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Once introduced to shallow aquatic ecosystems common carp (Cyprinus carpio) often degrade habitat, negatively impacting the native organisms that rely on these systems. Detrimental effects often observed following the introduction of carp include a reduction in water clarity as bottom sediments become disturbed and resuspended and phytoplankton blooms become more severe and frequent. This results in a reduction of submersed aquatic vegetation (SAV), the effects of which are felt across multiple trophic levels. We sought to limit large carp (>70 mm maximum body width) access to a culturally and biologically significant 18,500 ha freshwater coastal wetland located in Manitoba, Canada to restore pre-carp conditions which were characterized by clear water and abundant SAV. In winter 2012–2013, exclusion structures were built to limit access by large carp to Delta Marsh during the spring and summer. A monitoring program (2009–2018) compared marsh conditions before and after carp exclusion. Water clarity improved following carp exclusion, largely driven by a reduction of inorganic suspended solids (ISS) rather than phytoplankton biomass, indicating that maintaining clear water conditions might be supplemented by reductions in nutrient export from agricultural areas adjacent to the marsh. The decrease in ISS and phytoplankton varied spatially, with the greatest change observed in the westernmost area of the marsh which is more sheltered compared to the large open bays characterizing eastern areas of the marsh. SAV doubled in percent cover through the 6 years of monitoring post-carp exclusion and SAV cover and species richness in the marsh was comparable to what was present in the early 1970s when there was also partial carp exclusion. Similar to water clarity, the increase in SAV cover was most significant in sheltered areas of the marsh. Our results suggest that excluding large carp can improve water clarity, SAV cover, and SAV species richness in large freshwater wetlands, benefiting waterfowl and other species.
Keywords: coastal wetland, freshwater marsh, common carp, invasive species, biomanipulation, water clarity, submersed aquatic vegetation
INTRODUCTION
Water clarity and submersed aquatic vegetation (SAV) play important roles in aquatic ecosystems. High water clarity promotes SAV growth by allowing increased light penetration through the water column (Robel 1961; Hanson and Butler 1994). Areas with healthy SAV communities have greater fish species richness and diversity and serve as spawning, refuge, and feeding habitat (Randall et al., 1996; Weaver et al., 1997; Cvetkovic et al., 2010; Miller et al., 2018). Associated invertebrates are food sources for both fish and waterfowl (Bartonek and Hickey 1969; Keast 1984; DuBowy 1985; Hann 1995), and the vegetative parts are consumed by some waterfowl species (Collias and Collias 1963; DuBowy 1985). SAV in turn helps maintain a clear water state through several pathways: by reducing sediment and nutrient resuspension by wave action (Hamilton and Mitchell 1996; Horppila and Nurminen 2005), acting as refuge for zooplankton that consume phytoplankton (Scheffer 1999; Celewicz-Goldyn and Kuczynska-Kippen 2017), competing with phytoplankton for nutrients (van Donk et al., 1990), and potentially limiting algae growth through allelopathy (Körner and Nicklish 2002; Hilt and Gross 2008).
In many parts of the world, and particularly in North American shallow aquatic ecosystems, invasive common carp (Cyprinus carpio; hereafter, carp) negatively impact water clarity and SAV assemblages by resuspending bottom sediments and lowering light penetration (Badiou and Goldsborough 2010; Kaemingk et al., 2016), and through physical disturbance of SAV during feeding and spawning (Tryon 1954; Crivelli 1983). Carp absence-presence studies in shallow aquatic ecosystems have demonstrated a switch from a clear water, SAV dominated phase to a turbid, phytoplankton dominated phase (Lougheed et al., 1998; Zambrano and Hinojosa 1999; Bajer et al., 2009). Other studies have documented an opposite shift from a turbid to a clear water state after benthivorous fish (especially carp) have been removed or partially excluded, triggering increased growth, extent, and diversity of SAV species (Meijer et al., 1990; Ivey et al., 1998; Schrage and Downing 2004; Kaemingk et al., 2016). The first recorded appearance of carp in the wild in Manitoba, Canada was in the Red River at Lockport in 1938 (Hinks 1943). Carp are believed to have first appeared at Lake Manitoba and Delta Marsh in the late 1940s (Atton 1959; Swain 1979). By the early 1960s, large spring runs of carp were observed at the channels connecting Delta Marsh to Lake Manitoba.
Delta Marsh in western Canada (50.19875, -98.20478), is one of North America’s largest freshwater coastal wetlands covering 18,500 ha (Watchorn et al., 2012). A forested beach ridge separates Delta Marsh and Lake Manitoba. Four channels transect the ridge, connecting the marsh to the lake, and water flows between marsh and lake are dynamic and driven by the prevailing winds (Aminian 2015). Marsh water quality is influenced by lake water inputs and runoff from the surrounding watershed, with less mixing and dilution of marsh water during periods of low water levels and runoff (Bortoluzzi 2013). Water clarity is generally low, with an average turbidity range of 12–45 nephelometric turbidity units (NTU) and total suspended solids range from 10 to 100 mg/L (Hnatiuk 2006; Bortoluzzi 2013). The marsh water is brackish, with a conductivity range of 1,600–2,640 μS/cm (Bortoluzzi 2013). As with Lake Manitoba, Delta Marsh water is typically alkaline (Bortoluzzi 2013).
