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(a)
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Figure 2.4 Images of (a) drained, (b) restored, and (c) natural prairie wetlands in the
Central Parkland ecoregion of Alberta, Canada.
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2.2 Selection of Age Classes

A chronosequence approach (space-in-time) was used to determine rate and
success of vegetation recovery in restored wetlands. Age classes 0 (n = 3), 3-5 (n =5), 6-
10 (n =5), 11-15 (n =5), and >20 (n = 3) were selected. An age class of 0 represents
drained sites, as these mark initial conditions of a wetland undergoing recovery.
Recovery rates and trajectories of vegetation-based metrics may differ (Mathews et al.,
2009), and therefore a longer time scale of >20 allowed measurement of potential

differences among different age classes as well as wetland restoration success.
2.3 Wetland Delineation

Wetland boundaries were confirmed in the field based on inspection of vegetation
and soil characteristics at regular intervals (25-50 m) along the wetland boundary.
Dominance of wetland plant communities, and presence of hydric soil characteristics,
such as thick organic layer, redoximorphic features like gleying/mottling within 30 cm of
soil, and or oxidized rhizospheres were used to verify the wetland boundary (Government
of Alberta, 2015). Field verified wetland boundaries were then digitized using the editor
tool in ArcGIS version 10.4 (ESRI, Redlands, CA). Digitized boundaries were used to
calculate wetland area (ha) and perimeter-to-area ratio (m™) using the geometry function.
Shape Index (McGarigal & Marks, 1995) was calculated as,

P
"~ 2VmA

SI

where P is perimeter (m) and A is area of the wetland (m?). SI measures the departure of
a shape from circle such that a wetland with irregular boundaries has Sl value greater
than 1. Being dimensionless, this index allows comparisons to be drawn among wetlands
of different sizes. Slope (percent rise) was calculated from the province wide 25 m?
hydrologically corrected DEM (Alberta Environment and Parks, 2008) because a finer
resolution DEM was unavailable for the region. The resolution of the DEM was changed

to 5 m2 using a nearest neighbor resampling method to calculate slope for relatively
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smaller wetlands. The nearest neighbor resampling is an interpolation method that allows
to retain original cell value with a maximum spatial error equal to half the cell size
(ESRI, 2017). A mode of slope was finally taken using the zonal statistics as a table

function.
2.4 Vegetation Sampling

Wetlands were classified based on the Stewart and Kantrud Classification System
(1971). This system classifies wetlands based on vegetation and water permanence. Eight
sites were classified as temporary wetlands (Class 11) and 18 sites were classified as
seasonal wetlands (Class I11). Temporary wetlands have a central wet meadow zone and
usually hold water for only a few weeks after snowmelt and precipitation events.
Seasonal wetlands have a central emergent zone, in addition to, outer wet meadow zone

and usually hold water till mid-summer.

Vegetation was sampled in each wetland once during the summer period from
June to August, 2016. Summer corresponds to the peak growing season in the region. A
stratified random sampling design was used to capture vegetation heterogeneity across
the hydrologic gradient of the wetland as represented by different vegetation zones
(Little, 2013) (Figure 2.5). The first transect was placed starting at the deepest point near
the centre of the wetland and moving towards the boundary. Subsequently, three
additional transects were placed for a total of 4 transects per wetland, placed
approximately 90° apart. This method ensured a good coverage of the wetland vegetation.
A series of quadrats were then put randomly along transects to collect replicate samples
in each vegetation zone. 1 m? quadrat was used to sample herbaceous vegetation and
vegetation <1 m in height, a 25 m? quadrat was used to sample shrubby/woody vegetation
(>1 m) (as required), and a 100 m? quadrat was used to sample trees (as required). In
cases where vegetation zones were small, quadrats were moved slightly off the transect to
collect non-overlapping replicate samples of vegetation. The total number of quadrats
sampled varied among sites due to presence of different number of vegetation zones in

each wetland class.
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Figure 2.5 A stratified random sampling design to capture vegetation heterogeneity
across the hydrologic gradient of the wetland as represented by different vegetation
zones. T 1 - 4 represent transects and square boxes represent quadrats.

