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In this study, we compare the performance of three ecological indicators (Water Quality Index (WQI), Wetland
Macrophyte Index (WMI) and Wetland Fish Index (WFI)), to assess the impact of human activities on ecosystem
health of coastal marshes in eastern and northern Georgian Bay (Lake Huron) over two decades (1999-2019),
when there had been a minor change in human population (increase of 7%), but a marked difference in the
pattern of water-level fluctuations. Lake Huron-Michigan is known to have 8 and 12-year oscillations in water
levels, but between 1999 and 2019, water levels remained 0.5 m below the long-term mean for 14 years, and
then abruptly rose nearly 1 m, remaining high for the next five years. We compared index scores of wetlands
surveyed during 2003-2013 (Period 1; low-water years) with those surveyed during 2014-2019 (Period 2; high-
water years). In Wilcoxon signed rank pairwise comparisons, mean WQI scores increased significantly from 1.50
to 1.96 between Periods 1 and 2, respectively (p < 0.0001); by contrast, WMI scores remained numerically and
statistically the same (3.38 vs 3.38, p = 0.42), while WFI scores dropped slightly, but not significantly (3.65 vs
3.59, p = 0.15). We hypothesize that WQI scores increased because of diluting effects from increased volume of
water in wetlands due to higher water levels. Given the unpredictable influences of climate change on the pattern
of Great Lakes water levels, index scores based on water-quality variables must be cautiously interpreted when

they are used to compare sites across different water-level scenarios.

1. Introduction

Multiple geomorphic types of wetlands exist along the Laurentian
Great Lakes coastline, but the dominant form is the coastal marsh, which
the National Wetlands Working Group defines as wetlands having
gradually sloping offshore zones that are hydrologically connected to
deeper waters of >2 m (Albert et al., 2005; National Wetlands Working
Group, 1997). These systems have fluctuating water-levels and cyclical
hydrological regimes that occur naturally, but that have also been
influenced by anthropogenic alterations that include: installation of
regulation structures in the St. Mary’s River and the St. Lawrence River
for hydropower and navigation, dredging of the St. Clair and Detroit
Rivers to improve navigation, diversions from Lake Michigan at Chicago
for municipal use and navigation, and diversions and obstructions in the
Niagara River for hydropower and for operation of piers and marinas,
respectively (International Joint Commission, 1993; Quinn, 2002). The
net effect of such natural and anthropogenic hydrological disturbances
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varies with the Great Lake, as well as with the bathymetric character-
istics of the wetlands in question (Wei and Chow-Fraser, 2008; Wilcox
and Nichols, 2008).

In addition to lake-level alterations, human activities through urban
and agricultural development have also led to major losses in quantity
and quality of coastal marsh habitat, especially in Lakes Erie and Ontario
(Host et al., 2019; Uzarski et al., 2017). These effects operate at the
watershed scale, with levels of nutrient and suspended solids increasing
in proportion to degree of land-use alterations in the wetland’s drainage
basins (Chow-Fraser, 2006, 1998; Harrison et al., 2019; Morrice et al.,
2008). Since increased sediment loading leads to higher water turbidity,
and increased nutrients preferentially benefit the planktonic and
epiphytic algae, there is reduced light availability for macrophytes
(McNair and Chow-Fraser, 2003). Consequently, degraded wetlands
tend to have reduced cover and diversity of submergent aquatic vege-
tation (SAV) (Crosbie and Chow-Fraser, 1999; Lougheed et al., 1998).
Since SAV provides critical habitat for many ecologically important fish
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species, including northern pike (Esox lucius), muskellunge (Esox mas-
quinongy), largemouth bass (Micropterus salmoides) and yellow perch
(Perca flavescens), the disappearance or reduction of aquatic plants has
severe implications for the long-term health of Great Lakes fish com-
munities (Casselman and Lewis, 1996; Jude and Pappas, 1992; Leblanc
et al., 2014; Weller, 2018).

