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CHAPTER ONE: EVALUATION OF A RAKE METHOD FOR PREDICTING WILD 
CELERY (VALLISNERIA AMERICANA) WINTER BUD PRESENCE, DENSITY, AND MASS 

 

ABSTRACT 
 

The Upper Mississippi River provides important staging areas during migration for 

waterfowl including canvasbacks (Aythya valisineria). Wild celery (Vallisneria americana) is a 

species of submersed aquatic vegetation that produces energy rich winter buds within the 

substrate that is a preferred forage for canvasbacks during migration. Since 1998, the Upper 

Mississippi River Restoration Program, Long Term Resource Monitoring (LTRM) element has 

monitored aquatic vegetation by conducting rake samples where aboveground biomass of aquatic 

vegetation species are given a value from 1-5, based on species relative abundance on a rake. 

Because the rake does not sample underground structures, there remain questions on how data 

collected by the LTRM translates to waterfowl habitat quality and bioenergetics. Our goal was to 

examine if a relationship exists between LTRM rake scores and wild celery winter bud density 

from substrate core samples in Pools 4, 8, and 13, of the Upper Mississippi River, USA. Rake 

samples were collected in summer 2018 and 2019 in Pools 4, 8 and 13, and substrate cores were 

collected at the same locations as rake sample sites before the annual waterfowl migration in 

autumn 2018 and 2019, and spring 2019 and 2020. Rake score and river pool were the only 

predictors in the best fit statistical model estimating the probability of wild celery winter bud 

presence at a site. For an average rake score of 1, there is a 60% (95% CI: 36-79) chance the site 

has a wild celery winter bud in Pool 4, 90% in Pool 8 (95% CI: 82-95), and 88% in Pool 13 

(95% CI: 74-96). The probability rises to 99% at average rake scores >2.1 in Pool 4, and 1.7 in 

Pools 8 and 13. Rake score, pool, management status, season, and an interaction between season 

and management status were in the best fit statistical model predicting winter bud density (P < 
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0.05, R2 = 0.357). Results indicate LTRM rake scores and other variables can be used to predict 

the presence of wild celery winter buds and predict winter bud density. This is encouraging to 

managers as it presents a possible alternative to labor intensive and costly traditional quadrat or 

core sampling used to quantify underground plant structures.  
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INTRODUCTION 
 

Wetlands provide a variety of ecosystem services and support diverse plant and animal 

communities (Zedler and Kercher 2005, Davidson et al. 2019). Unfortunately, wetlands have 

experienced profound effects from human development including degradation, elimination, and 

overall loss in area and numbers (Mitsch et al. 2009). Declines in waterfowl populations have 

coincided with loss of wetland habitat (Hagy et al. 2014b), as they rely on wetlands for food, 

cover, and nesting habitat. In response to declining waterfowl populations in the early twentieth 

century in the USA, numerous laws and policies were established to monitor and manage 

waterfowl populations and their habitats (Williams and Castelli 2012).  

Because waterfowl use wetland environments throughout North America during their 

annual cycle, federal, state, and non-profit agencies work together to provide suitable habitat. A 

tactical and collaborative approach to waterfowl management came with the signing of the North 

American Waterfowl Management Plan (NAWMP) by the United States and Canada in 1986, 

and Mexico in 1994 (North American Waterfowl Management Plan 1986). The goal of NAWMP 

is to conserve waterfowl and migratory birds in North America through population-based habitat 

management. Management goals across North America are implemented regionally by Joint 

Ventures that consist of partners who apply migratory bird objectives to a specific geographic 

region or species within North America (North American Waterfowl Management Plan 1986, 

Soulliere et al. 2017). Regional Joint Ventures focus their efforts on delivering habitat for 

migratory birds during the annual cycle.  

Joint Ventures that contain stopover and wintering habitat for waterfowl set habitat 

objectives based on the premise that food during the non-breeding period can limit waterfowl 

populations through feedbacks on survival and reproduction (Williams et al. 2014, Soulliere et 
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al. 2017). To quantify waterfowl habitat needed in stopover and wintering habitats, conservation 

planners at the Joint Venture level use bioenergetics models that take into account the energy 

supply in a habitat, and the energetic requirements of waterfowl that use the habitat to assess the 

energetic potential of habitats within the region. The Upper Mississippi Great Lakes Joint 

Venture (UMGL JV) sets habitat objectives for 4 wetland types including emergent, aquatic bed, 

forested, and open water (Soulliere et al. 2017). Emergent habitats contain emergent herbaceous 

vegetation mixed with submersed aquatic vegetation (SAV), and open water. Aquatic bed 

habitats include the presence of open water and abundant SAV, surrounded by emergent 

vegetation. Forested habitats are associated with forested and scrub-shrub wetlands that may be 

mixed with emergent and SAV. Open water habitats contain deep water with unconsolidated 

substrate and shoreline and may contain SAV and emergent vegetation. Waterfowl that use 

emergent and forested habitats select for seeds, mast, and aquatic invertebrates compared to 

waterfowl in aquatic bed and open water habitats who select for winter buds, tubers, and foliage 

of SAV, fish, and aquatic invertebrates. To calculate the energy supply of a habitat, food density 

is estimated using soil cores or sampling quadrats, but these methods are expensive and time 

consuming (Rodusky et al. 2005, Williams and Castelli 2012, Ringelman et al. 2015). Managers 

use rapid assessment surveys based on visual assessments of plant composition and seed head 

forage in moist soil habitat where seeds are the primary food source for waterfowl to save time 

and money (Laubhan and Fredrickson 1992, Gray et al. 2009, Williams et al. 2014). However, 

many species of waterfowl such as canvasbacks (Aythya valisineria), feed on underground 

structures of SAV (Takekawa 1987, Korschgen et al. 1988, Lovvorn 1989, Baldassare 2014) of 

which, few attempts have been made to estimate waterfowl food due to the extensive time and 

cost required to collect soil cores or quadrat samples. Because SAV is the defining factor of 
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aquatic bed habitat, estimates of food density used in bioenergetics models by the UMGL JV for 

aquatic bed habitats are limited. Information is limited on this critical food source in stopover 

areas like the Upper Mississippi River (UMR) that canvasbacks and other waterfowl use during 

migration.  

The distribution and abundance of SAV communities can influence waterfowl abundance 

and distribution (Korschgen et al. 1985, Perry and Uhler 1988). Waterfowl responses to the 

effects of environmental changes on SAV were observed in the Illinois River, as well as lakes in 

Wisconsin and Minnesota during the 1960’s when factors including sedimentation, pollution, 

and introduction of invasive species caused a near elimination of native submersed plant 

communities (Mills et al. 1966, U.S. Geological Survey 1999). Consequently, waterfowl 

concentrations on many Wisconsin and Minnesota lakes, as well as the Illinois River diminished 

with the loss of SAV from the systems. Conversely, aquatic vegetation flourished on the UMR 

following construction of the navigation locks and dams on the UMR in the 1930’s which 

created impounded areas upstream of each dam (Fremling 2005). It is generally thought that the 

UMR became more important as a waterfowl staging area because of the development of suitable 

habitats following impoundment of the river behind dams occurring concurrently with the 

degradation of habitats elsewhere in the flyway (Serie et al. 1983, Kahl 1991). Current food 

estimates within the UMR are limited to small geographic areas (Donnermeyer 1982, Korschgen 

et al. 1988, Kenow and Boma 2007) that might not be representative of all areas used by 

canvasbacks and other waterfowl (Thompson 1973, Serie et al. 1983, Takekawa 1987). Estimates 

of SAV food density across larger geographic areas within the UMR would provide more 

reliable and representative information on which to base waterfowl conservation efforts.  
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Canvasbacks are included in the genus Aythya and are adapted structurally and 

behaviorally for diving and foraging in the substrate for benthic food items such as winter buds 

of wild celery (Vallisneria americana; Lovvorn 1989, Takekawa 1987). Wild celery has a basal 

rosette growth form and can reproduce sexually or asexually where a rosette first develops a 

stolon and then a bud develops (Catling et al. 1994). During the summer growing season, buds 

develop to clonal rosettes and as temperatures drop toward the end of the growing season plants 

stop forming rosettes and transfer energy into winter buds (Catling et al. 1994, McFarland and 

Shafer 2008). These buds are used to store carbohydrates during the non-growing season, which 

are then used to initiate regrowth the following spring (Titus and Stephens 1983, McFarland and 

Shafer 2008). The carbohydrates stored in the winter bud makes them the most energetically 

valuable part of the plant and thus a valuable food source for waterfowl (Donnermeyer and 

Smart 1985).  

In Lake Onalaska (Pool 7) of the Upper Mississippi River, adult canvasbacks can 

increase their body weight by up to 10% and immature ducks can add up to 15% of their body 

weight by consuming wild celery winter buds alone (Takekawa 1987). The carbohydrates in wild 

celery winter buds also are more easily converted to fats (Ricklefs 1974), and fat gain prior to or 

during migration increases an individuals theoretical maximum flight range (Odum et al. 1961). 

Based on daily energetic requirements, canvasbacks need an average of 400 kcal/day, the 

equivalent to 125g of wild celery winter buds (Korschgen et al. 1988).  

The strong affinity of canvasbacks for wild celery as a preferred forage was evident to 

early naturalists and was purportedly the basis for the specific epithet of “valisineria” in its Latin 

binomial (Aythya valisineria) a direct reference to the generic name of wild celery (Vallisneria 

americana; Cottam, 1939). This strong affinity is supported by contemporary research on the 
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UMR. Korschgen et al. (1988) documented a 40% decrease in wild celery winter bud density 

between October and November 1980 and attributed 90% of the decline in winter bud density to 

canvasbacks feeding based on field observations. Likewise, canvasbacks react to changes in wild 

celery abundance. When Pool 8 of the Upper Mississippi River experienced a 80% decrease in 

wild celery area between 1978 and 1979, canvasback use-days dropped by 92% during their 

annual autumn migration (Korschgen et al. 1985). Wild celery has declined in many areas of the 

United States that served traditionally as important wintering or staging areas for canvasbacks 

and in response, canvasback use of these areas has decreased significantly (Lovvorn 1989, 

Korschgen et al. 1988, Mills et al. 1966, Perry and Uhler 1988, Schloesser et al. 1990). 

Declines in SAV have been attributed to changes in water temperature, water chemistry, 

water clarity, nutrients in sediments, and the introduction of invasive species (Barko et al. 1986, 

McFarland and Shafer 2008). Thus, SAV has been used as an indicator of ecosystem health 

(Dennison et al. 1993, Moore et al. 2010) because monitoring all organisms can be costly and 

time consuming. Species selected for monitoring include indicator species whose presence can 

inform the conditions in an environment which can be used to direct management actions (Noss 

1990, Dale and Beyeler 2011). Factors that qualify SAV as a reliable indicator species include its 

sensitivity to environmental changes, our ability to monitor it, and the reliance of other species 

on SAV for food and protection (Twilley et al. 1985, Rozas and Odum 1988, Orth et al. 2017). 

Public and private organizations collect information on indicator species at various scales to 

incorporate ecological information in planning decisions (Karr and Chu 1997).  

To monitor changes over time within the UMR and Illinois River, the Long Term 

Resource Monitoring Element (LTRM) of the Upper Mississippi River Restoration Program 

(UMRR) was established and provides planners with information necessary to understand and 
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maintain the UMR for all uses (Long Term Resource Monitoring 2009). The UMR is designated 

as a nationally significant navigation system and ecosystem, with floodplain wetlands within the 

UMR recognized as Ramsar Wetlands of International Importance and Globally Important Bird 

Areas. Therefore, planning within the UMR must balance human use with ecological conditions 

critical to maintaining a healthy environment for all dependent species. Fish, aquatic vegetation, 

and water quality information is collected annually to carry out goals of the LTRM (Yin et al. 

2000).  

Within the aquatic vegetation component of the LTRM, SAV is used as an indicator to 

evaluate UMR goals and objectives. The LTRM uses a rake method to collect aboveground 

aquatic plant data, with SAV being the most thoroughly and effectively quantified (Yin et al. 

2000). These data are used to derive information on frequency of occurrence, relative abundance, 

and distribution of individual aquatic plant species, as well as community metrics such as species 

richness and various diversity indices (Yin et al. 2000, Johnson and Hagerty 2008). Previous 

work compared rake metrics to aboveground biomass estimates from traditional biomass 

collection procedures including core and quadrat sampling (Rodusky et al. 2005, Spears et al. 

2009, Owens et al. 2010, Johnson and Newman 2011, Masto 2020). Recent efforts within the 

UMR used the LTRM rake method to compare rake metrics to biomass estimates (Kenow et al. 

2007, Yin and Kreiling 2011). However, no study to date has linked rake metrics with wild 

celery winter buds within the substrate. Given wild celery’s importance to waterfowl, especially 

canvasbacks, the ability to use the LTRM rake method as a cost effective and time saving 

sampling method for estimating wild celery winter buds would allow managers to monitor this 

resource and make more informed habitat management decisions in the UMR.  
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Here our goal was to determine if we can predict presence, abundance, and mass of wild 

celery winter buds in autumn and spring, before waterfowl migration, using data collected during 

summer using a rake method.  

 

STUDY AREA 
 

We collected data in Navigation Pools 4, 8, and 13, of the UMR, USA, (see Figure 1 in 

Appendix A). Study sites within the UMR were dominated by submersed, floating leaved, and 

emergent vegetation in summer. Navigation pools in the UMR are impoundments created by 

dams constructed in the 1930s to facilitate commercial navigation and shipping (Johnson and 

Hagerty 2008). Pools are named after the number of the lock and dam on their downstream 

border. For LTRM sampling of aquatic vegetation, each pool is divided into aquatic area 

categories or strata defined by geomorphic and constructed features, as well as physical and 

chemical characteristics of aquatic habitats outlined in Wilcox 1993 (Wilcox 1993, Rogala 

2015). Long Term Resource Monitoring strata include: main channel border, side channel, 

backwater contiguous, backwater isolated, Lake Pepin (only in Pool 4), and impounded (Yin et 

al. 2000, Rogala 2015). Within LTRM strata, data have been collected on aquatic vegetation in 

areas where water depth is 3 m or less because deeper areas generally do not support aquatic 

vegetation (Yin et al. 2000, Long Term Resource Monitoring 2016). We collected data in 

backwater contiguous strata in Pool 4 (there is no impounded strata in Pool 4) and impounded 

strata in Pools 8 and 13. Backwater contiguous areas have surface flow connected with the main 

channel (Wilcox 1993). Similarly, impounded areas have surface flow connection to the main 

channel and are large open water areas immediately upstream from dams (Wilcox 1993).  
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Pool 4 (Figure A.2 in Appendix A) extends 70 km upstream from Lock and Dam 4 at 

river mile 752.9 to river mile 796.8. Pool elevation on the upstream side of Lock and Dam 4 is 

203.2 m (U.S. Army Corps of Engineers 2011, U.S. Army Corps of Engineers 2018a). Lake 

Pepin is a large lake within Pool 4, the area between the Lake Pepin outlet and Lock and Dam 4 

is referred to as Lower Pool 4. We sampled only backwater contiguous areas in Lower Pool 4. 

