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HIGHLIGHTS - Replacing natural wetlands with storater management facilities: biophysical
and perceived social values.

Stormwater ponds and wetlands are poor mimics twfrabwetlands

We observed differences in biodiversity, bioticeignity, hydrology and chemistry
Stormwater wetlands were not substantive improvesnaver stormwater ponds
Important drivers of wetland condition are poogognized by the public
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ABSTRACT

Urban expansion replaces wetlands of natural oxigfih artificial stormwater management
facilities. The literature suggests that effortsrtionic natural wetlands in the design of
stormwater facilities can expand the provisionaisystem services. Policy developments seek
to capitalize on these improvements, encouragingldpers to build stormwater wetlands in
place of stormwater ponds; however, few have coatptre biophysical values and social
perceptions of these created wetlands to thodeeafigtural wetlands they are replacing. We
compared four types of wetlands: natural referestes, natural wetlands impacted by
agriculture, created stormwater wetlands, and edestiormwater ponds. We anticipated that
they would exhibit a gradient in biodiversity, emgical integrity, chemical and hydrologic
stress. We further anticipated that perceived \saueuld mirror measured biophysical values.
We found higher biophysical values associated wetHands of natural origin (both reference
and agriculturally impacted). The biophysical valeé stormwater wetlands and stormwater
ponds were lower and indistinguishable from ondlaro The perceived wetland values
assessed by the public differed from the obserigghlysical values. This has important policy
implications, as the public are not likely to peveethe loss of values associated with the
replacement of natural wetlands with created statamwmanagement facilities. We conclude
that 1) agriculturally impacted wetlands providegiysical values equivalent to those of natural
wetlands, meaning that land use alone is not & gredictor of wetland value; 2) stormwater
wetlands are not a substantive improvement ovemstater ponds, relative to wetlands of
natural origin; 3) stormwater wetlands are poor iogof natural wetlands, likely due to

fundamental distinctions in terms of basin morphgldemporal variation in hydrology, ground
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water connectivity, and landscape position; 4)éhdrsvers are relatively fixed, thus, once
constructed, it may not be possible to modify tienmprove provision of biophysical values;
5) these fixed drivers are not well perceived ley/plblic and thus public perception may not

capture the true value of natural wetlands, inecigdhose impacted by agriculture.

KEYWORDS: Agriculture, constructed wetlands, ecosysservices, wet ponds, wetland

health, wetland services.
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1.0 INTRODUCTION

Population growth and urban sprawl are on a comtgnaourse of conflict with urban and
suburban wetlands. Seventy percent of the worldfiation is expected to live in urban areas
by 2050 (UN-HABITAT, 2008); however, in Canada tlisalready the case (StatsCan, 2012).
The expansion of cities in response to growing mi@pulations is exacerbated by a global
trend of suburbanization and sprawl whereby th&asararea of cities grows more quickly than
their populations (UN-HABITAT, 2008). The City &dmonton (Alberta, Canada) is the second
fastest growing metropolitan area in Canada: ifuagion grew 12.1% between 2006 and 2011
(StatsCan, 2012) and 93% of Edmonton’s growth dutiat same period was in suburban areas.
Urban sprawl contributes to negative social (Clem2®10) and human health effects (Ewing et
al., 2003), as well as environmental degradatiohr§don, 2001). This includes increased carbon
emissions (Seto et al., 2010), habitat degraddti@nrera-Montes and Aide, 2011) and water
balance and quality issues (Brabec et al., 2002s&le2009).

A concurrent increase in impervious surfaces asd ¢ natural wetland habitats
associated with conversion from agricultural towsblan lands necessitates stormwater control
measures (Bodnaruk et al., 2012). Wetlands aeetifely replaced by constructed living spaces
and excavated water holding facilities for runaipture. For example, Edmonton estimates that
80% of wetlands have been lost from within its cogbe boundary as a result of urban and
suburban expansion (ONA, 2008).

Since the 1980s, the City of Edmonton has adopteteation and channelization
approach to stormwater management, using two typst®rmwater management facilities
linked to underground conduits to control floodiojowing heavy rainfall: stormwater ponds

and naturalized stormwater wetlands (i.e., consdiwetlands). These stormwater management
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facilities currently process stormwater from 8,8@0or 26% of Edmonton’s urban footprint
(Edmonton, 2010). Stormwater ponds and wetlandalarest exclusively a feature of suburban
developments as municipalities have tasked devedapigh capturing first pulse rainfall runoff

in the last 30 years. These runoff-capture faedihave also been re-cast as an aesthetic amenity
for suburban dwellers, with terms like “lake-frggrbperty” and “homes with close proximity to
park areas.”

Stormwater ponds are more common than stormwatiaads and typically consist of
large open water areas with steep-sided slopesarichal wetland vegetation, occasionally
with bank stabilization of cobbles, brick or rigerand often surrounded by park-like
landscaping. During the last decade, developare been encouraged to build stormwater
wetlands (Bodnaruk et al., 2012), which are designeesemble natural wetlands with more
gently sloping shorelines, increased emergent atigat and less open water area (see summary
in Table S1).

The province of Alberta released a new wetlandggah September 2013, which is
representative of the move towards value-based geament of wetland resources currently
taking place in many jurisdictions as the impore@antecosystem services is recognized (e.g.,
Eigenbrod et al., 2011, Marlow et al., 2013). Tiadicy gives partial compensation credit for
destroyed or altered wetlands to developers whidl Istormwater wetlands in place of
stormwater ponds (GoA, 2013). The justificationyided for this credit is the presumed
provision of ecosystem services. Moore and HudL22, for example, demonstrated that
stormwater wetlands provide increased carbon séaties and plant diversity relative to

stormwater ponds.
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However, these stormwater wetlands and ponds placiag natural wetlands in peri-
urban lands (e.g., Fig. S1), begging a comparis@toomwater management facilities and
natural wetlands, not just a comparison betweemstater wetlands and stormwater ponds. We
compared both stormwater ponds and stormwater meitlto naturally occurring wetlands in
agricultural and protected reference areas. Basguevious studies (e.g., Moore and Hunt,
2012, Wilson et al., 2013), we hypothesized thas¢hcategories would exhibit increasing
“biophysical value” in the form of increased bieelisity, ecological integrity, and reduced
environmental stress in the following order: crdatrmwater ponds, created stormwater
wetlands, agriculturally impacted wetlands of natarigin, relatively undisturbed wetlands of
natural origin. We name these wetland attributésesin recognition of their benefit to humans
(Novitzki et al., 1996).