Several ecological indices have been developed specifically to assess
the health status of coastal marshes as impacted by human disturbance
in the Great Lakes (Cooper et al., 2018; Harrison et al., 2019; Uzarski
et al., 2017; Wilcox et al., 2002). One family of indices, which include
the Water Quality Index (WQI; Chow-Fraser, 2006), the Wetland
Macrophyte Index (WMI; Croft and Chow-Fraser, 2007), and the
Wetland Fish Index (WFI; Seilheimer and Chow-Fraser, 2007, 2006),
were developed based on the relationship between land-use alteration
and water-quality impairment, and the cascading effects of degraded
water quality on the SAV and fish communities. These indices have been
applied to all five Great Lakes (Cvetkovic and Chow-Fraser, 2011), and
have also been used to detect longitudinal changes in the health status of
wetlands undergoing restoration (Croft and Chow-Fraser, 2007; Tho-
masen and Chow-Fraser, 2012). Since these indices were developed
specifically to reflect changes in human activities, they have been
effective in tracking the health status of wetlands that are primarily
influenced by anthropogenic disturbances.

Within the Great Lakes basin, coastal marshes in the eastern arm of
Lake Huron, called Georgian Bay (GB) are very unique. First, they were
formed in the world’s largest freshwater archipelago with over 30,000
islands. Wetlands that have formed tend to be very small (over 85% of
marsh habitat are <2 ha in area; Midwood et al., 2012), have shallow
substrate or exposed granite on the Canadian Precambrian Shield, and
have dystrophic waters with low nutrients and high water clarity
(deCatanzaro and Chow-Fraser, 2011). Compared to other coastal
marshes in the Laurentian Great Lakes watershed, GB wetlands are not
only geomorphologically distinct, but have been subjected to relatively
low or negligible human disturbances (Croft and Chow-Fraser, 2007;
Host et al., 2019; Seilheimer and Chow-Fraser, 2007). Between 1976
and 2016, human population size in eastern GB, which includes per-
manent residents of the Township of GB, the city of Parry Sound, Parry
Sound Centre and Parry Sound NE, and the Township of Archipelago,
have fluctuated between 11,382 to 13,158, with a mean of 12,455
(Fig. 1). In recent years, the population increased by 6.6% from 12,345
in 2001 to 13,158 in 2016. Tourist visits from both Canada and the U.S.
to the core GB area have gradually declined between 2001 and 2006,
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and this region has not been as popular a tourist destination as other
areas in southern Ontario (Kantar TNS Canada, 2008).

Given the low degree of human disturbance, the major disturbances
to GB wetlands have been physical in nature, including ice scours, lake-
effect storms, windstorms and large deviations from the historic pattern
of interannual water-level fluctuations (Burnett et al., 2003; Sly and
Munawar, 1988; Fig. 2). The latter has been particularly evident in the
past two decades. Lake Huron-Michigan is known to have long-term
quasi-periodic fluctuations of 160 and 30-33 years (Baedke and
Thompson, 2000), as well as short-term 8 and 12-year oscillations in
water levels (Hanrahan et al., 2009). Between 1999 and 2013 however,
water levels remained 0.5 m below the long-term mean for 14 years, and
then abruptly rose nearly 1 m and remained high for the next five years
(Fig. 2). Such a change in hydrological regime has been linked to the
complex effects of Global Climate Change on precipitation and evapo-
ration patterns (Carter and Steinschneider, 2018; Hanrahan et al., 2010;
Li et al., 2012), although no study has linked the impact of these water-
level changes to the health status of GB coastal marshes.

Such an increase in lake levels, can and should change the area,
structure, and critically, the volume of the lake’s embayments and
coastal wetlands. Weller (2018) modelled the effect of 5 different lake-
level scenarios on low-marsh habitat area and volume, where his find-
ings concluded that habitat volume (as a function of wetland volume)
changed significantly with changing water levels. Chow-Fraser (2005),
Chow-Fraser (1999) showed that turbidity levels and total phosphorus
concentrations in a coastal wetland decreased with increasing water
level of Lake Ontario, presumably because the concentration of phos-
phorus and sediment became diluted with an increase in wetland vol-
ume. Such a reduction should affect the value of indices based on
calculations of nutrient and suspended solids concentrations. To date,
however, no study has examined the potential confounding effect of
water-level changes on the performance of the WQI.

