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This paper provides a technical analysis of a river’s current and future resilience
in a watershed with intensive agricultural and fishing activities. The study area
was the last section of the Culiacan River corresponding to the river mouth over
alagoon system. Dissolved oxygen modeling was performed using the Streeter-
Phelps model to evaluate the river self-depuration capability using Biochemical
Oxygen Demand, dissolved oxygen, streamflow, and water temperature data
from 2013 to 2020. Fieldwork was carried out to establish the
geomorphological characteristics of the river by determining stream velocity,
width, and depth and the location of nine sources of pollution on the river. The
modeling was performed for three groups of months with different
temperatures, identified by hierarchical cluster analysis. Estimates were
made for future scenarios, assessing the effect of climate change on the
Culiacan River's self-depuration capability. The results showed that most of
the year, the degradation rate of the system results in rapid assimilation of
organic matter. However, the modeling indicates that the river would lose its
resilience capability under climate change. Thus, it is essential to implement
wastewater treatment systems to reduce the environmental impact on the
aquatic ecosystem in the river and the lagoon system.
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1 Introduction

Climate change refers to a change in the state of the climate
recorded at a local, regional, or global level that can be identified by
the variability of its properties (IPCC 2019). Over the long term, this
variability has caused alterations in the environmental characteristics
such as ocean acidification, melting glaciers, depletion of water
reserves, pressure over terrestrial and marine systems (which are
food producers), and higher diffusion of persistent organic pollutants
(Ledn-Cortés et al., 2018; He et al,, 2018). Climate change has been
associated with either global conditions of warming or cooling. The
negative impact on the water quality of water bodies is related to the
temperature increase. The most studied impacts are the solubility
decrease of the dissolved oxygen (DO) and changes in the
nitrification and eutrophication processes (Rodriguez 2020).

The wastewater discharges cause a decrease in the DO
concentration in the receiving aquatic bodies. The accelerated
population growth has contributed to the DO reduction, and
nowadays, it has caused the loss of environmental services in
surface water bodies (e.g, rivers and dams) (Tehreem et al,, 2020).
Furthermore, the increasing temperature and the reduction of the
ecological flow increase the severe consequences for ecosystems, such
as modifying the conditions in habitats, decreasing the species yield,
and damaging ecological processes and the ecosystem’s features
(Hader and Barnes 2019). It was estimated that the planet’s
temperature will increase by 1.5°C between 2030 and 2052 (IPCC
2019). In addition, in 2100, the warming can be between 3 and 4°C
above the current average temperature (IPCC 2019).

Climate change affects the temperature of the surface water bodies.
A research group evaluated the effect of the environmental conditions
and morphometric parameters on the temperature change of 10 lakes
in Poland (Czernecki and Ptak, 2018). That analysis is based on the
historical measurements (1971-2015), which showed a trend in which
the average annual temperature increases by 0.37°C in the lake’s surface
water. The future changes in the surface temperature in the lakes were
based on simulations of 33 Atmosphere-Ocean General Circulation
Models (AOGCMs) available in the project Coupled Model
Intercomparison ~ Project 5 (CMIP5) for  Representative
Concentration Pathway (RCP): 2.6, 4.5, 6.0, and 8.5. The scenes
indicated an increase in the lake’s water temperature from 14°C
(RCP 2,6) to 42°C (RCP 85) from 2081 to 2100. The developed
empirical-statistical scale reduction models use the air temperature field
as the predictor. The scenes indicated an increase in the lake’s water
temperature from 1.4°C (RCP 2,6) to 4.2°C (RCP 8.5) for 2081-2100.

Yang et al. (2019) identified a causal relationship between
climate change and anthropogenic activities on the increase of
temperature of eleven lakes. The study was performed through a
cluster analysis, with the K-means method, in three types of lakes:
natural, semi-urban, and urban lakes. The results show a warming
trend from 2001 to 2017, according to the annual average lake
surface water temperature (day/night) and the near-surface air
temperature in the eleven lakes. For the lake surface water
temperature, urban lakes warming is more evident than the

Frontiers in Environmental Science

02

10.3389/fenvs.2022.903046

warming in semi-urban and natural lakes, which signals the
significant impact of human activities on the lake surface water
temperature.

Changes in land use cause direct and indirect impacts on water
bodies, inducing alterations in the water quality. For example, the
nutrient loads are increased from agricultural and domestic
wastewaters (Mendivil-Garcia et al, 2020; Paudel and Cargo
2021). Mainly, intensive agriculture produces higher water
stress in basins due to 65%-85% of its freshwater requirement.

Sinaloa is the most important agricultural state in Mexico. In
2020, 10,675.26 km? of land was cultivated, where 11, 803, 854 t of
food was produced, implying more than $3,055 billion (CODESIN
2021). Culiacan River (CR) supplies water for the irrigation of
2,734.75km’ of cropland, with a value of $885,860 (CODESIN
2019), and supplies water for 2,316,427 inhabitants (INEGI 2021).
Furthermore, the basin of CR flows out in the Gulf of California, over
the lagoon system of Altata-Ensenada del Pabellon. The agricultural
drainage of the CR area provides 37,132 t/yr of inorganic nitrogen and
1,695 t/yr of inorganic phosphorous, which contributes to the decrease
in the salinity of the bay in which the River flows out (Mendivil-Garcia
etal, 2020). Consequently, poor water quality in the River would have
disastrous effects on the coastal ecosystems and fish production.