22



Several guides such as Tannas (2001, 2003, 2004), Lahrig (2003), Harris & Harris
(2001), Bubbar et al. (2000), Johnson et al. (1995), and Moss (1983) were used to
identify plants. Most plants were identified to species level while some could only be
identified to genus level. Nomenclature closely followed the Integrated Taxonomic

Information System (ITIS, https://www.itis.gov), a database which provides reliable

taxonomic information on North American flora by adhering to the standards set by
International Code of Botanical Nomenclature. Additionally, Database of Vascular Plants
of Canada (VASCAN, http://data.canadensys.net/vascan/search) was consulted for a few

species whose name could not be identified in ITIS. Unknown species were collected,
dried, and stored in a plant press to be later identified at the Western University
Herbarium. If a species could not be identified at all, an original name was given and
distinguishable plant traits were noted. This helped to keep track of the unidentified

species when found in other sites.

Species presence and percent-cover were noted within each quadrat. An 8-point
cover classification system <1 %, 1-5 %, 6-10 %, 11-25 %, 26-33 %, 34-50 %, 51-75 %
and >75 % was used to estimate percent-cover (Mueller-Dumbois & Ellenberg, 1974),
and to minimize any observer bias (Little, 2013). A mid-point of these cover classes was
then used and averaged to calculate the percent-cover of each species. Additionally, a
random walk through known as Relevé technique (Mueller-Dumbois & Ellenberg, 1974)
was conducted for about 30 min (+/- 10 depending upon area) within the wetland to
record any rare species, species occurring in patches, or species not previously identified
through quadrat sampling. This helped in compiling a comprehensive list of plant species
for each wetland, which included species identified through both quadrat sampling and

releve walk.
2.5 Calculation of Vegetation-based Metrics

Vegetation diversity metrics were calculated for each wetland using a list of plant
species identified at site scale (comprehensive plant list) and 1 m? quadrat scale. Species
richness was measured as a count of different species, and cover of different plant guilds
such as hydrophytic species, native species, and non-native species was measured as
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average percent-cover of species in each wetland. Community composition was measured

only at site scale to detect differences among wetlands.
2.5.1 Species Richness

Species richness for each wetland was calculated as a total number of observed
species at site scale. However, this metric was biased due to its inherent dependence on
sampling intensity. Therefore, species richness was also estimated from 1 m? quadrat data
based on species accumulation curves that can be rarefied to a smaller sample size or

extrapolated to a larger sample size to make meaningful comparisons.

Species accumulation curves for each wetland were constructed based on method
by Colwell et al. (2012) to estimate species richness from a pooled set of quadrats. This
method assumes that even after adequate sampling has been achieved, some species
remain undetected. Hence, an asymptotic species richness estimator is used which
calculates undetected species and gives an estimate of true species richness at a given
level of sampling effort. Chao2 is a recommended estimator for species presence-absence
data (Colwell et al., 2012) and works much better than simply fitting a mathematical
curve to the data (Hortal et al., 2006). Species richness is estimated as,

(t-1) Qf

Schaoz = Sobs + TZ—QZ when Q; >0

-1 Q-1
t 2(Q;, +1)

Schaoz = Sobs T when Q; =0

where Sobs i Observed species, t is number of quadrats, Q1 is number of species that
occur only once, and Q2 is number of species that occur only twice (Colwell et al., 2012).
The analysis was conducted using EstimateS version 9.1 (Colwell, 2013).

2.5.2 Hydrophytic Species

Hydrophytes are species that are typically found in wetlands as compared to
uplands. This includes obligate, facultative wetland, and facultative species (Lichvar et
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al., 2012). Obligate species are always found in wetlands, facultative wetland species are
usually found in wetlands, and facultative species are found both in wetlands and uplands
(Lichvar et al., 2012). Each species was assigned its Wetland Indicator Status (WIS)
based on the National Wetland Plant List (U.S. Army Corps of Engineers, 2016; Lichvar
et al., 2016). Plants identified to genus level were assigned a status by considering all
species within that genus that had their respective ranges in my study area and for which
the status was known. Flora of Alberta (Moss, 1983) was used for this purpose. 52
species whose status could not be identified were excluded from the analysis. Both
percentage of hydrophytic species at site scale and percent-cover of hydrophytes at

quadrat scale were calculated.
2.5.3 Native and Non-native Species

Each species was assigned its nativity status based on ACIMS List of Vascular
Plants (2015). Plants identified to genus level were assigned status by considering all the
species within that genus that had their respective ranges in my study area and for which
the status was known. Flora of Alberta (Moss, 1983) was used for this purpose. 32
species whose status could not be identified were excluded from the analysis. Both
percentage of native and non-native species at site scale, and percent-cover of natives and

non-natives at quadrat scale were calculated.
2.5.4 Sensitive Species

Sensitive species included plants with relatively small distributional ranges, small
population sizes, and occurrences of <100 in Alberta which makes them vulnerable to
extirpation especially because of anthropogenic disturbances. This corresponds to the
sub-national conservation status rank of S1-S3 as identified in ACIMS (2015).

