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Abstract Estimates of rates of wetland loss are important for
understanding whether wetland policies meet their objectives.
In Alberta, a no-net-area loss interim wetland policy was introduced in 1993. We tested the effectiveness of this interim
wetland policy. A historical wetland inventory was established
by generating a wetland inventory using digital topographic
analysis and calculating a wetland-area vs. wetland-frequency
power-law function from these data. Permanent wetland loss
(topographic depression no longer exists) was calculated as
the deviation from the historical wetland-inventory powerlaw function (representing the pre-settlement wetland inventory) and was estimated at 32.8% in number and 2.10% in
area, with uncertainty estimates well below 1%. Temporary
wetland loss (topographic depression remains on the landscape) was calculated as the difference between the historical
wetland inventory and a time series of contemporary wetland
inventories mapped from aerial photographs. Results indicate
that as of 1993, 49.4% of the number of wetlands were temporarily lost (56.6% of wetland area), which increased in 2011
to 56.8% (68.0% of wetland area), with uncertainty estimates
well below 1%. From 1993 to 2011, we estimated a rate of loss
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of 0.63% in wetland area/year. Wetland loss continued despite
the introduction of the no-net-area-loss policy in 1993.
Keywords wetland . power-law . prairie pothole . no-net area
loss policy . Alberta

Introduction
Protecting wetlands is of high priority for governments.
Wetland loss comes with a concomitant loss of ecosystem
functions and associated ecosystem services (Cohen et al.
2016), including water storage and desynchronization of flood
flows (Rains et al. 2016), removal and retention of nutrients
(Marton et al. 2015), and biodiversity (Mushet et al. 2015).
Relatively small wetlands with transient ponds provide ecosystem functions and services that are comparable to larger,
more permanently ponded wetlands (Bedford 1999; Cohen
an d B rown 20 07; B lackwell and P ilgrim 20 11).
Unfortunately, human development pressures continue to degrade or destroy wetlands (Davidson 2014), with small wetlands at greatest risk of loss (Serran and Creed 2016), and this
loss contributes to downstream flooding and eutrophication
problems (McCauley et al. 2015; Brown et al. 2017). Failure
to estimate the rate of wetland loss means that the risks associated with the concomitant loss of wetland functions and
associated services remains unknown (Zedler 2003).
Evaluation of the effectiveness of policies to protect wetlands requires standardized methods to establish the number
and area of historical wetlands (i.e., wetlands that were present
before humans settled the area), from which the rates of wetland number and area loss over time can be estimated. One
obvious method is to map historical wetlands and compare the
results to current wetland inventories. However, inadequate
historical data together with diverse interpretations of these
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data means that there is low confidence in the precision and
accuracy of the resulting wetland inventories. An alternative
method to investigate wetland loss involves the use of powerlaw functions. Power-law functions can be used to describe
the size-distribution of pothole wetlands due to a negative
linear relationship between wetland area and wetland frequency in log-log scale within natural landscapes (Downing et al.
2006). The use of these power-law functions offers a simple
and effective tool for estimating the amount of wetland loss.
Deviations from the negative linear relationship may be attributed to natural (e.g., climatic variability) and/or human disturbances. Wetland-area vs. wetland-frequency power-law functions have been used to examine shifts in the size-distribution
of wetlands in response to climate change (Zhang et al. 2009;
Liu and Schwartz 2011) and effects of human modifications
on wetland dominated landscapes (Van Meter and Basu
2015).
Previously, we used power-law functions to estimate the
magnitude of permanent wetland loss (Serran and Creed
2016). Here, we extend the use of these functions to estimate
the magnitude of temporary wetland loss and the rates of temporary wetland loss over time. Specifically, we use wetlandarea vs. wetland-frequency power-law functions to answer
three questions: (1) Have there been changes in wetland number and area over time? (2) If so, how much and how rapidly
has change occurred? and (3) In which size distributions of
wetlands has the majority of the change occurred? These questions were selected to explore the effectiveness of policies
designed to protect wetlands. For example, policies have been
in place in the Province of Alberta in Canada to protect wetlands for close to 25 years. The provincial government implemented an interim wetland policy in 1993 that focused on the
no-net-loss of wetland area. The policy made no mention of
how the no-net-loss of wetland area objective was going to be
assessed, but there was broad consensus that the policy failed
to achieve its objective (Clare et al. 2011, Clare and Creed
2014). The Province of Alberta then implemented a wetland
policy in 2013 that shifted the focus from no-net-loss of wetland area to no-net-loss of wetland function and developed
both planning and approval tools to assess wetland function,
tools that can be used to test the effectiveness of this new
policy (c.f. Adamus in press, Creed et al. in press). This study
provides an objective method to evaluate if the policy objective of no-net loss of wetland was achieved, and if not, what
wetland areas were most vulnerable to removal.

