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ABSTRACT

 

Appel, D. S. Zooplankton sampling in riverine systems: a gear comparison in the Upper 
Mississippi River. MS in Biology, May 2019, 55pp. (G, Gerrish) 
 

Standardization of methods is important to allow for comparisons of data through 
time and space, across studies, and to increase replicability of research. Zooplankton 
research in large river systems is sparse and sampling methods have rarely been 
evaluated. The USEPA recommends using a pump to collect a total of 180 L of river 
water for macrozooplankton (>63-µm), yet researchers continue to use a wide variety of 
sampling gear and collect lower sample volumes for their analysis. Variations in 
sampling methods make it difficult to compare zooplankton within and across systems, 
presenting the need for a standard collection method to be developed through scientific 
evaluation and enforced for future monitoring efforts. We compared community 
estimations between four sampling devices (Shindler-Patalas trap, integrated tube 
sampler, diaphragm pump, and horizontal tow net) to determine the best gear that collects 
the greatest abundances/L, highest species richness, and the most replicable samples. 
Next, we evaluated different sample volumes and their impact on abundance/L estimates, 
rate of detection, and variance within replicates. The powered pump most consistently 
yielded the highest abundances and most replicable collections, and large sample 
volumes (30-40L) are most appropriate for zooplankton monitoring in large river 
habitats. 
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CHAPTER I 

 

ZOOPLANKTON SAMPLING IN RIVERINE SYSTEMS: A GEAR 

COMPARISON IN THE UPPER MISSISSIPPI RIVER 

 

Abstract

Large river systems create challenges when sampling zooplankton. The dynamics 

of large rivers, spatial heterogeneity of biota, and behaviors of zooplankton can all 

contribute to error in sampling. The gear utilized for zooplankton collections may also be 

a factor, and there is not a well-studied gear, nor industry standard, for collection in 

riverine systems. Therefore, researchers have employed a variety of gear specific to taxa, 

habitat, or personal preference. The lack of consistent sampling methods makes it 

difficult to compare zooplankton within and across systems. Long term monitoring of 

zooplankton is necessary to track effects caused by anthropogenic, environmental, and 

biotic pressures, and a standard method for collection must be enforced. To optimize 

zooplankton assessment in large river habitats, we tested how community estimations 

varied between four common zooplankton sampling devices across three river habitat 

types. We tested four gears: the Shindler-Patalas trap, integrated tube sampler, powered 

water pump, and horizontal tow net. Each device was used to collect samples in thalweg, 

channel border, and backwater river habitats within Pool 8 of the Upper Mississippi River 

in June, July, and August of 2017. Our results support that there are qualitative and 
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quantitative differences in zooplankton estimates among gear in different habitats. 

Largemesh horizontal tow nets collected the greatest number of cladoceran species but 

did not yield accurate zooplankton abundance estimates.  Grab samples collected too low 

a volume (1-2 liter) for accurate community assessment. There were lower abundances 

and lower replicability when sampling with the Schindler-Patalas trap, especially in high 

energy habitats of the river. The powered pump most often yielded highest abundances 

and the most consistent collections. With some modification, the pump is recommended 

as the most appropriate sampling gear when performing quantitative studies of 

zooplankton composition and abundance in large river habitat.
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INTRODUCTION 

Quality assurance and quality controls (QAQC) are well established for water 

chemistry and primary productivity quantifications in aquatic systems. However, assured 

QAQC protocols are much more difficult to develop for diverse organisms like fish 

(Zajicek and Wolter, 2018), macroinvertebrates, macrophytes (Demars et al., 2012), and 

zooplankton. Standard protocols for biotic collections and assessments exist in lentic 

systems (Seda and Dostalkova, 1996). Yet, the protocols for consistent biotic sampling 

success in large river systems continue to be debated (Fischer and Quist, 2014; Lyons et 

al., 2001).  

Large river ecosystems are composed of numerous habitats that are highly 

variable in physical and chemical characteristics. Complexities result from gradients in 

water current and hydrologic connectivity, which directly impact limnological conditions 

(Houser et al., 2010), drive habitat preferences (Roach et al., 2009), and influence 

migration and dispersal of aquatic organisms (Sarremejane et al., 2017; Wahl et al., 2008; 

Zimmermann-Timm et al., 2007). Previous studies have acknowledged how spatial 

variation in target species can reduce sampling efficiency and lead to underrepresented 

samples (Dunn et al., 2019), potentially having significant implications on management 

of protected river species (Snobl et al., 2017). The Long-Term Resource Monitoring 

(LTRM), established in 1986, put forth tremendous efforts to assess over 1800 kilometers 

of the Mississippi and Illinois rivers. In 1993, the LTRM realized that 
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previous monitoring of river fishes did not hold statistical validation because fixed sites 

were determined subjectively for sampling (Gutreuter, 1993). The LTRMP then increased 

variation to include randomized sites to improve statistical inference across the many 

habitats and large study reaches. Most research, however, must balance the cost of 

sampling effort and the detection of target species.  

Invertebrates within large rivers are strongly impacted by variable flow conditions 

that increase spatial heterogeneity. Macroinvertebrates are used as a bioassessment tool. 

Sampling protocols have been refined to determine minimum effort and reduced cost 

methods that account for spatial variation, maintain statistical power, and that are 

applicable across habitat types (Bartsch et al., 1989; Flotemersch et al., 2006). Smith et 

al. (2009) acknowledged the challenges of sampling imperiled freshwater mussels with 

patchy distributions and provided sampling designs that account for costs of effort and 

probabilities of detection to assist future research. Zooplankton are abundant in large 

river systems, but fewer sampling design options have been evaluated for successfully 

quantifying their abundance and diversity.  