In any assessment of stormwater management fasiis compensation for natural
wetlands, their value to the public cannot be syngoinfined to biophysical contributions
because cultural, economic, aesthetic and sedeatyres of landscape types are also considered
in policy formulation. Furthermore, while the pudx awareness of ecosystem goods and
services is broadened through more frequent dismugs schools, the media, policy debates and
neighbourhood politics, most of the public likehcks a critical level of basic knowledge about
wetland ecosystem goods and services (Lewan anekr@osit, 2002, Manuel, 2003) and the
differences between natural and created wetlands.

There are substantive differences between natndateeated wetlands. For example,
stormwater management facilities are surface-watksystems required to be totally isolated
from groundwater by liners. In contrast, most ratwetlands in our study region are highly

variable headwater wetlands with some degree afrghevater connection. Run-off is minimal
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because soil storage capacities and potential énzagspiration rates are usually high (Hogg,
1994), but many serve as either recharge or digetsites for groundwater (Holden, 1993).
Whereas stormwater management facilities are tijpiaeeir-controlled and possibly over-
stabilized leading to altered vegetation (Wilcoxlet 1985), natural wetlands experience
dramatic inter-annual differences in drying andtimgtand open water storage, providing a
myriad of niches. Do these fundamental differerafésct ecosystem values in created
wetlands?

Our objectives are twofold. First, we compare tlmpbysical values of natural wetlands
to those associated with stormwater ponds and staten wetlands. Second, we compare
resident perceptions of ecological services of rhtvetlands and stormwater ponds with their
biophysical values. The second objective is compl&ary to the first because it allows us to
compare scientific assessments with social pemepf ecosystem services. Recent evaluative
work on Alberta’s wetland policy has addressedwbak role of science in informing how
biophysical values of wetlands are integrated wétland permitting and compensation
decisions (Clare et al., 2011, Clare and Creed4R@hd stormwater ponds are increasingly
replacing natural wetlands in peri-urban areasis phper seeks to both inform readers about the
biophysical values of stormwater ponds comparethtaral wetlands and to determine the
current resident understanding of the ecologicalises of these different systems. In particular,
we are concerned with biodiversity, biological oriéy, morphologic and hydrologic properties,
and water and sediment quality as biophysical wliWe also sought to fill a gap in the social
science and interdisciplinary literature on thewoented level of public understanding and

appreciation of wetlands in terms of aestheticiucal heritage and existence values, as well as
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more pragmatic ecosystem services like flood ptmtecgroundwater recharge and erosion

control.

2.0 METHODS

2.1 Sudy region

Sampling was carried out in semi-permanent and geemt shallow open water marshes near
the City of Edmonton, mainly within the Beaverh#igb-watershed of the North Saskatchewan
River (Fig. 1), located at the northern marginkedf prairies in the Aspen Parkland Ecoregion,
Alberta, Canada. The topography of the area igdléow morainal swales and surficial soils
may include coarse outwash kame moraine, interrteetikatured moraine, fine-textured
glaciolacustrine deposits, and dune field matefialsn and Rutherford, 1934). Annual
precipitation can be quite variable year to yeailgw et al., 2013), but averages 477 mm (EC,

2012).

2.2 Study design

We selected 72 study wetlands belonging to onewftiypes. Natural reference sites were
situated in protected areas like Elk Island Natid¥ak and the Blackfoot-Cooking Lake
protected areas (Fig. 1). Agricultural wetlandsas® natural in origin, with >50% land cover
within a 500 m radius dedicated to agriculturahaiies including grazing, haying or row crops
such as canola. In contrast, both stormwater pandstormwater wetlands were built by
humans to retain stormwater. These created wetlamd®e in age, with the oldest constructed in
1978 and the newest in 2006. They are locateddreaound the City of Edmonton (Fig. 1),

population 812,201 (StatsCan, 2012). These fotlane types thus differ in their exposure to
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stressors like road salt, the amount of surroungimgervious cover, the degree of active
drainage management, and the landscape connedtetiyeen wetlands. We therefore
anticipate that these four wetland types span digmain condition, here listed from highest to
lowest quality: natural reference, agriculturabrstwater wetlands, and stormwater ponds
(Wilson et al., 2013).

We sampled the plant and bird communities at e&tihegse wetlands, as well as water
and sediment chemistry and seasonal changes in bagt This allowed us to characterize the
biophysical values of each wetland type. In a stibgsix wetlands, we carried out a survey of
social values using three sets of samples of 2xdididuals (73 participants in total) whom we
took on day-long field trips to the sites (detéiéow). By comparing the social and biophysical
values perceived and described by study respondengéerence and agricultural wetlands and
comparing these with responses to wetlands builtusgans for stormwater control, we are able
to evaluate the shift in classes and quantitiescofystem services that occur when natural

wetlands are replaced with stormwater managemeititits.

