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This study investigated the relationships between physical, limnological and climatic drivers with the internal
total phosphorus (TP) loading produced over the dry period in 30 water supply reservoirs of the Brazilian
semiarid. Improvements in the understanding of sedimentary TP fluxes in reservoirs of dryland regions are
pressing as they usually have serious water quality related issues, remaining mostly eutrophic especially under
frequent drought events. Gross daily fluxes and net seasonal average release rates were calculated from mass
balance and regression equations considering water and sediment TP concentrations, anoxic duration, water
temperature and fish contribution. Additionally, the ratio of wind speed to reservoir volume was proposed as a
new surrogate and then applied as explanatory variable to predictive models. The results indicated TP release
rates higher than reported for non-semiarid lakes/reservoirs with average gross fluxes ranging from 17.64 to
35.99 mg m~2 day'. This may be attributed to the enriched sediments (1029.49 + 552.49 mg kg™ 1) allied with
warmer water temperature, high trophic state, and prolonged anoxic periods (average duration of about 60
days). The average release rates were negatively correlated with water transparency and water depth, and
positively correlated with Chl-a, wind speed and trophic state. The release rates increased across the trophic
gradient (p < 0.05), about 10-fold higher under hypertrophic conditions than in oligotrophic ones. As anoxia is
linked with eutrophication, phosphorus release is more likely in eutrophic ecosystems. Regarding the new sur-
rogate, a strong predictive ability for TP release (R% 0.26-0.93) was observed. Similarly, the proposed models
presented a physically consistent behavior with a stabilizing releasing pattern suggesting the achievement of
equilibrium in nutrient exchange between sediment-water interface. This research advanced by combining and
proposing methods to assess and quantify sedimentary fluxes in data-scarce regions balancing accuracy and
transferability, in order to be replicable to other dryland environments globally.

1. Introduction

Understanding the role of sediment-water interactions and nutrient
release from the sediment in reservoirs is a necessary step to assess
important limnological processes (Wang et al., 2021). According to the
history of phosphorus (P) pollution in a waterbody, the impact of the
internal load can vary from nearly irrelevant to higher than the external
inputs on an annual P budget (Orihe et al., 2017). The effect of the in-
ternal phosphorus loading can last for several years after significant
reductions in external inputs delaying the recovery of waterbodies from
poor water quality conditions (Katsev, 2017). Furthermore, even small
release rates may cause significant disturbances in water column total
phosphorus concentration (TPy,) (Horppila et al., 2017; Moura et al.,
2020).
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The internal P loading can be described as two different fluxes from
sediment: a net internal loading rate and a gross phosphorus flux
(Niirnberg et al., 2012). The net rate of P release is estimated through
modeling, commonly by a whole-lake mass balance, representing the
balance, on an annual or seasonal basis, between upward and downward
flux of P from the water column (Barbosa et al., 2019). Contrastingly, the
gross rates are the P rates directly released from sediment, which are
usually measured from sediment incubation experiment (Orihe et al.,
2017). As positive net rates are obtained, internal load is likely
contributing to TP, (Nikolai and Dzialowski, 2014).

The continuous accumulation and releasing of P from sediment re-
sults from several physical and biogeochemical mechanisms (Li et al.,
2013; Katsev et al., 2006; North et al., 2015; Cavalcante et al., 2018;
Tammeorg et al., 2020). More importantly, the relevance of the
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mechanisms driving internal P loading relies mainly on the time scale
evaluated (Katsev et al., 2006; Markovic et al., 2019). To determine net
retention or release rates on an annual or seasonal basis, short-term P
fluxes from sediment may not be so relevant (Orihe et al., 2017). In that
perspective, physical and environmental drivers are suitable to correlate
and explain internal P loading in a long-term budget (Wang et al., 2015;
Huang et al., 2021). They may also act as indicator surrogates more
easily measurable to facilitate management goals (Hunter et al., 2016).

Physical aspects such as wind disturbance, inflow-outflow relation-
ship, lake morphometry, mixing degree, light and water/ambient tem-
perature strongly influence P dynamics (Hékanson, 2005; Matisoff and
Carson, 2014; Zhang et al., 2016a,b; Liu et al., 2018; Huo et al., 2019).
Additionally, data on climate and reservoir morphometry are strong
predictors for P release and usually easier to access in comparison with
sediment data (Zhang et al., 2017, 2020). The trophic state is another
determining factor in sediment P release (Liu et al., 2018; Niirnberg
et al., 2019). Hypereutrophic water bodies are more susceptible to
present higher release rates than eutrophic or mesotrophic ones
(Kowalczewska-Madura et al., 2015, 2019; Ostrofsky and Marbach,
2019). This is especially impactful in semiarid regions where eutrophi-
cation is a serious issue in drinking water reservoirs (Wiegand et al.,
2021). Factors such as prolonged drought periods, irregular precipita-
tion cycle and high evaporation rates incur great water losses and water
level fluctuation (Santos et al., 2016a). Consequently, the reservoirs
become shallower, eutrophic and vulnerable to internal loading effects
(Freire et al., 2009; Coppens et al., 2016; Lira et al., 2020; Cavalcante
et al., 2021).

The internal loading quantification in artificial reservoirs is a rela-
tively new subject, less addressed than in natural lakes, especially in
semiarid regions (Rocha and Lima Neto, 2021a; Lima Neto et al., 2022).
However, in dryland regions reservoirs are strategic waterbodies which
highlights the importance of these quantification in such environments
(Noori et al.,, 2018, 2021a). Furthermore, lakes and reservoirs are
inherently different regarding, among other aspects, the hydraulic
residence time, the susceptibility to faster regime shifts, productivity
level, anthropogenic usage in catchment and water level fluctuation
(Noori et al., 2021b). The practice of aquaculture in reservoirs with
fish-farming byproducts entering the limnetic environment is also an
additional source upon the P budget (Johansson and Nordvarg, 2002;
Santos et al., 2017). Combined, these factors differentiate the internal P
loading estimation in reservoirs. Particularly in the Brazilian semiarid,
over the past century a high-density reservoir network (one per about 5
km?) has been built to provide human supply (Lima Neto et al., 2011).
Then, allied with the aforementioned conditions, the water quality
management of these reservoirs has become a major challenge.

Despite the internal loading relevance in these environments, efforts
towards its quantification is still incipient, especially under sediment
data scarcity (Nurnberg, 2009). Furthermore, as a detailed measurement
of P exchanges in sediment-water interface (SWI) is very time and cost
demanding and still a punctual representation of the phenomenon, an
overall assessment of P release may be suitable as a first attempt of
quantification. Then, to achieve a broader comprehension of the phe-
nomenon in larger timescales, one may apply an approach that requires
as few fitting parameters as possible (Katsev, 2017; Xu et al., 2020).
Additionally, under resource constraints in monitoring the development
of expeditious predictive models for sediment P release may assist with
valuable support decision tools. The use of surrogates instead of in situ
measurements is often necessary to achieve a cost-effective yet useful
way to assess ecosystem responses and key ecological processes (Lin-
denmayer et al., 2015).

This research aimed to quantify the internal phosphorus load pro-
duced during the dry period and identify the most influencing factors on
this loading in water supply reservoirs of the Brazilian semiarid. Spe-
cifically the goals were: (i) estimate gross release rates from sediment
data and water quality parameters through regression approaches, (ii)
estimate averaged net release rates from mass balance, (iii) statistically
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connect the net rates with single factors (P external fluxes, physical and
environmental drivers, trophic state index) and coupling factors (mean
lake level fluctuation and wind speed/volume ratio) and (iv) propose a
new surrogate indicator to predict TP release rates. This work innovates
in evaluating the internal P loading potential of semiarid reservoirs
under data constraints while elucidating relevant driving factors
affecting P release in dryland regions.