The recent change in water-level regime in the absence of obvious
changes in human-induced disturbance offers a unique opportunity for
us to assess the influence of water-level disturbance on the performance
of all three ecological indicators. Given the relatively small change in
population size in the region, these indices should not change signifi-
cantly between 1999 and 2019, if the indices are insensitive to changes
in water-level regimes. We hypothesize that the biotic (WMI and WFI)
indices would not be sensitive to changes in water levels, since index
scores for plant and fish taxa reflect their tolerance to degradation,
rather than where they occur within vegetation zones in a wetland. For
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Fig. 1. Change in size of the regional human population of eastern Georgian Bay between 1976 and 2016. Census data were downloaded from the Canadian Census
Analyzer (University of Toronto) and include census information for the Township of Georgian Bay, the township of the Archipelago, and the city of Parry Sound and

surrounding districts.
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Fig. 2. Mean annual water levels of Lake Huron from 1918 to 2019, highlighting Period 1 (2003-2013; low-water years) and Period 2 (2014-2019; high-water
years). Blue line = Annual mean water levels (m); Red line = Century mean for water levels (m). Water-level data were obtained from the Canadian Hydro-
graphic Service. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the WQI, however, we expect that an increase in water levels would
result in diluted concentrations of pollutants, and thereby lead to higher
WOQI scores (Chow-Fraser, 2005, 1999). This assumes that the sources of
pollutants have remained constant (i.e., cottage density and efficiency of
septic systems have not changed). To test these hypotheses, we will use
data from a long-term monitoring program, in which dozens of wetlands
had been sampled with standardized protocols at least once during both
periods of low and high-water levels. These periods have been defined as
Period 1 (low-water years; 2003-2013), and Period 2 (high-water years;
2014-2019). Such a direct comparison of how index scores are affected
by physical disturbance will facilitate accurate interpretations of long-
term changes in the face of multiple stressors.

2. Methods
2.1. Wetland health indices

The WQI includes 12 parameters that are commonly used in long-
term monitoring programs and was developed from data collected
from 110 wetlands from all five Great Lakes (146 wetland-years,
including GB). The parameters include turbidity (NTU), total sus-
pended solids (TSS, mg/L), total inorganic suspended solids (TISS, mg/
L), total phosphorus (TP, ug/L), soluble reactive phosphorus (SRP, ng/
L), total ammonia-nitrogen (TAN, pg/L), total nitrate-nitrogen (TNN,
ug/L), total nitrogen (TN, pg/L), specific conductivity (uS/cm), tem-
perature (°C), and Chl-a (ug/L). Details regarding the development and
calculation of this index have been published elsewhere (Chow-Fraser,
2006; Cvetkovic and Chow-Fraser, 2011). WQI scores tend to vary from
—3 (indicating highly disturbed and degraded) to +3 (indicating un-
disturbed and excellent quality) but can be greater than this range.

The WMI and WFI were developed with data collected from 127 (154
wetland-years) and 60 Great Lakes coastal wetlands, respectively,
located in all five Great Lakes, including GB. The index scores were
based on presence of aquatic plant and fish assemblages and can range
from a minimum of 1 to a maximum of 5. Complete details on the
development of these indices and how to survey wetlands for plants and
fish have been published elsewhere (for WMI: Croft and Chow-Fraser
(2009), Croft and Chow-Fraser (2007); for WFI: Seilheimer and Chow-
Fraser (2007)).

2.2. Field surveys

Water samples for nutrient, chlorophyll and suspended solids mea-
surements were collected in a 1-L van Dorn water sampler at mid water-

column depth in open water of each wetland site, so that the results
would not be influenced by the presence of SAV. Following collection,
any necessary pre-processing was performed in the field laboratory, and
samples were frozen until they were analyzed in triplicate at the Uni-
versity lab. All water samples were processed within 6 h of collection
and all analyses were completed within 6 months of sample collection.
All details for processing have been documented in Chow-Fraser (2006).
The physico-chemical variables were measured in situ with two different
multi-parameter sondes; between 2003 and 2017, we used a YSI 6920
sonde equipped with a 650 display, whereas in 2019, we used the In Situ
Aqua Troll 600, equipped with a communication port that sent data to a
blue-tooth enabled mobile device. During 2018, we conducted a direct
comparison with both instruments at three locations along an urban
stream and did not find any consistent differences between the YSI and
the In Situ with respect to any relevant parameters (unpub. data). In all
years, water samples used for nutrients and suspended solids were also
measured in triplicate for water turbidity using a Hach Portalab
turbidimeter.

