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Abstract
Reservoirs around the world contribute to cycling of carbon dioxide (CO2) with the atmo-

sphere, but there is little information on how ecosystem processes determine the absorption

or emission of CO2. Reservoirs are the most prevalent freshwater systems in the arid south-

west of North America, yet it is unclear whether they sequester or release CO2 and therefore

how water impoundment impacts global carbon cycling. We sampled three reservoirs in

San Diego, California, weekly for one year. We measured seasonal variation in the abun-

dances of bacteria, phytoplankton, and zooplankton, as well as water chemistry (pH, nutri-

ents, ions, dissolved organic carbon [DOC]), which were used to estimate partial pressure

of CO2 (pCO2), and CO2 flux. We found that San Diego reservoirs are most often undersatu-

rated with CO2 with respect to the atmosphere and are estimated to absorb on average 3.22

mmol C m-2 day-1. pCO2 was highest in the winter and lower in the summer, indicating sea-

sonal shifts in the magnitudes of photosynthesis and respiration associated with day length,

temperature and water inputs. Abundances of microbes (bacteria) peaked in the winter

along with pCO2, while phytoplankton, nutrients, zooplankton and DOC were all unrelated

to pCO2. Our data indicate that reservoirs of semi-arid environments may primarily function

as carbon sinks, and that carbon flux varies seasonally but is unrelated to nutrient or DOC

availability, or the abundances of phytoplankton or zooplankton.

Introduction
Feedbacks between ecosystems and the atmosphere determine the fate of anthropogenic CO2

and the potential for biological sequestration. The physical and biological processes that occur
within lakes determine the metabolic balance between respiration and photosynthesis, and
therefore whether they sequester or emit CO2 [1]. Since lakes are generally at low positions on
the landscape, they often receive large quantities of terrestrial detritus which is either respired,
generating CO2 that escapes to the atmosphere, or stored in the sediments. Lakes with high
concentrations of allochthonous dissolved organic carbon (DOC) are therefore often net
sources of CO2 [2–4]. However, processes that affect in situ primary productivity may affect
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the rate of biological CO2 uptake by autotrophs. The supply of inorganic nutrients and rate of
grazing by heterotrophic consumers can play a large role in carbon exchange. Eutrophic lakes
with very high productivity are often CO2 depleted [5,6]. In addition, predators can indirectly
control primary production through trophic cascades, resulting in greater CO2 uptake when
herbivores are under strong top-down control [1,7]. The relative roles of local ecological inter-
actions vs. processes in the watershed or the atmosphere that determine the supply of
allochthonous organic material are poorly understood.

Manmade reservoirs contribute about 37% of the global efflux of CO2 to the atmosphere
from all freshwater ecosystems, including lakes, rivers, streams, groundwater, and brackish
ecosystems such as wetlands and estuaries [8]. When a landscape is flooded to create a reser-
voir, terrestrial plant communities are inundated and organic material may either accumulate
in sediments or decompose, releasing CO2 [9]. The decrease in terrestrial photosynthesis and
assimilation of CO2 may result in the loss of an atmospheric CO2 sink [10]. The sequestration
of organic carbon in inland water sediments is estimated to exceed the global burial of organic
carbon on the ocean floor three-fold [11,12]. It is also estimated that artificial reservoirs emit
twice the quantity of CO2 compared to natural lakes [8,13]. Studies have shown that in a newly
created reservoir, greenhouse gas (GHG) emissions, including CO2 and CH4, generally increase
rapidly within a period of 10 years, after which emission rates decrease and become equivalent
to those found in natural lakes [14]. Metabolism of organic carbon compounds by aquatic bac-
teria in reservoirs can exceed autotroph photosynthesis, resulting in a net source of CO2 to the
atmosphere [15]. The effect of impoundment on GHG fluxes is the difference between the
fluxes of those emissions before and after flooding [13]. The role of reservoirs in the global car-
bon cycle is therefore uncertain but potentially significant.

Reservoirs for water storage have been extensively constructed throughout the arid south-
west of North America, and represent the largest area of freshwater ecosystems. In San Diego
County, most of freshwater for human use is imported. From 2009 to 2013, the five-year aver-
age imported water supplies for San Diego County included 63% from the Colorado River,
20% from the Sacramento and San Joaquin rivers, and the last 17% from local supplies includ-
ing runoff from seven watersheds, groundwater, and recycled waste water (http://www.sdcwa.
org/imported-supplies). Twenty-four major reservoirs in the county (Fig 1) store water for
human consumption and are used for recreational activities such as boating and fishing. There
are no data on the CO2 budgets of these reservoirs. Additionally, no studies have investigated
how the transport of water over great distances and its storage affects the carbon cycle in
Southern California. With the enactment of California’s Assembly Bill 32 in 2006, many coun-
ties have been taking steps to reduce GHG emissions, including investigating the impacts of
reservoirs on CO2 and CH4 [16]. As water demand increases with continued human popula-
tion growth, resulting in more construction of dams, it is important to understand the impact
of creating and maintaining reservoirs on the global carbon cycle.