Forest and Parkland Natural Regions of central Alberta
(Fig. 1) (Sass et al. 2014). The watershed is approximately
440,500 ha in size and climate varies between cold winters
and warm summers, with an average annual temperature of
3.3 °C and total annual precipitation of 474.3 mm based on
30-year (1981 to 2010) meteorological record for Edmonton
International Airport (Environment Canada 2010). Geology is
dominated by glacial deposits from the Pleistocene continental glaciers. Bedrock geology is comprised of fine to medium
grained sediments, intertwined with muddy, transgressive sediments (Stein 1979). Surficial geology is comprised of tills
with variable thickness (average thickness of 21 m), that are
vertically interspersed with sand and gravel lenses of glaciofluvial origin as well as glacio-lacustrine lakebeds (Hamilton
et al. 1998). Topography is characterized by hummocks in the
moraine and flat to rolling land in the surrounding areas, with
elevation ranging from a high of 812 m in the center of the
watershed to a low of 586 m along the North Saskatchewan
River. Human activities have extensively modified the watershed. The central portion of the watershed comprises the
Cooking Lake moraine, most of which is designated as part
of national and provincial protected areas. The rest of the
watershed comprises the eastern part of the City of
Edmonton, which is subject to continued urban expansion
and industrial development, or agricultural cropland and pastureland. We conducted our wetland loss analysis on 72% of
the watershed, as there were no data available for the remaining 28% (see Fig. 1).
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Fig. 1 Map showing the location of the Beaverhill watershed, Alberta,
Canada
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Wetland Inventories
A LiDAR digital elevation model (DEM) and a time series of
aerial photographs were used to map the wetlands used in this
analysis (Table 1).
Historical Wetlands Excluding those that were Permanently
Lost
Historical wetlands, excluding those that were permanently
lost, were mapped using a high-resolution LiDAR bare earth
DEM that was acquired in 2009 (a relatively dry year; Serran
and Creed 2016). The horizontal resolution of the DEM was
3-m and its vertical accuracy was 0.15 m. Historical wetlands
were defined as low-lying topographic areas that were
completely surrounded by uplands (Creed and Beall 2009).
Stochastic analysis was applied to the DEM to determine the
probability of depression. First, Monte Carlo simulations were
used to generate a distribution of random error terms with a
standard deviation equal to 0.15 m (the vertical accuracy of
the DEM). Second, these random error terms were added to
the DEM. Third, the error-added DEM was filled using the
Planchon and Darboux (2002) algorithm. Cells that were
modified during the filling process were identified and recorded. This process was done iteratively until a stable solution
was reached (root mean square error between two iterations
less than 0.001, with a maximum of 1000 iterations). Finally,

Table 1

the probability of depression was calculated as the number of
times a cell was filled divided by the number of iterations; a
cell with a probability of depression value of 0 indicated that
there was no probability of that cell being a depression, whereas a probability of depression value of 1 indicated that there
was a high probability of that cell being a depression. This
stochastic analysis helped distinguish between artifacts and
actual depressions in the DEM (Lindsay and Creed 2005).
This method of estimating the probability of depression is
effective at capturing wetlands in natural landscapes
(Lindsay et al. 2004); however, since this method is based
on topographic analysis, the results also detect and map artificial and human made features (e.g., artificial embankments)
in wetland inventories.
The probability of depression layer underwent an objectbased segmentation process that divides images into image
objects composed of pixels with similar characteristics
(Baatz and Schäpe 2000). Object-based segmentation was
conducted using a multi-resolution segmentation algorithm
(Baatz and Schäpe 2000). User-defined parameters, such as
scale and shape parameters, determined the results of segmentation. The scale parameter determined the average size of
image objects and the shape parameter determined the importance of the smoothness or compactness of the shapes of image objects relative to the importance of spectral homogeneity.
Two dimensionless scale parameters were used to ensure both
large and small wetlands were being captured: 2 (small) and

