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North American 

Prairie Pothole 

Region:

covers approximately 

715,000 km2, extending 

from north-central Iowa to 

central Alberta

The landscape of the PPR 

is largely the result of 

glaciation events during 

the Pleistocene Epoch. 

The retreat of glaciers 

(12,000 yrs ago) left 

behind a landscape dotted 

with many small 

depressional wetlands 

called potholes 



50% of pothole basins have been 
lost since settlement, with some 
areas experiencing losses in excess 
of 90%.

Most loss associated with 
conversion for agricultural 
production





Do Prairie Wetlands Function as Biological 
Sinks?

Long - term Carbon Storage
In Sediments, Soils, and Vegetation
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Photosynthesis = Uptake of CO 2

From atmosphere

Respiration and Decomposition = Emission of
carbon dioxide, methane and nitrous oxide



History:

Wetland & Climate Change Consortium (DUC, IISD and 
WI-A) raises wetland sinks at 1998 Sinks Table meeting

DUC invites university and government researchers in 
soil carbon, GHG, and wetland sciences to discuss 
collaborative research initiative in 2001 

DUC hosts Prairie Wetlands and Carbon Sequestration 
Workshop in 1999 for wetland scientists and federal 
policy people, recognizes targeted research required 

AWGI launches in 2002 to support innovative carbon 
research collaboration across PPR



The Agriculture and Wetlands

Greenhouse Gas Initiative



The Agriculture and Wetlands 
Greenhouse Gas Initiative 
(AWGI)

A collaborative multi -agency research 
initiative led by DUC, investigating the 
potential for wetlands, riparian areas, and 
grasslands to function as carbon sinks and 
reduce greenhouse gas emissions within 
the agricultural landscapes of Canada
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Finding a Natural Solution: Exploring Carbon 
Sequestration of Prairie Wetland Landscapes

Å Major Funding Partners, Environment 
Canada, Natural Resources Canada, and DUC 
(2004-2007) - $1.8M

Main Projects:

Management of Agricultural Landscapes with 
Wetlands and Riparian Zones: Economic and 
Greenhouse Gas Implications

Å Major Funding Partners Agriculture Canada 
and DUC (2005-2009) - $0.9M



Quantify SOC along wetland-riparian-upland 
transects across the PPR in grassland wetland 
catchments

Objectives of Restoration Study:

Quantify GHG flux (CH4 and N2O) along transects

Measure key ecological drivers that control GHG 
flux and C sequestration

Calculation of C removal associated with wetland 
restoration



Net Balance= ǧC + ǧN2O + 
ǧCH4

2003
Limited information available on soil organic 

carbon storage change

Limited information on ǧN2O + ǧCH4 from 
prairie wetlands

Pennock (2008), presentation at Oak Hammock Marsh



North American prairie wetlands are 
important C storage sites (Euliss et al. 2006)

Conversion has resulted in a loss of 10.1 Mg/ha SOC

Wetland restoration has a potential to sequester 378 
Tg of SOC over a 10 yr period

Wetlands can sequester more than twice the SOC as 
no-till cropland

Restoration can offset 2.4% (1990) N.American CO2 
emissions



Restoration Study Design

Å 22 sites from DUC database of restored projects, all 

wetlands were seasonal (3), semi-permanent (4), or 

permanent (5) wetlands

Å 3 wetlands sampled at each site (2 restored and 1 

reference), some sites only possible to sample 1 or 2 

basins

Å 14 sites Newly-Restored (restored less than 5 yrs 

as of 2003)

Å 26 sites Long-Term Restored (restored for 5 yrs or 

more as of 2003

Å 22 reference wetlands
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Study Design (Continued)

Å Soil cores were collected across landscape 
transects at all sites

Å Analyzed for bulk density and % moisture

Å SOC expressed as mass equivalent to 30cm

Å Water and GHG samples were collected in spring, 
mid-summer, and late summer

Å GHG were sampled using static vented chambers

Å GHG at 1 site (3 wetlands) in each province were 
sampled more intensively to allow for cumulative 
flux calculations 



Soil core

Static vented 
floating GHG 
chamber



Statistical Analysis

Å Fit a mixed model ANOVA , included random effects of 
site and replicate

Å The fixed effect of province varies at the site level, 
while replicates are used for assessing the effects of 
basin age, wetland class, landscape position, and all 
interactions

Å In the full model, the effects of province, basin age, 
wetland class, and landscape position were allowed 
to fully interact (i.e. we included all two -way, three -

way, and the four -way interaction)



Statistical Analysis (Continued)

Å The model was sequentially simplified by removing 
the least predictive fixed effect (i.e. the effect with 
the highest p -value). Model hierarchy was preserved

Å Model simplification ceased when all remaining 
effects attained statistical significance or removal of 
additional effects would violate preservation of model 
hierarchy

Å For interpreting the remaining model effects, least 
squares means were estimated and associated 
statistical contrasts conducted