2.3 Biophysical sampling
Sampling occurred in the summers of 2008 and 20&ter depths were measured every six
hours between May and September using HOBO depghlaggers. Basin morphometry,
sediment characteristics and vegetation were sahipléuly and August near peak biomass.
Birds were sampled in June, during the breedingsea

In mid-summer we measured Secchi depth as an avefdgn replicate measures taken
in the open water zone of each wetland. Using &HAnulti-meter and probe, we measured

conductivity, pH and turbidity at each site. Wekdaser level estimates of shoreline slopes and
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cored sediments (a composite of three replicaterideep and 5.72 cm radius cores) for
laboratory analysis of total nitrogen (PN), totabpphorus (PP), total carbon (PC) and loss on
ignition (%LOI). Further, we collected a water gdenin July to measure total dissolved solids,
phytoplankton chlorophyll-a (Chl-a), total suspethdelids (TSS), alkalinity, dominant ions
(Na', K*, c&*, Mg?*, SQ,%, CI', CO;%, and HCQ@), nutrients [soluble reactive phosphorus
(SRP), nitrite and nitrate (NG NOs"), ammonia (NH"), total dissolved nitrogen (TDN),
dissolved organic carbon (DOC), total dissolvedggimrus (TDP), B, and Si], and metals (Fe
and Al). Laboratory analysis was carried out atUinéversity of Alberta Biogeochemistry Lab,
following standard methods outlined in Rooney algIBy (2010). Environmental data on
hydrology, sediment and water chemistry and sitepimmlogy were used to calculate each site’s
Stress Score, an integrative measure of the Idvelman disturbance at a site (details in
Rooney and Bayley, 2010). These data were also suized in the principal components
analysis described below.

Vascular plants in the wet meadow vegetation zoseewampled in six 1 hquadrats at
each site, in which all vascular plants were idesdtito species following Moss and Packer
(1983) with taxonomy updated using the Integratagohomic Information System database
(ITIS, 2011). The percent cover of each speciestivan estimated to the nearest five percent.
In addition, Robel pole measurements of abovegrdumaiass were taken and the width of the
wet meadow zone was measured along three equaltgdransects across the moisture
gradient (see Wilson and Bayley, 2012 for detaiteddhods). Data on vegetation in the wet
meadow zone was used to calculate a plant-based ofiotic integrity (plant-1BI) score for
each site, following the method described in Wilsod Bayley (2012). Metrics included in the

plant-IBIl were: 1) average width of the wet meadmme; 2) percent cover of sedge species; 3)

10
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percent cover of native perennials; and 4) theigtiorQuality Assessment Index score (details in
Wilson et al., 2013), which reflects the diversifynative species. For a general assessment of
plant diversity, we calculated total species ridmehe richness of native species, and the
richness of obligate wetland species, with categtion derived from Moss and Packer (1983).
Breeding bird surveys were conducted multiple tiresach site using the method
outlined in Rooney and Bayley (2012). In briekdaomy followed the American
Ornithologist’'s Union standards and sampling cdesdif three auditory surveys (each
comprised of two eight minute 50 m fixed-radiusrmaounts) of songbirds and other passerines,
spaced at least two weeks apart during May and dodeestricted to the time between sunrise
and 11:00. Bird data was used to calculate albasked index of biotic integrity (bird-IBI) score
for each site, following Wilson and Bayley (201 2)etrics used to calculate the bird-IBI
included: 1) the percent of total richness compriskinsectivores and granivores; 2) the percent
of total richness comprised of ground nesting &) the number of temperate migratory
species; 4) the relative abundance of canopy fogagpecies; and 5) the number of passerine
species. More generally, bird biodiversity wasakdted as the total richness of passerines and

the richness of obligate wetland species.

2.4 Public sampling

We administered a structured survey of 73 resideats Edmonton and the surrounding area.
Groups of 20-34 people were taken on an eight fielar trip to three of our studied wetlands in
September 2010: one natural reference and agniatjtumpacted wetland, as well as one
stormwatermanagement facility. The participantsevgzlected by the University of Alberta

Population Laboratory using random-digit dialinghim the phone number prefixes of the
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Beaverhills sub-watershed. Participants belongemhe of three equally represented groups:
urban Edmontonians, suburbanites from nearby StehWark (15 km from Edmonton), and
rural residents of the outlying areas. Efforts wegde to have similar respondent representation
in age, gender and income categories as the papufadbm which they were selected (note the
entire region is dominated by residents who at@éupper middle income category). A slight
bias exists in that our sample population was diden the resident population and more women
participated than men. At each site, all partictpamere asked to fill out a structured survey to
record their observations and identify ecosystemwiages provided by the wetland. Despite some
missing ratings, in no case were there less thast6fes per site/ecosystem service category.
By way of introduction to the project, and prionigiting the three types of wetlands, one of our
team members provided a fifteen minute primer @ngieneral ecosystem services of wetlands.
The data featured here is drawn from this key gorestAs you consider the wetland in front of
you, what do you feel are the most important sewit provides?” The services included
biodiversity, existence, aesthetic, cultural hgetavater quality, flood control, erosion control
and ground water recharge. Close-ended questspomnse options included “not valuable”,
“slightly valuable”, “valuable”, and “very valuahleWe combined the valuable and very
valuable response categories, and compared themage of respondents who answered in
these two categories against those who checkedloe wr slight value for each of the
ecosystem services. Respondents were also ofteeexpportunity to note the desirable
attributes (values) each of the wetlands bringetogbe, including components that are believed
to exist but one cannot see. These responsescageel into categories of answers to see what

answers were most common.
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2.5 Biological Data analysis

The richness, stress scores and index of biotgiityy scores of the four wetland types were
compared using General Linear Models with maximikelihood estimation. If significant
differences were detected among types, we caruedukey’s Multiple Comparison tests for
pair-wise comparisons with an experiment-wise erate of 0.05. These univariate tests were
carried out in SYSTAT v.13 (SYSTAT, 2010).

To explore the physicochemcial differences amontjand types in greater detail, we
carried out principal components analysis (PCAhwiie cross products matrix consisting of
correlation coefficients among 33 environmentalatdes (some were log-transformed to
improve normality) and created a joint plot withvé#anmental variables overlain as vectors.
Linearity of relationships and outliers were chetketh bivariate plots. Skewness was checked
and was inconsequential. Ordinations were carngdising PCORD v. 6 (McCune and

Mefford, 2011).