Zooplankton are especially difficult to sample due to their patchy nature and daily 

movements. Spatial variation in zooplankton distribution is directly linked to habitat 

heterogeneity in large rivers (Massicotte et al., 2014). Within these habitats, temporal 

changes in environmental conditions and water chemistry influence zooplankton 

community structure (Wu et al., 2017; Zhao et al., 2017). Man-made alterations within 

large river systems add habitat heterogeneity. Impounded portions of large rivers provide 

shelter from high flow conditions within the open river, allowing large bodied cladoceran 

and copepod zooplankton to thrive (Dickerson et al., 2010; Havel et al., 2009). Small-
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bodied rotifers with fast growth rates are found in high abundances in turbulent high flow 

conditions (Havel et al., 2009; Sluss et al., 2008). Outside of the channel, large river 

systems have connected backwater lakes that have reduced flow, increased macrophyte 

influence, and high abundances of zooplankton. These populations can act as sources for 

channel populations (Furst et al., 2014). Zooplankton also display diel movements 

horizontally and vertically through the water column within large rivers habitats (Casper 

and Thorp, 2007). Such spatial disparity presents challenges when creating efficient 

sample designs to monitor riverine zooplankton and have ultimately led to the application 

of a wide variety of gears. 

The lack of standardized zooplankton sampling protocols in large rivers limits 

direct comparisons between studies and large-scale inferences. Recent riverine 

zooplankton surveys used different gear types and reported results in various ways. 

Mechanical plankton traps are used more often in lakes, yet Napiórkowski and 

Napiórkowska (2013) used a plankton trap as their vessel floated with river currents to 

collect at 40 sample sites, reporting results as species richness and average 

individuals/dm3 (or individuals/L) of their study reach. Tow nets are commonly used 

because minimal effort is needed to sample large volumes of water. Lichti et al. (2017) 

studied changes in zooplankton communities by using tow nets in the channel of Chowan 

River (North Carolina, USA) to collect zooplankton, describing taxa as percent 

compositions using relative abundances of each sample. Drawbacks to the use of tow nets 

include clogging of filters, which makes it difficult to maintain precision when using 

small filter mesh to sample small zooplankton (Riccardi, 2010). Muehlbauer et al. (2017) 

addressed the dynamics and factors of clogging in stream drift studies, finding that 
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filtration efficiency is nonlinear, often depending on suspended solids, and calculated 

corrections are difficult. Potential clogging of tow hauls was not addressed by Burdis and 

Hirsch (2017), and crustacean zooplankton density as individuals/L were calculated by 

concentrating samples and drawing aliquots during processing. These reported results 

would have been drawn from relative abundance within samples but may not be the 

absolute abundance of zooplankton present within their system. Plastic buckets and tubes 

used to capture grab samples are a cheap method to collect a known volume, allowing 

densities as individuals/L to be estimated. However, sampling is often restricted to near 

surface samples and the water volume filtered is low relative to other methods (Burdis 

and Hoxmeier, 2011; Gorski et al., 2013; Wei et al., 2017). Pumps, whether hand or 

battery powered (Beaver et al., 2013; Picapedra et al., 2016), can collect a known sample 

volume and sample designs can be modified to collect a composite zooplankton sample 

throughout the entire water column (DeBoer et al., 2018; Sass et al., 2014). Pumping 

river water to collect composite samples has been supported as the collection method for 

use in large river habitats, but the efficacy of this method needs tested across the 

heterogenous habitats of river ecosystems.  

An effective sampling strategy for zooplankton must quantify individuals in a 

known sample volume to provide accurate abundance estimates. This is especially 

important when tracking shifts in populations caused by pollution (Xiong et al., 2017), 

climate change (Beaugrand et al., 2002), or invasive species (Sass et al., 2014). The 

zooplankton collection must then gather the majority, if not all, of the taxa present in a 

qualitative sample. This is necessary to detect rare or invasive zooplankton, such as the 

exotic zooplankter Daphnia lumholtzi found in the Upper Mississippi River (UMR) in 
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1999, when three individuals were identified in only one of the 100 vertical tows 

collected (Burdis and Hirsch, 2005). The collection technique must have a high degree of 

replicability to increase the power of statistical inferences. If estimation of replicate 

samples taken within a system are more consistent, the power of comparing variance 

within or between sample sites and habitats is greater. Decreasing sample-effect variation 

among replicates improves the ability to test and detect differences while avoiding Type 

II errors (Underwood, 1997). These three main factors must be considered in the 

evaluation of an effective sampling gear for large river zooplankton communities.  

To evaluate current zooplankton methods, we assessed four sampling gears across 

three major habitats in the UMR. We predicted significant differences in zooplankton 

community descriptions to be found using the different gear types. The goal was to 

present the advantages and disadvantages of each sampling technique and to allow data-

based consideration toward the standardization of sampling for large river zooplankton. 

MATERIALS AND METHODS 

Study Area 

Zooplankton were collected from Navigation Pool 8 of the Upper Mississippi 

River (UMR) (Fig. 1). Pool 8 is a 38-km reach of river located between Lock and Dams 7 

(Dresbach, Minnesota) and 8 (Genoa, Wisconsin). The section of Pool 8 sampled 

contains many braided side channels, as well as small sloughs and backwaters. Sampling 

locations in Pool 8 were pre-determined using geographic information system (GIS) 

software and taken in correspondence with US Fish and Wildlife Service larval fish 

monitoring. Three distinct mesohabitats were selected at approximately the same latitude; 

(1) the thalweg (TW) of the main navigation channel [43.772668° N, -91.241966° W], 
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(2) the main channel border (MCB) [43.771273° N, -91.246066° W], and (3) a lentic 

backwater (BW) habitat [43.775328° N, -91.230479° W] (Fig. 1). Depth varied 

seasonally within the TW (4.9 – 7.5 m), MCB (1.2 – 4.6 m), and BW (0.8 – 2.6 m). 

Sampling took place once a month during the summer of 2017 (June 16th, July 10th, and 

August 7th). Samples were collected in the early afternoon on mostly sunny days.  

 

Figure 1. Upper Mississippi River sampling sites in Navigation Pool 8. Locations were 

chosen to represent three habitats: backwater [BW], main channel border [MCB], and 

thalweg [TW]. 

Sampling Gear 

Zooplankton were collected using a(n); 1) integrated polyvinyl chloride (PVC) 

tube (5-cm diameter, 50-cm length), 2) battery powered diaphragm pump (SHURFLO®  
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REVOLUTION™ 11.3 Liters per minute, 12-Volt DC battery, 1.3-cm inside diameter 

hose), 3) Schindler-Patalas plankton trap (30-L, 61-µm Dolphin™ bucket, Wildco®), 4) 

horizontal tow net (50-cm diameter, 250-cm length, 504-µm Dolphin™ bucket, 

Wildco®) with an attached mechanical flow meter (General Oceanics® Model 2030R) to 

measure water volume sampled. These four zooplankton gears will hereto be referred as 

1) grab, 2) pump, 3) Schindler (SCH), and 4) tow.  

