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As hotspots of the global carbon cycle, lakes can regulate climate change while
being regulated by it via a feedback loop. As ecosystemmetabolism is considered
to be a sentinel to these changes, we used high-frequency measurements and
the inverse modeling approach to study the temporal dynamic of gross primary
production (GPP), respiration (R), and net ecosystem production (NEP) at surface
waters of a tropical lake, which lost about 60% of its volume in almost 10 years.
This water loss and the return of the average rainfall led to an increased
concentration of nitrogen, phosphorus, and dissolved organic carbon and
decreased water transparency and light availability. During the post-drought
period, epilimnetic GPP increased by 40% compared with the pre-drought
period, and R surpassed GPP during the mixing period of the lake. We discuss
that this modification results from higher carbon and nutrient concentrations,
lower light availability, and a change in the lake stratification pattern. Surface
water metabolism changed due tometeorological and hydrological drought, and
it may continue to change under the ongoing variation in rainfall patterns,
temperature, and human disturbances.
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1 Introduction

The carbon transformation in the aquatic environment involves the formation
(i.e., gross primary production - GPP) and degradation (i.e., respiration - R) of organic
matter (OM) by the organisms, as well as physical processes (Hotchkiss and DelSontro,
2024). The balance of these two processes is usually described as net primary production
(NEP = GPP - R), which stands for the total biomass formation of primary producers, and
these processes are known as the ecosystem metabolism (Staehr et al., 2012c). NEP is useful
to describe and evaluate the trophic state of lakes and to define the role of the ecosystem in
the carbon cycle as a sink (NEP >0; net autotrophic systems or periods) or a source (NEP <0;
net heterotrophic systems or periods) of atmospheric CO2 (Zwart and Brighenti, 2021).

The effects of nutrients, organic matter, and light availability on lake metabolism is an
active research topic. There is a general agreement that increased nutrient concentrations
and light availability will stimulate algal growth, increasing GPP and R rates (Staehr et al.,
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2012a; Hoellein et al., 2013; Zou et al., 2022). However, because these
drivers are not independent, the specific result may not be directly
predictable due to complex interactions and feedback loops. Taking,
for instance, the role of dissolved organic matter (DOM) in
ecosystem metabolism, some studies have shown that the colored
fraction of DOM (colored DOM or CDOM) reduces water
transparency, which can decrease primary production and
increase respiration rates (Thrane et al., 2014; Sherbo et al.,
2023). On the other hand, DOM degradation remineralizes
dissolved nutrients, stimulating algal growth, thus enhancing
GPP more than ecosystem respiration (Solomon et al., 2015;
Feuchtmayr et al., 2019). Although, the effects of higher DOM
concentrations in bacterial metabolism are likely underestimated
due to a lack of whole ecosystem studies compared to incubations
and bioassays studies (Hotchkiss and DelSontro, 2024). In addition,
DOM reduces the mixed layer depth, retaining primary producers in
an upper and illuminated zone, which could increase epilimnetic
GPP rates (Jones, 1992; Bordin et al., 2024). Even more complex
outcomes can be expected when we consider tropical lakes, which
receive more solar radiation throughout the year than their
temperate counterparts. Thus, light availability by itself is not
commonly the limiting factor for primary producers in this
region (Staehr et al., 2016). Indeed, high irradiation combined
with nutrient deprivation was shown to decrease epilimnetic GPP
in tropical lakes in Brazil (Brighenti et al., 2015; 2018). As
allochthonous DOM reduces light availability (Rose, 2024) and
the penetration of harmful ultraviolet light into the water column
(Arts et al., 2000; Brandão et al., 2018), increased DOM can enhance
GPP in surface water also by preventing light-induced damages to
the photosystem II of primary producers (Keren and Liszkay, 2011).

One of the most visible effects of climate change in aquatic
ecosystems is the water volume reduction in response to changes in
rainfall patterns and increased evapotranspiration (Williamson
et al., 2009). Reduced rainfall can either decrease or increase the
concentration of nutrients in lakes depending on the importance of
terrestrial loading and evaporation rates (Mosley, 2015). The
concentration decrease may occur due to the lowered inputs of
allochthonous nutrients into the system, as shown by Lathrop (2007)
for total phosphorus concentrations in a temperate lake. Increased
concentrations are more likely to occur when reduced rainfall is
associated with high evaporation rates, which leads to lower water
volume (Mosley, 2015). With a lower water level, the concentrations
of nutrients and organic matter might increase due to a
concentration effect, affecting GPP and R rates (Jeppensen et al.,
2015; Brasil et al., 2016). In addition, with the resumption of rain,
more nutrients and organic matter are carried into the lake,
combined with the low water volume, increases nutrient
concentrations even more (Gámez et al., 2023; Isles et al., 2023).
Lake metabolism responses to changes in rainfall depend on
morphometric and catchment characteristics (Gagliardi et al.,
2019). Prolonged droughts can reduce lakes and reservoirs water
volume, favoring primary production through a higher
concentration of nutrients and, therefore, leading to a decrease of
CO2 in the water column (Mendonça Júnior et al., 2018; Junger et al.,
2019). However, despite the initial increase in ecosystemmetabolism
following the reduction in lake volume, metabolic rates at surface
waters might decline due to a stronger thermal stratification and a
shallower mixed layer depth, which could lead to reduced nutrient

concentrations in the upper mixed layer (Tsai et al., 2016). This
indicates that the influence of drought and the changes in rainfall
patterns are complex and might extend in the subsequent years, as
demonstrated in previous studies (e.g., Fenner et al., 2001; Jennings
et al., 2009; Chiu et al., 2020).

Water volume loss can also impact the seasonal dynamics of a
lake (Mosley, 2015; Rigotti et al., 2023), and the alteration of mixing
regimes is one of the most extensive and concerning physical
consequences of climate change (Woolway et al., 2020). During
typical seasonal dynamics in warm monomictic tropical lakes,
metabolic rates at surface waters are higher during the dry
season, when water column stability is low, and nutrients and
DOM are reintroduced in the euphotic zone, decreasing
photoinhibition and promoting primary production and
respiration (Brighenti et al., 2015; Gagliardi et al., 2019). Albeit
during the stratified warm rainy season, the combination of high
light availability and nutrient depletion cooccurs with lower
epiliminetic GPP and R rates and raised levels of photosynthetic
photoinhibition (Brighenti et al., 2018; Mziray et al., 2018). In this
context, prolonged droughts and high evaporation rates are
anticipated to decrease water volume, consequently increasing the
concentration of nutrients and DOM throughout the year in tropical
freshwater systems (Jovem-Azevêdo et al., 2019; Barbosa et al.,
2023). Moreover, the decrease in mean depth is expected to
result in reduced water column stability, potentially leading to
more frequent mixing events (Fee et al., 1996), even throughout
the typical stratified season. Consequently, by enhancing nutrient
and DOM availability and decreasing light availability yearlong,
water volume reduction is likely to dampen the seasonal metabolic
variability.