2. Methodology
2.1. Site description and reservoir selection

Thirty reservoirs located in the State of Ceard, Brazilian semiarid,
were selected to carry this study. The selection considered, firstly, the
strategic importance of the reservoirs into the network that supplies
water for human, industrial, and agricultural uses in the state. Secondly,
if the reservoir is under the continuous monitoring program of water
quality, quantity, and catchment characterization of the Water Man-
agement Company of the State of Cearda (COGERH). The selection also
covered morphologically different water bodies scattered over the state
(Fig. 1) and captured a trophic-state gradient representative of the re-
gion as detailed in Table 1 with additional informations in Table S3.
While most of the reservoirs are eutrophic ecosystems, copping mea-
sures to recover water quality are still incipient. Regarding water uses,
priority is given to human supply and aquaculture. Concerning water-
depth, Table 1 presents the maximum average depth (Hyqx) measured
at the dam of the reservoir during the dry period over the years
2010-2020. Ten reservoirs presented Hpq <10m and seven showed
10m< Hyqx <12m. During the driest years (2013-2016) (See Fig. S5) the
reservoirs became even shallower with seventeen presenting a Hpayx
<10m (Table S3).

Due to the semiarid climate and the susceptibility to droughts, the
water level, surface area, and water storage varies significantly. Ac-
cording to the Koppen classification, 90% of the State of Ceara is under a
dry, hot semiarid climate with annual average temperature between 23°
and 28 °C (Wiegand et al., 2021) and annual average evaporation rates
of about 2 m yr_1 (Brazil, 2021). Summarizing important climatic as-
pects, semiarid reservoirs are under a high and relatively constant
incidence of solar radiation, small seasonal variations in water tem-
perature, wind influence and greater temperature variability occurring
in a 24-h period (Souza Filho et al., 2006; Meireles et al., 2007; Dantas
etal., 2011; Lemos, 2015; Lima Neto, 2019). Then, regarding the mixing
regime, this aspects suggest that the study sites can be considered mostly
polymictic reservoirs with a diurnal mixing cycle (up to 5 °C from bot-
tom to top).

2.2. Data sources

COGERH provided the datasets of TP,,, water temperature (T), pH
and dissolved oxygen (DO). The data was quarterly collected from in situ
measurement using a multiparametric probe, previously calibrated with
respective standard solutions, covering the ranges of values ordinarily
recorded in the reservoirs. The laboratory analysis followed APHA
(2005). During the dry period, the sampling frequency is usually in July/
August and November/December and the sampling point is located near
the reservoir’s dam. Datasets on chlorophyll-a concentration (Chl-a) and
Secchi depth (zsecchi) were also provided. Additional water surface data
at 0.3 m deep of phosphorus (TPsyface), Chl-a and Zzgecchi was publicly
available in Ceara (2021). A data consistency was performed to identify
possible sampling errors. Data in other depths to provide a vertical
profile of TP in the water column, however, was less frequent in the last
four years and the available data have not achieved the deepest layers
for most reservoirs. Despite limitations, the dataset of TP concentration
in other depths provided important information on the temporal vari-
ability of vertical TP concentration. Additionally, it supported the
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Fig. 1. Study sites and meteorological forcings in the State of Ceard, Brazil.

calculation of TP,, whenever possible.

Sediment measurements were performed in 2016 in the reservoirs
R20 to R30 and were available in the environmental inventory of each
one (Ceard, 2021). Total phosphorus (TPs), ion (Feg) and aluminium
(Aly) concentrations in the sediment were quantified. A detailed speci-
ation of the P fractions was not available for the study sites. However,
previous work in the study area and in other regions world-wide support
the quantification of the internal loading as a mass of total phosphorus
(Nurnberg, 2009; 2012, 2013; Rocha and Lima Neto, 2021a). Further-
more, although sediment measurement data were not performed in the
remaining reservoirs, all reservoirs have a detailed quantification of the
external TP load produced by their catchments, which was also used for
model validation. The TP load contribution from the catchment is
detailed in the supplementary material (Table S3 and Fig. S7).

The dataset of the trophic state index (TSI) of the reservoirs was also
available in Ceara (2021). TSI was calculated from TPy, Zsecchi and Chl-a
through the method proposed by Toledo et al. (1983). This method has

been adapted considering specific characteristic of tropical systems,
such as the low water transparency due to the high mineral turbidity
(Lima Neto et al., 2011; Klippel et al., 2020). The datasets comprised the
period of 2008-2020. Data related with reservoir morphometry and
operation (volume, water level, surface area and released flow) were
obtained from Ceara (2021). The climatic characterization was per-
formed from twelve climatological stations scattered across the study
area (see Fig. 1). The climatic variables were obtained from the nearest
station of each reservoir. The dataset covers a thirty-years monitoring
period (1981-2010) of the National Meteorological Institute to settle
representative monthly averages to each station. The wind intensity was
measured by an anemometer at 10 m high (Brazil, 2021).

2.3. Internal load modeling

2.3.1. Assumption for fish contribution
Fish farm emissions may be accepted as a fast-sinking particulate
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Table 1
Physical characterization of the reservoirs and water quality conditions.
ID Water surface Maximum mean Reservoir Miminum surface TP Average surface TP Maximum surface TP Representative
area (km?)" depth (m)* age” concentration (mg L) concentration (mg L™!)* concentration (mg L™)* trophic state®
R1 1.5 8.9 55 0.010 0.124 0.417 Eutrophic
R2 13.8 17.5 34 0.010 0.081 0.145 Eutrophic
R3 15.6 10.2 22 0.033 0.158 0.453 Eutrophic
R4 1.7 7.3 24 0.044 0.154 0.442 Eutrophic
R5 5.0 6.4 22 0.026 0.175 0.574 Eutrophic
R6 2.3 9.4 29 0.022 0.059 0.107 Oligotrophic
R7 7.3 12.1 23 0.015 0.051 0.194 Eutrophic
R8 1.6 18.3 97 0.010 0.111 0.285 Eutrophic
R9 1.0 7.1 23 0.044 0.120 0.599 Eutrophic
R10 4.9 9.1 94 0.021 0.092 0.347 Eutrophic
R11 8.5 12.0 59 0.032 0.075 0.206 Eutrophic
R12 7.8 19.6 85 0.037 0.079 0.142 Eutrophic
R13 1.3 11.7 23 0.010 0.042 0.278 Eutrophic
R14 4.9 15.1 20 0.010 0.052 0.475 Eutrophic
R15 12.6 8.0 20 0.014 0.038 0.089 Eutrophic
R16 2.6 14.5 21 0.010 0.041 0.118 Mesotrophic
R17 37.2 29.3 55 0.046 0.122 0.280 Eutrophic
R18 79.8 28.4 60 0.010 0.080 0.142 Eutrophic
R19 10.3 18.3 86 0.010 0.109 0.473 Mesotrophic
R20 162.5 41.2 18 0.015 0.103 0.219 Eutrophic
R21 7.5 17.1 18 0.026 0.056 0.112 Eutrophic
R22 4.0 10.8 18 0.027 0.179 0.364 Eutrophic
R23 2.6 7.9 19 0.040 0.169 0.431 Eutrophic
R24 1.2 11.7 98 0.023 0.044 0.072 Eutrophic
R25 20.1 24.2 63 0.025 0.091 0.183 Eutrophic
R26 4.7 10.2 114 0.015 0.045 0.073 Oligotrophic
R27 0.3 4.2 63 0.020 0.101 0.354 Eutrophic
R28 6.7 7.7 97 0.031 0.100 0.208 Eutrophic
R29 1.0 19.6 36 0.014 0.058 0.230 Mesotrophic
R30 3.4 10.3 22 0.023 0.058 0.104 Eutrophic

? From measurements taken during the dry period (01/jul — 31/dez) in the study period (2008-2020).

> From the year of conclusion of the construction to 2021.

¢ Calculated from how many times the TSI was attributed to the reservoir over the total number of TSI classifications in the study period (2008-2020). For each field

campaign carried out by COGERH a TSI is attributed to the reservoirs.

fraction which in a short-term mass balance is momentarily transported
to the sediment (Johansson and Nordvarg, 2002). However, in a
long-term perspective, the origin of the P released fraction might be
difficult to track, especially the undercage release (Kelly, 1993). In this
study, nine reservoirs with aquaculture practice were incorporated
among the study sites. This was necessary in order to not exclude of the
study the largest and more strategic reservoirs of the state (R18 and R20)
(Ceara. Bureau, 2018). Based on this criteria, reservoirs R18, R20 and
the remaining medium-sized and small reservoirs with such practice
were considered. Furthermore, the study of reservoirs through an
approach that separate the load of the aquaculture from the seasonal
budget is an alternative. On the contrary, the study of the internal P
loading in such waterbodies would be neglected in face of the difficulty
to address the aquaculture contribution.