Since we were interested in assessing fish habitat, we targeted
vegetation that occurred primarily in the inundated portion of the
wetland, which included SAV, floating and emergent taxa; we would
only encounter terrestrial species normally grown in the meadow zone
(i.e., shrubs, trees) if water levels were high. Therefore, during Period 1,
when water levels were low, we rarely encountered terrestrial taxa, but
during Period 2, when water levels were high and the meadow zone was
flooded, we encountered many more terrestrial taxa than we had in
Period 1. We conducted all plant surveys from mid-July to mid-August
when growth of SAV was abundant and flowering. We used a strati-
fied random sampling method (Croft and Chow-Fraser, 2009), in which
8-12 quadrats (1 m?) were sampled in all aquatic zones (in the meadow
where soil was waterlogged, along the water’s edge, in the emergent
zone, the floating zone and the SAV zone up to approximately 4.0 m,
where tops of SAV canopy could be reached with a rake from a boat). All
plant species within or touching the quadrat were identified to the
species level, whenever possible, but at least to genus. This was done
except for freshwater sponge, which is not strictly a macrophyte, but
lives symbiotically with algae and are excellent indicators of good water
quality, due to their requirement for good light penetration to support
algal photosynthesis (Lauer et al., 2001). This identification process was
repeated until no new species were found in two consecutive quadrats.

During Period 2, we repeated the stratified random sampling
method, but because of the high-water level, part or all of the meadow
zone had transitioned from terrestrial to aquatic, and many meadow
species such as grasses, sedges, shrubs, and trees were covered in up to
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80 cm of water. Therefore, we were unable to re-sample in the same
elevations that had been sampled in Period 1. In addition, we were
unable to sample for some SAV species that were located too deep in the
water column for us to reach the canopy with a rake from the boat.
Depending on the bathymetry of wetlands, we were unable to sample
along the water’s edge because the water was abutting bedrock or for-
ests, and sometimes the navigable portion of the wetland was almost
entirely flooded meadow with a large zone of dead and dying trees
which had not existed during low water levels in Period 1.

During Period 1, all fish surveys were conducted with three paired
fyke nets set parallel to shore at 1 m (two pairs of large nets) and 0.5 m
depths (one pair of small nets). The paired fyke nets were linked via a 7-
m lead. A wing was attached to either side and angled 45° from the
opening to funnel fish into the nets. The nets were set up and left open
for 18-24 h, and then subsequently taken down and emptied. All fish
captured were counted, identified taxonomically to species if possible,
and their lengths measured (for the first 15 individuals of each species).
Further details of the sizes of the nets and how this sampling was con-
ducted can be found in Seilheimer and Chow-Fraser (2007). During
Period 2, we attempted to deploy the paired nets using the same protocol
we used in Period 1; however, because of the dying pine trees, alders,
and sedges (Carex sp.) dominating water depths at 0.5 m, we could not
set any of the small fyke nets. As well, due to increased water depths, it
was also impossible for us to set our large nets within the SAV zone,
previously inhabited by piscivores (such as esocids) and suckers
(Catostomus sp.) (Cvetkovic et al., 2012). Instead, the nets were gener-
ally set in the flooded meadow, where we found emergent vegetation,
sedges, and shrubs (e.g., sweet gale Myrica gale).
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2.3. Data analysis

The mean index score between Periods 1 and 2, defined as the low-
water period (2003-2013) and high-water period (2014-2019),
respectively, were statistically compared for the three indices using
Wilcoxon signed-rank tests (a = 0.05). The non-parametric equivalent to
a t-test was used due to our small sample size and non-normality of the
dataset. Three standardized linear regressions using the least sum of
squares methodology were formulated. The first two regressions eval-
uated the relationship between the mean WMI and WFI scores against
mean WQI scores. The third regression assessed and quantified the effect
of mean Lake Huron water levels (m) on mean WQI scores.