2.5.5 Community Composition

Similarity in community composition was determined based on species presence-

absence data and by Sgrensen Index (Sgrensen, 1948) which is given as,
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_ 2a
" 2a+b+c
where Sl is Sgrensen Index, a is number of shared species between two sites, and b and ¢

SI

are number of species present only in one of the sites. Sensitive species identified above
based on ACIMS (2015) were excluded from the analysis to remove any unnecessary
variability in the data (McCune & Grace, 2002).

2.6 Statistical Analysis

The assumptions of normality and equal variance were tested using Shapiro Wilk
test and Levene'’s test to select appropriate statisitical tests - parametric or non-
parametric. A spearman rank correlation was used to assess the relationship between
vegetation-based metrics (except community composition) and wetland morphometrics.
The correlation was also determined between different wetland morphometrics to test for
multicollinearity and select suitable covariates for analysis of covariance (ANCOVA).
The assumptions of normality and equal variance between groups were checked, in
addition to, homogeneity of regression slopes to conduct ANCOVA to detect if any
statistically significant differences in vegetation-based metrics (except community
composition) exist among wetlands of different age classes, Nat(Agr), and Nat(Pr). The
observed species richness was square-root transformed to meet the assumptions of
normality. Pairwise comparisons were conducted using Sidak test. All statistical tests
were performed in SPSS version 24 (IBM Corp, Armonk, NY) at a significance level of
0.05.

A non-metric multidimensional scaling (NMDS) was performed on Sgrensen
Index to analyze similarities in community composition among sites. NMDS is a method
recommended for analyzing community composition among sites because, unlike other
ordination techniques, it does not assume linear relationships, makes few assumptions
about the dataset, and can be performed on any similarity measure (McCune & Grace,
2002; Clarke, 1993). It also attempts to closely preserve the rank order of similarities in a

low dimensional species space such that sites with similar community composition are
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plotted closer than others (McCune & Grace, 2002; Clarke, 1993). It should be noted that
direction, orientation, and scaling of axes in NMDS is arbitrary (Oksanen et al., 2017).
NMDS was run 150 times to select the best possible solution with a recommended stress
(goodness of fit) of below 0.2 (McCune & Grace, 2002; Clarke, 1993). Wetland area,
perimeter-to-area ratio, shape index, slope, and age classes (including Nat(Agr) and
Nat(Pr)) were fitted on the ordination to determine correlation between community
structure and wetland morphometrics, and if restored wetlands achieved similarity in
terms of vegetation community composition to natural wetlands. Morphometric variables
were standardized before running the ordination to have a mean of 0 and standard
deviation of 1. NMDS analysis and variable fitting was performed in R using metaMDS()
and envfit() functions in vegan package (Oksanen et al., 2017; RStudio, Boston, MA).
Significant difference in community composition among sites of different age classes,
Nat(Agr), and Nat(Pr) was tested using PERMANOVA (method = unrestricted
permutation of raw data, permutation = 9999) in Primer version 7 (Clark & Gorley,
2015). This test has the advantage of handling an unbalanced study design and testing for
significant differences with an approach similar to ANOVA. The homogeneity
assumption of PERMANOVA was confirmed by running PERMDISP test.
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3  Results

3.1 Wetland Delineation

Observational records of vegetation, soil, and hydrology that were used to either
extend or truncate the desktop delineated boundary of each wetland is summarized in
Appendix B. Mean wetland area was 0.38 ha (SD = £0.33), mean perimeter-to-area ratio
was 0.10 m? (SD = +0.04), mean shape index was 1.26 (SD = +0.33), and mean slope
was 1.78 percent rise (SD = £1.62). Spearman rank correlation results revealed that area
was negatively correlated to perimeter-to-area ratio (r = -0.911, p < 0.00001), and slope (r
=-0.455, p = 0.013). There was a positive correlation between perimeter-to-area ratio and
slope (r = 0.582, p < 0.0001). In contrast, shape index was not correlated to any other

wetland morphometrics.
3.2 Vegetation Sampling

A total of 188 plant species were identified across 40 families, of which up to 29
species remained unknown (i.e., they could not be identified at their genus level,
Appendix C). Dominant families included Poaceae (35 species), Asteraceae (23 species),
Cyperaceae (13 species), and Rosaceae (12 species). Native species constituted 66.48%,
non-natives 16.48%, and hydrophytes 50% of the total species identified. Alopecurus
pratensis, Plantago major, and Sonchus arvensis were the only hydrophytes that were
non-native species. Species present in at least 75% of sites were Agropyron sp., Bromus
inermis, Carex atherodes, Cirsium arvense, Mentha arvensis, Poa palustris, Rumex

occidentalis, Salix petiolaris, Sonchus arvensis, and Taraxacum officinale.