Each gear was used to sample within the top 2 m of the water column. Triplicate 

samples were taken at each habitat location and by each gear (grab, pump Schindler). No 

replicates were collected for tow samples. Grab samples were collected by reaching over 

the side of the vessel and submersing the tube to a consistent depth marked on the tube. 

The volume retrieved was measured using a 2-L graduated cylinder and passed through a 

61-µm sieve. The pump pulled river water through an intake hose draped over the side of 

the boat and pumped it directly through a 61-µm sieve. The water was pumped through 

the sieve into a catch bucket until 12 L were collected. The Schindler operated via hinged 

doors that open when pushed into the water and close when the trap is lifted back out, 

trapping a consistent volume of river water. Once out of the water, the Schindler was 

tipped so the sample would filter through the attached 61-µm dolphin bucket. The boat 

was anchored to deploy all gear except for the tow net. The tow net was cast from the 

bow and the vessel moved in reverse against the current, or in a serpentine pattern where 

there was no current in the BW. The tow was pulled for 60 seconds before being 

retrieved. Flow meter values were recorded and used to calculate volume based on 

manufacture calibrations. Volumes filtered by the tow net ranged from approximately 

5,000-11,500 L.  All samples collected were immediately rinsed into Nalgene® bottles of 
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approximately 70% ethanol/river water. Samples were transported and stored at the 

University of Wisconsin-La Crosse until quantification.  

Zooplankton Identification 

Zooplankton samples that contained very high densities were subsampled using a 

Folsom Plankton Splitter (Sell and Evans, 1982) to maintain accurate relative 

concentrations of zooplankton in a known sample volume. In June, a total of eight 

samples were subsampled, 22 were subsampled from July, and 19 were subsampled from 

August. The smallest fraction obtained was 1/16 of the original sample which occurred 

once in June, eight times in July, and twice in August. Many samples were fractioned to 

1/8 of the original volume (two in June, 12 in July, 13 in August). Grab samples never 

needed to be subsampled, and there was no habitat that required considerably more 

subsampling than the others. Sample concentrations were targeted that contained a 

minimum of 100 macrozooplankton, and 400 microzooplankton. Counts were conducted 

in a 6-mL Bogorov counting chamber under a Nikon® SMZ645 stereoscopic microscope. 

An Olympus® CH-2 compound microscope was used to resolve taxonomic identification 

as needed.  

All zooplankton were identified into broad taxonomic groups (Order: Cladocera, 

Subclass: Copepoda, Phylum: Rotifera).  Cladocera were further identified to genus or 

species, when possible. Copepoda were classified as nauplii or adults and Rotifera 

remained as a single group. Abundance of total zooplankton (animals/L), cladoceran 

species richness, and community similarity within replicates were used as response 

variables to compare across dates and habitats. Zooplankton taxa (Cladocera, Copepoda, 
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nauplii, Rotifera) were then separated and abundances were evaluated independently 

across habitats and dates.  

Statistical Analysis 

Each date was treated as an independent sampling event and a 2-way factorial 

ANOVA was used to test for significant differences in response variables among gears 

and habitats within RStudio (version 1.1.456, R-version 3.5.1). Tukey’s Pairwise 

comparison for post-hoc analyses were used to evaluate significant interactions and main 

effects. Replicability of gear was evaluated by the calculating similarity of community 

composition within replicate samples, estimated using Bray Curtis Similarity within 

PRIMER software (version 6.0). 

RESULTS 

Powered pump samples typically yielded higher zooplankton abundance estimates 

across dates and habitats than the Schindler and grab samples (Fig. 2-4). Zooplankton 

community estimates were also highly repeatable for both the pump and Schindler trap 

(Bray-Curtis Similarity Index 0.60-0.94 and 0.63-0.88, respectively), but less replicable 

for the grab samples (0.51-0.90), especially in July (gear: F2=8.712, p=0.002, Tukey’s 

Pairwise comparisons (PWC); grab-SCH p=0.041, grab-pump p=0.002) (Fig. 2). The 

pump captured the greatest numbers of zooplankton across all habitats (Tukey’s PWC; all 

p<0.005), except in June when there were no significant differences between gear. 

Although the tow net did not capture the most zooplankton, it did capture the greatest 

cladoceran species richness throughout the study. The grab sampler did not capture as 

many cladoceran species as the pump or Schindler (June F2=16.012, p<0.001, Tukey’s 

PWC; grab-pump/SCH p<0.003; July F2=4.395, p=0.028, Tukey’s PWC; grab-SCH 
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p=0.030). Backwaters had the highest total zooplankton abundance in June (F2=17.830, 

p<0.001, Tukey’s PWC; BW-TW/MCB p<0.003) and July (F2=35.104, p<0.001, Tukey’s 

PWC; BW-TW/MCB p<0.001). Backwaters also contained more cladoceran species than 

the MCB in August (F2=4.120, p=0.030, Tukey’s PWC; p<0.038), and had higher gear 

replicability than the TW in July (F2=4.787, p=0.021, Tukey’s PWC; p=0.017).  

 

Figure 2. Total abundance (log scale), cladoceran species richness, and replicability 

compared across Upper Mississippi River habitats (BW = backwater, MCB = main 

channel border, TW = thalweg) during three months (June, July and August) of 2017. 

Statistically significant factors are listed in the shaded bars below each figure. Arrows 

within these bars denote direction of difference based on gear or habitat. Pump is bolded 
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and italicized for emphasis. Tow samples were not collected in replicate and are not 

included in the statistical evaluation.  

