:
inorganic forms are retained (NH4*-N, NO,™-N and NO3™-N) in the lake; while the organic form is
exported (TON), regardless of the period considered. In the case of P, all chemical forms exhibited the
same behavior, both the organic form (TOP) and the inorganic one (PO43~-P) were retained during the
entire study period (wet and dry season).

Table 3. Annual nitrogen and phosphorus budget for Lake Paranoa during the wet and dry seasons.

Wet Season Dry Season
Parameter
Input (Mg) Output (Mg)  Retention (Mg)  Input (Mg) Output (Mg)  Retention (Mg)

NH;*-N 184 7.9 176 (96%) 103 6.0 97 (94%)
NO;™-N 3.3 1.8 1.5 (45%) 1.2 0.97 0.22 (19%)
NO3;™-N 87 39 48 (56%) 34 7.2 27 (79%)

TON 174 296 —122 (70%) 34 51 ~17 (52%)
PO,3~-P 181 0.44 181 (100%) 77 0.042 77 (100%)

TOP 13 1.1 11 (91%) 4.6 0.11 4.5 (98%)

Positive values indicated retention and negative values indicated exportation.

NO,™-N retention tended to be lower during the dry season than in wet season, while NO;™-N
retention tended to be higher. TON exportation tended to be lower during the dry season more than in
the wet season. NH,;*-N, PO,3~-P and TOP retention was similar in both seasons (Table 3). Despite
the export of TON, there was a net balance in retention and export over the study period owing to the
higher retention of N inorganic forms.

TON was the only exported form of N throughout the period, with a high export percentage
(67%) of the total incoming load (Figure 5). This information suggests that there are other important
sources that were not part of the study, such as N fixation and discharge by WWTPs, the latter being
the most probable.
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Figure 5. Annual total organic nitrogen (TON) budget for Lake Paranoa.

Nutrient budgets have been estimated for a series of lakes and reservoirs around the world
(Table 4). In some cases, both inorganic and total phosphorus and nitrogen [11] were analyzed; while
in others, only the inorganic and total phosphorus and nitrogen and the total Kjeldahl nitrogen were
determined in the nutrient budget [40]. Since many studies have considered only the nutrient budget
for TN and TP, a data comparison with regard to organic forms was difficult.

Although quite unusual among the systems already studied, the export of N was also recorded by
Cook et al. [40] in two shallow reservoirs in a semi-arid region of Australia and by Garnier et al. [13] in
three deep reservoirs in France. Cook et al. [40], for example, found an average retention of 7% of total
nitrogen and an average export of 6% of organic nitrogen. According to the authors, this export of N
may have been related to high rates of biological N fixation, which is more common in subtropical and
semi-arid climatic reservoirs, leading to a reduction in the retention capacity of this nutrient. The N
exportation found by Garnier et al. [13] was very high (100%-350%) of the NH4*-N.

According to Matson et al. [41], anthropogenic activities have more than doubled the N input into
terrestrial ecosystems. Environments initially limited in N have retained this element in vegetation and
microbial growth, accumulation in biomass, and possibly also in soil organic matter. However, at some
point, the input of N can exceed the biological demands and the system will begin to lose its retention
capacity for this nutrient, which may explain the exportation to surrounding aquatic environments,
as in the case of Lake Paranoa.

The annual N budget for dissolved inorganic nitrogen (DIN), however, showed retention of this
form of N, equivalent to 85% of the total incoming load (Figure 6). The total load retained in LP can be
attributed to the increase of the hydraulic retention time (>2 years) and high inputs, especially from
WWTPs (WWTP North and WWTP South). It is noteworthy that WWTP North at 49% of its capacity
utilization, while WWTP South at 88%.

The retention of P in Lake Paranod (Figures 7 and 8) fit within other values reported in the
literature (Table 4). The retention of P in LP was similar to what has been reported for the Valle de
Bravo [9], but higher when compared to Swiss lakes [8]. Despite the high hydraulic residence time of
Swiss lakes, low P retention may be associated with low inputs imported to the lakes (Table 4).

Although it is difficult to compare different lakes, Brazilian shallow lakes with lower hydraulic
residence time (<1 year) showed retention of phosphorus ranging from 15% to 67%. The highest input,
in Lake Broa (3260 Mg), resulted in the lowest retention percentage (Table 4).