Herein, we aim to evaluate how a prolonged drought can
influence the metabolic rates in surface waters of a tropical lake.
To accomplish this, we compared two distinct periods
(2011–2012 and 2017–2019) of the epilimnetic metabolism of a
tropical lake that lost about 60% of its volume and circa 30% of its
surface area compared to the last decade. The first period
(P1 – 2011-2012) is the beginning of the prolonged drought and
the second period (P2 – 2017-2019) is the beginning of a post-
drought, a break-up phase of the drought, with still low water levels
and volume, but with normalized rainfall and the return to pre-
drought external inputs to the lake. We evaluated whether a
persistent lower water level changed lake physical and chemical
characteristics, thus altering the magnitude and the dynamics of
GPP, R, and NEP rates. We predict, under low water level
conditions, a year-long general increase in nutrient and dissolved
organic matter concentrations, which will reduce water
transparency and light availability (i) enhancing both epilimnetic
GPP and R (ii) and weakening the role of seasonality on epilimnetic
metabolism (the metabolic rates will be similar between rainy and
dry seasons).

2 Materials and methods

2.1 Study area

This study was performed in Lake Carioca (19.75°S; 42.6°W) in
Brazil, a tropical, small (during high water level period - perimeter:
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1718 m, area: 0.14 km2, maximum depth: 11.8 m, mean depth:
4.8 m; Bezerra-Neto et al., 2010), and monomictic lake
surrounded by preserved Tropical Atlantic Forest. This lake is
located inside a conservation unit (Parque Estadual do Rio Doce
- PERD), being part of the middle Rio Doce lacustrine system that is
recognized as a wetland of international importance by the Ramsar
Convention (Ramsar 2010 - www.ramsar.org). Lake Carioca shows
two distinct seasons: the dry season (May to August - Autumn/
Winter), when total mixing of the water column occurs, and the
rainy season (September to April - Spring/Summer) when the water
column is stratified (Figure 1). Lake Carioca has been monitored
since 1999 as part of a long-term ecological research project (LTER
project site #4 - Atlantic Forest and Lacustrine System of the middle
Rio Doce - Brazil; www2.icb.ufmg.br/limneapeld/site/index.php).
Previous studies described Lake Carioca as mesotrophic (Petrucio
et al., 2006; Brighenti et al., 2015). However, recent data presented
here evidence a shift to a eutrophic state.

2.2 Environmental variables

Environmental variables were collected in two distinct periods.
The first one (P1), from May 2011 to December 2012, comprised
two dry (fully-mixed) and two rainy (stratified) seasons. While the
second one (P2), from July 2017 to December 2019, covered three
dry and three rainy seasons.

Water samples were collected at 0.5 m for physicochemical
analyses. The sampling occurred monthly during P1 (n = 20)
and at irregular intervals during P2 (n = 19) and covered the dry
(n = 13) and the rainy (n = 26) seasons. Unfiltered samples were used
to determine total phosphorus (TP) and total nitrogen (TN). TP was

determined by digesting the sample to convert all phosphorus forms
to orthophosphate, followed by colorimetric measurement of
orthophosphate concentration according to Mackerth et al.
(1978). TN was determined by oxidizing all nitrogen-containing
compounds and measuring the resulting nitrogen oxides in a Total
Organic Carbon analyzer (Shimadzu TOC-5000A). Samples for
dissolved organic carbon (DOC) and colored dissolved organic
matter (CDOM) were filtered (0.22 µm Millipore filter) after
collection. DOC concentrations were determined by oxidizing all
organic carbon compounds into carbon dioxide and then
quantifying the resulting carbon dioxide concentration with a
TOC analyzer (Shimadzu TOC-5000A). We determined CDOM
at 254 nm absorbance coefficients to characterize allochthonous
sources of carbon (Brandão et al., 2018). The absorption
coefficients were derived from absorbance measurements
according to the equation aCDOM(λ) = 2.303A(λ)L−1, where
A(λ) is the absorbance measured at wavelength λ and L is the
optical path of the cuvette (in meters). Absorption coefficients were
corrected for backscattering by subtracting the value of the
coefficient at 700 nm. Chlorophyll-a (Chl-a) concentration was
estimated according to Lorenzen (1967) after extraction in 90%
acetone. Total suspended solids (TSS) were determined as the
difference between the dry weights of AP40 Millipore filters
(105°C for 2 h) before and after the filtration of water samples.

In both the P1 and P2 campaigns, high-frequency data were
sampled continuously throughout the campaigns in 15 min intervals
from instrumentation deployed at the central deep region of Lake
Carioca. In the P1 campaign the buoy was equipped with 1 dissolved
oxygen (DO) and temperature sensor at 0.5 m (D-OptoLogger,
Zebra Tech Ltda.) and 1 thermistor chain with 5 sensors
(WQ101, Global Water) at different depths. For a complete

FIGURE 1
Location of the Middle Rio Doce Lake System, state of MG, Brazil (A) with emphasis on the location of Lake Carioca (B). Climatological Normal of
Accumulated Rainfall (1981-2010) for the region (C). Source: Google Earth (https://earth.google.com/web/) and Instituto Nacional de Meteorologia
(https://portal.inmet.gov.br).
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description about the equipment used see Brighenti et al. (2015). In
the P2 campaign the instrumentation in the buoy was the following:
8 DO and temperature sensors at the depths 0.5, 1.0, 1.5, 2.0, 3.0, 4.0,
5.0, and 6.5 m (miniDOT Logger, PME; D-OptoLogger, Zebra Tech
Ltda.); 1 PAR radiation sensor at 1.6 m height (Sq214, Apogee);
1 wind speed sensor at 1.0 m above the surface (RK100-02, Rika
Electronic Technology); 1 barometric pressure sensor (WE100,
Global Water) and 1 rainfall sensor at 0.5 m above the surface
(RainEW111, RainWiseInc); 1 air temperature and humidity sensor
at 1.0 m height (RK330-01, Rika Electronic Technology); and four
light sensors (UA-002, HOBO) at depths 0.25, 0.50, 0.75 and 1.00 m.

