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ABSTRACT

In central North America, prairie wetlands provide

many important ecosystem services including

attenuating floods, improving water quality, and

supporting biodiversity. However, over half of

these wetlands have been drained for agriculture.

Relatively little is known about the functioning of

these ecosystems either in their natural state or

restored after drainage. We characterized net

ecosystem production and carbon greenhouse gas

(GHG) fluxes (carbon dioxide [CO2] and methane)

in the open-water zones of three prairie wetlands

over two ice-free seasons. These wetlands in-

cluded a natural site and sites restored 3 and

14 years prior to study (hereafter ‘‘recently re-

stored’’ and ‘‘older restored’’). We also assessed

how two techniques for estimating metabolic sta-

tus, the diel oxygen method (used to measure

NEP) and net CO2 fluxes, compared. The diel

oxygen method suggested that the restored wet-

lands were net heterotrophic across years,

whereas the natural wetland was net hetero-

trophic in 1 year and net autotrophic in the other.

Similar conclusions arose from quantifying net

CO2 fluxes, although this technique proved to be

relatively insensitive for understanding metabolic

status at a daily temporal scale owing to the

influence of geochemical processes on CO2 con-

centrations. GHG efflux was greatest from the

recently restored wetland, followed by the older

restored and natural wetlands. Overall, GHG flux

rates were high and variable compared with other

inland aquatic ecosystems. Although restoration

may progressively return wetland functioning to

near-natural states, our results highlight the

necessity of preventing wetland drainage in the

first place to preserve ecosystem functions and

services.

Key words: carbon dioxide; ecosystem metabo-

lism; ecosystem restoration; greenhouse gas emis-

sions; methane; net ecosystem production; prairie

pothole wetlands.

INTRODUCTION

There are millions of prairie wetlands in the Prairie

Pothole Region (PPR; Figure 1A), an area that

spans approximately 715,000 km2 (Euliss and

others 1999). These wetlands, which are also re-

ferred to as ponds or potholes, were formed during

Pleistocene glacial retreat and range from ephem-

eral basins that hold water only after snowmelt or

major precipitation events to permanent features
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on the landscape (Stewart and Kantrud 1971; Eu-

liss and others 1999). These wetlands provide many

important ecosystem services including attenuating

floods, stabilizing soils, improving water quality,

and supporting biodiversity including globally

important waterfowl populations (Zedler and Ker-

cher 2005). Unfortunately, more than half of the

wetlands in the PPR have been lost to human

development, primarily drained for agriculture.

Despite restoration efforts in many regions, wet-

land degradation continues to outpace recovery

(Bartzen and others 2010). To guide local man-

agement decisions, we need to understand how

drainage and restoration affect the functioning of

these wetland ecosystems.

Net ecosystem production (NEP) refers to the

imbalance between gross primary production (GPP)

and ecosystem respiration (ER; Chapin and others

2006) and may be used to estimate the metabolic

status of an ecosystem, that is, whether an

ecosystem is net autotrophic (production exceeds

respiration) or net heterotrophic (respiration ex-

ceeds production). Although NEP is typically de-

fined with respect to carbon flux, it can be inferred

from diel changes in dissolved oxygen (O2) con-

centrations. O2 concentrations rise during daylight

hours due to photosynthesis and drop during the

night as organic carbon (OC) is respired.

The net flux of carbon dioxide (CO2) between

surface waters and the atmosphere has been com-

monly used as an indicator of the metabolic status

of aquatic ecosystems. Net uptake of atmospheric

CO2 is considered indicative of net autotrophy, the

assumption being that photosynthesis should drive

dissolved CO2 concentrations below atmospheric

equilibrium, causing CO2 to diffuse from the

atmosphere into the water. In contrast, net release

of CO2 from surface waters is thought to arise when

respiration of autochthonous and allochthonous

OC exceeds photosynthesis (Duarte and Prairie

2005; Prairie 2008). The prevalence of CO2 super-

saturation in aquatic systems has led to the con-

clusion that net heterotrophy is widespread, at least

in oligotrophic and mesotrophic lakes and reser-

voirs (Duarte and Prairie 2005).

Although both NEP and CO2 fluxes are used to

estimate the metabolic status of aquatic ecosystems,

they are not necessarily equivalent. NEP refers

strictly to the outcome of biological processes,

whereas CO2 fluxes arise from biological and geo-

chemical processes (Chapin and others 2006).

Much emphasis has been placed on the role of

Figure 1. Map showing

the location of study sites

in eastern Saskatchewan

and the approximate

extent of the Prairie

Pothole Region (gray

shading).
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allochthonous OC supporting CO2 supersaturation

in lakes (Duarte and Prairie 2005; Prairie 2008).

However, CO2 supersaturation arising from dis-

solved inorganic carbon (DIC) inputs is increasingly

recognized as a common and global phenomenon

(for example, Stets and others 2009; McDonald and

others 2013; Marcé and others 2015). These DIC

inputs may be of biological or geochemical origin

and include CO2 produced by respiration in adja-

cent terrestrial ecosystems and carbonate mineral

dissolution and precipitation.

The diel O2 method has often been used to esti-

mate the metabolic status of lakes but has been

seldom employed in shallow freshwater wetlands.

In prairie wetlands, the only study of metabolic

status found that different methods, including CO2

fluxes, produced conflicting results (Waiser and

Robarts 2004). These authors were unable to re-

solve this apparent contradiction, highlighting the

need for further investigation. Net CO2 fluxes and

the diel O2 method are both potentially valuable for

estimating metabolic status because, as ‘‘free-water’’

techniques, they avoid container artifacts. However,

combining carbon and O2 methodologies may pro-

vide additional insight into a system’s biogeochem-

istry (Obrador and Pretus 2013).

