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ABSTRACT 

Animals can have large impacts on how ecosystems function, from influencing population 

dynamics of other plant or animal species, to modifying hydrogeological flow dynamics. One 

ecosystem function that has received widespread attention is the biogeochemical transformation 

of key nutrients required for primary production. Freshwater mussels are benthic species that in 

dense communities, act as biogeochemical hotspots with landscape-level impacts. Mussels can 

cycle nutrients through their own metabolism, but the observed changes in ecosystem-scale 

nutrient transformations are also largely influenced by microbial metabolism. My dissertation 

examined the complex interactions between freshwater mussels and environmental microbial 

communities and how these interactions shape nutrient dynamics. Then, I investigated how 

scientists can effectively communicate their research in ways that promote participation in the 

broader scientific community.    

Chapter one explored microbial communities associated with mussels in discrete, but 

proximate microhabitats in a southern US river. Mussel microbiomes (shell and biodeposits), 

were less diverse than those in surface and subsurface sediments. Mussel abundance was a 

significant predictor of sediment microbial community composition. Mussel species richness and 

distance between sample sites were not significant predictors of microbial community 

composition. These data suggest that mussels and local habitat conditions that change 

dynamically along streams, such as discharge, water turnover, and canopy cover, work in tandem 

to influence environmental microbial community assemblages at discreet rather than landscape 

scales. Further, mussel burrowing activity and mussel shells may provide interactions between 

microbial communities critical to nutrient cycling in these systems 
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Chapter two investigated how mussels can influence microbial community structure and 

function in the sediment under different nutrient regimes. I transplanted freshwater mussels and 

natural river sediment to flow-through mesocosms with different nutrient amendment treatments  

and monitored changes in microbial community composition over one week. I compared these 

microbial communities to activity measurements of ecoenzymes known to correlate to microbial 

function and nutrient availability. Mussels always changed sediment microbial community 

composition, but the final microbial community composition was also dependent on ambient 

nutrient concentrations. Further, mussels homogenized the stoichiometric ratios of ecoenzyme 

activities, indicating a consistent function of sediment microbes associated with freshwater 

mussels. My results suggest that mussels may promote functional redundancy in sediment 

microbial communities and highlight the importance of animals in controlling biogeochemical 

transformations under changing nutrient conditions. 

Chapter three studied how STEM intervention programs can effectively improve the self-

efficacy and self-concept of younger generations of scientists. I surveyed students who 

participated in a week-long, virtual workshop with a focus on computing in the biological 

sciences. The workshop had daily seminars and a career mixer to introduce students to scientists 

in academic, government, and commercial careers. Courses were most frequently taught by 

graduate students to implement a peer-to-peer mentoring strategy. The workshop was successful 

in improving student self-efficacy but had more modest success in improving student self-

concept. Results were not different among demographic groups, indicating this STEM program 

did not mirror detrimental impacts on minority students seen systemically across STEM.  

Taken together, this dissertation demonstrates that investigations into interactions between 

animal and microbial communities can improve our understanding of how ecosystems function. 
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Further, it demonstrates that effective outreach and education of scientific knowledge is crucial 

to the continuity of science as a broader ecosystem.  
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Abstract 

Microbiomes are increasingly recognized as widespread regulators of function from 

individual organism to ecosystem scales. However, the manner in which animals influence the 

structure and function of environmental microbiomes has received considerably less attention. 

Using a comparative field study, we investigated the relationship between freshwater mussel 

microbiomes and environmental microbiomes. We used two focal species of unionid mussels, 

Amblema plicata and Actinonaias ligamentina, with distinct behavioral and physiological 

characteristics. Mussel microbiomes, those of the shell and biodeposits, were less diverse than 

both surface and subsurface sediment microbiomes. Mussel abundance was a significant 

predictor of sediment microbial community composition, but mussel species richness was not. 

Our data suggest that local habitat conditions that change dynamically along streams, such as 

discharge, water turnover, and canopy cover, work in tandem to influence environmental 

microbial community assemblages at discreet rather than landscape scales. Further, mussel 

burrowing activity and mussel shells may provide habitat for microbial communities critical to 

nutrient cycling in these systems.  
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Introduction 

Key ecosystem processes are carried out by both microbes and animals, but microbial 

communities are particularly important to evaluate in tandem with animal influences on 

ecosystem function as microbiome data combined with environmental data improve our 

understanding of ecosystem processes (Graham et al., 2016). Further, effects of animals on 

microbial communities are important and underexplored (Skelton et al., 2017; Fitzpatrick et al., 

2018; Thoemmes and Cove, 2020). As more systems are investigated, the implications of 

animal-microbial interactions and their impact on ecosystem function become more apparent. 

For example, marine birds translocate nutrients from the ocean to islands, where those nutrients 

increase organic matter decomposition rates by soil bacteria (Fukami et al., 2006); earthworms 

affect the function, but not community composition, of methanotrophic bacteria in landfills 

(Héry et al., 2008); and marsupial burrowing activity causes successional shifts in microbial 

community composition and increases nitrogen availability in soils (Eldridge et al., 2015). It is 

particularly important to understand baseline interactions between animals and microbes in the 

wake of climate and land use change. In this context, streams are a good study system because 

they are globally threatened by pollution and climate change (Jury and Vaux, 2005).  

Within these systems, freshwater mussels (bivalve mollusks in the order Unionida) are 

large (~10 to 100 mm adult shell length), long-lived (~10 to over 100 yrs) benthic animals that 

perform important ecosystem functions in streams, such as filtering the water and recycling and 

storing nutrients (Vaughn and Hoellein 2018). Freshwater mussels are globally imperiled and as 

mussel communities shift and populations decline (Spooner and Vaughn, 2008; Vaughn et al., 

2015), evaluating mussel-microbiome interactions is critical to predicting changes in ecosystem 

function. Mussels often occur as dense (10 ~ 100 mussels/m2), multispecies aggregations called 
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mussel beds and can comprise a significant portion of benthic biomass (Vaughn and Spooner, 

2006). These communities can have large impacts on both biotic and abiotic factors in streams 

(Vaughn and Hoellein, 2018).  

Of importance to stream microbial function, filter-feeding mussels burrow in the 

sediment and transform as well as transport organic matter from the water column into the 

sediment via excretion and biodeposition of feces and pseudofeces (rejected particles 

encapsulated in mucus and expelled before ingestion). We know mussel beds can significantly 

influence nutrient cycling in the sediment on an ecosystem-wide scale (Hoellein et al., 2017; 

Nickerson et al., 2019) indicating interactions with sediment microbiomes. Aquatic sediment is a 

unique environment in which the interface between an oxygenated surface and an anoxic 

subsurface microhabitat is relatively shallow and mussel burrowing activity can directly 

influence the microhabitats of both layers, often introducing oxic microniches into anoxic 

habitats (Brune et al., 2000). Levels of oxygenation can affect microbial community composition 

and function (Sinsabaugh et al., 2009) and benthic organisms can couple microbially driven 

biogeochemical processes (nitrification-denitrification, elemental sulfur cycling, etc; Nickerson 

et al., 2019). However, incorporating drivers of benthic microbial community structure and 

diversity into riverine ecosystem function requires further research (Zeglin, 2015).  

Here we consider the mussel microbiome to be comprised of the microbial communities 

on mussel shells and in their biodeposits. How these communities interact with the sediment 

microbial communities, and potential differences between mussel species in how this occurs, is a 

key research gap. Host physiology and diet are known to impact hosted microbiomes in a 

diversity of organisms (Turnbaugh and Gordon, 2009; Phillips et al., 2012; Ye et al., 2014; 

Pierce et al., 2016) and freshwater mussels have species-specific physiological and behavioral 
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traits (Haag, 2012). Interspecific differences may influence the mussel microbiome and therefore 

interactions with the sediment microbiome. For example, mussel species investigated in 

southeastern Oklahoma U.S. are either thermally sensitive (e.g. Actinonaias ligamentina) or 

thermally tolerant (e.g. Amblema plicata), and thermally sensitive species excrete nutrients at 

higher rates at warm temperatures, with different stoichiometric ratios when stressed (Spooner 

and Vaughn, 2008). Additionally, Allen and Vaughn (2009) found that mussels exhibit species-

specific differences in burrowing activity with thermally sensitive species demonstrating higher 

activity.  

Here we asked, how similar are the freshwater mussel microbiome and the sediment 

microbiome, and how do these relationships change with mussel abundance, species 

composition, and environmental conditions? We addressed these questions with a field study 

comparing benthic microbiomes in three mussel beds in a small river in the southern US 

focusing on two dominant mussel species. We sampled microbial communities from four 

microhabitats: the surface layer of sediment, sediment from 6 – 10 cm below the surface, mussel 

shells, and mussel biodeposits. Microbes were identified using 16S rRNA analysis. We predicted 

that environmental conditions among microhabitats would be sufficiently distinct to host unique 

assemblages of microbes. We expected that differences in mussel species’ behavior and nutrient 

excretion would produce species-specific host-associated microbial community composition. We 

also expected that microbial community structure within the sediment would reflect mussel-

associated changes in biogeochemical cycling.   

Methods 

Study area and focal mussel species – We conducted our study in the Kiamichi River, 

Oklahoma, a well-studied stream in the southcentral U.S. known for its high freshwater mussel 
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biodiversity (Matthews et al., 2005). Mussel assemblages in this river are typically dominated by 

two species, Actinonaias ligamentina and Amblema plicata, that make up ~70% of mussel 

biomass in this region but differ morphologically, behaviorally, and physiologically (Vaughn, 

2010; Hopper et al., 2019). Amblema plicata has a ridged shell and tends to be sedentary, while 

A. ligamentina is an active burrower with a smooth shell (Allen and Vaughn, 2009). The two 

species also differ in their thermal preferences, which influences filtration rates as well as 

nutrient excretion rates and stoichiometry (Spooner and Vaughn, 2008; Trentman et al., 2018). 

Field study – In July 2018, we collected microbial samples from mussel beds in the 

Kiamichi River. We selected three sites (Fig. 1) with previously documented abundant, diverse 

mussel assemblages and data on mussel roles in nutrient recycling and storage (Atkinson et al., 

2013; Atkinson and Vaughn, 2015; Hopper et al., 2018). Sites varied in abiotic characteristics 

that may influence environmental microbiomes such as flow, substrate, and shade. Thus, we 

characterized sites by measuring flow (with a Hach LDO meter), sediment particle sizes (with 

Wolman pebble counts), and shading (using a densiometer) in summers 2015 – 16 as part of a 

larger study (Hopper et al., 2018; Vaughn et al., 2021). 