There are three critical influencing factors on the CR’s future
water quality: Agricultural land use, agricultural wastewater with
high agrochemical content, and climate change effect. These
factors compromise the environmental services, such as food
production (fishing and agriculture). A numerical model
application with accurate measurements and temperature trends
could help quantify the effect of those three key factors in CR.

The aquatic ecosystems can resist anthropogenic activities and
the climate change effect; this capability is resilience (Fuller et al,
2019). In order to evaluate the resilience of a water body,
mathematical models have been developed considering the main
mechanisms of pollutants transport, aeration, and natural microbial
purification (Quiroz-Ferndndez et al, 2018). Among the most
advanced models, QUAL2E, WASP, WASP-IPX, SWRRBWQ,
and MIKE 11 are fourth-generation models (Bui et al, 2019
Kamal et al, 2020). However, the high degree of complexity in
the structure and dynamics of the aquatic ecosystems and the natural
stochastic character have halted the formulation of a complete,
general, and dynamic model suitable for developed countries.

The Streeter-Phelps model is broadly used for water quality
modeling under DO balance in water bodies. This model considers
the DO consumption by aerobic microorganisms responsible for
organic matter oxidation and the input of DO by the reaeration
process. This recovery in the DO levels depends on the hydraulic
characteristics of rivers (Mendes et al, 2020). The Streeter-Phelps
model has been used successfully in diverse latitudes to evaluate the
resilience of surface water bodies in front of agricultural, domestic, and
industrial discharges (Arifin et al,, 2019; Wahyuningsih et al,, 2020).

Studies have been conducted to relate climate change and water
bodies’ resilience. Generalized methods of moments have been
implemented to assess the impact of average temperature, energy
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demand, and population growth on water stress. The results show
that the water quality is affected by the high energy demand and the
industrialization process; it was found that rapid industrialization and
low water quality are the liable factors for infant mortality in the
region studied (Tehreem et al, 2020).

Three models of terrestrial area (LPJmL-DGVM, INLAND-
DGVM, and ORCHIDEE) were used to analyze the impact of
deforestation and climate change in terms of the hydrology in the
Amazon Basin. In addition, three General Circulation Models were
used to correct the climate in the three scenarios generated. The results
estimate that the temperature in the Amazonic region will increase by
3.3°C, producing a decrease of 31% in the minimum discharge of the
River at the end of this century (Guimberteau et al., 2017).

Projections resulting from climate change, nutrient loads, and the
phytoplankton production in freshwater were performed employing
the following two climatic simulations: the hydrologic model Soil and
Water Assessment Tool (SWAT) and the ecologic model
AQUATOX (Pesce et al., 2018). The results show an increase of
5°C for 2100, with the base period with a RCP of 4.5. With a RCP of
8.5, an increase of 7°C was projected. Moreover, the nitrogen and
phosphorous trends increment from 50 to 300% in the winter period
and variations in the phytoplankton species.

Nowadays, a few studies have been carried out to evaluate the
resilience of water bodies considering climate change by employing
mathematical models. The existing studies focus on evaluating of the
water availability rather than the water quality. There are no models

10.3389/fenvs.2022.903046

that objectively quantify the combined effect of agriculture, wastewater
discharge, and climate change on the surface water quality in Mexico.
Models are necessary to determine the future water features and,
under these scenarios, to propose preventive actions for the
conservation and suitable distribution of water in Mexico.

This work aims to generate and analyze future scenarios about the
water quality in a representative tropical river (mainly in developing
countries), using kinetic and hydrologic basis considering the variability
under climate change trends. Moreover, the resilience of the River is
evaluated with mathematical models so that the decision-makers use
this technical information to formulate development plans.

2 Methods

The prediction of water quality of tropical rivers involved the
use of a dynamic model (not static) and quantify factors such as
kinetic

climatological. This parameterization of variables also requires

hydrological, (chemical and biochemical), and
the incorporation of the dynamic aspect within the model itself.
In the present study, hydrological, hydraulic, kinetic, and water
quality methodologies, as well as a calibrated deterministic
modeling, and their coupling to climate change trends were
followed in sequence. In each stage, information was obtained
experimentally for the greatest possible certainty of the results.

Figure 1 shows the steps of the overall methodology.

METHODOLOGY
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Subsequently, Sections 2.1-2.8 describe the steps in detail that
were carried out to achieve the research objective.

2.1 Study area and data source

CR is the mainstream of the Culiacan Basin with a warm
semi-arid climate and Mexico’s highest agricultural and fishing
activities. It is the second biggest basin in the country in terms of
drained area, which achieves 19,150 km®. In the coastal region of
the basin, the main economic activities are fishing and
agriculture. Fishing activities produce 353,604 t of food, with a
commercial value of $556,393 (SIAP 2020).

The selected transect used for parameterization of the model
(Section 2.2) was located between the geographical coordinates
(24.6284, —107.661) and (24.4936, —107.7323). In this section, the
National Water Commission in Mexico (CONAGUA) installed
three monitoring points: the site RHI10-2  Sinaloa
(24.6284, —107.661), Culiacan River 1 (24.4976, —107.732), and
the point Culiacan River 2 (24.5319, —107.71) (Figure 2), where
water quality data such as DO, BOD, COD and Temperature are
recorded bimonthly. These points correspond to 6 km upstream of
the river mouth. The CR mouth is located on the lagoon system of
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The transect of study on the Basin of the Culiacan River for the DO modeling.
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Dendrogram graphic obtained using the nearest neighbor
method with Euclidean distance for the months grouping by water
temperature similarity.