Separating zooplankton into broad taxonomic groups did not significantly alter 

our evaluation. The pump most often collected the highest abundances of individual taxa 

(Tukey’s PWC; all p<0.05) (Fig. 3-4). Exceptions to this trend were seen in the 

collections of cladocerans in August and copepods in June and July, when there were no 

significant differences between gear (Tukey’s PWC; all p>0.05). Clear interactions 

between gear and habitat types were found when evaluating individual taxa. The 

Schindler failed to collect comparable copepod samples in the August thalweg (F4=7.638, 

p<0.001, Tukey’s PWC; SCH:TW grab:TW/ pump:TW/ SCH:MCB/ pump:MCB p<0.04) 

(Fig. 3). The pump sampler collected significantly greater cladoceran abundances than 

the other gear in the June backwater (F4=3.874, p=0.019, Tukey’s PWC; pump:BW-

SCH:BW/ grab:BW/ Grab:MCB/ pump:MCB/ SCH:MCB/ grab:TW/ pump:TW/ 

SCH:TW p<0.02). Cladoceran abundances also resulted in two other significant 

interactions between gear and habitat, July-Schindler and August-grab, when these gears 

collected greater abundances in backwater habitats, but not in the channel habitats (July 

F4=5.860, p=0.003; August F4=4.033, p=0.017). A significant interaction also occurred 

between gear and habitat in July when grab samples yielded higher abundances of nauplii 

only in the TW (F4=4.191, p=0.014). 

Along with gear and habitat differences, biological trends were identified for 

specific taxa. Cladocerans were found at highest abundance in the backwaters in June 

(F2=45.481, p<0.001, Tukey’s PWC BW-MCB/TW p<0.05), and abundance declined 

throughout the season (Fig. 3). Adult copepods showed the opposite trend; they were rare 
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in June but reached high densities in the channel habitats in August (F2=44.982, p<0.001, 

Tukey’s PWC MCB/TW-BW p<0.001). Nauplii copepods did not show similar habitat 

preferences as the adult counterpart. Instead, more nauplii were found in the backwater 

than in the channel habitats (June F2=3.738, p=0.044, Tukey’s PWC BW-MCB p=0.043; 

July F2=45.874, p<0.001, Tukey’s PWC BW-MCB/TW p<0.001; August F2=31.076, 

p<0.001, Tukey’s PWC BW-MCB/TW p<0.001), and nauplii had similar abundances in 

July and August (Fig. 3). 

 

Figure 3. Cladoceran abundance, copepod abundance, and nauplii abundance compared 

across Upper Mississippi River habitats (BW = backwater, MCB = main channel border, 



15 

TW = thalweg) during three months (June, July and August) of 2017. Statistically 

significant factors are listed in the shaded bars below each figure. Arrows within these 

bars denote direction of difference based on gear or habitat. Asterisks (*) denote when 

significant statistical interactions occurred between the gear and habitats. Pump is bolded 

and italicized for emphasis. Tow samples were not collected in replicate and are not 

included in the statistical evaluation.  

Rotifers numerically dominated the UMR zooplankton communities sampled. 

Rotifers increased between June and July and were more abundant in backwater samples 

(June F2=10.374, p=0.001, Tukey’s PWC BW-MCB/TW p<0.03; July F2=26.746, 

p<0.001, Tukey’s PWC BW-MCB/TW p<0.001) (Fig. 4). In July and August when 

rotifer abundances were highest, the pump consistently provided higher estimates of 

rotifer abundances than the Schindler or grab sampler (July F2=3.631, p=0.047, Tukey’s 

PWC pump-grab p=0.038; August F2=7.082, p=0.005, Tukey’s PWC pump-SCH/grab 

p<0.02). 

 

Figure 4. Rotifer abundance (log scale) compared across Upper Mississippi River habitats 

(BW = backwater, MCB = main channel border, TW = thalweg) during three months 

(June, July and August) of 2017. Statistically significant factors are listed in the shaded 

bars below each figure. Arrows within these bars denote direction of difference based on 
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gear or habitat. Pump is bolded and italicized for emphasis. Tow samples were not 

collected in replicate and are not included in the statistical evaluation. The tow samples 

did not collect any rotifers in the July MCB and all habitats in August.  

DISCUSSION 

  The powered pump exceeded the other gears in most aspects of zooplankton 

quantification and replicability. On occasion, the Schindler plankton trap yielded results 

indistinguishable from the pump. However, under higher flow conditions the river current 

occasionally caused the hinged doors of the Schindler to remain open or the trap to go 

horizontal before retrieval, requiring repeated effort to obtain a proper sample. 

Restricting the Schindler trap to lentic backwaters would ease operational effort, 

presuming the trap would still collect comparable samples. Yet, there was only one 

instance when the Schindler exceeded the other gear in the backwater, suggesting these 

plankton traps are not ideal in large river habitats. The tow net, more commonly used to 

target larval fishes, filtered much larger volumes (>5,000 L) and collected the highest 

cladoceran species richness. While useful for species presence and absence, the precision 

of volume estimation for samples filtered through the large mesh tow net are unlikely to 

yield consistent microscopic zooplankton abundance estimates. The tow net failed to 

collect the high density, small-bodied zooplankton due to the large mesh size used (504-

µm). Without precise volume estimates, and failure to collect most zooplankton present, 

it is recommended that this tow net not be used for density calculations of riverine 

zooplankton. However, this style of tow net could still be used when sampling extensive 

areas to detect rare or exotic large bodied zooplankton, such as use by Burdis and Hirsch 

(2005) and Hoffman et al. (2010). Although inexpensive and easy to use, grabs using the 



17 

integrated PVC tube were inferior in collecting samples that accurately represented the 

riverine zooplankton. The integrated tube used here was 5-cm diameter x 50-cm length 

and only collected ~1 L from subsurface grabs. Larger versions, like the 7.6-cm diameter 

x 2.4-m long PVC tube by Burdis and Hoxmeier (2011), would collect a higher volume 

and a deeper sample through the water column, but would require further evaluation to 

determine accuracy. Pump samples near surface were more effective overall for 

replicability, total, and taxa specific abundances. Furthermore, slight modifications or 

movement of the tube through the water column would achieve complete composite 

samples throughout the entire water column as recommended by Blomqvist (2001) for 

standardization of methods.  

