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Abstract Rapid urbanization and the absence of efficient

water management policies are increasingly degrading the

water quality of tropical reservoirs in developing countries.

The small tropical reservoir of Cointzio, located in the Trans-

Mexican Volcanic Belt, is a warm monomictic water body

(surface area = 6 km2 with short water residence time

\1 year) that is strategic to the drinking water supply of the

city of Morelia and to downstream irrigation during the dry

season (6 months of the year). The reservoir faces two

threats: (a) reduced water storage capacity due to sediment

accumulation and (b) eutrophication caused by excess

nutrients that likely come from untreated wastewaters in the

upstream watershed. Intensive field measurements of water

and sediment were conducted in 2009 to characterize the

trophic status of the reservoir and to estimate nitrogen

(N) and phosphorus (P) sources, total suspended sediment

(TSS) (N), (P), and carbon (C) loads, and their accumulation

or removal in the reservoir. We found that point sources

represent the majority of N and P inputs to the reservoir. The

trophic status is clearly eutrophic given the high chlorophyll

a peaks (up to 70 lg L-1) and a long period of anoxia (from

May to October). Most of the TSS, C, N, and P were con-

veyed to the reservoir between June and October during the

wet season. The TSS yield from the watershedwas estimated

at 35 ± 19 t km-2 year-1, of which more than 90 % was

trapped in the reservoir (sediment accumulation

rate = 7800 ± 2100 g m-2 of reservoir year-1). The export

load of C, N, and P downstream at the reservoir outlet was

reduced by 31, 46 and 30 % respectively in comparison to

the load at the reservoir inlet. This study reveals the effect of

climatic seasonality on inputs to tropical reservoirs and

accumulation; it also highlights the need to both reduce

nutrient input to combat eutrophication and mitigate erosion

to maintain the water storage capacity of the reservoir over

the long term.
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Introduction

The functioning of reservoirs is strongly influenced by

human activities that occur upstream (Kennedy et al.

2003). Large amounts of sediments, organic matter, and

nutrients are efficiently trapped in reservoirs, which can

lead to eutrophication (Garnier et al. 1999; Donohue and

Molinos 2009) and loss of storage capacity (Maneux et al.

2001; Vörösmarty et al. 2003; Rãdoane and Rãdoane 2005;

Dang et al. 2010). On a global scale, reservoirs have been

identified as the most significant sink of suspended sedi-

ment (TSS), carbon (C), nitrogen (N), and phosphorus

Electronic supplementary material The online version of this
article (doi:10.1007/s00027-015-0416-5) contains supplementary
material, which is available to authorized users.

& J. Némery

Julien.nemery@grenoble-inp.fr;

Julien.nemery@ujf-grenoble.fr
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(P) in inland waters, reducing nutrient fluxes from upland

to downstream ecosystems and coastal regions (Cole et al.

2007; Friedl and Wüest 2002; Bosch and Allan 2008;

Seitzinger et al. 2010). However, these studies showed

large disparities among regions of the world and reservoir

sizes. Although most studies have focused on large reser-

voirs, small reservoirs are also of great interest on a global

scale (Syvitski et al. 2005). Based on the global database of

inland waters developed by Lehner and Döll (2004), the

total surface area of reservoirs worldwide was estimated at

2.5 9 105 km2 (Harrison et al. 2009). The total area of

small reservoirs (\50 km2) accounted for 40 % of the total

global reservoir area. The authors point out that small

reservoirs can retain up to 45 % of the total N retained by

all the world’s reservoirs Furthermore, the number of small

reservoirs in tropical areas is increasingly important due to

the numerous impoundment projects that are currently

underway in developing countries (Tranvik et al. 2009).

Tropical regions are characterized by contrasted wet and

dry seasons, which have important consequences for the

hydrological processes that occur in small reservoirs. These

systems are highly vulnerable to eutrophication, especially

during the extended dry and warm season when nutrients

accumulate and algal blooms increase (Burford et al.

2012). Furthermore, the warmer temperatures that charac-

terize tropical regions may lead to substantial greenhouse

gas emissions (CO2 and CH4) through intense mineraliza-

tion of the carbon present in reservoirs (Guérin et al. 2008;

Chanudet et al. 2011). In spite of the importance of tropical

reservoirs, literature about them remains limited (Kunz

et al. 2011). Therefore a clear need exists to provide

additional knowledge of small tropical reservoirs influ-

enced by the strong seasonality of incoming water, TSS,

and nutrient fluxes.

In tropical areas, water quality management has become

an increasingly important issue in developing countries such

as Mexico. The release of untreated wastewater into aquatic

ecosystems is a common practice in many tropical coun-

tries. This practice is of great concern because the volume of

wastewater produced is increasing due to rapid urbanization

and economic growth (Le et al. 2015). According to various

studies in Mexico, most Mexican lakes and reservoirs

continue to deteriorate; the aquatic ecosystems exhibit

ecological consequences such as eutrophication (Bravo-

Inclán et al. 2011). Mexican authorities concede that water

pollution is one of the most serious challenges for sustain-

able water resource management; water pollution also rep-

resents one of the most important concerns of local

populations (Berrera Camacho and Bravo Espinosa 2009).

The development of wastewater treatment infrastructure in

Mexico remains insufficient, both in large cities and in

smaller rural settlements (Ramı́rez-Zierold et al. 2010).

Alcocer and Bernal-Brooks (2010) recently provided an

overview of the status of lakes and reservoirs in Mexico,

particularly within the Trans-Mexican Volcanic Belt

(TMVB), where our study site is located. The authors

highlighted the lack of data on Mexican rivers, indicating

that knowledge about linkages between sediment and

nutrient sources within upstream watersheds of reservoirs is

limited in Mexico. Hence, the implementation of monitor-

ing networks of discharge and nutrients, as well as the

establishment of policy and mitigation strategies of point

and non-point pollution sources are necessary to solve water

quality problems in the country.

This study focuses on the small tropical reservoir of

Cointzio (state of Michoacán), which is used to supply

drinking water to the city of Morelia and for irrigation pur-

poses. This reservoir is threatened by sediment accumulation

and eutrophication that may increase water treatment costs

and decrease the sustainability of regional water resources.

On the regional scale, the water quality and quantity flowing

out of the Cointzio reservoir also affects the downstream

Cuitzeo endorheic laguna, which is of great hydrological and

ecological interest because it is the second largest lake in

Mexico (Alcocer and Bernal-Brooks 2010). The main

objectives of this work were to (1) identify and quantify the

N and P sources from the watershed to the reservoir, (2)

determine the trophic status of the reservoir, (3) characterize

the seasonality of TSS, C, N, and P inputs, and (4) assess the

reservoir’s trapping efficiency and evaluate the annual

accumulation rates of TSS, C, N, and P in the reservoir.

Materials and methods

Study area

The Cointzio reservoir (19.622�N, -101.256�W) is located

in the southern part of the Mexican Central Plateau on the

TMVB at an altitude of 1990 masl (Fig. 1). The region has

a sub-humid climate with mean annual rainfall of 810 mm,

and air temperature fluctuates between 18 and 35 �C,
according to data collected at the Morelia meteorological

station (data from Servicio Nacional de Meteorologı́a de

México). Rainfall is concentrated during the wet season

from June to October while the period between November

and May is dry (period 1956–2001; Gratiot et al. 2010).

The Cointzio reservoir was built in 1940. Its storage

capacity is 66 9 106 m3 (most recent bathymetry in 2005;

Susperregui 2008) with a maximal surface area of 6 km2

for a maximum depth of 29 m. The Cointzio reservoir is an

essential component of the drinking water supply (20 %

i.e. 21 9 106 m3, data from Organismo Operador de Agua

Potable de Morelia) for the city of Morelia (700,000

inhabitants); it is also used for agricultural irrigation during

the dry season.
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The Cointzio watershed drains an area of 630 km2 in

which elevations range between 1990 and 3440 masl. The

only perennial river is the Rio Grande de Morelia. At the

reservoir outlet this river continues its course downstream

to the Cuitzeo endorheic laguna (375 km2) (Allende et al.

2009). The majority of the Cointzio watershed is either

forested (30 %) or cultivated (43 %) (López-Granados

et al. 2013). The mean population density is 68 inh. km-2;

population is 43,000 inhabitants (López-Granados et al.