3.0 RESULTS

3.1 Biophysical

Biological integrity was highest in natural refecerwetlands based on both bird-1BI (GLM: R
=0.82, Bgs= 46.74, p < 0.00001) and plant-IBI scores (GLM=0.84, F¢s= 53.37, p <
0.00001). Scores were slightly lower for agrictdtly impacted wetlands and even lower for
stormwater management facilities (Fig. 2). Intenggy, although mean scores tended to be
lower for stormwater ponds than for stormwater amdls, there was no significant difference in

biotic integrity between the two created wetlangety (Fig. 2).
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Plant and bird richness results are less straggiatefrd. There was no significant
difference in theotal number of species of plants in the wet meadow zoh#se four wetland
classes (GLM: R= 0.25, Fgs= 1.53, p = 0.21), but if only native or obligatetiand species are
considered, there is a significant difference amtypgs (GLM: B = 0.50, B = 7.54, p =
0.0002; and R= 0.52, k s = 8.40, p = 0.00008 for native and obligate wetlptant richness,
respectively). In the case of both native andgatté wetland plants, richness is lower in
stormwater ponds and stormwater wetlands thanturaaeference wetlands (Fig. S2). Plant
species found only in stormwater management fegsliended to be upland species, invasive
weedy forbes or grasses that are common alongidesd8irds presented a similar pattern when
the difference in total richness of passerines anveetland types (GLM: R= 0.45, B es=5.74,

p = 0.0015) was compared with the difference ihness of obligate wetland bird species

(GLM: R? = 0.39, Bgg= 4.02, p = 0.0108), i.e., total passerine ricisria reference and
agricultural sites exceeded that of stormwater pphdt not stormwater wetlands. Yet when

only obligate wetland bird species are considenietdness in reference sites exceeds that in both
types of stormwater management facility (Fig. S3).

An evaluation of mean environmental stress scar@&ges a window into possible
causes of the observed biological differences amegttand types. Stress scores were
significantly lower in natural wetlands than inrstovater management facilities (GLM?R
0.87, Bhgg=71.24, p < 0.00001), although Tukey’'s multiptenparison analysis revealed that
there was no detectable difference between thesstmres of stormwater wetlands and
stormwater ponds (Fig. S4).

The environmental differences among site typesllastrated in more detail by the

principal components analysis. We determineddithtee axis solution was best, based on a
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scree plot of eigenvalues and by comparing eiger@gaio their associated broken-stick
eigenvalues generated by 1999 iterations of a ramion test (McCune and Grace, 2002).
Only the first two axes are presented as the thirgl did not separate any of our four site types.
Collectively, the first two axes explained 50.8%lw variance in our 33 environmental
variables: 32.0% and 18.8% on axis 1 and 2, reisqgdt The joint plot (Fig. 3) reveals that
axis 1 separates stormwater wetlands and stormpatels from reference and agriculturally
impacted sites, which have greater seasonal drawa@ow nutrient levels (both in sediment and
water). In contrast, stormwater wetlands and statar ponds have steeper slopes. For
example, the rise over 10 m run mean of 45 nasied was 0.03 + 0.03 standard deviation,
compared with 0.12 + 0.04 standard deviation fer2i@ stormwater management facilities
examined in this study (see also Table S1). Stotewgites also tended to have higher nitrate-
nitrite levels and chloride concentrations tharuretwetlands, perhaps due to run off from
roads or leaching from liners built with marineydgTable S1). Itis also worth noting that only
naturally occurring wetlands have high TP and Fab(@ S1). Axis 2 separates natural sites
from stormwater management facilities, but alsassjes reference sites from agriculturally
impacted natural ones. Reference sites have losreentrations of ions than the other three
classes. They also have lower phosphorus, silaradepotassium levels in their water, which are
more elevated in the agriculturally impacted sites the stormwater wetlands. However,
reference sites tend to have higher concentratibnstrients in their sediment (Table S1).
Stormwater wetlands and stormwater ponds managenhter levels, resulting in
artificial hydrologic patterns. Whereas natur&sitypically experience more or less continuous
drawdown throughout the summer, stormwater faeditiave water maintained at a basic

minimum level (Table S1), punctuated with sharpkgeadicating individual rainfall events. In
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Fig. S5, which depicts representative wetland hgiphs, you can clearly see the collection of
rainfall events in the example stormwater pond giiatiuced a gentle increase in water level in a

nearby natural wetland.

3.2 Sociological Results

Participants reported valuing many ecosystem sesvit the reference wetlands, agriculturally
impacted wetlands and stormwater management fasititey visited. For the reference
wetlands, over 80% of the respondents reportedhiegtvalued the services of biodiversity and
groundwater recharge, which in fact fits closelyhwthe biophysical assessment (Fig. 4). Given
the high biophysical values observed in referenettands, and the rarity of reference wetlands
within close proximity to urban areas, that refeemwetlands were accorded high existence
values also fits with the biophysical evaluatigkesthetic and cultural heritage values in
reference wetlands were ranked lower (30-40% gfaedents valued these). It is notable that
almost 90% of the respondents found value in tlsthatics of the stormwater pond, despite
supporting few songbirds or other animals, andrgea simple strip of mainly invasive, upland
vegetation. Respondents were largely mistaken (5@%)e assumption that groundwater
recharge was valuable in the impermeable stormvpatetds. Overall, respondents found almost
as much value in contributions to water qualitytia stormwater ponds (just over 68%) as they
did in the reference wetlands (75%). Over 90%uwfstudy participants recognized the flood
control value provided by stormwater ponds, indéaedprimary reason for their existence.
Respondents found similar value in cultural hestathe reference wetlands (40%) as the
stormwater ponds (49%). Figure 10 shows “valuedites from 59-97% for all categories.