To make a general comparison of the meteorological data
between P1 and P2 (e.g., air temperature and rainfall) we used
data from a meteorological station located at 30 km of distance from
the lake for both periods (https://tempo.inmet.gov.br/). We also
used wind speed values from this station when the data from lake
instrumentation were missing (from July 2017 to February 2018 and
from September 2018 to November 2018).

The daily diffuse photosynthetically active radiation attenuation
coefficient (KdPAR) was mainly determined using the data collected
between 10 a.m. and 2 p.m. by HOBO sensors and converted to PAR
according to Long et al. (2012). We also used a BIC radiometer to
evaluate KdPAR in periods that HOBO information was not
available. Mean available light at the upper mixed layer (Emean;
mmol photons m-2 s-1) was estimated using PAR radiation sensor.
HOBO sensor (at 0.25 m depth) was used when PAR values were not
available or missing (from July 2017 to January 2018, from
September 2018 to November 2018 and in September 2019), and
calculated according to Eq. 1 (Staehr and Sand-Jensen, 2007).

Emean � 0.9 ×
I0 1 − e−kdPARZmix( )

kdPARZmix
(1)

Where I0 is the radiation measured in the atmosphere and 0.9 is
a coefficient for backscattering and surface reflection (when
radiation is measured inside the water, this term is removed
from the equation); KdPAR is the diffuse photosynthetically active
radiation attenuation coefficient and Zmix is the mixing depth. We
use Brunt–Väisälä frequency to characterize the stability of
stratification and Zmix to identify major changes in the mixing
pattern in Lake Carioca. BV frequency and Zmix were calculated
using the package rLakeAnalyzer in R software (R Core Team, 2022).
See Brighenti et al., 2015 for more specific details about KdPAR,
Emean, and Zmix calculation for 2011–2012 period.

2.3 Metabolic rates estimative

The metabolism rates were estimated using the inverse
modeling approach (IMA; Brighenti et al., 2015; Hanson et al.,
2008; Solomon et al., 2013). In this technique, we used a nonlinear
calibration procedure to estimate the best parameter values
combination to obtain the best correlation between estimated
and observed DO concentrations. We use DO concentrations
measured at 0.5 m for P1 and 1.0 m for P2, since we missed
large amount of DO data from P2 due to malfunction of the
sensor. However, we expect this difference to not affect our results
because our long-term data has shown that the DO concentrations

of these two depths are highly correlated (R2 = 0.91; Supplementary
Material–Supplementary Figure S1). The values of DO
concentration measured at 0.5 and 1.0 m depths hold only for
the upper mixed layer and were not extrapolated to the entire lake.

The DO concentrations obtained for every 15 min were
averaged to obtain 30 min intervals. All temperature and DO
measurements pass through visual inspection to remove
erroneous values produced by sensor errors, low battery,
sampling days, and biofilm accumulation. Data also underwent
smoothing by the moving averages technique (1:30 h interval) to
remove erratic variation and noise. DO fluctuations were described
using Eq. 2 adapted from Odum (1956):

DO t+1( ) � DO t( ) + GPP t( ) − R t( ) + F t( ) (2)
where DO(t+1) and DO(t) are DO concentrations (mg L-1) at times t +
1 and t; GPP(t) is the gross primary production at time t; R(t) is the
respiration rate at time t; F(t) is the flux of O2 at the interface lake-
atmosphere at time t.

Gross primary production (GPP) was calculated using the
double exponential model of Platt et al. (1980). This model was
chosen as it can evidence the occurrence of photoinhibition and
saturation. Moreover, this light intensity relationship proved to be
the best model to evaluate GPP on Lake Carioca, as described in
Brighenti et al. (2015; 2018).

GPP t( ) � Pmax 1 − e − αEmean t( )
Pmax( )( )e − βEmean t( )

Pmax
( ) (3)

where Pmax is a free parameter describing the maximum potential
photosynthetic rate; α (mg O2 L-1 mmol photons m-2 s-1) is a free
parameter representing the initial linear slope of the relationship
between photosynthesis and light; Emean(t) is the mean available light
in the upper mixed layer (mmol photons m-2 s-1) measured at time t;
β is a free parameter describing the degree of photoinhibition in the
same unit as α.

Respiration (R) was calculated according to Jørgensen (1979),
considering R to be dependent on temperature. We use a thermal
dependence coefficient of 1.07 (Jørgensen, 1979) and a temperature
reference point of 30°C:

R t( ) � Rmax × 1.07 T t( )−30( ) (4)
where Rmax is a free parameter describing the respiration rate at 30°C
and Tt is the water temperature (°C) at time t measured at the same
depth of the DO sensor.

The atmospheric flux (m h-1) was calculated according to Staehr
et al. (2010a) as follows:

F t( ) � k t( ) DOsat t( ) −DO t( )[ ]/Zmix t( )
2

(5)

where DOsat(t) is the concentration in water at equilibrium with
atmosphere at ambient temperature and pressure calculated
according to Weiss (1970) at time t; DO(t) is the concentration
measured in the water at time t; Zmix(t) is the mixed layer depth (m)
at time t; k(t) is the coefficient of gas exchange and was calculated
considering the relationship between Schmidt numbers (Sc) and
temperature at time t (Jahne et al., 1987):

k � k600x Sc/600( )−0.5 (6)
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where k600 (m h-1) is k for a Sc of 600 and simulates the
piston velocity.

There has been much discussion in the literature about the
accuracy of predicting the piston velocity k600 from wind
measurements and the influence of the k600 model on
metabolism estimates (Dugan et al., 2016; Klaus and Vachon,
2020). In this work, we used ten different approaches to estimate
k600 and further, the metabolic rates. We aimed to understand if
and how the models can affect the major results (i.e., the mean
seasonal results) of this work, and we also evaluated the strengths
and vulnerabilities about the application of these models for
metabolism estimates. We separate the models into two
groups: 1) wind-based models and 2) models that consider
other processes that generate turbulence close to the air-water
interface besides the wind. We tested the follow approaches: 1.1)
Cole and Caraco (1998) – CC98; 1.2) Cole et al. (2010) - CO10;
1.3) bilinear model of Crusius and Wanninkhof (2003) - CWB03;
1.4) linear model of Crusius and Wanninkhof (2003) - CWL03;
1.5) power function of Crusius and Wanninkhof (2003) -
CWPF03; 2.1) the buoyancy flux model from Heiskanen et al.
(2014) - HE14; 2.2) the buoyancy flux model of MacIntyre et al.
(2010) - MI10; 2.3) the combination of the surface renewal model
from Read et al. (2012) and the breaking wave component of
Soloviev et al. (2007) - RS712; 2.4) the Vachon and Prairie (2013)
model that considers the lake area - VP13. Lastly, we also used
k600 as a free parameter simulating the piston velocity - K600F.
Models 2.1 and 2.3 were obtained from the LakeMetabolizer
package (Winslow et al., 2016). Refer to Supplementary
Material for the equations used and the abbreviations names
of the models (Supplementary Table S1).