2013). Soils are mostly volcanic (Andosols, Acrisols) and

are highly degraded in parts of the watershed where intense

erosion takes place during the wet season (Duvert et al.

2010).

Watershed survey

To determine the origin of nutrient pollution upstream of

the reservoir, eight watershed sampling sites were

selected according to land use, population density, and

location in the river network (Fig. 1; Table 2). Sites 2 and

4 located downstream of the largest villages were typical

of domestic point sources, whereas sites 3 and 5 were

characteristic of diffuse sources in low population density

areas and mixed forest/agriculture land uses. Site 1 was

located downstream of a small village and pasture areas.

Site 6 was representative of degraded agricultural lands

affected by severe erosion. Site 7 was located along the

main course of the Rio Grande de Morelia. During 2009,

monthly water samples were collected just below the

water surface in the middle reach of the river using 2-L

polypropylene bottles. Water samples were kept refriger-

ated at 4 �C during transport to the laboratory where they

were analyzed for nutrients and TSS. Discharge (salt

dilution gauging method, Hudson and Fraser 2005) and

dissolved oxygen (DO) were measured in the field using a

multi-parameter Hydrolab MS5 probe.

Fig. 1 Map of the Cointzio watershed and reservoir: location of sampling sites (geographical positions in UTM)
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Reservoir inflow and outflow

Given the low population density around the reservoir

banks and the absence of other rivers, we considered the

Rio Grande de Morelia River to be the predominant source

of C, N, P, and TSS. Sampling site 8 was located at the

outlet of the Cointzio watershed, downstream from the

Santiago Undameo township (Fig. 1). The Undameo

gauging station (Parshall flume to provide a control of the

hydraulic section) was built in 1940 by the Comisión

Nacional Del Agua (CONAGUA). A stage-discharge rating

curve was also established and has been regularly adjusted.

Since 2007 water levels have been measured at a 5-min

time-step with a Thalimede OTT water level gauge; the

CONAGUA rating curve has then been used to determine

water discharge time series (Duvert et al. 2011). The

Undameo gauging station physically separates the outlet of

the Cointzio watershed from the inlet to the Cointzio

reservoir. To calculate (C, N, P, TSS) annual loads, surface

sampling was conducted using a bucket in the middle of the

river (4 m width); samples were stored at 4 �C in a cooler

during transport to the laboratory. The sampling frequency

was daily for TSS measurements (since 2007) and weekly

for C, N, and P measurements (in 2009).

At the reservoir outlet, CONAGUA measured dis-

charges in the water uptake pipe immediately downstream

of the reservoir on a daily basis, and additionally in the

irrigation canal downstream of the spillway during the dry

period. A meteorological station located atop the dam was

used for measurement of evaporation and precipitation. For

this study discharge, evaporation, and precipitation data for

the period 2007–2009 were collected at CONAGUA. Daily

TSS data were additionally obtained from CONAGUA for

the period 2007–2008. In 2009 we sampled daily for TSS

measurements and weekly for C, N, and P measurements.

All water samples were collected by bucket from the water

uptake pipe and the irrigation canal and stored at 4 �C in a

cooler during transport to the laboratory.

Reservoir sampling

To assess spatial and temporal dynamics within the reser-

voir, vertical distributions of temperature (�C), DO

(mg L-1), and turbidity (NTU) were measured using a

multi-parameter Hydrolab MS5 probe. NTU measurements

correlated well with TSS values (R2 = 0.97 data not

shown). During 2009, surveys were conducted at 15 lon-

gitudinal stations along the reservoir (Fig. 1) at a fort-

nightly to monthly frequency. At each station, Secchi depth

was measured using a Secchi disk. The deepest station P27

and the middle station P6 were also sampled at different

depths on the vertical axis, (surface = 0.1, 1, 2, 5, 10, 15,

20 m and bottom = 0.3 m from the bottom) using a 2-L

Niskin bottle. Each water sample was collected in a 2-L

polypropylene recipient for TSS, C, N, and P measure-

ments and chlorophyll a analysis. Samples were kept at

4 �C in a cooler during transport to the laboratory. Bottom

sediment samples were collected with a Van Veen grab

sampler on two occasions: during the dry season (19 May

2009) and at the end of the wet season (13 October 2009).

Six stations along the longitudinal profile (P27, P13, P11,

P6, P47, and P3) were chosen to assess the C, N, and P

contents in deposited sediments. We assumed that sam-

pling of the first 2 cm was representative of the sediment

surface layer. Sediments were oven-dried at 60 �C for 24 h

in the laboratory.

Water and sediment analyses

After sampling, water was filtered through GF/F Whatman

glass fibre filters (0.7 lm porosity) in the laboratory within

3–6 h and frozen prior to dissolved nutrient analysis.

Unfiltered water samples were also frozen for further total

nutrient analysis. Total suspended solid (TSS) was weighed

on GF/F Whatman glass fibre filters (dried 2 h at 105 �C)
and expressed per unit volume filtered. Reproducibility for

replicate was better than 3 %. Chlorophyll a was analyzed

after filtration on GF/C Whatman glass fibre filters using

the methanol extraction method of Holm-Hansen and

Riemann (1978). Reproducibility for replicate was better

than 3 %. Particulate organic carbon (POC) analyses were

performed after filtering on GF/F Whatman glass fibre

filters (ignited at 500 �C). Filtrates were kept for dissolved
organic carbon (DOC) analysis. Filters were treated with

HCl (2 N) to remove carbonates and dried at 60 �C for one

night (Etcheber et al. 2007). POC was then determined on

dry filters by combustion in a LECO CS 125 analyser

(Etcheber et al. 2007). POC concentration (mg L-1) was

then obtained by multiplying POC (mg g-1) and TSS (mg

L-1). DOC was analyzed on filtered water using an OC-V

Shimadzu analyzer (Sugimura and Suzuki 1988). Analyti-

cal accuracy and reproducibility of carbon analysis was

better than 5 % (Coynel et al. 2005). P-tot and N-tot were

analyzed on unfiltered water samples using a persulfate

digestion process and standard colorimetric method

(American Public Health Association; APHA 1995). Dis-

solved nutrients (PO4
3-, NH4

?, NO3
-) were analyzed on

filtered water samples using standard colorimetric methods

(APHA 1995). Reproducibility for replicate measurements

was better than 5 % for all total and dissolved nutrient

analysis.

The total particulate P (TPP) content of sediment was

determined using a high temperature/HCl extraction tech-

nique (Aspila et al. 1976; Némery and Garnier 2007) prior

to phosphate measurement by colorimetric method (Mur-

phy and Riley 1962). To estimate particulate inorganic P
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(PIP), the analysis was similar to that of TPP, except that

the high temperature organic P mineralization was omitted.

Particulate organic P (POP) was determined by calculating

the difference between TPP and PIP (Svendsen et al. 1993).

Total carbon (TC) and total nitrogen (TN) contents were

measured by CHN analysis using a CN-analyser FlashEA

1112 (Thermo Fisher Sci., MA, USA). Based on the

catchment geology, which is primarily composed of vol-

canic and acid soils, inorganic C (IC) in sediment was

expected to be low (Covaleda et al. 2011). To confirm this

hypothesis, carbonates were analyzed using the calcimetric

method (Robertson et al. 1999) and all values were

\0.01 % C (CaCO3) (data not shown). Hence measured

TC was thereafter considered to be organic carbon (OC).

Reproducibility for replicate measurement was better than

5 % for OC, TN, TPP, and PIP.

Accumulation in the reservoir

In previous studies, the sediment deposition rate was esti-

mated using three sediment cores sampled in 2006 at P27,

P11, and P47 (Susperregui 2008). Stratigraphy and

chronology using radioisotopic dating (210Pb) made it

possible to reconstitute historical sediment deposition

through 1974. Annual cycles of deposition were shown

using RX intensity and particle sizing, and these results

fitted well with the seasonality of inflow discharge at

Undameo (Susperregui 2008). During the wet season (June

to October), a large quantity of sediment is transported

towards the bottom of the reservoir by hyperpycnal flows

after flood events and it accumulates at depth. Comparison

between cores showed homogeneous deposition within the

reservoir (Susperregui 2008). The deposition surface area

was estimated at 2 km2 based on a bathymetric map and

particle size distribution of bottom sediments, which

showed low variability at greater depths (D50\ 30 lm,

Susperregui et al. 2009). The annual deposition rate was

estimated at 2.5 ± 0.5 cm year-1 and the mean bulk den-

sity of sediment was 550 kg m-3, for an annual sedimen-

tation rate of 14,000 ± 3000 g m-2 year-1 (Susperregui

2008). Sediment accumulation (Sedacc) was calculated as

follows:

Sedacc ¼ sedimentation rate � surface � K ð1Þ

where Sedacc in t year-1, sedimentation rate = 14,000 ±

3000 g m-2 year-1, surface = 2 km2 and K is the unit

conversion factor.