Their role in diversity and function were highlightby the surrounding crop fields. Their

16



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

existence was also highly valued. While there vetative homogeneity in percentages
perceiving different values of the three wetlangety, the rural respondents tended to report
lower value for the goods and services of referemettands, and report higher biodiversity
values for agricultural wetlands than urban andigodin respondents. Rural respondents also
reported much lower biodiversity values for storrnevgonds than urban and suburban
residents.
4.0 DISCUSSION
4.1 Biophysical values
We anticipated a gradient in wetland condition fro@ar-pristine reference wetlands to
stormwater ponds. Previous authors have foundstbanwater wetlands provide enhanced
biophysical values relative to stormwater pondg.(@&1oore and Hunt, 2012). Thus, we were
surprised to discover that the differences betweduaral and created wetlands produced
essentially two categories, not a gradient. Althoug found a trend of higher mean biotic
integrity and biodiversity in stormwater wetlantian in stormwater ponds, when placed relative
to naturally occurring wetlands, the differencedraes insignificant. This suggests that while
stormwater wetlands were a marginal improvement sigemwater ponds, they are inadequate
in the short term to compensate for the loss ainahtvetlands, at least insofar as biodiversity
and ecological integrity are valued. Research @ing the primary and secondary productivity
of natural wetlands and stormwater managemenitfasi(\Woodcock et al., 2010) supports our
conclusion that these two types of systems ardifumally different on a fundamental level.
Biotic integrity of the bird and plant communitiess lower in stormwater management
facilities than in natural wetlands, although tatpécies richness of plants was not. Natural

wetlands support more native, obligate wetlandt@aecies, but in stormwater wetlands and
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stormwater ponds, many of these are replaced bynatiwe or weedy upland species, such that
the reductions in biodiversity are masked by angase in the number of undesirable species.
Similarly, the reduced richness of wetland-depen8eds in stormwater wetlands is somewhat
masked by an increase in the occurrence of foresgeassland species, although total bird
richness was significantly lower in stormwater ngeraent facilities than in natural wetlands.
The key finding is that, although stormwater mamaget facilities are home to a variety of plant
and bird species, they are not supporting the&mge of native, wetland-dependent species.
Furthermore, the expected increase in biodivemsigtormwater wetlands over stormwater
ponds is comparatively slight and not statisticaltynificant. This pattern held constant across
the range of ages of stormwater management fasil#ssessed in our study. Thus, the
differences in richness and other biophysical v@are not an artifact of wetland maturation; not
at any management-relevant time scale.

We identified three major drivers for these diéfieces in wetland biophysical values.
First, natural wetlands have much gentler slopmyes and act more as pans than as deep tubs.
In contrast, stormwater management facilities araraonly steep sided. Second, stormwater
management facilities have altered hydrology, lotierms of timing and source of water. In
particular, the stormwater management facilitiesadten lined with clay to prevent any
connection to ground water and their water levedsodten maintained at steady depth except for
episodic flood peaks (Fig. S5). Third is landscpgpsition: stormwater management facilities
tend to be in peri-urban areas with higher popaoitatiensity, greater proportions of impervious
land cover, and more exposure to roads and assda@ahtaminants. These three drivers
combine to reduce the biophysical values of stortemaanagement facilities relative to natural

wetlands. An emergent concern is that these dramerdixed and inflexible characteristics of
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389  stormwater management facilities. Engineering ireguents dictate stormwater management
390 facility slopes, and better mirroring of naturaklmashapes directly compromises a facility’s
391  capacity to store stormwater. Similarly, clay timare required to prevent contamination of
392  ground water and to retain water within the fagiliCertainly landscape positioning of

393  stormwater facilities is non-negotiable. Thus, en@dvances in the ability of stormwater

394 management facilities to mimic natural wetlandsegpstrictly limited and best management
395 practices offer little hope of real improvements.

396 Stormwater management facilities are not entirathout biophysical value: they offer
397 excellent flood control, perhaps to a degree udigded in natural wetlands. Yet flood protection
398 is provided at the expense of biodiversity, ecalaghealth, water quality, ground water

399 recharge and other biophysical values. In thetysizal realm, stormwater ponds excel at what
400 they were engineered to do: trapping flood watemfprecipitation, but they do little else.

401 Hydrographs typical of natural wetlands differ medlky from those typical of stormwater
402 management facilities (Fig. S5). Previous reseheshhighlighted the deviations in hydrology
403 common to stormwater management facilities angtbbable effects of such deviations on
404  downstream water bodies (e.g., Burns et al., 20ER)ythermore, deviation from natural

405  hydroperiods may disrupt other wetland services tikrogen removal (Ishida et al., 2006) and
406  affect greenhouse gas emissions (Mander et all)2(8uch deviations will also impact local
407  biotic communities. The characteristic zonationvetland plant communities is particularly
408  sensitive to fluctuations in water depth (e.g.,r&@e 1982, Casanova and Brock, 2000), and
409  zonation is an important driver of biodiversityiretlands (e.g., Riis and Hawes, 2002). The

410 steep shoreline slopes characteristic of stormwateragement facilities would exacerbate the
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elimination of plant zonation. In fact, we obsetthat several stormwater ponds lacked a
sedge-dominated wet meadow altogether.