To quantify the TP load from aquaculture was necessary to separate
fish contribution. This quantification involved the delimitation of the
area of fish cages, farming productivity, P concentration in the fish feed
and the coefficients related with feed conversion and apparent di-
gestibility. Detailed information on the P load from aquaculture and the
estimation process is presented in Ceara (2021). Then, to perform the P
budget in this study, the fish contribution was assumed to be constant
over the years, equal to the field estimate reported by COGERH and was
deducted from the modeled P load following the methodology proposed
by Niirnberg et al. (2012). Although this estimate may not precisely
relate to specific years, it attempted to remove the average fish contri-
bution from the seasonal balance when performing the budget (Niirn-
berg et al., 2012).

2.3.2. Phosphorus budget for net internal load
The dry period of the Brazilian Northeast is characterized from mid-
June to December, covering the seasons Winter and Spring with negli-

gible precipitation indexes (Costa et al., 2020). Therefore, irrelevant
rainfall-related inflow to the reservoirs is expected. Furthermore, due to
the shallow soils over crystalline rocks, base flow is also negligible,
while the rivers are intermittent (Ceara, 2021). Under these conditions is
possible to quantify with less interference possible the actual internal
load. Eq. (1) presents the one-box mass balance model proposed by
Vollenweider (1968) applied to estimate the average net P loading from
TPy, As the elapsed time between TP measurements covers the dry
period, the modeled load is assumed to represent the averaged net in-
ternal TP load produced over this period. The average TP,, was used
whenever available water samples in other depths. When not, the sur-
face concentration was used assuming a complete-mixed behavior
(Rocha and Lima Neto, 2021a). The results supporting this hypothesis
are presented and discussed in results section.

TP, (1) = TP, p.exp < — (% + \/%_T> .z)

4 0, 4
+|L y+ —V )| J1-exp| - [ 2+—= )¢ 1
L/ e ) (- () )] o
where TP,,(t): TP concentration at the reservoir outlet at a given time (kg
m™>); TP,y o: Initial TP concentration (kg m);t Elapsed time (month);
V: Average reservoir volume (m>); L: TP load (kg month’l); Qs: Released

flow (m® month*l); RT: Theoretical hydraulic residence time
(month™ 1.

The settling loss rate (\/%T) is an empirical model validated for

semiarid reservoirs (Lima, 2016; Aratjo et al., 2019; Toné and Lima
Neto, 2019; Rocha and Lima Neto, 2021b; Lima Neto et al., 2022) while
the RT was calculated as proposed by Rocha and Lima Neto (2021a) for
the dry period of dryland regions. Ultimately, the net areal P loading
(L_net) was calculated by the ratio L.A’l, where A is the mean lake
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surface area of the period. As the unit representation for this estimate
varies widely in the literature depending on the study period (mg m~2
summer’l, mg m 2 season’l, mg m 2 Aug-Sep’l, mg m 2 yr’l)
(Niirnberg et al., 2019), in this work a new unit representation (mg m 2
dry period 1) was adopted to accurately describe the particularity of
tropical semiarid regions.

2.3.3. Gross sediment fluxes and active sediment release factor

The gross internal P loading (L_gross) in shallow lakes may be esti-
mated from the product of the gross fluxes of P release (RR in mg m 2
day™1) by the actively releasing area of the sediment modeled as the
anoxic factor (AF in day per dry period) (Niirnberg, 2005). In this work,
the definition of anoxia (DO < 2 mg LY and hypoxia (3-5 mg L™ DO)
follows Niirnberg (2019). L_gross was estimated for the dry season of the
years in the study period in which there was available data. To obtain
RR, the literature provides several predictive models validated in
different regions world-wide. These models apply different variables,
such as sediment TP concentration (TP;) or lake water quality data. For
this work, as TPg was available for 37% of the reservoirs, four different
models were tested to estimate RR: Eq. (2) (Nurnberg et al., 1986), 3
(Carter and Dzialowski, 2012), 4 (Moura et al., 2020b), 5 (Cheng et al.,
2020) and 6 (Chapra and Canale, 1991; Lira et al., 2020). Eq. (6) re-
quires TP; while the remaining methods attempted to correlate RR with
water quality data or other physical parameters.

RR, = 12.116-log(TP,,) — 9.708 (2)
RR; = 10] — 0.54 +0.827 - 10g (TPyurpsce )| ®3)
RR; =0.3332-Age )
RR, = 1.0482-RR, -exp[0.099 - (T — 20)] 5)
RR; = v,-p, TP, 6)

where RR: TP release rate (mg m 2 day !); ps: Dry-bulk density (kg
m~3); vy coefficient of phosphorus recycled mass-transfer from sedi-
ments to the water (m day’l); Age: Reservoir age (yr); T: Water tem-
perature (°C).

Eq. (2) was developed for temperate lakes and was applied combined
with Eq. (5). Eq. (5) was developed experimentally considering a flow-
ing overlying water with low velocity plus static sediments. Eq. (5) also
considers a correction of RR from estimates at 20 °C to any arbitrary
temperature, which is a relevant aspect as Brazilian water bodies have
higher water temperatures (~30 °C). For the model presented in Eq. (3),
although developed for temperate lakes, is necessary only TPgyface data,
which is largely available in the study sites and turns it the most prac-
tical model to apply. Eq. (4) was designed with data of semiarid reser-
voirs to estimate RR from reservoir age. In Eq. (6) the parameter v,
applied was calibrated by Lira et al. (2020) (v; = 0.00097 m month’l) to
a reservoir located in the study region. This value was also very close to
the that reported by Chapra and Canale (1991) (v; = 0.00096 m
month™).

Assuming that Eq. (6) results the most accurate estimates since is
applied sediment data, the Pearson correlation coefficient (r2), the Mean
absolute percental error (MAPE) between the medians, and the relative
index of agreement (rq) were evaluated to validate the release rates. The
relative index of agreement was developed by Willmott (1981) to
overcome the insensitivity of correlation-based measures. The rq was
calculated as presented in Eq. (7) for each method described from Eq. (2)
to Eq. (5) considering RR5 and the median of the respective method for
the reservoirs R20-R30. These reservoirs were considered as there was
available measured sediment data. Then, the model with the best met-
rics was applied to calculate L_gross for all reservoirs.
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2
11 (RRs; — RR;,
1 E[:l (W) %)
faj = 11 ‘RR,..’ - ﬁ5‘+|RR5,, - ﬁ5| 2
Zi:l T RRs

where ry;: Relative index of agreement of the method j; RRs ;: TP release
rate of the ith reservoir estimated by Eq. (6) (mg m~2 day™1); RR;;: TP
release rate of the ith reservoir estimated by the method j (mg m™2
day™!); RRs: Average RRs estimates considering all reservoirs (R20-
R30).

Eq. (8) describes AF as proposed by Niirnberg (1995). AF is one of the
several ways to quantify oxygen depletion chosen in accordance with
the available data. The objective is to quantify the spread and duration
of anoxia or hypoxia events. The AF is a ratio that represents the number
of days in a period that a sediment area equal to the lake or reservoir
surface area is anoxic or hypoxic (Niirnberg, 2019). AF is predictable
from TPy, and reservoir morphometric data considering that the actively
P releasing area may not be restricted to those overlain by anoxic water,
especially in polymictic lakes (Niirnberg, 2019). The unit is commonly
expressed as day per summer or day per season which was adapted here
as day per dry period (day dry period ). This equation has already been
validated to eutrophic shallow and mixed lakes (Nurnberg, 2009) and
applied to lakes world-wide including arid and semiarid environments
(Townsend, 1999; Kiani et al., 2020; Lima Neto et al., 2022; Tammeorg
et al., 2020).

z
AF = —36.2 4501 Log(TP,) +0.762 x5 (8)

where TP,,: Average concentration in the water column during the
period (pg L’l); Z: Lake mean depth (m); A: Lake surface area (km?).

2.4. Driving factors on P release rates

2.4.1. Surrogates for climatic factors

The variables wind speed, insolation and air temperature were
selected as surrogates for climatic factors that potentially influence the
internal loading. The paired dataset encompassing all reservoirs of RR
and the respective average climatic variable calculated for the same
period of the RR estimate was divided in subsets according to three
ranges predefined for each variable. Then, to assess significant differ-
ences in RR depending on the ranges of the environmental variables,
pairwise statistical analyses were performed by the Kruskal-Wallis
(K-W) and Mann-Whitney (M-W) tests considering a significance level
a = 0.05 (Cleophas and Zwinderman, 2016). The null hypothesis con-
siders RR independent of the magnitude of the environmental variable.
Additionally, box plots were presented with the adopted thresholds
beyond which RR might be significantly affected.