Mean contents of C, N, and P in deposited sediment

during dry and wet periods were then assumed to be the

same as settling particles. The significance of differences

between the two seasons was tested using statistical U test

(Mann–Whitney U test using XLSTAT software). Annual

C accumulation (Cacc), N accumulation (Nacc) and P

accumulation (Pacc) were calculated by multiplying Sedacc
times mean annual OC, TN, and TPP content (Table 4).

Accumulation uncertainties were evaluated based on the

square root of the sum of the square of uncertainties of

Sedacc and mean annual OC, TN, and TPP content.

To ensure comparability with other studies, the sedi-

ment, C, N, and P accumulation rates were normalized to

the mean reservoir surface area for 2009 (3.6 km2)

(Table 5).

Load calculations and uncertainties

Input and output TSS loads were calculated as the product

of instantaneous TSS concentrations times the instanta-

neous discharge (for the output, we considered the daily

discharge provided by CONAGUA to be the same as

instantaneous discharge, on average). The TSS load (HL in

t day-1) is calculated as follows:

HL ¼ Qi � Ci � 3600 � 24=1000 ð2Þ

where Qi is the instantaneous discharge (m3 s-1), Ci is the

instantaneous TSS concentration (kg m-3).

The load (L in t) is the sum of daily loads during the

time duration considered:

L ¼
X

duration

HL ð3Þ

At the Undameo monitoring station, Duvert et al. (2010)

assessed the uncertainty of the TSS load at ±20 % for the

daily sampling strategy carried out in 2009. This uncer-

tainty was assumed to be the same in 2007 and 2008 at both

the Undameo station and the reservoir outlet.

The instantaneous P-tot, N-tot, and carbon loads resulted

from the product of instantaneous concentrations in the

water times the discharge measured at the same time. From

the weekly sampling database, the P-tot, N-tot, and carbon

loads (L) expressed in t year-1 were calculated according

to the load-estimating procedure previously described by

Verhoff et al. (1980) and recommended by Walling and

Webb (1985):

L ¼ K
Pn

i¼1 ðCiQiÞPn
i¼1 Qi

Q
m

ð4Þ

where K is a conversion factor for the time duration and

unit conversion, Ci is the instantaneous concentration in the

water (g m-3), Qi is the instantaneous discharge (m3 s-1),

and Qm is the mean annual discharge for 2009 (m3 s-1).

The P-tot, N-tot, and carbon loads had 95 % confidence

intervals (CI), calculated as described by Hope et al. (1997)

and recommended when (Eq. 3) was used (Dawson et al.

2011; Némery et al. 2013). The total carbon (TOC) load

was calculated as the sum of POC and DOC loads; the

uncertainty of the TOC load was the square root of the sum
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of the square of uncertainties of POC and DOC loads

described above.

Results

Hydrology

Patterns of riverine input into the reservoir were strongly

influenced by the regional climatic regime. Two periods

could be distinguished based on 2007–2009 observations.

From November to May, the dry season, water input was

quite low (minimum Q was between 0.18 and 0.31 m3 s-1)

while reservoir output was at a maximum due to irrigation

demand (maximum Q was 7–8 m3 s-1 Fig. 2a, b). From

June to October, the wet season, riverine input was at its

maximum (Q was 8–18 m3 s-1), which allowed the annual

filling of the reservoir (Fig. 2c). All along the year, the

reservoir provided water for drinking water supply

(Q = 0.67 ± 0.09 m3 s-1). Water input from the water-

shed decreased from 49 9 106 m3 in 2007 to 42 9 106 m3

in 2009 mainly due to decreased precipitation (from

750 mm in 2007 to 690 mm in 2009). For the same period

reservoir output decreased from 60 9 106 to 43 9 106 m3,

indicating a progressive water deficit from year to year.

The mean annual water volume in the reservoir decreased

from 54 9 106 m3 in 2007 to 40 9 106 m3 in 2009.

Between 2007 and 2009, evaporation (11–15.5 % of mean

reservoir volume) was twice as high as precipitation (6 %

of mean reservoir volume) (Table 1). Therefore the resi-

dence time of water in Cointzio was estimated at 1.03–0.81

year in 2007 and 0.90–0.83 year in 2009 (Table 1).

Hydrological conditions during the period 2007–2009

(precipitation and Qmax between 750 and 690 mm year-1

and 8–18 m3 s-1 respectively, Table 1; Fig. 2a) were in

the low range of the long-term time series (1956–2001,

650–1200 mm year-1, Qmax 10–40 m3 s-1) as shown in

Gratiot et al. (2010). Years 2007, 2008, and 2009 were

therefore typical of dry years. In 2009, the Cointzio

reservoir had a lower water level (minimum of 21 m) than

in 2007 and 2008; the 2009 water level minimum was also

in the low range of the water level fluctuations from 1991

to 2005 (Fig. 2c).

Nutrient pollution levels within the watershed

Maximum P-tot, PO4
3-, and NH4

? concentrations were

observed downstream of highly populated villages (Table 2).

The highest mean P-PO4
3- (2.2 ± 1.6 mg L-1), N-NH4

?

(5.9 ± 3.8 mg L-1), and N-NO3
- (2.6 ± 1.2 mg L-1)

concentrations were observed at site 2 where we also mea-

sured the lowest DO (2.3 ± 1.2 mg L-1). Site 4 presented

the highest mean P-tot concentration (4.4 ± 5.4 mg L-1)

and also high concentrations of P-PO4
3- (0.37 ±

0.23 mg L-1) and N-NH4
? (1.23 ± 1.07 mg L-1). N-NO3

-

concentrations remained quite low (\3 mg L-1) at all sites.

Site 5 had the bestwater quality,with very lowconcentrations

of P-PO4
3- (0.05 ± 0.03 mg L-1), N-NH4

? (0.06 ±

0.11 mg L-1), and N-NO3
- (0.78 ± 0.41 mg L-1). Sites 7

and 8 were quite similar in terms of nutrient concentrations.

Mean concentrations at site 8 remained high, especially for

P-tot (0.38 ± 0.23 mg L-1), P-PO4
3- (0.11 ± 0.07

mg L-1), and N-NH4
? (0.15 ± 0.10 mg L-1).

River input and reservoir output

TSS input was similar for the 3 years (&22,200 ± 4

400 t year-1, Table 1). Maximum TSS concentration was

observed during the wet season with peaks[10,000 mg L-1

(Fig. 2a, Supplementary material 1). Consequently TSS

input showed a strong seasonality. TSS input during the wet
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season (June–October) represented more than 95 % of the

annual TSS input for the 3 years (shown only for 2009,

Fig. 3a). TSS output was found to be comparable for the

3 years and one order of magnitude smaller than TSS input

(between 1800 and 2500 ± 400–500 t year-1, Table 1).

Moreover, TSS output concentrations never exceeded

600 mg L-1 (Fig. 2b; Supplementary material 2). In 2009

mean input concentrations of P-tot (0.38 ± 0.23 mg L-1),

N-tot (2.1 ± 1.0 mg L-1), and TOC (POC ? DOC =

32.6 ± 26.5 mg L-1) were one and a half times higher than

their output concentrations (Supplementary materials 1 and

2). The input concentrations of P-tot, N-tot, and TOC

increased with increased discharge and TSS concentration

during the wet season. For instance, maximum P-tot

(0.94 mg L-1) and N-tot (5.9 mg L-1) were measured on

the 24 June 2009 (Supplementary material 1) during the

second largest TSS peak (Fig. 2a). TOC was at a maximum

(173.5 mg L-1) during the extreme TSS peak on the 2 June

2009 (Fig. 2a, Supplementary material 1). Therefore P-tot,

N-tot, and TOC inputs to the reservoir showed a strong

seasonality concomitantly with flood events and TSS inputs

(Fig. 3).