Altata-Ensenada de Pabell6n. In this system are six fishing villages,
where fishing engages 74% of the population. The lagoon system
Altata-Ensenada del Pabellon is the habitat of bivalve mollusks,
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TABLE 1 Ranges of depth and velocity to develop the O'Connor-
Dobbins, Churchill, and Owens-Gibbs formulas for stream
reaeration.

Parameter O’Connor-Dobbins Churchill Owens-Gibbs
Depth m 0.30-9.14 0.61-3.35 0.12-0.73

ft 1-30 2-11 04-2.4
Speed  mps  0.15-0.49 0.55-1.52 0.03-0.55

fps 05-16 1.8-5 0.1-1.8

Source: Chapra (2008).

shrimps, scales fishes, sharks and rays (INAPESCA 2019).
Furthermore, this system is one of Mexico’s central natural
wetland systems (DOF 2019).

2.2 Model selection and parameterization

Streeter-Phelps model was selected because it requires a minimum
of historical data and represents the water body behavior under the
effect of a point source pollution (Long 2020). The point and diffuse
sources of pollution in the Culiacan Basin hinder the application of the
water quality model the fourth generation. Despite the simplicity of the
Streeter-Phelps model, its accuracy increases as the kinetic and
hydraulic variables are measured in situ and laboratory (de
Victorica-Almeida 2003). Moreover, this model is easy to use and
converges quickly, unlike fourth generation models. Eq. 1 is the
Streeter-Phelps model used for the DO simulation in this work.

k,L
D = Xalo

=Tk, (e"‘d' - e_k") + Dye ™t (1)

Where D is the dissolved oxygen deficit (saturation DO—DO) (mg/L);
Ly is the ultimate BOD of the mixture of stream water and wastewater
(mg/L); k, is deoxygenation rate, 1/d, k, is reaeration rate, 1/d; t is the
elapsed time between discharge point and distance downstream; D, is
the initial oxygen deficit of the mixture of river and wastewater (mg/L).

The critical point equals the deficit s critical time (tc), which shows
the lowest point on the DO sag curve profile. At this point, stream
conditions are at their worst. Setting the derivative of the oxygen deficit
equal to zero and solving for the critical time yields on Eq. 2.

1 k, Do,k
o ln{kd [1 e @

2.3 Effect of temperature on
deoxygenation rate

The deoxygenation rate (k;) is the rate of contaminants

biodegradation by aerobic heterotrophic microorganisms
(Benedini and Tsakiris 2013).
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TABLE 2 BOD concentration in discharges of the shrimp industry to
surface water bodies, reported in the literature.

Research BOD (mg/L) DO (mg/L)
De Melo Ribeiro and Naval (2019) 841 —

Dhanke et al. (2019) 3,250 —

Motasim (2017) 377 + 15 1.7 £ 0.12
Pyiieiro et al (2019) 256.67 2.29

Average 1,181.16 1.99

Annual and monthly averages of temperature were
determined from 2013 to 2020 (Supplementary Appendix SI,
Supplementary Table S1). Temperature data was processed by
cluster analysis using the Linkage method (Nearest Neighbor), a
dissociative method. The data were grouped according to internal
homogeneity and external heterogeneity (Tanuk et al., 2019).
This way, groups of months with similar water temperatures
were determined, and a kd was calculated for each group using
the Arrhenius equation (Eq. 3). The microbial activity, and kd,
are directly proportional to temperature. It is possible to
determine the relationship between the reaction rate constant
and the temperature with the Arrhenius equation.

kq = kx0T (©)

Where k,, = rate reaction under a standard reference of 20°C in
laboratory conditions, and 6 = Arrhenius constant, 1.047.

2.4 Reaeration rate and hydraulic
parameters

For the determination of reaeration (kr) were used the O’
Conner-Dobbins Model (Eq. 4), the Churchill (Eq. 5), and
Owens-Gibbs methods (Eq. 6). These equations consider the
same parameters: kr is oxygen replenishment at the interface
between the stream and the atmosphere; U is stream velocity (m/
s), and H is the stream’s depth (m).

k. =39 U**/H'® (4)
k, =5.026 U/H"Y 5)
k, =532U0 /H'® (6)

Depth measurement was performed in the sites RH10-2,
Culiacan River 2, and Culiacan River 1; an echo sounder
ECHOTEST II—Plastimo was used. The river’s speed was
measured with a flow meter LOVI (USGS 2010) according to
the protocols. The average speed of the current and average depth
was 0.289 m/s and 2.5-3 m, respectively. The hydraulic and
morphological characteristics match the applicability interval
of the O’Connor-Dobbins equation, which considers columns

frontiersin.org
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with depths between 0.30 and 9.14 m, and a flow velocity from
0.15 to 0.49 m/s (Table 1).