2.4.2. Trophic state and lake level influence

Analyzing the influence of the trophic state followed similar
approach of the climatic surrogates aforementioned. To test for differ-
ences in P release rates among trophic states, the grouped datasets
encompassing the release rates of all reservoirs by trophic state type
were statistically analyzed with the K-W and M-W tests. The unequal
length of observations within each subset favored the application of this
non-parametric tests. The statistical tests were also performed for each
reservoir. However, as the reservoirs remained with one trophy level for
most part of the study period (see Table 1), they presented short subsets
for the non-representative trophic state type which turns the results on
the single reservoir level less reliable. An algorithm in Python language
was designed in order to test each group against all the other groups.
Then, post-hoc tests were not necessary.

The behavior of P release rate over time and its relationship with the
level variation was additionally evaluated. The fluctuation in the res-
ervoir’s level intends to evaluate the long-term interannual stability of a
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system, the average strength of the seasonal fluctuation and may also
serve as a proxy for bottom-up driven processes (Kolding and van
Zwieten, 2012). Then, the ratio between the daily lake level and half of
the maximum depth of the respective dry period of each year was
calculated. This indicator range from O to 2 and visually helped to
evaluate the reservoirs drying up and this impact on P release.

2.5. Predictive model for internal P loading

Previous studies have attempted to use several lake morphometric
characteristics combined as predictors for internal P loading (Tammeorg
et al., 2017, 2020). Others have already applied combinations of
morphometric and environmental characteristics, such as the ratio of
wind speed to lake depth (Hékanson, 2005; Zhang et al., 2017; Jalil
et al.,, 2019; Huang et al., 2021). In this study, the P release rate was
logarithmically correlated with the wind speed to reservoir volume ratio
for each lake. The ratio of wind speed to mean reservoir volume was
adopted here as a suitable surrogate. Firstly, because the effect of
wind-induced shear stress to enhance the advection-diffusion transport
of chemicals across SWI is considered. Secondly, this surrogate considers
the influence of the volume in the stability, productivity and increasing
in nutrient concentration of the reservoir (Gownaris et al., 2018). The
coupling of these variables turns into a potential indicator to explain the
release process (Hunter et al., 2016). For each statistical model adjusted,
the goodness of fit was evaluated through the metrics coefficient of
determination (rz), adjusted coefficient of determination (raz) and the
Mean Absolute Percentual Error (MAPE). Additionally, the analysis of
the homoscedasticity of the model residuals was performed graphically
assessing whether the residuals fit linear, quadratic or exponential
curves.

2.6. Uncertainty, sensitivity analysis and model validation

Data accuracy and an outlier analysis were performed followed by
removal of non-specific values below the detection limit (TP < 0.01 mg
L™1). Additionally, a sensitivity analysis to identify the impact of the
modeling most influencing parameters was performed as descripted by
Rocha and Lima Neto (2021a). The volume and the difference in TPy,
between the elapsed time in the modeling interval (TP, /TPy ¢ ratio)
more strongly influenced the results. Then, an analysis on these pa-
rameters was performed in light of the threshold reported by the
above-mentioned authors. The coefficient of variation of the estimated
loads was calculated and compared with others reported in literature to
assess the model variability. Moreover, since the complete mix hy-
pothesis is commonly accepted for the reservoirs in the study region as
already presented (Lima Neto et al., 2022), eventual statistically sig-
nificant differences between TPgyf.ce and those measured in other
depths were assessed for each reservoir by K-W and M-W tests (o« =
0.05).

2.6.1. Comparison with gross external P loading

The study sites present an environmental inventory elaborated by
COGERH, which estimated the gross external TP load according to the
Export Coefficient Modeling (ECM) approach (Ceara, 2021). The main
external TP sources (agriculture, livestock, soil, sewer and aquaculture)
in an annual timestep (t yr’l) were accounted. Therefore, in order to
assess and reinforce the order of magnitude of the estimated internal P
loads, they were compared with the external load excluding fish
contribution (L_ext). To keep consistency between units, gross, net and
external loads were converted to a monthly average (t month™1).

Journal of Environmental Management 312 (2022) 114983

3. Results and discussion
3.1. Water quality characterization

3.1.1. TP and DO variation among and within reservoirs

Filled contour plots with polynomial smoothing based on TP and DO
concentration profiles indicate the mixing status regarding these nutri-
ents in the study sites from 2009 to 2019 (Fig. 2). The hatched area
limits anoxic waters (DO < 2 mg L’l). The reservoirs in Fig. 2 were
selected to cover from the shallowest to the deepest one. However, the
profiles for all reservoirs along with pH and water temperature plots are
available in the supplementary material. For most reservoirs, increasing
TP,, has been noted during the driest years (2013-2016) (Jepson et al.,
2021). As expected, water quality rapidly deteriorates under drought
events (Cavalcante et al., 2021; Zou et al., 2020). At the end of 2016,
eighteen reservoirs were below 10% of the maximum capacity and
twenty-four below 20%.

The variation in TP,, among reservoirs is remarkable. R15 presented
the lowest average concentrations (0.02-0.09 mg L) while R9 pre-
sented the highest ones (0.06-0.90 mg L™1). Accordingly, R15 presented
the highest DO values while R9 presented the lowest ones. In average,
the concentration considering all reservoirs was about 0.11 mg L~}
(+0.12) which is within the ranges reported in literature for eutrophic
ecosystems. Huo et al. (2019) found a limiting TP concentration as a
threaten criterion for Chinese lakes as 0.021 mg L™}, which is about 6-
fold lower than the observed values in the study sites. Uncommonly
high TP concentrations (>4 mg L™!) were excluded as probable mea-
surement errors considering that the TP concentration in sewer is about
4 mg Lt (Sperling, 2007). Eventual peak values (1-4 mg L™1) were
observed in R20 in 2016, when the reservoir was with a very low vol-
ume, and in reservoirs R9, R11, R18, R19 in 2009-2010, which was after
the last strong rainy season of the past twelve years (Jepson et al., 2021).
As influencing factors in the inter-reservoir variation may be highlighted
the size and form (Hakanson, 2005), variable water retention time
(Chaves et al., 2013), evaporation rates, volume variation and drought
response (Coppens et al., 2016), inflow and input load during the prior
wet period (Rattan et al., 2017), aquaculture practice (Gurgel-Lourenco
et al., 2015) and climatic forcings (Zhang et al., 2020).

A marked interaction between surface and bottom TP concentration
was observed in reservoirs R17 and R18. R18 presented high concen-
trations in the deeper layers from 2016 that lasted and increased while
the water-depth reduced. This high concentration also spread to upper
layers (See Fig. 2). Accordingly, DO concentration decreased from 2016
remaining under 2 mg L™! from then on. In 2019 anoxic conditions (DO
< 2 mg L1) were observed even in the surface layers. High TP con-
centration in deep layers under anoxic conditions is a strong indicator of
internal loading effect (Lopes et al., 2014; Andrade et al., 2020). Internal
P loading may account for about 54% in TP,, increase (Ding et al., 2018).
Studies suggest that deep-water hypoxia frequently develops in SWI of
eutrophic ecosystems and is accelerated in warmer climates (Fukushima
et al., 2017). Furthermore, the deeper layers may remain anoxic favor-
ing P release even after the reservoir began to mix (Nikolai and Dzia-
lowski, 2014). During the pre-drought years, high water depth may act
as a protective mechanism trapping P in deep layers (Kowalczewska--
Madura et al., 2019b). However, as the reservoir became shallower,
short-term changes may also be influenced by wind shear and wave
action potentially contributing to this P increase (Lepori and Roberts,
2017).

The behavior observed in R20 with simultaneously high concentra-
tions in surface and deep layers with a transition zone between these
layers may be influenced by factors such as aquaculture presence and
anoxic/hypoxic events which widely occurred in the study period (See
Fig. 2). Moreover, this reservoir has a strong fish farming production
which might have contributed to sediment enrichment, high concen-
trations in the upper layers, and, combined with the water velocity, the
dispersion of related pollutants in a broader area around fishcages
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Fig. 2. Contour plots for the vertical profile of TP and DO concentration over the period of available data in the study period of 2008-2020. Measurements quarterly

collected in the sampling point near the dam of the reservoir.