3.3 Variability in Vegetation Associated with Wetland
Morphometrics

Wetland area, perimeter-to-area ratio, and slope were associated with species

diversity to varying degrees (Table 3.1). In general, wetland area was associated with
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Table 3.1 Spearman rank correlation values between wetland morphometrics and
vegetation diversity metrics. Significant correlations are bolded (p values are given in
brackets, a = 0.05).

. Perimeter-to-area Slope
Metrics Area (ha) Ratio (m-) Shape Index (% rise)
. 0.725 -0.640 0.132 -0.195

CIIEETEE SREES NI TEE (<0.00001) (0.0001) (0.493)  (0.308)
% Hvdrophvies 0.242 -0.148 0.282 -0.133
o Hydrophy (0.203) (0.439) (0.136)  (0.488)
. 0.551 -0.492 0.072 -0.411

[0)

A9\ CUNES (0.002) (0.006) (0.706)  (0.027)
% Non-natives -0.477 0.447 0.038 0.483
0 (0.009) (0.015) (0.843) (0.008)
. . . 0.474 -0.335 0.190 0.094
Estimated Species Richness (0.009) (0.0751) (0.321) (0.624)
Percent-cover of Hydrophytes 0.414 "0.258 0.349 ~0.014
ydrophy (0.025) (0.175) (0.063)  (0.942)

Percent-cover of Natives s U Ead Pty
(0.020) (0.151) (0.066) (0.720)

. 0.099 0.001 0.054 0.456

Percent-cover of Non-natives (0.608) (0.995) (0.780) (0.013)

29




most of the vegetation diversity metrics. It was positively correlated with species richness
at both site and quadrat scale. In addition to this, it was also positively correlated with
percentage and percent-cover of natives, and percent-cover of hydrophytes. Wetland area
was however negatively correlated with percentage of non-native species. Perimeter-to-
area ratio was negatively associated with species richness at site scale. It was negatively
correlated with percentage of natives but positively correlated with percentage of non-
native species. Similarly, steeper slope was negatively correlated with percentage of
natives but positively correlated with percentage and percent-cover of non-native species.

In contrast, wetland shape had no significant association with species diversity.

A final two-dimensional NMDS solution was selected to display the vegetation
community composition of drained, restored, and natural wetlands. The iterative
algorithm of NMDS stopped after 20 random starts when it reached a similar minimum
stress twice. A solution with a stress of 0.15 was thus accepted. The correlation-like
statistics, which measures the goodness of fit of the NMDS, had a value of 0.97 for ‘non-
metric fit’ and 0.94 for ‘metric fit’ (Appendix D).

Morphometric variables fitted onto the NMDS ordination using envfit() function
in R revealed wetland area (r? = 0.287, p = 0.013) and perimeter-to-area ratio (r*> = 0.248,
p = 0.022) to be significant (but weakly so) in explaining some dissimilarity in vegetation
community composition among sites (Figure 3.1). The direction of fitted variables
indicated larger areas associated with natural wetlands and higher perimeter-to-area ratio

of few drained and restored wetlands.

3.4 Recovery of Vegetation Across a Restoration
Chronosequence
The rate and success of vegetation recovery in restored wetlands is described
below. Only wetland area was selected as a covariate because of its association with most

vegetation diversity metrics and to avoid statistical redundancy caused by correlated

covariates.
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Figure 3.1 Wetland morphometrics fitted on the NMDS ordination of community
composition. Only morphometrics (area and perimeter-to-area ratio) that were
significantly correlated to ordination of community composition are shown. The direction
of arrow represents change in morphometry, and its relative length represents correlation
between morphometrics and ordination (Oksanen et al., 2017).
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34.1 Species Richness