P-tot input was 20 ± 4 t year-1 (P-PO4
3- accounted for

26 %, Table 3). P-tot input during the wet season (June to

October) represented 84 % of the annual P-tot input and

showed the same seasonal trend as TSS input (Fig. 3b).

P-tot export downstream decreased by 30 % during transfer

through the reservoir (P-tot output was 12 ± 3 t year-1

with the same proportion of P-PO4
3-, i.e. 25 %). N-tot

input was 98 ± 17 t year-1 (61 % as N-NO3
- and 5.5 %

Table 1 Water and TSS input and output for 2007, 2008, and 2009

2007 2008 2009

Input Output Input Output Input Output

Water discharge (106 m3) 49 60 44 53 42 43

TSS (103 tons) 22.4 ± 4.5 2.5 ± 0.5 22.2 ± 4.4 1.8 ± 0.4 22.2 ± 4.4 2.4 ± 0.5

Rainfall (mm) 750 710 690

Rainfall (106 m3)a 3.3 2.8 2.5

Evaporation (mm) 1300–1500 1465 1450

Evaporation (106 m3)a 6.1 5.8 6.2

Mean annual volume (106 m3) 53.8 46 40

Residence time (years)b 1.02–0.81 0.98–0.78 0.90–0.83

a Calculation based on mean annual surface of reservoir
b Calculation based on mean annual reservoir volume and on total input or output

Table 2 Mean annual discharge (Q), DO, and nutrient concentrations in the Cointzio watershed in 2009 (minimum DO in bold and maximum

nutrient concentrations among the different sites, standard deviation in parenthesis)

Site Description Q

(L s-1)

DO

(mg L-1)

P-tot

(mg L-1)

P-PO4

(mg L-1)

N-NH4

(mg L-1)

N-NO3

(mg L-1)

1 El Carmen Downstream of small village with pasture 22 (34) 6.2 (1.05) 0.48 NA 0.19

(0.24)

0.98

(2.36)

1.93

(1.44)

2 Lagunillas Downstream of village of 5100 inh. 194 (439) 2.3 (1.2) 3.6 (2.3) 2.2 (1.6) 5.9 (3.8) 2.6 (1.2)

3 Villa Madero Upstream basin low population density 23 (19) 6.3 (0.6) 0.3 NA 0.11

(0.05)

0.05

(0.04)

0.92

(0.54)

4 Acuaducto Downstream of village of 9400 inh. 235 (210) 5.3 (0.8) 4.4 (5.4) 0.37

(0.23)

1.23

(1.07)

1.93

(0.86)

5 Cortina Forests/agricultural low population density 45 (33) 6.7 (0.6) NA NA 0.05

(0.03)

0.06

(0.11)

0.78

(0.41)

6 Huertitas Degraded lands/agricultural 7 (13) 6.1 (1.3) 0.6 NA 0.11

(0.12)

0.17

(0.27)

0.94

(0.50)

7 SAC Main channel downstream (San Antonio

Coapa)

534 (434) 6.3 (4) 0.37

(0.14)

0.13

(0.05)

0.36

(0.41)

1.96

(1.00)

8 Santiago

Undameo

Outlet of the watershed (see also suppl.

materials)

1323

(1241)

7.3 (3.4) 0.38

(0.23)

0.11

(0.07)

0.15

(0.10)

1.32

(0.41)

NA missing data
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as N-NH4
?) and export downstream of the reservoir was

reduced by 46 % (output was 53 ± 15 t year-1, 73.6 % as

N-NO3
- and 10 % as N-NH4

?) (Table 3). NO3
-export

downstream of the reservoir was much lower (about 30 %)

than the export of NH4
? (Table 3). TOC export down-

stream of the reservoir decreased by 31 % between the

input (1617 ± 340 t year-1, 25 % as POC) and the output

(1115 ± 167 t year-1, 5 % as POC). For TOC, the dif-

ference between the input and output is mainly due to POC

reduction. As for P-tot, most of the N-tot (81 %) and TOC

inputs (80 %) were concentrated during the wet season

(Fig. 3c, d).

Overall, the reservoir received most of the TSS, TOC,

N-tot, and P-tot inputs during the 5 months between June

and October. During the rest of the year, inputs were very

low. As a result of high discharges and high TSS concen-

trations, September was the most exceptional period in

terms of input (about 50 % of TSS, 30 % of P-tot and

N-tot, and 40 % of TOC annual inputs).

Internal reservoir dynamics

During 2009, the water level fluctuated 7 m between the

maximum water level in January and the minimum in June

(Fig. 4), as a result of irrigation output during the dry

season (Fig. 2b). The 15 vertical temperature and DO

profiles measured along the longitudinal axis did not reveal

significant horizontal heterogeneities (data not shown). P27

was thereafter considered to be representative of the entire

reservoir. The spatiotemporal dynamics of temperature,

chlorophyll a, TSS, and DO at P27 are presented in Fig. 4.

Temperature fluctuated between 14 and 22 �C. The reser-

voir behaved as a warm monomictic system with a pro-

gressive thermic stratification building up between April

and October (Fig. 4a). This buildup was followed by

complete vertical mixing of the water column in early

November. During the stratified period DO decreased

drastically from 4 to *0 mg L-1 in the hypolimnion

(Fig. 4b). The influence of hyperpycnal flows was observed

between July and October when floods occurred in the

watershed and filled the reservoir with turbid water

(Fig. 4c). This input led to an increase of TSS from 50 to

250 mg L-1 in the hypolimnion layer of the reservoir

(Fig. 4c). As a result of the input and increased TSS, the

Secchi depth dropped from 31 cm in February to a mini-

mum of 11 cm in September (R2 = 0.67 between TSS and

Secchi depth, Fig. 5a).

Fig. 3 Seasonal variation of TSS, P-tot (including P-PO4
3-), N-tot

(including N-NO3
-, N-NH4

?), POC, and DOC inputs to the Cointzio

reservoir (t day-1) in 2009

Table 3 Input and output C, N, and P loads in the Cointzio Reservoir

for 2009 (loads are given in t year-1 with 95 % confidence intervals)

Input (t year-1) Output (t year-1)

P-tot 20 ± 4 12 ± 3

P-PO4 5.2 ± 1.1 2.9 ± 1.1

N-tot 98 ± 17 53 ± 15

N-NO3 61 ± 8 39 ± 7

N-NH4 5.1 ± 1.3 4.9 ± 1.4

TOC 1617 ± 340 1115 ± 167

DOC 1215 ± 275 1060 ± 166

POC 402 ± 198 55 ± 18
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Chlorophyll a was high in the first five meters of the

water column during the dry season (January–June) (mean

values of 30 ± 19 lg L-1 and maximum 70 lg L-1

observed in March, Fig. 4d). Concentrations then dropped

drastically to 4 lg L-1 in the entire water column between

July and December at the same time as the Secchi depth

measurements decreased (Fig. 5a, b). Given the low cor-

relation between chlorophyll a and TSS (R2 = 0.03) and

between chlorophyll a and Secchi depth (R2 = 0.03) most

particles were from TSS inputs rather than algae. The

temporal variability of POC showed the same trend as

chlorophyll a (R2 = 0.61, Fig. 5c). There was a good

agreement in POC values between P6 and P27 (R2 = 0.63,

Fig. 5c). POC followed the chlorophyll a dynamics with

maximum values of 300–400 mg g-1 at the surface from

January to June (mean 200 ± 100 mg g-1, Fig. 5c). With

the arrival of the first floods in June, POC decreased

simultaneously with the decrease in chlorophyll a, to a

Fig. 4 Seasonal variation of

a temperature, b TSS, c DO and

d Chlorophyll a at the deepest

station P27 in 2009
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Fig. 5 Comparison of seasonal

variations in a Secchi depth,

b chlorophyll a (surface and

bottom), and c POC (surface

and bottom) in the water column

at the two sampling stations P6

and P27

Carbon, nitrogen, phosphorus, and sediment sources and retention in a small eutrophic… 179

123



minimum value of 10 mg g-1 in December (mean

29 ± 18 mg g-1 between July and December).