We sampled Big Lake and Robinson Lake, which are backwater contiguous areas within Lower 

Pool 4. Big Lake (hereafter referred to as the area closed to waterfowl hunting in Pool 4) is a 

complex of smaller backwaters about 682 ha that has been closed to migratory bird hunting since 

2009 (U.S. Fish and Wildlife Service 2006). Robinson Lake (hereafter referred to as the area 

closed to waterfowl hunting in Pool 4) is about 254 ha and is open to waterfowl hunting. The city 

of Wabasha, Minnesota borders Robinson Lake and from 1986-2020 the area had an average 

annual precipitation and average annual temperature of 92.8 cm and 8.6° C (National Centers for 

Environmental Information 2020a). Field sampling began in summer 2018 when total 

precipitation was the greatest on record from 1986 to 2020 at 134.2 cm (National Centers for 

Environmental Information 2020a).  

Pool 8 (Figure A.3 and A.4 in Appendix A) extends 37 km upstream from Lock and Dam 

8 at river mile 679.2 to river mile 702.5. Pool elevation on the upstream side of Lock and Dam 8 

is 192.0 m (U.S. Army Corps of Engineers 2011, U.S. Army Corps of Engineers 2018b). Areas 

sampled included an area open to waterfowl hunting and an associated area closed to waterfowl 

hunting. The Wisconsin Islands Closed Area (hereafter the area closed to waterfowl hunting in 

Pool 8) is 2,012 ha and has been closed to migratory bird hunting since 1957 (U.S. Fish and 

Wildlife Service 2006). The northwest portion of the area closed to hunting in Pool 8 contains 

natural and human-constructed islands and emergent wetlands that provide shelter, a range of 
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water depths, and food sources to migrating waterfowl (U.S. Fish and Wildlife Service 2006), 

whereas the area downstream of the islands is characterized by open water and aquatic bed 

habitats. The southern boundary of the area closed to waterfowl hunting in Pool 8 is Lock and 

Dam 8. We sampled a 1,326-ha area that is open to waterfowl hunting immediately upstream of 

the area closed to waterfowl hunting in Pool 8. The city of La Crosse, Wisconsin, is located 

within 19 km from sampling sites and from 2000-2020 had an average annual precipitation and 

temperature of 96.9 cm and 7.7° C (National Centers for Environmental Information 2020b). We 

initiated field sampling in summer 2018 when total precipitation reached was the greatest on 

record from 2000 to 2020 (time period data differed for each pool) at 131.0 cm (National Centers 

for Environmental Information 2020b). During the second year of data collection in 2019, La 

Crosse also had higher than average precipitation at 117.3 cm (National Centers for 

Environmental Information 2020b). 

Pool 13 (Figure A.5 in Appendix A) extends 196 km upstream from Lock and Dam 13 

near Fulton, Illinois at river mile 522.5 to river mile 556.7. Pool elevation on the upstream side 

of Lock and Dam 13 is 177.7 m (U.S. Army Corps of Engineers 2011). We sampled in the 

3,611-ha impounded area of Pool 13, which was open to waterfowl hunting; a corresponding 

area closed to waterfowl hunting, and classified as impounded strata, was not available in Pool 

13. The city of Fulton, Illinois is located within 8.5 km of the sampling area and had an average 

annual precipitation and temperature of 86.5 cm and 9.6° C (National Centers for Environmental 

Information 2020c). We initiated field sampling in summer 2018 when Fulton, Illinois had a 

higher-than-average annual precipitation of 119.6 cm (National Centers for Environmental 

Information 2020c). During the second year of data collection in 2019, Fulton, Illinois had the 
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greatest annual precipitation on record from 1988 to 2020 at 136.3 cm (National Centers for 

Environmental Information 2020c). 

 

METHODS 
 

  

Sampling Design and Field and Laboratory Methods 

Sampling sites were determined on an annual basis by the LTRM by overlaying a 50-by 

50-m grid onto each pool. Grid nodes that fell within LTRM strata were georeferenced and 

represented the population of available sample sites. From this population, sites were selected 

randomly and the total number of sites in each stratum were chosen proportionally according to 

aerial coverage and habitat heterogeneity (Yin et al. 2000). The LTRM generated additional 

sample sites in the area open to waterfowl hunting and the area closed to waterfowl hunting in 

Pool 4 to balance proportions of sites in the area open to waterfowl hunting and the area closed 

to waterfowl hunting. Staff from the U.S. Fish and Wildlife Service used identical methodology 

as LTRM to survey the additional sites. 

Staff from the LTRM guided boats to within 10 m of site coordinates using global 

positioning systems (GPS). Staff from the LTRM used GPS units to navigate boats to sample 

sites, once boats were within 10 meters of a site, staff used anchors to prevent the boat from 

drifting during sampling. Once anchored, staff recorded GPS coordinates and made a visual 

approximation of; non-rooted floating leaved, rooted floating leaved, and emergent species 

within a 2-m radius. Crews collected finer scale visual assessments and a rake sample from each 

of 6 subsample locations (Yin et al. 2000), including 3 subsample locations on each side of the 

boat corresponding to the stern, bow, and the middle of the starboard and port sides. For the rake 

sample, rake teeth were divided into 5 sections to index plant species abundance. Staff assigned a 
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score ranging from 1 to 5 for each aquatic plant species present on the rake. Finally, staff 

recorded water depth, substrate type, and GPS coordinates. In summer 2019 LTRM changed the 

rake scale protocol to identify plant species that were only represented by 1 leaf on the rake as a 

score of trace which would formerly have been recorded as a 1. To be consistent in analyses, we 

changed all rake scores identified with a score of trace to a score of 1. Data collected by the 

LTRM is available publicly at (Long Term Resource Monitoring Program – Vegetation Stratified 

Random Sampling Database Browser, 

https://umesc.usgs.gov/data_library/vegetation/srs/veg_srs_1_query.shtml).  

Core sampling was restricted to backwater contiguous LTRM strata in Pool 4, and 

impounded LTRM strata in Pools 8, and 13. This was based on autumn aerial waterfowl survey 

data, and anecdotal observations, indicating most autumn-staging canvasbacks are found in these 

areas during autumn and spring migration (U.S. Fish and Wildlife Service, unpublished data; S. 

Winter, U.S. Fish and Wildlife Service, personal communication). We conducted substrate core 

sampling in autumn to optimize sampling of wild celery winter buds 1) when wild celery winter 

buds were at or near peak biomass prior to winter dormancy (Donnermeyer and Smart 1985); 2) 

before the arrival of most waterfowl in the autumn; and 3) to minimize disturbance of waterfowl 

that were present and using refuge areas that are closed to migratory bird hunting in Pools 4 and 

8 (there was no closed area available for sampling in Pool 13). We conducted autumn sampling 

across a 3-week period and substrate core sites were distributed across the entire sample area 

during each week to ensure the entire sample area was well represented (Table 1.1). We 

conducted substrate coring in spring before the arrival of migrating waterfowl.  

We collected substrate cores during autumn 2018 and 2019 in Pools 4, 8, and 13, and 

spring 2019 and 2020 in Pool 8 at all sites where LTRM samples from the previous summer 
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indicated the presence (in a visual assessment or on a rake) of wild celery. We conducted 

substrate core sampling at 50% of the sites where LTRM did not detect wild celery to reduce the 

time spent collecting substrate cores where we were unlikely to find wild celery winter buds.  

It is important to note that LTRM rake sampling in the summer and substrate coring in 

autumn represent destructive sampling practices with the potential to influence results obtained 

in subsequent sampling periods. However, the scale of the areas within pools sampled (254-

3,611 ha), the precision that can reasonably be expected from GPS units in the field, the 

influence of wind and currents on the placement of boats when anchored, and the small size of 

the areas affected by sampling activities (0.54 m² for a single rake sample; 0.007 m² for a single 

substrate core) make it unlikely that many, or even any, samples were obtained in the exact 

location where destructive sampling had occurred previously.  
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Table 1.1. Distribution of sampling effort, start, and end dates for substrate core samples taken in 

areas with different management status (open or closed to waterfowl hunting) in Pools 4, 8, and 

13, of the Upper Mississippi River, USA during autumn 2018 and 2019.  

Pool 
Management 

Status 
Sample 
week 

Number of 
sites 

Start of 
Sampling 

End of 
Sampling 

4 

Open 
1 19 23-Sep 27-Sep 
2 20 30-Sep 4-Oct 
3 18 7-Oct 12-Oct 

Closed 
1 80 23-Sep 27-Sep 
2 0a − − 
3 86 7-Oct 12-Oct 

8 

Open 
1 39 23-Sep 27-Sep 
2 39 30-Sep 4-Oct 
3 44 7-Oct 12-Oct 

Closed 
1 58 23-Sep 27-Sep 
2 53 30-Sep 4-Oct 
3 55 7-Oct 12-Oct 

13 Open 

1 75 23-Sep 26-Sep 
2 81 30-Sep 2-Oct 
3 55 7-Oct 9-Oct 
4b 21 15-Oct 18-Oct 

 

a The area closed to waterfowl hunting in Pool 4 could not be sampled during week 2 of 
sampling in 2018 and 2019.  
b Samples were planned originally to occur across a 3-week period; inclement weather and 
hazardous river conditions during 2018 in Pool 13 necessitated sampling to occur across a 4-
week period.  
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During the spring of 2019 in Pool 8 we substrate core sampled before ice broke on the 

UMR from 12 March through 26 March. We sampled 32 sites in the area open to waterfowl 

hunting and 49 sites in the area closed to waterfowl hunting. During spring of 2020 in Pool 8 we 

substrate core sampled from 23 January through 29 January at 56 sites in the area open to 

waterfowl hunting and 33 sites in the area closed to waterfowl hunting. We did not collect cores 

from all sites sampled the prior autumn because of unsafe conditions due to ice break in 2019 

and 2020. We used airboats to navigate to sites and ice augers to drill holes through the ice.  

To collect substrate cores, we anchored boats as close as possible to geographic 

coordinates recorded during LTRM sampling and collected substrate cores from 3 locations 

around the anchored boat using a 9.53 cm inside-diameter corer by inserting it 25 cm into the 

substrate. When substrates were hard or a target depth of 25 cm unobtainable, we recorded the 

actual depth of substrate collected in the corer; all substrate core samples had at least 15 cm of 

substrate. We recorded water depth to the nearest 0.1 m from each substrate core location. We 

washed each substrate core through a 2,000-um mesh sieve bucket, and placed it inside a 121 

liter plastic storage tub. If the contents fell out of the corer on the way to the sieve bucket, or was 

lost in some other way, we discarded that substrate core sample and moved to an alternate 

position on the boat to take a replacement sample in a location where a substrate core sample had 

not already been taken or where material from a previous substrate core sample had fallen to the 

bottom. We transferred all content retained in the sieve bucket into a 61 x 88-cm 6-mil poly bag 

with a labeled data tag. Each of the 3 subsample cores at a site were placed into a single bag with 

a site data tag. Site data tags included the date, time, names of boat crew members, management 

status within the sample pool, site identification number, GPS unit make and model, UTM 

easting and northing and GPS accuracy before sampling began, and UTM easting and northing 
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and GPS accuracy after sampling concluded. We stored the 3 subsample cores for a site, each in 

separate bags and then, together in a 61 x 88-cm 6-mil poly bag with the site data tag. We 

transferred cores to a freezer as soon as possible following collection, where they remained until 

we washed them a second time to remove all remaining sediments.  

We washed all substrate cores a second time by placing each in a 2,000-um mesh sieve 

bucket rinsing the core with water, and flushing sediments and water through the bottom of the 

sieve bucket until no substrate remained. We bagged the 3 substrate cores for a site separately in 

3.8 liter bags and kept them together in another bag. We placed washed samples in a freezer until 

they could be sorted. 

We sorted substrate core samples by identifying all aquatic vegetation to genus or species 

and sorted plant material into 6 categories: 1) winter buds; 2) tubers; 3) stolons; 4) flowers; 5) 

seeds; and 6) foliage and stems. We categorized aboveground structures of wild celery as either 

male flowers, female flowers, or leaves. We used forceps to sort contents and stored sorted 

samples in 8 x 16 cm zip lock bags. We stored sorted material in a freezer until it could be dried. 

Following sorting, we enumerated all wild celery male flowers, female flowers, and winter buds, 

arrowhead (Sagittaria L.) tubers, and sago pondweed (Stuckenia pectinata) tubers. We took wet 

weights of all sorted material, dried it at 60°C to a constant mass (minimum 48 hrs) and recorded 

dry weights to the nearest 0.0001 g within 6 hrs of when the samples were removed from the 

oven.  

 

Data Analyses 

We averaged LTRM wild celery rake scores and water depths for all 6 boat locations at 

LTRM sites and assigned pool number and management status (open or closed to waterfowl 

hunting) based on northing and easting coordinates obtained during sampling. We averaged wild 
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celery winter bud density (winter buds/m²) and biomass (g/m²) from the 3 subsamples and 

calculated the average weight of 1 wild celery winter bud at a site using the total dry weight of 

winter buds and winter bud density at a site. We grouped rake samples recorded in summer 2018, 

and cores collected in autumn 2018 and spring 2019 as sample year 1 as this represented one 

growing season. Similarly, we recorded sample year 2 for LTRM samples in summer 2019 and 

cores collected in autumn 2019 and spring 2020.  

We censored sites from analyses when: 1) the distances between the first coordinates 

recorded during LTRM summer rake sampling and subsequent autumn or spring substrate core 

sampling were >50 m (n = 5); 2) the distance between the first and second coordinates recorded 

during summer LTRM rake sampling was >50 m (n = 1); 3) the distance between the first and 

second coordinates recorded during autumn substrate coring was >50 m (n = 1); 4) no 

coordinates were recorded during substrate cores sampling (n = 9); 5) the water depth exceeded 

the length of the core sampler so no substrate cores could be collected (n = 3); and 6) the 

substrate was frozen during spring substrate core sampling resulting in no substrate cores 

collected (n = 4). We used the first set of coordinates recorded during LTRM summer rake 

sample locations and corresponding autumn substrate core locations to calculate the distance 

between them. We chose an arbitrary cutoff of 50 meters assuming plant communities were no 

longer comparable greater than 50 m apart and an increase in distance between sample locations 

increases the chance plant communities at each location would differ (Koening 1999, Ishihama et 

al. 2010). Only 1 set of coordinates were recorded for 5 substrate core sites sampled in autumn 

2018 and 15 substrate core sites sampled in autumn 2019, but we retained these sites in the 

analysis because only 1 case of severe drift occurred out of 730 substrate core sites. A second set 
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of coordinates were not recorded during spring sampling because sampling was done on ice so 

there was no possibility of drift. We used a total of 883 sites in analyses (Table 1.2).  