We used the free parameters (Pmax, α, β, Rmax) and Eqs 2–6
above to estimate DO concentrations at 30 min intervals and, thus,
calculated daily metabolic rates. NEP was calculated as the difference
between the daily GPP and R (NEP = GPP - R).

To evaluate the adequacy of the model for each day, we
performed a linear regression between the estimated and
observed DO to obtain the p and R2 values. We considered as a
good model fit, only those days with R2 ≥ 0.7 and p < 0.05. In this
way, we assume that in days with a good model fit, the biological
processes and air-water flux are the main factors acting on DO
fluctuations. On the other hand, in days with a poor model fit, other
physical processes as internal waves, periodic mixing, and water
movements from the littoral zone might be controlling the DO
patterns, and thus, the model is not appropriate to represent these
processes (Hanson et al., 2008; McNair et al., 2013; Brighenti
et al., 2015).

For the two sampling periods, 58% (8,000 data points including
all k600 models) of the data achieved our model requirements and
were used in the data analysis. Days with poor model fit were more
frequent in P2 (2017–2019; 46% of the days), and mainly in the dry
season of the same period (66% of the days). Nonetheless, we believe
that this imbalance is unlikely to alter our findings, because of the
higher sample size used for comparative analysis (minimum of
1,014 days; Supplementary Table S2).

We also evaluated the occurrence of apparent light saturation
and photoinhibition process. We used the adapted approach from
Staehr et al. (2016) to estimate a light saturation index (Isat) and a
photoinhibition index (Iinh).

Isat � Pmax 1 − e − αEmean
Pmax( )( ) (7)

Iinh � e − βEmean
Pmax

( ) (8)

where Pmax, α, β are as described in Eq. 3, and Emean was considered
the average Emean values at 2-h around noon (11:00–13:00) for each
day, thus avoiding comparisons between different day-lengths.
Higher values of Isat signify higher levels of light saturation,
indicating the absence of light limitation for a particular day.
While higher values of Iinh indicate a reduced level of
photoinhibition for that day. The levels of light saturation and
photoinhibition are sensitive to the range of light conditions in
each day. We considered light saturation to be moderate to high
when Isat values were greater than 0.6 and photoinhibiotion to be
moderate to high when Iinh values were lower than 0.6 (Staehr
et al., 2016).

2.4 Data analysis

The non-parametric Kruskal–Wallis test was used to verify
differences in environmental variables between the combination
of the periods and seasons (P1-rainy vs. P1-dry vs. P2-rainy vs. P2-
dry) of this work. We used the Dunn’s test with Bonferroni
p-adjustment method to compare the groups. We used linear
model to assess the main factors and interacting effects of
periods, seasons, and models (i.e., the ten different approaches to
calculate k600) in the metabolic rates (e.g., GPP, R, NEP). Spearman
correlation analysis was used to assess the relationship between
environmental variables and metabolic rates. We consider
significance levels of p < 0.05. All statistical analysis were
performed in software R (R Core Team, 2022).

3 Results

3.1 Rainfall patterns and lake water
volume reduction

The accumulated rainfall was 1866 mm in P1 and 3,034.8 mm in
P2, however, the rainfall pattern was quite dissimilar between the
years for both periods (Figures 2A, B). The years 2012, 2018, and
2019 registered the lowest rainfall values (726.2, 1,296.4, and
1,084 mm respectively), and were below the historical mean for
the region (1981–2010: 1,359.5 mm; see Supplementary Figure S2).
The region also registered higher values of maximum air
temperature in the period ranging from 2011 to 2019, being on
average 2.6°C above the historical mean for the region (1981–2010:
28.8°C). A higher seasonal amplitude in water temperature was
observed for P2, which presented an average 1.1°C higher and 0.7°C
lower than that of P1 for the rainy and dry seasons, respectively,
following the pattern observed in air temperature (P1 21.9°C ± 3.6°C;
P2 22.5°C ± 3.8°C; mean ± standard deviation;
Supplementary Table S3).

Maximum depth ranged between 9.4 and 11.25 m in P1 and
between 6.9 and 8.8 m in P2 (Supplementary Table S3). The mean
water level in P2 (7.6 m) represents a total decrease of 4.2 m in
comparison with the last bathymetry data (Bezerra-Neto et al., 2010)
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and a 2.6 m decrease in comparison to mean water level in P1.
According to the hypsographic curves in Bezerra-Neto et al. (2010) a
loss of 4 m in water column corresponds to 65.4% loss in total lake
volume, thus, the total lake volume in P2 ranged around 50% and
35% of the volume registered in P1.

3.2 Water chemistry and
environmental variables

The mean concentration of all the environmental variables
(Figure 3; Supplementary Table S3) generally varied between the
periods and seasons, where on average the variation between periods
was higher than between seasons. The mean parameter
concentrations were significantly higher in P2 than in P1 (TN
2.8 times, Chl-a 1.7 times, DOC 1.8 times, CDOM254 1.5 times,
TSS 1.4 times), except for TP (1.6 times higher, but not statistically
significant). The mean parameter concentrations were also higher in
the dry season than in the rainy season for both periods, except for
TP, CDOM254, and Emean, which were higher in the rainy season of
P2 than in the dry season of the same period.

The PAR attenuation coefficient (KdPAR) was higher and the
Emean was reduced in P2 when compared to P1. Thus, the average
Emean value in the rainy season of P2 was 0.7 times the one found in
the same season of P1. The average Emean value in the dry season of
P2 was the lowest recorded for both periods and seasons, reflecting
the higher concentrations of DOC, TSS, TN, and Chl-a in this season
(Figure 3; Supplementary Table S3).

The Brunt–Väisälä frequency in P1 showed a clear seasonal
pattern, where the stratification stability decreased in the dry season
and increased again in the rainy season (Figures 2E, F). The mixed
layer depth followed the same tendency and evidenced two full
mixing periods, both during the dry seasons of 2011 and 2012
(Figures 2G, H). However, in P2 the stratification stability was quite
variable during the entire period and did not show the same clear
seasonal pattern exhibited in P1 (Figure 2). This instability in
P2 might indicate a higher susceptibility to occasional mixing
events during the entire year and higher variation in the mixed
layer depth. This is supported by the greatest coefficient of variation
of daily Zmix in P2 in comparison to P1 (64.8% and 40.3%,
respectively; CV= SD/mean X 100%). We also noticed the
occurrence of occasional mixing events in the P2 rainy season,
but not in the P1 rainy season (Figures 2G, H).