NO3
-, NH4

? and PO4
3- concentrations at P6 and P27

were similar and showed comparable seasonal trends at P6

and P27 (R2 = 0.63, R2 = 0.83, R2 = 0.15, respectively,

Fig. 6). Concentrations were slightly higher in the hypo-

limnion than in the epilimnion but remained within the

same order of magnitude. PO4
3- concentration was low

during the dry period (0.05 ± 0.05 mg L-1 on average

from January to May) (Fig. 6a). NH4
? decreased rapidly

from January to March and remained low until May

(0.04 ± 0.02 mg L-1 at minimum in May) (Fig. 6c). The

decrease in NH4
? and the low concentration of PO4

3- were

concomitant to the maximum chlorophyll a that was

observed during the dry period, Fig. 4d). Overall, PO4
3-

and NH4
? increased more than tenfold beginning in May

and remained high until destratification in late October

when a sharp decrease in PO4
3- and NH4

? was observed

(Fig. 6a, c). NO3
- increased slightly by a factor of two (2)

throughout the year (Fig. 6b). Correlation between

chlorophyll a and NH4
?and PO4

3- (R2 = 0.23 and 0.11

respectively) was higher than correlation between chloro-

phyll a and Secchi depth (R2 = 0.03) indicating that

nutrients were the most important driver of algal

production.

C, N, and P contents in sediments and accumulation

The OC, TN, and TPP contents of sediment showed minor

variability along the longitudinal transect, except at P3,

which was located close to mouth of the Rio Grande de

Morelia River. At all other sampling sites, individual values

were in the range of the standard deviation of the mean

(Table 4). Sediments collected during the wet season had

significantly lower mean content of TPP compared to sedi-

ments collected during the dry season (0.21 ± 0.03 com-

pared to 0.12 ± 0.02 mg P g-1, p value \0.001). This

difference was explained by a decrease in POP (0.17 ± 0.03

against 0.07 ± 0.01 mg P g-1) rather than PIP as the latter

remained within the same order of magnitude (0.04 ± 0.01

versus 0.05 ± 0.01 mg P g-1). Dry season contents of OC

(11.1 ± 1.4 mg C g-1) and TN (1.0 ± 0.1 mg N g-1) were

similar to their concentrations in the wet season

(10.2 ± 0.1 mg C g-1 and 0.09 ± 0.1 mg N g-1 respec-

tively for OC and TN, p-value[0.05) (Table 4). The TN

content in sediments remained low (*1 mg g-1). Resulting

C:N ratio was 11 ± 1 on both dates.

Cacc was estimated at 298 ± 67 t C year-1, Nacc at

26 ± 6 t N year-1, and Pacc at 5 ± 1 g P year-1. C, N, and

P accumulation rates are presented in Table 5 for compar-

ison with accumulation rates in other tropical reservoirs.
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Fig. 6 Comparison of seasonal

variations in a P-PO4
3-, b N-

NO3
-, and c N-NH4

? in the

water column at the two

sampling stations P6 and P27

(surface and bottom)
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Table 4 C, N, and P content in deposited sediments

Site Dry season (19 May 2009) Wet season (13 October 2009)

TPP PIP OC TN C:N TPP PIP OC TN C:N

mg g-1 mg g-1

P3 0.26 0.05 13.7 1.1 13 0.11 0.05 10.8 0.9 13

P47 0.23 0.05 10.6 0.9 12 0.13 0.05 11.1 0.9 12

P6 0.17 0.04 10.8 0.9 12 0.16 0.07 9.8 0.9 11

P11 0.21 0.04 11.2 1.0 11 0.12 0.05 10.3 0.9 11

P13 0.21 0.03 10.0 1.0 11 0.10 0.03 9.5 0.9 11

P27 0.19 0.03 10.1 1.0 10 0.10 0.04 9.8 0.9 10

Mean (±SD) 0.21 (0.03) 0.04 (0.01) 11.1 (1.4) 1.0 (0.1) 11 (1.0) 0.12 (0.02) 0.05 (0.01) 10.2 (0.06) 0.9 (0.03) 11 (0.9)

Wet and dry seasons

TPP PIP OC TN C:N

mg g-1

Mean (±SD) 0.17 (0.05) 0.04 (0.01) 10.6 (1.1) 0.9 (0.1) 11 (1.0)

Table 5 Accumulation and accumulation rates of sediment, C, N, and P in the Cointzio Reservoir, compared with other tropical reservoirs

Process Accumulation

(t year-1)

Accumulation rate (g

m-2 year-1)a
Source

Sedacc 28 ± 6 9 103 7800 ± 2100 This study

900 Itezhi-Tezhi large reservoir in Zambezi River Basin (Kunz et al. 2011)

320 Pampulha small reservoir in Brazil (Torres et al. 2007)

7700 Global mean in small reservoirs (\50 km2 total area 98,000 km2 in Harrison et al. 2009)

estimated from 6 % retention of global sediment load (12,600 Mt year-1, Syvitski et al.

2005)

10,000 Global mean in reservoirs (total area 250,000 km2 in Harrison et al. 2009) estimated from

20 % retention of total sediment load (12,600 Mt year-1, Syvitski et al. 2005)

Cacc 298 ± 67 83 ± 19 This study

62 Itezhi-Tezhi large reservoir in Zambezi River Basin (Kunz et al. 2011)

-6 Pampulha small reservoir in Brazil (Torres et al. 2007)

450 Global mean in reservoirs estimated from global 0.18 P g C year-1 and global reservoir

area of 400,000 km2 (Cole et al. 2007)

Nacc 26 ± 6 7.2 ± 1.7 This study

14 Valle de Bravo small reservoir in Mexico (Ramı́rez-Zierold et al. 2010)

4 Itezhi-Tezhi large reservoir in Zambezi River Basin (Kunz et al. 2011)

11 Global mean (estimation in Kunz et al. 2011 from Beusen et al. 2005 database)

Pacc 5 ± 1 1.4 ± 0.3 This study

5.5 Valle de Bravo small reservoir in Mexico (Ramı́rez-Zierold et al. 2010)

0.8 Itezhi-Tezhi large reservoir in Zambezi River Basin (Kunz et al. 2011)

1.2 Pampulha small reservoir in Brazil (Torres et al. 2007)

3.3 Global mean (estimation in Kunz et al. 2011 from Beusen et al. 2005 database)

a Mean reservoir surface area of 3.6 km2 was considered for the calculation
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Discussion

Nutrient sources within the watershed and reservoir

trophic status

Point sources from domestic wastewater clearly dominated

in the Cointzio watershed. Nutrient emission originated

primarily from the most populated villages; the highest

concentrations were observed around these villages (site 2

and 4, Table 2). This conclusion is in agreement with two

previous studies on the Cointzio reservoir (López López

and Dávalos-Lind 1998; Ramı́rez-Olvera et al. 2004). Both

studies identified wastewater discharge as the major

nutrient inputs into this reservoir. It is known that the

villages located upstream have no wastewater treatment

plants (Avila Garcia 2006).

Our results showed that N and P concentrations were low

in agricultural sub-watersheds (sites 3 and 5, Table 2) com-

pared with sub-watersheds affected by domestic wastewater.

Nitrate concentrations remained low within the entire

watershed (mean NO3
- of 1.5 ± 0.7 mg N-NO3

- L-1) give

the European numerical standard of water quality (Water

Framework Directive, 2000/60/EC 2000; Bouraoui and

Grizzetti 2014). These results are in good agreement with the

study that Bravo-Espinosa et al. (2009) conducted in the

eastern part of the Cointzio watershed (site 6 Huertitas sub-

basin, Table 2). These authors estimated very low nitrate loss

in runoff waters from cultivated soils, in the range of

0.1–0.6 mg N-NO3
- L-1. Diffuse sources from agricultural

soils are also generally linked to erosion processes that con-

stitute a global concern (Quinton et al. 2010). A recent study

using fingerprinting methods showed the prevailing contri-

bution to sediment load at the Cointzio watershed outlet to be

degraded soils (Evrard et al. 2013). Those soils (mainly

Acrisols and Andosols) are very poor in C, N, and P content

(Bravo-Espinosa et al. 2009), again indicating the low con-

tribution from diffuse sources in this study. Other sources

such as N and P atmospheric deposition can be considered

very low given the high ratio between the watershed and the

reservoir areas (watershed area/reservoir area [100); this

suggests a stronger influence of watershed inputs than

atmospheric inputs to the reservoir (Susperregui et al. 2009).