In this study, we characterized the metabolic sta-

tus and carbon fluxes of the open-water zones of

two restored and one natural prairie wetland during

the ice-free season across two consecutive years.

Our primary objective was to resolve disparities in

the estimation of metabolic status in prairie wet-

lands using a combination of the diel O2 method and

CO2 flux. By coupling these methods with mea-

surements of total DIC and pH, we are able to

understand the limitations of and discrepancies be-

tween these approaches. Our second objective was

to quantify the magnitude and relative importance

of CO2 and methane (CH4) fluxes from these sites.

METHODS

Study Area

Measurements of NEP and carbon GHG flux were

made in May–August 2012 and May–September

2013 on three wetlands (Figure 1B). These wet-

lands (Figure 1B) were chemically and biologically

representative of three ‘‘restoration states’’ and

were selected for in-depth study based on a survey

in 2011 of 24 sites in the central aspen parkland

ecoregion of Saskatchewan, Canada (Figure 1A).

Eight of these wetlands had never been drained

(‘‘natural’’ wetlands), eight were restored 7–

14 years previously (‘‘older restored’’), and eight

were restored 1–3 years previously (‘‘recently re-

stored’’). Wetlands were restored by Ducks

Unlimited Canada by building earth berms across

drainage ditches and allowing the basin to refill

with precipitation and runoff. An open-water zone

encompassed by a ring of emergent vegetation

characterized each site and 19 of 24 sites supported

high (50–100%) submersed aquatic vegetation

(SAV) coverage within their basins. The mean

depth (over three sampling periods) of the 24

wetlands ranged from 0.70 to 2.25 m. Mean pH

ranged from 6.83 to 8.41 and conductivity from

308 to 2910 lS cm-1. In 2012 and 2013, the nat-

ural wetland was located on a 65-ha parcel of

uncultivated and ungrazed land. The older restored

wetland was also on land that was fallow, except

for being lightly grazed by cattle in the autumn of

2012. The recently restored wetland was situated

on land lightly grazed by cattle in spring 2012 and

cultivated with canola during summer 2013. All

three wetlands were classified as semi-permanent

(Class IV, characterized by hydroperiods lasting at

least 5–6 months per year; Stewart and Kantrud

1971) but retained water during the entire course

of this study (Table 1). Mean surface areas during

the study were 4130 m2 for the natural wetland,

8750 m2 for the older restored wetland, and

2670 m2 for the recently restored wetland. The

wetlands were surrounded by a ring of emergent

vegetation dominated by cattails (Typha spp.),

bulrushes (Scirpus spp.), and sedges (Carex spp.).

SAV sometimes covered as much as 100% of the

wetland bottom (Table 1), but in the deepest part of

the wetland, there was always open water above

the vegetation from which to collect samples and

measurements. The relative cover of SAV within

each wetland basin was assessed on a scale of 0–5,

but we report results converted to % cover (using

the midpoint for values representing a range of %

cover; Table 1).

Diel Oxygen Method

We deployed rafts mounted with a sonde and small

meteorological station over the deepest point of each

wetland. Sondes were equipped with optical dis-

solved O2, pH, temperature, conductivity, and oxi-

dation–reduction potential probes and logged every

20 min, 25 cm below the water surface. In 2012, we

had only one sonde (a Hydrolab DS5), and so it was

rotated between the three wetlands every 3–9 days.

In 2013, we had two additional sondes (YSI EXO2)

enabling continuous deployment at all three wet-

lands apart from breaks for cleaning and calibration

(approximately every 2 weeks). O2 probes were
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calibrated in air-saturated water. The meteorological

stations were equipped with a Met One 014A

anemometer (at 1 m height), a Young 61302 V

barometer, a Kipp & Zonen PQS1 photosynthetically

active radiation (PAR) sensor, and a Campbell Sci-

entific CR800 or CR10X datalogger.

The diel O2 method for calculating NEP is based

on the premise that during the day, observed

changes in O2 concentrations are the result of two

metabolic processes (production of O2 by auto-

trophs and consumption of O2 through respiration

by all organisms) and exchange of O2 with the

atmosphere (Odum 1956). Changes in O2 due to

photochemical processes are not modeled (Cole

and others 2000). At night, GPP = 0 so that respi-

ration and atmospheric exchange are the only

processes affecting O2 concentrations. By assuming

that daytime and nighttime respiration rates (Rday

and Rnight) are equal, it is then possible to (a) cal-

culate ER as the hourly Rnight rate multiplied by

24 h; (b) infer GPP from the sum of changes in O2

concentration for each time step (dO2/dt) during

the day plus daytime respiration (the sum of Rday);

and (c) calculate a daily NEP rate as GPP–ER (Cole

and others 2000). Thus, positive NEP indicates net

autotrophy and negative NEP net heterotrophy.

See Supplementry material in Appendix for GPP

and ER values used to calculate NEP. It is likely that

Rday was greater than Rnight (Pace and Prairie 2005;

Tobias and others 2007; Hotchkiss and Hall 2014;

though see Bachmann and others 2000), which

causes an underestimation of GPP and ER but does

not affect estimates of NEP.