We sampled four individuals of both A. plicata and A. ligamentina from mussel beds at 

three sites along the river. For each mussel bed, we first conducted tactile searches on the 

sediment surface to locate mussels. Searches were conducted from downstream to upstream to 

minimize disturbance of the sediment. We then placed a 0.25 m2 quadrat around locations that 

contained at least one individual of each species. Although quadrats could contain multiple 

individuals of each species, they all contained both focal species, and we only sampled one 

individual of each species per quadrat. We had a total of 12 sampling locations and 24 total 

mussels (12 A. plicata and 12 A. ligamentina) across all sites. We used a custom 4.9 cm 



7 

 

diameter, clear acrylic sediment corer to collect one sediment core from each quadrat, for a total 

of 12 sediment cores. To prevent cross-contamination between samples, we used 90% ethanol to 

rinse the interior of our corer between samples. Mussels have been shown to affect bacterial 

growth and metabolism at depths of 6 cm or greater below the surface (McCall et al., 1986; 

Black and Just, 2018) so we extruded the sediment from the corer with a rubber stopper and took 

subsamples from the surface layer (n = 12) and 6-10 cm below (n = 12) using an ethanol rinsed,  

flame sterilized spatula.  

We removed mussel individuals from the sediment and used sterile razor blades to collect 

a single biofilm sample from the shell of each mussel. Blades were rinsed with 90% ethanol, 

wiped with a sterile kimwipe, and flame sterilized for one minute between samples (Horton et 

al., 2019; Miller-ter Kuile et al., 2021). Five shell samples did not successfully sequence (three 

from A. ligamentina and two from A. plicata) resulting in a final n of 19. We then gently 

scrubbed mussel shells using sterile nylon mesh to remove the remaining biofilm and left them in 

containers with 1L of filtered river water for 4 to 6 hours to allow time for mussels to biodeposit 

sufficient material for collection. Biodeposits were collected using an ethanol rinsed, flame-

sterilized spatula. Similarly, not all biodeposits samples sequenced successfully (2 from each 

species) for a final n of 20. After mussels were removed from the sediment, quadrats were 

excavated to a depth of 15 cm and any additional mussels were identified to species and counted 

(Vaughn et al., 1997). While storage at -80° C is considered optimal for microbial community 

samples, short term cold storage demonstrates little change in fecal and soil microbiome 

community structure (Rubin et al., 2013; Choo et al., 2015), and so all microbiome samples were 

placed in sterile cryovials, stored on ice in coolers on the shaded riverbank for no more than five 

hours, and then placed in liquid nitrogen until transfer to a -20° C freezer within four days. 
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Amplicon library construction and sequencing – All samples were thawed, spun at 

10,000 x gravity for two minutes, and water was removed via pipette. DNA was extracted using 

DNeasy PowerSoil® kits (Qiagen, Hilden, Germany). We amplified the v4 region of the 16s 

rRNA gene using primers and PCR protocols from (Kozich et al., 2013). We purified post PCR 

samples with Ampure XP beads (BeckmanCoulter, Indianapolis, IL, U.S.) at 1x concentration, 

quantified with a Qubit Fluorometer (ThermoFisher Scientific, Waltham, Massachusetts, U.S.), 

diluted with lab grade water to 4nM equimolar concentrations, and pooled. Library preparation 

was performed at the Sam Noble Oklahoma Museum of Natural History and library sequencing 

was performed at the University of Oklahoma Consolidated Core Lab using 2 × 250 bp paired-

end sequencing on an Illumina MiSeq. 

Bioinformatics and data analyses – Sequencing reads were merged and filtered and using 

the program ‘AdapterRemoval’ (Lindgreen, 2012). We performed closed reference OTU picking 

using ‘uParse’ (Edgar, 2013) at 97% sequence similarity and assigned taxonomy with the 

SILVA reference database (v.32, Quast et al., 2013). After filtering out read abundances less 

than 0.1% of the average sequencing depth, we quantified richness and evenness of our samples 

with the number of unique OTUs and the Berger-Parker Dominance Index respectively, using 

Quantitative Insights into Microbial Ecology (QIIME; Berger and Parker, 1970; Bolyen et al., 

2019). We used Kruskal-Wallis tests to determine statistical differences in richness and evenness 

using the base R software (R Core Team, 2020). Significant results were further examined using 

Holm adjusted pairwise-Wilcoxon Rank Tests between microhabitats (Wright, 1992).  

 To quantify differences in beta diversity we calculated an Aitchison distance matrix 

(Euclidean distance of centered log-ratio transformed OTU counts) in R using the Compositions 

and Vegan packages (van den Boogaart and Tolosana-Delgado, 2008; Filzmoser et al., 2010; 
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Gloor et al., 2017; Quinn et al., 2018; Oksanen et al., 2020). We used PERMANOVA to 

determine differences in bacterial community structure and permdisp to determine differences in 

dispersion among all microhabitats using Vegan’s ‘adonis’ and ‘betadisper’ functions 

respectively. We conducted post-hoc, pairwise PERMANOVA to evaluate differences among 

mussel and sediment microhabitats using the ‘pairwise.adonis’ test from the pairwiseAdonis 

package (Wright, 1992; Martinez, 2020). We then tested the effects of site, sediment layer, 

mussel abundance and mussel richness on sediment microbial community structure as well as the 

effects of site and mussel species on shell and biodeposit microbial community structure. For 

both models, we used the ‘adonis2’ function in Vegan for which the relative importance of each 

term is indicated by an R2 value (McArdle and Anderson, 2001; Oksanen et al., 2020). 

Differences in dispersion for these models were tested with Holm adjusted ‘betadipser’ 

calculations. Environmental variables measured at each site (Ratio of D60 to D10 Wolman 

pebble counts, average discharge, average canopy cover, and average turnover) were correlated 

with bacterial communities using the ‘envfit’ program in vegan. 

To visualize differences in community structure, we performed principal coordinates 

analyses (PCA) using Aitchison distance matrices (Gloor et al., 2017). We were interested in 

microbial community patterns in each microhabitat, so in addition to our entire dataset we 

generated individual PCAs for sediment, shell, and biodeposit communities. Then to examine 

taxa contributing to differences in microbial community structure, we calculated axis loadings of 

each PCA by calculating Pearson rank-sum correlations between axis scores and CLR 

transformed abundances using R (Comrey and Lee, 1992; Quinn et al., 2018). Loadings with 

absolute r values ≥ 0.70 were considered sufficiently correlated to evaluate (Comrey and Lee, 

1992; Curry and Patten, 2014; Weingarten et al., 2019). We interpreted correlations on both the 
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first and second PC axis. With this method, significant correlations with an r value above 0.70 

are interpreted such that higher r values indicated a given taxa had higher abundances as PC 

values increase and r values below -0.70 are interpreted as taxa demonstrating higher abundances 

as PC values decrease. Further, we were interested in functional differences between microbial 

communities and so we only interpreted taxa identified to family as higher classifications tended 

to encompass taxa with broad metabolic and niche preferences. 

Results  

Microhabitats displayed significant differences in microbial richness (χ2 = 24.65, 

p<0.001) and evenness (χ2 = 40.23, p<0.001; Fig. 2). Post-hoc Wilcoxon rank-sum tests showed 

that these differences were likely driven by mussel biodeposit and shell samples that were 44% 

less rich (W = 117.5, p < 0.001) and 8% less even (W = 811, p < 0.001) than sediment samples. 

Pairwise comparisons further showed that mussel shell and mussel biodeposit microbial 

communities were not significantly different in richness (p = 0.31), but biodeposit samples were 

significantly less even (p < 0.001). The top layer of sediment had no significant differences in 

richness from lower layers (p = 0.32) or evenness (p = 0.31). Bacterial community structure (F = 

13.71, p = 0.001) and dispersion (F = 3.74, p = 0.016) were significantly distinct among the four 

microhabitats (Fig. 3). Pairwise PERMANOVA demonstrated that all microhabitats were 

significantly different from each other (Table 1). Axis loading calculations resulted in 15 taxa 

with identified genera and 28 unique families significantly correlated with either the first or 

second axis (Table 2). 

Within quadrats, mussel abundance ranged from 3 to 13 mussels while richness ranged 

from 1 to 6 species. The PERMANOVA model testing the effects of site, sediment layer, mussel 

richness, and mussel abundance on sediment community structure was a statistically significant 
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fit to these data (F = 2.52, p < 0.001). Of these variables, the strongest driver of sediment 

microbial community structure was sediment layer, followed by site, and then mussel abundance 

(Table 3). Mussel richness was not a significant predictor of sediment community structure (F = 

1.144, p = 0.11). Sediment layer (F = 0.030, p = 0.86), mussel abundance (F = 1.65, p = 0.58), 

and mussel richness (F = 1.69, p = 0.58) did not show significant differences in dispersion and 

sites were only marginally significantly different in dispersion (F = 4.76, p = 0.07; Fig. 4A). 

Sediment axis loadings resulted in 7 identified genera and 17 unique families (Table 4).  

Overall, the mussel biodeposit (F = 3.01, p = 0.001) and shell (F = 2.87, p = 0.001) 

models were statistically significant fits to these data. Mussel biodeposit microbial community 

structure seems to be driven by site, but mussel species was not significant (Table 3; Fig 4B). 

Differences in dispersion were significant based on site (F = 5.75, p = 0.0248) but not mussel 

species (F = 0.201, p = 0.659). Similar to biodeposits, shell microbial communities seem driven 

by site, but not species (Table 3; Fig 4C). There were no significant differences in dispersion by 

either site (F = 2.16, p = 0.296) or mussel species (F = 0.059, p = 0.811). Axis loadings for shell 

communities resulted in 8 identified genera and 18 unique families while biodeposit 

communities resulted in 4 identified genera and 16 unique families (Tables 5 and 6).  

The K2 mussel bed had larger substrates and pebble sizes that were evenly distributed 

indicated by a low D60/10. In comparison, the substrates of K1 and K3 were smaller but less 

evenly distributed. Discharge measurements suggest that the mussel bed at K3 typically had 

longer water turnover times (Table 7). 
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Discussion 

Our investigation revealed that the microbial communities hosted by freshwater mussels 

are distinct from those of the surrounding sediment. These microhabitats are in constant contact; 

mussels deposit feces and pseudofeces directly into the sediment and we collected biofilm from 

shells that were exposed to surface and subsurface sediment. Yet, sediment communities 

demonstrated higher alpha diversity than those that were mussel-associated, and we also found 

low overlap in microbial community composition among animal-associated and environmental 

microhabitats. Our data indicate that both environmental conditions specific to locations along 

the river and animal activity shape these microbial communities. Interactions relevant to critical 

ecological function between these microhabitats can be inferred by examining the ecology of 

taxa that distinguish these distinct communities.  