Historically, Delta Marsh had abundant and diverse emergent and SAV assemblages (Hinks and Fryer 1936) which helped support populations of breeding and migrating waterbirds. However, over the last 50+ years the marsh had become turbid and SAV cover decreased by > 50% (Goldsborough and Wrubleski 2001). Concerns over decreasing SAV and the effect on higher trophic levels prompted several SAV mapping surveys at the marsh, the first occurring in 1974 (Anderson and Jones 1976). Further decreases in SAV areal extent documented in surveys in 1997 and 2009–2010, decreasing water clarity, and a series of studies examining the impacts of carp on Delta Marsh using a combination of mesocosm and whole ecosystem manipulation experiments (Evelsizer and Turner 2006; Hnatiuk 2006; Badiou and Goldsborough 2010, 2015; Hertam 2010) led researchers to conclude carp were largely responsible for the deteriorating conditions observed at the marsh. Numerous other studies have found that carp are particularly detrimental to coastal wetlands and shallow lakes (Lougheed et al., 2004; Schrage and Downing 2004; Bajer et al., 2009). Additionally, other stressors such as the regulation of Lake Manitoba water levels beginning in 1961, the increasing enrichment of the marsh by nutrients from domestic sewage, agricultural manures, and fertilizers (through direct runoff and diversion of flood waters from the Assiniboine River through operation of the Portage Diversion), and expansion of hybrid cattail (Typha x glauca) have also contributed to the declining health of the marsh (Wrubleski et al., 2016). There may also be synergistic effects between carp and these stressors. For example, the presence of carp is believed to amplify eutrophication in aquatic ecosystems (Drenner et al., 1998) and biomanipulation has been proposed as an effective way to mitigate eutrophication in wetland systems (Angeler et al., 2003).
To address the adverse effects caused by carp we initiated a project to exclude large carp (>70 mm maximum body width) from Delta Marsh with the objective of improving waterfowl habitat. In winter 2012–2013, exclusion structures were built on channels connecting Lake Manitoba to Delta Marsh. Fish, including carp, overwinter in the lake and migrate into the marsh each spring (Lapointe 1986). The exclusion structures were fitted with removable screens with 70 mm spacing between vertical steel bars. Screens are positioned several weeks after the start of fish migration to allow early arriving native fish access to the marsh, but prior to the peak of carp migration. The screens are removed in mid-July. We monitored water clarity and SAV cover at Delta Marsh pre-(2009, 2010, 2012) and post-(2013–2018) carp exclusion. We hypothesized that water clarity, SAV cover and species richness would increase following the exclusion of large carp from the marsh.
METHODS
Site description
Delta Marsh is divided into three main units by anthropogenic structures (Figure 1). The Portage Diversion isolates the west marsh from the other units. This 29 km long channel was completed in 1970 and is used to divert flood waters from the Assiniboine River north into Lake Manitoba. Five kilometers east of the diversion is Provincial Road 240 which divides the center and east marsh. The east marsh makes up the largest portion of Delta Marsh and from Provincial Road 240 it stretches approximately 19 km northeastward along the south shore of Lake Manitoba (Figure 1). For increased spatial resolution the east marsh was analyzed as two separate units (east 1 and east 2). The division between these two units occurs at a natural and nearly mid-way point of the east marsh where water movement is constricted through several small channels (Figure 1). Carp were excluded from all but the most northeasterly large bay of the marsh (Figure 1).
[image: Figure 1]FIGURE 1 | Location of water clarity sampling sites (purple dots) in the west, east 1, and east 2 units at Delta Marsh (37), and at Lake Manitoba (1). Red circles are locations of carp exclusion structures; numbered rounded rectangles are submersed aquatic vegetation mapping transects. The inset figure shows the location of Delta Marsh (red bounding box) within Manitoba.
Delta Marsh water clarity data
Water sampling occurred at 37 sites (Figure 1) during May to July 2009, 2010, and 2012–2018, the period corresponding to when carp exclusion screens would have been in place post-carp exclusion. Each site was sampled approximately every two to three weeks, with three to seven sample rounds completed each year. Sampling was avoided when wind speed exceeded 30 km/h. Measurements included water depth (cm) and surface water temperature (°C), and integrated water samples of the uppermost 1 m of the water column were collected using an acrylic tube inserted vertically into the water column. Samples were kept in a cooler until they could be processed.
Water samples were processed the same day at a field laboratory and analyzed for specific conductance (µS/cm; YSI 85 probe and meter [YSI Inc., Yellow Springs, OH]), total (TSS) and inorganic (ISS) suspended solids (mg/L), and total chlorophyll and chlorophyll-a (µg/L). Known volumes of the water samples were filtered through a vacuum pump and pre-weighed Whatman GF/C 42.5 mm filter paper then dried at 100°C in a drying oven for 24 h and weighed for TSS; filters were then placed in a furnace at 600°C for 1 h and weighed again for ISS. As a proxy for phytoplankton biomass, total chlorophyll (chlorophyll-a + phaeophytin; µg/L) pigment absorbance was measured after filtering a second portion of the water samples through the vacuum pump and a Whatman GF/C 42.5 mm filter. Each filter was then placed in a 7 ml glass vial and frozen for 24 h before 5 ml of 90% methanol was added, after which the vials were placed in a dark drawer for another 24 h; the liquid was pipetted from the vials to a cuvette and analyzed for chlorophyll-a in a spectrophotometer at 665nm and 750nm. The cuvettes were then acidified with one drop of 0.01N hydrochloric acid; after an hour the cuvettes were analyzed for phaeophytin in the spectrophotometer at wavelengths of 665nm and 750nm. Chlorophyll-a, phaeophytin, and total chlorophyll concentrations were calculated based on absorbance readings at wavelength values of 665 nm and 750 nm (Marker et al., 1980).
Lake Manitoba data
Lake Manitoba water chemistry data (conductivity [µS/cm], ammonia [NH3, mg/L], total nitrogen [TN, mg/L], and total phosphorous [TP, mg/L]) were obtained from Manitoba Environment, Climate and Parks. Water quality samples were collected at a sampling station (MB05LLS013; Manitoba Environment, Climate and Parks) located in the south basin of the lake, approximately 3.5 km north of Delta Marsh (Figure 1).
We summed daily volumes (m3/day) of water discharging from two main tributaries to the Lake Manitoba south basin: the Whitemud River and the Portage Diversion (Figure 1). Daily volumes were downloaded from the Water Survey of Canada (gauges 05LL002 and 05LL019, respectively). Daily volumes (January 1st–December 31st; 2009–2018) were summed to obtain total annual water volume discharge (m3).
Water clarity data analysis