Calculation of metabolic rates followed Cole and

others (2000). Briefly, the change in O2 concen-

tration over time was considered to be a product of

the balance of O2 production by photosynthesis

and O2 consumption by respiration, and the diffu-

sive exchange of O2 with the atmosphere (F) in the

mixed layer (Zmix = mixed layer depth). Due to the

relatively shallow depth of the wetlands, we as-

sumed that Zmix = Zmax, although this might not

have always been the case. F can be calculated as

follows:

F ¼ kO2
O2sat �O2measð Þ;

where kO2
is the piston velocity (m/s) calculated

from k600 (Cole and Caraco 1998) and Schmidt

coefficient (Jähne and others 1987), and (O2sat -

O2meas) is the difference between the concentration

of O2 in equilibrium with the atmosphere (O2sat)

and the measured O2 concentration in water

(O2meas). The O2sat term precedes the O2meas term

in the flux calculation so as to eliminate the need to

change the sign of the flux before using it in me-

tabolism calculations. As a result, positive values

denote influx to the wetland whereas negative

values indicate efflux. All calculations were made

in the R programming environment (R Develop-

ment Core Team 2012).

Dissolved CO2 and CH4 Collection and
Analysis

To quantify concentrations of dissolved CO2 and

CH4 in surface waters, water was collected into

Table 1. Water Depth and % Submersed Aquatic Vegetation (SAV) Cover in a Natural Wetland that has
Never Been Drained, a Wetland Restored in 1998 (Older Restored), and a Wetland Restored in 2009 (Recently
Restored).

Year Sampling

period

Natural Older restored Recently restored

Water

depth (cm)

% SAV Water

depth (cm)

% SAV Water

depth (cm)

% SAV

2012 Late May 89 15 91 75 83 15

Early July 88 75 95 75 93 75

2013 Early May 89 0 94 5 87 5

Late May 86 5 92 5 84 5

Early June 86 15 92 15 87 15

Early July 87 75 96 38 91 75

Late July 81 100 92 75 92 75

Early August 76 100 91 75 85 100

Late August 67 100 85 75 74 100

Early September 62 75 81 75 66 100

Late September 62 50 83 75 66 100

Wetlands were typically not all sampled on the same date, but always within one week of one another. Sampling dates before the 15th day of a month were designated as an
‘‘early’’ sampling period (for example, ‘‘Early May’’), and those after the 15th of a month were ‘‘late.’’
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evacuated 160-mL Wheaton glass serum bottles

capped with butyl rubber stoppers. Each bottle

contained 8.9 g of potassium chloride (KCl)

preservative and 10 mL of ultrahigh purity dini-

trogen (N2) gas headspace. To collect a sample,

bottles were submerged about 10 cm below the

water surface and punctured with a needle. Sam-

ples were collected three times daily (morning,

noon, and evening) on three consecutive days from

open water near the raft. These sampling periods

occurred three times in 2012 (twice for the natural

wetland) and seven times during May–August

2013 plus on four single dates in September.

Immediately prior to analysis, samples were

shaken on a wrist-action shaker for 20 min to

equilibrate dissolved gases with the headspace. CO2

and CH4 were analyzed on a Varian 3800 gas

chromatograph (GC) equipped with a HayeSep D

column (80�C), a ruthenium methanizer to convert

CO2 to CH4, and a flame-ionization detector (FID;

250�C). We used four gas standards (Praxair, Linde-

Union Carbide), ranging from 75 to 6000 ppm for

both CO2 and CH4, to calibrate the GC. A Varian

Star Workstation program integrated peak areas.

Sample gas concentration could then be inferred

from headspace gas concentration, ambient and

laboratory temperature and pressure, and Henry’s

Law. Samples were subsequently acidified with

0.5 ml H3PO4 to convert all DIC to CO2, and

reanalyzed on the GC.

CO2 and CH4 concentrations were used to cal-

culate exchange with the atmosphere as described

above for O2, except that CO2 influx was corrected

for chemical enhancement at high pH using the

following equation:

F ¼ kCO2
a CO2meas � CO2satð Þ;

where a is the enhancement factor for CO2 diffu-

sion due to the reaction of CO2 with hydroxide

ions, as calculated by Wanninkhof and Knox

(1996) and Bade and Cole (2006). For CO2 and

CH4, positive flux values indicate gas supersatura-

tion (evasion to the atmosphere), and negative

values indicate that the gas is undersaturated in

water (invasion from the atmosphere).

We measured dissolved species (dissolved or-

ganic carbon [DOC] and sulfate [SO4
2-]) that we

suspected could be related to dissolved gas con-

centrations. Water samples were collected into

HDPE bottles with each raft deployment in 2012

and about weekly in 2013. Samples were processed

and preserved the same day and then stored in the

dark at 5�C until being analyzed at the University

of Alberta Biogeochemical Analytical Service Lab-

oratory. DOC was analyzed using a Shimadzu

5000A TOC analyzer; DOC is converted to CO2 by

catalytic combustion and then detected by a non-

dispersive infrared detector. SO4
2- was analyzed by

ion chromatography wherein the anions are sepa-

rated and measured using a Dionex IonPac AG9-

HC guard column, IonPac AS9-HC analytical col-

umn, suppressor device, and conductivity detector.

Organic Carbon and Carbonate Content of
Sediments

To rule out carbonate mineral precipitation as a

major sink of DIC, we quantified carbonate content

in wetland sediment. We collected triplicate sedi-

ment cores on five occasions between May and

mid-July 2013 from each of the three wetlands

using a 7.6-cm-diameter polycarbonate tube. We

sectioned and froze the top two cm of each core.

These sections were subsequently freeze-dried,

homogenized, and analyzed for OC and carbonate

content by loss on ignition for 4 h at 550�C and 2 h

at 950�C, respectively (Heiri and others 2001).