Mean observed species richness was 39.79 species per site (SD = £14.85). The
youngest (3-5 years) and oldest (> 20 years) restored age classes had a higher mean
observed species richness than other age classes (15.00 (SD = +7.21), 45.60 (SD =
+6.50), 33.40 (SD = +4.93), 33.00 (SD = +15.68), and 39.00 (SD = +8.00) for age classes
0, 3-5, 6-10, 11-15, and >20), but comparatively lower than Nat(Agr) (49.67, SD =
+14.15) and Nat(Pr) (56.60, SD = £5.81). ANCOVA results confirmed a statistically
significant difference in observed species richness among age classes and natural
wetlands (Fs,21) = 8.851, p < 0.0001, partial n? = 0.717, observed power = 0.999).
Pairwise comparisons revealed that for observed species richness, the drained class had a
significantly lower species richness than others except age class 11-15 years (age classes
3-5(p <0.0001), 6-10 (p =0.005), 11-15 (0.128), >20 (p = 0.034), Nat(Agr) (p = 0.045),
Nat(Pr) (p < 0.0001)), and the age class 11-15 years had a significantly lower species
richness than the youngest (3-5 years) restored age class (p = 0.039) and Nat(Pr) (p =
0.20) (Figure 3.2a).

Mean estimated species richness at the same level of sampling effort was 26.86
species per site (SD = £10.85). The youngest (3-5 years) restored age class still supported
a higher mean estimated species richness of 28.60 species per site (SD = £3.71)
comparable to that of Nat(Agr) (28.33, SD = +6.03). However, species richness was low
compared to Nat(Pr) which had a mean of 44 species per site (SD = +5.34). ANCOVA
results confirmed a statistically significant difference in estimated species richness among
age classes and natural wetlands (F.21) = 8.386, p < 0.0001, partial n? = 0.706, observed
power = 0.999). Pairwise comparisons revealed that for estimated species richness, the
drained class had a significantly lower species richness than both the youngest (3-5 years)
restored age class (p = 0.049), and Nat(Pr) (p < 0.0001). In addition, restored age classes
6-10, 11-15, >20, and Nat(Agr) had a significantly lower species richness than Nat(Pr)
(age classes 6-10 (p = 0.045), 11-15 (p = 0.001), >20 (p = 0.003), and Nat(Agr) (p =
0.014)) (Figure 3.2b).
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Figure 3.2 Mean £ SD (a) observed species richness, and (b) estimated species richness
across a chronosequence of restored wetlands. Age 0 represents drained wetlands.
Natural wetlands are represented by black circles. Letters indicate significant differences.
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3.4.2 Hydrophytic Species

Mean percentage of hydrophytes was 54.63 (SD = +£13.64). The drained class had
a lower mean percentage of hydrophytic species (19.31, SD = £17.25) in comparison to
restored age classes 3-5 (59.98, SD = +4.71), 6-10 (59.24, SD = £5.92), 11-15 (57.89, SD
=+3.03), >20 (54.81, SD = £1.61), Nat(Agr) (56.16, SD = £3.31), and Nat(Pr) (61.56,
SD = £2.86) (Figure 3.3a). ANCOVA was not conducted on percentage of hydrophytic
species because of the significant interaction effect by area (F,15) = 15.063, p < 0.0001,

partial n2 = 0.858, observed power = 1).

Mean percent-cover of hydrophytes was 39.39 (SD = +21.26). The drained class
had a lower mean percent-cover of hydrophytic species (6.11, SD = £10.51) in
comparison to restored age classes 3-5 (41.40, SD = £11.76), 6-10 (51.16, SD = +18.18),
11-15 (33.83, SD = +£23.68), >20 (36.71, SD = +22.43), Nat(Agr) (38.31, SD = £26.03),
and Nat(Pr) (53.39, SD = £13.74). ANCOVA results confirmed a statistically significant
difference in percent-cover of hydrophytic species among age classes and natural
wetlands (F,21) = 2.741, p = 0.040, partial n? = 0.439, observed power = 0.753). Pairwise
comparisons however only revealed drained class to have a significantly lower

hydrophytic cover than restored age class 6-10 years (p = 0.039) (Figure 3.3b).
3.4.3 Native and Non-native Species

Mean percentage of native species was 64.36 (SD = +18.21). The drained class
had a lower mean percentage of native species (16.41, SD = +12.26) in comparison to
restored age classes 3-5 (68.05, SD = £8.90), 6-10 (66.34, SD = +6.38), 11-15 (65.56, SD
= +4.21), >20 (69.18, SD = +6.97), Nat(Agr) (77.56, SD = +5.22), and Nat(Pr) (75.46,
SD = +4.63) (Figure 3.4a). ANCOVA was not conducted on percentage of native species
because of the significant interaction effect by area (Fs,15 = 2.930, p = 0.043, partial n? =
0.540, observed power = 0.733).

Mean percent-cover of native species was 40.93 (SD = +21.62). The percent-

cover of native species showed trends similar to hydrophyte cover. ANCOVA results
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