Our evaluation of sampling gear reinforces the U.S. Environmental Protection 

Agency (USEPA) recommendation to use a pump to collect riverine zooplankton 

(Angradi, 2006). The USEPA suggests collecting a total of 180 L of river water equally 

from three depths; near bottom, middle, and subsurface. To collect representative samples 

throughout the water column, the intake hose of a pump can be weighted to reach desired 

depths, or the hose can be consistently raised during collection in a manner described by 

Sass et al. (2014) and DeBoer et al. (2018). These composite river samples are necessary 

to capture zooplankton that occupy various depths depending on time of day (Casper and 

Thorp, 2007; Jack et al., 2006). The pump is also the appropriate gear to collect the large 

volume of water recommended by the USEPA. The powered pump used within this study 

could pump 11.3 liters per minute (Lpm). This would relate to pumping for nearly 16 

minutes to collect 180 L of river water, which is impractical for researchers sampling 

large reaches and collecting many replicates. To improve efficiency, a pump with a 
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higher yield, such as the 37-Lpm Shurflo® pump model SF1100, could be used. 

Measuring large volumes is tedious and can be difficult on a boat where there is limited 

operating space. In-line flow meters, (E.g. SOTERA® model FR1118P10 used here), 

effectively record volumes as they are pumped through the appropriate filter and back 

into the river, eliminating the need for a large holding tank or large graduated cylinders. 

These in-line flow meters can be field calibrated based on manufacturer 

recommendations to improve the accuracy and precision of volumes measured. When 

sediment load or bio-production is high, large volumes of river water can clog the 

filtering mesh and can impact filtering rates.  A filter with a larger surface area of mesh 

should be used can be used to alleviate some clogging. A wide diameter stainless steel 

sieve, such as the 20.3-cm diameter Hogentogler® Model 5257, or pressing a Nitex® 

mesh filter between two PVC straight connector unions (E.g. 15.2-cm diameter 

McMaster-Carr® model 4880K31), increase the filtering surface area. Powerful pumps, 

in-line flow meters, and large filters can all improve efficiency in sample designs. 

Further improvements for riverine zooplankton monitoring could remain in the 

evaluation of volume recommended by the USEPA. The recommended 180-L collection 

volume could be impractical for many monitoring efforts in time and cost considerations. 

Future studies should reevaluate the optimal collection volumes established by EPA, 

especially for work in highly productive rivers like the UMR. Zooplankton species 

accumulation curves could be used to examine detection rates (Hoffman et al. 2011), or 

could determine whether lower sample volumes could be used to monitor zooplankton 

communities. Appropriate volumes might vary when active avoidance by zooplankton is 

considered. Zooplankton are commonly known to migrate with diel patterns (Lampert, 
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1989), to actively avoid contaminants (Andrade et al., 2018; Seuront, 2010), predators 

(Bourdeau et al., 2015; Gutierrez et al., 2013), and collection gears (Filion et al., 1993; 

Pitois et al., 2016; Skjoldal et al., 2013). Collecting all taxa, regardless of behavior, is 

necessary for accurate community descriptions.  

Rotifer and other microzooplankton (nauplii, veliger) are equally important in 

river plankton communities and can make up > 50% of the biomass and > 90% of the 

abundance in some habitats (Pillard and Anderson 1993; Thorp et al. 1994). Rotifer data 

are routinely used in ecotoxicology models and long-term environmental monitoring 

programs because of their sensitivity to environmental conditions (Lair, 2005; Casanova 

et al., 2009; Kostopoulou et al., 2012; Du et al., 2014). To properly assess rotifer and 

other microzooplankton, the USEPA suggests passing 18L through a 20-µm mesh, yet 

this protocol is rarely followed. Instead, rotifers are estimated from larger volume 

macrozooplankton samples collected using larger mesh sizes, leading to 

underrepresentation of rotifer densities reported (Chick et al., 2010; Thomas et al., 2016). 

Incorporating a microzooplankton method with 18L mesh, paired with macrozooplankton 

collections using a 63-µm mesh, would allow complete and accurate description of 

riverine zooplankton communities. 

Long-term monitoring of zooplankton within large river systems is necessary to 

infer changes in community structure and densities attributed to natural and 

anthropogenic changes in large river ecosystems  (Flinn et al., 2005; Lemke et al., 2017). 

Large rivers are ideal pathways for the spread of invasive species (Gallardo and Aldridge, 

2018; Albers et al., 2018), and the spread and establishment of numerous exotic species 

have been documented in the UMR. Zebra mussels (Dreissena polymorpha) are present 
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within the UMR (Newton et al., 2015), known to feed on zooplankton (Wong et al., 

2003), and have severely altered zooplankton populations in other large river systems 

(Strayer et al., 2019). In the Hudson River, zebra mussels reduce zooplankton biomass by 

as much as 70% (Pace et al., 1998), likely due to direct predation of microzooplankton 

and possible indirect effects on macrozooplankton through indirect competition for 

phytoplankton food sources. Bighead carp (Hypophthalmichthys nobilis) and Silver carp 

(H. molitrix) are also establishing in the UMR (Larson et al., 2017), and evidence from 

the Illinois River shows > 90% reduction in zooplankton density and biomass due to 

aggressive feeding by carp (DeBoer et al., 2018). The reduction of zooplankton in the 

Illinois River has been linked to changes in fish fitness and fish community composition 

(Irons et al. 2007; Pendleton et al. 2017). Documenting shifts in zooplankton 

communities in response to environmental disturbance can be helpful for both 

determining the detrimental effects of disturbances and setting goals for ecological 

restoration following disturbance. Standardized sampling methods must be employed to 

ensure accuracy of data and facilitate long term monitoring efforts, . Standard collection 

methods that meet quality assurance and quality control practices can be validated by 

continuous evaluation to further strengthen the consistency and accuracy of sampling 

large river zooplankton. 
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CHAPTER II

 

EVALUATION OF SAMPLE VOLUMES AND PROTOCOLS DURING 

MACROZOOPLANKTON COLLECTIONS IN THE UPPER MISSISSIPPI 

RIVER 

 

Abstract 

Standardization of methods is important to allow for comparisons of data through 

time and space, across studies, and to increase replicability of research. In large river 

systems, zooplankton receive less attention than phytoplankton or fish, and evaluation of 

research methods for zooplankton are not common. The EPA recommends that a total of 