3.3 Metabolic rates

All metabolic rates (GPP, R, NEP) at surface waters varied
according to the interaction between periods and seasons.
Furthermore, epilimnetic R and NEP also varied with the
different k600 models (Table 1; refer to Supplementary Material
for the number of data points for each period, season, and model -
Supplementary Table S2).

Following the increase in nutrients, organic matter, algal
biomass, and the decrease in water transparency and light
availability, mean epliminetic GPP was 40% higher in P2 than in

FIGURE 2
Intra and inter-annual changes in daily (A, B) mean air temperature (line) and monthly accumulated rainfall (bars); (C, D) wind speed at 10 m; (E, F)
stratification stability (BV frequency); (G, H) mixed layer depth (Zmix). The grey area represents the typical dry season for both periods. High-frequency
data for Zmix and BV frequency is missing from September 2018 to November 2018 and from January 2019 to March 2019 (monthly data are shown for
Zmix). Dates in the x-axis are resepresented in the format MM/YY. For P1 the maximum depth was 11.2 m and for P2 the maximum depth was 8.8m.
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P1 (81.03 ± 0.60 mmol O2 m
-3 d-1 and 58.08 ± 0.74 mmol O2 m

-3 d-1,
respectively; mean ± standard error). In P1, epilimnetic GPP rates
were higher in the dry season than in the rainy season (91.97 ±
1.41 mmol O2 m-3 d-1 and 35.58 ± 0.31 mmol O2 m-3 d-1,
respectively). In P2, there was no statistically significant
difference in epilimnetic GPP rates between the seasons (82.70 ±

1.54 mmol O2 m
-3 d-1 in the dry season and 80.5 ± 0.63 mmol O2 m

-

3 d-1 in the rainy season). Epilimnetic GPP value in P2 rainy season
was quite similar to the P1 dry season (80.5 ± 0.63 mmol O2 m

-3 d-1

and 91.97 ± 1.41 mmol O2 m
-3 d-1, respectively) (Table 1; Figure 4).

Mean epiliminetic R also increased in P2 in comparison to P1
(80.71 ± 0.94 mmol O2 m

-3 d-1 and 58.26 ± 0.87 mmol O2 m
-3 d-1,

FIGURE 3
Variation of environmental variables in Lake Carioca between periods and seasons. All box plots show the third and first quartiles, the center line is
themedian and the "+" symbol indicates themean value. Error bars represent theminimum andmaximum values. Black circles indicate outliers. Different
letters represent significant differences between seasons and periods (p < 0.05), and equal letters represent no significant differences between the groups
(p > 0.05). P1 column indicates the 2011–2012 period. P2 column indicates the 2017–2019 period. Blue bars represent the data collected in the rainy
season and the light brown represents the data collected in the dry season for (A) total nitrogen; (B) total phosphorus; (C) chlorophyll-a; (D) total
suspended solids; (E) dissolved organic carbon; (F) absorbance coefficient at 254 nm; (G) light attenuation coefficient; and (H)mean available light at the
upper mixed layer.
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respectively). There was a difference between the seasons for both
periods (Figure 4D), where the highest rates were found in the dry
season (89.93 ± 1.79 mmol O2 m

-3 d-1 in P1 and 101.68 ± 2.62 mmol
O2 m

-3 d-1 in P2). The mean R registered in the P2 rainy season was
almost two times higher than in the same season of P1 (74.07 ±
0.89 mmol O2 m-3 d-1 and 37.23 ± 0.42 mmol O2 m-3 d-1; Table 1
and Figure 4).

In consequence, epilimnetic NEP shifted from a state near
equilibrium (NEP ≈0) in P1 (mean NEP -0.18 ± 0.29 mmol O2

m-3 d-1) to an autotrophy state in the P2 rainy season and
a heterotrophy state in the P2 dry season (6.44 ± 0.51 mmol O2

m-3 d-1 and -18.98 ± 1.81 mmol O2 m
-3 d-1, respectively; Table 1 and

Figure 4), following the higher concentrations of DOC observed in
this season.

Although the different k600 models were sources of variation for
epilimnetic R and NEP, the main results (i.e., seasonal differences in
Figure 4) remained almost the same regardless of the model used.
Two exceptions were the bilinear (CWB03) and the power function
(CWPF03) of Crusius and Wanninkhof (2003) in which epilimnetic

R rates were equal between the rainy and dry season of P2.
Regarding epilimnetic NEP, we noticed that k600 as a free
parameter was the model responsible for the statistical difference
found between the seasons of P1. For the other 9 models tested, no
statistical difference between the rainy and dry seasons of P1 was
observed. Moreover, epilimnetic R and NEP absolute values were
higher than expected in some of the models, especially those that
consider other turbulence generating processes besides the wind,
mainly during the P2 for both seasons (see
Supplementary Figure S3).

Regarding light saturation and photoinhibition occurrence, the
index Isat showed the lowest values during the P1 rainy season
(Figure 5A), indicating that epilimnetic GPP was more prone to be
light limited during this season, when compared to the others.
P1 rainy season were also the season when epilimnetic GPP was
more prone to experience photoinhibition (lower values of Iinh;
Figure 5B). On the other end, epilimnetic GPP during the P2 dry
season were less prone to experience photoinhibion than all other
seasons followed by the P1 dry season and the P2 rainy season.

TABLE 1 Results from the linear regressionmodels testing the effects of periods, seasons, andmodels (i.e., the different k600models) and their interactions
on the epilimnetic metabolic rates.