Statistical Analyses

To measure the temporal coherence of NEP be-

tween sites (that is, whether seasonal changes in

NEP were similar between sites), we calculated

intraclass correlation coefficients (ri; Rusak and

others 1999) pairwise for 2013 data. In two-popu-

lation comparisons, ri ranges from -1 to 1 and can

be considered statistically different from zero when

it exceeds the critical value of ri (that is, ri for

P = 0.05; Zar 1999). ri was calculated using R

package psych (Revelle 2014). P-values were cal-

culated using Monte Carlo permutations. We de-

scribed the relationship between O2 and CO2 fluxes

using standardized major axis (SMA) estimation.

SMA estimation was chosen because our interest in

line-fitting was to describe the relationship rather

than to predict y from x (Warton and others 2006).

We used linear mixed-effects models (fitted using

the nlme package in R; Pinheiro and others 2014)

with restricted maximum likelihood estimation to

evaluate restoration-state-specific trends in CO2,

pH, and CH4 data from the 2011 wetland survey.

Mixed models allow correct prediction of effects,

despite repeated sampling of wetlands. We con-

sidered the effect of date and the time of day the

sample was taken. Restoration state was included

as a fixed effect, site as a random effect, and we

included a restoration-state x date interaction. If

date, time, or the interaction were not significant,

they were not included in the final model from

Net Ecosystem Production and Carbon GHG Fluxes
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which mean and confidence intervals were de-

rived. Analysis of covariance (ANCOVA) was used

to evaluate temporal and site-specific trends in

carbonate content of sediments. Results from the

linear mixed models and ANCOVAs are reported as

least squares means and 95% confidence intervals,

calculated with the lsmeans package (Lenth and

Hervé 2015).

RESULTS

Metabolic Status: O2 and CO2 Methods

Based on the diel O2 method, the natural wetland

showed the greatest net autotrophy of the three

sites and the recently restored wetland the least

(Figure 2A–C). The natural wetland was net auto-

trophic on 28 and 61% of days in 2012 (n = 18)

and 2013 (n = 138), respectively. The older re-

stored wetland was net autotrophic on 5 and 34%

of days in 2012 (n = 22) and 2013 (n = 127),

respectively. The recently restored wetland was net

autotrophic on 13% of days in both 2012 (n = 24)

and 2013 (n = 130). Although we observed a

greater proportion of autotrophic days in 2013,

there was good agreement between years for NEP

estimates on similar dates (Figure 2A–C). Thus, it is

possible that with greater sampling frequency in

2012, the proportion of autotrophic days could

have been similar between years. The mean ±

standard deviation of NEP over the sampled dates

in 2013 was 16.9 ± 98.7 mmol O2 m-3 day-1 in

the natural wetland, and -59.7 ± 118.1 mmol O2

m-3 day-1 and -79.6 ± 76.3 mmol O2 m-3 day-1

in the older and recently restored wetlands,

respectively. Although the restored wetlands more

closely resembled each other in terms of metabolic

status (that is, both were net heterotrophic), sea-

sonal changes in NEP were more synchronous in

the older restored and natural wetlands (ri = 0.66)

than between the restored wetlands (ri = 0.44) or

natural and recently restored wetlands (ri = 0.30).

These correlations were all statistically significant,

with P < 0.001. Peak net autotrophy occurred

earlier in the natural and older restored wetlands

(Figure 2A, B) compared with the recently restored

wetland (Figure 2C).

Based on CO2 fluxes (Figure 2D–F), the natural

wetland was never net autotrophic (that is, CO2

flux < 0) in 2012 (n = 6) but was net autotrophic

on 64% of days in 2013 (n = 25). The older and

recently restored wetlands were never net auto-

trophic in 2012 (n = 9) but were net autotrophic on

4% of days in 2013 (n = 27 and 25, respectively).

When estimates of metabolic status from the two

methods are compared on a date-by-date basis,

they agree on all dates in 2012 and 48% of dates in

2013 in the natural wetland. In the older restored

wetland, estimates agree on all dates in 2012 and

70% of dates in 2013. In the recently restored

wetland, estimates agree on 67 and 83% of dates in

2012 and 2013, respectively.

Carbon Fluxes

Chemical enhancement of CO2 uptake ranged from

1.04 to 8.36, with an average a of 3.72 times the base

rate. CO2 fluxes ranged from uptake of 60 mmol CO2

m-2 day-1 in the natural wetland to efflux of

1350 mmol CO2 m-2 day-1 in the recently restored

wetland. Mean ± SD of CO2 fluxes in 2013 were

19.4 ± 82.4 mmol CO2 m-2 day-1 from the natural

wetland, 67.5 ± 85.3 mmol CO2 m
-2 day-1 from the

older restored wetland, and 162.0 ± 231.7

mmol CO2 m-2 day-1 from the recently restored

wetland. Although collection of fewer samples in

2012 limited interpretation, CO2 fluxes appeared to

follow a similar seasonal pattern in both years, except

in the natural wetland (Figure 2D–F). CO2 concen-

tration declined with increasing pH (log10 CO2 ¼
11:17ð2:02SEÞ � 1:14ð0:03SEÞpH; F1,241 = 2176.37,

R2 = 0.90, P < 0.001), with no observations of

CO2meas exceeding CO2sat when pH was at least 9.0

(Figure 3A). CO2 concentrations were unrelated to

DOC (F1,33 = 0.99, R2 = 0.03, P = 0.33).

Like CO2 fluxes, total DIC followed a similar

seasonal pattern in both years in the restored

wetlands (Figure 2H, I). The natural wetland (Fig-

ure 2G) showed inter-annual variation, with DIC

declining strongly between June and August 2013.