Although tropical and temperate reservoirs function mainly as net sources of CO2 to the
atmosphere [17,18], the few studies of the carbon balance of western United States (U.S.) reser-
voirs have reached contradictory conclusions. Therrien et al. [19] found that 46 reservoirs in
semi-arid ecosystems throughout the southwestern U.S. (Arizona, New Mexico, and Utah)
were super-saturated with CO2. In contrast, a study on GHG emissions from six reservoirs
throughout Northern California, Oregon, Washington, and Idaho showed that four were sinks
for atmospheric CO2 [20]. Neither of these studies examined temporal variation in net CO2

flux in reservoirs or its relationship to biological or physical processes. Morales-Pineda et al.
[21] found that two stratified reservoirs in a semi-arid region of Spain were super-saturated
with CO2, and that pCO2 showed considerable temporal variability. Thus, temporal variation
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in the carbon balance of reservoirs, and their relationship to ecosystem structure, remain in
question.

Net CO2 flux between aquatic ecosystems and the atmosphere is determined primarily by
inputs of organic matter from the watershed, the physical processes that regulate gas exchange
and biological processes that determine in situ rates of photosynthesis and respiration. Wind,
water temperature, vertical stratification and concentrations of solutes all affect gas exchange.
Dissolved organic carbon (DOC) can also drive high rates of respiration by providing substrate
for the growth of aquatic heterotrophic bacteria [11,22,23]. CO2 supersaturation in lakes and
its emission to the atmosphere has been shown to be a result of allochthonous DOC which
drives net heterotrophy and bacteria metabolism [22,24,25]. Finally, conditions that favor
increased autotrophic production, including high nutrient supply or reduced top-down control
by grazers, can increase CO2 uptake and sequestration [1,6,26]. The balance of these processes
in reservoirs of the semi-arid south west of North America, and their seasonal variability and
relationship to food web structure, are unknown.

The goal of this study was to elucidate how seasonal changes in abiotic conditions, food web
structure, and the supply of organic and inorganic resources determine the net balance of CO2

Fig 1. Twenty-four major reservoirs in San Diego County, California, USA http://www.sdcwa.org/san-diego-county-water-sources (http://www.
sdcwa.org/reservoirs). Barret (BA); Cuyamaca (CU); Dixon (DI); El Capitan (CAP); Henshaw (HE); Hodges (HO); Jennings (JE); Loveland (LOV); Lower
Otay (LO); Maerkle (MA);Miramar (MIR); Morena (MO);Murray (MUR); Olivenhain (OL); Poway (POW); Ramona (RA); Red Mountain (RD MO); San
Dieguito (SN DG); San Vicente (SN VI); Sutherland (SL); Sweetwater (SW); Turner (TR); Upper Otay (UP OT); Wohlford (WF). The black points indicate
the three reservoirs we sampled.

doi:10.1371/journal.pone.0140464.g001
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flux between reservoirs and the atmosphere. We addressed two questions: (1) Do reservoirs in
semi-arid regions such as San Diego County sequester or emit atmospheric CO2? (2) How do
ecosystem processes regulate variation in CO2 flux/pCO2 in these reservoirs in space and time?
To address these questions, we sought to identify the key biotic and abiotic drivers for variation
among reservoirs and over time in pCO2. We sampled three reservoirs in San Diego (Murray,
Miramar, and Poway) weekly for the partial pressure of CO2, water chemistry, vertical stratifi-
cation, wind speed, and the abundances of phytoplankton, bacteria, and zooplankton in the
water column. Our data allowed us to determine how seasonal variation in ecological processes
and species interactions influence absorption of atmospheric carbon.

Materials and Methods
We sampled three reservoirs in San Diego County: Lake Miramar, Lake Murray, and Lake
Poway on a weekly basis for a total of 50 times between 26 June 2013 and 26 June 2014
(Table 1). All three reservoirs contained both piscivorous and zooplanktivorous fish, primarily
bass, trout, and catfish that are stocked annually for sport fisheries. We sampled zooplankton,
phytoplankton, bacteria, and measured total alkalinity, concentrations of total phosphorous
and nitrogen, water and air temperature, pH, partial pressure of CO2, dissolved oxygen, dis-
solved organic carbon, particulate organic carbon and nitrogen, and wind speed. Reservoirs
were sampled at the deepest point from a small boat. Permission was not required on public
waterways (Lakes Miramar, Murray, and Poway) used for recreation and fishing. These studies
did not involve endangered or protected species in any way.

Water Chemistry and Organism Collection
A YSI1multiparameter sonde (Xylem Inc.: Professional Plus) was used to measure vertical
profiles of water and air temperature (°C), dissolved oxygen (mg L-1), and pH. The data were
recorded throughout the water column every 4 m up to a maximum depth of 16–17 m in Lake
Murray and 20 m in Lakes Miramar and Poway. We did not sample Lake Murray at 20 m
depth because the deepest part of the reservoir was inaccessible by our boat. The pH probe was
calibrated with standard solutions before sampling. When the field sonde was not available for
use (17 sampling dates), a HOBO Pendant1 Temperature/Light Data Logger (Onset1: 8K –

UA-002-08) was used to measure water and air temperature (°C) and water was collected from
a depth of 1 m to analyze pH in the lab. On these occasions, pH was measured using a VWR1
SympHony™ SB80PC Benchtop Meter. The pH probe was pre-calibrated with pH standards of
4, 7, and 10 before analyzing samples.

Surface water samples were collected for measuring phytoplankton chlorophyll-a concen-
tration, total nitrogen and phosphorus concentrations, abundances of bacteria, alkalinity, and
particulate organic carbon (POC) and nitrogen (PON) with a 1 m integrated tube sampler.