(Molisani et al., 2015; Lacerda et al., 2018). Additionally, the results
reported by Molisani et al. (2015) highlighted that the external sources
still induce worst water quality conditions than aquaculture. In fact, the
L_ext of this reservoir is about 600 t yr’1 (Ceara, 2021).

Reservoirs R9 and R15 presented a markedly mixed vertical profile of
TP concentration, mainly during 2012-2015. The worst condition was
observed in R9, the shallowest reservoir, with average TP,, around 0.52
mg L~! (£0.25). Shallow waterbodies and also the littoral zone of deeper
lakes are more susceptible to wind-induced water column mixing and
increasing nutrient concentration driven by resuspension (Cyr et al.,
2009). Furthermore, as low DO concentration was observed, despite the
low depth, not only physical releasing processes might have occurred.
Even in shallow reservoirs under aerobic conditions (R15), significant
amounts of P may be released driven by turbulence. The turbulence
induces mixing and an increase in the in-lake flow velocity, which may
cause a gradient of phosphate concentration at the SWI increasing P
release (Kowalczewska-Madura et al., 2019b). Additionally, warmer
SWI adequately oxygenated might favor microbially-mediated miner-
alization of organic P (Nicholls, 1999).

Regarding the vertical pattern and mixing status of the TP concen-
tration and its variation over the study period (See Fig. 2 and Fig. S1),
one can first highlight the impact of depth on the differentiation

between concentrations in the deeper and surface layers. Only by
evaluating these figures, it can be observed that the reservoirs with a
depth less than 20 m showed similar concentrations throughout the
vertical profile during the study period. The result of the statistical tests
performed between TP measurements in the surface and in other depths
revealed no significant differences in 70% of the reservoirs at a 95%
confidence level. Part of the reservoirs with significant differences were
also those with a more unbalanced dataset towards surface measure-
ments, which might have biased the results.

However, in reservoirs with depths greater than 20 m (R8, 11,17, 18
and 20), the greater depth combined with a low DO concentration (See
Fig. S2) potentially favored events of phosphorus release from the
sediment. Meantime, due to the depth, the high concentrations
remained in the deeper layers. When these reservoirs became shallower
(See R17, 18, 20 in Fig. 2), these high concentrations at the bottom
spread to the entire water column, highlighting an intense mixing pro-
cess at lower depths. Overall, the mixing pattern observed in the study
sites may be driven by several factors such as the increasing wind forcing
effect and the temperature impact on DO concentration as the reservoirs
become shallower (Santos et al., 2016; Katsev, 2017).
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3.1.2. Water transparency and chlorophyll-a concentration

Fig. 3a synthesizes the parameters Chl-a, TPgyrface and Zgecchi for all
study sites plotted against the water depth in the day of the sample
collection along with the grouped data of zgecchi (Fig. 3b) and Chl-a
concentration (Fig. 3c) by year. Chl-a and TPgyf.,ce Were negatively
correlated with water depth as Zgcchj was positively correlated as ex-
pected (Carneiro et al., 2014). Chl-a values reached 0.69 mg L~! with
average of 0.048 mg LY. For Zsecchi, the values ranged from 0.1 to 4.20
m with average of 0.99 m. Consistently, the reservoirs with the highest
Zsecchi Values were those with better water quality conditions. As for the
temporal pattern, in 2009 the average Zsecchi was about 1.5 m. This
average value decreased continuously until 2014 when reached 0.5 m.
From 2014 to 2016 the average Zgeccni remained stable around 0.5 m.
Then, from 2017 an increase in this average was observed reaching 1.0
m in 2020. Chl-a average values also responded over time on a similar
trend as Zsecchi, but with an inverse behavior.

These water quality surrogates presented a consistent pattern in
response to the water level variation of the reservoirs over the study
period, representing a continuous water quality degradation of these
environments. As the reservoirs became shallower over the years, they
also became particularly susceptible to wind action, resuspension of
bottom sediments and reduction in water transparency, especially dur-
ing the dry period (Freire et al., 2009). Accordingly, Chl-a concentration
tends to increase with increasing wind speed and air temperature
(Huang et al., 2021; Stefanidis et al., 2021). From analyzing the grouped
dataset of TP,, by month, more frequent high measurements (0.20-0.40
mg L) were observed at the end of the dry period. Similarly, peak Chl-a
values were also more frequent at the end of the dry period, and, as
shown in Fig. 3, in the years 2014-2016. In the recent literature several
predictive models for internal P loading incorporated Zgsecchi and Chl-a as
explanatory variables (Spears et al., 2012; Carter and Dzialowski, 2012).

Internal loading (Spears et al., 2012), increased turbidity (Zou et al.,
2020) and turnover events such as algal blooms (Wang et al., 2021) are
usually associated with Peak TP concentration. Additionally, in highly
eutrophic ecosystems the link between TP and algal is mutually rein-
forced under the internal loading perspective. This loading is more
bioavailable, then more influential on algal biomass. Particularly in
shallow water bodies, a continuous mixing at the sediment-water
interface ensures P availability for the algal growth (Tammeorg et al.,
2020). In contrast, bloom-forming cyanobacteria have a high phos-
phorus release potential during their decline period (Wang et al., 2021).

3.2. Phosphorus release rate and internal P load quantification

3.2.1. Net internal load and gross internal load estimation
The results of the daily gross release rates are presented in Fig. 4a
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while net, gross and external loads averaged over the dry period are
shown in Fig. 4b. The first highlight is for the variability among the
models. RR; and RR, estimates resulted in similar values in median
terms, though the second one was more variable. On the contrary, RR3
presented the lowest in-lake variability and the largest among-lakes one.
This is mostly due to the reservoirs’ age, that varied from 6 (R21) to 113
(R26) years. As for RR4 estimates, although they showed higher values
than those previously mentioned, the highest estimates were obtained
when TPg data was applied (RRs).

TP, ranged from 118.25 to 3020 mg kg~! with 50th percentile of
1024 mg kg~ . The highest values were observed in the older reservoirs
(>900 mg kg ! in reservoirs older than 58 years at the measurement
date). TP, values in other reservoirs of the Brazilian semiarid were about
600 mg kg~ ! (Cavalcante et al., 2021) while in other regions world-wide
reached 1424 mg kg’1 (Kim et al., 2004; Li et al., 2013; Zhang et al.,
2016). As RRs directly incorporated these high TP, data (Eq. (6)), high
estimates were obtained accordingly. Exceptionally for R22, R23 and
R25, TPs was 2,040, 1600 and 3020 mg kg’1 which resulted in RRs
estimates of 67, 86 and 127 mg m~2 day ™, respectively (not shown in
Fig. 4a). Consistently, R22 and R23 have a highly urbanized catchment
and showed the highest TPgy;face values (Table 1). Similarly, for R25 a
district of about 20,000 inhabitants is located near the reservoir dam
with small settlements in the margins of its main tributaries. Thus, an
accumulation of the intense external P pollution is pottentially occurring
in the sediments of these ecosystems.

From the correlation analysis between RRs and the other estimates,
RR4 best performed with an 2 of 0.36, a rq of 0.78 and a MAPE of 39%,
which were considered satisfactory indicators (Moriasi et al., 2015). The
effect of the temperature, not considered in the other models, has
strongly impacted RR4 and turned Eq. (5) the more representative model
for the region. RRy4 estimates ranged from 5.29 to 52.58 mg m~ 2 day
while the 50th ranged from 17.64 to 35.99 mg m 2 day!. In compar-
ison with other studies, the release rates of the study sites were higher in
average. However, the range observed in the searched literature varied
from 1 to 77.83 mg m~2 day ! (Arunbabu et al., 2014) with higher es-
timates (>50 mg m~2 day ') usually found in hypereutrophic ecosys-
tems (Nurnberg, 1988). Then, RR4 was applied along with AF to
calculate the seasonal averages (Fig. 4b) considering its representa-
tiveness for the validated reservoirs.