Site characteristics supersede mussel species identity, abundance, and richness as a 

driver of microbial community composition within mussel beds – While Weingarten et al., (2019) 

found that microbial communities retained by freshwater mussels were influenced by species as 

well as site, our study found that microbes on the shell and in material passed through the gut, 

did not differ between our focal species. These results are complementary. Much of the 

phytoplankton, detritus, and bacteria filtered by mussels survives gut passage alive and 

undamaged (Vaughn et al., 2008) and so it is possible that which taxa are retained in the gut may 

be influenced by mussel species, but taxa that pass through the gut are not. Mussel biodeposits, 

regardless of species, may reflect the same background food sources and differences in 

biodeposit community composition may be minimal when occupying the same site. The algae 

and bacteria able to colonize shells may similarly be site specific and this signal may overwhelm 

any differences in community on the basis of different shell characteristics between species. 
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In contrast to species, site was a strong predictor of microbial community composition in 

every model tested. K1 and K3 sediment communities are more similar to each other than to K2 

(Fig 4C) and mussel shell and biodeposit communities at K2 and K1 are more similar to each 

other than to K3 (Fig. 4B and 4A). These patterns are not entirely expected based on scale and 

hydrology. If increasing spatial scale were to predict our microbial community assemblages as it 

can in soil (Averill et al., 2021), then we would expect sites closer together to show greater 

overlap in community composition yet our most distant sites (K1 and K3) are more similar to 

each other than to K2 (Fig. 1). Additionally, K1 is located upstream of a tributary impoundment, 

while K2 and K3 are downstream. Lack of releases from this impoundment during recent severe 

drought years has led to patchy drying of the lower river and increased water temperatures in 

shallow areas which has led to mussel declines and changes in mussel community composition 

(Atkinson et al., 2014; Vaughn et al., 2015). Based on changes in flow regimes and mussel 

communities, these results are similarly unexpected.  

Local characteristics at the stream reach level may offer insight into differences in these 

microbial communities. Sediment depth and particle size are both significant predictors of 

microbial community structure in streams (Sliva and Williams, 2005). K2’s relatively larger but 

more evenly distributed sediment particle sizes may drive distinct microbial communities from 

K1 and K3 and we see this reflected in our envfit results which indicate higher values as 

community compositions grow more distinct from those of K2 (Figure 4, Table 6). Similarly, 

differences in canopy cover govern shading and thus influence photosynthetic organisms on 

shells. K3 has the highest canopy cover and contains shell microbial communities that are most 

distinct from K2 and K1. K3 also has the greatest water turnover time which may partially 

explain its distinction in biodeposit community composition. Slower turnover in the water 
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column will increase the duration of seston delivery which impacts what seston mussels filter 

(Byllaardt and Ackerman, 2014; Mistry and Ackerman, 2018), and therefore egest as 

biodeposits, as well as impact which bacterial taxa can colonize shells.  

Mussel abundance also significantly affected sediment microbial communities. This 

result is supported by the findings of Black et al. (2017). They investigated relationships between 

sediment microbial communities and the presence or absence of mussels in the upper Mississippi 

River and found that sediment below mussels hosted distinct microbial communities. However, 

our results may underestimate the impact of mussel beds on sediment community structure. Our 

sampling resulted in a range of 12 to 56 mussels per m2 and unionid mussel abundances in this 

system can reach up to 100 mussels per m2. Investigating mussel impacts on sediment 

communities when present at higher densities may demonstrate greater significance.  

Interactions between the distinct microbial communities found within benthic 

microhabitats may be a driver of ecosystem function – Our data suggests that as a system, mussel 

shells, biodeposits, and the surrounding sediment contain microbial communities that work 

synergistically across microhabitats to cycle sulfur and nitrogen in aquatic environments. 

Interactions between mussels and the surrounding sediment is particularly relevant to ongoing 

investigations of the impact of freshwater mussels on ecosystem function (Vaughn and Hoellein, 

2018). Studies on mussel-driven changes in nutrient cycling often focus either on the nutrients 

mussels cycle themselves (Atkinson and Vaughn, 2015; Trentman et al., 2018) or on ecosystem 

processes carried out by sediment microbial heterotrophs (Black and Just, 2018; Nickerson et al., 

2019).  

Across microhabitats, there are microbes that are important to sulfur cycling. Typically in 

anaerobic subsurface sediments, sulfate reducing bacteria (SRB) use sulfate as a terminal 
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electron acceptor instead of oxygen, resulting in sulfide compounds (Hansen, 1994). We found 

multiple SRB taxa within the family Thermodesulfovibrionaceae and the genus Desulfococcus 

that distinguish sediment from other microhabitats (Table 2; Galushko and Kuever, 2019; 

Umezawa et al., 2021). Then, much of the sulfide formed by SRB in sediments is oxidized back 

to sulfate by sulfur-oxidizing bacteria (SOB; Jørgensen and Nelson, 2004). Among the bacteria 

that distinguish shell bacterial communities from other microhabitats, we find SOB in the genera 

Novosphingobium and Rhodobacter (Table 2; Imhoff et al., 1984; Imhoff, 2015; Haosagul et al., 

2020). We also see the family Comamonadaceae associated more strongly with mussel 

biodeposits than other microhabitats and this family has also been shown to oxidize sulfur 

compounds (Zhang et al., 2017). While we detect evidence of both SRB and SOB within the 

sediment, these SOB distinguish mussel communities from those of the sediment and their 

differential abundances may be facilitated by mussel activity. It is not unusual in marine 

sediments for sulfur bacteria to form symbiotic relationships with bivalves that depend on their 

primary production (Vaughn and Hoellein, 2018). If mussel activity expands the oxic-anoxic 

interface and delivers SOB to anoxic regions to respire sulfide produced by SRB, this may be an 

additional and critical mechanism by which mussels influence nutrient dynamics and primary 

production in freshwater environments. The presence of both SOB and SRB in these 

environments may prove especially interesting considering the interactions between sulfide 

produced by SRB and nitrogen removal in streams.  

One of the primary mechanisms by which excess nitrogen (N) is removed as N2 gas from 

aquatic ecosystems rather than assimilated into microbial and algal biomass, is through 

dissimilatory N respiration by microbes in the sediment. However, under laboratory conditions, 

sulfide has been demonstrated to inhibit enzyme pathways required for both nitrification (Joye 
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and Hollibaugh, 1995) and denitrification (Brunet and Garcia-Gil, 1996; Burgin and Hamilton, 

2007). Yet, mussels have been shown to increase the potential for nitrogen removal in sediments 

proven to have relatively high amounts of sulfur deposition (Newton et al., 2013; Nickerson et 

al., 2019). When adjusting the ratio of carbon and nitrogen in a bioreactor, dos Santos et al. 

(2021) found that microbial communities with significantly higher N removal demonstrated 

increased abundances of six families of bacteria: Saprospiraceae, Chitinophagaceae, 

Xanthomonadaceae, Comamonadaceae, Bacillaceae, and Planctomycetaceae. We found five of 

these six families associated with different microhabitats across mussel beds (Tables 2-6) 

indicating that it may not simply be mussel driven changes in sediment communities that alter 

nutrient cycling in these systems, but rather interactions between mussel-associated and 

environmental microbes. 

Nitrification and sulfide oxidation occur in oxic sediments while denitrification and sulfate 

reduction occur in anoxic environments. Mussels often traverse the boundary between oxic and 

anoxic layers of the sediment and so it is not surprising that we find microbes that encompass 

these diverse modes of respiration associated with them in the sediment. However, these modes 

of respiration are complementary and we find key players in these cycles across both mussels 

and the sediment. These patterns suggest that the role of burrowing bivalves in facilitating 

interactions between these microbes may be underestimated. Further, delivery of both S 

contaminants and nitrates to anaerobic sediments can enhance both sulfide oxidation and 

denitrification (Cardoso et al., 1996) and sulfur cycling by microbes has been shown to account 

for a large portion of nitrate removal in streams, lakes, and wetlands (Burgin and Hamilton, 

2008). Mussels may provide a niche for microbes with a wide array of respiratory functions that 
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in summation serve to remove contaminants of ecological concern  (Turner and Rabalais, 2003; 

Burgin and Hamilton, 2007).  

Conclusions – In our exploratory study of the microbiomes of mussels (shell and biodeposits) 

and the environment they inhabitat (sediment) we found that mussel microbiomes were less 

diverse than those of the sediment, mussel abundance was a significant predictor of sediment 

microbial community composition, and local habitat influenced microbial assemblage 

composition more than site spatial location along the river. Our findings indicate that rather than 

a continuous shift in beta diversity along the river, microbial communities further away from 

each other are more similar than communities next to each other. In our system, a regional pool 

of bacterial taxa may thus be filtered by site-specific environmental conditions along the river 

continuum. Further, the presence of macro-organisms may be an additional mechanism that 

shapes the microbiome of benthic communities. Although synergistic communities of microbes 

are likely to persist in the sediment, interactions may be limited. Animal-facilitated interactions 

between freshwater microhabitats have implications for the removal of environmentally 

impactful metabolites such as nitrates and sulfides. We suggest more thorough testing of the 

impact of mussels and other burrowing organisms on microbial community diversity and 

function.  Mussel aggregations may provide a niche for microbial communities that undoubtedly 

play a role in the complex cycling of multiple nutrients critical to primary production. 

Alterations to nitrogen and sulfide removal become especially important when considering 

anthropogenic inputs into freshwater systems. 
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Tables 

Table 1. Pairwise PERMANOVA results comparing microbial communities among 

microhabitats with Holm adjusted p values.  

Comparison Df 

Sums Of 

Squares F Model R2 

Adjusted 

p value 

Mussel Biodeposit vs Mussel Shell 1 9027.225 17.38 0.32 0.006 

Mussel Biodeposit vs Surface Sediment 1 6428.088 13.58 0.31 0.006 

Mussel Biodeposit vs Subsurface Sediment 1 6710.488 13.93 0.32 0.006 

Mussel Shell vs Surface Sediment 1 7352.131 14.43 0.33 0.006 

Mussel Shell vs Subsurface Sediment 1 7736.168 14.90 0.35 0.006 

Surface Sediment vs Subsurface Sediment 1 1649.57 3.64 0.15 0.006 
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Table 2. Axis loadings for PCA comparing sediment, shell, and biodeposit microbial 

communities. Higher r values correlated with axis 1 suggest taxa associated with sediment and 

lower values with mussel shells. Lower r values correlated with axis 2 will correlate with taxa 

differentiating mussel biodeposits from shell and sediment communities.  