Delta Marsh water clarity was compared pre- and post-carp exclusion, and between the west, east 1, and east 2 units in the marsh. We used ISS and total chlorophyll as separate water clarity response variables in two modelling efforts to separate the inorganic and algal contributors to suspended solids. Generalized linear mixed models (log link function and gamma distribution; SAS Institute, Inc., Cary, NC) were used to model ISS and total chlorophyll as a function of period (pre- or post-carp exclusion), unit (east 1, east 2, west; Figure 1), unit*period, and a number of covariates known to affect water clarity (Meijer et al., 1990; Chow-Fraser 1999, 2006; Beaulieu et al., 2013), including: year-varying annual Lake Manitoba total discharge loading (Portage Diversion + Whitemud River); year- and sample round-varying Lake Manitoba conductivity, total chlorophyll, NH3, TN, TP, and water level; site-varying relative exposure index (REI); site- and year-varying Julian date of sampling; Delta Marsh water depth, water temperature, total chlorophyll, chlorophyll-a, windspeed effects, resuspension potential, and conductivity.
Random effects of site, year, and site*year were also included to account for repeated sampling both within and across years. The covariate REI was calculated to characterize the exposure of each site to wind generated waves (Keddy 1982):
REI = [image: image]
where i is ith compass heading (X = 1 to 36; every 10° starting at 0°); V is mean wind speed from the ith direction; P is proportion with which wind occurred from the ith direction; and F is effective fetch distance from the ith direction. We summarized mean wind speed and wind direction frequency from data collected every 15 min during May to July over a 5-year period, 2014–2018, at a weather station located at the SE corner of the marsh (50.19946, -98.08638). We used geospatial models (see Rohweder et al., 2012) to calculate effective fetch distances.
To model increases or decreases in ISS and in total chlorophyll that might lag behind rising or falling wind speeds we included lagged wind speed and resuspension potential covariates over nine-time intervals: at the time of sampling, and averaged over the preceding 1, 3, 6, 9, 12, 18, 24, and 36 hourly intervals. We used hourly wind speed and wind direction data from Environment and Climate Change Canada’s (ECCC) Portage Southport weather station (Station ID: 5012324; station located 30.1 km south of the center of Delta Marsh). When wind speed and wind direction values were missing, we substituted data from ECCC’s Portage Southport A or Delta Marsh CS stations. Several sources (Carper and Bachmann 1984; Booth et al., 2000; Bajkiewicz-Grabowska et al., 2016) have validated shallow water wave theory that when water depth is less than half the wavelength, the wave orbital motion beneath the water surface interacts with the bottom sediments, at which point sediment resuspension is likely. Resuspension potential is described as:
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Modeling subsets were run to identify the optimum time interval at which to model lagged wind speed and resuspension potential. REI was also considered as a candidate to represent windspeed effects. Fixed effects of unit, period, unit*period, REI, and random effects of site, year, and site*year were included in all of these competing models and the effects of windspeed and resuspension potential were added one-at-a-time. Best approximating models (identified as minimizing AIC) were used for identifying a best time interval scale for representing windspeed and resuspension potential.
Since resuspension potential incorporates wind speed and water depth, two full model simplification paths were explored including either the best time interval effects of (i) wind speed and water depth or (ii) resuspension potential, with all the other variables described previously. To facilitate model convergence independent variables were scaled by orders of magnitude. REI was retained in all model runs as it characterizes the wind exposure of each water sampling site, which influences water clarity at varying degrees spatially across Delta Marsh. The effects of unit, period, and unit*period were retained as these were the effects of primary interest. Full models were sequentially simplified by removing the effects with the smallest Wald-statistics (Wood et al., 2008) and all models were ranked by AIC to identify the best approximating and competing models (identified as those within 2 ΔAIC units and structurally simpler than the top model [Arnold 2010]). Ratios of estimated marginal means (EMMs) were used to determine if there were overall or unit specific differences in ISS and total chlorophyll between pre- and post-carp exclusion.
Submersed aquatic vegetation data
SAV beds at Delta Marsh were mapped between July and September 1974, 1997, 2009–2010 (this survey spanned two field seasons), 2014, and 2016–2018. Watercraft were used in all years to ground-truth vegetation bed perimeters. The extent of SAV beds were mapped, and SAV species were recorded and assigned to either single or mixed species assemblages. Survey methods used in 1974 (Anderson and Jones 1976) and 1997 (D. Wrubleski and M. Anderson, Ducks Unlimited Canada, unpublished report) combined the use of aerial photographs and ground truthing. Due to turbid conditions a garden rake was dragged along the marsh bottom to delineate vegetation bed perimeters in 1997 and 2009–2010 (M. Baschuk and D. Wrubleski, unpublished report). Aerial photographs were not used in the 2009–2010 and 2014 SAV surveys due to turbid conditions which limited vegetation bed interpretation. Vegetation beds were drawn on paper maps in the field. A handheld data collector (Trimble Juno; Trimble Navigation Ltd., Sunnyvale, CA) was also used in 2014. All paper maps were later digitized using ArcGIS (ESRI, Inc., Redland, CA). In 2016–2018 polygons and points representing SAV beds were recorded using a tablet running ESRI’s Collector for ArcGIS software connected to a GPS receiver. Points were created for small SAV beds measuring approximately 4 m2. During data processing, point locations were buffered 1 m on all sides resulting in polygons 4 m2. SAV beds smaller than 4 m2 were not mapped.
In 1974, 1997, 2009–2010, and 2014 SAV distribution was mapped across the entire east marsh; in 2010 the west marsh was also included. In 2016–2018 only areas falling under 400 m wide survey transects (hereafter, SAV mapping transects; Figure 1) were mapped in both the east and west marsh. In order to standardize the comparison of SAV among years, we only included survey data within SAV mapping transects 1–4 and 7–17 within the carp exclusion zone (Figure 1).
Submersed aquatic vegetation data analysis