Source of variation Sum Sq Degrees of freedom F Value p-value

GPP Season 1669344 1 1,159.4 <0.001

Period 1523269 1 1,057.9 <0.001

Model 16780 9 1.3 0.23

season:period 1215119 1 843.9 <0.001

season:model 8256 9 0.6 0.77

period:model 12995 9 1.0 0.44

season:period:model 2724 9 0.2 0.99

Residuals 11461398 7960

R Season 2848773 1 976.3 <0.001

Period 1647904 1 564.8 <0.001

Model 57886 9 2.2 0.02

season:period 252008 1 86.4 <0.001

season:model 35049 9 1.3 0.21

period:model 30372 9 1.2 0.32

season:period:model 56224 9 2.1 0.02

Residuals 23226176 7960

NEP Season 156658 1 175.2 <0.001

Period 2450 1 2.7 0.10

Model 12647 9 1.6 0.12

season:period 360385 1 403.1 <0.001

season:model 30700 9 3.8 <0.001

period:model 6651 9 0.8 0.59

season:period:model 45669 9 5.7 <0.001

Residuals 7116116 7960

Bold values indicate statistical significance. GPP, epilimnetic gross primary production; R, epilimnetic respiration; NEP, epilimnetic net ecosystem production.
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4 Discussion

4.1 Water loss, water chemistry, and
metabolic rates

Between P1 and P2, Lake Carioca suffered an extreme reduction
in water levels. During 2014 and 2015, the accumulated rainfall was
29% lower than expected for the region (Supplementary Figure S2),
and the dry season extended through the typically rainy months of
these years when the meteorological drought led to a hydrological
drought (Lake, 2011). This fact, in combination with the higher air
temperature, resulted in a process known as evapoconcentration,
increasing lake nutrients and DOM due to less dilution (Waiser
et al., 2006; Brasil et al., 2016; Mendonça Júnior et al., 2018; Junger
et al., 2019). During P2, the precipitation returned to typical values
(2017), carrying terrestrial loads of nutrients and DOM into the lake
but not refilling the system to its previous volume (Schindler et al.,
1997; Chiu et al., 2020). As a result, higher DOC concentrations in
P2 were accompanied by higher allochthonous DOM (CDOM254) in
the rainy season (r = 0.52, p < 0.001).

In agreement with our expectations, metabolic rates at surface
waters were on average higher during the post-drought period (P2)
than during the pre-drought (P1), coinciding with the increase in
concentrations of nutrients, carbon, light attenuation, and the
consequential decrease in light availability in the mixed layer.
Furthermore, the effect of seasonality in epilimnetic GPP and R
rates during the P2 was lower than in P1, except for NEP. During
P1 rainy season, low nutrient availability in combination with the
higher light availability and greater levels of photoinhibition in the
epilimnion, driven by higher stratification stability, most likely
reduced epilimnetic primary production as previously shown by
Brighenti et al. (2015). Corroborating to this, we found strong
significant negative correlations between epilimnetic GPP and
Emean (r = −0.66, p < 0.001) and strong significant positive
correlations between epilimnetic GPP and TN (r = 0.62, p <
0.001), while Iinh were negatively correlated to Emean (r = −0.57,
p < 0.001) and positively correlated to TN (r = 0.52, p < 0.001), which
means that higher levels of apparent photoinhibition occurred during
higher Emean and lower TN. However, during the post-drought period
(P2), seasonality on epilimnetic GPP was weakened.

FIGURE 4
Variation in epilimnetic metabolism estimates of (A)weekly interval of P1 (2011–2012) and (B) P2 (2017–2019); and between periods and seasons for
(C)GPP – epilimnetic gross primary production; (D) R – epilimnetic respiration; (E)NEP – epilimnetic net ecosystem production. Grey areas indicate the
typical dry season. Bars represent themean value and error bars represent standard error. Blue bars indicate the rainy season and light brown bars indicate
the dry season. Different letters represent significant differences between seasons and periods (p < 0.05), and equal letters represent no significant
differences between the groups (p > 0.05).
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The effects of increased DOM in the water column are usually
expected to decrease GPP by reducing light availability, while
stimulating R, resulting in negative NEP values
(i.e., heterotrophy) (Staehr et al., 2010b; Bogard et al., 2020).
However, in Lake Carioca, the higher DOC and CDOM254 in
P2 most likely stimulated both epilimnetic GPP and R. Higher
DOM concentration in the water column might have influenced
primary producers, as algal biomass (i.e., Chl-a) peaked at higher
DOC concentrations (11.9 mg L-1; r = 0.42, p = 0.008), in agreement
with the unimodal curve relationship described by Bergstrom and
Karlsson (2019), where algal biomass showed the maximum values
at DOC levels around 11 mg L-1. Allochthonous DOM reaches the
lake as relatively recalcitrant molecules, however, through biological
and/or light-induced mineralization the organic fraction of DOM
can become available for the aquatic microbial community
(Vähätalo and Wetzel, 2008) releasing nutrients and CO2 to the
water column (Jansson et al., 2012), thus enhancing primary
production. Furthermore, previous studies show that
allochthonous DOM can also increase nutrients concentration by
co-exporting and releasing bound nutrients (Kissman et al., 2013;
Solomon et al., 2015; Zwart et al., 2016). In fact, TN was positively
correlated with DOC concentrations (r = 0.65, p < 0.001) and the
higher CDOM254 index (i.e., proxy of allochthonous DOM content)
found during the P2 rainy season was accompanied by slightly
elevated and more variable concentration of TP (Figure 3B) and TN
(r = 0.55, p< 0.001). Furthermore, the rise in epilimnetic GPP and
respiration R in P2 occurred in the specific context of a drought
cessation. This aligns with prior research indicating that alterations
in material loading from the watershed result in qualitative and
quantitative changes in lake nutrients and DOM, as well as in
metabolic rates at both seasonal and annual scales (Chiu et al., 2020).

Moreover, as light and nutrients are a bottom-up control for
algal growth (Reynolds, 2006; Jakobsen et al., 2015), the change in
light availability pattern conditioned by the higher content of

optically active substances in P2 and increased nutrients
concentrations most likely drove the lack of seasonal variation in
epilimnetic GPP rates. The 30% reduction in mean light available in
the mixed layer during the P2 rainy season and the increased
nutrients concentrations (compared to the same season of P1)
make the light and nutrients conditions closer to the P1 dry
season than to the pre-drought rainy season (P1). In the same
way, epilimnetic GPP rates during the P2 rainy season are almost as
high as the epilimnetic GPP rates during the P1 dry season, the most
productive season of the pre-drought period of the study. This
inverse relationship between light availability and primary
production in Lake Carioca and other lakes in the same region
has been demonstrated in previous observational field studies
(Gagliardi et al., 2019) and mesocosm experiments (Brighenti
et al., 2018). However, the even higher nutrient concentrations
(TN) and light reduction in the P2 dry season did not have the
same effect of increasing the epilimnetic GPP rates compared to the
P1 dry season and the P2 rainy season. During the P2 dry season,
epiliminetic GPP rates are lower than during the P1 dry season
despite higher TN levels, lower Emean, and still high Chl-a
concentrations. GPP during the P2 dry seasons was also less
prone to be photoinhibited and more prone to be light saturated.
These findings may be explained by variables not considered in this
study, such as phytoplankton composition and stoichiometry (Shao
et al., 2023).