Family Genus Axis 1 r Axis 2 r 

Rhodobacteraceae Rhodobacter -0.82 0.06 

Xanthomonadaceae  -0.76 0.34 

Xenococcaceae  -0.76 0.42 

Rhodobacteraceae  -0.75 0.34 

Sphingomonadaceae Novosphingobium -0.73 0.14 

Gemmataceae  -0.72 0.50 

Synechococcaceae Synechococcus -0.49 -0.71 

Synechococcaceae Synechococcus -0.45 -0.77 

Verrucomicrobiaceae Prosthecobacter -0.41 -0.77 

Synechococcaceae Synechococcus -0.41 -0.80 

Synechococcaceae Synechococcus -0.39 -0.81 

Chthoniobacteraceae CandidatusXiphinematobacter -0.37 -0.84 

Planctomycetaceae Planctomyces -0.32 -0.87 

Thermaceae Meiothermus -0.31 0.71 

Pirellulaceae  -0.30 -0.86 

Gemmatimonadaceae Gemmatimonas -0.29 -0.72 

Chitinophagaceae Sediminibacterium -0.27 -0.80 

Comamonadaceae  -0.25 -0.72 

Chitinophagaceae  -0.23 -0.88 

Pirellulaceae  -0.22 -0.82 

Rhodocyclaceae  -0.19 -0.86 

Fusobacteriaceae  -0.14 -0.77 

Acetobacteraceae  -0.14 -0.78 

Synechococcaceae Synechococcus -0.14 -0.91 

Synechococcaceae Synechococcus -0.09 -0.81 

Acetobacteraceae  -0.07 -0.81 

Armatimonadaceae  -0.03 -0.85 

Chitinophagaceae  -0.01 -0.82 

Isosphaeraceae  0.01 -0.73 

Bryobacteraceae  0.01 -0.77 

Pirellulaceae  0.02 -0.84 

Synechococcaceae Synechococcus 0.06 -0.83 

Caulobacteraceae Phenylobacterium 0.06 -0.74 

Desulfobacteraceae Desulfococcus 0.70 -0.02 

Thermodesulfovibrionaceae HB118 0.70 0.09 

Syntrophobacteraceae Syntrophobacter 0.71 0.12 

Myxococcaceae Anaeromyxobacter 0.71 -0.02 

Myxococcaceae Anaeromyxobacter 0.72 0.03 

Myxococcaceae Anaeromyxobacter 0.73 0.07 

Thermodesulfovibrionaceae GOUTA19 0.74 -0.10 

Desulfarculaceae  0.76 0.10 

Thermodesulfovibrionaceae  0.76 0.17 

Thermodesulfovibrionaceae GOUTA19 0.78 0.08 

Myxococcaceae Anaeromyxobacter 0.79 0.19 

Syntrophaceae   0.89 -0.03 
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Table 3. PERMANOVA outputs for sediment, shell, and biodeposit models. Statistically 

significant results in bold. Higher R2 values indicate more variance is explained by a given 

variable. 

Model Variable R2 F p value 

Sediment 

Sediment Layer 0.15 4.49 0.001 

Site 0.15 2.23 0.002 

Mussel Abundance 0.05 1.6 0.047 

Mussel Richness 0.05 1.14 0.11 

     

Shell 
Site 0.31 3.7 0.001 

Mussel Species 0.05 1.22 0.19 

     

Biodeposit 
Site 0.31 3.9 0.001 

Mussel Species 0.047 1.19 0.22 
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Table 4. Axis loadings for PCA sediment microbial communities. Higher r values correlated 

with axis 1 suggest taxa associated with subsurface sediments while lower values suggest taxa 

associated with surface sediments. Lower r values correlated with axis 2 may suggest values 

associated with the site K1.  

Family Genus Axis 1 r Axis 2 r 

Methanomassiliicoccaceae   0.90 0.31 

Thermodesulfovibrionaceae GOUTA19 0.77 -0.30 

Thermodesulfovibrionaceae LCP 0.76 -0.01 

Xenococcaceae  0.74 -0.10 

Syntrophaceae  0.72 -0.19 

Isosphaeraceae  0.72 -0.32 

Comamonadaceae  -0.87 0.08 

Rhodocyclaceae  -0.84 0.07 

Rhodocyclaceae Dechloromonas -0.83 0.13 

Synechococcaceae Synechococcus -0.79 0.02 

Desulfuromonadaceae  -0.78 -0.10 

Geobacteraceae Geobacter -0.78 -0.27 

Cytophagaceae  -0.76 0.23 

Alcaligenaceae  -0.76 -0.23 

Comamonadaceae  -0.74 -0.16 

Chitinophagaceae  -0.74 0.01 

Rhodocyclaceae  -0.74 0.05 

Rhodobacteraceae Rhodobacter -0.72 -0.17 

Cytophagaceae  -0.72 0.19 

Sphingomonadaceae Novosphingobium -0.70 -0.40 

Comamonadaceae  -0.70 -0.05 

Myxococcaceae Anaeromyxobacter -0.07 -0.79 

Crenotrichaceae Crenothrix -0.17 -0.79 

Comamonadaceae   -0.08 -0.70 
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Table 5. Axis loadings for PCA biodeposit microbial communities. Higher r values correlated 

with axis 1 suggest taxa associated with the site K3 while lower values suggest taxa associated 

with K2 and K1. 

Family Genus Axis 1 r Axis 2 r 

Synechococcaceae Synechococcus -0.96 -0.24 

Synechococcaceae Synechococcus -0.89 -0.24 

Synechococcaceae Synechococcus -0.86 -0.21 

Fusobacteriaceae  -0.85 -0.21 

Rhodospirillaceae  -0.82 -0.40 

Synechococcaceae Synechococcus -0.82 -0.34 

Armatimonadaceae  -0.77 -0.41 

Enterobacteriaceae  -0.74 -0.13 

Synechococcaceae Synechococcus -0.73 -0.41 

Chitinophagaceae  -0.73 -0.29 

Acetobacteraceae  -0.73 -0.38 

Sinobacteraceae  -0.71 0.28 

Pirellulaceae  -0.34 -0.80 

auto67_4W  -0.25 0.73 

Pirellulaceae  -0.19 -0.78 

Syntrophaceae  -0.16 0.84 

Desulfobacteraceae Desulfococcus -0.10 0.73 

Caldilineaceae  -0.04 -0.70 

Sinobacteraceae Steroidobacter 0.16 -0.76 

Thermodesulfovibrionaceae  0.24 0.86 

Desulfobacteraceae Desulfococcus 0.72 -0.08 

Chthoniobacteraceae CandidatusXiphinematobacter 0.87 -0.05 

Nostocaceae Dolichospermum 0.89 -0.21 

Chthoniobacteraceae CandidatusXiphinematobacter 0.94 -0.15 
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Table 6. Axis loadings for PCA comparing shell microbial communities. Higher r values 

correlated with axis 1 suggest taxa distinguishing the sites K1 and K2 from K3 while lower 

indicates the opposite. Higher r values correlated with axis two suggest taxa distinguishing sites 

K2 from K3 and K1.  

Family Genus Axis 1 r Axis 2 r 

Sphingomonadaceae  -0.83 -0.19 

Thermaceae Meiothermus -0.81 0.00 

Kouleothrixaceae Kouleothrix -0.77 0.20 

Chitinophagaceae  -0.76 0.18 

Planctomycetaceae Planctomyces -0.76 -0.19 

Sphingomonadaceae Kaistobacter -0.74 0.28 

Hyphomicrobiaceae  -0.72 0.01 

Syntrophobacteraceae  -0.43 0.73 

Chitinophagaceae  -0.26 0.73 

Sinobacteraceae Steroidobacter -0.25 0.76 

Syntrophaceae  -0.08 -0.70 

Hyphomicrobiaceae Hyphomicrobium 0.70 -0.15 

Rivulariaceae Calothrix 0.71 -0.18 

Synechococcaceae Synechococcus 0.72 0.34 

Synechococcaceae Synechococcus 0.73 0.24 

Synechococcaceae Synechococcus 0.73 0.34 

Clostridiaceae  0.74 0.03 

Sinobacteraceae  0.75 0.13 

Synechococcaceae Synechococcus 0.76 0.25 

Nostocaceae Dolichospermum 0.76 0.00 

Hyphomicrobiaceae Hyphomicrobium 0.76 0.08 

Caldilineaceae Caldilinea 0.77 -0.31 

Comamonadaceae  0.77 0.38 

Chthoniobacteraceae CandidatusXiphinematobacter 0.77 0.08 

Acetobacteraceae  0.78 -0.10 

Synechococcaceae Paulinella 0.79 0.35 

Hyphomicrobiaceae  0.79 -0.02 

Nostocaceae  0.81 -0.18 

Caldilineaceae  0.85 -0.17 

Acetobacteraceae  0.86 -0.07 

Sinobacteraceae  0.88 0.25 

Oscillochloridaceae Oscillochloris 0.97 0.00 
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Table 7. Wolman pebble counts, substratum heterogeneity (D60/D10), flow measurements, and 

canopy cover collected in 2016, from Vaughn et al. 2021.   

  K1 K2 K3 

D10 0.13 22.1 0.18 

D50 34.17 86.9 22.78 

D60 51.25 115.33 28.09 

D90 112 225 58 

D60/D10 861.54 5.22 156.06 

Average Discharge (m3/s) 0.25 0.33 0.34 

Average Turnover (s) 58.62 15.47 105.69 

Average Canopy Cover (%) 19.83 16.37 27.36 
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Figure legends 

Figure 1. Map of the Kiamichi River drainage in Southeastern Oklahoma. 

Figure 2. Principal coordinates analysis including samples from all microhabitats. Ellipses are 

drawn around centroids with a 50% confidence interval.    

Figure 3. Principal coordinates analysis of (A) mussel biodeposit microbial communities, (B) 

mussel shell microbial communities, and (C) sediment microbial communities. Communities are 

colored based on the site from which they were sampled. Ellipses are drawn around centroids 

with a 50% confidence interval. Vectors were added post hoc and are based on envfit analysis. 

Figure 4. Principal coordinates analysis of (A) mussel biodeposit microbial communities, (B) 

mussel shell microbial communities, and (C) sediment microbial communities. Communities are 

colored based on the site from which they were sampled. Ellipses are drawn around centroids 

with a 50% confidence interval. Vectors were added post hoc and are based on envfit analysis.  
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Abstract 

1. Animals can have large impacts on how ecosystems function, from influencing 

population dynamics of other plant or animal species, to modifying landscape scale 

hydrogeological flow dynamics. One ecosystem function that has received widespread 

attention is the biogeochemical transformation of key nutrients required for primary 

production.  

2. Freshwater mussels are benthic species with ecologically significant effects on nutrient 

cycling. Dense, high biomass mussel communities act as biogeochemical hotspots with 

landscape-level impacts. Here we investigated if mussel influences on biogeochemical 

cycling in stream sediment are accompanied by changes in sediment microbial 

community composition and functions and if these relationships change under different 

nutrient regimes.  

3. We transplanted freshwater mussels and natural river sediment to flow-through 

mesocosms and monitored changes in microbial community composition over one week. 

On the final day we measured the activity of ecoenzymes known to correlate to microbial 

function and nutrient availability.  