RESULTS



Effect df1, df2 F-value p-value

Province 2, 26.2 5.52 0.0100

Basin Age 2, 59.3 0.00 0.9993

Province*Basin Age 4, 66.2 3.59 0.0104

Wetland Class 2, 91 7.94 0.0007

Province*Wetland Class 3, 97.4 3.11 0.0300

Basin Age*Wetland Class 3, 96.9 8.39 < 0.0001

Landscape Position 1, 82.1 28.84 < 0.0001

Basin Age*Landscape Position 2, 82.1 5.83 0.0043

Tests of Fixed Effects (SOC eqm to 30cm)
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ÅUplands (grassland) in restored wetland 

catchment = 116 Mg ha-1

ÅNewly-restored wetlands = 121 Mg ha-1

ÅAverage age of restoration, 2 yrs (as of 2003)

ÅLong-term restored wetlands = 165 Mg ha-1

ÅAverage age of restoration, 8 yrs (as of 2003)

ÅReference wetlands = 205 Mg ha-1

ÅThere were statistically significant 

differences among basin ages for the 

wetland samples (F2, 73 = 10.17, p = 0.0001)



Estimates of SOC Storage Change:

This study

Å Total SOC loss when draining wetlands in grassland 
environments (estimated by difference between 
upland and reference wetlands) = 89 Mg.ha-1 SOC

Å 2 years after restoration SOC increased by 5 Mg.ha-1

for an estimated sequestration rate of 2.5 Mg.ha-1 yr-1 

Å 8 years after restoration SOC increased by 49 
Mg.ha-1 for an estimated sequestration rate of 6.1 
Mg.ha-1 yr-1

Å Assuming a historical sedimentation rate of 3mm yr-1

in reference wetlands over the core length of 30cm 
we estimate a sequestration rate of 2.1 Mg.ha-1 yr-1



Estimates of SOC Storage Change in Semi-Aquatic 

and Aquatic Ecosystems (modified from Downing et al. 

2008, and Mitsch et al. 2009)

Ecosystem type Mg C ha-1 yr -1 Reference

Eutrophic impoundments 21.2 Downing et al. 2008

Prairie pothole wetlands, Long- Restored (CND) 6.1 This study

Typhamarsh (Ontario, CND) 4.9 Dowsett(2002)

Freshwater marsh, Restored (China) 3.9 Jin et al. (2008)

Prairie pothole wetlands, Restored (USA) 3.1 Gleason et al. (2006)

Prairie pothole wetlands, New-Restored (CND) 2.5 This study

Prairie pothole wetlands, Reference (CND) 2.1 This study

Created temperate marshes (Ohio, USA) 1.8 ï1.9 Anderson and Mitsch (2006)

Small mesoeutrophiclakes 0.9 Downing et al. 2008

Prairie pothole wetlands, Reference (USA) 0.8 Gleason et al. (2006)

Peatlands (North America) 0.3 Gorham(1991)

Wetlands (general) 0.2 ï1.4 Mitra et al. (2005)



High Rates of C accumulation in 

Prairie Wetlands

Å Organic carbon accumulation or sequestration 
rates measured in this study fall within the range of 
sequestration rates reported for semi-aquatic and 
aquatic ecosystems

Å Sequestration rates measured in our study were 
among some of the highest reported for wetland 
ecosystems

Å All of the wetlands monitored in this study would 
be classified as eutrophic or hyper-eutrophic
systems based concentrations of total phosphorus



High Rates of C accumulation in 

Prairie Wetlands

Å Similar to eutrophic agricultural impoundments, 

prairie pothole wetlands receive allochthonous

organic carbon through erosion, enhanced 

autochthonous organic carbon as a result of high 

rates of primary productivity associated with elevated 

nutrient concentrations, and anoxic sediments which 

are much more efficient at preserving deposited 

organic carbon (Downing et al. 2008)



Above and below ground annual biomass of plants in 
wetlands ranges from 7 to 17 Mg OC ha -1



Total Upland Area (ha) Total Wetland Area (ha)

Alberta 19,673,279 1,039,460

Saskatchewan 27,004,240 1,743,709

Manitoba 4,387,831 337,090

51,065,351 3,120,260

Red Outline: PPR boundary excluding the Lake Manitoba Plain

Green:  Extent of DU Wetland Habitat Inventory Data from which Wetland Area and Upland Area was summarized

Significance of Carbon Store in the Canadian Prairie 
Pothole Region: (Remaining & Lost)

Total Upland 

Area (ha)

Total Wetland 

Area (ha)

Alberta 19,673,279 1,039,460

Saskatchewan 27,004,240 1,743,709

Manitoba 4,387,831 337,090

51,065,351 3,120,260



Scaling -up results to the Canadian 
Prairies

ÅSet total area of wetland loss since settlement at 
50% or equal to remaining area of wetlands

ÅAssessed annual loss rate to be 0.3125%

ÅBased on Watmough and Schmoll (2007) [range 
0.25 ï0.44%]

ÅApplied to all provinces

ÅEstimated C stores associated with remaining 
wetlands by multiplying area by 205 Mg of C ha-1