Table 1. Characteristics of three reservoirs sampled weekly from 26 June 2013–26 June 2014.

Reservoir Lake Miramar Lake Murray Lake Poway

Location 32°92’N; 117°10’W 32°78’N; 117°04’W 33°01’N; 117°01’W

Elevation, (m) 215 162 285

Year Built 1960 1918 1971

Surface Area, (km2) 0.660 0.809 0.263

Maximum Volume, (m3) 8.24 x 106 5.78 x 106 4.11 x 106

Maximum Depth, (m) 35 29 36

Weather Station Location 32°86’N; 117°14’W 32°83’N; 116°97’W 33°00’N; 117°04’W

doi:10.1371/journal.pone.0140464.t001
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Water samples were filtered through a 63 μm sieve to remove zooplankton, and sample bottles
were pre-rinsed with lake water. pCO2 was determined based on measured values of water
temperature, total alkalinity, pH, and total phosphorus using the model CO2calc 1.2.0 [27].
Parameter values for CO2calc were assigned as follows: salinity was 0 ppt for freshwater; the
constants K1 and K2 were fromMillero [28], the acid dissociation constant of bisulfate ion was
from Dickson [29], and pH was used on a NBS scale (mol kg-1 water). The details of the model
for calculation of pCO2 are described in [27].

Wind Speed
On each sampling day, average wind speed from weather stations (http://www.wunderground.
com/) near each reservoir was recorded and used in calculating CO2 flux (Table 1).

CO2 Flux
CO2 flux was calculated using water temperature, total phosphorus, total alkalinity, pH, atmo-
spheric partial pressure of carbon dioxide fromMauna Loa Observatory in Hawaii, USA
(https://twitter.com/Keeling_curve), and wind speed. For weeks where there were no atmo-
spheric pCO2 data, concentrations of CO2 were averaged from the previous and following
weeks. CO2calc 1.2.0 was used to obtain CO2 flux values [27].

Phytoplankton (chlorophyll-a) Biomass
To measure in vivo chlorophyll-a (chl-a) concentrations, we collected surface water from 1 m
depth at each reservoir using an integrated tube sampler. The samples were filtered through a
63 μm sieve to remove any zooplankton and were stored in plastic bottles that were pre-rinsed
with lake water. To standardize our measurements of chl-a, we kept the sample bottles in a
dark cooler for no more than 2–4 hours to before analysis [30,31]. In the laboratory, we mixed
our samples by inverting the plastic bottles to prevent settlement of phytoplankton cells. We
quickly pipetted 1600 μL of the surface water into glass vials and ran the samples through a
pre-calibrated Turner Trilogy1 Laboratory Fluorometer. We used the chlorophyll-a fluores-
cence in vivo module (P/N 7200–043), which had an emission wavelength of 660–710 nm and
an excitation wavelength of 485 nm, which were appropriate for measuring in vivo chl-a con-
centrations [31,32].

Total Nitrogen and Phosphorous
Water collected for total nitrogen and phosphorus analysis was preserved in 20 mL scintillation
vials which were rinsed three times with reservoir water before being filled. For the first 25
sampling dates, nutrient samples were preserved with 400 μL H2SO4, but after the 25

th date,
the acidity was reduced to 40 μL H2SO4 since the lowered acidity was found to provide more
accurate nutrient analysis results. The samples with a lowered acidity had mean TN and TP
concentrations that were respectively 0.02 and 0.03 mg L-1 greater than the more acidic sam-
ples. These differences are small relative to the mean and range of values across our data set,
therefore the change in methodology likely had minimal impact on our results. The samples
were frozen at -26.5°C until analysis. To measure total nitrogen and phosphorous concentra-
tions, the QuikChem1Method 10-107-04-4-C and QuikChem1Method 10-115-01-4-C
were used respectively on a QuikChem1 8500 Series 2 Flow Injection Analysis System (Lachat
Instruments). The data were analyzed using Omnion 3.0 software (Lachat: Hach 2007).
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Bacteria Abundance
To measure abundances of pelagic bacteria, 10 mL of surface water from each reservoir was
collected in pre-rinsed 20 mL scintillation vials. The samples were preserved with 1 mL 20%
phosphate buffered saline (PBS) buffered formaldehyde fixing agent. PBS solution was made
by dissolving 0.69g NaH2PO4, 1.34g Na2HPO4 and 7.6g NaCl in 1L deionized (DI) water. For
making 1 L 20% phosphate buffered saline (PBS) buffered formaldehyde fixing agent, 540.5
mL of 37% formaldehyde was added to 459.5 mL PBS buffer solution and was stored in a sterile
container. Each sample was mixed thoroughly and stored at room temperature for no longer
than 2 weeks before counting cells by epifluorescence microscopy. Bacteria were stained with
DAPI (4',6-diamidino-2-phenylindole) fluorescent stain [33]. Brown track-etched poly carbon-
ate membrane filters (Millipore1 GTBP02500 Isopore™; 0.22 μm porosity, 25 mm diameter)
for bacteria were rinsed with sterile DI water prior to use. Filters were placed on a vacuum fil-
tration manifold (Millipore1 1225) and a maximum of 2 mL of lake water was added. If the
concentration of the sample was too dense, 0.5–1.5 mL of sample was added and the rest was
filled with sterile deionized (DI) water that had been autoclaved at 121°C and 17 psi for 15 min-
utes (Tuttnauer1). The manifold well was shaken to disperse the sample evenly and 25 μL
DAPI stain (1.25% of sample) was added for staining bacteria. The filters were covered to block
any light and samples were stained for 20 minutes.