180 L of river water should be pumped and filtered through a 63-µm mesh for 

macrozooplankton. The recommendation states that total sample volumes should be 

obtained by collecting equal 60-L fractions in the top, middle, and bottom of the water 

column. These large volumes are difficult for researchers to collect and store when time, 

operating space, and study area are considered. We collected a range of sample volumes 

(10L-80L) to test if there is a lower sample volume that yields consistent estimates of 

zooplankton abundance and species richness. Samples were collected using a powered 

diaphragm pump from the top 1 m of the water column in a backwater and a channel 

habitat of Pool 8 in the Mississippi River on two summer dates in 2018. Volumes 

collected included 10-L, 20-L, 40-L, 60-L, and 80-L samples passed through a 63-µm 
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mesh. Sample volumes of 40-L yielded highest abundances and representative species 

richness in lentic backwater habitats, while a lower volume of 10-L may be adequate in 

main channel lotic habitats. Sampling design and operating methods could be further 

refined to avoid sampling error. These recommendations could be used to develop 

standardized methods for future zooplankton monitoring in large rivers. 
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INTRODUCTION

Continuous evaluation of scientific methods is necessary to verify that best 

practices are used, and quality assurance and quality control procedures are met. Refining 

scientific protocols with advancing technology is required to meet the demands of 

dynamic ecosystems, to address new hypotheses, and to improve efficiency of research 

effort (Coppin et al., 2004; Fulton et al., 2014; Goldberg et al., 2013; Lindegren et al., 

2012; McMahon et al., 2011).  Complex ecosystems often require precise sampling 

methods that are reinforced through assessments and validation (Birk et al., 2012; Hering 

et al., 2003; Oberdorff et al., 2002).  

Large river systems are highly complex and diverse. Methods have been 

evaluated and revaluated for various physical (Landon et al., 2001), chemical (Grabic et 

al., 2010; Vrana et al., 2014), and biological parameters (Lapointe et al., 2006; Phelps et 

al., 2009; Yin and Kreiling, 2011). Evaluations often focus on specific factors of study 

design such as habitat (Dunn et al., 2018), gear (Lapointe et al., 2006), sample size 

(Bartsch et al., 1998), and effort cost (Collins et al., 2015). Much of the research in large 

river systems focuses on biogeochemistry or fish, but there are less studied organisms 

present in these systems that play very important roles in the food webs. 

Zooplankton are crucial microscopic animals that help bridge the trophic gap 

between primary producers and consumers in aquatic systems. Although their importance 

is broadly recognized, they receive less research attention than larger and better-known 

organisms in large rivers (Web of Science Core Collection-Topic Search: Fish + 
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Mississippi River 1,118 results; Zooplankton + Mississippi River 124 results). 

Zooplankton research is a specialized field where collections and detailed analyses are 

time consuming and sometimes expensive. Zooplankton are small in size, have patchy 

distributions, and can be highly mobile, making them difficult to successfully sample in a 

replicable way. Habitat heterogeneity in large rivers is directly linked to spatial variation 

of zooplankton communities (Massicotte et al., 2014). Furthermore, zooplankton have 

migration behaviors horizontally and vertically through the water column that vary daily 

(Casper and Thorp, 2007), leading to greater localized variation. These factors and a lack 

of an industry standard have resulted in varying sample designs used by researchers. 

Recent surveys of zooplankton communities in large river systems have employed 

different gear depending on habitat, sampling effort, cost, or personal preference. These 

gears include, but are not limited to, tow nets deployed horizontally (Lichti et al., 2017) 

or vertically (Burdis and Hirsch, 2017), buckets (Wei et al., 2017), tubes (Burdis and 

Hoxmeier, 2011), powered pumps (Picapedra et al., 2016), hand pumps (Beaver et al., 

2013), and plankton traps (Napiórkowski and Napiórkowska, 2013). The battery powered 

diaphragm pump is recommended by the U.S. Environmental Protection Agency 

(USEPA) for use in large river systems (Angradi, 2006). Recent research (Appel et al., 

2019) also supported the powered diaphragm pump as the best gear to collect riverine 

zooplankton because it collects the highest abundances of zooplankton and produces 

more consistent and replicable samples. The diaphragm pump maintains the structural 

integrity of the zooplankton (Sluss et al., 2011), can be easily manipulated to sample the 

entire water column (DeBoer et al., 2018; Sass et al., 2014), and collects large volumes of 

water with minimal operator effort.  
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Pumping large sample volumes from the river is important when realizing the 

USEPA recommends a composite 180-L of water be taken and filtered through a 63-µm 

mesh to assess macrozooplankton (>63-µm) communities. The USEPA describes this 

large composite sample be collected equally from three depth integrations; 60-L samples 

from near-bottom, middle, and subsurface throughout the water column. These large 

volumes are difficult for researchers to efficiently maintain when considering large 

sample reaches and replication. Zooplankton migrate with diel patterns (Lampert, 1989), 

and have been shown to actively avoid ultraviolet light (Hansson et al., 2016), 

contaminants (Andrade et al., 2018; Chakraborty et al., 2012; Seuront, 2010), predators 

(Bourdeau et al., 2015; Gutierrez et al., 2013), and collection gears (Filion et al., 1993; 

Pitois et al., 2016; Skjoldal et al., 2013). Migrations patterns are not consistent across all 

taxa, and variation in behavior suggests an evaluation on a taxon-by-taxon basis (Brinton 

and Townsend, 1981; Masson et al., 2004). There is then a balance between collecting all 

taxa present and the effort needed for sampling. Increased sampling effort does not 

directly correlate to the number of different species caught (Thompson and Withers, 

2003). However, the shape of species richness accumulation curves depend on the 

relative abundances of species sampled (Colwell and Coddington, 1994), which can be 

altered when monitoring rare or newly invasive species. Hoffman et al. (2011) 

determined that their zooplankton rarefaction curve never met an asymptote when near 

1000 L were collected at each of 70+ random sites, leading to their conclusion that 

“tremendous effort” was needed for early detection of invasive zooplankton in Lake 

Superior. Therefore, the amount of water sampled can greatly influence the description of 
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zooplankton communities and is an important factor when designing a protocol for 

zooplankton monitoring. 