4. We predicted that the observed mussel effects on ecosystem function are caused by 

modified microbial communities. We hypothesized that if changes in sediment 

ecoenzymatic function are driven by mussel-derived nutrient amendments, we should see 

muted changes in microbial community assemblage or function when a given nutrient is 

not limiting. However, if microbial community and function are influenced by other 

mussel functions, then we should see uniform changes regardless of nutrient availability. 
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5. Our results indicate that mussels always changed sediment microbial community 

composition but the way communities changed was dependent on ambient nutrient 

concentrations. Further, mussels homogenized the stoichiometric ratios of ecoenzyme 

activities, indicating a consistent function of sediment microbes associated with 

freshwater mussels. Our results suggest that mussels may promote functional redundancy 

in sediment microbial communities and highlight the importance of animals in 

controlling biogeochemical transformations under changing nutrient conditions.  
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1 | INTRODUCTION 

Although the term varies – keystone species, flagship species, ecosystem engineer, etc. – 

some organisms have disproportionate effects on ecosystem-scale processes and interspecies 

interactions. To date, terrestrial mammals have received a great deal of attention and as a result, 

there are plentiful, well-characterized examples (Coggan et al., 2018). Examples include beavers 

that alter river flow and change understory plant diversity (Brazier et al., 2021); deer that can 

reduce recruitment of hardwood saplings and influence population dynamics of forest-breeding 

birds (Baiser et al., 2008; Rushing et al., 2020; Shelton et al., 2014); and elephants that increase 

water availability by digging and provide understory habitat by uprooting trees (Coverdale et al., 

2016; Haynes, 2012). However, ecosystem engineers are not limited to terrestrial systems and 

mammals. Intertidal crabs in saltmarshes and estuaries burrow and impact sediment chemistry, 

enhance soil drainage and aeration, influence juvenile fish behavior, and even modify rodent 

foraging (Spivak, 2010). In freshwater ecosystems, grazing fish can uproot macrophytes and 

increase turbidity, and crayfishes can change sediment patch dynamics and provide drought 

refugia for other species (Emery-Butcher et al., 2020).  

Across ecosystems, a growing body of work demonstrates that animal physiology and 

behavior can shape the ecosystem level biogeochemical cycles of key nutrients (Atkinson et al., 

2017; Schmitz et al., 2018; Vanni, 2002). While biogeochemical cycling is primarily carried out 

by microbial heterotrophs, animals can modify nutrient cycling both directly and indirectly. For 

example, terrestrial herbivores can alter nutrient dynamics in soil directly, through excretion or 

egestion, or indirectly through consumptive effects in which they alter plant-microbe interactions 

(Buchkowski & Schmitz, 2022; Sitters et al., 2017).  Invasive marine worms can influence 

nitrogen fluxes in the sediment by aerating sediments by burrowing which impacts respiratory 
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pathways available to microbial heterotrophs (Tait et al., 2020). However, these interactions can 

come with caveats in which context dependency dictates the dominant microbial process. 

Bonaglia et al. (2014) found that while high meiofauna densities can increase denitrification in 

marine sediment, in the presence of bivalves, dissimilatory nitrate reduction to ammonium and 

methane efflux are significantly enhanced instead.  

Bivalves in particular have many documented impacts on ecosystems (e.g., biofiltration, 

nutrient storage, habitat modification, stimulation of primary and secondary production, etc.), 

partially due to the economic value of marine species (Vaughn & Hoellein, 2018). Freshwater 

mussels (order Unionida) are bivalve ecosystem engineers that have strong, documented effects 

on nutrient cycling in streams (Vaughn & Hoellein, 2018). Unionid mussels are long-lived (life 

spans range from 6 to >100 years) sedentary filter-feeders that often occur in patchily distributed, 

multispecies aggregations in rivers called mussel beds (Haag, 2012). Dense, high biomass 

mussel beds act as biogeochemical hotspots with ecosystem-wide impacts (Atkinson et al., 2018; 

Atkinson & Vaughn, 2015). Mussels exhibit species-specific nutrient stoichiometry in both body 

tissue and excretion, and mussel communities can directly influence biogeochemical cycling of 

water column carbon and nutrients—both nutrient storage and nutrient remineralization—

through their own physiology (Atkinson et al., 2020; Atkinson & Vaughn, 2015; Hopper et al., 

2021; Parr et al., 2019). Research has also shown that mussels can have indirect impacts on the 

cycling of key nutrients by altering microbially mediated biogeochemical processes in the 

sediment, increasing nitrogen removal, likely through bioturbation or by alleviating nutrient 

limitation (Atkinson & Forshay, 2022; Trentman et al., 2018).  

Recent work has also shown that the observed mussel influences on sediment microbial 

function may also be reflected in changes in the sediment microbial communities themselves. 
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The presence of unionid mussels has been linked to changes in sediment microbial community 

structure and metagenomic nitrogen cycling potential (Black et al., 2017; Black & Just, 2018). 

These mussel effects on sediment microbial communities appear to be context dependent in 

which local environmental conditions interact with mussels to shape microbial communities, as 

opposed to landscape scale factors or mussels alone (Higgins et al., 2022). However, while there 

is evidence for mussel-driven changes in sediment microbial function and sediment microbial 

community structure, it is not known if these changes happen concurrently, if mussel impacts on 

community structure or function are comparable across environmental gradients, and what aspect 

of mussel behavior or physiology drives these changes.  

Here we asked, when mussels change sediment microbial function, is that due to altered 

microbial community structure or does the community persist, but alter the metabolic pathways 

by which they cycle nutrients? We hypothesized that if the observed mussel effects on ecosystem 

function are caused by modified microbial communities, we should see differences in sediment 

microbial community composition when mussels are present compared to when they are absent. 

Further, is the primary mechanism for altering microbially mediated nutrient cycling alleviating 

nutrient limitation or via mussel behavior e.g., bioturbation? If these changes in sediment 

function are driven by mussel excretion or egestion alleviating nutrient limitation, we should see 

muted changes in microbial community assemblage or function when a given nutrient is not 

limiting, but if they are driven by mussel bioturbation or other mussel activity, then we should 

see uniform changes regardless of nutrient availability. To address these questions we conducted 

a mesocosm experiment in which we manipulated mussel abundance and nutrient concentration 

over a seven day period and measured the response of the sediment microbial assemblage and 
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the activity of ecoenzymes commonly used to measure microbial nutrient assimilation and 

cycling (Sinsabaugh et al., 2009).  

2 | MATERIALS AND METHODS 

2.1 | Study organism and system 

Mussels and sediment were collected from the Kiamichi River, a fifth order river in 

southeastern Oklahoma US. This relatively pristine river is known for its high aquatic diversity, 

including ~30 species of freshwater mussels (Matthews et al., 2005). Ecosystem effects of 

mussels in this river have been well-studied, especially their effects on nutrient cycling 

(Atkinson & Vaughn, 2015; Atkinson et al., 2018). For this study we used one freshwater mussel 

species, Actinonaias ligamentina. This species has high biomass in the river with documented 

strong effects on nutrient cycling as well as primary and secondary production (Spooner & 

Vaughn, 2006; Vaughn et al., 2007; Vaughn, 2010).  

2.2 | Experimental design 

We conducted the experiment in outdoor, flow-through mesocosms at the University of 

Oklahoma Aquatic Research Facility (ARF; 35°10'58.5"N 97°26'49.8"W). These mesocosms 

have been used successfully in other recent experiments with freshwater mussels (Parr et al., 

2019; Vaughn et al., 2022). A small-scale pilot study in 2019 demonstrated that by the end of 

one week in a mesocosm, natural sediment microbial communities had significantly decreased in 

alpha diversity but this change subsequently plateaued. Thus, to give our treatments enough time 

to produce observable results, but not so much time that mesocosm effects obscured treatment 

effects, we ran the experiment for 7 days. We used 30 flow-through mesocosms which consisted 

of a small inflow (1.33 m long x 0.45 m wide, 0.2 m deep), a large circular pool filled with 

gravel (1.8 m diameter and 0.35 m deep), and a short outflow (0.71 m long x 0.45 m wide x 0.2 
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m deep; Parr et al., 2019). In each pool we buried one 33.02 cm x 33.02 cm x 27.94 cm enclosure 

to a depth of 20 cm (Fig. 1).  

We had eight treatments; a mussel and a non-mussel treatment crossed with four nutrient 

amendments. Nutrient treatments were amendments of nitrogen (N), phosphorus (P), nitrogen 

and phosphorus (NP), and a no nutrient control. Each treatment was replicated four times except 

for the control which had three replicates. The mussel treatments contained four A. ligamentina 

individuals within the enclosures resulting in a density of ~36 individuals·m-2, a mussel density 

found in large mussel beds in the Kiamichi River (Vaughn & Spooner, 2006). Nutrient 

amendments were based on the background concentration of N and P in the groundwater 

supplied to the mesocosms (Parr et al., 2019). Groundwater nutrient concentrations were 

relatively stable and in a previous experiment, the average background concentration of SRP was 

~27.2 µg·L-1 while the average concentration of N was ~1273 µg·L-1 as nitrate with much less N 

present as ammonium (~8.2 µg·L-1). The inflow rate of water to mesocosms was roughly 1 

L/min resulting in a delivery of ~27.2 µg P·min-1 and ~8.2 µg NH4
+·min-1 to mesocosms. To our 

P and NP mesocosms, we targeted an amendment rate of monosodium phosphate (NaH2PO4) in 

solution at 54.4 µg SRP·min-1 to raise the influx of P three-fold. To mimic A. ligamentina 

excretion stoichiometric ratios of N:P, we calculated our N amendments to reach 20N:1P with 

most N as NH4
+ (Spooner & Vaughn, 2008). Thus, we added ammonium chloride (NH4Cl) in 

solution at 155.8 µg·min-1 to our N treatments to target an influx of N to 168 µg N·min-1 (20 

times the influx of P in our P treatment). For our +NP treatments we then added NH4Cl at 483.8 

µg N·min-1 to adjust for the three-fold increase in P delivery. Nutrients were administered using 

IV drip bags manually adjusted to add 500 mL of solution over 24 hours. IV bags drip rates were 

measured every morning and readjusted as needed.  
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The day before the experiment, we began amending nutrients to the mesocosms. We also 

collected fresh river sediment from the Kiamichi River the day before the experiment as the river 

is a 3-hour drive from the research facility. We collected sediment with a 90% ethanol-rinsed, 

flame sterilized trowel into 90% ethanol-rinsed plastic buckets. Sediment was immediately 

transferred on shore to coolers with a layer of ice separated by 90% ethanol rinsed plastic liners. 

Sediment was transported back to the ARF within 5 hours and added to enclosures in random 

order to fill up to ~13cm depth. Mussels were collected in June and held in a recirculating tank 

until placement within enclosures after the first sampling effort. The experiment was initiated on 

July 31st, 2020 and ran until August 7th, 2020.  