 

 

Table 1.2. Number of sites used in analyses from substrate cores collected from Pools 4, 8, and 

13, of the Upper Mississippi River, USA in autumn and spring 2018-2020. 

Year Season Pool Sites 
2018 Autumn 4 112 
2018 Autumn 8 146 
2018 Autumn 13 122 
2019 Autumn 4 91 
2019 Autumn 8 146 
2019 Autumn 13 118 
2019 Spring 8 71 
2020 Spring 8 77 

All years All seasons All pools 883 
 

 

 

We used different analyses for sites with LTRM wild celery rake scores >0, and sites that 

equaled zero (i.e., no wild celery was present at the site). For sites with an LTRM rake score of 

0, we summarized the proportion of sites that had wild celery winter buds, rhizomes, or leaves 

present or absent in substrate cores. In all regression models described below, we only used sites 

with an LTRM rake score >0 for wild celery because these sites had a different probability of 

being core sampled (i.e., 100%) than sites with an LTRM rake score of 0 (i.e., 50%). We used 

the distance between the starting sets of coordinates for LTRM summer rake sampling and 

substrate core sampling to calculate weights which we then used in regression models. We took 

the inverse of the distances between coordinates to put them on a scale from 0 to 1 where values 
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closer to 1, representing LTRM rake and substrate core samples taken close together, had more 

weight than values closer to 0. We gave sites with a distance between 0 and 10 m a weight of 1.  

We used logistic regression to estimate the probability of wild celery bud presence 

relative to a suite of environmental covariates. We used Program R (R Version 1.3.1056, www.r-

project.org, accessed 3 January 2019) for all analyses. We calculated variance inflation factor 

(VIF) values to assess collinearity and observed the linear rake term and quadratic rake terms 

had high VIF scores. To ensure there was little collinearity occurred among predictors we 

removed the quadratic terms for rake score and calculated VIF scores. All variables had VIFs 

<1.3 indicating little correlation among predictors. We started with a global model including all 

potential predictor variables and quadratic terms. We added a weight (i.e., the distance between 

LTRM summer rake sample sites and corresponding substrate core sites) to the global model and 

tested its effect by evaluating if the term improved model fit. We found a better model fit using 

weighted regression, so we included a weight in all subsequent models. We also included 

relevant interactions among predictors. We then used the Drop1 function to determine if 

removing a variable from the model would improve AIC score (Burnham and Anderson 2002) 

and evaluated the significance of predictors. We continued to remove variables until only 

significant predictors (P < 0.05) remained and called this the best fit model. We used 

McFadden’s pseudo-R² to evaluate the prediction improvement of the best fit model over the 

intercept model (McFadden 1974).  

We used multiple linear regression to predict wild celery bud density as a function of 

LTRM rake score, water depth, management status, pool, and year. We evaluated plots of 

residuals versus the fitted values to ensure normality. We plotted independent variables against 

winter bud density and observed rake score and water depth appeared to have a non-linear 



31 
 

relationship. We calculated VIFs to assess collinearity and observed the linear and quadratic term 

for rake score had high VIF scores which is to be expected because the quadratic term for each is 

derived from the linear term. To be certain of no multicollinearity among predictors we removed 

the quadratic term for rake score and calculated VIF scores. No predictor variables had VIF 

scores >1.6 so we concluded variables were not correlated highly with each other. We added a 

weight (i.e., the distance between LTRM summer rake sample sites and corresponding substrate 

core sites) to the global model and tested its effect by evaluating if the term improved model fit. 

We found a better model fit using weighted regression so we included a weight in all subsequent 

models. We also included relevant interactions among predictors. We used the Drop1 function to 

determine if removing a variable from the model would improve AIC score (Burnham and 

Anderson 2002) and evaluated the significance of predictors. We continued to remove predictors 

until the model contained only significant predictors (P < 0.05) and called this the best fit model. 

We used adjusted R² to assess model fit by estimating the amount of variation explained by the 

model adjusted for the number of parameters (Burnham and Anderson 2002). 

We used multiple linear regression models to test for differences in wild celery winter 

bud mass among pools, management status, and substrate core sample date during the autumn 

sampling period, with the average mass (g) of 1 wild celery winter bud at a site as the response 

variable. We included management status and year variables to test interactions among pools or 

substrate core sample date variables. To standardize substrate core sample dates over 2 years we 

converted dates to Julian date. We only included sites that had wild celery winter buds present 

(n=389). We started with a global model that included interactions among predictors. We used 

the Drop1 function in Program R to determine if removing a variable from the model would 

improve AICc score and evaluated the significance of predictors. We continued to remove 
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predictors until the model only included significant predictors (P < 0.05). We used adjusted R² to 

assess model fit by estimating the amount of variation explained by the model adjusted for the 

number of parameters (Burnham and Anderson 2002). We did not test for differences in spring 

because we assumed wild celery winter buds had reached peak biomass the previous autumn and 

the average weight of a winter bud would be consistent throughout spring.  

 

 

RESULTS 
 

LTRM Rake and Substrate Core Sampling 

We used LTRM and USFWS data from 499 total sites in year 1 and 459 total sites in year 

2 distributed among Pools 4, 8, and 13, of the UMR (Table 1.3) in analyses. The number of sites 

that contained wild celery on the rake or visual scores each summer varied by pool and year 

(Table 1.3). In Pool 4 the USFWS sampled 80 of the 145 sites rake sampled in summer 2018, 

and 50 of the 108 sites in 2019.  
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Table 1.3. Total LTRM summer rake sample sites where wild celery was present in the visual or 

rake scores, and the number of sites without wild celery from Pools 4, 8, and 13, of the Upper 

Mississippi River, USA in 2018 and 2019.  

Year Pool 
Sites wild 

celery present 
Sites wild 

celery absent a 

2018 4 86 59 
2018 8 114 69 
2018 13 77 96 
2019 4 76 32 
2019 8 115 65 
2019 13 66 107 

All years All pools 534 428 
 

a We selected half of these sites randomly for substrate core sample in each pool and year.   

 

 

Of the sites in which wild celery was detected on the rake, 74% had winter buds, 75% 

had leaves, and 72% had stolons of wild celery in corresponding substrate cores (Table 1.4). 

Conversely, of sites in which wild celery was not detected by the rake, about 97% of the 

corresponding substrate cores were devoid of winter buds, 76% were devoid of leaves, and 96% 

were devoid of stolons of wild celery. Twenty-six percent of the sites with wild celery present in 

the rake score had no wild celery winter buds in substrate cores (Table 1.4). Of these 167 sites, 

130 had an average rake score less than 1, indicating a relatively low abundance of wild celery at 

these sites. We observed 8 sites where no wild celery was detected on the rake, but winter buds 

in corresponding substrate cores averaged 175 buds/m² (Table 1.4). Of these 8 substrate core 

sites, 5 had 1 wild celery winter bud recovered among the 3 substrate cores collected at the site 

and no other wild celery plant parts were present.  
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Table 1.4. The proportion of sites where wild celery was present or absent in LTRM rake scores 

relative to sites where wild celery winter buds, leaves, or stolons were present or absent in 

substrate cores from Pools 4, 8, and 13, of the Upper Mississippi River, USA in summer, 

autumn, and spring 2018-2020. Numbers in parentheses represent total sites meeting the 

condition.  

 LTRM rake score 
Substrate core condition Wild celery present  Wild celery absent  

Wild celery winter buds present 74.0% (476)  3.3% (8)  

Wild celery winter buds absent  26.0% (167)  96.7% (232)  

Wild celery leaves present 75.1% (483)  24.2% (58)  

Wild celery leaves absent 24.9% (160)  75.8% (182)  

Wild celery stolons present 72.2% (464)  4.2% (10)  

Wild celery stolons absent 27.8% (179)  95.8% (230)  
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Logistic and Linear Regressions 

The best model estimating the probability of wild celery winter bud presence at a site 

contained a linear term for rake score and pool:  

𝐵𝑢𝑑 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 = −3.456 + (3.809 × 𝑅𝑎𝑘𝑒) + (1.867 × 𝑃𝑜𝑜𝑙 8) + (1.666 × 𝑃𝑜𝑜𝑙 13) 

(Tables 1.5 and 1.6). 

 At an average rake score of 1, the probability of finding at least 1 winter bud is 60% 

(95% CI: 36-79) in Pool 4, 90% in Pool 8 (95% CI: 82-95), and 88% in Pool 13 (95% CI: 74-96; 

Figure 1.1). The probability rises to 99% at average rake scores >2.1 in Pool 4, and 1.7 in Pools 

8 and 13 (Figure 1.1).  

The best model for predicting wild celery winter bud density contained a linear and 

quadratic term for rake score; linear terms for pool, management status, and season, and an 

interaction between management status and season:  

𝐵𝑢𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = −153.520 + (391.148 × 𝑅𝑎𝑘𝑒) − (79.821 × 𝑅𝑎𝑘𝑒 ) +

(108.901 × 𝑃𝑜𝑜𝑙 8) + (58.241 × 𝑃𝑜𝑜𝑙 13) + (64.528 × 𝐶𝑙𝑜𝑠𝑒𝑑) − (13.174 × 𝑆𝑝𝑟𝑖𝑛𝑔) −

(71.703 × 𝐶𝑙𝑜𝑠𝑒𝑑 × 𝑆𝑝𝑟𝑖𝑛𝑔) (Tables 1.5 and 1.6).  

 Rake scores were positively related to wild celery winter bud density up to a rake score 

of 2.3, after which the relationship became negative (Figure 1.2). Wild celery winter bud 

densities were greatest in Pool 8 and lowest in Pool 4 (Figure 1.3), greater in areas closed to 

waterfowl hunting in autumn, and greater in the area open to waterfowl hunting in Pool 8 during 

spring relative to the area closed to waterfowl hunting in Pool 8 during spring (Figure 1.4). 

Overlapping confidence intervals indicated no statistical difference between the area open to 

waterfowl hunting in Pool 8 during spring and the area closed to waterfowl hunting in spring 

(Figure 1.4, Table 1.6). 
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The best model testing for differences in the average mass of 1 wild celery winter bud 

among pools and across the 3-week autumn sample period contained linear terms for sample 

date, year, and management status, and an interaction between management status and sample 

date:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑖𝑛𝑡𝑒𝑟 𝑏𝑢𝑑 𝑚𝑎𝑠𝑠 = 

0.098 + (0.002 × 𝐷𝑎𝑡𝑒) + (0.018 × 𝑌𝑒𝑎𝑟) − (0.002 × 𝑂𝑝𝑒𝑛) − (0.002 × 𝑂𝑝𝑒𝑛 ×

𝐷𝑎𝑡𝑒) (Table 1.7). 

Average wild celery winter bud mass was greater in areas closed to waterfowl hunting 

compared to areas open to waterfowl hunting, and in autumn 2019 compared to 2018 (Table 1.8). 

The average mass of a wild celery winter bud in 2018 was 0.10 ± 0.003g (se) and in 2019 was 

0.12 ± 0.061g.  
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Table 1.5. Global and final reduced models for predicting wild celery winter bud presence 

(logistic regression) and density (linear regression) in Pools 4, 8, and 13, in the Upper 

Mississippi River, USA, in autumn and spring from data collected in summer of 2018 and 2019, 

autumn of 2018 and 2019, and spring of 2019 and 2020. Also presented is the number of model 

parameters (K), AICc, ΔAICc, and the R². Models are arranged as the reduced model containing 

only significant variables (α = 0.05), above the global model containing all possible predictors. 

 

 

  

Regression Model 
 

K AICc ΔAICc R² 
logistic reduced rake + pool 4 54.44 0.00 0.3901 

 
full rake² + pool + year + depth + 

season*management status 
11 66.32 11.88 0.4023 

linear reduced rake² + management status *season + 
pool 

9 8669.21 0.00 0.3576 

 
full rake² + pool + year + depth +  

season* management status 
12 8671.96 2.75 0.3580 
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Table 1.6. Parameter estimates and 95% confidence intervals for models predicting wild celery 

winter bud presence (logistic regression) and density (linear regression) on data collected from 

Pools 4, 8, and 13, in the Upper Mississippi River, USA, during 2018-2020. 

Regression Parameter     β           95% CIs 
 P-value 

logistic  intercept -3.456 -5.038   –    -2.099 <0.001 

 rake 3.809 2.715   –     5.090  <0.001 
 pool: 8 1.867 0.739   –     3.095  0.002 
 pool: 13 1.666 0.330   –     3.116  0.018 
      
linear  intercept -153.520 -209.711  –  -97.330  <0.001 

 rake 391.148 329.535  –-452.761  <0.001 

 rake² -79.821 -99.310  –  -60.331  <0.001 

 management status: closed 64.528 25.389  – 103.667  0.001 

 pool: 8 108.901 71.327  – 146.474  <0.001 

 pool: 13 58.241 4.702  – 111.780  0.033 

 season: spring -13.174 -62.914  –   36.566  0.603 
 closed * spring -71.703 -138.329   –    -5.078  0.035 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



39 
 

 
 

Figure 1.1. The probability of encountering a wild celery winter bud in a substrate core in Pools 

4, 8, and 13, relative to the average LTRM rake score, from samples collected during 2018-2020 

in the Upper Mississippi River, USA. Confidence intervals are at the 95% confidence level 

around the trend line of the best fitting statistical model.  
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Figure 1.2. Wild celery winter bud density (m²) from substrate core samples relative to average 

LTRM rake score at sites in areas open to waterfowl hunting (red) and areas closed to waterfowl 

hunting (green) in Pools 4, 8, and 13, of the Upper Mississippi River, USA, from data collected 

during 2018-2020. Confidence intervals are at the 95% confidence level around the trend line 

from the best fitting statistical model. Dashed lines correspond to the maximum predicted winter 

bud density in each Pool and management status.  
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Figure 1.3. Wild celery winter bud density (m²) and confidence intervals at the 95% confidence 

level from the best fitting statistical model from substrate core samples in Pools 4, 8, and 13, of 

the Upper Mississippi River, USA, during 2018-2020.  
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Figure 1.4. Predicted wild celery winter bud density (m²) and 95% confidence intervals from the 

best fitting statistical model from substrate cores collected in an area open to waterfowl hunting 

in Pools 4, 8, and 13, and an area closed to waterfowl hunting in Pools 4 and 8 of the Upper 

Mississippi River, USA, during the autumn of 2018-2019, and an area open to waterfowl hunting 

and an area closed to waterfowl hunting in Pool 8 during the spring of 2019-2020.  
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Table 1.7. The global model and final reduced model testing the effects of pool, management 

status, year, and sample date on the average mass of a wild celery winter bud in autumn in Pools 

4, 8, and 13, in the Upper Mississippi River, USA. Data are from substrate cores collected in 

autumn 2018 and 2019. Also presented is the number of model parameters (K), AICc, ΔAICc, 

and the adjusted R². 