2.5 ldentification of the point sources of
pollution

The studied section identified nine discharges of the coastal
area as point sources (Figure 1). These discharges correspond to
the effluents released from a seafood freezer, four fishing
cooperatives, a shrimp farm with a production of 306t, and a
drainage channel (Table 2). All these effluents discharge into the
Culiacan River and are situated along 6 km (Figure 1). When
applying the Streeter-Phelps model, only the point source of site
9 was considered because this site considers the cumulative
effects of all previous discharges. For months 1 and 2, a
second discharge was considered because the shrimp farm
twice

discharges its effluents

(~420,000 m?).

a year, every 6 months

2.6 Calibration of the dissolved oxygen
model

RMSE analyzed the data set. The dissolved oxygen and BOD
data calculated with the model were compared with those
(DO and BOD,
respectively). These comparisons were made every 200 m from

observed in situ and the laboratory
the point source (t = 0) for a 30-point comparison. This way, a
sampling campaign was executed to calibrate the modeling
results using a sensor Ezo-DO (Atlas Scientific v 5.3).

Samples for calibration and from each point source of
contamination were collected according to the American
Public Health Association (APHA) (1992). Each sample was
analyzed for Biochemical Oxygen demand (BOD) following the
technique 5210B of the same APHA (1992). The nictemeral
sampling was performed with intervals of 6 h in which DO was
measured in the sites indicated in Figure 1. The calculation of DO
saturation for the area under study was carried out with the
Henry Law employing partial pressures of Dalton. In this way,
the altitude of the zone of 6 m above sea level, and the historical
average of atmospheric pressure in the area of 1,005 hPa,
correspond to a saturation concentration of oxygen between
7.5-9 mg/L.

2.7 ldentification of anaerobic conditions
in the equation of Streeter-Phelps

The point where anaerobic conditions are present is
determined by Eq. 7, which considers (t) with D = Ogy. This
is because if Eq. 1 is used, the deficit would be greater than the
saturation oxygen, and the DO values would be negative. This

Frontiers in Environmental Science

06

10.3389/fenvs.2022.903046

phenomenon could occur in a discharge with high values of
BOD, where DO could be zero.

| kaLo

(1= kk,

(e’k"' - e”‘"’) + Doe ' | - 0, (7)

DO has been wholly depleted in anaerobic conditions, and
the reaction becomes zero-order (Eq. 8). Furthermore, using
the initial condition of L = L; at ¢ = ;, BOD in the stretch from

ti to tyis equal to Eq. 9, indicating that BOD will decrease
linearly.

®)
&)

dL/dt = - k,O,
L= L-kO, (t-t)

Considering in Eq. 9 that, k,O; = kO, it is possible to know
the endpoint of the anaerobic region (Eq. 10).

k4L; - k, O,

%0, (10)

tr=1t; + 1
f i ka

Equations 9, 10 recalculate the values of BOD and DO when
values of D are higher than Og in Eq. 1.

2.8 Future scenarios of self-depuration of
Culiacan River

As stated above, by 2100 it is expected a temperature increase
of up to 4°C (Guimberteau et al., 2017; Martinez-Austria et al.,
2019). Changes in water temperature alter the kd constant; thus,
the results obtained with the Streeter-Phelps model are affected.
In order to estimate the values of kd in the future scenario, an
analysis of time series for the water temperature was executed
through the autoregressive integrated moving average (ARIMA).
Data from CONAGUA were used (CONAGUA 2013-2020).
Those analysis coincides with the IPCC reports, showing an
increase of surface water of 0.9°C and forecast an increase of 1.7°C
for 2100. In addition, the observed trend coincides with
fluctuations in ambient temperature, for which there is a
record from 1980 to 2021.

No future changes were considered for constant kr. The
increase in precipitation can increase the flow rate; thus, this
parameter would affect the Streeter-Phelps model. However,
other phenomena in the Culiacan basin justify the value of kr
being constant over the years. It is because severe drought in the
northeast could cause negative changes in precipitation and the
trends established for the Culiacan basin (IMTA 2021).

On the other hand, morphological alteration of rivers
produced by soil erosion can generate changes in the flow.
Furthermore, the aggradation process affects the river depth.
These alterations would modify the kr equation. Nevertheless,
rivers with the land-use conversion from forest to intensively
agricultural, as is the case of the Culiacan River, tend to keep a
stable flow in the long term. Since 92% of the area surrounding
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DO (mg/L)
BOD (mg/L)

0
0 50 100 150 200 250 300 350
Distance (km)

kd kr Critical Critical D DO
@h @h time, distance (mg/L) (mg/L)
(days) (km)
Group 1 0.30 0.37 2.9 60.36 8 0
Group 2 0.37 0.38 2.6 58.67 7.5 0
Group 3 0.22 0.27 42 46.85 11.08 0
FIGURE 4
Parameter evolution in the Culiacan River after discharges; a DO as a distance-dependent function and b BOD as a distance-dependent
function.

TABLE 3 Average water temperature at sites of the study transect.

Year  Sampling site

RH10-2 Culiacan River 1 Culiacan River 2
Group® Group® Group® Group Group2 Group Group Group Group
1(0) 2 (0) 3 (0 1(C) (0 3(0) 1(0) 2 (0 3 (0
2013 27.8 30.7 17.7 258 29.9 254 30.2
2014 27.5 302 27.5 319 28.2 32,0
2015 29.1 313 26.2 31.8 29.6 323
2016 27.9 315 26.9 31.8 283 324
2017 25.1 30.1 26.5 311 28.4 31.2
2018 27.0 328 225 23.0 338 19.8 26.0 341 215
2019 29.2 322 303
2020 30.5 30.6 30.5
Average  27.4 30.8 20.1 26.0 31.6 19.8 27.6 31.6 21.5

“*February, March, April, may, June.
b]uly, August, September, October.