After 20 minutes, solution on top of the filters were removed and any unincorporated stain
was rinsed off with 5 mL of sterile DI water. The filters were placed on top of one drop of non-
fluorescent immersion oil on a clean microscope slide. One more drop of non-fluorescent
immersion oil was placed on top of the filters and they were mounted with a coverslip. The
slides were kept in the dark until they were counted in a dark room on an OMAX1 EPI-fluo-
rescence microscope (40X-1000X Top Quality Professional Infinite) within 1 hour. A 100X
objective lens (0.22 mm in diameter) was used to count bacteria and at least 10 different fields
of view of the filter sample were counted. The average number of bacteria per counting field
were calculated and then multiplied by the ratio of the area of filter to area visible under magni-
fication to obtain the total number of bacteria per liter.

Total Alkalinity
Alkalinity was measured by adding 2 mL of Orion™ total alkalinity solution to 20 mL of water
sample. The pH of the sample was measured using a VWR1 SympHony™ SB80PC Benchtop
Meter pH probe, which was pre-calibrated with pH standards of 4, 7, and 10, and the resulting
value was converted to alkalinity using an Orion™ Total Alkalinity Test Kit converter wheel.

Particulate Organic Carbon (POC) and Nitrogen (PON)
Water for POC and PON was filtered through either a 47 mm or 25 mmWhatman1 glass
microfiber filter (GF/F: 0.7 μm porosity), which had been pre-combusted in a drying oven at
500°C for at least four hours. The filter was placed on a Büchner funnel on top of a flask and
between 200 mL–1 L of water sample was filtered depending on the productivity of the reser-
voirs. The filters were individually wrapped in aluminum foil and frozen at -20.5°C until analy-
sis. Samples were freeze-dried at -70°C for 24 hours. Before analysis, filters were cut into
quarters in a sterile environment, folded up in 9x10 mm aluminum tins (Costech Analytical
Technologies Inc.) and desiccated until analysis. The samples were analyzed for carbon/nitro-
gen content using a ECS 4010 CHNSO Analyzer (Costech Analytical Technologies, Inc.) at
Scripps Institution of Oceanography. The elemental analysis ran under Costech software: semi-
micro amount of oxygen was used during a 5 minute total run time and water was removed.
Five standards and a tin blank were run, spaced evenly throughout the samples. The standards
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were plotted versus weight and a linear fit was determined for calibration. Particulate organic
carbon and nitrogen concentrations were determined.

Dissolved Organic Carbon
Water for dissolved organic carbon (DOC) analysis was collected at 1 m depth, filtered through
a Whatman1 25 mm GF/F (0.7 μm porosity) which was pre-combusted in a drying oven at
500°C for at least four hours, and stored in pre-rinsed 40 mL vials (VWR1TraceClean1).
The samples were preserved with 250 μL trace metal grade hydrochloric acid and analyzed
with a Shimadzu1 TOC-V CSN at Scripps Institution of Oceanography.

Zooplankton
Zooplankton were collected throughout the water column using a 63 μmmesh net (30 cm in
diameter) lowered to 2 m above the bottom. One tow was sampled per lake per week resulting
in 146 total samples. Zooplankton were preserved with 70% ethyl alcohol: zooplankton were
counted by splitting samples using a Wildco1 Folsom Plankton Splitter (0.5 L) and at least
179 animals total (�X = 331; range = 179–969) were counted for each aliquot using a Leica
M125 stereo microscope. Copepods were counted by order and developmental stages while cla-
docerans were identified to species. To measure body size of zooplankton in order to estimate
population weight, at least 25 animals per sample of each species were photographed using a
Leica DFC295 camera and Leica V3.5.0 software. When fewer than 25 animals of a species
were present in a sample, all individuals were measured. Zooplankton lengths were measured
using ImageJ [34] from digitized analysis of calibrated images, and length-weight regression
equations from [35–40] were used to calculate mean individual mass and population biomass.

Statistical Analyses
For each variable, a two-way analysis of variance (ANOVA) was run with lakes and dates as
predictors to determine which variables varied in space or time. Multiple regression models
including all candidate predictor variables sampled were run to determine main drivers of
pCO2 and pH across all reservoirs. Log transformations were applied to independent variables
to normalize variance as necessary, and second order terms were included to test for non-linear
relationships. The variables included in the base model to predict pCO2 were: log(POC), log
(PON), log(TN), log(TP), log(chl-a), log(zooplankton community biomass), log(bacteria), and
log(DOC). These variables were used to identify the primary drivers of pCO2. “Lake” was
included as a random variable in the model, and a first order autoregressive term was included.
A model averaging procedure based on all possible submodels including the independent vari-
ables (the function “dredge” in the package MuMIn in R [41] was used to identify the variables
included in the most likely model. Since pCO2 was calculated based on water temperature, pH,
total phosphorus, and total alkalinity, we excluded these variables from the independent vari-
ables in the candidate models to predict pCO2. All statistical analyses were performed in R v.
0.99.691 [42].