We assigned each SAV record to one of ten treatments based on marsh unit and SAV survey year(s): 1) west, late pre-carp exclusion (2010), 2) west, late post-carp exclusion (2016–2018), 3) east 1, early pre-carp exclusion (1974), 4) east 1, late pre-carp exclusion (1997 and 2009–2010), 5) east 1, early post-carp exclusion (2014), 6) east 1, late post-carp exclusion (2016–2018), 7) east 2, early pre-carp exclusion (1974), 8) east 2, late pre-carp exclusion (1997 and 2009–2010), 9) east 2, early post-carp exclusion (2014), and 10) east 2, late post-carp exclusion (2016–2018). We specify pre- and post-carp exclusion here in the context of the current carp exclusion project, as in the 1970s there was also carp exclusion. For each treatment we calculated the estimated percent areal cover of total SAV and of the three most common SAV species found at Delta Marsh (Ceratophyllum demersum [coontail], Myriophyllum sibiricum [northern watermilfoil], and Stuckenia pectinata [sago pondweed]) as the proportion of SAV areal extent to open water area. As mixed species bed assemblage classifications were not consistent among years we summed, by species, the areal extent of vegetation beds with any occurrence of that species to facilitate within-species comparisons. The data were treated as pseudo-binomial, and a generalized linear model (SAS PROC GLIMMIX; using a logit link function, binomial distribution, and allowing for overdispersion) was used to obtain log-odds estimates of SAV cover as a function of treatment. Odds ratio contrasts of estimated marginal means (EMMs) were used to identify whether the differences in total and species-specific SAV percent areal coverage were significant among treatments.
RESULTS
Water clarity
The effects of average wind speed and resuspension potential over the preceding 18 h advanced to the ISS full model reduction sets. The best approximating reduced model for ISS included effects of unit, period, unit*period, Lake Manitoba (LKMB) NH3, Delta Marsh (DM) chlorophyll-a, total chlorophyll, REI, and average wind speed over the preceding 18 h. A competing model (ΔAIC = 1.74) included all effects in the best approximating model except DM chlorophyll-a. ISS was positively correlated with the effects (β, ± SE), in descending order of strength, of average windspeed over the preceding 18 h (0.301, ± 0.025), REI (0.128, ± 0.027), LKMB NH3 (12.4, ± 3.40), DM total chlorophyll (0.063, ± 0.032), and DM chlorophyll-a (0.121, ± 0.063; Figure 2).
[image: Figure 2]FIGURE 2 | Inorganic suspended solids (ISS; mg/L) in the Delta Marsh (DM) carp exclusion zone (west, east 1, and east 2 units), 2009, 2010, and 2012–2018, modeled in relation to: (A) average wind speed over the preceding 18 hours (average 18-h wind speed; m/s), (B) relative exposure index (REI), (C) Lake Manitoba (LKMB) ammonia (NH3; mg/L), (D) DM total chlorophyll (μg/L), and (E) DM chlorophyll-a (μg/L). 95% confidence intervals (±; dotted lines) are shown. Each covariate effect was isolated by setting all other covariates to their mean values, averaging over unit*period effects and setting random effects of site, year, and site*year to zero.
The effects of average windspeed in the preceding 36 h and resuspension potential over the preceding 24 h advanced to the full model reduction sets for total chlorophyll. The best approximating model included effects of unit, period, unit*period, DM water temperature, Julian date, ISS, REI, and conductivity, and LKMB conductivity, NH3, TN, TP, and total discharge. There were no competing models. As REI was imprecisely estimated (i.e., the ratio of the estimated effect to standard error was < ∼2) we did not plot or interpret this effect. Effects (β, ± SE) that were positively correlated with total chlorophyll, in descending order of strength, were: DM water temperature (0. 743, ± 0. 075), Julian date (1.029, ± 0.107), and ISS (0.922, ± 0.133), LKMB conductivity (0.203, ± 0.033), NH3 (14.6, ± 3.54), and TN (0.289, ± 0.079). Effects that were negatively correlated with total chlorophyll, in descending order of strength, were: DM conductivity (-0.091, ± 0.022), LKMB total discharge (-0.023, ± 0.008) and TP (-2.51, ± 0.911; Figure 3).
[image: Figure 3]FIGURE 3 | Total chlorophyll (μg/L) in the Delta Marsh (DM) carp exclusion zone (west, east 1, and east 2 units), 2009, 2010, and 2012–2018, modeled in relation to: (A) DM water temperature (°C), (B) Julian date (days), (C) DM inorganic suspended solids (ISS; mg/L), (D) Lake Manitoba (LKMB) conductivity (μS/cm), (E) LKMB ammonia (NH3; mg/L), (F) LKMB total nitrogen (TN; mg/L), (G) DM conductivity (μS/cm), (H) Total annual discharge volume (m3) into LKMB, and (I) LKMB total phosphorus (TP; mg/L). 95% confidence intervals (± dotted lines) are shown. Each covariate effect was isolated by setting all other covariates to their mean values, averaging over unit*period effects and setting random effects of site, year, and site*year to zero.
Estimated means ratios indicate there was an overall marginal decline (-32%) in ISS pre-to post-carp exclusion (Table 1). The magnitude of decline in ISS was spatially dependent, with a significantly larger decrease in the west marsh unit (-59%) relative to inconclusive changes in the east 1 (-10%) and east 2 units (-14%; Table 1 and Figure 4). Tests of statistical significance of changes in total chlorophyll were inconclusive, although there was evidence of an overall decline (-22%) pre-to post-carp exclusion, but no evidence of a difference between marsh units (Table 1; Figure 4).
TABLE 1 | Tests of contrasts in inorganic suspended solids (ISS) and total chlorophyll (TChl) within the carp exclusion zone during May to July by treatment period [pre- (2009, 2010, and 2012) and post- (2013–2018) carp exclusion] and marsh unit (west, east 1, east 2), Delta Marsh, Manitoba. Contrasts are statistically significant (bold) when 95% confidence intervals exclude 1.00 (CL = confidence limit).
[image: Table 1][image: Figure 4]FIGURE 4 | (A) Estimated marginal means (EMMs) of (A) inorganic suspended solids (ISS; mg/L) and (B) total chlorophyll (μg/L), with 95% confidence intervals, in the west (red), east 1 (blue), and east 2 (grey) units pre- (2009, 2010, and 2012) and post- (2013–2018) carp exclusion, Delta Marsh, Manitoba. Different letters (A and B) indicate a statistical difference between periods (pre- or post-carp exclusion) within the same marsh unit.
Submersed aquatic vegetation
Overall in the east marsh carp exclusion zone the areal extent of SAV declined between mapping surveys conducted in 1974 and 1997, and increased with each survey between 2014 and 2018 (Figure 5). In the west marsh, SAV areal extent increased since the pre-carp exclusion survey in 2010 (Figure 5).