A rough estimation of bulk atmospheric deposition (wet and

dry) from a study in the nearby Valle de Bravo in central

Mexico (16 kg P km-2 year-1 and 550 kg N km-2 year-1,

Ramı́rez-Zierold et al. 2010) confirms that N and P deposi-

tions can be considered very low in the case of the Cointzio

reservoir (0.06 t P year-1 and 2 t N year-1 i.e. 0.3 and 2 % of

P-tot and N-tot inputs respectively, calculation was done

using mean annual area of reservoir of 3.6 km2).

To support the assumption of the predominance of point

sources, we calculated the theoretical domestic load based

on the physiological per capita production of P (1–1.5 g P

day-1, Billen et al. 2007). Given the total population of the

watershed (43,000 inhabitants), direct point sources would

represent an annual load of 15.5–23.5 t P. This is the same

order of magnitude as the value at the outlet of the

watershed (site 8), i.e. 20 ± 4 t P (Table 3). P domestic

inputs from direct wastewater release would then explain

the P-tot load reaching the reservoir.

To characterize the trophic status of the Cointzio

reservoir, we applied the P trophic model for warm-water

tropical lakes and reservoirs first proposed by Salas and

Martino (1991). This approach makes it possible to esti-

mate the trophic status of reservoirs from the annual P load

and water residence time in the reservoir. Applying this

method to the Cointzio reservoir led to an annual P load of

0.5 ± 0.1 g m-3 year-1 (ratio between input P-tot load of

20 ± 4 t P and mean annual reservoir volume of 40 9 106

m3 in 2009). Given the residence time of about 1 year

(Table 1), the Cointzio reservoir was classified as

eutrophic. According to the maximum chlorophyll a con-

centration (up to 70 lg L-1, Fig. 5b) the Cointzio reservoir

appeared to be a highly productive system. The measure-

ments of POC and chlorophyll a made it possible to cal-

culate the C:chl a ratio for the reservoir (51 ± 19;

R = 0.78). This ratio is the slope of the linear regression

between POC concentrations and chlorophyll a (Garnier

et al. 1989). Based on the algal growth rate (0.26 day-1)

measured in the Cointzio reservoir by López López and

Dávalos-Lind (1998), mean chlorophyll a (30 ± 19 lg
L-1) converted to C from this C:chl a ratio and the 0–5 m

layer (17 9 106 m3) from January to July, algal C uptake is

estimated at 1400 ± 450 t C year-1. The annual primary

production rate would then be 390 ± 130 g C m-2 year-1,

which again categorizes the Cointzio reservoir as

eutrophic, according to the lake trophic state classification

(eutrophic[365 g C m-2 year-1; Wetzel 2001).

The Cointzio reservoir is eutrophic as are many neigh-

boring lakes and reservoirs in the TMVB region: Lake

Chapala (de Anda et al. 2011), the Lago de Guadalupe

(Sepulveda-Jauregui et al. 2013), and numerous others

(Bravo-Inclán et al. 2011). For example, a recent study on

the main reservoir in the Valle de Bravo, which provides

water to Mexico City, showed that N and P loads in the

Valle de Bravo reservoir increased two to threefold

between 1992 and 2005 (Ramı́rez-Zierold et al. 2010). The

Valle de Bravo reservoir is eutrophic as a result of local

township sewage and agriculture diffuse sources from the

watershed. Lake Pátzcuaro, located near the Cointzio

reservoir, has been facing severe eutrophication problems

for at least 20 years (Chacón-Torres 1993; Rosas et al.

1993). Mijangos Carro et al. (2008) estimated the contri-

bution of point and diffuse sources from 13 surrounding
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sub-watersheds (total surface of 933 km2). They concluded

that urban nutrient loads were of high concern in towns

adjacent to lakes whereas diffuse sources predominated in

eroded and agricultural catchments. The oligotrophic Lake

Zirahuen, located in the same region, has been spared from

eutrophication so far but the study by Chacón-Torres and

Rosas-Monge (2008) alerted the public about the urgency

to collect and treat incoming wastewater to preserve this

ecosystem.

According to the above-cited studies within the TMVB

region and due to the obvious link between nutrient loads

and eutrophication of reservoirs in tropical areas, imple-

mentation of best management practices (BMPs) in

upstream watersheds is a crucial need. Traditional recom-

mendations, as made by Ramı́rez-Zierold et al. (2010), are

to reduce N and P inputs from wastewater (by treating

sewage) and from agricultural diffuse sources (by regu-

lating fertilizer use and inputs from livestock). In the case

of the Cointzio watershed, the priority issue is a drastic

reduction of nutrient point sources from domestic effluents

(collection and treatment), which would benefit the water

quality, as recently shown by the study of Doan et al.

(2015). This mitigation would also have positive effects on

the downstream Cuitzeo laguna, which has suffered from

hypereutrophication and fish-fauna ecological impacts for

many years, particularly when the laguna dried up during

severe droughts in the early 1990s (Soto-Galera et al.

1999).

This regional context in Mexico can be generalized to

many other developing countries in the inter-tropical area

that are facing increasing population and lack of wastew-

ater treatment. The implementation of BMPs listed above

are widely recommended in numerous studies worldwide

(Brazil, India, Sri Lanka, China and others; Reddy 2005).

Effect of flood events on reservoir functioning

In the Cointzio reservoir, a large proportion ([80 %) of the

TSS, TOC, N-tot, and P-tot annual inputs occurred during

the wet season (June–October). The seasonality of the

inputs had a strong effect on the internal functioning of the

reservoir. The most important feature was the very high

TSS input during the wet season, which induced a rapid

decrease of light penetration due to high turbidity. Tur-

bidity also remained elevated during the dry season; the

range of Secchi depths in the Cointzio reservoir

(0.11–0.30 m) was among the lowest of the tropical lakes

and reservoirs of the region. For comparison, the Secchi

value is 13–19 m in the clear Lake Zirahuen (Martinez-

Almeida and Tavera 2005) and 3.2–5.8 m in the eutrophic

reservoir of Valle de Bravo (Merino-Ibarra et al. 2008). As

a result of the decreased Secchi depth, a rapid drop of

chlorophyll a was observed. In the comparable eutrophic

reservoir of Valle de Bravo, chlorophyll a remained high

during the entire stratified period (Merino-Iberra et al.

2008). Moreover, in eutrophic systems a decreased Secchi

depth is generally correlated with increased chlorophyll a,

which induces light absorption (Vollenweider 1968). This

is not the case in the Cointzio reservoir, where turbidity

was high during the entire year, especially after flood

events, which maintained low light penetration affecting

the seasonality of primary production.

Increased nutrient levels in the reservoir were primarily

driven by large inputs of nutrients during flood events

(Fig. 3). These inputs quickly and strongly enriched the

reservoir to a high concentration level of PO4
3- and NH4

?

in both the epilimnion and hypolimnion (Fig. 6). During

stratification in tropical systems, nutrient depletion in the

epilimnion due to algal uptake is generally observed,

together with enrichment in the hypolimnion due to benthic

mineralization and benthic desorption under anoxic con-

ditions (Kunz et al. 2011; Merino-Iberra et al. 2008, Bur-

ford et al. 2012). Benthic desorption under anoxic

conditions has been observed in most of the warm

monomictic Mexican lakes and reservoirs listed by Alcocer

and Bernal-Brooks (2010); in these water bodies, the

hypolimnion becomes anoxic during the stratification per-

iod, which leads to PIP release from sediments and addi-

tional PO4
3- in the hypolimnion. In the Cointzio reservoir

PO4
3- and NH4

? had already begun to increase prior to the

arrival of floods that began in May and continuing over the

course of stratification. The long and intense anoxia

observed in the Cointzio reservoir from May to October

(Fig. 4b) is consistent with intense benthic mineralization

but little evidence of PIP desorption was observed because

PIP in deposited sediment did not vary between dry and

wet season. This behavior may be the consequence of the

Acrisol-origin of sediments transported during flood events

(Evrard et al. 2013). These soils typically have an elevated

P adsorption capacity caused by the presence of iron and

aluminium (Parfitt and Clayden 1991). In lakes and reser-

voirs with high iron and aluminium concentrations, hypo-

limnic anoxia does not necessarily lead to P release

(Gächter and Müller 2003). In the Cointzio reservoir, alu-

minium and iron concentrations were elevated, regularly

exceeding the standard for drinking water supply (unpub-

lished data from Oaapas). In addition to benthic mineral-

ization, floods would have a significant effect on PO4
3-

concentration, whereas desorption of PIP from sediments

appeared to be a negligible process. The concomitant effect

of flood events and benthic mineralization on the increased

hypolimnic concentrations was also highlighted in the

Itezhi-Tezhi reservoir in Zambia (Kunz et al. 2011) but in

the Zambian study nutrient concentrations remained strat-

ified in the water column while in our study the increase

was observed not only in the hypolimnion but also in the
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epilimnion. This could be the consequence of a wind effect

that may have driven nutrient movement from the hypo-

limnion to the epilimnion as a result of boundary mixing

caused by internal waves (Merino-Iberra et al. 2008). This

effect is likely to occur in the Cointzio reservoir given the

high diurnal wind variability (Susperregui 2008). The

observed decrease in PO4
3- and NH4

? in October can be

explained by the complete mixing of the water column and

also by a dilution effect due to increased reservoir volume

(Fig. 2c). Given the high interannual variability of pre-

cipitation and discharge in the Cointzio watershed, the

effect of flood events is probably much more pronounced

in wet years (Gratiot et al. 2010). This flooding effect is

enhanced in tropical areas where seasonality is highly

marked (Burford et al. 2012; Syvitski et al. 2014).