Results

Seasonal Patterns in pCO2 and pH
We found that pCO2 in all reservoirs was primarily undersaturated relative to atmospheric
pCO2 and was significantly different between reservoirs (F2,141; p< 0.001). pCO2 concentra-
tions increased during the winter and decreased during summer months in the three reservoirs
(Fig 2A), with the exception that Lake Miramar was supersaturated with CO2 during much of
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June and July of 2013. pCO2 was often below 100 ppm in the summer, and was typically higher
in Lake Murray (�X = 232 ppm) and Miramar (�X = 345 ppm) than in Lake Poway (�X =
149 ppm). Lake Miramar showed high pCO2 during the summer of 2013 before declining
around August, and then rising again in the winter months and declining in the following sum-
mer. The other two reservoirs showed more consistent patterns of low pCO2 during the two
summers and higher in the winter. The mean pCO2 for all reservoirs was 241.95 ppm.

pH exhibited a seasonal trend of declining values during the winter months and increased
during the summer, consistent with increased net ecosystem production in the warm seasons
and greater respiration in the winter (Fig 2B). Additionally, pH was inversely correlated with
pCO2 (r = -0.810). pH was generally highest in Lake Poway (�X = 8.649), lowest in Lake Mira-
mar (�X = 8.339), and intermediate in Lake Murray (�X = 8.530). The average pH across all res-
ervoirs was 8.51.

pCO2 and pHModels
The model to predict pCO2 based on the variables used to calculate it (water temperature, total
alkalinity, pH, and total phosphorus) identified pH as the dominant factor determining pCO2.
pH explained 64% of the variation in pCO2, while the other variables explained only between
<1% (total phosphorus) and 17% (total alkalinity) of the variation. We therefore constructed a
model to predict pH based on the other bio-physical variables that were not included in the cal-
culation of pCO2. The variables included in the top six models to predict pH were TN and bac-
teria (Fig 3A and 3B). Chlorophyll-a, POC, PON, and DOC were also included in the best six
models to predict pH, but none contributed significantly to the fit of the data (Table 2A). The
most important variables to predict pCO2 identified by the model averaging were zooplankton
biomass and PON (Fig 3C and 3D). Other variables included in the top six best fit models to
predict pCO2 included TN, bacterial abundance, and chlorophyll-a; however, none of these

Fig 2. pCO2 and pH time series. (A) Time series of partial pressure of carbon dioxide (pCO2) in ppm for
each of the three reservoirs. Current atmospheric concentrations of pCO2 are ~400ppm. (B) pH for each
reservoir for 50 sampling weeks. Symbols indicate the reservoir as shown in the legend.

doi:10.1371/journal.pone.0140464.g002
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contributed significantly to the fit of the model (Table 2B). Zooplankton biomass and PON
were not correlated in our data set (Pearson correlation = 0.024, p = 0.779).

CO2 Flux
CO2 flux (mmol m-2 day-1) was estimated to average -3.22 mmol m-2 day-1 across all three res-
ervoirs (Fig 4). Mean CO2 flux for each reservoir are as follows: Murray �X = -1.755 mmol m-2

day-1, Miramar �X = -0.875 mmol m-2 day-1, Poway �X = -7.020 mmol m-2 day-1. Lake Poway
had large spikes in CO2 uptake on four sampling dates due to high wind speeds (> 5 m s-1).

Phytoplankton Biomass

Chlorophyll-a (μg L-1) concentration was consistently highest in Lake Murray (�X = 4.017 μg
L-1) and lower in the other two reservoirs (Miramar �X = 1.684 μg L-1; Poway �X = 1.516 μg L-1)
and precipitation events did not have an effect on phytoplankton biomass (p> 0.05) [Fig 5A].
Chlorophyll-a was higher in Lake Murray in the winter than the summer, and higher in sum-
mer of 2013 than of 2014. The other two reservoirs showed consistent chlorophyll concentra-
tions between 1–2 μg L-1 with no pronounced seasonality. Chlorophyll-a was inversely
correlated with zooplankton community biomass and mean individual body size in Lake Mur-
ray (r = -0.323 and r = -0.515 respectively) but not in Lake Poway (r = 0.001 and r = -0.026
respectively) or Lake Miramar (r = -0.047 and r = -0.072 respectively). The seasonal patterns of
pCO2 were not mirrored in chlorophyll-a within or among reservoirs, and chlorophyll-a was
not retained as a significant predictor of pCO2 in the multiple regression model.

Fig 3. Partial regression plots of the significant drivers of pH and pCO2 across all reservoirs. Drivers
were identified by the model averaging procedure pH versus (A) total nitrogen (mg N L-1) and (B) bacteria
abundance (# L-1), and pCO2 versus (C) zooplankton community biomass (mg L-1) and (D) particulate
organic nitrogen (mg N L-1). Symbols indicate the reservoir as shown in the legend.

doi:10.1371/journal.pone.0140464.g003
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Total Phosphorous and Nitrogen
Total phosphorous (mg P L-1) and total nitrogen (mg N L-1) both had low concentrations con-
sistent with oligotrophic conditions, and there were no seasonal trends for either phosphorus

Table 2. Variables included in the six top models to predict pH and pCO2.