Regarding epilimnetic respiration rates, our results showed that
R rates increased with epilimnetic GPP in the P2 rainy season and
surpassed GPP in the P2 dry season. Regardless of the higher
variation of daily mixed layer depth found during P2, most lake
mixing events continue to occur during the dry season. Mixing
events provide inorganic material to DOM production by primary
producers and releases organic substrates from the sediment, which
is used by bacteria as an energy source in respiration processes
(Staehr and Jensen, 2007). Even though most of the organic carbon

FIGURE 5
Variation of the (A) light saturation index (Isat) and the (B) photoinhibition index (Iinh) of epilimnetic primary production in Lake Carioca between
periods and seasons. Different letters represent significant differences between seasons and periods (p < 0.05), and equal letters represent no significant
differences between the groups (p > 0.05). P1 column indicates the 2011–2012 period. P2 column indicates the 2017–2019 period. Blue bars represent
the data collected in the rainy season and the light brown represents the data collected in the dry season. Box-plots represent the 25th and 75th
percentile and the median.
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trapped in the hypolimnion is comprised of allochthonous material,
the elevated amount of autochthonous production in Lake Carioca
during P2 can facilitate the degradation and utilization of the
recalcitrant DOM pool by the heterotrophic community
enhancing respiration rates (i.e., priming effect; Guenet et al.,
2010; Townsend et al., 2011). Therefore, with DOC increase,
greater bacterial biomass and respiration levels are likely to occur
(Tranvik, 1988). In fact, the highest concentrations of DOC were
found during the P2 dry season, which, along with autotrophic
production, might explain the seasonal variation in R rates.

In relation to the changes in the lake mixing pattern, the effect of
the decrease in water level and lake volume can produce two
antagonistic results. Water loss can reduce the temperature
gradient between surface and deep layers, deepening Zmix

(Landkildehus et al., 2014) and increasing the susceptibility to
wind-induced mixing events (Fee et al., 1996). However, water
loss also increases the concentration of nutrients and carbon due
to less dilution, reducing the water transparency and increasing the
absorption of solar radiation in the surface waters, thus shortening
the mixed layer depth (Read and Rose, 2013; Tsai et al., 2016;
Bezerra-Neto et al., 2019). Both processes seem to occur in Lake
Carioca but at different moments: occasional mixing events
prevailing in the P2 rainy season and shortening of Zmix

occurring during the P2 dry season. Although most of the
mixing events continued in the dry season, the observed lack of a
clear stratification stability pattern in P2 led to the occasional mixing
events even during the typical highly stratified rainy season. Thus,
the higher variation in Zmix enables the re-entrance of nutrient and
carbon-rich bottom waters in the surface optical zone, which
reinforces their direct (e.g., algal growth stimulation) and indirect
(e.g., lower light availability) effects in metabolic rates (Staehr and
Jensen, 2007).

It is expected that variability in epilimnetic GPP and R rates
would respond to variability in water temperature (Brown et al.,
2004; Yvon-Durocher et al., 2012). Since the activation energy of
aerobic respiration is higher than photosynthesis, R is expected to
increase more rapidly with increasing temperature than GPP, which
leads to lower NEP values (Yvon-Durocher et al., 2017). In our
study, considering only the same season (rainy = warmer months;
dry = colder months) for comparing P1 and P2, daily average GPP
was positive correlated with daily average water temperature (Tw) at
depth of the DO sensor (Rainy: r = 0.12, p < 0.01; Dry: r = 0.17, p <
0.01). While daily average R were positive correlated with Tw only
when considering dry seasons in P1 and P2 (r = 0.14, p < 0.05).
However, temperature dependence of metabolic rates does not
explain by itself variability in epilimnetic metabolic rates in Lake
Carioca across different season and periods. During P2 dry season,
epilimnetic R rates were the highest and water temperature were the
lowest across all seasons, leading to the lowest values of NEP.

Finally, the combination of all these changes in lake physical and
chemical characteristics influenced the shift in the metabolic balance
of Lake Carioca. While during P1 epilimnetic NEP rates were near to
equilibrium state with a slight tendency for heterotrophy
(NEP = −0.18 ± 0.29; mean ± standard error), during the P2 the
lake trophic status switched from a significant autotrophy state in
the rainy season to a highly heterotrophic state in the dry season. On
the other hand, the elevated epilimnetic GPP found during the
P2 rainy season drove the autotrophy in this season, benefiting from

the low light conditions due to higher DOC concentration and water
color and also by the higher concentration of nutrients (del Giorgio
and Peters, 2002; Brighenti et al., 2015). The notable instability
observed in both auto- and heterotrophic states appears to stem
from eutrophication (Dodds and Cole, 2007), a phenomenon
documented in this study. A similar trend was noted in the
research by Junger et al. (2019), where eutrophic environments
exhibited significant fluctuations in metabolism over time. It is
conceivable that this dynamic, characterized by elevated
production and accumulation of organic matter, contributes to
the fluctuating balance between auto- and heterotrophy,
potentially exacerbated by the resuspension of organic matter
during periods of low water levels.

The remarkable epilimnetic R rate that was fueled by higher
DOC content during the dry season drove epilimnetic NEP towards
a more heterotrophic state. Changes in CO2 flux and alternation of
autotrophy and heterotrophy periods were previously recorded for
Lake Carioca by Reis and Barbosa (2014) through diurnal scale
measurements. Furthermore, our results confirm the findings of the
mesocosm study by Brighenti et al. (2018), conducted at the same
lake of this work, where nutrients and carbon additions strongly
enhanced the metabolic rates through a combination of stimulation
of algal growth and the decrease of likelihood of apparent
photoinhibition. Here, the effect of water loss and the variation
in the precipitation pattern turned the DOC levels ~2 times higher
than the concentration used to simulate carbon addition in the
experiment (8.6 ± 0.1 µg L-1; mean ± standard deviation), explaining
the shift in lake trophic status seen in this study, contrary to the NEP
results of the mesocosms study. The pattern of fewer rain events
during the rainy season, yet with intense rainfall concentrated within
a short timeframe, coupled with significant year-to-year fluctuations
in precipitation (such as wet years following prolonged dry periods),
leads to a distinct pattern in the influx of allochthonous dissolved
organic matter (DOM) into aquatic ecosystems (Hotchkiss and
DelSontro, 2024). Following extended droughts, organic matter
accumulated in the soil is washed into water bodies in a single
large pulse during heavy rainfall events, resulting in elevated levels of
DOM available for decomposition in the water column (Suhett
et al., 2007).