To evaluate the proper sample volume for collections of riverine zooplankton in 

the Upper Mississippi River (UMR), we collected five different sample volumes (10, 20, 

40, 60, and 80-L) near the water surface of a lotic and a lentic habitat to estimate 

macrozooplankton abundances per liter. We hypothesize that there will be a sample 

volume that optimizes richness (threshold of detection), maintains representative 

abundance estimates, and has low variance to support replication. This volume would 

then be recommended as the appropriate sample volume to be used in future zooplankton 

monitoring in the large river systems.  

METHODS 

Study Area 

Zooplankton were collected from Navigation Pool 8 of the Upper Mississippi 

River (UMR). One habitat on the main channel border (CH) [43.771273° N, -91.246066° 

W] and one backwater habitat (BW) [43.775328° N, -91.230479° W] were sampled in 

2018 (Fig. 1). Sample locations were within a relatively confined portion of the river that 

lacked alternative channels. The CH and BW sites were at approximately the same 

latitude but experience very different hydrologic conditions throughout the season. Depth 

varied between sampling events on June 9th and August 9th, 2018 (CH 2.3 – 3.7 m; BW 

1.2 – 2.7 m, respectively). Samples were collected in the early afternoon on mostly sunny 

days.  
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Figure 5. Upper Mississippi River sampling sites in Navigation Pool 8. Locations were 

chosen to represent two habitats: backwater [BW] and channel border site [CH]. 

Field Collection 

A Shurflo® model SF1100 pump was connected to a 12-Volt DC battery and 

used to collect river water at each sample site. The intake hose was 5.08 cm inside 

diameter and the output hose was 2.54 cm inside diameter. Connected to the end of the 

output hose was a digital in-line flow meter (SOTERA® model FR1118P10) which was 

field calibrated according to manufacture instructions. The accuracy of the in-line flow 

meter was assessed during sampling by comparing the digital reported volume with the 

actual volume measured using a 2-L graduated cylinder. Digital and manual volume 
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comparisons showed that the in-line flow meter was always near or within 1% (0.89-

1.08%) of the volume reported by the in-line flow meter.  

The intake hose was lowered to 1 m below the water surface and the water was 

pumped through a Nitex® mesh filter (63-µm). This mesh filter was pressed between two 

polyvinyl chloride (PVC) straight connector unions (15.2-cm diameter McMaster-Carr® 

model 4880K31) to create a large surface area to accommodate the large volumes 

sampled. The filter apparatus was held over the same side of the boat where the intake 

hose was drawing water. The river water was pumped directly through the filter and back 

into the river until the appropriate volumes were reached. 

Replicate sample volumes of 10-L, 20-L, 40-L, 60-L, and 80-L were collected to 

span the USEPA recommended volume of 60-L collected from near surface. Three 

replicates were collected for each sample volume, with the 10-L samples collected first, 

then progressing to the higher volumes. BW was always sampled to completion before 

moving to and sampling the CH habitat. All samples collected and filtered were 

immediately rinsed into Nalgene® bottles of approximately 70% ethanol/river water. 

Samples were transported and stored at the University of Wisconsin-La Crosse until 

quantification.  

Zooplankton Processing 

Before processing, samples were stained with Rose Bengal Disodium Salt (Fisher 

Chemical® R323-25 Lot 177263). Samples that contained very high densities of 

zooplankton were subsampled using a Folsom Plankton Splitter (Sell and Evans, 1982) to 

maintain accurate relative concentrations of zooplankton in a known sample volume. 

Sample concentrations were targeted that contained a minimum of 100 
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macrozooplankton. In June, 26 samples were subsampled and nine were subsampled 

from August. The BW in June had the most samples (14) that needed to be subsampled. 

The smallest fraction obtained was 1/128 of the original sample which occurred only with 

a 60-L sample in June BW. The CH in June had 12 that were subsampled, where the 

smallest fraction was 1/8 of the original sample. August BW only had six that were 

subsampled and only occurred in the 60-L and 80-L samples. The 80-L sample in the 

August CH was the only volume that was subsampled, which was only ½ of the original 

sample.  

Counts were conducted in a 6-mL Bogorov counting chamber under a Nikon® 

SMZ645 stereoscopic microscope. All zooplankton were identified into two broad 

taxonomic groups (Order: Cladocera, Subclass: Copepoda), which were collectively 

identified as macrozooplankton. Cladocera were further classified into genera using an 

Olympus® CH-2 compound microscope when needed. Abundance of zooplankton 

(animals/L), average abundance based on sampling order of replicates, and cladoceran 

generic richness were variables compared across dates and habitats.  

Statistics 

A one-way ANOVA was used to test for differences between abundances in total 

zooplankton, cladoceran abundances and copepod abundances. Separate one-way 

ANOVAs were run for June and August sample periods. A one-way blocked ANOVA 

was used to test for differences in mean abundances between replicates (1st, 2nd or 3rd, 

nested within volumes).  
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RESULTS 

Within backwater habitats, the 40-L samples yielded the highest abundance 

estimates per liter for zooplankton, specifically the Cladocera (Fig. 2). The 40-L samples 

contained higher abundances of zooplankton and Cladocera per liter compared to all 

other sample volumes, except the 20-L, within the BW in June (all p<0.05). Samples 

collected in the CH showed a different trend, where the 10-L samples in June yielded 

highest abundance estimates per liter of zooplankton and cladoceran than all other sample 

volumes, except the 20-L (all p<0.05). The relative variance (variance/mean) for the 40-L 

BW samples was comparable to the lesser volumes in June (162.2-196.2) which were 

collectively higher than the 60 and 80-L (53.5 and 40.8, respectively). In August BW, the 

40-L sample had the highest relative variance (3.4 vs. other volumes 0.1-1.0). However, 

the 40-L CH samples had a comparable or lower relative variance in both sample dates 

(June 40-L = 0.1 vs. other volumes 1.1-8.7; August 40-L = 0.1 vs. other volumes 0.0-

0.7). 

There were no significant differences in abundance estimates per liter depending 

on the order in which the samples were collected (Fig. 3). Most Cladocera of different 

genera were found in August BW, and an asymptote of generic richness was reached at 

the 40-L sample volumes (Fig. 4). In June BW, there were less Cladocera of different 

genera and an asymptote was passed before the 10-L sample volume.  