 

Model   K AICc ΔAICc R² 
reduced management status*date + year 6 -1216.1 0.0 0.083 
full management status*date + date*year + pool*date 11 -1209.2 6.9 0.080 

 
 

 

 

Table 1.8. Parameter estimates and 95% confidence intervals for linear regression models testing 

the effects of predictor variables on the average mass of a wild celery winter bud in autumn. 

Substrate cores were collected from areas open to waterfowl hunting, and areas closed to 

waterfowl hunting in Pools 4, 8, and 13, from the Upper Mississippi River, USA in autumn 2018 

and 2019. 

 

Parameter β         95% CIs 
 P-value 

intercept 0.098 0.084 –  0.111  <0.001 
date 0.002 0.001 –  0.003  0.004 
year: 2019 0.018 0.008 –  0.028  <0.001 
management status: open -0.002 -0.021 –  0.016  0.802 
open * date -0.002 -0.004 – -0.005  0.011 
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DISCUSSION 

The ability to monitor and estimate important waterfowl food like wild celery winter 

buds annually within the UMR would allow planners to make informed habitat management 

decisions and provide critical data for UMGL JV conservation planning. Wild celery winter buds 

are time-consuming and expensive to sample, so we investigated if standard LTRM protocols, 

along with a suite of other variables, could reliably predict wild celery winter bud presence, 

density, and mass. Results indicate a rake score, whereby wild celery leaves are sampled in mid-

summer (Yin et al. 2000), was a good predictor of wild celery winter bud density in autumn and 

spring. Factors such as river pool, management status (open vs. closed to waterfowl hunting), 

and season (autumn vs. spring) also influenced wild celery winter bud density but to a lesser 

extent. Water depth and different years had no detectable effect on the predicted density of wild 

celery winter buds. Furthermore, among the variables we examined, LTRM rake score and river 

pool were the only variables that were significant statistically in explaining wild celery winter 

bud presence.  

We anticipated a positive linear increase between wild celery winter bud density and 

LTRM rake score of wild celery. Instead, we found support for a non-linear relationship where 

winter bud density peaked at approximately an average LTRM rake score of 2.3. This suggests a 

rake method can reliably predict wild celery winter bud biomass until a rake score of 2.3, after 

which, the relationship becomes unreliable with limited data and wide confidence intervals. Titus 

and Hoover (1991) reported a strong linear correlation between dry leaf biomass and winter bud 

density for wild celery (R² = 0.8 to 0.9) for plants grown from winter buds. Likewise, Kenow et 

al. (2007) and Yin and Kreiling (2011) report a positive linear relationship between the sum of 

rake scores using the LTRM rake method and wild celery biomass collected from quadrats in 
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Pool 8 of the Upper Mississippi River. However, both studies had few sites with an average 

LTRM rake score greater than 2.3 similar to this study, which is near the asymptote of our non-

linear relationship (Figure 1.2). Of the 883 sites sampled in this study, there were limited data at 

sites with an LTRM rake score greater than 2.3 (n = 40) and winter bud density was distributed 

widely at the limited data available (93−1,403 winter buds/m²), this could have led to the non-

linear relationship we observe after an LTRM rake score of 2.3.  

We identified several factors that might explain the non-linear relationship between 

LTRM wild celery rake scores and subsequent winter bud density. First, plant morphology 

influences the ability of rake sample methods to collect plants. Plants like wild celery with a 

basal rosette growth form, long slender leaves, and an established root system (Catling et al. 

1994) are harder to collect on the rake (Capers 2000, Spears et al. 2009, Owens et al. 2010, Yin 

and Kreiling 2011). This could lead to variation in wild celery biomass within each of the five 

rake scores, or variation in the biomass recovered by the rake in different wild celery densities, 

which could have led to the variation we observed at higher rake scores. Second, differences in 

wild celery winter bud production and leaf production related to conspecific and heterospecific 

competition could result in different shoot biomass or number of winter buds. Titus and Stephens 

(1983) found wild celery winter bud production differed between conspecifics and 

heterospecifics, where monotypic stands of wild celery produced more winter bud biomass, and 

wild celery next to Chara produced more shoot biomass. The relationship between rake score 

and winter bud density could be affected by differences in winter bud production among plants, 

especially if less winter buds are produced along with greater shoot biomass in the presence of 

heterospecifics. Third, foraging pressure by waterfowl and other aquatic wildlife that occurred 

during the season in which we collected substrate cores, could have been greater at sites where 
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LTRM wild celery rake scores were greatest. Waterfowl are known to focus foraging efforts 

disproportionally in energy rich food patches (Straub et al. 2012, Hagy et al. 2014a, Beatty et al. 

2017). Field crews collecting substrate core samples in Pools 8 and 13 observed groups of 

canvasbacks and other waterfowl foraging during the final week of substrate core sampling each 

autumn. Some depletion could have occurred at sample sites with the greatest LTRM rake scores 

before we sampled for wild celery winter buds in early autumn. Fourth, canvasbacks select 

preferentially for larger wild celery winter buds (Takekawa 1987, Lovvorn and Gillingham 

1996). Likewise, it is advantageous for wild celery to develop larger buds which have greater 

survival, more vigor to arise from deeper burial depths, produce more biomass, and produce 

more clones and winter buds (Titus and Hoover 1991, Doyle and Smart 2001). Therefore, areas 

with greater wild celery winter bud density and greater mass among individual winter buds may 

experience more foraging pressure than others. Lastly, other environmental co-variates such as 

substrate type and firmness, water velocity, and water clarity could influence SAV growth 

(Bellrose et al. 1979, Peck and Smart 1986, Rodusky et al. 2005, Masto 2020) and could account 

for variation not explained by the models. However, because there were insufficient sample sizes 

for some substrate types, and we did not collect data on water velocity and water clarity data, we 

could not evaluate the effect of these co-variates. 

The density of wild celery winter buds was greater in areas closed to waterfowl hunting 

than areas open to waterfowl hunting in autumn (Figure 1.4). In spring, confidence intervals for 

both areas overlapped 0, indicating no significant statistical difference in wild celery winter bud 

density between areas. Wild celery winter buds anchor in the substrate, so they likely remain in 

the same location from autumn until the subsequent spring (McFarland and Shafter 2008). 

Therefore, we attribute the decrease in wild celery winter buds from autumn to spring in the area 
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closed to waterfowl hunting in Pool 8 to waterfowl foraging, assuming winter buds would have 

otherwise persisted in the substrate from autumn to spring. Increased foraging in the area closed 

to waterfowl hunting could be linked to; 1) increased opportunities for waterfowl to forage and 

rest with less disturbance pressure during autumn migration, and 2) greater mass among 

individual winter buds in the area closed to waterfowl hunting compared to the area open to 

waterfowl hunting.  

Growth of waterfowl populations may be limited by food availability in winter and spring 

(Anteau and Afton 2006, Greer et al. 2009). Conditions experienced at spring stopover locations 

have been linked to breeding effort, reproductive success, and body condition on the breeding 

grounds in waterfowl (Alisauskas 2002, Arzel et al. 2006, Devries et al. 2008). These links in 

events and habitats among seasons are examples of cross-seasonal effects (Sedinger and 

Alisauskas 2014). We found the density of wild celery winter buds declined about 31% from 

autumn to spring in the area closed to waterfowl hunting in Pools 4 and 8 in autumn, and in Pool 

8 during spring, whereas densities were similar between autumn and spring in the areas open to 

hunting in Pools 4, 8, and 13, during autumn, and the area open to hunting in Pool 8 in spring. 

Because there is no hunting pressure in spring, waterfowl foraging is likely different within the 

sample areas from autumn to spring (Evans and Day 2002). While we sampled wild celery prior 

to most spring migrating waterfowl arrival, future research could predict post-spring migration 

energetic supply to estimate depletion during spring. This would inform managers if there is a 

sufficient energetic supply for migrating waterfowl during spring when waterfowl, especially late 

migrating birds, can be limited by energetic supply. Regardless, wild celery comprises a large 

and consistent proportion of the SAV biomass in the UMR (Korschgen et al. 1997, Long Term 

Resource Monitoring 2016) and is important for conservation efforts of this region. 
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We wanted to explore potential differences in wild celery winter bud density to determine 

if data collected with the LTRM rake method, which is used in other pools within the UMR 

besides Pools 4, 8, and 13. Only Pool 8 was different from Pool 4 (Figure 1.3) and Pool 8 had a 

greater mean density of wild celery winter buds compared to Pools 4 and 13, implying different 

environmental conditions among pools. This is important to consider when estimating waterfowl 

food in the UMR because differences in conditions among pools could lead to an over or under 

estimation of food in each area. Current estimates of wild celery winter buds for autumn in the 

UMR used by the UMGL JV are from studies that sampled wild celery beds in Pools 7, 8, and 9 

(Donnermeyer 1982, Korschgen et al. 1988, Kenow and Boma 2007; formerly Kenow 

unpublished in Soulliere et al. 2017). We expand on previous research in Pool 8 (Kenow and 

Boma 2007) by sampling areas without wild celery, and allowed for comparisons among Pools 4, 

8 and 13, that differ ecologically and spatially. Densities of wild celery winter buds were greater 

in the areas closed to waterfowl hunting compared to the areas open to waterfowl hunting in 

autumn. Current closed areas are configured optimally, relative to areas open to waterfowl 

hunting, to encompass areas with greater waterfowl food resources during autumn, a period 

when hunting pressure can restrict waterfowl access to food resources. Although closed area 

boundaries were established around areas containing wild celery to increase food resources for 

migrating waterfowl (U.S. Fish and Wildlife Service 2006). 

Distance between rake and subsequent substrate core locations could inhibit comparisons 

by reducing presumed spatial autocorrelation (Carhart and De Jager 2019). We accounted for this 

by removing sites sampled >50 m apart that may have had plant communities different enough to 

prevent valid comparisons. We assumed sites sampled closer together had more relatedness in 

plant communities than sites sampled farther apart, so we increased weights of sites with rake 
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and substrate core locations nearer each other. We collected substrate cores deep enough (25 cm) 

to collect all winter buds within the substrate profile replicating the substrate core methodology 

used by Kenow and Boma (2007). The mean depth of wild celery winter buds was 10-15 cm, 

depending on the substrate, in the Potomac River, Maryland, USA (Rybicki and Carter 1986, 

Mcfarland and Shafer 2008) and 7.5 cm in the UMR (Takekawa 1987). Therefore, we are 

confident that most if not all winter buds were collected using 25-cm deep substrate cores. The 

range of water depths sampled, due to LTRM sampling, was restricted to <3 m (Yin et al. 2000); 

the deepest site we sampled was 2.8 m. As water depth increases, light penetration decreases, 

which inhibits growth of wild celery (Hunt 1963, Kimber et al. 1995, Rybicki and Carter 2002). 

We did not sample in sites deep enough to document this relationship, and believe this is why 

water depth was not an explanatory variable in the best fitting statistical models.   

Rake sampling requires less time, less equipment, and is safer than other sampling 

procedures for estimating densities of wild celery winter buds. On average, the LTRM rake 

method required 10 min per sites (Kenow et al. 2007), while quadrat sample collection required 

65 min per site (Kenow et al. 2007) and collection and processing required 4 hours per site (Yin 

and Kreiling 2011). Substrate core sampling and processing in this study was also more labor 

intensive in the field and processing material in substrate cores took more time. In addition, 

substrate core sampling materials and processing equipment were costly compared to equipment 

used for rake sampling. Rake sampling is also less dangerous than quadrat sampling because 

divers do not have to enter the water to sample (Rodusky et al. 2005, Kenow et al. 2007). 

In the UMR, wild celery winter buds reach peak biomass typically in early to mid-

October (Donnermeyer and Smart 1985). We observed a weak relationship (R² = 0.08) between 

the average mass of a wild celery winter bud and sample date from 23 September to 18 October, 
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and this relationship varied in areas open and closed to waterfowl hunting. We also observed a 

small difference in average wild celery winter bud biomass between years, with winter buds 

14.5% larger in 2019, likely the result of different environmental conditions in these years. 

Regardless, we did not find compelling evidence that average wild celery winter bud biomass 

changed in autumn over the range of dates sampled and recommend future sampling efforts 

could start at the end of September. Managers should weigh the benefits of sampling before most 

migrating birds arrive to reduce disturbance and wild celery winter bud consumption, with 

collecting winter buds at peak biomass. The relationship between sample date and wild celery 

winter buds should not be extrapolated for dates beyond the date range sampled in this study as 

the relationship would likely change if winter buds were sampled earlier in the growing season.  

We also tested for differences in average wild celery winter bud biomass among Pools 4, 

8, and 13, as they represent different latitudinal gradients. There are two ecotypes recognized for 

wild celery in the conterminous U.S. (McFarland and Shafer 2008). The southern ecotype exists 

in tropical, and subtropical areas and does not produce winter buds, contradictory to the northern 

ecotype examined in this study (McFarland and Shafer 2008). It is possible winter buds could be 

smaller in Pool 13 compared to Pool 8, which would be smaller than Pool 4 because of the 

latitudinal gradient and associated cooler temperatures, but we did not find evidence to support 

the average weight of a wild celery winter bud changed among pools (i.e., latitudes) in this study.  

In 2018 and 2019, weather stations in the study areas recorded greater than average 

annual precipitation. High water within all study pools remained for extended amounts of time in 

the beginning of each growing season and may have influenced SAV growth because of a deeper 

water column, and subsequently reduced sunlight; and suspended sediments carried by high 

flows would have reduced light penetration. In summer 2019, and especially in Pools 8 and 13, 
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anecdotal evidence indicated SAV growth and development was delayed in the growing season 

due to high and persistent discharge from May through July (D. Drake and K. Bales, Wisconsin 

Department of Natural Resources and Iowa Department of Natural Resources, respectively, 

personal communication.). This delayed plant growth resulted in the absence of wild celery in 

rake samples taken early in the growing season, though wild celery was observed in these areas 

later in the growing season. Even so, of the 240 sites used in analyses where LTRM rake score 

did not detect wild celery, 8 substrate core sites (3.3%) had wild celery winter buds, 3 of which 

were in Pool 8 in autumn 2019, 4 in Pool 8 the following spring (2020), and all were in the 

closed area within 5 meters of the LTRM rake sample location. Therefore, even though wild 

celery was observed visually growing in locations later in summer where it was not detected on 

the rake earlier in summer, we do not have evidence that indicates winter buds grew at a high 

proportion of these sites. As the LTRM continues to document ecological conditions during high 

water years, future work should focus on aquatic plant and winter bud growth responses to these 

events to understand potential consequences to wildlife.  