The AF values reached 97.33 days dry period ! with average values
ranging from 40.35 to 75.71 days dry period '. The lowest values were
observed in the reservoirs with better water quality conditions (R3 and
R13). Other studies reported values reaching 26.6 days summer '
(Niirnberg et al., 2013), 34.3 days Aug-Sep ' and 60 days summer !
(Niirnberg et al., 2019, 2019b) and ~70 days season ! (Snortheim et al.,
2017). The results suggested anoxic periods that, in some years, lasted
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from measured sediment data from Ceara (2021).

longer than observed in other regions. Aspects such as historical
anthropogenic P supply, long periods with low DO concentration allied
with lake morphometry are generally associated with hypolimnetic
anoxia (Niirnberg et al., 2019). Furthermore, air temperature and wind
speed are additional drivers positively correlated with AF (Niirnberg
et al, 2019b). It is also noteworthy the possibility of under/-
overestimated AF values. Overestimation occurs in shallow lakes since
its sediment often exhibits narrow anoxic layers (Tammeorg et al.,
2020), while underestimation occurs in deep lakes when the anoxic
areas extend into shallow zones (Niirnberg et al., 2019b).

The average seasonal estimates (Fig. 4b) varied from 0.02 to 11.35 t
month™! with average of 0.26 t month™!. The comparison with the
external load (L_ext) showed that L_ext was over the 75th of L_net esti-
mates in 76% of the study sites. Most catchments of the study sites are
majorly rural and P external sources are the main pollution sources in
the annual P budget (see Fig. S7) (Rocha and Lima Neto, 2021b). Spe-
cifically, R18 and R20 have the largest catchments (>24,000 kmz) with
livestock production, subsistence farming and relevant irrigated crop-
lands for the state (Ceara, 2021). These aspects support their high
external TP production. Intensive cropland practice in a catchment fa-
vors sediment P accumulation in the waterbody in a long-term
perspective (Carter and Dzialowski, 2012). Overall, 73% of the reser-
voirs presented the ratio between median L_net and L_ext less than 66%
in accordance with was already reported by Rocha and Lima Neto
(2021a), highlighting the relevance of the internal sources to the total P
budget.

Unmentioned aspects so far such as sediment heterogeneity, physical
characterization and size distribution may have contributed with the
high estimated rates. Smaller particles have greater specific surface area
for pollutant adsorption which enhances resuspension ability (Zhu and
Yang, 2018). Additionally, substantial P diffusive fluxes in the warmer
season may occur under oxygenated bottom water conditions from the
littoral/shallow areas of the lake (Markovic et al., 2019). The littoral

sediments under aerobic conditions may contribute with more than 25%
of the internal phosphorus load (Kim et al., 2003; Tammeorg et al.,
2017; Kowalczewska-Madura et al., 2019a). Furthermore, although P
speciation data was not available, ion (Fes) and aluminum (Al) sediment
concentration were measured for R21 to R30. Though more information
on sediment chemical composition may be enlightening, the suscepti-
bility of the reservoirs to metal-bound P release, specially under
alkali-anoxic conditions, can be speculated (Cavalcante et al., 2021).

According to an empirical model proposed by Moura et al. (2020) for
semiarid reservoirs to estimate sediment concentration of P bound to
iron and aluminium (Pgea1), a reservoir 42 years old (average of the
study sites) should have an amount of Pgea] near to 714 mg kg’l. For the
study sites, these two compounds presented a positive correlation with
TPs, but a more significant correlation was found between the ratios Feg:
TP, and Al TP, with an R? of 0.74. Ratios of metals and P are indicative
of the underlying processes controlling P release and retention (Mar-
kovic et al., 2019) and may act as operational targets on the estimation
of sediment P release potential. For the study sites, the ratios Feg: TP and
Alg: TP varied from 4.8 to 46.5 and 2.6 to 27, respectively. Jensen et al.
(1992) observed the largest difference between TP; and TPy, in lakes
when Fe:P ratios were between 10 and 15, while Kopacek et al. (2005)
provided thresholds for the Al:P ratio beyond which P release may be
negligible (AP > 25 and Al:Fe > 3). For the study sites the average
ratios Alg:TPg and Alg:Feg were 14.5 and 0.44, respectively, suggesting a
high release potential.

3.2.2. Average seasonal net internal release rates

The estimates ranged from the most extreme values —4763.09 to
5930.63 mg m 2 dry period ! in R19 and R5 respectively, with average
0f 991 mg m~2 dry period ! (+944). Negative estimates were calculated
which means that P loss processes surpassed releasing mechanisms
eventually. However, positive estimates prevailed in 92.8% of the
values. Although relatively high values were observed, they were
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punctual estimates influenced by sensible parameters and reflected
particular situations. For R19, this estimation occurred in 2009 with a
decrease in TP concentration from August to November from 0.473 to
0.204 mg L™1. As 2009 was the rainiest year of the study period, it is
believed that the high and abrupt input of external load in this period
mixed, increased the concentration during the rainy season and then
promoted a slow return to a lower level in the dry period. This process
implied a settling process far superior than releasing events. For R5, the
load estimate resulted from a TP concentration change from 0.278 to
0.574 mg L' in August to November. These concentrations were about
9 to 19-fold higher than the limiting concentration of 0.03 mg L7}
established by the National Environmental Agency (Brazil, 2005).
Table S1 summarizes the statistics of the estimates encompassing all
study sites.

The implications associated with high internal P loading in reservoirs
regard mainly the aquatic ecological functioning and the risk of eutro-
phication, what is especially impactful in drinking water supply reser-
voirs. Due to the internal P release a high trophy level tends to persist in
the long-term, even minimizing the external inputs, in addition to the
risk of frequent algal blooms. A direct effect is the increase in the
treatment costs of the water for human consumption. From a manage-
ment perspective, mitigation strategies direct on the internal load, such
as artificial aeration and/or sediment dredging, are very cost
demanding. In the study area, where there are about two-hundred
strategic reservoirs managed by the water management company of
the state, these strategies are unpractical on a large scale. Take measures
upon the aquaculture practice, however, is the one viable management
approach in a short-term perspective.

Apart from the extreme values already discussed, reservoir R16
presented the lowest values, followed by R13, while R8 presented the
highest ones. Accordingly, R16 remained oligotrophic 45% of the study
period while R13 remained mesotrophic 68%, both with low TP,, over
time (Fig. 2). In addition, peak values sensitively influenced the vari-
ability on the estimates evaluated through the CV. However, dis-
regarding these peak estimates, the obtained CV was within the ranges
reported in the literature for internal load estimation (0.33-0.83)
(Spears et al., 2012; Niirnberg et al., 2019; 2012, 2019; Horppila et al.,
2017).

Previous studies that attempted to estimate P release rates in the
warmer season have shown a range from 94 to 2117 mg m™2 summer ™
(Niirnberg et al., 2012, 2013, 2019; Tammeorg et al., 2020), while
long-term annual averages reached even higher values (—1694 to 10,
640 mg m~2 yr_l) (Kohler et al., 2005; Horppila et al., 2017; Orihe et al.,
2017). The higher estimates obtained in this study in comparison to
other average rates reported mostly for temperate ecosystems are
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consistent as the amount of phosphorus released from the sediments is
enhanced in warmer climate (Cheng et al., 2020). An increase in tem-
perature by 10 °C might induce an increase in TP release by 2-7 times
(Niirnberg et al., 2019). In fact, Brazilian semiarid reservoirs have water
temperature (~30 °C) about 3-fold and 1.5-fold higher than temperate
(~10°C) and tropical (~20 °C) lakes, respectively. Additionally, there is
the trophic status influence. As the reservoirs remained mostly eutrophic
(Table 1) and with lower flows due to the drought period, higher P
release rates are more likely to occur under these conditions (North
et al., 2015).