3. Results

Of the 69 wetlands sampled between 2003 and 2019, only 15% had
been sampled solely for WQI; therefore, almost all sites associated with
the WMI and WFI dataset had also been sampled for WQL Only 2 wet-
lands had been sampled for WMI and did not have either corresponding
WQI or WFI scores. Over the course of this study, we surveyed 38 wet-
lands for all three indices at least once in both periods (Fig. 3).

Regression-analysis of the biotic indices (WMI and WFI) against WQI
scores by period was conducted to assess whether these indices deviated
from the WQI (Fig. 4). Neither WMI nor WFI scores varied significantly
with WQI scores in either period; however, slopes associated with lines
of best fit for both biotic indices were much closer to zero in Period 2
than in Period 1 (Fig. 4). In other words, changes in WQI scores during
Period 2 were not closely tracked by changes in WMI and WFI scores,
indicating a separation in performance between the abiotic index and
biotic indices.
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Between Period 1 and Period 2, WQI scores increased significantly
from a mean of 1.5 to 1.96 (Wilcoxon signed rank; p < 0.0001) (Fig. 5).
Once categorized into one of the four tertiary watersheds of the GB area,
all watersheds had an increased WQI score in Period 2 compared with
Period 1 (Table 1). The WMI score remained constant from Period 1 to
Period 2, with a mean score of 3.38 in both periods (p = 0.42) (Fig. 5). By
comparison, the WFI scores decreased from 3.65 to 3.59 between pe-
riods, although this change was not statistically significant (Wilcoxon
signed rank; p = 0.15) (Fig. 5).

A total of 68 macrophyte taxa were identified over the two time
periods; 16 species were only encountered during Period 1, while 17
species were only found in Period 2 (Appendix 2). Of the unique species
found in Period 1, 60% were submergent, consisting of two major
genera, Myriophyllum (watermilfoil) and Potamogeton (pondweed). By
comparison, 71% of unique species in Period 2, totalling 16% of all plant
taxa identified, were those normally associated with the meadow zone
(Midwood et al., 2012). Unlike the wetland plant community, we found
no unique fish taxa in Period 2, but we did find 23 unique taxa in Period
1 (Appendix 3). Of these unique fish species, many were minnow and

Table 1

Mean Water Quality Index (WQI) scores for 64 coastal wetland sites in GB that
were sampled during Period 1 (low-water years; 2003-2013) and Period 2 (high-
water years; 2014-2019), grouped by tertiary watershed. N = number of
wetland sites sampled within a given watershed. The difference was calculated
by subtracting Period 1 from Period 2.

Tertiary Watershed N Period 1 Period 2 Difference
Manitoulin Island 1 0.90 2.03 1.13
North Lake Huron Shoreline 4 1.61 2.16 0.55
North Georgian Bay Shoreline 24 1.52 1.86 0.34
South Georgian By Shoreline 35 1.49 2.01 0.52
Mean Total 64 1.50 1.96 0.46

carp, which are small fusiform fish that travel in schools. Other unique
species in Period 1 tended to be large benthivorous fish, like suckers, and
predatory fish such as esocids, which had been observed outside of nets
in deeper waters of wetlands when sampling took place during Period 2.
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Fig. 5. Mean Index scores for Water Quality Index (WQI) (n = 64), Wetland Macrophyte Index (WMI) (n = 55), and Wetland Fish Index (WFI) (n = 43) for Period 1
(2003-2013; low-water years; bars with hashed grey lines) and Period 2 (2014-2019; high-water years; solid black bars). The asterix denotes any paired Wilcoxon
signed-rank comparison between the two periods that was significant (p-value < 0.05).
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4. Discussion