DIC and pH were correlated in the natural wetland

(r = -0.83, P < 0.001, n = 88) but showed no

relationship in the older (r = -0.05, P = 0.68,

n = 72) or recently (r = -0.07, P = 0.54, n = 82)

restored wetlands (see also Figure 3B).

Higher CO2 fluxes in the recently restored

wetland and different seasonal changes in pH

among wetlands (Figure 2J–L) were consistent

with the results from the survey of 24 wetlands

(sampled 2–3 times each) in 2011. In 2011, CO2

concentrations varied with restoration state and

were natural = 248.7 lmol L-1 (151.9, 345.4);

older restored = 224.7 lmol L-1 (128.9, 320.4);

and recently restored = 376.7 lmol L-1 (280.9,

472.4). pH did not vary with restoration state

(partial F2,21 = 1.99, P = 0.16) but varied with

date (partial F1,33 = 10.25, P = 0.003), and the

effect of date was different among restoration

states (for restoration-state 9 date interaction,

partial F2,33 = 3.36, P = 0.047). pH was highest in
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the natural wetlands (7.72 [7.48, 7.96]) followed

by the older (7.57 [7.33, 7.80]) and recently (7.39

[7.16, 7.63]) restored wetlands.

The recently restored wetland consistently dis-

played greater CH4 fluxes than the other wetlands

(Figure 4). Mean ± SD CH4 fluxes in 2013 were

Figure 2. Seasonal variations (May–September 2012 and 2013) of selected biogeochemical parameters. The left column of

panels corresponds to the natural wetland (that is, has never been drained), the center column to the wetland restored in

1998 (older restored), and the right column to the wetland restored in 2009 (recently restored).A–C Daily estimates of net

ecosystem production (NEP; mmol O2 m
-3 day-1) derived from the diel oxygen method. Positive NEP values indicate net

autotrophy and negative values net heterotrophy. D–F Mean and 95% confidence interval carbon dioxide (CO2) fluxes

(mmol m-2 day-1) per sampling period. Sampling periods include nine measurements (three samples per day for three

consecutive days at morning, noon, and evening) except in September 2013 when each period includes six measurements

from two non-consecutive dates. Positive values indicate efflux to the atmosphere from wetland and negative values

influx of CO2 from atmosphere to wetland. G–I Mean and 95% confidence interval dissolved inorganic carbon (DIC; lmol

L-1) per sampling period. J–L Daily mean pH (±1 standard deviation).
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0.8 ± 1.1 mmol CH4 m-2 day-1 from the natural

wetland, 0.7 ± 1.2 mmol CH4 m-2 day-1 from the

older restored wetland, and 13.3 ± 20.1 mmol CH4

m-2 day-1 from the recently restored wetland.

There was little temporal coherence between the

wetlands with peak CH4 fluxes occurring at differ-

ent times during the open-water season. CH4 con-

centrations were higher in recently restored

wetlands in the 2011 survey: natural = 10.5 lmol

L-1 (2.8, 18.3); older restored = 6.1 lmol L-1 (-

1.6, 13.8); recently restored = 15.7 lmol L-1 (8.0,

23.4). However, this result was not statistically

significant (partial F2,21 = 1.29, P = 0.30), likely

owing to high temporal variability of CH4 fluxes.

Organic Carbon and Carbonate Content of
Sediments

OC content was highest in the sediments of the

older restored wetland (%OC = 60.2 [53.8, 66.7]),

followed by the natural (%OC = 39.1 [32.9, 45.3])

and recently restored (%OC = 27.0 [20.8, 33.2])

wetlands. OC content varied with site (F2,35 =

28.39, P < 0.001), date (F1,35 = 3.98, P = 0.054),

and there was a site 9 date interaction (F2,35 =

6.10, P = 0.0053). Carbonate content (expressed as

% CaCO3) in sediment was highest in the older

restored wetland at 17.2% (15.2%, 19.2%). The

natural and recently restored wetlands were similar

Figure 3. A Relationship

between CO2 (lmol L-1)

and pH and b) total

dissolved inorganic

carbon (DIC; lmol L-1)

and pH in 2013 in the

three studied wetlands.

The dashed line in A

represents the average

atmospheric equilibrium

concentration of CO2 for

the study period. Thus,

points below the dashed

line represent CO2

undersaturation,

resulting in CO2 influx

from the atmosphere to

wetland.

Figure 4. Mean and 95% confidence interval methane (CH4) fluxes (mmol m-2 day-1) for the three studied wetlands.

Positive values indicate efflux to the atmosphere from wetland. Means are per sampling period and each sampling period

includes nine measurements (three samples per day for three consecutive days at morning, noon, and evening) except in

September 2013 when each sampling period includes six measurements from two non-consecutive dates.
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with 7.5% (5.4%, 9.5%) and 7.7% (5.7%, 9.7%)

carbonate, respectively. Carbonate content varied

with site (F2,38 = 31.54, P < 0.001) and date

(F1,38 = 5.34, P = 0.026), but temporal changes

were similar among wetlands (F2,38 = 0.36,

P = 0.70). Carbonate content declined seasonally,

though changed <3% between May and July.