A

Coefficient Estimate Std. Error z-value p-value Importance

log(bacteria) -0.05689 0.02487 2.226 0.02346 * 1.00

log(TN) 0.08149 0.02539 3.179 0.00148 ** 1.00

log(POC) -0.04611 0.04532 1.014 0.31066 0.63

log(chl-a) -0.02732 0.04409 0.617 0.53744 0.43

log(PON) -0.02525 0.03885 0.648 0.51681 0.37

log(DOC) 0.05076 0.13892 0.363 0.71628 0.23

B

Coefficient Estimate Std. Error z-value p-value Importance

log(PON) 35.302 15.284 2.288 0.0221 * 1.00

log(zoop.) -17.639 9.689 1.804 0.0713 . 1.00

log(TN) -8.048 11.551 0.694 0.4879 0.48

log(bacteria) 5.245 9.881 0.529 0.5971 0.33

log(chl-a) 6.843 15.858 0.430 0.6675 0.26

Models to predict (A) pH and (B) pCO2 were based on the “dredge” procedure in the R package MuMIn [41]. The Importance value is the sum of Akaike

weights over all models containing the explanatory variable.

. p > 0.05

* p < 0.05

** p < 0.01.

doi:10.1371/journal.pone.0140464.t002

Fig 4. Time series of estimated CO2 flux (mmol m-2 day-1). The four negative values correspond to CO2

flux in Lake Poway that were below the range of the graph during strong wind events.

doi:10.1371/journal.pone.0140464.g004
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or nitrogen in the reservoirs (Fig 5B and 5C). Mean TP concentrations were 0.018 mg P L-1

(Murray), 0.016 mg P L-1 (Miramar) and 0.030 mg P L-1 (Poway). Mean TP across all reservoirs
was 0.02 mg P L-1. Lake Poway showed two large peaks of total phosphorous (0.14–0.19 mg P
L-1), which coincided with precipitation events in September–October 2013. Lakes Miramar
and Murray both showed peaks in total nitrogen concentration (4.5–15.3 mg N L-1) that coin-
cided with precipitation events in September–October 2013 and March 2014. Mean TN con-
centrations were1.244 mg N L-1 (Murray), 1.652 mg N L-1 (Miramar) and 1.104 mg N L-1

(Poway), with a mean across all reservoirs of 1.33 mg N L-1.

Particulate Organic Nitrogen
Particulate organic nitrogen (PON; mg N L-1) concentrations increased during the winter in
Lake Murray and showed very high spikes during the spring in all three reservoirs (Fig 5D).
Lake Murray consistently had the highest concentrations of PON (�X = 0.058 mg N L-1), while
Lakes Poway (�X = 0.026 mg N L-1) and Miramar (�X = 0.024 mg N L-1) had similar, lower
concentrations.

Fig 5. Time series for chlorophyll-a (chl-a), total phosphorous (TP), total nitrogen (TN), and particulate
organic nitrogen (PON) for the three reservoirs. (A) chlorophyll-a (μg L-1), (B) TP (mg P L-1), (C) TN (mg N
L-1), and (D) PON (mg N L-1). The vertical dashed lines represent dates that received >1 cm precipitation.
Precipitation during our study period totaled 14.78 cm, and average annual precipitation in San Diego County
is 26.26 cm.

doi:10.1371/journal.pone.0140464.g005
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Dissolved and Particulate Organic Carbon
Dissolved organic carbon concentrations (mg C L-1) were consistently highest in Lake Murray,
the most productive reservoir (�X = 4.127 mg C L-1), lowest in Miramar (�X = 3.030 mg C L-1),
and intermediate in Poway (�X = 3.574 mg C L-1) with relatively little seasonal variation in any
of the reservoirs. Concentrations declined slightly during the summer and into the winter of
2013, but stayed relatively low during the summer of 2014 (Fig 6A). Particulate organic carbon
(POC; mg C L-1) concentrations increased during the winter in Lake Murray and showed very
high spikes in concentration during the spring in all three reservoirs (Fig 6B). Lake Murray
consistently had the highest concentrations of POC (�X = 0.452 mg C L-1) while Lakes Poway
(�X = 0.200 mg C L-1) and Miramar (�X = 0.213 mg C L-1) had similar, lower concentrations.

Bacteria Abundance
Bacteria abundance (# L-1) increased during the winter and declined during the summer across
all reservoirs (Fig 7). Bacterial abundance was inversely correlated with water temperature (r =
-0.661).

Zooplankton Community Biomass
Lakes Miramar and Poway contained zooplankton communities dominated by larger bodied
species than Lake Murray in 2013 (Fig 8A). In the summer of 2014, larger zooplankton
increased in abundance in Lake Murray and the mean size of the community reached that of
the other two reservoirs during the second year. Chlorophyll concentration declined in Lake
Murray at the same time as the increase in abundance of large zooplankton around March of
2014 (Fig 5A).

Zooplankton community biomass (mg L-1) was highest in Lake Poway (�X = 7.028 mg L-1)
during the summer of 2013 and in Lake Murray (�X = 8.558 mg L-1) in summer of 2014

Fig 6. Time series for (A) dissolved organic carbon (DOC; mg C L-1), and (B) particulate organic
carbon concentrations (POC; mg C L-1) for all three reservoirs.

doi:10.1371/journal.pone.0140464.g006

Carbon Dioxide Flux in Reservoirs

PLOS ONE | DOI:10.1371/journal.pone.0140464 October 16, 2015 12 / 20



(Fig 8B). Lake Miramar (�X = 4.618 mg L-1) typically had the lowest zooplankton biomass and
the reservoirs differed significantly in zooplankton biomass (F2,140; p = 0.002). Lake Murray
was dominated by small cladocerans and copepods in 2013, while the other two reservoirs had
greater numbers of larger Daphnia and adult copepods. Large Daphnia and copepods increased
in density in Lake Murray in spring of 2014.