January.

the CR is covered by agriculture, the possible variation of the In this way, the temperatures calculated to determine the
parameters could be intertemporal (Wrzesinski and Sobkowiak constant kd in the future scenarios were determined from the
2018; Mendivil-Garcia et al., 2020). expected increases in each year estimated from RCP
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TABLE 4 Calculation of the kq constant for the three Groups identified.

Group 1°

T =27.4C T =30.8°C
ka7 q = 0.22 (1.047) @420

ky4=030d7"

“February, March, April, may, June.
“July, August, September, October.
January.

8.5 concerning the current temperature in the CR basin region.
Within the parameters for the constant kr, those currently
calculated were still considered. Once the future temperature
of CR water has been determined, the sag curve was calculated
considering climate change for different months for 2030, 2050,
and 2100.

3 Results and discussion

3.1 Selection of temperatures for
modeling dissolved oxygen

Figure 3 shows the groups of months resulting from cluster
analysis by minimizing the Euclidean distances. Three groups
were selected according to 0.8 of the maximum distance between
groups. Multivariate analyzes such as clusters can be dissociative,
as in the case of this investigation, because it involves
temperature as a variable. It starts from a single group, the
annual temperature until reaching the most significant
number of groups possible, the months of the year. Moreover,
the smaller the Euclidean distance, the greater the likelihood
principle between the groups (James et al., 2017).

The above could suggest that a distance of 0.45 would arrange
the months into six groups. Statistically, it would seem a better
selection of the multivariate analysis because it is based on
maximum homogeneity in each one. However, it was decided to
maintain three groups, as shown in Figure 2, to observe the complete
linkage (farthest neighbor). When using 0.45, it was observed that
the distance between some groups was 0.2. In addition, the
meteorological aspects of the geographical region indicate the
presence of the climatic season’s winter, spring, and summer, the
three groups obtained with the selected cluster analysis.

Thus, group 1 includes the months February, March, April,
May, and June, which presented the warmest temperatures in the
year with an average value of 25.7°C with maximum and minimum
of 27.8 and 21.7°C, respectively. Group 2 includes July, August,
September, and October, with the year’s highest temperatures with
an average temperature of 29°C, a minimum of 25.2°C, and a
maximum of 32°C. Finally, the third group includes January, the
month with the lowest water temperature record, with an average
temperature of 19.8°C, a minimum of 17.7°C, and a maximum of
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Group 2°

ksos = 0.22(1.047) 30520
ksps = 0.36d7"
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Group 3°

T =20.1C
Koo = 0.22(1.047) 201720
ko =0.22d7"

22°C. November and December do not appear in the arrangement
because the National Water Commission of Mexico does not
monitor those months for the study area.

Despite the proximity between the sampling sites, a
1.6°C  was
Considering that the effect of temperature on DO in rivers

difference up to observed during January.
with pollutant discharges is exponential, the variations
observed can be ecologically significant, as discussed in the

following sections (Table 3).

3.2 Calculation of deoxygenation, ks and
reaeration k, constants

The kd was calculated for each group of months previously
obtained (Table 4). Values obtained were significantly different
(p = 0.009). For groups 1, 2 and 3, were 0.30d7", 0.36d"
respectively. The values obtained for groups 1 and 2 are like
those reported for tropical environments, with values of 0.56 +
0.32d™', with average temperatures of 24°C and seasonal
differences derived from rainfall (Nuruzzaman et al,, 2018).
The kd obtained for group 3 (0.22d™"), corresponding to
January, was the lowest. This value indicates a lower activity
of microorganisms decomposing the organic matter as compared
to the other months.

The low temperature severely inhibits the microbial activity since
most heterotrophic microorganisms responsible for transforming
dissolved organic matter to CO, are mesophilic, with an optimal
metabolism at temperatures between 20-35°C. Therefore, there are
the minimum acceptable conditions to biodegrade the organic matter
and nutrients (Yustiani et al., 2018; Zhou et al,, 2018).

To calculate the representative values of kr, the characteristics of
each group obtained in Figure 3 were considered. Unlike kd, the
factors determining the kr value are depth and velocity. As
mentioned, the river’s depth does not vary in the selected transect
(Renterfa-Guevara et al., 2019). However, there is precipitation
variability between groups obtained in Figure 3. Specifically, group
2 includes the months of the rainfall cycle in the region (July-
October). In this geographical region, rainfall ranges between 400 and
500 mm, which implies considerable increases in the downstream
flows (INEGI 2019a). Thus, since the cross-section of the CR has not
undergone modifications, the increase in the flow implies an increase
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TABLE 5 Annual flow of the Cul_R lower basin and reaeration constant, k,, for the groups studied.

Group 1* (m’/s)

2013

2014

2015 5.13
2016 4.82
2017 19.23
2018 18.93
2019

2020

Average 12.03
k, 037 d*!

*February, March, April, may, June.
bIuly, August, September, October.
January.

in current velocity, directly influencing the kr since this variable is a
function of the velocity.

The flow and current velocity were calculated for each group, and
subsequently, the representative kr was calculated for each group of
months identified in the study area. In supplementary materials,
Table 5 shows the annual upstream flow to the selected transect
provided by CONAGUA and the reaeration constant in the
delimited transect for each group studied. The highest reaeration
rates were observed for groups 1 and 2, with 0.37 and 0.38d7",
respectively, while in January, the rate was 0.27 d™". Indeed, it is the
month with the lowest flow. Streams with velocities between 0.1 and
1 m/s depend entirely on rainfall to increase the river flow rate, as is
the case of the CR transect during January (CONAGUA 2019).