3.3. The influence of trophic status and water level fluctuation on internal
P load trends

Fig. 5 summarizes TSI, Chl-a and Zsch; for different ranges of P
release in a grouped analysis of all study sites. Additionally, Fig. 5 shows
the predominant trophic state over the study period for each reservoir.
To improve visualization, the y-axis scale was reduced and the few
values under —3000 mg L~ were not shown. About 77% of the reser-
voirs remained eutrophic/hypereutrophic more than 50% of the time.
The release rates increased across the trophic gradient being, on
average, 184.86, 618.94, 752.20, and 1844.85 mg m 2 dry period’l for
oligotrophic, mesotrophic, eutrophic, and hypertrophic status, respec-
tively. The TSI is one of the main drivers of internal P loading that is
hypothesized to be much higher in hypereutrophic lakes compared to
lakes of lower trophic state (Carter and Dzialowski, 2012; Qin et al.,
2016). This assumption was confirmed for the study sites where the
differences among estimates under a hypereutrophic status and other
groups were significant at a 99% level. The ratio between the release
rate in a hypereutrophic and a mesotrophic environment may reach up
to 6-fold (Kowalczewska-Madura et al., 2015). Additionally, P release
rate increased as Chl-a increased (Fig. 5b, p < 0.01) and decreased as
Zsecchi increased (Fig. 5¢, p < 0.01). This may be explained as the
blue-green algae bloom and eutrophication trigger a regime shift from
the clear to the turbid water and leads to the loss of submerged mac-
rophytes which are essential for direct P uptake and increase sediment
P-binding capacity. Overall, this algae contributes to increasing P
release (Zhang et al., 2017).

An important consequence of the elevated productivity in eutrophic
systems is anoxia (Snortheim et al., 2017). Internal loading is sometimes
sufficient to maintain an eutrophic status even after external P sources
reduction or elimination (Qin et al., 2016). Then, a stable mesotrophic
condition is only achieved after a substantial reduction of these loadings
(Lepori and Roberts, 2017) or after several times the lake hydraulic
retention time on recovery (Ostrofsky and Marbach, 2019). Prolonged
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water quality recovery after external load reduction was already verified
in other semiarid ecosystems in the study region (Freire et al., 2009).
Other aspects, such as the temperature gradient between water and
sediment (Kowalczewska-Madura et al., 2015), catchment soil erosion
and landuse (Carter and Dzialowski, 2012), high intensity of solar ra-
diation (Santos et al., 2014), volume reduction under dry conditions
(Rocha Junior et al., 2018) and aquaculture practice (Rocha Junior
et al., 2018), also contribute to the worsening on the trophic state. Ul-
timately, the water level fluctuation (WLF) is an additional driver that
can further intensify eutrophication symptoms (Cavalcante et al., 2021;
Lima Neto et al., 2022).

3.4. Water level fluctuation relationship with interannual internal P load
trend

The relation between lake level fluctuation as consequence of the
seasonal and interannual volume reduction and the interannual vari-
ability in P estimates is shown in Fig. 6. From 2009 to 2017 the volume
decreased continuously as a result of a drought event. The WLF
(considering the water level difference between the two dates on which
the TP measurements were performed) was on average —1.16 m, vary-
ing from —0.2 to —5.71 m annually. The sharpest WLF was observed in
the largest reservoirs (R17, 20 and R25) in the driest years (2013-2016).
The relative fluctuation varied from 2, mostly in 2009 when the reser-
voirs were full, to near 0.06 in 2015, during the lowest depths, with a
steepest decrease observed from 2009 to 2013. On the opposite, a pro-
nounced increase in the release rates was observed during the same
period. From 2013 to 2016 the averages remained stable and then
started a slow decrease. Analyzing the interannual variability in the
release rates, significant statistical differences resulted from the paired
analysis between the years 2009 and 2013-2020 (p < 0.05) and between
the years 2012 and 2013-2016 (p < 0.01), when the reservoirs were
gradually drying up. Similarly, significant differences (p < 0.05) were
observed between 2015 and 2016 with the years 2019-2020, when the
reservoirs were in a volume recover.

Large seasonal and annual WLF have a critical influence on the
phosphorus dynamics of reservoirs in the semiarid climate zone, espe-
cially the shallower ones (Coppens et al., 2016). Unluckily, these regions
are highly vulnerable to droughts which enhances WLF and volume
decrease (Brasil et al., 2016). Under these conditions regime shifts or
sudden transitions from one stable state to another are more likely
(Huang et al., 2021) and the release capability increases with the strong
disturbance intensity (Tong et al., 2017). Furthermore, in deeper lakes
water level fluctuations also influence the internal nutrient mixing
(Gownaris et al., 2018). Direct and inverse relationships between WLF
and limnological variables such as dissolved oxygen, TP, TN, N:P ratio,
total phytoplankton biomass and euphotic depth are widely known
(Yang et al., 2016; Gownaris et al., 2018). To evaluate the temporal scale
when considering WLF impacts is also important, as interannual and
seasonal fluctuations did not influence the same ecosystem attributes.

Some researchers suggest the water level management in small and
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Fig. 6. TP release rate trends and WLF relative to the mean maximum depth
over the study period.
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medium-sized reservoirs to reduce WLF potential negative effects on the
ecosystems (Yang et al., 2016; Huang et al., 2021). However, the study
sites are exposed to high evaporation rates (~2 m yr ') and recurrent
drought events. These conditions turn unpractical WLF control, so the
waterbodies respond freely to the environmental drivers. Furthermore,
aquatic ecosystems globally are likely to become more vulnerable to
extreme WLF due to the combined effects of climate change and human
activity (Fu et al., 2021), and the severity of droughts may be intensified
in arid environments.

3.5. Physical and environmental drivers influencing P release

Fig. 7 summarizes the grouped analysis of the climatic surrogates,
their seasonality and the potential relations and impacts in the water
quality parameters and in the estimated P release rate. As observed from
Fig. 7b and c, the climate in the study region is markedly hot with
intense insolation in the dry period in comparison to the wet one. The
insolation has the sharpest variation over the months. Although there is
a seasonality in the temperature, there is only a narrow variation
throughout the dry period (28.2 + 0.6 °C). To evaluate the trends in Chl-
a, TPy and P release rate depending on the range of the climatic vari-
ables, some aspects should be noticed. Firstly, for temperature and
insolation, as the measurement of the water quality parameters occurred
mostly in August and November and the climatic stations presented
similar values for these forcings during the dry period, the average over
the measurement period favored one category and the threshold limits
were very close. For the wind speed, however, a wider range was
evaluated.

Firstly, the wind speed was classified into three groups: below 2.5 m
s7! (low speed), 2.5-3.5 m st (mild speed) and over 3.5 m 571 (high
speed), similar with grouping propositions adopted in other studies
(Zhang et al., 2017). Wind velocity ranged from 1.3 m s~! in July to 5.2
m s! in November, with an average of 3.4 m s7! (4£0.8). The paired
analysis resulted in significant p-value (p < 0.05) for the three param-
eters evaluated. Increasing Chl-a, TP,, and P release was observed as
wind speed increased. The differences were more significant (p < 0.001)
for TP,, when comparing low speeds with high speeds. Similarly, for P
release the most significant differences (p < 0.005) were observed be-
tween mild and high speeds.

TP, increased from 0.05 to 0.09 mg L™}, Chl-a from 0.01 to 0.03 mg
L7! and P release from 508.5 to 1006.1 mg m ™2 dry period ! as wind
changed from low to high speed. Increasing TP,, along with increasing
wind speed was already found in other eutrophic reservoir in the study
region (Mesquita et al., 2020). Similarly, Huang et al. (2021) studying a
large Chinese shallow lake found that the TP release doubled as wind
speed increased by roughly 2.2-fold. On the other hand, between mild
and high speeds there was no significant differences for P release (p =
0.32), which suggested a stabilizing pattern of wind disturbance influ-
encing P resuspension. Threshold wind speed that exceeds critical shear
stress and trigger resuspension is still variable in literature (3-6 m s~ 1)
(Zheng et al., 2015; Jalil et al., 2019; Aradjo et al., 2019; Wang et al.,
2021). In this study the value of 3.5 m s~! was observed as already
promoting significant disturbance in lake response.

For the temperature influence, significant differences (p < 0.005)
were observed for TPy, and Chl-a between the groups (27-27.5 °C) and
(>27.5 °C) with a decrease in these parameters as temperature
increased. Although there was an increase in the values when temper-
ature changed from (<27 °C) to the other groups, as the number of
observations is unequal and small for low temperature values, the sta-
tistical analysis resulted in no significant differences. Zhang et al. (2020)
also found that the TP, response to different intervals of air temperature
could be and increase or decrease in concentration. As previously
mentioned, the range of variation in the air temperature was very nar-
row (25 °C - 29 °C), with mostly high values (minimum of 25.5 °C), in
comparison with the water temperature (24 °C - 32 °C). When analyzing
paired data between TP, and water temperature, a positive correlation
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Fig. 7. Boxplot showing monthly and seasonal variation of the climatic variables wind speed, air temperature and insolation and trends of the water quality in-
dicators and the internal P release with the categories of this climatic surrogates.

with increasing TP,, was observed. Statistically significant differences
were obtained between groups (T < 25 °C) and (T > 30 °C) as expected.
Note that validating water quality degradation with temperature in-
crease usually requires final temperature significantly higher than the
initial one (Zhang et al., 2016).