To ensure mussels were actively feeding and thus excreting and egesting, a commercial 

algal diet was added to all mesocosms on day two and five (algal density ≈ 7 million cells/mL; 

Instant Algae®: Shellfish Diet 1800, Reed Mariculture, Campbell, California (Blakeslee et al., 

2013; Galbraith et al., 2015)). Commercial algae stocks were used rather than lab cultured algae 

to avoid the addition of the supplemental nutrients needed to grow algae in the laboratory. 

Instead, commercial algae feed comes as a concentrated stock suspended in clean water with 

known quantities of algal cells to ensure uniformity of distribution.  

2.3 | Sampling  

Sediment samples for microbial community composition analyses were collected on days 

0, 3, and 7. Sediment was removed from a random location within the enclosure with a 70% 

ethanol sterilized, 4 cm diameter PVC sediment corer and an ethanol sterilized putty knife. 

Sediment particle size has been shown to select for different communities of microbes (Sliva & 

Williams, 2005) and so to get a more complete sampling of sediment microbial communities, 

sediment was sieved and two samples were taken as separate microhabitats: one of particle sizes 
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above 495 µm and one between 61 µm and 495 µm. Samples were stored in sterile cryovials and 

immediately placed in liquid nitrogen. On days 0 and 7, an additional sample was taken from 

each mesocosm between 61 µm and 495 µm particle sizes for ecoenzyme activity analysis. 

Ecoenzyme samples were stored on ice until they were transported to a refrigerator. Pandemic 

induced delays and restrictions at our institution did not allow for day 0 samples to be analyzed 

within one week of collection; thus these were not used. Day 7 ecoenzyme samples were 

analyzed within 8 hours of collection.  

Algae grew on mussel shells and in the mesocosms during the experiment. To quantify 

algae on mussel shells, on day 7 after the final samples were collected, mussels were removed 

from mesocosms, and three independent observers ranked the algal growth on mussel shells from 

1-5. To train observers, 20 mussels from a holding tank separate from the experiment were 

selected and sorted into scores of 1-5 based on consensus before ranking. To quantify algae in 

the mesocosms, on day 7 a photo was taken from the same angle above each mesocosm to 

quantify the amount of visible filamentous algae and periphyton that may not have been sampled 

from the water column following Parr et al. (2019). From these photos, four independent 

observers ranked the algal growth on a scale of 1-10. Observers were provided with examples of 

mesocosms with scores of 1, 5, and 10 ahead of scoring to ensure consistency (Parr et al., 2019).  

2.4 | Sample processing 

Microbiome library preparation and sequencing followed Higgins et al. (2022). In brief, 

we extracted DNA using DNeasy PowerSoil® kits (Qiagen, Hilden, Germany), amplified the v4 

region of the 16s rRNA gene (Kozich et al., 2013), and sequenced with 2 × 250 bp paired-end 

sequencing on an Illumina MiSeq. 
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We quantified the activity of ecoenzymes often linked to important biogeochemical 

transformations of C, N, and P (Sinsabaugh et al., 2009; Sinsabaugh & Follstad Shah, 2012); β-

Glucosidase (BG), β-N-acetylglucosaminidase (NAG), leucine-aminopeptidase (LAP), and 

phosphatase (AP). To quantify activity, we measured the change in fluorescence over time of 1-2 

g of sediment samples exposed to 5 nM solutions of 4-methylumbelliferone (BG, NAG, and AP) 

or 7-amino-4-methyl coumarin (LAP) linked substrates using the methods and calculations 

outlined by Findlay & Parr (2017).  

2.5 | Bioinformatics and data analysis 

16S sequencing data were analyzed in QIIME2 (Bolyen et al., 2019). Sequences were 

denoised into ASVs with DADA2 (Callahan et al., 2016) and classified using the Silva 138 

Reference Database (Quast et al., 2013). After removing samples that unsuccessfully sequenced, 

we had 157 remaining samples. One sample had an ASV count 5 standard deviations from the 

mean and was removed as an outlier for a final N of 156 samples total and 59 for the final day of 

the experiment. We calculated Shannon Diversity and Simpson’s Index as our alpha diversity 

metrics on the resulting taxa table. To determine statistical differences in alpha diversity we used 

Kruskal-Wallis tests in the base R software (R Core Team, 2020). Significant results were further 

examined using Holm adjusted pairwise-Wilcoxon Rank Tests between microhabitats (Wright, 

1992).  

To quantify differences in beta diversity we first filtered ASVs with less than 0.1% of the 

average sequencing depth (Higgins et al., 2022). To account for the compositional nature of 

sequencing data, we calculated an Aitchison distance matrix in R using the Compositions and 

Vegan packages (Gloor et al., 2017; Oksanen et al., 2020; Quinn et al., 2018; van den Boogaart 

& Tolosana-Delgado, 2008). To visualize differences in community structure, we performed 
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principal coordinates analyses (PCA) using our distance matrices (Gloor et al., 2017). We used 

PERMANOVA tests, with samples nested within the mesocosm from which they were sampled, 

to determine differences in bacterial community structure among treatments with Vegan’s 

‘adonis’ package. We conducted post-hoc, pairwise PERMANOVA to evaluate differences 

among mussel and sediment microhabitats using the ‘pairwise.adonis’ test from the 

pairwiseAdonis package (Martinez, 2020; Wright, 1992). We included particle size in our 

PERMANOVA to test if mussels had a distinct effect on different particle sizes. We used 

permdisp to determine differences in dispersion using the ‘betadisper’ functions. Because 

‘betadisper’ can only test singular variables at a time, we tested the effect of each variable in our 

PERMANOVA models individually and reported Holm adjusted p-values (Chen et al., 2017; 

Holm, 1979). For interaction effects in our permdisp tests, we concatenated the interacting 

variables into one dummy variable (Penha et al., 2017). To investigate the impacts of our 

experimental variables without mesocosm effects, and to better compare microbial community 

data to ecoenzyme data, we separated samples collected on day 7 and reanalyzed them 

separately. For these analyses, we removed ASVs that were not present in any sample from the 

resulting filtered taxa table. 

2.6 | Ecoenzyme data analysis  

Ecoenzyme fluorescence measurements were converted to activity measurements using 

the methods described in (Findlay & Parr, 2017). The stoichiometry of extracellular enzymes 

provides insight into the relative availability of limiting nutrients (Sinsabaugh & Follstad Shah, 

2012). The ratios of β-glucosidase activity to that of phosphatase (C:PEEA) and to the sum of β-N-

acetylglucosaminidase and leucine-aminopeptidase activities (C:NEEA) provides insight into C:P 

and C:N ratios limiting microbes, with similar implications for the ratio of nitrogen and 
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phosphorus enzymes (N:PEEA). We expected that exudates from algae growing on mussels and in 

the water could possibly influence ecoenzyme activity in the sediment and so we tested if 

incorporating our average mesocosm algal score and mussel shell algal score measurements as 

random effects into mixed linear models produced singular fits, indicating the models were over-

fit (Barr et al., 2013; Kuznetsova et al., 2017). If either variable produced a singular fit, they 

were not used. For both linear models and mixed linear models we used Type II ANOVA for 

unequal design to test the effect of our treatments on ecoenzyme activity in the sediment 

(Langsrud, 2003). 

3 | RESULTS 

3.1 | Treatment effects over time on microbial alpha and beta diversity 

Both alpha and beta diversity of microbial communities changed with treatment and time. 

There was a statistically significant 9% reduction in Shannon diversity between the three 

sampling dates (χ2 = 45.75, p < 0.0001; Fig 2A) and pairwise comparisons show significant 

differences between the first day of the experiment and both the third (t ratio = 5.31, p < 0.0001) 

and final day (t ratio = 6.24, p < 0.0001), but not between the third and final day (t ratio = 0.46, p 

= 0.643). There was also a 49% reduction in the inverse Simpson’s evenness index among the 

three sampling dates (χ2 =19.20, p < 0.0001; Fig 2B) although the only statistically significant 

pairwise comparison was between the first and final sampling date (t ratio = 4.38, p < 0.0001; 

Fig. 2B). Our PERMANOVA model testing the effects of the experiment date and the 

interactions between mussel and nutrient treatments was an overall good fit to our data (F = 3.05, 

p = 0.001). Both the interaction between mussel and nutrient treatments (F = 1.32, p = 0.001) 

and the sampling date (F = 8.67, p < 0.001) were significant predictors of microbial community 
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beta diversity (Fig. 3). There was a significant increase in dispersion among communities over 

time (F = 24.21, p < 0.001).  

3.2 | Treatment effects on sediment microbial community structure 

By the seventh day of the experiment, although no Shannon diversity measurements were 

significantly different among treatments, nutrient treatments had a significant effect on microbial 

community evenness (χ2 = 12.64, p = 0.006; Fig. 4A). Post hoc tests demonstrate that this 

difference was driven by N (t ratio = 3.29, p = 0.02) and NP (t ratio = 2.82, p = 0.05) treatments 

with slightly reduced evenness than control treatments (Fig. 4B). Our model evaluating the effect 

of the interaction between nutrients and mussels as well as the interaction between mussels and 

particle size on microbial community structure was a significant fit to the data (F = 1.45, p 

=0.001). PERMANOVA showed mussel and nutrient treatment interactions resulted in 

significantly distinct microbial communities (F = 1.45, p = 0.001; Fig. 5), but mussels did not 

interact differently with different sediment size classes to affect microbial communities (F = 

0.73, p = 0.65). Posthoc comparisons show that in comparison to controls, nutrient and mussel 

treatment interactions were always a significant predictor of microbial community structure but 

for comparisons between nutrient treatments, there were no interaction effects and instead 

mussels were always significant predictors (Table 1). There were no differences in dispersion 

among nutrient treatments alone (F = 0.88, p = 0.46), mussel treatments alone, (F = 0.48,  p = 

0.49) or our nutrient-mussel variable (F = 1.41, p = 0.22).  

3.3 | Treatment effects on sediment microbial community function 

The average mesocosms algal score produced a singular fit and were removed from 

mixed models. Linear models demonstrated that mussels had a significant effect on C:NEEA and 

C:PEEA but not on the N:PEEA (Fig. 6A-C, Table 2). Mixed linear models controlling for algal 
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growth on mussel shells showed no significant effect of treatments or interactions on the activity 

of P acquiring enzymes or the summed activity N-acquiring enzymes, but there was a significant 

effect of nutrient treatment on the activity of carbon acquiring enzymes (Fig. 6D-F; Table 2).  
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4 | DISCUSSION 

4.1 | Mussels influenced sediment microbial communities under strong 

environmental selection 

We predicted that we would see differences in sediment microbial community 

composition when mussels were present compared to when they were absent. Mussels did impact 

microbial communities, despite the fact that these communities also changed when removed 

from their natural river environment. We observed significant decreases in both richness and 

evenness of the sediment microbial communities that stabilized by day three and sediment 

microbial community composition was distinct at each sampling date. Thus, while sampling date 

was a strong predictor of microbial community structure, mussel-driven changes to microbial 

communities were strong enough to persist despite these background changes. 