Glossary of wetland terms

Term
Wetland inventory term
Historical wetland inventory

Historical wetlands excluding those that
were permanently lost

1962, 1993 and 2011 wetland inventories

Wetland loss term
Restorable loss
Temporary loss
Permanent loss

Definition

Historical wetland inventory that includes existing wetlands, remnant wetlands where the topographic
features of the former wetland remain, and lost wetlands where the topographic features of the former
wetland no longer remain on the landscape. This inventory is derived by applying the power-law to the
existing and remnant wetland inventory and then extrapolating the power-law function to the minimum wetland size. It provides aspatial information only.
Historical wetland inventory that includes existing and remnant wetlands only. This inventory is derived
from fine resolution digital elevation models, where digital terrain analysis defines the probability of a
topographic depression, and object-based segmentation of the topographic depression features defines
wetland objects. This inventory is then overlaid with the 1962, 1993 and 2011 wetland inventories to
account for any wetlands that were not captured in the digital elevation model. This inventory had
regression equations applied to the wetland area to account for climatic variability.
Wetland inventories derived from manual classification of object based segmentation conducted on aerial
photographs. These inventories were then overlaid with each other and corrected for omissions (i.e., a
wetland appeared in one year, but not an earlier year). These inventories had regression equations
applied to the wetland area to account for climatic variability.
A subset of temporary loss, that includes those wetlands that can easily be put back on the landscape as
the drainage can be reversed (e.g., ditch drained wetlands).
Wetland loss where the depression still exists on the landscape but has been modified so that the natural
hydrology of the wetland no longer exists.
Wetland loss where the depression no longer exists on the landscape.
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20 (large). Once the segmentation was completed, the
resulting image objects were automatically classified as wetlands if the mean probability of depression of the image object
was greater than 0.52 for the small scale parameter and 0.45
for the large scale parameter. The small scale parameter
threshold was calibrated using the Canadian Wetland
Inventory (Ducks Unlimited Canada 2006), whereas the large
scale parameter was determined heuristically. No shape parameter was used (i.e., no weight was given to it in our analysis) as spectral heterogeneity produced the most realistic wetland shapes. The classified wetland objects were merged together to create the historical wetland inventory excluding
those that were permanently lost. The minimum mapping unit
(i.e., the smallest feature that could be reliably mapped using a
given method) of this historical wetland inventory was assumed to be 0.02 ha (i.e., the minimum mapping unit of the
Canadian Wetland Inventory). A more detailed description of
the methods to map historical wetlands can be found in Serran
and Creed (2016).
Historical Wetlands Including those that were Permanently
Lost
A power-law function that characterized the relationship between wetland area (a) and wetland frequency (f) was used to
estimate the historical wetland inventory including those that
were permanently lost. The fitted power-law function (or linear regression line in logarithmic scale) was represented as:

Contemporary Wetland Inventories
A time series of contemporary wetland inventories was created using grey scale aerial photographs from 1962, 1993 and
2011. The aerial photographs were captured during the spring
(April or May) with the exception of a minor part of the study
area for 1993 where July and August 1992 images were used
to fill gaps. This timing coincided with spring melt, allowing
for detection of ephemeral wetlands that are filled with water
during spring melt and then dry out over the remainder of the
snow-free season. The 1962 aerial photographs (1:31,680
scale) and 1993 aerial photographs (1:20,000 scale) were
scanned at 1200 dots per inch, ortho-rectified using the 3-m
DEM derived from LiDAR data, and resampled to 1-m pixel
resolution. The effective resolution of the 1962 and 1993 aerial photographs based on scale and scanning resolution was
estimated to be less than 1 m. The 2011 aerial photographs

ð1Þ

where b is the y-intercept and m is the slope of the regression
line.
The power-law function was applied to the historical wetland inventory excluding those that were permanently lost,
using a wetland area bin size equal to the coarsest input pixel
size of the data (in this case, 9 m2 or 0.0009 ha for the 3-m
LiDAR DEM). A three-segment piecewise linear regression
was used to identify abrupt changes within the log area-log
frequency distribution, referred to as the high frequency and
low frequency breakpoints (Seber and Lee 2012). The high
frequency breakpoint occurs where data in the small size classes begins to deviate (or curve). The low frequency breakpoint
occurs in the large size classes where there are low frequencies. Size classes greater than the low frequency breakpoint
and size classes with a frequency less than the frequency at the
low frequency breakpoint were removed from further analysis. These data were removed to create a useable baseline for
permanent loss estimation. To estimate temporary loss, all
data were added back in.
For the remaining data, a two segment piecewise linear
regression was used to identify the final high-frequency

Historical wetlands excl.
permanently lost
Breakpoint
Historical wetlands excl.
permanently lost - Deviation
Extrapolated historical
wetland inventory
Power-law line