In hydrological basins with tropical and subtropical climates, the
highest flows occur at the end of the rainy season and during winter
due to the hydraulic retention time from the upper basin to the river
mouth. These values prevail for up to 4 months because of the
infiltration phenomena, the aquifer recharge, and water retention
typical of forests and lowland forests (Jiang et al., 2017). However, the
low flow of the CR is different from other basins, where flows are
higher in winter than in summer (Ali et al, 2019). This phenomenon
is because the loss of vegetation cover due to the erosion caused by
agricultural activity adjacent to the river (Mendivil-Garcia et al.,, 2020)
affects the CR capacity to concentrate surface runoff during rainfall
cycles (INEGI 2019b). This change in the hydrological system of the
river causes a shorter retention time than those of basins where the
erosion is not significant and translates into an increase in the river
flow due to the scarce winter rainfall and agricultural runoff.

3.3 Levels of dissolved oxygen and organic
matter in the river before discharge

Based on the parameterization, it was observed that the CR has
average DO values, recorded in the data set, of 7.36 mg/L for the
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Group 2° (m®/s) Group 3° (m?/s)

0.03 1.96
7.49
21.94
5.34
30.64
11.62
22.02
5.59
13.08
0.38 d™"

11.68

6.82
0.27 d!

TABLE 6 Streeter-Phelps model parameters for the groups studied.

Parameter Grupo 1*  Grupo 2°  Grupo 3¢
Discharge 1 L;;, mg/L 3.20 2.81 2.64
Qu, m'/s 12.03 13.08 6.82
OD,,, mg/L 7.36 6.33 11.08
Ly, mg/L 1800 1800 1800
Q,,, mg/L 0.322 0.322 0.322
OD,, mg/L 1.7 1.7 1.7
kg d7! 0.30 0.36 0.22
k, d! 0.37 0.38 0.27
Discharge 2 Ly, mg/L 47.8 43.7 —
Qpp, m¥/s 12.622 13.402 -
OD,,, mg/L 5.1 4.1 —
Ly, mg/L 1800 1800 —
Q,,, mg/L 0.966 0.966 —
OD,,, mg/L 1.7 1.7 -
ky d! 0.30 0.36 —
k, d! 0.37 0.38 —

Note: Lr, upstream DBO; Qr, upstream volumetric flow; ODr, upstream dissolved
oxygen; Lw, effluent DBO; Qw, effluent volumetric flow; ODw, dissolved oxygen in the
effluent; k;, deoxigenation constant; k,, reaireation constant.

“February, March, April, may, June.

“July, August, September, October.

January.

Discharge 2 is located 3.0 km from Discharge 1 and 3.0 km upstream of the river mouth.

months of February-June, 6.33 for July-October, and 11.08 in
January. The DO saturation for the geographic area and null
salinity levels of the river is, on average, 7.7 mg/L for most of the
year. The flow of 13.08 m?/s is low compared to other rivers in similar
regions, which would suggest oxygen levels below saturation and thus
increased vulnerability (Audet et al, 2019). The DO of CR is lower
than the values reported in other agricultural basins with similar
climate conditions (7.85-9.98 mg/L) (South et al., 2019). In the area
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FIGURE 5

(A) Shrimp farm pond grainage; (B) mangrove near drain with oysters in growth stage.

studied, this phenomenon could be attributed to the numerous pieces
of hydraulic infrastructure along the river length, mainly irrigation
canals for crops (IMTA 2018). This situation is not observed in
hydrological basins with agricultural activity in countries that use
technician groundwater irrigation systems or productive rainfall
cycles (Reba and Massey 2020).

On the other hand, group 2 (July to October) has the lowest DO
concentration, 6.33 mg/L, which is related to the high temperatures
recorded in the area (up to 36°C), causing a lower DO solubility in
the river. This aspect is relevant because it generates a more
significant deficit before discharge (Irby et al, 2018). Also, the
highest flow occurs during the months of group 2. The increase
in flow is related to the annual cycle of rainfall in the Region (June to
October). As mentioned in section 3.2, short-duration rainfall is
characteristic in the zone because of the level of erosion observed in
the CR basin since the 1990s (SEMARNAT 2021).

Regarding the concentrations of BOD, the values calculated
range between 2.6 and 3.2mg/L. The CR receive numerous
wastewater discharges in the middle and lower basin. However,
up to 6 km before the river mouth (just before mixing with the
discharges identified in the selected transect), the river water
quality can be considered “good” because BOD values are less
than 6 mg/L (SEMARNAT 2008). This fact may be due to the
recovery and reaeration capability of the upstream water more
than the absence of polluting sources. It is essential to mention that
the CR flows are 1.56 m*/s before reaching the last section of the
lower basin, and at this point, the slope has decreased. The present
study becomes more relevant as it is delimited to the area with the
highest number of discharges from stationary sources and
coincides with the river mouth into the Ensenada-El Pabellon
lagoon system, classified as a RAMSAR site (RAMSAR 1999).

3.4 Modeling of dissolved oxygen in the
Culiacan River

Based on the explanation in the previous Sections 3.1-3.3,
Table 6 shows the final parameterization of the dissolved oxygen
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model in each of the three groups of months studied. For groups
1 and 2, there is a second discharge as a point source. Figure 3
shows the DO sag curves for the three groups of months
identified and the DO deficit values in each of the three
identified seasons (month groups). The time and critical
distance from the punctual discharge are also presented.