Reservoir Stratification
The water columns for Lakes Murray and Miramar were found to be stratified throughout the
summer with thermocline depths at 13 m and 19 m respectively, and were not stratified
between Oct 2013-Feb 2014 (Fig 9). Lake Poway’s water column was mixed from Sept
2013-Feb 2014 and then remained stratified thereafter with a thermocline depth at 13 m. For
all reservoirs, surface water temperatures decreased by about 10°C from summer to winter.

Discussion
We found that three reservoirs in San Diego, CA were primarily undersaturated with CO2

through an entire annual cycle, in contrast with lakes in more heavily vegetated temperate or
tropical environments that typically release carbon to the atmosphere [18,43]. This result sug-
gests that biological C uptake through photosynthesis and storage in sediments exceeded

Fig 7. Time series of bacteria abundance (# L-1) for all three reservoirs.

doi:10.1371/journal.pone.0140464.g007
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microbial respiration at most times of the year. In addition, pCO2 increased in the winter and
declined in the summer, indicating that seasonal variation is the primary driver of carbon flux.
This pattern was similar to that observed by Finlay et al. [44], who showed that alkaline lakes
in central North America sequester more CO2 in warmer years as a result of reduced CO2 accu-
mulation during a shorter ice free season and enhanced chemical conversion of CO2 to HCO3

-

and CO3
-2. However, the drinking water reservoirs we study here have pH that is almost always

<9, the pH above which chemical uptake becomes significant [44], and are never frozen. Bio-
logical uptake is therefore a more likely explanation for the increased CO2 uptake that we
observed during warmer seasons than chemical conversion. Net primary production is
expected to be lowest in the winter when light is limited and day length is short, resulting in
higher pCO2 concentrations. In addition, surface water inputs are highest in the winter when
precipitation occurs, potentially introducing new sources of allochthonous materials. Finally,
temporal variation in pCO2 was very weakly related to PON and zooplankton biomass, but not
chlorophyll-a concentration, or the abundance of bacteria. These patterns suggest that bottom-
up control of primary production via seasonal variation in light or temperature limitation is
the major control on the direction of CO2 flux rather than top-down effects of grazing or inter-
actions with microbes.

Studies of pCO2 in reservoirs in semi-arid ecosystems or the western U.S. have been carried
out on larger spatial scales, but with much less temporal resolution than our study. Soumis
et al. [20] found that reservoirs in temperate regions of northern California, Oregon, Washing-
ton, and Idaho are primarily sinks for CO2, and Therrien et al. [19] concluded that reservoirs
in Arizona, New Mexico, and Utah were sources for CO2. These studies only sampled lakes
and reservoirs on one or two occasions and focused on physico-chemical variables alone as

Fig 8. Time series for (A) Zooplankton community mean body length (mm) and (B) community
biomass (mg L-1) for all three reservoirs.

doi:10.1371/journal.pone.0140464.g008
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drivers for pCO2. They also did not include biological variables, discounting the possible effect
of food web dynamics on spatial and temporal variation in pCO2. The contrasts between these
studies indicate a need for more thorough analysis of the sources of variation in ecosystem
metabolism in western reservoirs. Our study demonstrated how seasonal variation in aquatic
ecosystem structure is related to spatial and temporal variation in pCO2.

Most studies have shown that reservoirs worldwide are primarily sources of CO2 to the
atmosphere [8,13,23]. These studies have mostly been conducted in highly vegetated systems,
such as tropical and temperate forests [14,45] where allochthonous inputs of terrestrial detritus
are much higher than in the semi-arid region where our study was conducted [46,47].
Allochthonous organic matter that is respired by heterotrophic microbes increases pCO2 and
C emissions to the atmosphere [11,22–25]. We observed relatively constant DOC concentra-
tions around 3–5 mg L-1, which is low compared to the global mean of around 7 mg L-1 [43].
Barros et al. [14] concluded from a global survey that C-flux in hydroelectric reservoirs is
related to age and latitude; however, their data are highly clustered in the tropics (<22°) and
temperate zone (>45°), with almost no samples in between (see their Fig 1). Our results indi-
cate that without high levels of decomposition associated with large inputs of organic matter,
primary production may exceed heterotrophic respiration and lead to sequestration of atmo-
spheric C in reservoirs in the sparsely vegetated and semi-arid sub-tropics. Thus, organic

Fig 9. Surface (1 m) and bottom (16–20m) water temperatures (°C) for each reservoir from Sept
2013-June 2014. The bottom depths for Lakes Poway and Miramar was 20 m and the bottom depth for Lake
Murray was 16–17 m. The water columns are stratified when the lines diverge and mixed when the surface
and bottom temperatures are the same.

doi:10.1371/journal.pone.0140464.g009
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matter may be deposited in the sediments of reservoirs for long periods of time until either
water from the bottom of the reservoir is released or upwelling occurs.