10,000
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breakpoint, the deviation (i.e., data below the high frequency
breakpoint), and the power-law line which was applied to the
historical wetland inventory excluding those that were permanently lost between the high and low frequency breakpoints.
The power-law line was then extrapolated to the minimum
mapping unit of the historical wetland inventory excluding
those that were permanently lost (0.02 ha) to estimate the
historical wetland inventory below the high frequency
breakpoint. A cartoon of how the historical wetland inventory
was determined is shown in Fig. 2.
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Fig. 2 Conceptual model of how historical wetland inventories including
and excluding those that were permanently lost were determined.
Breakpoints in the historical wetland inventory excluding those that
were permanently lost were determined via piecewise linear regression.
A power-law was applied to the wetlands between the high and low
frequency breakpoints, and the power-law was then extrapolated to the
minimum mapping unit (0.02 ha). The power-law extrapolation below the
high frequency breakpoint was used to define the historical wetland
inventory
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were acquired at 0.10 to 0.25 m resolution depending on the
geographic area, and resampled to 1-m pixel resolution using
bilinear interpolation.
The multi-resolution segmentation algorithm (Baatz and
Schäpe 2000) implemented in eCognition Developer (v.8.0)
was used to segment the aerial photographs into image objects
of relatively homogeneous spectral values constrained by the
scale parameter. We selected a scale parameter of 40, as this
scale parameter produced image objects that captured both
small and large wetlands. The resulting image objects were
manually classified as wetlands based on visual detection of
inundated soils (open water) and saturated soils in the aerial
photographs. In delineating the wetlands, the goal was to delineate the entire wetland basin and not just the extent of open
water. Adjacent image objects classified as inundated or saturated soils were merged to delineate the outer boundaries of
the wetlands. Wetland objects smaller than the minimum mapping unit of the historical wetland inventory (0.02 ha) were
removed, as were wetland objects that appeared to be constructed or modified (e.g., having a drainage ditch).
The time series of wetland inventories included data from
different sources using different methods. Consequently, there
were instances where a wetland would be captured in a later
inventory but missed in an earlier inventory. To correct for this,
we assumed that if a wetland existed in a later inventory, but was
not present in an earlier inventory, then it should be added to the
earlier inventory (e.g., Clare and Creed 2014). To do this, we
conducted overlay analysis. We merged the 2011 and 1993 inventories with the 1962 inventory to create the 1962 inventory.
We then merged the 1993 and 2011 inventories to create the
1993 inventory. We also created an improved historical wetland
inventory by merging the 1962, 1993 and 2011 inventories with
the historical wetland inventory.
The historical wetlands excluding those that were permanently lost were generated from the DEM, and so they were insensitive to climatic variability, except for those wetlands that were
added from one of the contemporary wetland inventories to the
historical wetland inventory. In contrast, the time series of contemporary wetland inventories was generated from aerial photography and so may have been affected by climatic variability.
The potential for climate effects was considered by calculating
the flux of water between the atmosphere and the land surface
(i.e., annual precipitation (P) minus annual potential evapotranspiration (PET); Hamon 1961) for the calendar years 1962, 1993
and 2011. Substantial changes in annual P-PET were assumed to
be indicative of substantial climate effects. The effects of climate
were removed from the time series of contemporary wetland
inventories by changing the areas of the 1962, 1993 and 2011
wetland inventories to the areas of the historical wetlands excluding those that were permanently lost (e.g., Clare and Creed
2014). Linear regression analysis was performed on wetlands
that existed in both inventories, with historical wetlands excluding those that were permanently lost as the dependent variable

and with 1962, 1993 or 2011 wetlands as the independent variable. For historical wetlands, if contemporary wetlands for one
year were added to this inventory, we applied the regression
equation for that year to the wetland area. In contrast, if contemporary wetlands were present in more than one year, we applied
the regression equation of the earliest year to its area. For example, if a wetland added to the historical wetland inventory was
composed of a 1962 and 2011 wetland, then the 1962 regression
equation was applied to its area for calibration, as we assumed
that this would represent the largest area for that wetland. For
contemporary wetlands, in each year of the time series, the regression equations were applied to the wetland areas of the respective year to produce climate-corrected wetland areas.
We applied two non-parametric statistical tests to investigate whether statistically significant changes occurred in the
frequency distributions of wetland area among the climatecalibrated inventories. The Wilcoxon rank sum test
(Conover 1980) compared the means of the frequency distributions of wetland areas in the 1962, 1993 and 2011 wetland
inventories. The Kolmogorov-Smirnov test (Massey 1951)
compared the cumulative distribution functions (CDFs) of
the frequencies of wetland areas for these three years. The
significance level was p < 0.05 and statistical analyses were
performed within Matlab (2015).
Wetland loss
Permanent Wetland Loss
Permanent wetland loss (i.e., wetlands that have been filled and
whose topographic depression is no longer detectable) was estimated by calculating the difference between the extrapolated
power-law line to the minimum wetland size (i.e., historical wetland inventory) and the deviation below the high frequency
breakpoint (i.e., historical wetland inventory excluding those that
were permanently lost). Permanent wetland number loss was
estimated as the sum of the differences in frequency between
the historical wetland inventory excluding those that were permanently lost and the historical wetland inventory in each bin
below the high frequency breakpoint. Permanent wetland area
loss was estimated by summing the differences in wetland area
between the historical wetland inventory excluding those that
were permanently lost and the historical wetland inventory in
each bin below the high frequency breakpoint. This approach
assumed that no large wetlands were permanently lost.
Uncertainties in the permanent loss estimates were determined from standard errors calculated using a bootstrapping
scheme in SPSS (v.21.0). The bootstrapping resampling technique allowed for the estimation of standard error for the coefficients of the regression model and their corresponding predicted values, by randomly resampling 1000 times (with replacement) from the data points. The calculated bootstrapped
standard error of the predicted values of log10( f )and (SElf)
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was used to approximate the bootstrapped standard error of
the predicted value of frequency (SEf) for the historical inventory using the Taylor expansion:
SE f ¼ lnð10Þ  10log10 ð f Þ  SElf