We suspected that stormwater runoff would be comated with pollutants including
salts, nitrates and metals (Casper, 1994, FamdlSctheckenberger, 2003, Jartun et al., 2008);
however, the primary chemical differences betwdermsvater management facilities and
natural wetlands reflected differences in nutriemels (Fig. 3, Table S1). Natural wetlands had
higher nutrient levels, particularly in the sedimefhe only exception was nitrate and nitrite
levels, which were higher in stormwater managerfamilities. This is unsurprising as dissolved
nitrogen is a common pollutant in urban run-offy(eTaylor et al., 2005). Previous authors have
typically reported that stormwater is a source wfients and consequently of oxygen demand
(e.g., Farrell and Scheckenberger, 2003). Our tedubwever, mirror those of Woodcock et al.
(2010), who compared natural wetlands with stormrewatanagement facilities of a similar age
to those in our study. Like us, they found thauratwetlands have greater phosphate and
organic matter but lower nitrate concentrationsthdugh atypically high nutrient levels are
associated with declines in diversity (Lougheedlet2001), shallow open water wetlands in our
region are naturally eutrophic and fertility is ogoized as one of the primary environmental
filters driving plant community structure (WeiherdaKeddy, 1995). Thus, differences in
fertility may be contributing to the observed diffaces in biodiversity and biotic integrity
(Barko and Smart, 1986, Squires and Lesack, 200Bgoretically, nutrients may accumulate as
stormwater management facilities age, but we saevidence that older facilities had higher
nutrient levels than newer ones despite our aggerapanning nearly 30 years. Lower sediment
nutrient levels in stormwater management facilitiesy create a positive feedback loop if they

lead to reduced plant productivity, as the accutmanaf organic matter is the net result of
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primary production minus decomposition. Regardl#ssdifferences in organic matter content
between the sediment of natural wetlands and statenvwanagement facilities will have
important implications for ecosystem services likgrient attenuation and carbon sequestration.
E.g., Stewart and Downing (2008) found that phosphoptake only took place in stormwater
wetlands with a high organic matter abundancelylikecause of the essential role of bacteria
and algal communities in nutrient removal and tdejpendence on organic matter (Stottmeister
et al., 2003, Vymazal, 2007).

Nutrients, detritus, macroalgae and coarse woobyislare seen as undesirable in urban
ponds for aesthetic reasons and also for engirgeezasons of flood storage capacity and flows.
However, in natural systems, these are all impocantributors to food chains, habitat diversity
and growth enhancers for microbial to macro-inda@d&e ecosystem components. Many
stormwater ponds have sediment and detritus tregain be cleaned out periodically with
heavy equipment. Some level of detrital settling be expected, but shoreline and in-pond
detrital production is likely to be lower, thusdteing the role of deep detrital sediments and the

use by benthic organisms.

4.2 Social values of wetland services

Due to the logistical constraints of the socialeal survey, we cannot evaluate whether
differences in valuation of natural wetlands aradreivater management facilities made by the
general public are statistically significant. Thang, nonetheless, substantial. Unsurprisingly,
stormwater management facilities are valued byptii®ic principally in terms of flood
protection. However, they were also valued in geahtheir aesthetics. In the qualitative open

ended question responses, the most commonly netezfits of the various wetlands observed
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were the presence of shade trees, birds to viewaridlike aesthetics such as landscaping and
benches. They also considered the relative sgaitihsects as a positive attribute in
stormwater management facilities.

The study participants valued stormwater managefaeiiities highly in several
respects, despite our findings that the biophysiahle of stormwater management facilities are
consistently lower than in natural wetlands. Thayrbe due to the tendency for the public to
place a much higher priority on the urban aesttaetat built-environment aspects of stormwater
ponds where ecological services such as habitatifdlife are visible (Gibbs 2000). Although
respondents in our study could recite the namesawiy of the ecological services supported by
wetlands, they were not often able to recognizesthéence of these services when directly
viewing a wetland. When wetland attributes werediuctly visible, respondents were less
clear on their value. For example, over half thuelg participants ranked stormwater
management ponds as valuable contributors to diyensintenance and groundwater
connection even though they were low diversityeyst and largely isolated from groundwater
by impermeable liners. Almost half of participaatso considered stormwater management
facilities valuable in terms of cultural heritageen though they were recently built components
of the environment. The authors were struck byldlaeaesthetic ranking (32%) of reference
wetlands despite mixed species flocks of duckshfhgy multiple bands of complex vegetation
and access along an active big game trail. Afual wetlands were valued as or more highly
than reference wetlands for most services, refigdtie biophysical finding that they were not
significantly impoverished relative to referenceesi Agricultural sites were seen as working
wetlands that made substantial contributions tcsitee Such wetlands often act as islands of

biodiversity (Thiere et al., 2009) in a monocultofecrops, provide critical nutrient interception
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(Dunne et al., 2005), are important habitat foresaitds (Czech and Parsons, 2002) and are
often sites of ground water recharge (Bohlke, 200@)intenance of wetlands within agricultural
landscapes provides supporting and regulating&s\that augment agricultural productivity,
including pollination services and natural pesttoanMain et al., 2014), as well as a source of
forage during drought years (Paoletti et al., 1998/ recognize that the perceived values of
wetlands would likely vary based on the relativarsity of certain kinds of wetlands in a

particular region, and their cultural meaning aecreational uses.

4.3 Policy implications

Our goal in this study was not only to compareliophysical and social values of natural
wetlands with those of stormwater management fasliWe sought to characterize and contrast
those differences to inform policymakers dealinthvtihe issue of wetland compensation. Much
of the evidence brought together here is knowregylators, consultants, developers and
environmentalists but we have endeavoured to jwrbiophysical- spatial— social perception-
policy implications in a way that addresses thdlehges for science-informed policy. This
includes social science on public perceptions asdgnized values of different kinds of habitats.
By addressing recent trends of wetland loss anideement (e.g., with stormwater management
facilities) greater scrutiny may be used in wetlaoticy decision-making.