Amongst the factors that can affect nutrient retention (particularly phosphorus), the parameter
hydraulic retention time predominates [7,37,42].
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Figure 6. Annual dissolved inorganic nitrogen (DIN) budget for Lake Paranoa.
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Table 4. General features, input, output, and nutrients (total nitrogen and total phosphorus) retention in lakes and reservoirs in this study and worldwide.
' . Climatic Mean Hydral.ﬂic TN (Mg Year1) TP (Mg Year™1)
Site Location Region Depth (m) I.{etentlon Input Output Retention Input  Output  Retention
Time (Year) ) ©) (=1-0) Om  ©  (=1-0
This study Brazil Aw 14 2.71 620 410 210 (34%) 275 1.6 273 (99%)
Agua Preta [43] Brazil Af NA 0.64 38.8 27 11.8 (30%) 7.9 5.1 2.8 (35%)
Baldeggersee [8] Switzerland Dfb NA 4.0 NA NA NA 11.2 6.8 4.4 (39%)
Greifenseen [8] Switzerland Dfb NA 1.2 NA NA NA 42.7 38.8 3.9 (9.1%)
Hallwilersee [8] Switzerland Dfb NA 3.9 NA NA NA 14.6 10.8 3.8 (26%)
Pfaffikersee [8] Switzerland Dfb NA 2.1 NA NA NA 6.8 49 1.9 (28%)
Sempachersee [8] Switzerland Dfb NA 15.3 NA NA NA 8.9 4.2 4.7 (53%)
Belau [10] Germany Ctb NA 0.73 35.42 32.67 2.75 (7.8%) 1.25 1.11 0.14 (11.2%)
Biritiba [44] Brazil Cwb NA 0.95 22.5 0.4 22.1 (98%) 1.5 0.5 1.0 (67%)
Paraitinga [44] Brazil Cwb NA 0.48 25 15 10 (40%) 1.4 0.9 0.5 (36%)
Broa [45] Brazil Cwa 3.0 0.08 NA NA NA 3260 2765 495 (15%)
Cruzeta [46] Brazil Bsh 3.8 0.33 NA NA NA 10.18 4.05 6.13 (60%)
Gargalheiras [46] Brazil Bsh 55 1.27 NA NA NA 6.13 0.26 5.87 (96%)
Dal [12] India Dsb 0.9 NA NA NA NA 88.1 59 29.1 (33%)
Donghu [6] China Cfa 2.2 0.43 1480 585 895 (60%) 95 10 85 (89%)
Kasumigaura [6] Japan Cfa 4.0 0.57 3890 1193 2697 (69.3%) 220 78 142 (64%)
Okeechobee [6] USA Cfa 2.7 3.8 5554 2986 2568 (46%) 426 148 278 (65%)
Dourado [47] Brazil Bsh 3.0 0.83 NA NA NA 2.0 0.95 1.05 (52%)
Gaviao [48] Brazil Aw NA NA 289.5 168.1 121.4 (42%) 63.21 35.15 28.06 (44%)
Forsyth [4] New Zealand Cfb NA 0.15 NA NA NA 9.14 2.78 6.36 (70%)
Gargas [49] Brazil Cwa 2.1 0.19 37.16 5.52 31.63 (85%) 6.52 2.56 3.96 (61%)
Koumoundorou [31] Greece Csa 1.0 NA 4012 0.154 3858 (96%) NA NA NA
Locholoosa [50] USA Cfa 2.1 0.74 NA NA NA 3.22 1.47 1.75 (54%)
Lough Neagh [51] Ireland Cfb 8.9 1.27 NA NA NA 509 323 186 (36%)
Pampulha [36] Brazil Cwa 41 NA 67.39 23.79 43.60 (65%) 9.14 1.74 7.4 (81%)
Valle de Bravo [9] Mexico Cwb 21.1 NA 591.8 319.7 272.1 (46%) 120.8 26.2 94.6 (78%)

Aw: Savannah climate. Af: Equatorial rainforest climate. Bsh: Hot semi-arid climate. Cfa: Humid subtropical climate. Cfb: Temperate oceanic climate. Csa: Hot-summer Mediterranean
climate. Cwa: Monsoon-influenced humid subtropical climate. Cwb: Subtropical highland climate. Dfb: Warm-summer humid continental climate. Dsb: Mediterranean-influenced
warm-summer humid continental climate. NA—data not available. Data in italics indicate DIN.
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The hydraulic retention time of LP was calculated for the study period concurrent with the period
of increased water retention rate in the reservoir in the function of the lower flushing rate from the
dam. This was done to provide an emergency catchment of 700 L s~! water for human consumption
as regulated by Company of Environmental Sanitation of the Federal District (CAESB) in October
2017 to meet the water demand during the period of Brasilia’s water crisis, 2016/2017. At that time,
the volume of L. P’s main reservoirs was used to supply the population and the Descoberto and Santa
Maria reservoirs reached the lowest levels in history. As this location has been chosen for permanent
water collection by CAESB, this higher TR will likely become normal.