Seilheimer et al. (2009) cross-walked this family of indices by
comparing WFI and WMI scores of 32 wetlands against corresponding
WQI scores. They found a significant positive relationship between the
two biotic indices with WQI (R? = 0.84 for WMI; R? = 0.75 for WFI) (p <
0.0001). Data used in Seilheimer et al.’s study included 16 sites in GB,
sampled between 2002 and 2005. By contrast, we did not find any sig-
nificant relationship between the two biotic indices with WQI (all p-
values >0.05; Fig. 4). Whereas WQI scores indicated significantly
improved conditions in wetlands (i.e., reduction of human disturbance),
both WMI and WFI scores indicated no significant change. This uncou-
pling between biotic index scores and the WQI was hypothesized to be
based on the dilution effects of almost a meter of additional water added
to wetlands that have shallow mean depths of 0.5 to 0.75 m during low-
water conditions (unpub. data). The mean WQI score rose 0.46 units,
which reflected a considerable change in the 12 water-quality parame-
ters. The negative relationship of increasing water levels on turbidity
and suspended sediment levels has been documented in the past for a
degraded urban marsh (Chow-Fraser, 1999, 2005). We compared mean
values of individual parameters between Period 1 and 2 that could be
affected by volume and found a similar trend. Levels off turbidity, TSS,
TISS, TP, and SRP significantly decreased between Period 1 and 2
(Wilcoxon signed rank tests; p < 0.005), while concentrations of TN and
TNN increased significantly (p < 0.005), yet TAN did not change
significantly (p > 0.05).

To correct for the effect of increased water levels on the WQI score,
we selected sites that are known to experience minimal human distur-
bance (as indicated by cottage and road density within 0.5 km of the
wetland boundary) and developed a linear relationship between WQI
and water level at the time of sampling (Fig. 6). This equation may be
used to adjust WQI scores associated with two different water-level
conditions, so that they are directly comparable. For example, we can
determine the difference between WQI scores corresponding to two
water levels, and then add this value to the score for the lower water
level or subtract it from the score for the higher water level.

Compared to the WQI, the WMI accurately reflected the apparent
absence of change in human disturbance. The sampling protocol for
WMI requires that all wetland zones of a wetland be sampled during the
survey, regardless of the prevailing water level. Since all taxa in the
index developed by Croft and Chow-Fraser (2007) included SAV,
emergent and floating taxa, meadow species were only noted when they
were encountered and did not contribute to the index score. All three
types of aquatic vegetation continued to be sampled during Period 2,
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although there was increased representation of meadow species
(including trees and shrubs) along with simultaneous decrease in
canopy-forming SAV taxa that were located at depths beyond our reach.
Because of redundancies in the number of plant species in each quality
category, however, species substitutions and deletions between period
did not result in significant changes in WMI scores; the inclusion of
additional meadow species in Period 2 did not alter the WMI scores
either since their presence did not contribute to the index calculation.

We emphasize that the WMI score itself does not indicate anything
about biodiversity or the taxonomic composition of the wetland plant
community. We found significantly fewer SAV species in Period 2
compared with Period 1, even though the scores did not differ signifi-
cantly. A likely explanation is that the meadow species and trees that
had established in the wet meadow zone during the sustained low-water
levels in Period 1 were not allowing the SAV species to transition back to
the flooded portion of the marsh during Period 2. This may mean a loss
of certain edge species that require a narrow range of water depths to
grow, as well as a shift of other species into even greater water depths,
where our sampling equipment cannot reach. During Period 2, the rapid
reflooding of the wetland that had been previously the wet meadow
zone, became occupied by dying pine trees (Pinus sp.), alder shrubs
(Alnus sp.), and meadow species (Fig. 7). Given that the protocol
required us to sample in all inundated zones, we ended up surveying and
identifying meadow species in the flooded meadow zone. According to
literature (Keddy and Fraser, 2000; Wilcox and Nichols, 2008),
reflooding should transition into aquatic habitat within 2-3 years, but in
this case, even after 5 years of flooding, the meadow species have not
relinquished their foothold.

Similar to the WMI, the WFI was unaffected by differences in water
levels between Period 1 and Period 2. Cvetkovic, Wei, & Chow-Fraser
(2010), found that fish communities in coastal marshes were more
closely linked to the structure of the macrophyte community rather than
to water quality. Although our findings generally support their conclu-
sion, we recommend conducting further studies to determine if some of
the Period 1 fish species that were missing in Period 2 was an artifact of
our fishing protocol. Because of difficulties in setting the large nets
within SAV as described in the Methods, we did see some large fish
swimming in deeper water (>2 m), and therefore know that they are still
present in the wetland. As demonstrated here, use of a standardized
fishing gear and protocol in long-term monitoring programs may not be
appropriate for wetlands that experience large fluctuations in water
levels.