[image: Figure 5]FIGURE 5 | Total areal extent (ha) of submersed aquatic vegetation (SAV) in SAV mapping transects 1–4 in the west (red), 7–13 in the east 1 (blue), and 14–17 in the east 2 (grey) carp-exclusion zones, 1974, 1997, 2009, 2010, 2014, and 2016–2018, Delta Marsh, Manitoba. Dotted lines connect non-consecutive survey years; solid lines connect consecutive survey years.
There were no significant differences in total SAV percent cover (hereafter, SAV cover) between treatment periods in the west and east 1 marsh units (Table 2; Figure 6A). Total SAV cover in the late post-treatment period was significantly greater in the west and east 2 units versus the east 1 unit, and in the east 2 unit declined significantly by one third between the early pre- and late pre-treatment periods. SAV cover in the east 2 marsh unit significantly tripled between the late pre- and late post-treatment periods, and significantly increased between early post- and late post-treatment periods (Table 2; Figure 6A).
TABLE 2 | Tests of contrasts in total submersed aquatic vegetation (SAV) estimated percent cover between treatment period: early pre-carp exclusion [1974]; late pre-carp exclusion [1997 and 2009–2010]; early post-carp exclusion [2014]; late post-carp exclusion [2016–2018], and marsh unit (west, east 1, east 2), Delta Marsh, Manitoba. Contrasts are statistically significant (bold) when 95% confidence intervals exclude 1.00 (CL = confidence limit).
[image: Table 2][image: Figure 6]FIGURE 6 | Percent cover and 95% confidence intervals of (A) total submersed aquatic vegetation (SAV) and the three most common SAV species [(B) Ceratophyllum demersum, (C) Myriophyllum sibiricum, and (D) Stuckenia pectinata] in SAV mapping transects and 1–4 in the west (red), 7–13 in the east 1 (blue), and 14–17 in the east 2 (grey) carp exclusion units, Delta Marsh, Manitoba. Treatment periods are defined as: early pre-carp exclusion (1974), late pre-carp exclusion (1997, 2009–2010), early post-carp exclusion (2014), and late post-carp exclusion (2016–2018). Percent cover included homogenous vegetation beds and mixed species bed assemblages where each species occurred. Different letters (A–C) indicate a statistical difference between treatment periods within the same species and unit. Different numbers (1–3) indicate a statistical difference between units within each SAV group (total SAV or species) and treatment period.
The same contrasts of odds ratios for total SAV cover (see Table 2) were assessed for each of the three dominant SAV species. There were no significant changes in C. demersum cover between treatment periods; however, there were significant cover differences between marsh units in the late pre-treatment period; cover was nearly 15 times greater in the west versus the east 1 unit (Figure 6B). In the late post-treatment period, C. demersum cover was greatest in the east 2 versus the west and east 1 units (Figure 6B). In the late pre-treatment period M. sibiricum cover was low in all marsh units (Figure 6C). M. sibiricum cover increased in all units after carp were excluded. In the late post-treatment period, M. sibiricum cover was greatest in the east 2 unit, followed in descending order by the west and east 1 units (Figure 6C). S. pectinata was the dominant SAV species, making up the majority of the total SAV cover in almost all treatment periods and marsh units (Figure 6D). While S. pectinata cover in the east 2 unit declined between the early pre- and early post-treatment periods, before increasing in the late post-treatment period, the changes were not statistically significant (Figure 6D). The increase in S. pectinata cover in the west unit was also not statistically significant. S. pectinata cover in east 1 remained consistently lower after the early pre-treatment period. In the late post-treatment period, S. pectinata cover was significantly greater in the west and east 2 units as compared to the east 1 unit (Figure 6D). Other species-specific contrasts were not statistically significant, possibly due in some cases to extremely low cover values, high relative variability in cover among SAV mapping transects and treatment periods, or possibly as a result of how we summed mixed species bed areal extents.
While the increase in SAV percent cover was significant in the west unit post-carp exclusion, we observed a decrease in S. pectinata areal extent in the west unit in 2018 (Figure 5). In late July and early August 2018, extensive beds of SAV, primarily composed of S. pectinata, were observed in the west unit (P. Kowal, personal observation). However, many vegetation beds had disappeared when the SAV was mapped 15–17 August.
We recorded changes in the dominance and number of SAV species within the marsh between treatment periods. During the pre- and early post-treatment periods the dominant SAV species in the east marsh was S. pectinata; M. sibiricum was the dominant species in the east marsh in the late post-treatment period (Figure 6). In the west marsh, S. pectinata was the dominant SAV species across pre- and post-treatment periods (Figure 6). Six SAV species were identified at Delta Marsh in 2014, four in 2016, and eight in 2017 and 2018. Records of sparse occurrences of some species in 2016 were lost, and therefore our estimates of species richness are conservative for that year. Potamogeton pusillus (small pondweed) and Sparganium eurycarpum (giant bur-reed) were detected in 2017 and 2018 after last being observed in 1997. In 2017, Chara, a genus of charophyte green algae characteristic of clear water habitats, was observed for the first time in recent years, in the east 2 unit.
DISCUSSION
Biomanipulation, through removal or exclusion, has been widely used to successfully reduce carp biomass in small lakes (Sorensen Bajer, 2020) and shown to result in significant water quality improvements such as reduced turbidity, decreases in chlorophyll-a, and increased SAV (Schrage and Downing 2004; Kaemingk et al., 2016; Jůza 2019; Huser et al., 2022). However, most attempts to regulate invasive carp populations have been largely applied to smaller (<250 ha), isolated water bodies with limited hydrological connections (Lougheed et al., 2004). For the most part, carp biomanipulation has been achieved through physical removal via harvest fishing (Bajer et al., 2011) and specialized traps (Stuart et al., 2011), water level drawdowns (Verrill and Berry 1995), chemical/biological removal mechanisms such as rotenone (Schrage and Downing 2004; Bonneau and Scarnecchia 2015), use of the koi herpes virus (McColl et al., 2007), and daughterless carp genetic manipulation (Brown and Gilligan 2014). However, physical removal is often only successful in the short term with carp populations usually rebounding quickly (Tempero et al., 2019) and chemical/biological removal is not feasible and is challenging within existing regulatory frameworks on large interconnected systems with important commercial and indigenous fisheries such as the Delta Marsh-Lake Manitoba system. Our research demonstrates that limiting access of large carp using exclusion structures, specifically during the spawning season, can improve water clarity and SAV cover in a large freshwater coastal wetland.