With high hydraulic retention times, the flushing rate from Lake Paranoa was lower and the
retention of TP in the lake system was very high (99% of inflows). This phosphorus retention coefficient
(Rp) of 0.99 is at the higher end of what has been recorded in the published data. Kéiv et al. [7] reported
RP values of between 0 and 0.93 with a mean of 0.5 for 54 lakes and reservoirs worldwide. According to
these authors, the standard P retention in natural lakes corresponds to 47% + 28% and in reservoirs
to 42% + 22% of total external input of phosphorus, therefore, there are no meaningful differences
among lakes and reservoirs. It should be noted, however, that the majority of the data originated from
temperate zones in Europe and North America.

Another important factor in phosphorus retention is the relative depth (Zr). According to
Noges et al. [52] and Koiv et al. [7], phosphorus retention in lakes and reservoirs is directly proportional
to relative depth. This was validated by the latter only for great lakes (>25 km?) and with shorter
hydraulic retention time (Tr < 0.3 years). Considering the relative depth of Lake Paranoa (Zg = 0.55),
our results confirmed the previous hypothesis that phosphorus retention capacity is higher in deeper
lakes with higher Z than in shallow ones with deeper Zr. On the order hand, our results indicated
that this relationship was also valid for a reservoir with a higher hydraulic retention time, as in the
case of Lake Paranoa.

Although the work of Koéiv et al. [7] exhibits significant considerations concerning the P retention
process in lakes and reservoirs, most of the data was derived from climate regions different from LP,
that is a tropical reservoir in a savannah climate. Furthermore, it is important to point out that while
nutrient cycling is a common process in all ecosystems, the amount of element retention in the water
column and in the sediment (N and P storage), as well as the diffusive fluxes that occur among these
compartments, are relative to each ecosystem.

This study, then, introduces an important contribution to the knowledge of the behavior of these
nutrients in deep urban reservoirs in a tropical savannah climate, where the retention and export
mechanisms are still not well known.

4. Conclusions

The approach used in this study, based on a mass balance for N and P, including several inorganic
and organic species of these elements in the different compartments of Lake Parano4, is shown to be
an appropriate and important tool for the implementation of hydric resources management mechanisms
that focus on the reduction of nutrient input, and resulting development of eutrophication processes,
mainly in deep tropical reservoirs, where studies are yet incipient.

The mass balance enabled the identification of spatial patterns on the external load of N to the
lake, emphasizing the southern region tributaries, more specifically Riacho Fundo and the wastewater
treatment plants, as the most important sources for N and the wastewater treatment plants as the major
source for P. Therefore, the internal load has a secondary role in nutrient input.

The budget also identified the levels of N and P retention and key storage reservoirs, with the great
majority of nutrients transported from the catchment ending up sequestered in the lake’s sediments.

Our study revealed that although climatic conditions and depth are important factors in nutrient
retention in lakes and reservoirs, in Lake Paranoa, retention of N and P is strongly influenced by input
loads and hydraulic retention time. Therefore, the high amount of nutrient retention (especially P) can
also occur in deep tropical reservoirs with high hydraulic retention time and high nutrient loads. These
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factors will assist in management decisions and direct actions to reduce N and P loading in the lake
and control subsequent eutrophication. The N budget of Lake Paranoé clearly indicates that targeted
measures to control N transport should be aimed at the southern tributaries and wastewater treatment
plants, whereas managing P should additionally focus on reducing its transport from wastewater
treatment plants.

The results presented indicate that the main actions for adequate management of the water quality
of the Lake Paranoa for its multiples uses should be focused on the expansion of the Wastewater
Treatment Plants as well as on the improvement of the treatment system. In addition, a public policy
of greater control of urban and agricultural expansion should be established for the catchment area of
the lake.
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