The WQI has been validated by deCatanzaro et al. (2009), who found
that the development of roads and cottages on land bordering GB
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Fig. 6. Linear regression of mean WQI scores against
water levels (m). Water levels are from the day the
water sample was taken to calculate the respective
. . WQI for that site. The line of best fit (blue line) is
WQI = —107.4 + 0.6184 (water level x) and has an R?
value of 0.399. The shaded blue area around the line
of best fit is the 95% confidence interval. Water level
data is from the Canadian Hydrographic Service,
Collingwood station. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Images depicting the changes in aquatic vegetation zonation for one of our sites, Moreau Bay, Georgian Bay, Lake Huron, Ontario. Images were taken in: a)
2003 (wetland dominated by pickerel weed and waterlilies), b) 2015 (inundated shrub line), ¢) and d) 2019 (setting nets in amongst carex species and dying alders).

wetlands, led to a predictable reduction in the WQI score. Using these
three indices, Cvetkovic and Chow-Fraser (2011) compared the quality
of coastal marshes across all five Great Lakes, and found that GB had the
lowest proportion of wetlands in a degraded state, and the highest
proportion in the very good and excellent categories (see index score
equivalences in Table 2).

Unfortunately, the current study raises questions on utility of the
WQI when wetlands are compared across different water-level sce-
narios. The effect of water level on water quality has not been consid-
ered in any relevant published studies of Great Lakes coastal marshes
(Harrison et al., 2019; Morrice et al., 2008; Trebitz et al., 2007). Given
the relative uniqueness of GB with respect to its current lack of human
disturbance, the extent to which water quality in other Great lakes
wetlands may respond to increased water level should be investigated
separately.

Harrison et al. (2019) developed indices using physico-chemical
measures and land-use metrics measured between 2011 and 2015 to
infer long-term measures of human-induced pollution throughout the
five Great Lakes. They collected water-quality data within ten dominant
vegetation forms that may have varied in water depths. Data from their
study may be used retrospectively to see if water measurements taken in
wetlands with similar land-use metrics vary depending on water level.
This would also require at least moderate-resolution bathymetric in-
formation that are unfortunately not always available for all Great
Lakes.

Since all Great Lakes appear to be experiencing extremely high-water
levels in recent years, greater effort should be made to develop an index,
based on either biotic or abiotic variables, that will respond to human
disturbance, while accounting for water-level impacts. To achieve this,
we should further explore the ecological impacts of an altered hydro-
logical regime on GB coastal marshes, using long-term data that capture
the full range of water levels, as well as ranges of transition duration.
While our regression of mean WQI scores against mean water-levels
attempts to remove our hypothesized dilution effect, water level is
arguably a proxy factor for the direct factor of influence, wetland vol-
ume. Therefore, until such a direct comparison can be made, we can only
recommend using Fig. 6 as an interim measure to control for differential

Table 2

Categories of wetland health and associated scores of the Water Quality Index
(WQD), the Wetland Macrophyte Index (WMI), and the Wetland Fish Index (WFI)
(Chow-Fraser, 2006; Croft and Chow-Fraser, 2007; Seilheimer and Chow-Fraser,
2006).

Category WQI WMI WEFI
Excellent >2 >3.50 >3.75
Very good 1-2 3.0-3.5 3.25-3.75
Good 0-1 2.5-3.0 2.75-3.25
Moderately degraded Oto -1 2.0-2.5 2.25-2.75
Very degraded —1to -2 1.5-2.0 1.75-2.25
Highly degraded <=2 <1.5 <1.75

effects of water level on the WQL

Investigations into the use of different techniques for fish surveys
should also be pursued. For minnows, this may be the use of seine nets
and for larger predatory fish in deeper waters, use of electrofishing may
be a more accurate method (Cvetkovic et al., 2012). Future experi-
mentation into the rapidly expanding field of remote operated vehicles
(ROV) and camera technology for underwater survey techniques may
eliminate this dependence of equipment efficacy with water levels
(Sward et al., 2019).
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