We measured in situ chlorophyll-a concentration as an indicator of the standing biomass of
phytoplankton. However, chlorophyll-a is not a good indicator of whole ecosystem primary
production as benthic autotrophs (macrophytes and periphyton) play an important role, and
because changes in growth may not be reflected by changes in biomass. We did not measure
net production directly, however it is likely to be higher in the summer when temperatures are
warmer and days are longer, although we saw no increase in chlorophyll-a concentrations.
Highly eutrophic lakes tend to function as carbon sinks due to high biological C uptake [6],
while dystrophic lakes emit CO2 due to respiration of allochthonous organic matter [2]. How-
ever, seasonal and spatial variability in chlorophyll-a and DOC concentrations were poor pre-
dictors of pCO2 in our study, likely because variation in production within or among our
reservoirs was small compared to the global range where chlorophyll-a concentrations can
exceed 1000 μg L-1. We saw maximum chlorophyll-a concentrations around 10 μg L-1, indicat-
ing that the reservoirs were always within the oligotrophic-mesotrophic range. The lack of
association between chlorophyll-a and pCO2 indicates either that other chemical or biological
processes regulate carbon dynamics in these reservoirs, or that annual variation in ecosystem
respiration is not reflected in phytoplankton standing stock. However, our results do show that
CO2 is most depleted in the water column in the summer when ecosystem production is
expected to be greatest [44]. Biological uptake may therefore play a role in the undersaturation
of CO2 in these reservoirs.

Although variation in chlorophyll-a was not associated with pCO2, we observed seasonal
changes in chlorophyll-a concentrations across the reservoirs. In Lake Murray, concentrations
were consistent until zooplankton community biomass and mean body length size for zoo-
plankton increased in 2014, accompanied by a rapid decline in chlorophyll-a concentrations.
This pattern suggests that an increase in abundance of large bodied zooplankton and elevated
grazing pressure resulted in lower biomass of phytoplankton. In contrast, Lakes Miramar and
Poway did not exhibit any seasonal or interannual changes in chlorophyll-a concentrations or
zooplankton abundance or size structure. Although Lake Murray was more eutrophic than the
other two for most of the study, it did not show consistently lower pCO2 as we would expect if
variation in pelagic primary production was the major factor controlling pCO2. Benthic pro-
duction and decomposition, which contribute greatly to whole system metabolic balance but
were not measured in our study, may explain this disparity

Increases in pCO2 during the winter may have resulted from heterotrophic respiration
exceeding photosynthesis by phytoplankton during periods of greater light limitation and
lower temperatures. Microbes that degrade organic matter, including bacteria, also increased
during colder months and may have contributed to higher respiration and greater pCO2 [15].
During the winter, the water column became less stratified, both in temperature and dissolved
oxygen concentrations. With a more homogenous water column, sediment and buried organic
matter and nutrients from the bottom of the reservoirs could be resuspended to the surface via
mixing and potentially decomposed by pelagic bacteria, contributing to higher pCO2.

Zooplankton community biomass did not show a consistent seasonal trend across all reser-
voirs, but there were large changes in community structure within each lake. These changes
over time were not strongly correlated with chlorophyll-a, except in Lake Murray where
increases in zooplankton biomass and mean size in the summer of 2014 were associated with
declining chlorophyll-a concentrations. This suggests that changes in predation or other fac-
tors caused shifts in the zooplankton community of Lake Murray with cascading effects on
phytoplankton biomass. The mean lengths for zooplankton were consistent over time in Lakes
Miramar and Poway, but increased in Lake Murray during the spring. The cause of the increase
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in zooplankton size in Lake Murray is unclear, but its association with a sharp decline in chlo-
rophyll-a indicates a strong top-down effect of zooplankton on primary producers, even
though this shift had no apparent effect on estimated CO2 flux.

The concentrations of DOC in the reservoirs we studied were uncorrelated with pCO2, in
contrast with most studies estimating CO2 flux in lakes and reservoirs [3,43,48]. We may have
observed no association between DOC and pCO2 because the concentrations were low com-
pared to the global range [43]. In addition, we saw little seasonality in DOC in contrast with
temperate regions with deciduous vegetation that produces an annual leaf drop in the fall [49].
Our bulk measure does not distinguish between DOC of autochthonous vs. allochthonous ori-
gin. The quality of terrestrial DOC as substrate for microbes is much lower than that produced
by aquatic producers, and this difference may be important to determining pCO2 [50]. How-
ever, our results show no evidence that spatial or seasonal variations in DOC concentration are
a significant for determining pCO2 in the studied reservoirs.

Ongoing changes in climate are likely to produce declines in the availability and quality of
freshwater resources worldwide. This trend is already increasing pressure to construct
impoundments to capture more surface water for human uses in semi-arid regions such as
Southern California. Thus, it is essential to understand how water storage contributes to the
global carbon cycle and whether feedbacks are likely to accelerate or dampen ongoing emis-
sions of greenhouse gases to the atmosphere. We found that three of the 24 major reservoirs in
San Diego County are undersaturated in CO2 throughout the year. Increased construction of
reservoirs to store water is therefore unlikely to provide a significant new source of CO2 to the
atmosphere. Our data also indicate that seasonal changes in photosynthesis, likely driven by
light availability and temperature, drive pCO2 dynamics over time more than the abundance of
pelagic primary producers, their zooplankton consumers, or the concentration of DOC. Our
results provide a framework for forecasting the impacts of reservoir construction in the arid
southwest of North America on the regional carbon budget, and for understanding the ecologi-
cal and environmental constraints on CO2 uptake in these anthropogenic ecosystems.
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