DISCUSSION

The prairie wetlands we studied were mainly net

heterotrophic, which does not support earlier pre-

dictions for littoral, macrophyte-dominated

ecosystems (Duarte and Prairie 2005). However,

we also found that the wetlands displayed sub-

stantial spatial and temporal variation in their

metabolic status. Although there was poor con-

cordance between the diel O2 method and net CO2

fluxes on shorter time scales (days to weeks), at the

seasonal scale, both methods suggested that the

restored wetlands were net heterotrophic during

the ice-free season in both years, whereas the

natural wetland was net autotrophic in 2013. CO2

and CH4 emissions were greatest from the recently

restored wetland. Although that site also had the

greatest net heterotrophy, we suggest that CO2

emissions here are supported by geochemical pro-

cesses and cannot be solely explained by respiration

of OC. Below, we offer potential explanations of

these key findings.

Assessing the Metabolic Status of Prairie
Wetlands

The degree of net heterotrophy observed in these

wetlands was surprising. The diel O2 method inte-

grates O2 fluxes owing to the production, respira-

tion, and eventual decomposition of SAV and

algae. In contrast, because emergent macrophyte

leaves exchange gases directly with the atmo-

sphere, the production and respiration of these

plants are not captured in estimates of NEP in the

open-water zone. However, the diel O2 method

does partially capture the decomposition of these

plants, thereby inflating open-water ER rates. Thus,

had we been able to incorporate the metabolic

processes of emergent vegetation, it is likely we

would have detected greater net autotrophy at the

entire wetland level. Given that much of the or-

ganic matter in the sediment is autochthonous in

origin (Roehm 2005), OC content could serve as a

rough proxy for the degree of influence of emer-

gent vegetation on ER. ER rates were, on average,

highest in the older restored wetland (Supple-

mentry material), the site with the greatest sedi-

ment OC content (60%) and most emergent

vegetation (L.E. Bortolotti, pers. obs.). Conversely,

ER was lowest in the recently restored wetland, the

site with the lowest sediment OC content (27%)

and least emergent vegetation.

The diel O2 method revealed high temporal

variability of NEP; net heterotrophic and net au-

totrophic days were often interspersed within a

single ice-free season (Figure 2A–C). In contrast,

CO2 fluxes suggested little day-to-day variation in

metabolic status. Accordingly, daily estimates of

metabolic status often differed between the two

methods. These discrepancies were of two varieties

including (a) instances of CO2 supersaturation on

net autotrophic (as estimated by the diel O2

method) days and (b) CO2 uptake on net hetero-

trophic days.

The O2 and CO2 methodological discrepancies at

daily time scales can be explained by the effect of

pH on DIC speciation in a high alkalinity system.

The first type of discrepancy, CO2 supersaturation

Figure 5. Relationship between O2 and CO2 air–water fluxes (mmol m-2 day-1) in the three studied wetlands. For both

gases, positive values indicate efflux to the atmosphere from wetland and negative values influx from atmosphere to

wetland. The dashed line represents the -1:1 line and the solid line the standardized major axis estimation for the site. The

standardized major axis estimations are A O2 ¼ 49:21� 1:03CO2; B O2 ¼ 14:99� 0:79CO2; C O2 ¼ 14:89� 0:43CO2.
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coinciding with net autotrophy, can occur when

conversion of bicarbonate (HCO3
-) to CO2 partially

or wholly offsets CO2 consumption by primary

producers. This requires both sufficiently low pH

and a large pool of DIC. The second type of dis-

crepancy, CO2 uptake coinciding with net

heterotrophy, occurs when CO2 produced is rapidly

converted to HCO3
- and carbonate, conditions that

only occur at high pH. Although we observed CO2

influx at pH as low as 8.3, undersaturation only

consistently occurred above pH 9.0 (Figure 3A).

Elsewhere, thresholds between CO2 supersatura-

tion and undersaturation occurred at pH 8.6 (al-

kaline lakes; Finlay and others 2009) and pH 9.0

(saline lakes; Duarte and others 2008). The direc-

tion of CO2 flux (and the associated estimate of

metabolic status) thus appears dependent on pH.

However, in well-buffered systems like prairie

wetlands, the magnitude of a single day’s produc-

tion and respiration may not shift pH greatly. These

wetlands therefore tend to remain either below

(Figure 2K, L) or above (Figure 2J) the pH 9.0

threshold for weeks despite day-to-day fluctuations

in metabolic status. Consequently, CO2 fluxes

proved to be a relatively insensitive tool for

assessing the daily metabolic status of prairie wet-

lands, though they could be informative in systems

with low total DIC and low alkalinity (for example,

Schindler and Fee 1973).

The net CO2 flux and diel O2 methods agreed at

longer (seasonal) time scales because the cumula-

tive effect of persistent net autotrophy in the nat-

ural wetland was enough to shift pH past the 9.0

threshold, thereby changing the direction of CO2

flux. However, although we observed seasonal

agreement in this study, it would be possible to

have CO2 evasion even with seasonal net autotro-

phy (as observed by Waiser and Robarts 2004) as

long as wetland pH does not rise above the 9.0

threshold. Like in many other systems (for exam-

ple, Stets and others 2009; Finlay and others 2010;

Knoll and others 2013; Maberly and others 2013;

McDonald and others 2013; Marcé and others

2015), CO2 efflux in prairie wetlands may not be a

reliable indicator of net heterotrophy. In contrast,

this study reaffirmed the usefulness of the diel O2

Figure 6. Mean and range of CO2 flux from inland aquatic ecosystems including: subarctic ponds (data from Hamilton

and others 1994), prairie wetlands (this study), saline lakes (Duarte and others 2008), tropical and temperate reservoirs

(St. Louis and others 2000), arctic lakes (Kling and others 1991), a boreal pond (Sellers and others 1995), Mackenzie River

Delta lakes (Tank and others 2009), boreal lakes and reservoirs (Ouellet and others 2012), and hard-water prairie lakes

(Finlay and others 2009). The positions of the mean flux from the recently restored (‘‘RR’’), older restored ‘‘OR’’, and

natural (‘‘Nat.’’) wetlands in this study are indicated by arrows. Numbers above broken error bars are the maximum fluxes

for those systems. Sample sizes in brackets are the number of sites (lakes, ponds, reservoirs) included in the study.
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method, in particular for systems where DIC spe-

ciation may compromise the accuracy of inferences

about metabolic status based on CO2 flux.