ð2Þ

Standard errors of the predicted frequencies of the historical inventory were used to calculate the standard errors of
permanent wetland number and area loss by multiplying SEf
by the number of bins below the high frequency breakpoint
for the number loss and by the number of bins and size of the
bins (e.g., 0.0009 ha) below the high frequency breakpoint for
the area loss.

The 1962, 1993 and 2011 inventories were binned (using the
same 0.0009 ha bins), plotted together with the historical wetland
inventory, and then compared to determine the temporary wetland
loss over time. Temporary wetland loss was calculated as the
difference between the historical wetland inventory and the contemporary wetland inventory for each year in the time series, minus permanent loss. This information was then used to estimate
rates of temporary loss in the number and area of wetlands. We
assumed a linear rate of loss; temporary wetland loss rates were
calculated by dividing the differences in the estimated number and
area losses by the number of years separating the contemporary
wetland inventories.

Results
Temporary Wetland Loss
Wetland Inventories
The magnitude and rate of wetland loss over time was estimated
by calculating differences in wetland number and area between a
contemporary wetland inventory for a given year and the historical wetland inventory.
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Fig. 3 Distribution of wetlands in the study area for (a) the historical wetland inventory excluding those that were permanently lost, and the (b) 1962
wetland, (c) 1993, and (d) 2011 wetland inventory

Wetlands

Human Modification of Wetland Inventories
Human modification effects were assessed by determining
the significance of changes in the frequency distribution of
wetland sizes among the 1962, 1993 and 2011 wetland inventories. There were significant changes (p < 0.001) in the
median (Wilcoxon rank sum) and the cumulative frequency
distribution (Kolmogorov-Smirnov test) of the frequency distributions between 1962 and 1993, and between 1993 and
2011 (Table 2). These changes were attributed to human
modifications of the landscape as climate effects were removed from the wetland inventories before conducting the
statistical analyses.
Permanent wetland loss was estimated to be 32.8% in
number (46,694 wetlands) and 2.10% in area (1512 ha)
(Fig. 5). Temporary wetland loss was estimated at 36.7% in
number (52,305 wetlands) and 49.3% in area (36,232.3 ha) in
1962, 49.4% in number (70,327 wetlands) and 56.6% in area
(41,606.3 ha) in 1993, and 56.8% in number (80,850 wetlands) and 68.0% in area (49,981.9 ha) in 2011 (Table 3,
Figs. 5 and 6). Uncertainties associated with these estimates
were extremely small and are reported in Table 3. The wetland
loss estimates were likely underestimated considering we did
not attribute the permanent loss to a particular year.
The rate of loss of wetlands over time was the same in
terms of number but different in terms of area. Between
1962 and 1993, 18,022 wetlands were lost (equalling

Historical wetland inventory excluding
permanently lost area (ha)