The results of this research are particularly tinasd Alberta has recently approved a new
Provincial Wetland Policy (GoA, 2013) founded ohierarchy of avoidance, minimization and
finally replacement (i.e. compensation), where aralimpacts from development are deemed
unavoidableUnder the new policy, stormwater manageacilities will be eligible for partial

wetland replacement credit, meaning that developestroying natural wetlands will be charged
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a reduced wetland replacement fee if they incotpastrmwater wetlands or ponds into their
development (Thorsten Hebben, Alberta Environmedt3ustainable Resource Development,
pers. comm.). Under the Interim Wetland Policy, hjossdictions did not provide

compensation credit for stormwater managementitiasilbut this is a perpetual point of
discussion and negotiation, not a hard and fast @lr results suggest that because stormwater
management facilities, even stormwater wetlandistdgrovide the same biophysical values as
natural wetlands they should be down-weighted agpemsation credits. Although stormwater
management facilities are designed to provide flomatrol and attenuate sediments, natural
wetlands also provide these services (e.g., Mdglist al., 2000, Vellidis et al., 2003). Yet
natural wetlands provide an additional suite ofam@nt hydrologic, biodiversity, habitat and
ecological integrity values that stormwater managenfacilities do not provide. Granting
compensation credit for stormwater managementtiasilmay lead to the replacement of natural
wetlands supporting high biophysical value withrstewater wetlands or ponds of low
biophysical value, resulting in a net loss of biggibal value across the province. Our
biophysical findings do not support the use ofrsiwater management facilities for full
compensation credit.

A redeeming feature may be that, under the neveypad range in mandated
compensation ratios allows the government to afpandial credit by varying the area of wetland
creation or restoration required for every hectdneatural wetland destroyed on the basis of
their relative values. For example, up to 10 hestaf low quality wetland (grade D) may be
required to replace a single destroyed hectarégbfduality wetland (grade A). We suggest that
the public appreciates the value of both naturdlamds and stormwater management facilities,

and values certain natural wetland services abther® While the new Alberta Wetland Policy
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assigns grades to wetlands based on biophysiaayand social values, our study suggests that
apparent trade-offs between biophysical and sealales may impede our ability to discriminate
high from low value wetlands by lumping all wetlagnéhdes in the middle range. For example,

if social values such as cultural heritage or aggtlvalues are lower in natural wetlands than in
stormwater management facilities, then averagingHtbjsical and social values may contribute

to continued permitted loss of natural wetlandsalige the public perception is that reference
wetlands provide little cultural heritage or aetithealue.

To successfully protect wetlands and their ecosyservices, it is not enough that the
policy be based on sound science: its practicéityabo address wetland protection, especially in
the implementation procedures, must also be corepsgble and supported by the public,
especially with those whose compliance is neceq§daye et al., 2011). Our results indicate
that the general public does value wetlands, degior practical skills at identifying the
ecosystem services different types of wetlandsigeovThe public undervalues the ecosystems
services of reference wetlands compared to storenménagement facilities, which leads us to
argue that the public understanding of wetlandeslkeontinues to evolve, and public use and
presence in wetlands is limited. This limited jerese of people in natural wetlands may
diminish the social values in comparison with thoseore frequently visited wetlands in urban
and suburban green and forested places wheregokigplly value their rare presence (Hugh,
1994) and often fight to protect them (Palmer anw@lon, 1989).

There may be a number of efforts that can enhanbkcpunderstanding of wetlands,
such as better community based mapping and plammound wetland resources with long term
ecosystem consequences in mind, and corresponditiggzand other development rules to

avoid further wetland destruction. Further, ancadion and outreach campaign aimed at
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helping the general public develop rules of thuexparding the kinds of ecosystem services
associated with agricultural, natural, and stornewatetlands, would allow better substantiated
trade-off decisions on which wetlands to consemveonstruct. The 2013 policy, amid much
controversy, specifically allows some portion ofrqgensation payments to be used for public

education, so a mechanism now exists to expangubkc understanding of wetlands in Alberta.

Developers must build stormwater management feslito manage flooding risk in new
developments. They often seek to count stormwataragement facilities towards any required
compensation for the destruction of natural wettaradiated to their development. Providing
partial compensation credit to developers for ¢ftm maximize the biophysical value of
stormwater management facilities would providersiale financial incentive to innovate
stormwater management facility design. Over tithis, may help reduce the loss of wetland
values currently taking place as a result of urdah suburban developments. We suggest that
gentler shoreline slopes and management of hydydtobetter mimic seasonal drawdowns
typical of natural wetlands would potentially imgeoconditions for wetland biota. However,
without adoption of a more sophisticated flow-regimanagement approach (sensu Burns et al.,
2012), such modifications to stormwater managerfaaility design would reduce their efficacy
at performing their primary function: retaining stavater, and require a larger footprint in the
middle of a development area, thereby increasiqgpdpnity costs to developers. Even with the
best possible design, there are certain ecosystantess that stormwater management facilities
are incapable of providing in an urbanized contswth as ground water recharge, which would
be in conflict with city drainage goals and homeevimdry basements. Furthermore, the

aesthetic and recreational values attributed byémeral public to stormwater management
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facilities are not likely to be enhanced by incezheaturalness unless a substantial public
education program is undertaken. At present, witeta that stormwater management facilities
should only be permitted as compensation for tis¢rdetion of low quality natural wetlands and

that only partial compensation credit should beraléd for their construction.

5.0 CONCLUSIONS

Our study aimed to integrate an assessment ofitipdysical values of natural wetlands and
stormwater management facilities with an evaluatibperceived social values. This
combination of assessment approaches led to smgrissults, namely that perceived social
values of stormwater wetlands diverge from meashiephysical values. Perhaps this
discrepancy is the result of difficult-to-observaits like ground water connectivity and seasonal
draw down, or replacement of native and wetlandyab# species with non-native or upland
invaders. To a casual observer, these differememvisible, or at best, likely subtle. Even
trained observers may require multiple site vigitdetect them. This raises concerns in relation
to reliance on citizen scientists to monitor wedaalues or inform the social value of an
individual wetland. Public perception clearly r@gs training in the detection of such subtle but
fundamental wetland traits. A more realistic wayricorporate social wetland values into a
wetland policy may be to do this at the jurisdinfbplanning level, where citizens can engage
with scientists and land use experts in that regpadentify the ways in which wetlands are
currently valued in relation to ecological goodsl gervices, use, appreciation and landscape

features. Development pressures expected in gi@reould be taken into account in such
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planning, thereby encouraging proactive plans tigot the wetlands of greatest value and
scarcity.