Biological and Geochemical Processes
Governing Carbon Fluxes

Although multiple processes can affect pH (Soetaert

and others 2007), metabolic processes were impor-

tant in shaping pH (and thus CO2) in the studied

wetlands. The relationship between CO2 and pH

(Figure 3A) is complex, with pH as both a driver and

the result of changing CO2 concentrations. We have

previously discussed the way in which pH influ-

ences CO2 concentrations by affecting DIC specia-

tion. However, CO2 concentrations also drive pH via

carbonic acid production. We observed diel pH cy-

cles where pH increased during the day and declined

at night, suggesting control by the metabolic con-

sumption and production of CO2. Also, periods of

high pH (Figure 2J–L) coincided with peak

autotrophy (late June to mid-July in the older re-

stored and natural wetlands, mid- to late August in

the recently restored wetland; Figure 2A–C). Thus,

although CO2 fluxes were not a reliable indicator of

metabolic status, metabolic processes do noticeably

influence CO2 concentrations.

Although positive CO2–DOC correlations are

common (Prairie 2008), CO2 and DOC concentra-

tions were not correlated in the studied wetlands.

In fact, the highest CO2 concentrations were ob-

served in the wetland (recently restored) with the

lowest DOC concentrations. DOC increased sea-

sonally in all three sites, a pattern typical of prairie

wetlands attributable to evaporative concentration

and DOC exudates from algae and macrophytes

(Waiser 2006). Autochthonous DOC is cited as a

factor contributing to the decoupling of any CO2–

DOC relationship in other studies, especially in

systems with high primary production and CO2

uptake (for example, Tank and others 2009; Balmer

and Downing 2011; McDonald and others 2013).

High pH in the natural wetland in 2013 corre-

sponded with declining DIC concentrations between

June and August (Figure 2G, J), a pattern that is

attributable to the uptake and conversion of DIC to

OC by primary producers. Declining DIC coincided

with the development of thick stands of SAV

throughout the wetland basin (Table 1). As these

are closed-basin systems where precipitation and

evapotranspiration are the major water source and

loss (Winter and Rosenberry 1998), there is no

outflow to account for the decline in DIC. Neither

can the change in DIC be explained by the precipi-

tation of calcium carbonate as no whiting events

were observed. Furthermore, carbonate content in

wetland sediments was too low to suggest significant

authigenic carbonate production, and accordingly

there was no site by date interaction to indicate that

the natural wetland was different.

The nature of the DIC–pH relationship (Fig-

ure 3B) reflects that both biological and geochem-

ical processes govern DIC in these systems. If

biological production and consumption of CO2

were the most important processes affecting DIC,

we would expect to observe an inverse linear

relationship between DIC and pH. Although there

was a statistically significant DIC–pH relationship in

the natural wetland, below pH 9.0, the DIC–pH

relationship appeared to break down; variation in

DIC at any given pH was as great in the natural

wetland as in the restored wetlands (Figure 3B).

Heagle and others (2007) found that carbonate

mineral dissolution, which consumes one mole of

CO2 for every two moles of HCO3
- produced,

contributes greatly to the DIC pool of prairie wet-

lands. This geochemical source of DIC could offset

CO2 consumed biologically, as previously dis-

cussed, as well as obscure any relationship between

total DIC and pH. Calcite dissolution slows when

CO2 concentrations are low (Sjöberg and Rickard

1984), which explains why the DIC–pH relation-

ship is considerably less noisy above pH 9.0 (Fig-

ure 3B)—the biological signal becomes evident

when geochemical processes slow or cease. Only in

the natural wetland were biological processes

strong enough to overcome the geochemical signal.

The mixed biological–geochemical influence on

DIC was also evident from the O2–CO2 flux rela-

tionship (Figure 5). In all wetlands, we observed an

inverse relationship between O2 and CO2 flux, as

would be expected from photosynthesis–respiration

stoichiometry. The slope of the relationship (more

CO2 per mole of O2 than expected) is consistent with

geochemical supplementation of the DIC pool.

However, the deviation from the -1:1 molar basis

was much greater in the restored wetlands (Fig-

ure 5B, C) than that in the natural wetland (Fig-

ure 5A). Thus, it is likely that photosynthesis and

aerobic respiration control CO2 concentrations more

so in the natural than restored wetlands.

Greenhouse Gas Fluxes

Compared with other studies using comparable

methodologies for measuring CO2 fluxes, the

magnitude and variation of fluxes we observed in

three sites over 2 years are remarkable (Figure 6).

Peak CO2 influx to prairie wetlands was similar to

rates reported from Mackenzie River Delta lakes
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(Tank and others 2009) but less than influx ob-

served in prairie (Finlay and others 2009) and sal-

ine (Duarte and others 2008) lakes. In contrast,

efflux rates were typically higher than from lakes

and reservoirs (Figure 6). Similarly, NEP rates as

estimated by the diel O2 method in this study are

among the highest reported (summarized in Laas

and others 2012). Considerable variation in CO2

flux was observed in this study, as well as in prairie

lakes (Finlay and others 2009) and subarctic ponds

(Hamilton and others 1994), second only to the

range of fluxes observed in a global survey (Duarte

and others 2008) which sampled many more sites.