Total Upland Area (ha) Total Wetland Area (ha)

Alberta 19,673,279 1,039,460

Saskatchewan 27,004,240 1,743,709

Manitoba 4,387,831 337,090

51,065,351 3,120,260

Red Outline: PPR boundary excluding the Lake Manitoba Plain

Green:  Extent of DU Wetland Habitat Inventory Data from which Wetland Area and Upland Area was summarized

Canadian Prairie Pothole Region: 
Wetland C stores (remaining and lost)

Alberta
Å213,089,300 Mg SOC
Å92,511,940 Mg SOC

Saskatchewan
Å357,460,345 Mg SOC
Å155,190,101 Mg SOC

Manitoba
Å69,103,450 Mg SOC
Å30,001,010 Mg SOC



Red Outline: PPR boundary excluding the Lake Manitoba Plain

Green:  Extent of DU Wetland Habitat Inventory Data from which Wetland Area and Upland Area was summarized

Canadian Prairie Pothole Region:
Wetland loss and associated CO2 emissions

Alberta
Å3,248 ha
Å1,059,738 Mg CO2eq./yr

Saskatchewan
Å5,449 ha
Å1,777,867 Mg CO2eq./yr

MB
Å1,053 ha
Å343,567 Mg CO2eq./yr



GHG flux (CH4+N2O) in restored 

and reference prairie wetlands

Å2 data sets

Å Extensive: (all sites) used to determine mean and 
range of GHG emissions in prairie wetlands for 
comparisons with other studies and to identify 
environmental drivers of emissions

Å Intensive: (3 sites) used to determine cumulative 
flux of GHGs from wetlands in order to determine 
net sequestration potential of wetlands
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CH4 in restored and reference 

prairie wetlands

Å In 2004, the final model included only the effect of 

Landscape Position

Å Estimated CH4 was higher in wetland (LS Mean = 44.97) 

than in upland (LS Mean = 4.50)

Å In 2005 the final model included effects of Province, 

Basin Age, Wetland Class, Landscape Position, and 

multiple interactions (Basin Age*Landscape Position)

Å CH4 appeared to increase with basin age (newly-restored, 

205; long-term restored, 269; and reference wetlands 457 

g CH4-C ha-1 yr-1



CƛƎΦ млΦ {ŎŀǘǘŜǊ Ǉƭƻǘ ƻŦ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ƭƻƎ ƻŦ ƳŜŀƴ {hп нҍŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ 
SDNWA ponds and log of mean annual flux of CH4 from the ponds. Values shown are 
for Pond 1 in 2004, 2005, 2006 and for the five ephemeral ponds in 2006.

Pennock, D., et al., Landscape controls on N2O and CH4 emissions from freshwater mineral soil wetlands of the 
Canadian Prairie Pothole region, Geoderma (2010), doi:10.1016/j.geoderma.2009.12.015



N2O in restored and reference 

prairie wetlands

Å In 2004, significant effect of Landscape Position 

(wetlands>uplands), but no effect of basin age

Å In 2005 the final model retained no effects

Å Higher emissions in basins appear to correlated with 

elevated levels of TKN



Wetland Type / Classification Location

CH4 flux

(CH4-C g ha-1 d-1)

N2O flux

(N2O-N g ha-1 d-1) Reference

Prairie Pothole /

semi-permanent

USA (ND) 2,595 6.5 Phillips & Beeri 

(2008)

Prairie Pothole / ephemeral - cropland Canada (SK) 888 - 1501 2.7 ï5.7 Pennock et al. 

(2009)

Prairie Pothole /

seasonal - cropland

USA (ND) 582 5.7 Gleason et al. 

(2009)

Prairie Pothole /

seasonal - grassland

USA (ND) 435 4.4 Gleason et al. 

(2009)

Prairie Pothole /

long-term restored

Canada 

(Prairie Pothole Ecoregion)

69.8 ï269.0 2.0 ï2.2 This study

Prairie Pothole /

reference wetland

Canada 

(Prairie Pothole Ecoregion)

41.5 ï456.7 0.2 ï0.5 This study

Prairie Pothole /

newly-restored

Canada 

(Prairie Pothole Ecoregion)

13.2 -204.8 0.6 ï2.8 This study

Prairie Pothole /

semi-permanent

Canada (SK) 1 ï91 <1 Pennocket al. 

(2009)

Prairie Pothole /

semi-permanent

Canada (MB) 0.6 ï1.5 0.03 ï0.4 Phipps (2006)

Summary of methane and nitrous oxide fluxes from 

prairie pothole wetlands.



Cumulative GHG flux (CH4+N2O) in 

restored and reference prairie wetlands: 

intensive sites

Å Cumulative greenhouse gas fluxes were calculated 
for each of three wetlands at each intensive 
monitoring sites

Å To project an annual cumulative flux for each site a 
daily mean GHG flux was determined based on the 
measured samples from each site and then 
projected to occur over a 245 day period

Å This assumes that there is little to no GHGs being 
emitted from prairie wetlands between January 1 
and April 30.