 

MANAGEMENT IMPLICATIONS 

Managers must monitor the effects of habitat management projects, climate change, and 

other environmental factors on wildlife and their habitats to enhance management objectives. We 

suggest managers in Pools 4, 8, and 13, can use annual LTRM rake samples in summer to predict 

the presence of wild celery winter buds and estimate the density of wild celery winter buds in 

autumn and spring. We attribute differences significant among pools to ecological differences, 

therefore we encourage managers across the range of wild celery to use a rake method calibrated 

to the area of interest, in combination with other predictor variables specific to the system being 
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studied. Additionally, managers should collect substrate core samples during late September to 

early October within Pools 4-13 to achieve peak biomass estimates before large numbers of 

migrating waterfowl arrive.  

The UMGL JV waterfowl habitat conservation strategy relies on studies that estimate 

food density in a habitat type to predict the capacity of the region to support target waterfowl 

populations (Soulliere et al. 2017, North American Waterfowl Management Plan 2018). Current 

forage energy estimates used by the UMGL JV (Soulliere et al. 2017) to calculate forage energy 

(kJ/ha) in autumn and spring for aquatic bed habitat like the areas in this study are from 

estimates that vary considerably from one another. A rake method is a cost-effective and time-

saving alternative to substrate core sampling that makes monitoring waterfowl food more 

accessible, leading to more refined habitat objectives and informed management decisions.  
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CHAPTER TWO: ESTIMATING ENERGETIC CARRYING CAPACITY FOR 
WATERFOWL IN POOLS 4, 8, AND 13, OF THE UPPER MISSISSIPPI RIVER 

 

ABSTRACT 

Food availability in non-breeding areas, like migratory stopover sites and wintering 

grounds is thought to limit waterfowl populations (Williams et al. 2014). Partnerships like the 

Upper Mississippi Great Lakes Joint Venture (UMGL JV) aim to conserve waterfowl 

populations through habitat management using bioenergetics models to estimate the waterfowl 

an area can support during autumn and spring migrations. The Upper Mississippi River (UMR) 

is a major stopover location for migrating waterfowl including diving ducks that feed on aquatic 

vegetation. Our goal was to estimate waterfowl food biomass (kg/ha) for waterfowl and energetic 

carrying capacity for diving ducks using Pools 4, 8, and 13 of the UMR. We collected substrate 

core samples to estimate food biomass in an area open and closed to waterfowl hunting within 

Pools 4 and 8 in autumn, Pool 8 in spring, and an area open to waterfowl hunting in Pool 13 in 

autumn. Total food biomass in autumn was greatest in the area closed to waterfowl hunting in 

Pool 4 (727.5 ± 42.4 kg/ha), and least in the area open to waterfowl hunting in Pool 13 (313.4 ± 

29.1 kg/ha). Wild celery winter buds contributed the greatest proportion of energy (kcal/ha) to 

total energetic carrying capacity in all areas (54-77%), except the area open to waterfowl hunting 

in Pool 4 where winter buds and seeds contributed nearly equal amounts of energy (30% and 

31%, respectively). In Pool 8, wild celery winter bud biomass within the area closed to 

waterfowl hunting declined by 44% between autumn and spring compared to a 35% decline in 

the area open to waterfowl hunting. Estimates of waterfowl food in autumn and spring can be 

used by the UMGL JV to refine carrying capacity models and guide waterfowl habitat 

management in the region.  
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INTRODUCTION 
 

During migration, waterfowl use stopover sites where they seek food to meet energetic 

demands and refuge to rest (Davis et al. 2014, Stafford et al. 2014). Food conditions encountered 

during migration can affect the nutritional state and performance of individuals in successive 

stages of life (Alisauskas 2002, Bety et al. 2003, Heitmeyer 2006). These cross-seasonal effects 

(Sedinger and Alisauskas 2014) have expanded waterfowl research from a focus on population 

dynamics in nesting areas, to examining the role of habitats in other seasons on waterfowl 

populations (Arzel et al. 2006, Newton 2006, Sedinger and Alisauskas 2014).  

Concerns have been raised about the effect of limited food abundance encountered at 

spring staging areas (Anteau and Afton 2006, Arzel et al. 2006, Straub et al. 2012, Stafford et al. 

2014) where waterfowl rely mostly on food leftover from the previous autumn and await the 

thaw of staging areas as they continue to migrate northward (Stafford et al. 2014, Schepker et al. 

2019). Nutrients accumulated during spring migration can influence breeding effort, reproductive 

success, and body condition of waterfowl on the breeding grounds in summer (Alisauskas 2002, 

Arzel et al. 2006, Devries et al. 2008). Autumn and winter habitats also are important as they 

enable waterfowl to complete spring migration by providing them with food resources and areas 

to rest (Kaminski and Gluesing 1987, Davis et al. 2014).  

In the conterminous United States, wetland habitats have declined 50% in the last 3 

centuries, from 890 to 445 billion hectares (Dahl 2011). Although wetland area increased from 

1998 to 2004 (Dahl 2011), the quality of the urban and agricultural wetlands that account for 

much of the area gained likely are unequal to the wetlands on which waterfowl have depended 

historically (Edwards and Proffitt 2003, Rooney et al. 2015). In addition, net gains in wetland 

area are disproportionate to the loss of natural wetland area for different wetland types (Dahl 
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2011). For example, gains in freshwater ponds offset the loss of freshwater vegetated wetlands, 

however gains in freshwater ponds are in the form of urban and farm ponds, whereas the area of 

natural ponds continues to decline (Dahl 2011). Considering an estimated 80% of wetland 

declines have been associated with agricultural activities (Copeland 2010) and half of remaining 

freshwater wetlands are forested (Dahl 2011), there is a disproportionate effect on waterfowl 

species adapted for open and deep-water habitats. Whereas some species of dabbling ducks 

(Tribe Anatini) and geese (Tribe Anserini) can feed on high-energy agricultural waste grain 

(Pearse et al. 2011, Davis et al. 2014), other species like diving ducks are clumsy on land, 

adapted to feeding by diving below the water surface, and require large expanses of open water 

to take off (Kortright 1942, Raikow 1973). The ability to dive enables diving ducks to capitalize 

on foods other species of ducks are not able to reach by dabbling; however, these morphological 

differences restrict diving ducks to open water ponds, rivers, and lakes that make up an estimated 

24% of the total freshwater wetlands in the conterminous United States (Dahl 2011). Natural 

wetland habitat continues to decline at a continental scale (Dahl 2011) and waterfowl could 

experience more food limitations as more wetland area is lost. Additional research is needed on 

the effect of food limitations on waterfowl in phases and years following initial insufficient food 

supplies, especially in ducks (Sedinger and Alisauskas 2014).  

Canvasbacks are adapted to diving and feeding underwater on the belowground winter 

buds of wild celery and are reliant on this food source (Anderson 1959, Korschgen et al. 1988). 

Historically, canvasbacks relied on dense beds of wild celery in the Illinois River, as well as 

lakes in Wisconsin and Minnesota, during autumn, winter, and spring (Wilson 1935). However, 

SAV in these regions declined drastically in the first half of the twentieth century (Mills et al. 

1966, Havera 1999). Wild celery increased in coverage and abundance in the Upper Mississippi 
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River (UMR), after the installation of navigation locks and dams in the 1930s, which created 

favorable conditions for SAV (Mills et al. 1966, Lubinski 1993, U.S. Geological Survey 1999, 

Peck and Smart 1986). Consequently, waterfowl began to congregate on the food-rich UMR 

(Korschgen et al. 1988). Submersed aquatic vegetation downstream of Pool 13 has since 

declined, and currently SAV is restricted to pools upstream of Pool 14, which now serve as 

important staging areas for canvasbacks and other waterfowl (Serie et al. 1983, Bellrose et al. 

1979, Moore et al. 2010).  

The association between canvasbacks and wild celery has been documented throughout 

stopover and wintering areas, many of which have experienced wild celery declines or 

eliminations from the system (Korschgen et al. 1988, Perry et al. 2007, Lovvorn 1989). As a 

result, canvasbacks in some areas shifted diets from vegetative material to benthic invertebrates 

(Perry and Uhler 1988, Lovvorn 1989). This could have consequences for canvasbacks, as 

illustrated by research that found canvasback body mass was lower when they were fed 

alternative food sources, like benthic invertebrates, compared to canvasbacks fed wild celery 

winter buds (Jorde et al. 1995). Additionally, canvasbacks must consume more benthic 

invertebrates to gain or maintain body weight compared to wild celery winter buds (Haramis et 

al. 2001, Hughes at al. 2019) and thus expend more energy diving (Takekawa 1987). Finally, the 

inability to increase body weight has implications beyond the season when canvasbacks 

experience food constraints as body mass is positively related to survival throughout the annual 

cycle (Haramis et al. 1986). Thus, the large scale of which wild celery has declined across 

traditional canvasback wintering and stopover areas could influence canvasback populations.   

Loss of habitat and subsequent effects on waterfowl populations led to the signing of the 

North American Waterfowl Management Plan (NAWMP) in 1986. The NAWMP is a 



64 
 

continental initiative that aims to restore waterfowl populations through targeted habitat 

management (North American Waterfowl Management Plan 1986). To narrow the scope of the 

plan, areas in North America were divided into habitat Joint Venture regions. Joint Ventures 

include a collection of partnerships aimed at delivering and assessing goals of the NAWMP 

(Williams et al. 1999).  

Joint Ventures responsible for non-breeding areas use bioenergetics models to estimate 

the habitat needed to achieve waterfowl population goals set by the NAWMP (Williams et a. 

2014, Fleming et al. 2019). Bioenergetics include estimates of energy supply (biomass of 

waterfowl food and true metabolizable energy of waterfowl foods) and energy demand (daily 

energy requirements of waterfowl; Williams et al. 2014). The Upper Mississippi Great Lakes 

Joint Venture (UMGL JV) uses bioenergetic models to establish habitat objectives for 4 wetland 

types including emergent, aquatic bed, forested, and open water (Soulliere et al. 2017).  

The Upper Mississippi River (UMR) is within the UMGL JV and is classified primarily 

as aquatic bed wetland type defined by open water areas including ponds, rivers, and lakes 

dominated by SAV (Soulliere et al. 2017). The UMGL JV recognizes aquatic bed areas within 

the region as high priority non-breeding habitat for canvasbacks (Soulliere et al. 2017). The 

UMGL JV uses 9 estimates of food biomass from aquatic bed wetlands in autumn, and 3 in 

spring to calculate estimates of forage energy (kJ/ha) available to waterfowl in aquatic bed 

habitat within the region. Forage energy and total area of aquatic bed wetlands within the region 

are used to establish habitat objectives expressed as area needed to support regional duck 

populations. Thus, limited estimates of food biomass for wetland types could lead to insufficient 

assumptions about the availability of food for waterfowl in the region. With the alarming 

reduction in wetland acreage (Dahl 2011), and the effects waterfowl can experience from a lack 
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of food (Sedinger and Alisauskas 2014), it is critical that habitat management be directed where 

it is most needed. Management of the UMR and other stopover sites is critical to support the 

quantity of waterfowl using the area because up to 75% of the continental population of 

canvasbacks have been reported using the UMR as a staging area in autumn (Korschgen et al. 

1985). 

The limited food biomass estimates available for aquatic bed wetlands is in part a 

reflection of limitations in monitoring SAV, especially the belowground plant organs that 

canvasbacks consume. Rapid assessment surveys of emergent vegetation use seed head density 

and a suite of other measurements to estimate food biomass and are faster and easier than 

traditional core or quadrat sampling (Gray et al. 2009). These surveys made monitoring 

waterfowl food more accessible (Tavernia et al. 2016), which in turn has led to better focused 

management actions. However, SAV is below the water surface and can be difficult to observe in 

turbid waters which are common in the UMR (Yin and Kreiling 2011). Rake sampling has been 

used to measure aquatic vegetation reliably (Capers 2000, Kenow et al. 2007, Yin and Kreiling 

2011, Masto 2020). However, no time-saving alternative existed previously to estimate 

belowground plant organs, like wild celery winter buds. Thus, estimates of food estimates for 

wild celery winter buds are limited. The UMGL JV uses 3 estimates of wild celery winter bud 

biomass from the UMR to inform habitat goals (Donnermeyer 1982, Korschgen et al. 1988, 

Kenow and Boma 2007; formerly Kenow, unpublished in Soulliere et al. 2017). These estimates 

may not be representative of the entire area canvasbacks use in the UMR.  

Our goal was to estimate the biomass of all waterfowl foods (kg/ha) including foliage and 

stems, seeds, and belowground plant organs of aquatic vegetation in Pools 4, 8, and 13, of the 

UMR in autumn, and Pool 8 in spring for use in future conservation planning. We will estimate 
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energetic carrying capacity (duck energy days/ha) of waterfowl foods for diving ducks using the 

UMR, using estimates of biomass from substrate cores.   

 

STUDY AREA 
 

Substrate cores were retrieved from Pools 4, 8, and 13. Please refer to chapter 1 for study 

area descriptions.  

 

METHODS 
 

Sampling Design 

Please refer to chapter 1 for a detailed explanation of the sampling design including 

substrate core site selection, dates of field sampling, and field methodology.  

 

Laboratory Methods  

We sorted substrate core samples by identifying all aquatic vegetation to genus or species 

and sorted plant material into 6 categories: 1) winter buds; 2) tubers; 3) stolons; 4) flowers; 5) 

seeds; and 6) foliage and stems. Seeds were lumped together for analyses without identifying 

them to genus or species. For seeds in substrate cores collected in the autumn of 2019 and spring 

of 2020, we identified wild rice (Zizania aquatica) seeds in substrate core samples collected in 

autumn 2019 and spring 2020 but lumped wild rice seeds with all other seeds for analyses. We 

categorized belowground structures of wild celery as stolons or winter buds, and aboveground 

structures as male flowers, female flowers, or leaves. We counted all wild celery male flowers, 

female flowers, and winter buds, arrowhead (Sagittaria latifolia or S. rigida) tubers, and sago 

pondweed (Stuckenia pectinata) tubers. We categorized curly-leaf pondweed (Potamogeton 
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crispus) turions as foliage and stems. We used forceps to sort contents and stored sorted samples in 

8 x 16 cm zip lock bags that were frozen until they could be dried. We recorded wet weights of 

all sorted materials, dried them at 60°C to a constant mass (minimum 48 hrs), and recorded dry 

weights to the nearest 0.0001 g within 6 hrs.  