4.2 Modeling process and its influence on
metabolic rates

The influence of air-water exchange term in metabolic estimates
is an issue of frequent concern (Staehr et al., 2010a; Dugan et al.,
2016). Our study used 10 different equations to estimate the air-
water flux exchange component. Although these models did not
influence the epilimnetic GPP variability and did not change the
general seasonal pattern of epilimnetic R and NEP rates, their
magnitude varied among the different k models, mainly during
the P2 dry season.

In general, we noticed that higher epilimnetic R and lower NEP
rates during P2 occur mostly among the models from MacIntyre
et al. (2010), Heiskanen et al. (2014), the combination of the models
from Read et al. (2012) and Soloviev et al. (2007), Vachon and
Prairie (2013), and by the k600 estimated as a free parameter. All
these approaches have in common the fact that they do not consider
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wind speed as the only factor influencing the air-water exchange.
As a tropical, small, shallow, and wind-sheltered lake, diel heating
and cooling can be the primary mechanism that drives surface gas
exchange, explaining the lack of variability between the wind-
based models and the higher absolute values of epilimnetic R and
NEP found for the surface renewal models, in agreement with the
results of Dugan et al. (2016) for small lakes. Furthermore, these
higher values occurred only in a few days, mainly in the dry
season, during which most of the lake full-mixing
events occurred.

Besides the influence of the models, these higher values could
also be a result of oscillations in the DO measured that were
captured by the sensors. As cited previously, we found a greater
day-to-day variation in the mixed layer depth during the P2 dry
season which could be a result of the cooling and heating
dynamics (Staehr et al., 2012b). These abrupt and frequent
deepening of Zmix could bring oxygen-depleted bottom waters
to the surface, causing oscillations in the signal captured by the
sensor, which further might result in an overestimation of
epilimnetic R and NEP rates. Despite this, it is unlikely that
these non-biological sources of noise in the DO measurements
affect the daily, weekly, and seasonal metabolic means, being
more important at sub-daily timescales (Staehr and Jensen, 2007;
Staehr et al., 2010a) that are beyond the scope of this work. To
deal with this source of uncertainty: i) we applied smoothing
solutions to our dissolved oxygen data (Coloso et al., 2008); ii) the
number of days under investigation was elevated (Staehr et al.,
2010a); and iii) most of the days with noise in the oxygen
measurements, which in fact occurred mostly during the
P2 dry season, had a poor model fit (R2 < 0.7) and were not
included in the results shown here.

Regarding estimating k600 as a free parameter, this
approach had the highest absolute epilimnetic R and NEP
rates between all the models. As the primary role of an
optimization algorithm is to identify a parameter value that
optimally fits the data, allowing k600 as a free parameter may
yield a superior fit compared to other models, yet it might not
accurately depict the system’s internal processes. Thus, if noisy
DO data were incorporated into the modeling process, those few
days with higher absolute values of epilimnetic R and NEP could
represent an overestimation of these rates, despite our efforts to
maintain conservative results.

An alternative approach to improve estimates of the air-water
exchanges that were not included in our study relies on estimates
turbulence, as rate of dissipation of turbulent kinetic energy, taking
into account the relative contributions of wind and the buoyancy flux.
However, this approach requires measurements of the turbulent
kinetic energy from temperature-gradient microstructure profilers
and acoustic Doppler velocimeters (MacIntyre et al., 2021).
Another alternative approach to estimate metabolic rates that has
been said to mitigate problems with air-water gas exchange is the
combination of DOmeasurements and DO stable isotopes ratio (O18:
O16 expressed as δ18ODO) (Dordoni et al., 2022; Piatka, et al., 2022).
However, the use of stable isotopes also has limitations, especially
regarding to sampling limitations, such as understanding diel isotope
variations, since sampling usually occurs around noon (Bogard
et al., 2017).

In addition to air-water gas exchange, other physical processes,
such as internal waves and heterogeneous turbulent mixing, also
affect the dissolved oxygen (DO) signal (Coloso et al., 2008; Coloso
et al., 2011). Unlike air-water gas fluxes, these physical processes are
more challenging to track and have been less studied in lake
metabolism research (Fernández Castro et al., 2021). However,
they can significantly impact DO levels, especially in tropical
lakes with high evaporation rates and temperature-sensitive
density changes (Talling, 1963; Macintyre et al., 2014). To
address internal motions impacting oxygen levels, Fernández
Castro et al. (2021) proposed two new methods. In the first, the
scale-separation technique, they combined a 2-week oxygen budget
with spectral methods to differentiate biological signals from
physical movements. Smoothing temperature and oxygen data
over 15 days revealed seasonal oxygen changes, aiding in
understanding oxygen dynamics over the period. In the second
method, they directly filtered slow movements’ effects on oxygen
levels. Analyzing temperature and oxygen anomalies in daily
records, split into 24-h segments, isolated oxygen changes due to
vertical movements. This facilitated calculating hourly oxygen
changes linked to biological processes. Improving our estimates
of air-water gas exchange and incorporating other physical processes
intometabolism estimates hold strong promise for better projections
and modeling of lake metabolism and, as a result, greater prospects
for understanding and anticipating future lake responses to
global changes.

5 Conclusion

Our study corroborates the hypothesis that metabolic rates
in the upper mixed layer of a tropical lake changed due to
prolonged drought. Although the different models for air-water
exchange estimations bring some variation in the estimates of
epilimnetic GPP and R, it can be concluded that the reduction in
lake water volume followed by the resumption of rainfall has
consequences for the metabolism at surface waters of Carioca
Lake, enhancing nutrient and DOM concentrations, reducing
water transparency and light availability, thus enhancing both
epilimneticc GPP and R and weakening the role of seasonality
on epilimnetic metabolism. We expect warm monomictic
tropical lakes, subject to high evaporation rates, to respond
similarly to Carioca Lake. However, our results also lead us to
think about the complex mechanisms of ongoing climate
change, which imply a complex range of consequences in
aquatic ecosystems, depending on different intrinsic
characteristics of each system, such as mixing regimes,
morphometric features, and surrounding land use. Given that
the primary manifestation of climate change in tropical latitudes
is the alteration of rainfall regimes (Brêda et al., 2023),
understanding the effects on lake metabolism is crucial for
predicting and mitigating potential ecological consequences.
In light of these findings, further research is warranted to
fully understand the complex interplay between climatic
factors and lake metabolism, particularly in changing
hydrological patterns and their implications for aquatic
biogeochemistry and biodiversity conservation.
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