By the end of the experiment, mussels influenced sediment microbial community 

composition, regardless of nutrient treatment, but not alpha diversity. Interestingly, previous 

work has shown that the addition of increasing concentrations of simple labile carbon and 

nutrients decreases bacterial richness and evenness (Van Horn et al., 2011). What we know of 

the effects of labile carbon addition on microbial community structure may be due to the 

preponderance of studies using monomers (e.g. acetate, glucose, etc.) as opposed to complex 

natural forms of labile carbon. While still highly labile, the diversity of molecules in the mussel 

biodeposits may be critical for maintaining community richness. Further, while other studies 

have found that mussels influence microbial community beta diversity (Black et al., 2017; 

Lukwambe et al., 2018), our data suggest that mussels not only influence microbial community 

structure, they do so under many nutrient regimes.  
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4.2| Mussel impacts on microbial community structure were context dependent 

based on concentration, not identity, of nutrients 

We hypothesized that if mussel N or P amendments were the primary mechanism of 

microbial community change, there should be at least one nutrient treatment in which the effect 

of mussels on microbial community composition was not significant. Instead, mussel treatments 

were always significant. However, patterns in centroid location (representative of differences in 

community composition) and the dispersion of sample points (representative of the breadth of 

possible community composition) suggest that mussels changed microbial community 

composition differently in high and low nutrient environments.  

By the final day of the experiment, there was a large turnover in microbial community 

composition in nutrient control tanks based on the presence of mussels alone. Interestingly, the 

sediment microbial communities with mussels in nutrient-control treatments were more similar 

to communities without mussels but with nutrients than to mussel-nutrient treatments (Fig. 5). 

This suggests that the sediment microbial communities in this study were sensitive to changes in 

the nutrient environment, but whether those nutrients came from animals or the environment, the 

resulting microbial communities were similar. This is in contrast to other studies that have found 

that in natural systems, microbial taxonomic diversity is resilient to external inputs of nutrients 

(Allison & Martiny, 2008; Bowen et al., 2009, 2011; Graves et al., 2016). However, by 

transporting natural sediment microbial communities to a nutrient poor environment, the 

amendment of any animal or ambient nutrient may have played a role in structuring microbial 

communities.   

Although not significant, smaller microbial community dispersion seems to be retained 

between mussel and non-mussel treatments in nutrient control mesocosms, but mussels appear to 
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increase microbial community dispersion when nutrients were added. When biologically 

available nutrients are limited, it is possible that mussel-derived nutrients and energy shift 

communities towards a state more similar to when those nutrients are elevated in the 

environment. However, when elevated nutrients are already present in the water column, some 

other mechanism of mussel behavior increases beta diversity and expands the available niches to 

allow for a wider variety of possible community compositions. It is worth noting that with 

elevated P, the centroid of mussel treatment microbial communities was located within the 50% 

confidence interval of the non-mussel treatment suggesting a smaller change in community 

composition. It is possible that a larger sample size would highlight more nuanced differences in 

the impacts of mussels among different nutrient regimes. 

 Taken together, mussels always impacted sediment microbial community beta diversity, 

but the nature of that change was context dependent. Mussels in a low-nutrient environment 

shifted microbial communities to a community composition similar to those with higher nutrients 

but no mussels, but mussels in a high-nutrient environment seemed to increase the breadth of 

possible community compositions. Other investigations into ecosystem engineers demonstrate 

that not all engineers have strong effects on soil microbial communities and those that do, can 

have similar, beneficial effects across disturbance gradients (Berga et al., 2015; Eldridge et al., 

2015, 2016). Identifying animals that play a role in mediating microbial communities across 

environmental gradients is important when considering the impacts of animal conservation on 

ecosystem function.  

4.3 | Mussel impacts on sediment microbial function were not context dependent 

Our data suggest that mussels play a significant role in homogenizing the balance of 

microbial carbon and nutrient assimilatory function. In all treatments the presence of mussels 
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either increased or decreased C:NEEA and C:PEEA to a consistent ratio across treatments. Elevated 

carbon to nutrient ratios can indicate either more investment in C acquiring enzymes, in which 

mussels supplied more labile C, or less investment in N or P acquiring enzymes, in which 

mussels delivered more bioavailable N or P (Sinsabaugh et al., 2009). β-Glucosidase is an 

assimilatory enzyme that has been shown to be released in the presence of high quality, 

phytoplankton exudates (Sieczko et al., 2015). Given this relationship, elevated activity of β-

Glucosidase may be a result of mussel delivery of lysed phytoplankton and water-column algae 

through biodeposits. Spatial ecosystem ecology is a theory often framed with the idea of animal 

movement transporting important energy or nutrients between ecosystems (Schmitz et al., 2018), 

but in this instance, animals that simply exist and function at critical boundary layers may serve 

similar, important roles. Further, in the mesocosms without mussels but with nutrients, there was 

much more variability in the response of C:NEEA and C:PEEA. This may suggest the important 

role that mussels and other burrowing animals play in stabilizing some ecosystem functions.   

We hypothesized our N:PEEA results would reflect a stronger abiotic (sorption) control as 

compared to the hypothesized biotic controls. We expected that adding P would result in higher 

N:PEEA as phosphatase has been demonstrated to have a consistent, inverse relationship with 

bioavailable P (Sinsabaugh & Follstad Shah, 2012) but we instead saw depressed N:PEEA in non-

mussel P mesocosms in comparison to non-mussel nutrient control mesocosms. Phosphorus 

availability is dictated more strongly by physical than biological processes and elevated levels of 

water column phosphorus and sedimentation of organic matter can increase adsorption to 

sediments in aquatic ecosystems (Allan & Castillo, 2007; Boström et al., 1988; Yang et al., 

2019). If the combination of elevated water column P and autochthonous carbon (from 

commercial algae added to each tank) increased adsorption to surface sediments, there may have 
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been less biologically available P to the subsurface microbial heterotrophs and altered ambient 

nutrients enough to shift heterotrophic communities to become P-limited. This is further 

supported by the depressed activity of β-Glucosidase in phosphorus tanks, in which P-limitation 

may have limited microbial growth over time, reducing the need for carbon assimilation. If 

mussels delivered bio-available P past surface sediments, this may have shifted the system to a 

co-limitation of N and P, explaining the observed increase in N:PEEA in mussel tanks.  

While we acknowledge that N:PEEA among treatments did not produce significant results,  

we suspect that the combination of an unexpected result in phosphorus mesocosms and small 

sample sizes may have played a role in the lack of significance of the effects of our treatments. 

Mussel treatments demonstrated a consistent N:PEEA across treatments, while control and P non-

mussel treatments produced stratified N:PEEA. This opposite, inverse result may have obscured 

the impacts of both mussels and nutrients in our models. If the interaction effect involved too 

many comparisons given our small sample size, this may explain the lack of observed 

significance despite a consistent pattern across treatments. Future studies should investigate this 

interaction as our sampling effort seems to have revealed an interesting pattern.   

4.4 | Mussels contribute to sediment microbial community functional redundancy  

We hypothesized that based on the mechanism by which mussels may influence 

microbial communities, there should be either a predictable pattern across nutrient treatments or 

the same result in each treatment. However, neither of these scenarios was supported by our 

community or ecoenzyme data. Despite the abundance of studies investigating microbial 

diversity in natural systems, conflicting results can arise with regards to microbial diversity and 

function. Recent research has shown that microbial diversity is tightly linked to chemodiversity 

in dissolved organic matter in soil and estuaries (Chen et al., 2021; Li et al., 2018), yet other 
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studies have pointed to microbial community resilience to change with excess nutrients (Bowen 

et al., 2009, 2011). Our study contributes to the growing body of work demonstrating that 

microbial taxonomic diversity is not a strong predictor of microbial function. Graves et al. (2016) 

found that bacterial communities can amplify a single functional gene across a wide range of 

functionally redundant taxa, resulting in taxonomically similar yet functionally distinct bacterial 

communities. Here, we found the opposite, where mussel presence resulted in taxonomically 

distinct microbial communities that were functionally similar. If the primary mechanism of 

mussel influence was providing a diversity of nutrients and energy, instead of providing key 

nutrients like N and P, this may better explain our results.   

Mussels excrete forms of dissolved organic matter distinct from ambient sources (Hopper 

et al., 2021). The complexity of resources and abundance of carbon provided by mussels may 

ultimately promote functional redundancy in sediment communities and cause a stabilization of 

microbial decomposition and ecoenzymatic stoichiometry despite ambient nutrients. Some 

bacteria can specialize in degrading specific substrates and provide increased nutrients for the 

community as a whole (Baty et al., 2000). If opportunistic, functionally redundant specialists 

stochastically filled available niches provided by mussel-derived nutrients, this in turn may be 

responsible for the observed increase in beta diversity associated with mussels across nutrient 

regimes. Once both mussel-derived and specialist-enhanced resources (or genes), entered into the 

community, they may have been amplified and homogenized function regardless of community 

composition. The presence of mussels and other animals with similar ecosystem impacts may 

become increasingly important to maintaining ecosystem function as anthropogenic inputs to 

environments change over time.  
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This study has some implicit limitations that should be addressed in future studies. There 

are a broad number of possible ecoenzymes that could be investigated. Further, ecoenzymes 

serve primarily assimilatory functions and do not give insights into respiratory functions that also 

play a large role in ecosystem nutrient dynamics (Sinsabaugh & Follstad Shah, 2012). Finally, 

sample size and mesocosm conditions may have obscured some findings. Our results indicate 

that the factor with the greatest impact on microbial community structure was time from 

translocation. The large change in environmental factors between the Kiamichi River (where we 

collected the sediment) and the mesocosms, such as interstitial flow, temperature, and water 

nutrient content, all likely contributed to observed changes in microbial community structure 

(Febria et al., 2010, 2012; Tian et al., 2022). During collection, digging and transporting 

sediments into buckets to transport to shore likely aerated the sediment. Oxygen plays a crucial 

role in microbial community structure and depending on the taxa, ranges from an extremely 

efficient electron acceptor to an active detriment to microbial function (Fenchel & Finlay, 2008). 

As the experiment progressed, communities may have adapted to slowly stratifying oxygenation 

in the sediment. Future studies should consider investigating the role of bivalves in influencing 

microbial nutrient decomposition and nutrient transformation across natural systems with known 

differences in nutrient regimes.  