Sediment trapping efficiency and sediment

accumulation

The Cointzio reservoir acted as a TSS sink. Sediment

retention exceeded 90 % of incoming TSS. The difference

between TSS input and output was estimated at about

20,000 t year-1 for the 3 years studied (Table 1). Accord-

ing to the classification proposed by Vörösmarty et al.

(2003), the trapping efficiency of the Cointzio reservoir

ranks in the highest range of anthropogenic sediment dam

retention (80–100 %). Sediment retention based on differ-

ences between TSS inputs and outputs was significantly

different from the Sedacc estimate (28,000 ± 6000 t year-1,

Table 5). This difference can be explained by the particu-

larly dry years of the study period (2007–2009) whereas

sediment accumulation was estimated on the basis of an

average value of long-term deposition obtained from sedi-

ment cores that spanned the years 1974–2006. TSS input

was estimated at 22,000 t year-1 for the 3 years of our

study (i.e. 35 ± 19 t km-2 year-1). The historical database

of discharge and TSS at the watershed outlet (1973–1985,

Oaapas, data not shown) enabled us to calculate a TSS input

of up to 150,000 t year-1 i.e. 240 t km-2 year-1 for some

wet years (1976 and 1981 for instance, Susperregui 2008).

This indicates a considerable interannual variability of TSS

input to the reservoir, which is driven by the hydrological

conditions. This variability was also observed by Susper-

regui (2008) using sediment core data. Another factor that

may be involved in TSS input variability is land use

changes that occurred in the Cointzio watershed in recent

decades. López-Granados et al. (2013) identified significant

land use changes between 1986 and 1996 leading to

increased reforested areas and shrubland progression. The

sediment accumulation rate deduced from our study was 7

800 ± 2 100 g m-2 year-1 (Table 5). This value was of the

same order of magnitude as that estimated on the global

scale for small reservoirs (7700 g m-2 year-1) whereas

large reservoirs presented sediment accumulation rates of

about 10,000 g m-2 year-1 (Syvitski et al. 2005, Table 5).

Compared to other tropical reservoirs listed in Table 5, the

sediment accumulation rate was higher in the Cointzio

reservoir than in the Itezhi-Tezhi reservoir (900 g m-2 -

year-1, Kunz et al. 2011, Table 5) or the Pampulha reser-

voir in Brazil (320 g m-2 year-1, Torres et al. 2007). Major

differences in the sediment accumulation rate among

reservoirs can be explained by the position of bottom gates

and spillways and also by reservoir morphology (depth and

surface area) and water residence time in the reservoir

(Cunha et al. 2014). For instance, the combination of

shallow water depth and high residence time can favor

sediment accumulation. The lower sediment accumulation

rate for the Pampulha reservoir can be explained by low

water residence time (0.2 year) and a low specific TSS load

(20 t km-2 year-1). In the case of Cointzio, even with a low

residence time (\1 year) and substantial depth, the reservoir

exhibited very efficient retention and a high sediment

accumulation rate. These findings are likely a consequence

of the high seasonality of the TSS input, which generated

dense hyperpycnal flows and led to rapid sediment trapping.

Sediment accumulation is a key issue for management

of the Cointzio reservoir because the reservoir has already

lost 25 % (i.e. 22 9 106 m3) of its initial storage capacity

after construction in 1940 (initial capacity was 88 9 106

m3, Susperregui 2008). The most promising way to miti-

gate a decrease in reservoir storage capacity would be to

reduce TSS inputs by limiting upstream erosion. Alterna-

tive agronomic practices such as the planting of agave

forest and native species are being implemented locally in

the Cointzio watershed to prevent severe soil erosion

(Schwilch et al. 2012); these practices may have long-term

positive effects on TSS input to the reservoir. Modifying

reservoir morphology or its hydraulic processes to reduce

sediment accumulation rates appears to be unachievable.

C, N, and P trapping efficiency and accumulation

The Cointzio reservoir significantly reduced the export of

TOC downstream of the dam (31 %) (Table 3). Cacc was

estimated at 298 ± 67 t C year-1 (Table 5), which may

explain about 60 % of this reduction, indicating potential

additional C removal by mineralization. Our field data did

not allow us to quantify C removal by mineralization.

However, it is well known that aerobic and anaerobic

mineralization in tropical reservoirs can generate CO2 and

CH4 and emit them into the atmosphere (Guérin et al.

2006). The long and intense period of anoxia observed in

the Cointzio reservoir clearly indicates high aerobic min-

eralization and also conditions favorable to methanogene-

sis. Additional loss of C via CO2 and CH4 emission would

most likely occur in the Cointzio reservoir. The
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methanogenesis process, which has been widely demon-

strated in tropical reservoirs, is of general concern for

warming on the global scale (Barros et al. 2011). To assess

these processes in the Cointzio reservoir, additional study

based on a modeling approach is underway (Doan et al.

2014 pers. comm.).

Our estimation of the C accumulation rate was

83 ± 19 g C m-2 year-1 (Table 5), which was higher than

the value estimated at the Itezhi-Tezhi reservoir, for

instance (62 g C m-2 year-1, Kunz et al. 2011, Table 5).

This difference can be explained by the higher sediment

accumulation rate in the Cointzio reservoir and substantial

allochthonous C inputs during the wet season. The opposite

phenomenon was observed in the Pampulha reservoir in

Brazil, which exported C rather than accumulating it

(Torres et al. 2007, Table 5). The high productivity of this

reservoir was identified as the main factor for explaining

the C exportation. In the Cointzio reservoir the low mean

C:N ratio in deposited sediment (11 ± 1, Table 4) indi-

cated that deposited sediment may contain a significant

proportion of autochthonous C (Park et al. 2009). However,

the very low OC content in sediment emphasized the

probable dominance of allochthonous C in the C accumu-

lation, which should be confirmed by a complementary

study on C fingerprinting. C accumulation can therefore

vary widely among reservoirs and may be linked to the

allochthonous C inputs and sediment trapping efficiency

(Tranvik et al. 2009).

The difference between N-tot input and output indicated

that N export downstream of the reservoir was reduced by

46 %. Sixty percent (60 %) of this reduction can be

explained by Nacc, which was estimated at 26 ± 6 t

N year-1 (Table 5). The N accumulation rate

(7.2 ± 1.7 g N m-2 year-1) was slightly lower than the

estimated N accumulation rate on the global scale

(11 ± g N m-2 year-1, Beusen et al. 2005, Table 5) and as

the N accumulation rate estimated in the Valle de Bravo

reservoir (Table 5). The N accumulation rate can vary

widely among reservoirs because of the difference in TSS

trapping efficiency or water residence time, as highlighted

previously for sediment accumulation (Cunha et al. 2014).