 

Data Analyses 

We calculated the mean dry biomass (kg/ha) of waterfowl foods including SAV, seeds, 

stolons, winter buds, and tubers from the 3 substrate cores from each site. We then calculated the 

mean of waterfowl foods across all sites within the area open to waterfowl hunting in Pools 4, 8, 

and 13, and the area closed to waterfowl hunting in Pools 4 and 8 in autumn, and within the area 

open to waterfowl hunting, and the area closed to waterfowl hunting in Pool 8 in spring. We did 

not summarize plants consumed infrequently by waterfowl (Anderson 1959, Thompson 1973, 

Korschgen et al. 1988, Havera 1999). We then calculated the mean dry biomass (kg/ha) of all 

waterfowl foods combined in each study area. We used the mean dry biomass all waterfowl 

foods as a response variable in a multiple linear regression model and tested for a potential 

difference in the effects of pool, management status, year, and season, and an interaction among 

pool and management status. A sample year is represented by substrate core samples from 

autumn and spring, with year 1 comprised of autumn 2018 and spring 2019, and year 2 

comprised of autumn 2019 and spring 2020. We evaluated plots of residuals versus the fitted 

values to ensure normality. We evaluated 1 model; with pool, year, season, and management 

status as additive fixed effects, and an interaction among pool and management status. We used 

α = 0.05 to guide if an effect was included in the presentation of energetic carrying capacity. We 

used Program R (v1.3.1056; R Core Team 2020) for all analyses.  
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We calculated energetic carrying capacity by dividing the total energy in the area by a 

weighted daily energetic requirement (DER) for diving ducks. To estimate the total energy in 

each area we used estimates of true metabolizable energy (TME) for a species (when available, 

Tables E.1 and E.2 in Appendix E) multiplied by the dry biomass (kg/ha) calculated for each 

species. If TME was unavailable for a species, we averaged estimates from the least available 

taxonomic level. We averaged available TME values for seeds encountered commonly in 

substrate cores to obtain a single TME value for seeds, because we did not identify seeds to 

species. For wild celery winter buds, we used the theoretical TME from Korschgen et al. (1988; 

3.20 kcal/g). We averaged the theoretical TME value of wild celery winter buds from Korschgen 

et al. (1988) and the TME value for Hydrilla verticillata tubers from Lancaster et al. (2018) and 

used the result as the TME value for sago pondweed and arrowhead spp. tubers. We summed the 

results of each species to estimate total energy (total kcal/ha). We restricted DER to ducks with 

the ability to dive because we did not know the water depth during the time dabbling ducks 

(restricted to water depths <30 cm) would be using the study areas. We used a DER weighted 

according to the proportion of species of diving ducks using the study areas. To calculate diving 

duck species proportions, we used data from aerial waterfowl surveys conducted in autumn by 

the U.S. Fish and Wildlife Service and the Wisconsin Department of Natural Resources in 

autumn 2018 and 2019 (U.S. Fish and Wildlife Service, unpublished data). Surveys were flown 3 

times each autumn at 90 knots, 45 m above the water surface, with 2 observers counting birds on 

each side of the plane to a perpendicular distance of 4200 m. We clipped the survey transects to 

the study areas using ArcGIS Pro. Surveys were limited over the areas open to waterfowl hunting 

in Pools 4 and 8 so we combined surveys in the area open to waterfowl hunting, and the area 

closed to waterfowl hunting within these pools. We summed number of each diving duck species 
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and calculated total diving ducks in each pool. Species counted in surveys were canvasback, 

ring-necked duck (Aythya collaris), ruddy duck (Oxyura jamaicensis), scaup spp. (Aythya affinis 

and A. marila), bufflehead (Becephala albeola), and common goldeneye (Bucephala clangula). 

We calculated the proportion of each diving duck species observed by dividing the number of 

each species by the sum of all diving ducks. We adjusted the DER of each species by multiplying 

its DER by the proportion of that species in the total number of diving ducks observed. We 

averaged the DERs of greater and lesser scaup because greater and lesser scaup were counted 

together in waterfowl surveys. We summed the adjusted DER of each species to obtain the DER 

we used for energetic carrying capacity analyses and repeated this process for each pool.  

 

RESULTS 

We used data from 898 substrate core sites in analyses (Table 2.1). Total food biomass 

differed among pools, management status, and seasons (P < 0.05; Table 2.2) but total food 

biomass did not differ between years (P = 0.710; Table 2.2). Total food biomass did not differ 

among pools at different levels (open or closed) of management status (P = 0.085; Table 2.2).   
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Table 2.1. Number of substrate core sites used in analyses. Substrate cores were retrieved from 

Pools 4, 8, and 13, of the Upper Mississippi River, USA during autumn and spring 2018-2020. 

Year Season Pool Core sites 
2018 Autumn 4 111 
2018 Autumn 8 148 
2018 Autumn 13 123 
2019 Autumn 4 92 
2019 Autumn 8 146 
2019 Autumn 13 117 
2019 Spring 8 70 
2020 Spring 8 91 

Total years Total seasons Total pools 898 
 

 

 

Table 2.2. Parameter estimates and 95% confidence intervals for a linear regression model on 

data collected from substrate cores in areas open and closed to waterfowl hunting in Pools 4, 8, 

and 13, from the Upper Mississippi River, USA during autumn 2018 and 2019, and spring 2019 

and 2020. 

 
Parameter     β           95% CIs 

 P-value 

intercept 722.33 635.495  –  809.165  <0.001 
management status: open -192.59 -341.651  –   -43.527  0.011 
Pool: 8 -21.94 -218.791  –    84.909  0.687 
Pool: 13 -221.94 -361.569  –   -82.310  0.002 
season: spring -399.39 -496.663  – -302.120  <0.001 
year: two 11.38 -53.825  –    76.582  0.732 
Pool: 8 * open 154.37 -21.336  –  330.081  0.085 
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Pool, management status, and season were independent variables significant in the linear 

model (P < 0.05; Table 2.2), so we summarized mean dry biomass (kg/ha) and percent 

occurrence of aquatic vegetation and seeds in an area open to hunting and an area closed to 

hunting in Pools 4 and 8 in autumn, and Pool 8 in spring, and in an area open to hunting in Pool 

13 in autumn (Table 2.3; and Tables C.1-C.4 in Appendix C). The area closed to waterfowl 

hunting in Pool 8 in autumn had the greatest wild celery winter bud biomass (308.8 ± 27.9 

kg/ha), and the area open to waterfowl hunting in Pool 4 had the least winter bud biomass (80.5 

± 23.2 kg/ha). During autumn in Pool 8 winter bud biomass was greater in the area closed to 

waterfowl hunting compared to the area open to waterfowl hunting (210.9 ± 22.4 kg/ha). During 

autumn in Pool 4 winter bud biomass was greater in the area closed to waterfowl hunting (258.4 

± 25.3 kg/ha) compared to the area open to waterfowl hunting. During autumn in Pool 13, winter 

bud biomass was 104.9 ± 11.8 kg/ha. In spring, winter bud biomass was also greater in the area 

closed to waterfowl hunting in Pool 8 (173.5 ± 27.0 kg/ha) compared to the area open to 

waterfowl hunting (136.8 ± 17.4 kg/ha). Between autumn and spring, biomass of wild celery 

winter buds declined by 44% in the area closed to waterfowl hunting in Pool 8 compared to 35% 

in the area open to waterfowl hunting. In autumn, wild celery was the most frequently 

encountered plant species in the substrate core samples in all areas except the Pool 4 area open to 

hunting where Canadian waterweed (Elodea canadensis) was the most encountered plant 

species. During spring and in both areas sampled in Pool 8, we recovered foliage and stems of 

coontail (Ceratophyllum demersum), Canadian waterweed, star duckweed (Lemna trisulca), 

narrowleaved pondweeds (Potamogeton foliosus and P. pusillus), sago pondweed, and wild 

celery in substrate cores at over 10% of sites sampled (Tables C.1-C.4 in Appendix C). 
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The areas closed to waterfowl hunting had the greatest duck energy days (DED) in this 

study. The area closed to waterfowl hunting in Pool 4 had 4,748.2 ± 704.1 DED/ha, and the area 

open to hunting in Pool 4 had 2,704.2 ± 924.0 DED/ha (Figure 2.1). The area closed to hunting 

in Pool 8 had greater DED per hectare than the area open to waterfowl hunting in Pool 8 in 

autumn (3,987.5 ± 432.2 and 3,106.0 ± 501.7) and spring (2,118.0 ± 407.9 and 1,914.1 ± 322.2; 

Figure 2.1). Pool 13 had the least DED (2,071.6 ± 492.1 per hectare; Figure 2.1) compared to 

other pools in autumn. Wild celery winter buds contributed the greatest proportion of energy in 

the areas closed to waterfowl hunting in Pools 4 (55.8%) and 8 (77.7%), as well as in the areas 

open to waterfowl hunting in Pools 8 (68.1%) and 13 (54.6%; Figure 2.1). In the area open to 

waterfowl hunting in Pool 4, seeds (31.3%) and wild celery winter buds (30.5%) contributed 

nearly equal amounts of energy (Figure 2.1). In the area open to waterfowl hunting in Pool 4, 

foliage, stems, and flowers contributed the greatest proportion (22.0%) compared to all other 

areas (Figure 2.1).  

 

Table 2.3. Total waterfowl food biomass including aquatic vegetation and seeds, and standard 

error estimates from substrate cores collected in areas open and closed to waterfowl hunting in 

Pools 4, 8, and 13, of the Upper Mississippi River, USA, during autumn 2018 and 2019, and 

spring 2019 and 2020. 

Pool Management 
Status 

Season Food biomass 
(kg/ha) 

SE 

4 closed autumn 727.46 42.44 
4 open autumn 534.96 70.88 
8 closed autumn 719.17 45.07 
8 open autumn 649.57 52.74 
8 closed spring 270.12 34.75 
8 open spring 292.58 32.94 

13 open autumn 313.35 29.17 
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Figure 2.1. Proportional contribution of wild celery winter buds, wild celery stolons, seeds, other tubers, and foliage, flowers, and 

stems to energetic carrying capacity (duck energy days per ha) in areas open to waterfowl hunting and areas closed to waterfowl 

hunting within Pools 4, 8, and 13, of the Upper Mississippi River, USA. Data are from substrate cores sampled during autumn and 

spring 2018-2020.  
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DISCUSSION 

 
Here we provide additional waterfowl forage energy estimates in autumn and spring for 

the aquatic bed wetland type, representing a broad geographic area of the Upper Mississippi 

River, and important waterfowl staging area for autumn and spring-migrating waterfowl. These 

estimates can be used to guide waterfowl habitat management in the UMGL JV region where 

resources used by waterfowl are variable through space and time (Soulliere et al. 2017). During 

the study, food biomass differed significantly among pools, management status (open or closed 

to waterfowl hunting), and seasons, but not between years. These current conditions in the UMR, 

which have changed due to droughts, floods, invasive species, restoration projects, and other 

changes in habitats since previous research on wild celery winter bud in the 1980’s (Kenow and 

Boma 2007). This research expands current understanding of the availability of wild celery 

winter bud food resources available to migrating waterfowl in the UMR. Previous research of 

this nature on the UMR was conducted in limited portions of Pools 7, 8, and 9 (Donnermeyer 

and Smart 1985, Korschgen et al. 1988, Kenow and Boma 2007), whereas, this research was 

conducted across a much larger geographic extent within the UMR (Pools 4, 8, and 13), which 

should provide more representative information for this important but extensive ecosystem.  

Density of wild celery winter buds in autumn ranged from 80 kg/ha to 308 kg/ha among 

pools, management status, and seasons. Our greatest estimate is similar to what Donnermeyer 

(1982) reported from Lake Winneshiek in Pool 9 of the UMR (301 kg/ha). Most of our estimates 

are greater than what Kenow and Boma (2007) observed in Lake Onalaska in 2006 (122 ± 38 

kg/ha) of the UMR. Our greatest estimate is lower than what Korschgen et al. (1988; 358 kg/ha) 

estimated in Lake Onalaska in Pool 7 of the UMR, and what Kenow and Boma (2007) estimated 

for a healthy wild celery stand in Pool 8 (512 ± 92 kg/ha). In spring, wild celery winter bud 
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estimates in both areas of Pool 8 were lower than estimates reported by Donnermeyer (1982; 220 

kg/ha), and would have been even lower if Donnermeyer (1982) had sampled before spring-

migrating waterfowl arrived. We attribute some differences in biomass estimates between this 

study and previous work to different conditions among Pools 4, 7, 8, 9, and 13. In addition, 

different substrate core collection methods could introduce bias in plant recovery (Rodusky et al. 

2005, Owens et al. 2010). We combined seed and tuber estimates to facilitate comparisons in this 

study and Vonbank and Hagy (2016) which took place in backwater wetlands and tributaries of 

the Upper Illinois River. In all areas of the UMR, seed and tuber biomass exceeded what 

Vonbank and Hagy (2016) reported (53.0 ± 13.7 kg/ha) with our greatest estimate in the area 

closed to hunting in Pool 4 (422.9 ± 64.9 kg/ha) and the least in Pool 13 (180.1 ± 42.72 kg/ha). 

The Upper Illinois River differs considerably in SAV distribution and biomass from the UMR, 

which likely contributes to most of the differences in seed and tuber densities. Nonetheless, this 

study offers comparisons of seed and tuber biomass between backwaters connected by surface 

flow to major navigation rivers.  

The addition of these results to the total pool of information used by the UMGL JV 

(Soulliere et al. 2017) would likely result in lower forage energy estimates for autumn, and 

greater forage energy estimates in spring. McClain et al. (2019; formerly McClain 2017 in 

Soulliere et al. 2017) estimated DED of all waterfowl food in aquatic bed habitat and have 

greater estimates than what we observed in the UMR (9,660 DED/ha; McClain et al 2019). 

McClain et al. (2019) took place in Emiquon Preserve, Illinois, USA, a restored floodplain lake 

managed as a semipermanent emergent marsh disconnected from the Illinois River with water 

level control. This system is much different than the backwaters and impounded areas we 

sampled in the UMR, but allows for comparisons of different conditions within the aquatic bed 
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habitat category identified by the UMGL JV. Current estimates of forage energy the UMGL JV 

uses for spring is half that of the estimates in this study for Pool 8 during spring. Our estimates 

are greater than estimates reported by Osborn et al. (2017; formerly McClanahan 2015 in 

Soulliere et al. 2017) for aquatic bed habitat during spring (235 DED/ha) in Tennessee, USA. 

Variation in estimates from this study and previous work highlights the need for additional 

forage energy estimates across the UMGL JV planning region, so more refined energetics 

models can be used to inform habitat management objectives.  