P-PET was 37.6, −103 and −26.5 for 1962, 1993 and 2011,
respectively, indicating that there was more surface water on
the landscape in 1962 and less surface water on the landscape
in 1993 and 2011. The linear regression analysis used to
climate-correct the wetland inventories (Fig. 4) increased
wetland area for the historical wetland inventory as well as
each of the contemporary wetland inventories. The area of the
historical wetland inventory increased 164 ha (from 71,757 to
71,921 ha) with individual wetlands increasing in area from
0.002 to 6.35 ha. Among the contemporary wetland inventories, the area of the 1962 inventory increased 3636 ha (from
32,113 ha to 35,749 ha) with individual wetlands increasing
in area from 0.002 ha to 471 ha; the area of the 1993 inventory increased 7250 ha (from 23,125 ha to 30,375 ha) with
individual wetlands increasing in area from 0.006 ha to
1214 ha; and the area of the 2011 inventory increased 4269
(from 17,730 ha to 21,999 ha) with individual wetlands increasing in area from 0.004 ha to 887 ha.
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covering a total of 35,749 ha in 1962, decreased further to
25,453 wetlands covering a total of 30,375 ha in 1993, and
decreased even further to 14,930 wetlands covering
21,999 ha in 2011 (Fig. 3).
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Fig. 4 Regression analysis for climate modification of (a) 1962 wetland
inventory; (b) 1993 wetland inventory; and (c) 2011 wetland inventory
areas

5373.9 ha), and between 1993 and 2011 an additional
10,523 wetlands were lost (equalling 8375.6 ha). The rate of
loss of wetland number between 1962 and 1993 was estimated
to be 0.41% per year (or 580 wetlands per year), representing a
rate of loss of wetland area of 0.24% per year (or 170 ha per
year; Table 4). In contrast, the rate of loss of wetland number
between 1993 and 2011 was estimated to be 0.41% per year
(or 580 wetlands per year), representing a rate of loss of wetland area of 0.63% per year (or 470 ha per year). The average
size of lost wetlands increased from 0.3 ha between 1962 and
1993 to 0.8 ha between 1993 and 2011.
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Table 2 Differences in the statistical properties of the wetland
inventories between 1962 and 1993 and between 1993 and 2011

1962 –
1993
1993 –
2011

P Value of Wilcoxon Rank
Sum test
−18

P Value of KolmogorovSmirnov test
−15

4.4 × 10

4.3 × 10

1.4 × 10−13

6.8 × 10−10

1,000
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permanently lost - Deviation
1962 wetlands
1993 wetlands
2011 wetlands

2011
loss

10

The highest losses in number occurred among the smallest
wetlands (<0.4 ha; Fig. 7). There was high variation in rates of
loss in wetland area classes above 1.75 ha for the time period
between 1962 and 1993 and above 1 ha between 1993 and
2011. There was also a noticeable increase in the rate of wetland loss of larger wetlands over time.

Discussion
The power-law function of wetland-area vs. wetlandfrequency is a powerful tool for estimating the magnitude
and rate of wetland loss. The benefits of using the wetlandarea vs. wetland-frequency power-law function to estimate
wetland loss is that it provides objective estimates of permanent and temporary wetland loss, which can then be used to
determine if wetland policies have been effective at reducing
(or reversing) the rate of wetland loss. In addition, in contrast
to estimates of wetland loss that are based on existing data that
represent a composite of different wetland definitions and
wetland mapping methods, power-law functions can be applied across broad geographic scales and therefore provide a
standardized definition of wetland and a standardized method
of mapping wetlands over time which is necessary to determine wetland loss.
Power-Law Derived Estimates of Wetland Loss
Using the wetland-area vs. wetland-frequency power-law
function, we estimated the historical wetland inventory to include a total number of 142,474 wetlands covering a total area
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Fig. 5 Power-law functions for each of the wetland inventories. The
historical wetland inventory represents the baseline number and area of
wetlands that occurred on the natural landscape. The deviation of the
historical wetland inventory excluding those that were permanently lost
represents the reduced number and area of wetlands resulting from human
modification of the landscape. Permanent wetland loss is estimated by
calculating the difference in number and area between the historical
wetland inventory and the deviation of the historical wetland inventory
excluding those that were permanently lost. Temporary wetland loss is
estimated by taking the difference in wetland number or wetland area
between the historical wetland inventory and each year’s wetland
inventory and subtracting permanent loss

of 73,493 ha, an estimate that included 46,694 (number) and
1512 ha (area) that were permanently lost.
Use of power-law functions requires a historical wetland
inventory to estimate wetland loss. One potential drawback of
our topographically-based method to map historical wetlands
is the lack of hydric-soil information to confirm the presence
of a wetland in the topographic depression (e.g., Van Meter
and Basu 2015). Hydric-soil information at a resolution needed to determine the presence of wetlands was not available. By
not including data on hydric soils, the number of wetlands
could be inflated, and therefore the rate of wetland loss could
be underestimated. However, our wetland mapping method
was found to be reasonably accurate, with an overall accuracy
of 85% and a Kappa co-efficient of 0.7 (Waz 2016), indicating
it produced an adequate historical wetland inventory.
Effective use of the power-law function of wetland-area vs.
wetland-frequency requires consideration of several factors.