Moreover, the estimation of total N removal in reservoirs is

much more complex because N cycling is dynamic; it

involves not only accumulation but also numerous bio-

logical processes (i.e. denitrification, N fixation, nitrifica-

tion, Wetzel 2001). Denitrification processes are

particularly responsible for N removal, with the production

of N2, which is known to be an important process in

explaining the mass balance of nitrogen in aquatic tropical

ecosystems (Lewis 2002). In the Cointzio reservoir, the

reduction of 30 % that was observed between NO3
- input

and output suggests possible denitrification. In the

eutrophic Valle de Bravo reservoir, for instance, N removal

by denitrification was equivalent to N accumulation

(Ramı́rez-Zierold et al. 2010). The long and intense anoxia

in Cointzio was likely to favor denitrification. N removal

by denitrification would then be of importance to achieve

the N mass balance in the Cointzio reservoir. This

assumption is consistent with the NiRReLa global model

results of Harrison et al. (2009), who identified this central

region of Mexico as having a high N removal rate poten-

tial. Further studies are needed to confirm our hypothesis.

In addition, N fixation may also be an important process

since N-fixing Cyanobacteria (Oscillatoria lacustris) were

identified as the dominant group in the Cointzio reservoir

during the dry season (Ramı́rez-Olvera et al. 2004).

The Cointzio reservoir acted as a P sink, with an esti-

mated 30 % reduction of the P-tot export downstream of

the reservoir. Pacc was estimated at 5 ± 1 t P year-1; this

result explains a large proportion ([60 %) of the reduction

(Table 5). However the difference in P inputs and outputs

is not completely balanced by Pacc. This may be due to an

underestimation of Pacc resulting from a possible underes-

timation of the PIP content in sediment by the HCl

extraction method used. As mentioned above, the sedi-

ments of the reservoir of Cointzio may have a high P

adsorption capacity. HCl would then not be strong enough

to properly extract aluminium- and iron-bound P. Com-

plementary analysis using Total HF-HClO4 extraction was

conducted on four samples (data not presented), which

resulted in systematically higher estimates of P content.

P trapping is commonly correlated with TSS retention

and P is largely retained through sedimentation (Beusen

et al. 2005). In the case of the Cointzio reservoir, although

TSS retention was [90 %, the proportion of P retained

remained moderate. P retention in reservoirs is also influ-

enced by their water residence time (Kõiv et al. 2011). The

longer the residence time, the higher the internal P recy-

cling, which in turn leads to increased P retention. In the

large eutrophic tropical reservoir of Castanhão in Brazil,

which has a residence time of about 10 years, P retention

was estimated at 98 % (Molisani et al. 2013). Therefore

low water residence time in the Cointzio reservoir may

explain the moderate P trapping efficiency. However, the

water residence time is not the only factor that may explain

P trapping efficiency. For instance, Torres et al. (2007)

calculated P retention at 81 % in the Pampulha reservoir,

which had a very low water residence time (0.2 year) and

shallow waters. The latter feature can also favor the P

trapping efficiency (Kõiv et al. 2011).

The P accumulation rate for the Cointzio reservoir

(1.4 ± 0.3 g P m-2 year-1, Table 5) was slightly higher

than the P accumulation rate at both the Pampulha reservoir

(1.2 g P m-2 year-1) and the Itezhi-Tezhi reservoir (0.8 g

P m-2 year-1). The latter has similar water residence time

(0.7 year) and 60 % P trapping efficiency (Kunz et al.
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2011, Table 5). The P accumulation rate was only 1/4 of

the P accumulation rate in the neighboring Valle de Bravo

reservoir (5.5 g P m-2 year-1), which has a water resi-

dence time of 1.58 y and retained 85 % of P input

(Ramı́rez-Zierold et al. 2010, Table 5). The difference can

be explained by the P input to the Valle Bravo reservoir

(121 t P year-1), which was six times higher than P input

to the Cointzio reservoir (20 t P year-1) although it has a

similar upstream watershed area. Apart from the morpho-

logically induced characteristics of the reservoirs discussed

above, P retention also depends on watershed P inputs.

Based on an analysis of 54 lakes and reservoirs in various

climate regions around the world, Kõiv et al. (2011) found

a strong correlation between the specific external P load

and the reservoir P retention in P per m2. A comparison

among several reservoirs showed that, regardless of the

wide variety of reservoirs, the level of P input is the main

cause of high P retention. This observation is consistent

with the 6-year study in the Wivenhoe reservoir (Australia)

conducted by Burford et al. (2012), who concluded that

annual P retention variability was largely driven by the

level of P input during each year.

Conclusions

In this study we assessed nutrient and sediment sources and

their retention in a small tropical reservoir located in

Central Mexico. High nutrient inputs from point sources to

the Cointzio reservoir were the majot driver of its

eutrophication, as shown by high chlorophyll a concentra-

tions and the long and intense period of hypolimnic anoxia

observed. Our results also indicate a pronounced season-

ality in upstream inputs to the reservoir. Alternating dry

and wet seasons strongly influenced the processes occur-

ring within the reservoir. The reservoir was a trap for

incoming sediment-bound nutrients and carbon capable of

maintaining its eutrophic state over the long term.

This study has important implications for local man-

agement of the Cointzio reservoir, because it illustrates the

strong influence of watershed-emitted untreated point

sources on reservoir eutrophication. Also, even with low

water residence times, efficient sediment trapping in the

reservoir is likely to threaten the sustainability of its water

storage capacity. As a result, the key challenge for local

authorities is to reduce sediment and nutrient inputs to the

reservoir by adopting best management practices in the

watershed (i.e. domestic wastewater treatment, soil erosion

mitigation strategies).

Our findings also have broader implications for all

reservoir managers in tropical areas. Because eutrophica-

tion is an issue of concern for a large number of tropical

lakes and reservoirs, point source reduction should be the

highest water-management priority in tropical regions. This

focus is particularly important because rapid population

growth and increasing peri-urban settlement in these

regions are likely to further exacerbate nutrient and sedi-

ment inputs to small reservoirs. In the context of increasing

climate uncertainty, there is a critical need to implement

effective mitigation strategies because climate change may

also accelerate eutrophication risk in the coming decades.

Overall, future research should focus on long-term,

detailed biogeochemical monitoring of small tropical

reservoirs, as well as their linkages with upstream water-

sheds. This research is a necessary step towards an

improved understanding of the processes that occur in

these systems and the driving forces behind them.
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186 J. Némery et al.

123

http://dx.doi.org/10.1177/0956247806063969
http://dx.doi.org/10.1177/0956247806063969


associated particulate C, N, and P. Glob Biogeochem Cycles

19:GB4S05. doi:10.1029/2005GB002453
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Doan TKP, Némery J, Schmid M, Gratiot N (2015) Eutrophication of

turbid tropical reservoirs: scenarios of evolution of the reservoir

of Cointzio. Ecol Inform, Mexico. doi:10.1016/j.ecoinf.2015.01.

006

Donohue I, Molinos JG (2009) Impacts of increased sediment loads

on the ecology of lakes. Biol Rev 84:517–531

Duvert C, Gratiot N, Evrard O, Navratil O, Némery J, Prat C, Esteves
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Guérin F, Abril G, Richard S, Burban B, Reynouard C, Seyler P,

Delmas R (2006) Methane and carbon dioxide emissions from

tropical reservoirs: significance of downstream rivers. Geophys

Res Lett 33:L21407. doi:10.1029/2006GL027929
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Kunz MJ, Wüest A, Wehrli B, Landert J, Senn DB (2011) Impact of a

large tropical reservoir on riverine transport of sediment, carbon,

and nutrients to downstream wetlands. Water Resour Res

47:W12531. doi:10.1029/2011WR010996

Le TPQ, Billen G, Garnier J, Chau VM (2015) Long-term biogeo-

chemical functioning of the Red River (Vietnam): past and

Carbon, nitrogen, phosphorus, and sediment sources and retention in a small eutrophic… 187

123

http://dx.doi.org/10.1029/2005GB002453
http://dx.doi.org/10.1016/j.ecoinf.2015.01.006
http://dx.doi.org/10.1016/j.ecoinf.2015.01.006
http://dx.doi.org/10.1029/2006GL027929
http://dx.doi.org/10.1029/2011WR010996


present situations. Reg Environ Change 15(2):329–339. doi:10.

1007/s10113-014-0646-4
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Limnologica 35:61–69

Merino-Iberra M, Monroy-Rı́os E, Vilaclara G, Castillo FS, Gallegos

ME, Ramı́rez-Zierold J (2008) Physical and chemical limnology

of a wind-swept tropical highland reservoir. Aquat Ecol

42:335–345

Mijangos Carro M, Izurieta Dávila J, Gómez Balandra A, López RH,
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