Post-carp exclusion we measured increases in water clarity, and SAV cover and species richness. We saw spatially variable increases in SAV cover post-carp exclusion which were accompanied by spatially variable decreases in ISS and to a lesser extent total chlorophyll, similar to results of other carp removal studies (Hanson and Butler 1994; Schrage and Downing 2004). Increased water clarity and SAV cover can arise through several synergistic mechanisms. Increased water clarity allows deeper light penetration which enhances SAV growth (Robel 1961; Lougheed et al., 1998). Increased SAV cover results in less wind and wave action; thus lowering sediment disturbance and resuspension, further increasing water clarity and SAV growth (Bachmann et al., 2000; Cho 2007; Van Zuidam and Peeters 2015). Hanson and Butler (1994) found that an initial increase in water clarity after fish removal was caused by increased zooplankton grazing during the growing season which allowed for the establishment of SAV; subsequent water clarity improvements were maintained by SAV lowering sediment resuspension and algal biomass. The changes in SAV cover and ISS following carp exclusion at Delta Marsh were significantly greater in the west unit compared to the east 1 and 2 units. The east 1 unit has larger, more exposed bays than the east 2 unit, and both units are more open and exposed than the west unit and this may explain why the effects of carp exclusion on ISS were muted in the east units relative to the west unit. This is supported by average 18 h wind speeds and REI being the two strongest environmental predictors of ISS at Delta Marsh. The simultaneous existence of both turbid and clear water states within one shallow aquatic system is possible depending on the degree of exposure and presence of SAV (Scheffer et al., 1994), especially in a system as large and complex as Delta Marsh. The exclusion of carp appears to have resulted in less resuspension of sediment early in the growing season, allowing SAV cover to expand compared to years when carp had free access to the marsh. The exclusion of carp also likely reduced physical disturbance of SAV. Furthermore, benthivorous fish like carp are also known to reduce the erosion resistance of sediment which enhances sediment resuspension by wave action (Scheffer et al., 2003), lowering the capacity for SAV establishment. The changes in water clarity and SAV we observed suggest that the exclusion of carp coupled with the wind sheltered hydrogeomorphic nature of the west unit allowed for a rapid recovery in both water clarity and SAV there.
Historically, sago pondweed was a dominant species in Delta Marsh, and was very important as a food source to waterfowl (Anderson and Low 1976; Gordon 1985). Thus, there is significant interest in its response to carp exclusion. Anderson (1978) found that the distribution of S. pectinata at the marsh was highly correlated to site exposure and our observations regarding site exposure support this. The large exposed bays of the east 1 unit have seen greater shoreline and island erosion compared to the other marsh units (Wrubleski et al., 2016), and since the early 1970s. S. pectinata has remained consistently low in that unit. While the increase in SAV percent cover, primarily consisting of S. pectinata, was significantly greater in the west unit post-carp exclusion we observed a decrease in SAV areal extent in 2018 there that we speculate was due to early senescence caused by extremely low water levels, wave action, and grazing by waterfowl.
The exclusion of large carp from Delta Marsh resulted in increased water clarity and SAV cover and species richness despite carp exclusion coinciding with some of the highest water levels recorded on this system since the 1960s as a result of major flooding events in 2011 (Blais et al., 2016) and 2014 (Ahmari et al., 2016). Because increased water levels often decrease SAV abundance (Robel 1961; Scheffer et al., 1992) we expect that the exclusion of carp from Delta Marsh will result in greater water clarity and SAV cover under more normal water levels. Furthermore, these improvements have occurred during a period when Lake Manitoba, and Delta Marsh itself have experienced increased nutrient loading as a result of frequent operation of the Portage Diversion, which is the single largest input of nutrients to Lake Manitoba when it is in operation (Page 2011). Warm water temperatures and high nutrient availability in the water column promote blue-green algae growth which restricts water transparency (Kosten et al., 2012; Beaulieu et al., 2013). Nutrient loading can also mimic the detrimental impact of carp presence by promoting phytoplankton growth, possibly overriding the effects of carp on water quality in nutrient rich water (Badiou and Goldsborough 2015). Because benthivorous fish, like carp are known to interact synergistically with nutrient loading to increase phytoplankton biomass (Drenner et al., 1998), it is possible that our carp exclusion project is also helping to mitigate the impacts of high nutrient loading into Delta Marsh.
While the exclusion of large carp resulted in increased water clarity and SAV cover (this study) and increased use by diving ducks (Bortolotti et al., 2022—submitted), maintaining these conditions in light of other stressors being experienced at Delta Marsh such as increasing nutrient loading, stabilized water levels, and invasive hybrid cattail will necessitate ongoing monitoring and assessment of marsh conditions. Of these stressors, focusing on managing nutrient inputs from the agriculturally dominated portions of the Delta Marsh watershed should be investigated as a supplementary mechanism for sustaining and potentially improving conditions that favor water clarity and increased SAV cover over time.
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Contrast Estimated Ratio® (Lower 95% CL, Upper