Percent loss of number and area of wetlands for 1962, 1993 and 2011 compared to historical

Year

Number loss (%)

Number loss (#)

Area loss (%)

Area loss (ha)

1962
1993
2011

36.7 ± 5.0 × 10−4%
49.4 ± 5.0 × 10−4%
56.8 ± 5.0 × 10−4%

52,305 ± 0.69 wetlands
70,327 ± 0.69 wetlands
80,850 ± 0.69 wetlands

49.3 ± 3.2 × 10−7%
56.6 ± 3.2 × 10−7%
68.0 ± 3.2 × 10−7%

36,232.3 ± 2.3 × 10−3 ha
41,606.3 ± 2.3 × 10−3 ha
49,981.9 ± 2.3 × 10−3 ha

Wetlands
Fig. 6 Pie charts showing the
percent wetland loss by (a)
number and (b) area for the
existing wetlands, temporarily
lost wetlands, and permanently
lost wetlands

Wetland loss (% number)

a

1993

1962

2011
10.4%

32.8%

17.8%

30.5%

32.8%

32.8%

36.7%

56.8%

49.4%

existing wetlands

b

temporary loss

permanent loss

Wetland loss (% area)
1962

1993

2011

2.10%

2.10%

2.10%
29.9%

49.3%

48.6%

existing wetlands

First, the power-law function is sensitive to the selection of bin
size. Increasing the bin size results in increased estimates of
percent permanent loss of wetland area and especially wetland
number because of the increased frequency of wetlands in bins
below the low frequency threshold. We selected the bin size
based on the size of the input pixels used to create the wetland
inventory; however, it would be beneficial for future studies to
conduct a sensitivity analysis to examine the implications of
choosing various bin sizes on wetland loss estimates. Second,
the power-law function is sensitive to the number of wetlands
within a wetland inventory; a small sample size of wetlands
(i.e., < 10,000 wetlands, based on the application of the
power-law function to wetland datasets of various sizes) did
not provide large enough frequencies to form useable historical wetland inventories. Third, our wetland rate loss estimates
are likely underestimates as were unable to determine the time
when permanent wetland loss occurred. Therefore, our estimates of loss between time periods and rate of loss estimates
do not include permanent loss.
An advantages of using the wetland-area vs. wetlandfrequency power-law function is the ability to quickly analyze
the size of wetlands that are most vulnerable to loss. The
annual loss rate of wetland number is the same for each of
the periods from 1962 to 1993 and from 1993 to 2011, indicating that the loss of wetlands is relatively constant over time.

56.6%

41.3%

temporary loss

68.0%

permanent loss

However, the annual rate of loss of wetland area increased
between the two periods, indicating that increasingly larger
wetlands are being lost over time. Our analysis revealed that
the average wetland area being developed increased from
0.3 ha from 1962 to 1993 to 0.8 ha from 1993 to 2011, indicating that small wetlands were developed first and now larger
wetlands are being developed. The loss of larger wetlands in
the face of increasing development pressures may have strong
implications for wetland ecosystem services that are

Table 4 Percent loss of number and area of wetlands and rates of loss
of number and area of wetlands for the time periods from 1962 to 1993
and from 1993 to 2011
Time Period

1962–1993

1993–2011

Number Loss (%)
Number Loss (#)
Area Loss (%)
Area Loss (ha)
Rate of Wetland Number Loss (%/yr)
Rate of Wetland Number Loss (#/yr)
Rate of Wetland Area Loss (%/yr)
Rate of Wetland Area Loss (ha/yr)

12.7
18,022
7.3
5373.9
0.41
580
0.24
170

7.4
10,523
11.4
8375.6
0.41
580
0.63
470

Wetlands

a 100%
Wetland loss (% number)

90%
80%
70%
60%
50%
40%
30%

1962
1993
2011

20%
10%
0%
0.1

1

5

Area (ha)

Rate of wetland loss (% number)

b

4%

3%

2%

1%

0%

1993-2011
1962-1993

-1%

Few studies or datasets are available to compare our powerlaw derived estimates of wetland loss to other estimates.
Watmough and Schmoll (2007) surveyed wetland losses in
eight transects in the Parkland Natural Region south of
Beaverhill watershed from 2001 to 2011 through a combination of field surveys and manual interpretations of aerial photographs and satellite images. They estimated a loss of number
of wetlands of 0% to 9.2% and a loss of area of wetlands of
0% to 10% over this 10 year period; expressed as annual rates,
the upper ranges indicate a rate of loss of number of wetlands
of 0.92% and loss of area of wetlands of 0.10% per year. Our
estimates of rate of loss of wetland number are similar to
Watmough and Schmoll (2007), however our estimates of rate
of loss of wetland area are much higher. Our higher estimates
of rate of loss of wetland area may be attributed to the different
periods of the two studies, the different geographic areas covered, and the different human development pressures operating in these two neighbouring areas. Further studies comparing different loss estimation techniques in the same geographic area and during the same time using common wetland inventories will help improve confidence in the rate of wetland
loss estimates.
Evaluation of Policy Effectiveness