Estimates of TME are limited for foliage, stems, and tubers of SAV, and dabbling ducks 

have been studied for most existing TME research. As such, we applied existing TME values 

where knowledge gaps in TME exist for SAV (Table E.1 and Table E.2 in Appendix E). We 

acknowledge the true TME value for SAV might differ from the TME value used when no TME 

value was available; and TME might also differ among waterfowl species. Future work should 

address knowledge gaps in TME among SAV and waterfowl species for more refined estimates 

of carrying capacity.  

Previous work has excluded SAV from carrying capacity models (Vonbank and Hagy 

2016) due to its low energy value for waterfowl (Gross 2018, Lancaster et al. 2018, Lancaster et 

al. 2019). However, aquatic bed habitat had 37% greater energy density than the most energy 

dense moist-soil managed units (McClain et al. 2019). They further indicate SAV compensates 

for low TME values by producing greater foliage and shoot densities, and argue SAV can 

contribute significant energy to carrying capacity analyses (McClain et al. 2019, Gross et al. 

2020). Our greatest estimate of DED/ha in the area closed to waterfowl hunting Pool 4 (4,748.2 

DED/ha) was similar to moist soil managed wetlands during autumn in Tennessee (4,748 

DED/ha; Osborn et al. 2017) and greater than passively managed moist soil areas in Ohio, USA 
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(2,047 DED/ha; Brasher et al. 2007) in autumn. Our estimates of biomass during spring in Pool 8 

(270.1 ± 66.8 kg/ha in the area closed to hunting and 292.23 ± 74.6 kg/ha in the area open to 

hunting) were also greater than lacustrine-riverine wetlands (52 kg/ha), palustrine emergent 

wetlands (208 kg/ha), and palustrine forested wetlands (87 kg/ha) in the Midwest, USA, (Straub 

et al. 2012). Of spring estimates, wild celery winter buds contributed the most biomass of any 

plant to total waterfowl food biomass (64.2% in the area closed to hunting and 46.8% in the area 

open to hunting). Tubers of Hydrilla verticillata contain more energy than foliage of SAV 

(Lancaster et al. 2018). Areas dominated by SAV in the UMR, with dense foliage and energy 

rich winter buds and tubers, have the potential to support large numbers of waterfowl in autumn 

and spring. Failure to account adequately for SAV in energetic models could underestimate 

energy availability greatly in these areas.  

Core sampling is a time and cost intensive method to estimate availability of waterfowl 

foods. Researchers often sacrifice precision or scope when designing a core sample study 

because of these constraints (Kenow and Boma 2007, Straub et al. 2012, Ringelman et al. 2015). 

In our study, biomass estimates for wild celery could be inflated from directing substrate core 

sampling to all sites where wild celery was recorded during annual summer rake sampling and 

only 50% of sites where wild celery was not recorded. In addition, using the mean as a measure 

of central tendency can also inflate biomass estimates in right-skewed data, commonly observed 

in waterfowl food biomass data (Straub et al. 2012). All sample areas in this study exhibited 

right-skewed data. For example, in Pool 13 the mean (107.89 kg/ha) and median (0 kg/ha) 

biomass of wild celery winter buds indicate winter buds are not distributed evenly throughout the 

sample area with at least 50% of sites sampled containing 0 wild celery winter buds. Factors 

other than food availability can determine if waterfowl distribute themselves in an ideal free 



78 
 

manner (Laursen and Frikke 2008), and in Pool 13 if waterfowl distribute themselves in an ideal 

free manner across the sample area some could be feeding in areas with no wild celery winter 

buds. Because using the mean is the standard, we used the mean estimate for all carrying 

capacity analyses, and provided the corresponding median in Tables C.1-C.4 in Appendix C.  

Biomass of wild celery winter buds declined by 44% in the area closed to waterfowl 

hunting in Pool 8 between autumn and spring, and by 35% in the area open to waterfowl hunting. 

Similarly, biomass of wild celery winter buds declined by 40% between October and November 

of 1980 in Pool 7 (Korschgen et al. 1988). Based on field observations in the UMR, 

Donnermeyer and Smart (1985) and Korschgen et al. (1988) attributed declines in wild celery 

winter bud biomass to waterfowl feeding. The differences we observed between areas in Pool 8 

could be due to greater winter bud biomass in the area closed to waterfowl hunting, encouraging 

canvasbacks to continue feeding longer than they would in the area open to hunting due to 

greater success rates per dive (Takekawa 1987). In addition, ducks will abandon patches of food 

when the amount of energy expended exceeds gains from feeding (Greer et al. 2009, Hagy and 

Kaminski 2015). Greer et al. (2009) proposed a giving up density of 50 kg/ha for rice (Oryza 

sativa) fields, however, research in Lake Mattamuskeet, North Carolina, USA determined the 

benefits canvasbacks received from feeding on wild celery winter buds depended on the size of 

an individual winter bud and water depth, rather than winter bud density (Lovvorn 1994, 

Lovvorn and Gillingham 1996). Hagy and Kaminski (2015) conclude giving up densities could 

be habitat-specific. Based on the giving up density proposed by Greer et al. (2009), all areas in 

the study were profitable energetically for waterfowl to feed, however, we acknowledge other 

factors that may contribute to habitat selection by waterfowl that are feeding. The most likely 

explanation for greater depletion in the area closed to waterfowl hunting in Pool 8 in autumn, 
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relative to the area open to waterfowl hunting is the high numbers of waterfowl that concentrate 

in those areas because they are closed to hunting, resulting in less waterfowl disturbance, and 

much greater rates of food consumption (Madsen and Fox 1995).  

 

MANAGEMENT IMPLICATIONS 

 
The canvasback is a focal species of the UMRGLR Joint Venture because of the large 

proportion of eastern-wintering canvasbacks that are reliant on stopover sites in the UMR and 

other locations within the UMGL JV planning region (Soulliere et al. 2017). This study 

demonstrates the energetic contribution of SAV and other waterfowl foods to total energy 

available for migrating waterfowl across a large geographic extent of the UMR, with wild celery 

winter buds contributing at least 30% of the total energy in carrying capacity analyses. Estimates 

of forage energy can be added to the limited suite of forage energy estimates available for use in 

the UMGL JV energetic models for aquatic bed wetlands, enhancing the effectiveness of 

conservation planning in the UMGL JV planning region. This is true especially for energetic 

modelling of spring food resources, which could previously only be done with three sources of 

information. Ultimately, our work may help refine habitat goals and lead to better targeted 

management actions within the region.   
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Appendix A. Maps of the portion of the Upper Mississippi River associated with the study, and 

sample locations within each pool studied. 

 

 

 

Figure A.1. States associated with the Upper Mississippi River in relation to the rest of the USA.  

Also presented is an enlarged map of the five states and the portion of the Upper Mississippi 

River associated with the study in black. Study Pools 4, 8 and 13 are identified within the Upper 

Mississippi River and sample areas are colored light purple (open to waterfowl hunting) or dark 

purple (closed to waterfowl hunting). Different scales are used in each reference map and pool. 
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Figure A.2. Map where we collected samples within Lower Pool 4 of the Upper Mississippi 

River, USA. The area open to waterfowl hunting in autumn is light purple and the area closed to 

hunting is dark purple. Areas represent backwater contiguous LTRM strata. Within these areas 

are the sites where LTRM methodology was used to sample aquatic vegetation in the summer 

and substrate core samples were collected subsequently in autumn. The sites depicted by a star 

were sampled in 2018, whereas sites depicted by a circle were sampled in 2019.  
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Figure A.3. Map where we collected samples within Pool 8 of the Upper Mississippi River, 

USA. The area open to waterfowl hunting in autumn is light purple and the area closed to 

hunting is dark purple. Areas represent impounded LTRM strata. Within these areas are the sites 

where LTRM methodology was used to sample aquatic vegetation in the summer and substrate 

core samples were collected subsequently in autumn. The sites depicted by a star were sampled 

in 2018, whereas sites depicted by a circle were sampled in 2019.  
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Figure A.4. Map where we collected samples within Pool 8 of the Upper Mississippi River, 

USA. The area open to waterfowl hunting is light purple and the area closed to hunting is dark 

purple. Areas represent impounded LTRM strata. Within these areas are the sites where LTRM 

methodology was used to sample aquatic vegetation in the summer and substrate core samples 

were collected subsequently in spring. The sites depicted by a star were sampled in 2019, 

whereas sites depicted by a circle were sampled in 2020. 
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Figure A.5. Map where we collected samples within Pool 13 of the Upper Mississippi River, 

USA. The area open to waterfowl hunting in autumn is light purple and there was no area closed 

to hunting in Pool 13. The area sampled represents impounded LTRM strata. Within the area are 

sites where LTRM methodology was used to sample aquatic vegetation in the summer and 

substrate core samples were collected subsequently in autumn. The sites depicted by a star were 

sampled in 2018, whereas sites depicted by a circle were sampled in 2019.  
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Appendix B.  

Table B.1. Regression equations to calculate wild celery winter bud density using parameter 

estimates from the top statistical model for each pool, season, and management status in the 

Upper Mississippi River, USA.  

Pool Management status Season Regression Equation a 
4 open autumn -153.5 + (391.1 × rakeb) + (-79.8 × rake²) 
4 closed autumn -88.9 + “…” 
8 open autumn -44.6 + “…” 
8 closed autumn 19.9 + “…” 
8 open spring -57.7 + “…” 
8 closed spring -64.9 + “…” 

13 open autumn -95.2 + “…” 
 
 
a Adjustments to the intercept are from coefficients presented in Table 6.  

b rake = the average LTRM rake score from 6 subsample rake scores performed at a site. 
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Appendix C. Biomass estimates for aquatic vegetation consumed commonly by waterfowl in an 

area open to waterfowl hunting and an area closed to hunting in Pools 4 and 8 in autumn, and 

Pool 8 in spring, and in an area open to waterfowl hunting in Pool 13 in autumn. Data were from 

substrate core samples collected during autumn 2018 and 2019, and spring 2019 and 2020. 
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Table C.1. Biomass estimates from substrate cores collected in backwater contiguous strata within an area closed to waterfowl 

hunting, and an area open to waterfowl hunting in Lower Pool 4 of the Upper Mississippi River, USA during autumn 2018-2019. 

  Closed Open 

Aquatic vegetation species mean SE median 
% 

occurrence mean SE median 
% 

occurrence 
All seedsa 97.57 11.67 54.62 92 130.02 17.69 100.06 89 
Seeds (2018)b 90.58 16.39 44.42 87 90.43 15.18 75.46 88 
Seeds (except Zizania aquatica)c 79.93 10.85 60.28 92 128.84 31.34 77.19 68 
Zizania aquatica (seeds)d 26.16 14.00 0.00 36 47.82 12.50 27.86 68 
Ceratophyllum demersum (foliage and stems) 24.34 7.15 0.00 32 79.16 26.23 3.56 54 
Chara spp. (foliage and stems) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Elodea canadensis (foliage and stems) 34.86 7.68 0.00 42 51.48 19.41 4.82 57 
Lemna trisulca (foliage and stems) 0.00 0.00 0.00 0 0.21 0.13 0.00 7 
Lemnacceae spp. (foliage and stems) 0.04 0.03 0.00 1 0.73 0.51 0.00 5 
Myriophyllum spicatum (foliage and stems) 1.65 0.66 0.00 11 5.19 3.50 0.00 10 
Najas spp. (foliage and stems) 0.46 0.26 0.00 4 0.23 0.18 0.00 3 
Potamogeton spp. (Foliage and stems) 0.01 0.01 0.00 < 1 2.51 1.56 0.00 5 
Potamogeton crispus (turions) 2.74 1.06 0.00 7 18.80 9.31 0.00 34 
Potamogeton foliosus and P. pusilluse  0.78 0.45 0.00 4 6.69 4.94 0.00 8 

(foliage and stems)         
Potamogeton nodosus (P. americanus) 0.44 0.33 0.00 1 0.00 0.00 0.00 0 
Potamogeton pectinatus (foliage and stems) 2.20 1.14 0.00 3 32.48 19.83 0.00 11 
Potamogeton pectinatus (tubers) 0.90 0.62 0.00 4 0.42 0.42 0.00 2 
Potamogeton zosteriformis 1.76 1.01 0.00 5 3.26 1.84 0.00 11 

(foliage and stems)         
Ranunculus spp. (foliage and stems) 0.09 0.06 0.00 3 2.99 2.03 0.00 8 
Sagittaria spp. (tubers) 86.04 27.33 0.00 11 35.05 32.35 0.00 3 
Vallisneria americana (foliage and stems) 98.79 11.52 45.52 77 44.73 13.86 0.00 43 
Vallisneria americana (female flowers) 1.16 0.69 0.00 3 0.16 0.16 0.00 2 
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Table C.1 (continued)  

Vallisneria americana (male flowers) 0.02 0.02 0.00 1 0.00 0.00 0.00 0 
Vallisneria americana (stolons) 111.73 10.31 68.77 63 34.14 8.96 0.00 34 
Vallisneria americana (winter buds) 258.40 25.30 102.99 61 80.47 23.22 0.00 28 
Zosterella dubia (foliage and stems) 3.49 1.43 0.00 10 4.83 1.79 0.00 15 

 

aAll seeds including Zizania aquatica from substrate cores collected in 2018 and 2019. 
bSubstrate cores collected in autumn 2018 when all seeds were lumped together during sorting. 
cSeeds from substrate cores collected in autumn 2019 when all seeds excluding Zizania aquatica were lumped together for analyses. 
dZizania aquatica seeds were identified from substrate cores collected in autumn 2019 only. 
ePotamogeton foliosis and P. pusillus could not be differentiated in the substrate core samples reliably so they were lumped for 
analyses. 
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Table C.2. Biomass estimates from substrate cores collected in impounded strata within an area closed to waterfowl hunting, and an 

area open to waterfowl hunting in Pool 8 of the Upper Mississippi River, USA during autumn 2018-2019. 