95% CL)
ISS overall post- vs. pre- 068 (0.45,1.02)
ISS west post- vs. pre- 041 (025, 0.65)
ISS east 1 post- vs. pre- 090 (0.59, 1.38)
ISS east 2 post- vs. pre- 0.86 (0.55, 1.33)
ISS change in east 1 vs. change in east 2 1.06 (0.79, 1.40)
ISS change” in west vs. change in east 1 045 (033, 0.63)
ISS change in west vs. change in east 2 048 (0.34, 0.67)
TChl overall post- vs. pre- 079 (057, 1.11)
TChl west post- vs. pre- 0.80 (054, 1.19)
TChl east 1 post- vs. pre- 0.80 (0.56, 1.14)
TChl east 2 post- vs. pre- 0.78 (0.54, 1.13)
TChl change in east 1 vs. change in east 2 1.03 (078, 1.34)
TChl change in west vs. change in east 1 1.00 (074, 1.36)
TChl change in west vs. change in east 2 1.03 (0.75,1.42)

*The ratios between estimated marginal means (EMMs) for ISS and TChl (e.g., ISS, Post-EMM/Pre-EMM). In computing EMMs, all quantitative covariates in the best approximating
models were set to mean values.
®A contrast of the temporal changes in two different reg

ns (e.g., ISS west post-vs. pre-/ISS east 1 post-vs. pre-).