That subarctic ponds and prairie wetlands displayed

the greatest mean and highly variable CO2 fluxes

underscores the biogeochemical importance of

small ecosystems and the need to integrate them

into future estimates of global carbon emissions

from inland waters. However, given that we sam-

pled from only one open-water location per site,

caution should be exercised in scaling these values

across sites or regions.

Our measurements of CH4 flux underestimate

the true efflux from these systems because ebulli-

tion and transport through emergent vegetation

were not measured but are important CH4 efflux

pathways in certain ecosystems (Bastviken and

others 2004; Kang and others 2012). Greater CH4

emissions from the recently restored wetland is

likely due to lower sulfate (SO4
2-) concentrations;

the recently restored wetland contained only

2.25 mg L-1 SO4
2- compared with more than

700 mg L-1 SO4
2- in the natural and older restored

wetlands. Methanogenesis is suppressed by SO4
2-

(Pennock and others 2010) because of its relatively

low energy yield compared with other anaerobic

bacterial metabolic pathways (Schlesinger 1997;

Kang and others 2012). Mean CH4 fluxes from the

natural and older restored wetlands were lower

than the values for temperate, intermittently flooded

wetlands with mineral soils reported in the IPCC’s

Wetlands Supplement (2.2 mmol CH4 m-2 day-1;

IPCC 2014). In contrast, mean fluxes from the re-

cently restored wetland were substantially higher,

outside even the 95% CI reported in the Wetlands

Supplement.

At the older restored and natural sites, the mean

CO2 efflux in any sampling period represented a

greater warming potential than that of the CH4

efflux over the same time period (given the 34

times greater warming potential of CH4 relative to

CO2 over a 100-year time horizon; IPCC 2013). Of

the six sampling periods in the natural wetland in

2013 with CO2 influx (Figure 2D), half had influx

great enough to offset the CH4 emissions from the

same time period. In the recently restored site,

however, during all 12 sampling periods, the mean

CH4 efflux had greater warming potential than CO2

for the same time period. Although there has been

little concurrent quantification of CO2 and CH4

fluxes in prairie wetlands, the available data

(Gleason and others 2009) also suggest that CO2

rather than CH4 is the most important contributor

to net warming potential. However, these results

may be misleading as efflux of GHGs from the open

water may be offset by the uptake of atmospheric

CO2 by emergent vegetation. The general consen-

sus from regional and global assessments of wet-

land carbon cycling is that these systems act as net

sinks for carbon, despite occasionally large CH4

effluxes to the atmosphere (Roehm 2005; Bridg-

ham and others 2006; Mitsch and others 2013;

Petrescu and others 2015). It is important to

acknowledge that this study examines only a small

range of possible wetland conditions and that car-

bon fluxes almost certainly vary during the wet–

dry cycles that typify these ecosystems, requiring

more sustained study to fully characterize GHG

fluxes. Multiple studies suggest that prairie wet-

lands have a significant capacity for the storage of

OC in sediments (Bedard-Haughn and others 2006;

Euliss and others 2006; Badiou and others 2011).

Thus, long-term studies that integrate CO2 and CH4

fluxes with OC sequestration in sediments are

needed to provide a more accurate picture of these

wetlands as carbon sources or sinks in prairie

landscapes.

Biogeochemical Consequences of
Drainage and Restoration

It is difficult to make generalizations about how

drainage and restoration affect NEP and carbon

cycling in prairie wetlands based on three sites.

However, there are indications that greater net

heterotrophy along a gradient from natural to re-

cently restored is generally representative of prairie

wetlands. Although the restored wetlands were

similar in that their open-water zones were overall

net heterotrophic in both study years, many char-

acteristics of the older restored wetland were

intermediate between the recently restored and

natural wetlands including degree of net

heterotrophy, magnitude of CO2 emissions (Fig-

ure 2D–F), seasonal patterns in DIC (Figure 2G–I),

and the O2–CO2 relationship (Figure 5). Further-

more, the older restored wetland and natural

wetland showed greater temporal coherence in

NEP and had similar magnitude of CH4 emissions

(Figure 4). These patterns are consistent with the
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studied wetlands being representative of the

recovery through time of restored wetlands toward

a natural state, at least in the biogeochemical sense.

Many of the trends in pH, CO2, and CH4 observed

in the three sites in 2012 and 2013 are borne out in

the larger sample sizes of the 2011 survey, though

there was considerable variation within any

restoration state, and these trends were not always

statistically significant. Finally, our results are

consistent with a recent synthesis of studies of

temperate and northern wetlands, showing that

land use conversions affect GHG fluxes (Petrescu

and others 2015). Although the nature of such

changes depends on ecosystem type and manage-

ment practice, the conversion of natural to man-

aged systems is typically associated with increased

GHG efflux.

CONCLUSIONS

This study revealed a considerable magnitude and

dynamic range of ecosystem metabolism and car-

bon fluxes in prairie wetlands, providing further

evidence of the biogeochemical importance of

these wetlands in prairie landscapes. Two common

methods for assessing metabolic status, the diel O2

method and CO2 fluxes, produced conflicting re-

sults at a daily temporal scale owing to the complex

interaction of biological and geochemical factors

influencing carbon cycling in these wetlands. The

relative importance of biological and geochemical

processes varied among sites, and further research

is required to resolve this incongruity. Greater net

heterotrophy and carbon GHG emissions were

associated with restored sites, highlighting the

importance of preventing the destruction of these

ecosystems in the first place rather than relying

upon restoration to return ecosystem function and

services.
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