 Closed Open 

Aquatic vegetation species mean SE median 
% 

occurrence mean SE median 
% 

occurrence 
All seedsa 32.61 5.24 4.82 56 41.33 9.88 5.01 63 
Seeds (2018)b 17.94 3.55 1.10 51 29.75 11.52 1.50 53 
Seeds (except Zizania aquatica)c 8.54 1.96 0.00 31 37.83 14.68 0.00 45 
Zizania aquatica (seeds)d 36.97 8.99 0.00 45 17.81 7.64 0.00 42 
Ceratophyllum demersum (foliage and stems) 13.51 3.46 0.00 20 13.84 4.63 0.00 26 
Chara spp. (foliage and stems) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Elodea canadensis (foliage and stems) 35.50 13.05 0.00 27 22.90 8.25 0.00 33 
Lemna trisulca (foliage and stems) 0.03 0.03 0.00 < 1 0.24 0.14 0.00 3 
Lemnacceae spp. (foliage and stems) 0.76 0.25 0.00 13 0.37 0.16 0.00 12 
Myriophyllum spicatum (foliage and stems) 0.84 0.57 0.00 4 3.02 2.41 0.00 4 
Najas spp. (foliage and stems) 0.39 0.39 0.00 < 1 0.64 0.46 0.00 2 
Potamogeton spp. (Foliage and stems) 0.23 0.11 0.00 4 0.14 0.10 0.00 3 
Potamogeton crispus (turions) 2.50 0.73 0.00 12 11.02 8.30 0.00 11 
Potamogeton foliosus and P. pusilluse  0.02 0.02 0.00 < 1 0.07 0.07 0.00 < 1 

(foliage and stems)         
Potamogeton nodosus (P. americanus) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Potamogeton pectinatus (foliage and stems) 3.16 1.99 0.00 3 4.58 2.96 0.00 2 
Potamogeton pectinatus (tubers) 0.32 0.32 0.00 < 1 0.00 0.00 0.00 0 
Potamogeton zosteriformis 1.37 0.65 0.00 5 0.23 0.19 0.00 2 

(foliage and stems)         
Ranunculus spp. (foliage and stems) 0.23 0.17 0.00 1 0.10 0.10 0.00 < 1 
Sagittaria spp. (tubers) 0.00 0.00 0.00 0 8.83 8.83 0.00 < 1 
Vallisneria americana (foliage and stems) 187.21 17.52 127.85 85 172.72 24.21 105.63 82 
Vallisneria americana (female flowers) 8.18 2.54 0.00 9 2.33 1.06 0.00 5 
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Table C.2 (continued)  

Vallisneria americana (male flowers) 0.01 0.01 0.00 1 0.02 0.02 0.00 2 
Vallisneria americana (stolons) 112.63 9.03 66.52 67 102.06 9.45 89.86 67 
Vallisneria americana (winter buds) 308.83 27.87 183.89 63 210.88 22.39 129.16 62 
Zosterella dubia (foliage and stems) 10.82 3.70 0.00 16 27.64 8.46 0.00 28 

 

aAll seeds including Zizania aquatica from substrate cores collected in 2018 and 2019. 
bSubstrate cores collected in autumn 2018 when all seeds were lumped together during sorting. 
cSeeds from substrate cores collected in autumn 2019 when all seeds excluding Zizania aquatica were lumped together for analyses. 
dZizania aquatica seeds were identified from substrate cores collected in autumn 2019 only. 
ePotamogeton foliosis and P. pusillus could not be differentiated in the substrate core samples reliably so they were lumped for 
analyses. 
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Table C.3. Biomass estimates from substrate cores collected in impounded strata within an area closed to waterfowl hunting, and an 

area open to waterfowl hunting in Pool 8 of the Upper Mississippi River, USA during spring 2019-2020. 

  Closed Open 

Aquatic vegetation species mean SE median 
% 

occurrence mean SE median 
% 

occurrence 
All seedsa 32.00 8.34 8.35 69 52.67 11.35 20.16 67 
Seeds (2018)b 12.06 3.37 1.68 51 28.63 8.38 8.09 58 
Seeds (except Zizania aquatica)c 42.83 20.73 8.70 70 44.55 11.63 9.08 57 
Zizania aquatica (seeds)d 22.97 5.89 8.37 87 19.08 11.19 0.00 44 
Ceratophyllum demersum (foliage and stems) 18.00 9.95 0.00 29 14.51 3.91 0.00 29 
Chara spp. (foliage and stems) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Elodea canadensis (foliage and stems) 11.12 4.21 0.00 42 10.47 3.31 0.00 35 
Lemna trisulca (foliage and stems) 0.32 0.15 0.00 15 0.35 0.16 0.00 8 
Lemnacceae spp. (foliage and stems) 0.00 0.00 0.00 0 0.01 0.01 0.00 1 
Myriophyllum spicatum (foliage and stems) 0.10 0.10 0.00 2 0.22 0.17 0.00 3 
Najas spp. (foliage and stems) 0.00 0.00 0.00 0 0.01 0.01 0.00 1 
Potamogeton spp. (Foliage and stems) 0.92 0.68 0.00 3 0.80 0.80 0.00 1 
Potamogeton crispus (turions) 8.18 3.98 0.00 18 9.88 4.57 0.00 20 
Potamogeton foliosus and P. pusilluse 2.15 1.17 0.00 11 0.91 0.53 0.00 8 

(foliage and stems)         
Potamogeton nodosus (P. americanus) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Potamogeton pectinatus (foliage and stems) 1.60 1.13 0.00 3 36.36 22.69 0.00 9 
Potamogeton pectinatus (tubers) 0.83 0.83 0.00 2 0.00 0.00 0.00 0 
Potamogeton zosteriformis 1.31 1.25 0.00 3 1.87 1.15 0.00 7 

(foliage and stems)         
Ranunculus spp. (foliage and stems) 0.00 0.00 0.00 0 0.12 0.10 0.00 2 
Sagittaria spp. (tubers) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
Vallisneria americana (foliage and stems) 2.36 1.42 0.00 13 6.58 4.12 0.00 19 
Vallisneria americana (female flowers) 0.00 0.00 0.00 0 0.00 0.00 0.00 0 
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Table C.3 (continued)  

Vallisneria americana (male flowers) 0.09 0.09 0.00 2 0.06 0.05 0.00 2 
Vallisneria americana (stolons) 17.64 6.53 0.00 34 19.89 3.53 0.00 42 
Vallisneria americana (winter buds) 173.49 26.96 70.64 65 136.75 17.37 66.10 59 
Zosterella dubia (foliage and stems) 0.00 0.00 0.00 0 0.77 0.77 0.00 1 

 

aAll seeds including Zizania aquatica from substrate cores collected in 2018 and 2019. 
bSubstrate cores collected in autumn 2018 when all seeds were lumped together during sorting. 
cSeeds from substrate cores collected in autumn 2019 when all seeds excluding Zizania aquatica were lumped together for analyses. 
dZizania aquatica seeds were identified from substrate cores collected in autumn 2019 only. 
ePotamogeton foliosis and P. pusillus could not be differentiated in the substrate core samples reliably so they were lumped for 
analyses. 
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Table C.4. Biomass estimates from substrate cores collected in impounded strata and an area 

open to hunting in Pool 13 of the Upper Mississippi River, USA during autumn 2018-2019. 

Aquatic vegetation species mean SE median 
% 

occurrence 
All seedsa 39.41 13.58 0.00 28 
Seeds (2018)b 42.44 14.84 0.00 32 
Seeds (except Zizania aquatica)c 36.01 23.14 0.00 24 
Zizania aquatica (seeds)d 0.13 0.09 0.00 2 
Ceratophyllum demersum (foliage and stems) 15.54 4.56 0.00 14 
Chara spp. (foliage and stems) 0.01 0.01 0.00 < 1 
Elodea canadensis (foliage and stems) 3.49 1.69 0.00 8 
Lemna trisulca (foliage and stems) 2.68 2.43 0.00 4 
Lemnacceae spp. (foliage and stems) 0.82 0.29 0.00 10 
Myriophyllum spicatum (foliage and stems) 0.79 0.37 0.00 4 
Najas spp. (foliage and stems) 19.02 18.80 0.00 3 
Potamogeton spp. (Foliage and stems) 0.47 0.45 0.00 < 1 
Potamogeton crispus (turions) 0.03 0.02 0.00 1 
Potamogeton foliosus and P. pusilluse  0.15 0.08 0.00 2 

(foliage and stems)     
Potamogeton nodosus (P. americanus) 1.09 0.60 0.00 2 
Potamogeton pectinatus (foliage and stems) 0.23 0.15 0.00 1 
Potamogeton pectinatus (tubers) 1.13 0.62 0.00 2 
Potamogeton zosteriformis 0.06 0.06 0.00 < 1 

(foliage and stems)     
Ranunculus spp. (foliage and stems) 0.12 0.08 0.00 1 
Sagittaria spp. (tubers) 34.65 16.74 0.00 4 
Vallisneria americana (foliage and stems) 55.19 6.57 7.41 57 
Vallisneria americana (female flowers) 1.35 0.78 0.00 3 
Vallisneria americana (male flowers) 0.35 0.33 0.00 3 
Vallisneria americana (stolons) 45.73 4.88 0.00 46 
Vallisneria americana (winter buds) 104.89 11.78 0.00 44 
Zosterella dubia (foliage and stems) 1.16 0.52 0.00 3 

 

aAll seeds including Zizania aquatica from substrate cores collected in 2018 and 2019. 
bSubstrate cores collected in autumn 2018 when all seeds were lumped together during sorting. 
cSeeds from substrate cores collected in autumn 2019 when all seeds excluding Zizania aquatica 
were lumped together for analyses. 
dZizania aquatica seeds were identified from substrate cores collected in autumn 2019 only. 
ePotamogeton foliosis and P. pusillus could not be differentiated in the substrate core samples 
reliably so they were lumped for analyses. 
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Appendix D. Graduated symbols maps of wild celery winter bud biomass at substrate core site. 

Substrate cores were collected in an area open to waterfowl hunting, and an area closed to 

waterfowl hunting in Pools 4 and 8 in autumn, and Pool 8 in spring, and an area open to 

waterfowl hunting in Pool 13 during autumn 2018 and 2019, and spring 2019. The size and 

darkness of circles increase with an increase in winter bud biomass, and the scale of circle size 

and colors relative to winter bud biomass are consistent among maps. 
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Figure D.1. Wild celery winter bud biomass at a site scaled to five classes. Data were collected in 

backwater contiguous strata within an area closed to waterfowl hunting, and an area open to 

waterfowl hunting in Lower Pool 4 of the Upper Mississippi River, USA during autumn 2018-

2019. 
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Figure D.2. Wild celery winter bud biomass at a site scaled to five classes. Data were collected in 

impounded strata within an area closed to waterfowl hunting, and an area open to waterfowl 

hunting in Pool 8 of the Upper Mississippi River, USA during autumn 2018-2019. 
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Figure D.3. Wild celery winter bud biomass at a site scaled to five classes. Data were collected in 

impounded strata within an area closed to waterfowl hunting, and an area open to waterfowl 

hunting in Pool 8 of the Upper Mississippi River, USA during spring 2019-2020. 

 



104 
 

 

Figure D.4. Wild celery winter bud biomass at a site scaled to five classes. Data were collected in 

impounded strata within an area closed to waterfowl hunting, and an area open to waterfowl 

hunting in Pool 8 of the Upper Mississippi River, USA during autumn 2018-2019. 
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Appendix E. TME sources for aquatic vegetation and seeds consumed commonly by diving 

ducks. Source TME values were used in analyses unless an adjusted TME value was available, in 

which case the adjusted TME value was used. If a source TME or adjusted TME value was 

negative, the TME value used in analyses was 0.00 kcal/g.  

 

Table E.1. True Metabolizable Energy (TME) sources for seeds encountered commonly in 

substrate cores.  

Common name Scientific name 
TME used and 
source TME 

Source 

Coontail Ceratophyllum demersum 1.98 Straub 2008 
Pondweed sp. Potemogeton sp. 1.42 Ballard et al. 2004 
Wild rice Zizania aquatica 3.47 Sherfy 1999 
Arrowhead sp. Sagittaria sp. 3.06 Hoffman 1983 
Rice cut grass Leersia oryzoides 3.43 Hoffman 1983 
Smartweed sp. Polygonum sp. 1.13 Hoffman 1983 
Dock sp. Rumex sp. 2.68 Checkett et al. 2003 
Chair-makers bulrush Scirpus americanus 0.49 Sherfy 1999 
Softstem bulrush Scirpus validus 0.92 Hoffman 1983 
Cultivated rice Oryza sativa 2.8 Petrie et al. 1998 
Burreed sp. Sparganiaceae sp. 0.96 Straub 2008 
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Table E.2. True Metabolizable Energy (TME; kcal/g) sources of aquatic vegetation consumed by diving ducks.  

Common name Scientific name Source TME Adjusted TME TME used Source 
Coontail Ceratophyllum demersum 1.24 1.51 1.51 McClain 2017 

  0.55 — 0.55 Gross 2018 

  0.98 — 0.98 Gross 2018 
Canadian waterweed Elodea canadensis 1.69 1.66 1.66 McClain 2017 

  0.70 — 0.70 Gross 2018 
Shoal grass Halodule wrightii 0.82 — 0.82 Ballard et al. 2004 
Waterthyme (shoots) Hydrilla verticillata 0.21 0.56 0.56 Lancaster et al. 2018 

  1.66 1.66 1.66 Lancaster et al. 2018 

  1.64 — 1.64 Gross 2018 

  2.14 1.92 1.92 Lancaster et al. 2018 
Waterthyme (tubers) Hydrilla verticillata 2.75 — 2.75 Lancaster et al. 2018 
Eurasian watermilfoil Myriophyllum spicatum -0.53 -0.13 0.00 McClain 2017 

  0.77 — 0.77 Gross 2018 

  0.59 — 0.59 Gross 2018 
Waternymph Najas guadalupensis 1.40 1.37 1.37 McClain 2017 

  -0.61 — 0.00 Gross 2018 
Wigeon grass Ruppia maritima 1.10 — 1.10 Coluccy et al. 2015 

  1.03 0.90 0.90 Lancaster et al. 2019 

  0.53 — 0.53 Gross 2018 
Fennel leaf pondweed Stuckenia pectinata 0.34 0.50 0.50 McClain 2017 
         (sago pondweed)  -1.07 — 0.00 Gross 2018 

  0.63 — 0.63 Gross 2018 
Sea Lettuce Ulva lactuca 1.42 — 1.42 Coluccy et al. 2015 
Wild celery (leaves) Vallisneria americana  -0.08 0.05 0.05 McClain 2017 

  -0.98 — 0.00 Gross 2018 

  0.81 0.69 0.69 Lancaster et al. 2018 
Wild celery (buds) Vallisneria americana  3.20 — 3.20 Korschgen et al. 1988 
Wild celery (stolons) Vallisneria americana  0.89 — 0.89 Ballard et al. 2004 
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Appendix F.  

Table F.1. Total number of hectares of each management status (open to waterfowl hunting or 

closed to waterfowl hunting in autumn) and pool sampled in Pools 4, 8, and 13, of the Upper 

Mississippi River, USA, calculated using Arc GIS Pro. Also presented is the total number of 

substrate core sites in a sample area during each season.  

 

Season Pool 
Management 

status 
n Area (ha) 

Autumn 4 Open 60 253.51 
Autumn 4 Closed 143 682.61 
Autumn 8 Open 114 1,362.14 
Autumn 8 Closed 170 2,012.19 
Spring 8 Open 83 1,362.14 
Spring 8 Closed 77 2,012.19 

Autumn 13 Open 240 3,611.43 
 

 

 
 