OPS/images/fenvs-10-992690-t002.jpg
Contrast

Estimated odds Ratio®

(Lower 95% CL, upper
95% CL)

west, post- vs. pre-
east 1, late post- vs. late pre-
cast 1, late post- vs. carly pre-
east 1, early post- vs. late pre-
east 1, early post- vs. early pre-
east 1, late pre- vs. early pre-
east 1, late post- vs. early post-
east 2, late post- vs. late pre-
east 2, late post- vs. early pre-
east 2, early post- vs. late pre-
east 2, early post- vs. early pre-
cast 2, late pre- vs. early pre-
east 2, late post- vs. early post-
late post-, west vs. east 1

late post-, west vs. east 2

late post-, east 2 vs. east 1

late pre-, west vs. east 1

late pre-, west vs. east 2

late pre-, east 2 vs. east 1

early pre-, east 2 vs. east 1

early post-, east 2 vs. east 1

221

1.06
038
1.03

037
036
1.03
431
130
079
024
0.30
5.46
6.84
0.84
8.11
329
1.65
2.00
238
154

(072, 678)
(0.37, 3.09)
(0.13, 1.07)
(0.25, 4.33)
(0.09, 1.51)
(011, 1.14)
(027,3.95)
(164, 11.3)
(0.49, 3.47)
(0.17,3.70)
(0.05, 1.12)
(0.09, 0.99)
(1.37,21.7)
(2,99, 15.6)
(043, 1.67)
(3.57, 18.4)
(0.89, 12.2)
(0.44, 6.10)
(061, 6.54)
(0.74, 7.68)
(0.27, 8.78)

“The ratios between odds of total SAV es

atidl pereent cover e widi-of-weik uilt SAY eoves, Jile post.ilite pre:





OPS/xhtml/nav.xhtml
Contents

		Cover

		Improvements in water clarity and submersed aquatic vegetation cover after exclusion of invasive common carp from a large freshwater coastal wetland, Delta Marsh, Manitoba		Introduction

		Methods		Site description

		Delta Marsh water clarity data

		Lake Manitoba data

		Water clarity data analysis

		Submersed aquatic vegetation data

		Submersed aquatic vegetation data analysis





		Results		Water clarity

		Submersed aquatic vegetation





		Discussion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Environmental Science

Improvements in water clarity
and submersed aquatic
vegetation cover after exclusion
of invasive common carp from a
large freshwater coastal
wetland, Delta Marsh, Manitoba





OPS/images/fenvs-10-992690-g001.gif





OPS/images/fenvs-10-992690-g002.gif
DT )

-






OPS/images/math_qu1.gif
Resuspension Potential - (M)

Water Depth









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