-2%
0.1

1

5

Area (ha)

Fig. 7 (a) Percent temporary loss of number of wetlands for different
wetland sizes for each year, and (b) rate of temporary loss of number of
wetlands for different wetland sizes for the time periods from 1962 to
1993 and from 1993 to 2011

dependent on wetland area, such as biodiversity habitat
(Adamus in press; Creed et al. in press).
Past research has found that the drainage and development
of larger wetlands in the Prairie Pothole Region was done less
frequently due to the increased difficulty in draining and developing these wetlands relative to smaller wetlands (Miller
et al. 2009). As a consequence, Miller et al. (2009) noted that
there was a disproportionate number of large wetlands remaining on the landscape. However, recent research (Van Meter
and Basu 2015; Waz and Creed 2017) has shown that there is a
trend towards a homogenization of wetland sizes on the landscape, with a preferential loss of both small and large wetlands
on the landscape, as shown in our analysis.

Comparing Power-Law Derived Estimates of Wetland
Loss to Other Estimates
Using the wetland-area vs. wetland-frequency power-law
function, we estimated annual rates of temporary wetland loss
of 0.41% (number) and 0.63% (area) per year for the period
1993 to 2011 (Table 4).

Our power-law function approach suggests that Alberta’s
1993 interim wetland policy of no-net area loss (Alberta
Water Resources Commission 1993) did not achieve its objective. Ongoing and increasing loss of wetland area has
occurred since the policy was implemented in 1993. There
was a constant rate of wetland number loss and an increase
in the rate of wetland area loss over time in the Beaverhill
watershed. Clare et al. (2011) observed that developers often
did not avoid wetland loss but preferred compensation for
several reasons, including: (1) wetlands were undervalued;
(2) wetland inventories were incomplete and therefore wetlands were often not identified before development was initiated; and (3) developers believed they could build Bbetter^
wetlands. Furthermore, approximately 80% of wetland loss
between 1999 and 2009 within the Beaverhill watershed was
without a proper government permit (Clare and Creed 2014),
suggesting a lack of compliance to the 1993 area-based wetland policy and inadequate wetland monitoring and information tracking by the government. Governments are encouraged to consider using the power-law function approach to
monitor the magnitude and rate of wetland loss, both in the
development and evaluation of wetland policies.
Alberta’s new 2013 wetland policy has shifted from a nonet area loss to a no-net function loss, and encourages restoration of wetlands to compensate for degraded or destroyed
wetlands (Government of Alberta 2013). A large number and
area of wetlands that have been lost have been temporarily lost
– that is, the wetland topographic depression still exists,

Wetlands

therefore restoration of the wetland could be relatively easily
achieved (Waz 2016). In the Prairie Pothole Region, these
temporarily lost wetlands are often drained via surface
ditching (Waz and Creed 2017). Wetland restoration could
occur by plugging the ditches to allow for the natural return
of hydrology. The power-law function can determine the size
and type of temporarily lost wetlands. This information,
coupled with robust hydrologic connectivity models of wetlands (e.g., Ameli and Creed 2017), can provide a scientific
framework for efficient wetland restoration plans. Though
these restored wetlands do not typically function at levels as
high as natural wetlands (Moreno-Mateos et al. 2012), wetland restoration can help regain hectares of wetland area and
their important functions to the landscape. Future work will
explore how the power-law function can be used to determine
not only area but function loss, and whether there is a preferential loss of high functioning wetlands to determine the effectiveness of function based policies.

Conclusion
Wetland scientists and policy makers need tools to monitor the
number and area of wetlands within regional watersheds. Use
of wetland-area vs. wetland-frequency power-law functions
provides a standardized and cost-effective technique for
regional-scale estimates of both permanent loss (where the
wetland topographic depression no longer exists) and temporary loss (where the wetland topographic depression remains).
This technique can be used to monitor the rates of loss of
wetland number and wetland area within watersheds, and
therefore can be used to evaluate the effectiveness of wetland
policies. This technique can also be used to evaluate changes
in wetland functions and associated services at watershed
scales. With flooding and eutrophication being attributed to
increased wetland drainage, monitoring changes in wetland
number and area will become increasingly important for developing improved understanding of the effects of wetland
loss on watershed scale functions and services.
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