Another important conclusion we draw from our fimgl is that agriculturally impacted
wetlands provide more value than anticipated, &eg should not be assumed to be of poor
biological integrity or biophysical value simplydaise of their surrounding land use. This has
substantial importance as scientists and land neeagly increasingly on land use to predict
wetland values. Remote sensing may reveal thahsixee agricultural activity is taking place
adjacent to a wetland, but wetlands are resiligsitesns and biophysical values are not
necessarily compromised. Site visits by trained@enel remain the best way to measure
biophysical values in potentially impacted wetlands

While we were surprised to see so little differebheéwveen agriculturally impacted
wetlands and natural reference ones, the conveasdrue with respect to stormwater wetlands
and stormwater ponds. Despite research suggeb@hgtormwater wetlands represent a major
improvement over stormwater ponds, we found thatdliference in quality is inconsequential
when the biophysical values of stormwater managémfaeiiities are placed on the same scale as
natural wetlands. Unfortunately, the major drivefshe difference in biophysical values
between stormwater management facilities and nauatands appear to derive from fixed
components such as basin morphology, basic hydy@od landscape position. Further, these
differences in fixed components are inherent tostbemwater retention function of stormwater
management facilities. Thus, we see little oppotyufor stormwater management facilities to
truly mimic the biophysical values provided by matly occurring wetlands. This reinforces the

maxim that wetland conservation should always tremppensation or restoration.
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Fig. 2. Biotic integrity. Comparison of mean index of biotic integrity scores for the four types of

Vegetation IBI Score

wetland in terms of their bird-IBI (a) and plant-1BI scores (b). The types of wetland include
reference sites (Ref), agriculturally impacted sites (Ag), stormwater wetlands (SW) and
stormwater ponds (SP). Letters denote groupings based on Tukey’s Multiple Comparison

testing. Error bars represent standard error.
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Fig. 3. Physiochemical characterization. A joint-plot summarizing variance among the 72
wetlands in terms of 33 environmental variables along the first two principal components axes,
with points positioning sites in ordination space: diamonds are natural reference wetlands (REF),
dots are agriculturally impacted wetlands (AG), hollow squares are stormwater wetlands (SW),
and hollow triangles are stormwater ponds (SP). Vectors indicate the degree of correlation
between ordination axes and environmental variables (R?>0.25 with at least one ordination axis

for all variables depicted). The sites visited during public surveys are labelled in italics.

Clustering of sites of different type is illustrated with circles, labelled to indicate wetland type.
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white bars are agriculturally impacted wetlands, and black bars are stormwater management
facilities. In total 73 members of the public participated in the survey, with a minimum of 69

reporting on each service for each wetland type.
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Replacing natural wetlands with stormwater manageriaeilities: biophysical and perceived
social values

SUPPLEMENTARY INFORMATION
Table S1. Wetland type comparison. Differences among naturally occurring wetlandshbot
agriculturally impacted and relatively undisturlyeference ones, and stormwater management

facilities, both stormwater wetlands and stormwatards.

Characteristic* Reference Agricultural Stormwater Stormwater

wetland pond

Origin Natural post- Natural post-  Constructed Constructed
glacial glacial
landscape landscape
feature feature

Intended purpose Natural Natural Control flood Control flood

water, attenuatewater &
sediment & attenuate
mimic sediment
appearance of

natural

wetlands

Landscape context Parks and Grazed and Urban and Urban and
protected cropped lands suburban suburban
areas developments developments

with higher with higher
population population
density, greater density, greater
impervious impervious
cover, and cover, and
more roads more roads

Groundwater Variable, Variable, Isolated, Isolated,

connectivity depending on depending on typically with  typically with
surficial surficial clay liner clay liner
geology geology

Slope (average rise over 0.02 0.04 0.11 0.13

10 mrun, n = 3)

Drawdown (seasonal 0.357 0.353 0.079 -0.003

drop in water depth, m)

Hydrologic pattern Large spring Large spring  Water levels  Water levels
inundation inundation and held constant held constant
and gradual  gradual with sharp with sharp
summer-long summer-long peaks in peaks in
drawdown drawdown response to response to




individual individual
rainfall events rainfall events

Sediment nutrients (N, C 2.00, 23.50 1.78, 20.55 0.28, 4.25 0.11, 2.60
% by-weight)

Turbidity (NTU) 109.45 317.86 322.69 447.54
Chlorophyll-a ig L™ 78 106 9 32
Ammonia g L) 236 698 84 100
Nitrate & nitrite g L™ 2.3 4.1 91.2 24.7
Soluble reactive 82.7 182.2 30.0 43.8
phosphorusi(g L™

Total phosphorusuf L™) 380.3 735.7 101.8 155.1
Iron (mg L) 0.13 0.12 0.05 0.03
Dissolved organic carbon 48.36 41.43 14.66 10.45
(mg L)

Chloride (mg L 10.09 47.10 132.51 65.89
Number sampled 28 17 16 11

* Values are the average for all wetlands sampfezhoh wetland type.
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Fig. S1. Cntinuing wetland loss. Visual demonstration of the replacement of natwetlands
with stormwater management facilities. Air photdshe same area in the City of Edmonton
(inset) are presented from 1993 and 2009. Wetlpretsent in 1993 are highlighted as green:
those remaining in 2009 are in purple. Stormwatanagement facilities are in peach. Image

see Clare and Creed (2014).
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Fig. S2. Plant diversity. Plant diversity compared among natural referenef)(Rgriculturally
impacted (Ag), stormwater wetlands (SW), and stoatewponds (SP). Letters above the bars
indicate Tukey’s groupings based on multiple congoar testing and error bars represent
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Fig. S3. Bird diversity. Diversity (species richness) of passerines contpangong natural
reference (Ref), agriculturally impacted (Ag), stevater wetlands (SW), and stormwater ponds
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Fig. S5. Two hydrographs: a) represents changes in water level over theseaf the sampling
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