Lethal effects on fish and other aquatic organisms occur from
the first hours of exposure to waters with no dissolved oxygen
(Anusuya Devi et al,, 2017). In Figure 4A, the typical DO sag-
curve can be observed in the first 150 km, equivalent to 6 days
from the point source, and the DO saturation concentration
would be reached up to 250-350 km (equivalent to 10 days). In
addition, within kilometers 46 and 85, the complete abatement of
DO (anaerobic conditions) would be achieved at 37h.
Furthermore, the DO concentration would be less than
2.0mg/L at different distances in the groups studied, for
groups 1 and 2 between 2-248 km and 5-168 km for group 3.
Below this oxygen concentration, prevail critical conditions for
fish reproduction are related to the formation of ammonia and
other toxins (Anusuya Devi et al,, 2017). At DO levels below
1.5 mg/L the stress levels in fish can cause death, even if the
condition is present only for hours (Abdel-Tawwab et al., 2019).

The long-distance and time required for the CR to recover
its oxygen saturation levels after the discharge of wastewater
are of great concern in hydrological basins since other
discharges into the river could occur before recovering
acceptable DO levels for aquatic organisms. Despite the
analysis of the DO sag-curve for 350 km after the first
wastewater discharge, the CR ends 6 km, where the river
flows into a coastal lagoon system, wetland type. Figure 4
indicates that the coastal lagoon water contains high levels of
organic matter (80 mg/L) that require DO to promote aerobic
biodegradation. In each case study, the river water inflows
with a deficit equal to the saturation value.

Coastal lagoons are lentic water bodies with low resilience
capability compared to rivers. Indeed, occasional local reports of
algal growth and undesirable odor production in the lagoon have
been observed from time to time. Moreover, in the lagoon has
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BOD values distribution in the 6 km transect downstream first point source pollution.

been reported the loss of species during the growth phase, such as
mollusks (Ostreidae) (Figure 5). Hence it is expected that the
trophic level of the lagoon will gradually increase.

Figure 4 shows that wastewater would have a high negative
impact when discharged into the river during all months if the
river were to extend beyond 6 km, even with only one discharge
in group 3 (January). Indeed, anaerobic conditions would prevail
for more than 150 days during the year, and the BOD values
would be practically the same.

Table 6 indicates that the DO saturation level in January is
11.08 mg/L; which id 3.5 mg/L more than the values of the other
groups. However, the kinetic constants kr and kd are lower
during January. The kr value can be attributed to the low flow
and current velocity derived from the hydrological cycle and the
loss of vegetation cover in the basin. The kd is inversely
proportional to temperature; it refers to bacterial catabolism.
Therefore, it is equivalent to the biodegradation rate.

Indeed, the relationship between temperature and microbial
activity has been extensively studied as it also impacts pollutant
removal efficiency in lotic water bodies (Song et al., 2019). For
instance, a null nitrification rate is observed at low temperatures
(<10°C) since the growth and activity of nitrifying bacteria are
considerably reduced. This phenomenon implies that, despite
adequate DO levels, nitrifying bacteria cannot oxidize
et 2019). The
agricultural cycle coincides with the periods of lower

ammoniacal nitrogen (Li al, regional
temperatures, indicating a combined impact with the organic
matter from the different point sources, hencecausing a drastic
drop in DO concentrations.

Regarding the resilience capability of the CR, considering the

transect, Figure 6 shows the DO level at the 6 km after the first
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discharge. The DO drops rapidly, and in January (group 3), the
decrease is more abrupt, although with less magnitude, due to
only a one-point source. The DO and BOD values are displayed
every km from discharge to lagoon. At 3.2-3.7 km downstream
of the first discharge, the DO value is close to 5 mg/L during the
months of groups 1 and 3 (Supplementary Appendix S10,
Supplementary Table 58). That DO value is the limit specified
by the Ecological Criteria for Water Quality in Mexico
(SEMARNAT 2008). This limit is reached for group 2 (July-
October) at a shorter distance, 1.5 km downstream from the
discharge.

DO levels below 5 mg/L are of concern and represent a risk
for some species of economic importance to the region, such as
bivalve mollusks and shrimps. When exposure to these levels of
DO is prolonged (scale of hours), the effects are lethal (Tang
et al., 2020). Another species of economic importance is the
largemouth bass M. Salmoides, which does not survive at
concentrations lower than 3.5 mg/L for 24h (SADER 2014).
These species accounted for 33% of exports in the Pacific, and
the other percentage is for national supply (PROFEPA 2010).
These adverse DO conditions are reached in the CR during
month groups 1 and 2 (9 months of the year) at only 0.45 km
downstream from the second-point source (3.45km from the
first-point source and 2.55 km upstream from the lagoon).

At 6.0 km from the first discharge (3.0 km from the second
discharge), at the mouth of the bay, the DO concentrations drop
to 14mg/L and Omg/L for the months of groups I,
2 respectively. For group 3 (January), the DO concentration
drops to 1.7 mg/L from the first discharge. These DO values
cause limitations in locomotion and reproduction of freshwater
fish (Roman et al,, 2019). These oxygen levels also affect fish
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reproduction, specifically, the embryos do not fully develop in
hypoxic areas, and in many cases, the eggs do not hatch (Tang
et al., 2020).