There were differences in zooplankton community assemblages between sampling 

dates. Abundances of overall zooplankton and cladoceran had differences up to an order 

of magnitude between June and August (Fig. 2). Bosmina was the most common genera 

and was found at very high densities in June and far less in August samples. Copepod 
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abundances were low throughout the study, and overall zooplankton trends were driven 

by high densities of cladoceran. Copepod abundances were more similar between sample 

dates in the channel habitat but were rarely found in the backwaters in June.  
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Figure 6. Macrozooplankton abundance (log scale), cladoceran abundance (log scale), 

and copepod abundance compared across backwater and channel habitats in the UMR 

during two months (June and August) of 2018. Statistically significant factors are 

denoted as (a) for significantly greater abundances compared to (b) values. 

 

 

Figure 7. Macrozooplankton abundances based on the order in which the sample was 

collected. Samples were taken in BW and CH habitats in the UMR during two months 

(June and August) of 2018. Mean values of each replicate order (1st, 2nd, or 3rd) were 

calculated across all sample volumes to observe differences and standard error depending 

on sample collection order.  
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Figure 8. Rarefaction curve of mean zooplankton genera collected with each sample 

volume. Samples were taken in BW and CH habitats in the UMR during two months 

(June and August) of 2018. August CH samples were not identified to genus and were 

left out of analysis.  

DISCUSSION 

The 40-L samples collected greater zooplankton abundance per liter in the BW 

and comparable or asymptotic species richness. The 10-L samples contained similar 

abundances to higher volume samples but consistently captured fewer species across 

sampling dates and habitats. The low volume samples are more practical for collections 

but are not accurately assessing the zooplankton community. Recent zooplankton 

research of lentic habitats in the UMR (Burdis and Hoxmeier, 2011) and the Illinois 

River (Wahl et al., 2008) collected integrated samples throughout the water column using 

different methods, but volumes less than 20-L were collected near the water surface. 

According to our results, a 20-L sample likely underestimated zooplankton abundances 

and/or missed some taxa present. For BW habitats in large river systems, sample volumes 
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near 40-L should be taken at the near surface depth integration, but CH habitats have 

different flow and mixing dynamics that could allow for a smaller sample volume to be 

representative.  

Comparisons of samples taken within the CH habitat on the UMR indicate that 

10-L samples collected the greatest abundance estimates in June, while larger sample 

volumes all had similar abundance estimates per liter. The CH habitat has higher flow 

and greater vertical and horizontal mixing. Under these conditions, the distribution of 

zooplankton with limited swimming abilities becomes reliant on physical dynamics 

within the water column creating a homogenized pool of plankton. A homogenous 

sample area could explain the consistent estimates observed for volumes ≥ 20-L 

suggesting that a lesser sample volume would suffice. If these estimates are true, we 

support the results of Sass et al. (2014) and DeBoer et al. (2018) who sampled nearly 10-

L at the top of the water column in the main channel of the Illinois River. Both studies in 

the Illinois River report drastic changes in zooplankton communities associated with the 

invasion of exotic fishes, and it is crucial that results like these are supported by 

evaluated methods.  

Lower abundance estimates in the 60L and 80L backwater samples were 

surprising and could have been caused by several biological or sample design issues. 

Zooplankton swimming behaviors, through avoidance or diel migration (Filion et al., 

1993; Pitois et al., 2016; Skjoldal et al., 2013; Casper and Thorp, 2007), might explain 

the decrease in abundances as sampling progressed to higher volumes and more time had 

passed. However, reevaluating small details in our sampling method reveals more 

probable causes. The boat was anchored, and the intake hose was never removed during 
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sampling, progressing from the 10-L replicates to the 80-L replicates. With return water 

pouring near the collection site, our collections may have been depleting the zooplankton 

within the sample area especially during collections of the larger sample volumes. If this 

provides the explanation, we would also expect to see that sample order showed changes, 

but this is not the case. Future studies comparing volume sampling should consider 

randomizing the order of volumes collected, making sure the operator moves slightly 

during BW sampling and pumping filtrate on the opposite side of the intake hose.  

Another concerning factor in our methods was the habitat sample order. The BW 

was always sampled to completion before moving to and sampling the CH habitat. The 

pump was purged at the start of the CH sampling, but the large capacity of the pump and 

the volume available within the hoses may have held a reservoir of some zooplankton 

taken at the BW. This could explain why the 10-L samples in June CH had significantly 

more zooplankton and an unexpected number of different cladoceran genera. To 

reconcile, the pump should be purged for a long period of time before beginning to 

sample at a new site. 

Complete descriptions of riverine zooplankton communities are needed to record 

shifts in zooplankton communities caused by natural and anthropogenic changes (Flinn et 

al., 2005; Lemke et al., 2017), especially when invasive species occur (Pace et al., 1998; 

DeBoer et al., 2018). Effective zooplankton monitoring depends on standardized 

sampling methods that are supported by data-based evaluation. The diaphragm pump 

recommended by the USEPA and supported by Appel et al. (2019) is the appropriate gear 

to collect the large volumes necessary in BW habitats for accurate zooplankton 

abundances. We show that a sample volume of 40 L may be optimal for capturing the 
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maximum number of species while capturing accurate abundance estimates. The 

variation of our 40-L June BW samples is concerning, but additional factors (movement 

while sampling, depth of sampling, clearing the pump chamber, variable pump strength) 

could be considered that increase precision of macrozooplankton abundance estimates. 

Further evaluation of sample volumes for macrozooplankton collections is necessary and 

should include microzooplankton assessments based on the USEPA recommended 

volume (18-L total from three depth integrations) filtered through a 20-µm mesh. These 

microzooplankton often numerically dominate samples (Pillard and Anderson, 1993; 

Thorp et al., 1994), and are important elements within aquatic food webs (Miracle et al., 

2007). Intricate details within sampling methods greatly influence results. Careful 

consideration and clear operating procedures help collect accurate data and facilitate long 

term comparison within and between large river systems. Advances in data and 

technology assist with monitoring efforts, but these must always be united with scientific 

evaluation to ensure best practices are used while maintaining the accuracy of collections 

for zooplankton monitoring in large river systems.  
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