As for the response in P release, a slight increase in the median values
was observed as temperature increased. Increasing air temperature fol-
lowed by increasing water temperature partially explain the increasing
trend in internal load (Niirnberg and LaZerte, 2016). Higher P release
rates are expected under high temperatures (Cavalcante et al., 2021),
which was actually observed in the study sites. Regarding the response
of Chl-a for both temperature and insolation forcings, significant dif-
ferences were observed with a decrease in concentration as these drivers
increased. Studies about the phytoplankton response to light reported a
growth-irradiance curve based on the continuous light exposure and a
sensitive response to light fluctuation (Litchman, 2000). Depending on
the species, the curve has a maximum growth rate level regardless of
radiance increase, while others have a decrease pattern after a certain
irradiance level. Irradiance is tolerated until a limiting, saturating and
inhibiting level beyond which the species decrease in number.

3.6. Ratio between wind speed and reservoir volume as an explanatory
variable for sediment P release

Proposed as an explanatory variable to the internal loading pro-
duction, the ratio of wind speed to reservoir volume was correlated with
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the net areal TP release rates, as presented in Fig. 8. The applicability of
surrogates involves a trade-off between accuracy in the representation of
the target and transferability (Lindenmayer et al., 2015). Satisfactory 2
(0.26-0.93 with median of 0.67) and ra2 (0.14-0.92 with median of
0.60) were obtained (Moriasi et al., 2015). The median MAPE was 36%.
The few models with average performance, low r? and high MAPE, were
influenced by peak estimates from significant TP increase (R13 in 2016
and R15 in 2014) or a sharp decrease (R12 in 2017) over the dry period
for specific years. R8 (Fig. 8a) presented the best adjustment (r? = 0.93)
and also the most complete dataset. Consistently, the shallowest reser-
voirs (R1, R4 and R27) presented the highest wind speed-reservoir
volume ratios (Fig. 8e), while the largest ones (R18 and R20) pre-
sented the lowest ratios (Fig. 8c). The parameters of the equation and
metrics of each fitted model are available in the supplementary material.

The models also presented a stabilizing rising pattern for P release,
which was considered a consistent behavior as the releasing process do
not increase indefinitely. A stabilizing limit may be achieved since
nutrient release eventually reach an equilibrium state in SWI (Cyr et al.,
2009). One possible explanation is that stronger winds trigger higher
water current volatility and the dispersion of the pollutants from the
most to least polluted zones (Zhang et al., 2017). Then, and overall
increasing TP concentration is likely to occur in the reservoir. Further-
more, threshold values control the geochemical behavior of P in sedi-
ment — water system and adsorption processes prevail when P
concentration surpasses this value. This way, the intensity of the release
might be associated with TPy, where higher P concentration implies less
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Fig. 8. Regression models developed between the ratio wind speed to reservoir volume and average seasonal TP release rate.

P release (Zhang et al., 2016).

From the obtained models and summarizing all the topics discussed
in previous sections, may be inferred that the studied reservoirs accu-
mulate several influencing aspects to the pressing internal P regenera-
tion during the dry season such as: the instability of the water column,
high water temperatures, high wind speed, high WLF, high trophic
status, low DO concentrations and low water depth over the study
period. Additionally, to acknowledge how these variables help the un-
derstanding of internal P loading through a study carried in a broader
scale, encompassing several and different reservoirs, turns the findings
and evidences more trustful. This means that each reservoir is unique
but still respond similarly to others regarding the behavior of the in-
ternal P loading to a specific explanatory variable.

4. Modeling implications, uncertainty analysis and limitations

Accounting for a seasonal timescale and a long-term P budget, this
work combined well stablished and novel methods of estimating internal
P loading under P speciation and sediment P limited data, but sufficient

water quality information. To estimate gross loads, the product of the
anoxic factor with the P release rate estimated from TP, was originally
proposed by Niirnberg and LaZerte (2001) and widely applied since then
(Niirnberg et al., 2019, 2012, 2013; North et al., 2015; Horppila et al.,
2017; Rocha and Lima Neto, 2021a; Lima Neto et al., 2022). To obtain
net loads, the classical whole-lake mass balance approach was applied
(Orihe et al., 2017). This methodology is suitable to semiarid regions
where strategic water supply reservoirs are threatened in the dry period
by the impact of internal load to water quality deterioration. Addition-
ally, the quantification of this important P source is favored by the
intermittent regime of the rivers and a dry period of negligible inflow.

Low variability on the estimates, as already discussed through the
coefficient of variation, reinforced the modeling predictive ability to
estimate with acceptable accuracy seasonal loads under long term
studies. As for model sensitiveness, the variability in the volume and the
ratio TP,,/TP, o was evaluated. The indicator TP,,/TP, o was more im-
pactful because the occurrence of considerable TP increase or decrease
in a short time interval imply that extreme load input have occurred,
which results in significant under/overestimation. The 75th of the ratio
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TP/TPy,o was 1.48 with average of 1.25, which is slightly lower than
the suggested threshold of 1.5 (Rocha and Lima Neto, 2021a). As for the
volume impact, its large interannual variability is typical of semiarid
regions and the response in the internal load estimates is supported by
the associated physical and biogeochemical processes.

Limitations on modelling may occur due to potential underestima-
tion or overestimation of the net release rates (Tammeorg et al., 2020)
influenced by factors such as: (i) use of average concentrations (Nikolai
and Dzialowski, 2014), (ii) spatial variability due to sediment hetero-
geneity, (iii) quantification of anoxia extent by the anoxic factor and (iv)
under representation of extreme values as samples of deeper depths
were not always available. However, despite eventual inaccuracies
intrinsic of the modeling process, the estimates seem reasonable since:
(i) they are corroborated by several independent approaches, (ii) the
mass balance approach is enhanced when calculating multiyear aver-
ages and (iii) they were significant when compared to external inputs.
Furthermore, the reservoirs accumulated several influencing aspects to
the pressing internal P estimated, as already discussed in the previous
section.

5. Conclusions

This study assessed the long-term internal P loading contribution in
thirty strategic water supplies reservoirs located in the Brazilian semi-
arid. Net and gross release estimates were obtained by seasonal P budget
and regression approaches accounting for the components water column
and sediment TP concentration, anoxic duration, water temperature,
fish contribution and reservoir age. Further analyses statistically con-
nected the estimates with in-lake water quality indicators, physical
surrogates, and environmental drivers. Finally, a new indicator was
proposed along with predictive regression models to enable P release
estimation from easily available data.

The average seasonal net estimates were 991 mg m 2 dry period !
(+944), while average gross estimates varied from 17.64 mg m~2 day
t0 35.99 mg m 2 day . The rates were slightly higher than reported for
temperate ecosystems, which may be attributed to the enriched sedi-
ments allied with warmer water temperature and prolonged anoxic
periods. Furthermore, the average P release rates significantly increased
across the trophic gradient (p < 0.05), about 10-fold higher under hy-
pertrophic status than in oligotrophic one. The results also indicated that
the highest releases occurred in the driest years with the reservoirs in
their lowest volumes.

Regarding the predictive models for P release, the coupling of the
wind speed with the mean reservoir volume proved to be a strong sur-
rogate to estimate sediment P release (r2: 0.26-0.93). The behavior of
the adjusted models was physically consistent. A stabilizing pattern was
achieved since there is a threshold P concentration in SWI that restricts
unlimited P release. This surrogate also balanced accuracy and trans-
ferability, in order to be replicable to other regions. Despite modelling
uncertainties, the obtained results are supported since the study sites
accumulated several influencing aspects for the internal P production
during the dry season. Additionally, independent methodologies sup-
ported each other. Especially in dryland regions where water supply
reservoirs are under critical water quality and environmental condi-
tions, the finding of this study may help to support phosphorus pollution
management strategies.
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