The Streeter-Phelps model was used to determine the
maximum organic matter level in the river discharges in a
complementary way. The information obtained is essential for
implementing low-cost biological treatment systems to reduce
100 mg/L BOD levels. The treatment would guarantee adequate
conditions for aquatic life according to the morphological and
hydrological characteristics of the river. The regulations establish
limits of 30 mg/L of BOD monthly average and 60 mg/L daily
average or the equivalent COD.

3.5 Future scenarios for 2030, 2050 and
2100

As mentioned in previous sections, it was observed that the
high impact on the water quality of the CR occurred in all
climatic seasons. In winter, it is mainly because the
biodegradation rate by microorganisms, directly proportional
to temperature, is limited. The effect of climate change in the area
studied increases the temperature, consequently increasing the
CR water’s temperature. In the remaining months of the year
(groups 1 and 2), the impact is clearly due to the second point
source before the system can recover from the first wastewater
discharge.

Figure 7 shows the sag curve for the groups of months studied
in the future scenarios of 2030, 2050, and 2100. It can be observed
that the kd tends to increase in the three scenarios. For 2030, no
variation is observed in the deoxygenation constant, kd,
compared to 2020. This is because the increase in water
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temperature expected for this scenario is insignificant in 2020.
According to Maberly et al. (2020), the temperature increase in
surface water bodies occurs at a rate of 0.45°C every 10 years;
therefore, it is not enough to vary the constant kd. However,
reductions in the critical distance (where the maximum deficit is
found for each group) are observed.

For the 2050 scenario, changes in the deoxygenation constant
were observed, increasing by 0.01d™" in the three groups of
months studied. In groups 1 and 2, a decrease of less than 1 km
was observed for the critical distance (maximum DO deficit).
However, in group 3, the decrease in the critical distance is up to
2.6 km compared to the 2030 scenario. In the modeling for the
year 2050, a first decrease in the dissolved oxygen saturation of
group 2 is observed, for the summer months, achieving a
saturation and maximum DO deficit of 7.5 mg/L.

The scenario for the year 2100 for the three groups
presents a significant increase in deoxygenation rates, kd.
Values of 0.36, 0.42 and 0.25d™" are for groups 1, 2 and
3 respectively. For group 2, it is observed that the estimated
kd is higher than the corresponding kr value, which in
ecological terms could indicate that the CR river is not
resilient under these conditions.

Andrade et al. (2020) focused the study on assessing future
climate change impacts on water resources of the Mundau River
Basin (MRB). Climate models predicted that the MRB will
experience significant annual precipitation decreases, between
0.4% (1,087.45 mm) and 25.3% (815.59 mm). Similar behavior is
expected in the Culiacan River Basin. Comparing these results
with studies worldwide, the temperature presents similar
increases in future scenarios using the RCP 8.5. Maximum
and minimum temperature increases up to 4.3 and 2.2°C in
an RCP 8.5 scenario, similar to increases expected in the Culiacan
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River. Compared with studies worldwide, this working
temperature presents similar increases in future scenarios
using the RCP 8.5.

On the other hand, Saade et al. (2021) studied the El Kalb
River in a semiarid region. The study indicated that the
average annual discharge of El Kalb River shortly
(2021-2040) would decrease by around 28%-29% under
the three RCP End-of-century projections
(2081-2100) indicated that the flow would decrease by
45% under RCP 8.5. The studies reviewed as of this

present study confirm the negative impacts expected on

scenarios.

the future climate change in the Surface water quality.

4 Conclusion

Detailed parameterization and modeling of the CR revealed
that the river currently has a self-purification capability due to
mechanical reaeration generated by the flow velocity, mainly in
the rainy season. However, two untreated wastewater discharges
occur only 6 km upstream from the river mouth.

These discharges cause a critical distance (maximum deficit)
right at the river mouth. At this point, the DO can drop to 0 mg/
L. Hence anoxia levels are impacting the lagoon system and
endangering the ecosystem. In the case of winter season,
represented by January, the river’s self-purification capability
is considerably lower than the rest of the year. The constant
removal of organic matter (deoxygenation) is limited by
temperatures lower than 22°C. However, currently, there is
only a one-point source, which allows oxygen levels not to
drop to anoxic conditions. Nevertheless, less than 4.0 mg/L is
reached before the river mouth, which is harmful to aquatic life.

In future scenarios, the conditions of the CR are not
favorable. The increase in temperature generated by climate
change has a strong negative impact, especially from July to
October. During the region’s hottest months of the year, the
temperature increase reduces the saturation of dissolved oxygen
in the body of water, which also translatd into vulnerability to
discharges of pollutants, threatening aquatic life.

Among the implications of this study, environmental and
public policies are of special impact and interest. In the first
implication, the model can identify ecological risks from
economic activities such as aquaculture and seafood
processing. On the other hand, the information would
promote the development of public policies that help
conserve the river facing the imminent increase in
temperature caused by climate change. The primary
mitigation measure recommended is the implementation of
treatment systems to reduce the levels of organic matter in
waters (to 100 mg/L of BOD) before discharge into the CR.
Finally, limnological studies in the lagoon system are
recommended since low to null levels of DO could impact
the trophic level of the lagoon.
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5 Limitations and future scope

Within the limitations of the research, there was the lack of
availability of historical data that would have allowed expanding
the field of action of the investigation. However, the future study
is proposed coupling advanced dissolved oxygen models such as
SWAT and QUAL2K to determine the effect of diffuse sources of
pollution.
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