However, this study points to the important role that mussels that interact with the 

sediment hyporheic zone—or other animals that act at boundaries between functionally discrete 

environments—may play in moderating ecosystem function. Our data support the hypothesis that 

mussels impact both sediment microbial community structure and function simultaneously, but 

the mechanism by which they affect both may not be strictly through nutrient limitation or 

bioturbation. It may be that mussels deliver and transform water column nutrients to lower levels 
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of the sediment and homogenize microbial metabolism. In the context of anthropogenic inputs 

into freshwater ecosystems, benthic ecosystem engineers may provide a buffer to microbial 

communities through the promotion of functional redundancy. Many nutrient transformations 

occur in aquatic sediment and terrestrial soils, and animals that interact in transformative ways 

with either warrant further investigation.   
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Tables 

Table 1. Pairwise comparisons of PERMANOVA models testing for effects of mussels and 

nutrient on sediment microbial community structure between nutrient treatments on day 7. 

“N:M” indicates the effect of the interaction between nutrient and mussel treatments. Significant 

values are in bold. Significant effects of single variables were not evaluated if the interaction 

effect was significant. 

 Control N P 

N 

       F         Pr(>F)  

Nutrient 1.5194  0.011    

Mussel    1.3879  0.023    

N:M         2.0786  0.001      

P 

 

Nutrient 1.3546  0.038    

Mussel    1.6207  0.006    

N:M         1.6961  0.007  

         F       Pr(>F)  

Nutrient 1.1859  0.131    

Mussel    1.5576  0.009    

N:M         1.0875  0.245    

NP 

 

Nutrient 1.2275  0.145    

Mussel    1.3330  0.067 .   

N:M         1.8984  0.002  

 

Nutrient 1.4196  0.030    

Mussel    1.5467  0.008    

N:M         1.0215  0.415  

       F         Pr(>F)  

Nutrient 0.9283  0.576    

Mussel    1.4796  0.025    

N:M         1.0110  0.446  
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Table 2. ANOVA results for ecoenzyme activity and ecoenzyme activity ratios. Significant results are in bold.  

 

BG Activity 
NAG+LAP 

Activity 
Phos Activity 

BG/[NAG+LAP] 

Activity 

BG/Phos 

Activity 

[NAG+LAP]/Phos 

Activity 

 

X2 p X2 p X2 p F p F p F p 

Nutrient  7.900 0.048 6.980 0.072 4.192 0.242 1.158 0.348 1.345 0.285 0.884 0.465 

Mussel  2.600 0.107 0.037 0.850 0.037 0.847 6.305 0.020 6.421 0.019 0.265 0.612 

Nutrient:Mussel  0.144 0.986 2.323 0.501 3.465 0.325 0.897 0.458 1.283 0.305 1.183 0.339 
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Figure legends 

Figure 1. (A) Sediment and mussels from the Kiamichi River were placed in enclosures within 

each flow-through mesocosm. (B) Experimental design used in study. Colors and letters 

correspond to nutrient treatments (N – nitrogen, P – phosphorus, NP – both nitrogen and 

phosphorus, ctrl – no nutrient control) and line type represent mussel treatment (solid – mussel 

treatment, dashed (non-mussel).  

Figure 2. Boxplots of alpha diversity metrics of sediment microbial communities over sampling 

dates.  (A) Shannon diversity. (B) Inverse Simpson’s Evenness Index.  

Figure 3. PCA of sediment microbial communities collected on the first day of the experiment 

before the introduction of mussels and the final day of the experiment for (A) nutrient control 

treatments, (B) nitrogen treatments, (C) nitrogen and phosphorus treatments, and (D) phosphorus 

treatments. Lines are drawn from the centroid of the samples collected on the first day to the 

centroid of samples on the final day. Ellipses are drawn at a 50% confidence interval around 

centroids. Lighter shades and dashed lines indicate non-mussel treatments. Samples collected on 

the first day of the experiment are all considered non-mussel treatments as mussels had not been 

introduced. All panels are based on the same PCA but with all ellipses other than the nutrient in 

question masked for clarity.   

Figure 4. Boxplots of alpha diversity metrics for samples collected on the final day of the 

experiment by nutrient and mussel treatment. (A) Shannon diversity. (B) Inverse Simpson’s 

Evenness Index.   

Figure 5. PCA of sediment microbial communities collected on the final day of the experiment 

for (A) control treatments, (B) nitrogen treatments, (C) nitrogen and phosphorus treatments, and 

(D) phosphorus treatments. Ellipses are drawn at a 50% confidence interval around centroids. 
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Lighter shades and dashed lines indicate non-mussel treatments. All panels are based on the 

same PCA, but with all ellipses other than the nutrient in question masked for clarity.  

Figure 6. Boxplots of ecoenzyme activity within nutrient and mussel treatments on the final day 

of the experiment. Enzyme activities shown are (A) C:N enzyme activity ratio, (B) C:P enzyme 

activity ratio, (C) N:P enzyme activity ratio, (D) BG enzyme activity (ln[nmol · hr-1· mg 

AFDM-1]), (E) sum of NAG + LAP enzyme activity (ln[nmol · hr-1· mg AFDM-1]) and, (F) AP 

enzyme activity (ln[nmol · hr-1· mg AFDM-1]). 
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Abstract 

Early STEM intervention programs can be effective at improving student performance 

and retention in STEM. However, because these programs vary in their implementation, 

evaluation of their structure and effectiveness in improving student outcomes is imperative for 

continued success. In 2020, a cross-university collaboration designed a workshop designed to 

improve participant’s self-efficacy and self-concept—both of which have been shown to improve 

student persistence in STEM, especially for underrepresented students. The week-long, virtual 

workshop offered 14 courses in R and Python with a focus on computing in the biological 

sciences. Courses were most frequently taught by graduate students to implement a peer-to-peer 

mentoring strategy for undergraduate, high school, and community college students. The 

workshop was successful in improving student self-efficacy, even three months after the 

workshop, but had more modest success in improving student self-concept. These results were 

not different among demographic groups, indicating this STEM program did not mirror 

detrimental impacts on minority students seen systemically across STEM. Peer-to-peer 

workshops can be effective methods for improving student confidence in unfamiliar topics, even 

in virtual environments. However, more robust methods for developing a sense of community 

and self-concept may be necessary in short-term distance-learning.   
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Introduction 

Policy makers maintain an expectation for the United States to be a world leader in 

science, technology, engineering, and math (STEM), and recognize the need for adequate STEM 

training nationwide (The President’s Council of Advisors on Science and Technology, 2020). 

Yet, the U.S. is falling behind other countries in multiple metrics including reduced global share 

of research and development performance (National Science Board, 2022), as well as student 

numeracy and problem solving (National Academies of Sciences & Medicine, 2016). While the 

surplus or dearth of qualified professionals is inconsistent among STEM careers, there remains a 

consistent pattern across academia, government, and industry: labor shortages in professionals 

with coding and software experience (Xue & Larson, 2015).  

The need for STEM professionals is also reflected in the growth of computer science 

jobs, where opportunities are predicted to expand at three times the average of other occupations 

between 2019 and 2029 (Zilberman & Ice, 2021). Even before entering the workforce, many K–

12 students use computer skills daily, and many future careers, both STEM and non-STEM, will 

include some component of computer science (National Science Board, 2020b). In addition, the 

COVID-19 pandemic has provided insight into the importance of computer skills for continued 

education, and STEM careers have been shown to be more resilient to the pandemic than non-

STEM jobs (National Science Board, 2021). Yet, academia has been unable to meet the STEM 

workforce need for college graduates with adequate computer science skills (Xue & Larson, 

2015). 

Disparities in Computer Science – A major factor underlying the dearth in STEM talent 

is the loss of women and underrepresented minority (URM) students through the academic 

process, despite strong initial interest (Estrada et al., 2011; Williams et al., 2019) and this 
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problem has persisted for decades (Sciences et al., 2007). While the STEM industry in the United 

States has made progress over time in increasing participation of underrepresented groups, this 

progress is nuanced, and its success limited; ultimately, over the past few decades there has been 

an increase in the total number of women and other historically URM participating in STEM, but 

these increases are not keeping pace with the overall growth of the industry and this is especially 

noticeable in Computer Science (National Science Board, 2020b, 2022). Unfortunately, systemic 

barriers in K–12 education often prevent equal access to enrolling and succeeding in computer 

science among Black, Hispanic, and female students (Wang & Hejazi Moghadam, 2017). 

Although roughly 51 percent of high schools in the U.S. offer foundational computer courses, 

these courses are much less common in urban, rural, and economically disadvantaged 

populations and Black, Hispanic, poor, and rural students are less likely to attend schools that 

offer them (Hendrickson et al., 2021; Upadhyaya et al., 2020).  

This inequity then persists into post-secondary education. One study that compared 

persistence rates among students from different racial backgrounds from all public universities in 

Ohio between 1998 and 2002 found that by the third year of college, 63 percent of White STEM 

students remained in their field of study compared to only 48 percent of Black STEM students 

(Price, 2010). Similarly, using data from the National Center of Education Statistics, Riegle-

Crumb et al. (2019) demonstrated that STEM was the only field in which Black and Hispanic 

students were significantly more likely than their White peers to switch educational fields, even 

when controlling for social class. This trend is also prevalent between women and men: only 18 

percent of all undergraduate computer and information sciences degrees are awarded to women, 

and Black and Latina women comprise less than 4 percent of bachelor’s degrees in engineering 

and computer science (National Science Board, 2020a). Broadly, there is a dearth of studies on 
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LGBTQ experiences in STEM, but evidence shows that sexual minorities experience greater 

career limitations, harassment, and professional devaluation and are more likely to leave STEM 

than their non-LGBTQ peers (Cech & Pham, 2017; J. Freeman, 2018; J. B. Freeman, 2020). 

Many STEM intervention programs have been developed with the goal of addressing 

these inequalities, but quantitative evaluations of their efficacy are vital to their continued 

funding and operation (Scott, 2013). To date, many programs focus on recruitment of 

underrepresented groups as well as the development of support networks, but the longevity of 

STEM intervention programs depends on institutional commitment (Pon-Barry et al., 2017; 

Rincon & George-Jackson, 2016). Transient funding opportunities combined with the necessity 

of long-term efforts to improve equity therefore requires the development and promotion of 

sustainable educational interventions with evidence of effectiveness in addressing factors 

pertinent to participation and retention of students in STEM. 

Near-Peer Education and Psychological Factors for Retention – Two well documented, 

crucial predictors of student retention in STEM fields—especially URM retention—are self-

efficacy, the confidence a student has to achieve their goals, and self-concept, how one perceives 

oneself (Dyer-Barr, 2014; Eccles & Wigfield, 2002; Lazarides et al., 2020; Museus et al., 2011). 

Increasing student exposure to role models in science and engineering can contribute to higher 

self-efficacy of underrepresented students pursuing STEM degrees (Amelink & Creamer, 2010; 

Karunanayake & Nauta, 2004). Additionally, encouragement from both instructors as well as 

peers are important factors relating to retention of women in science courses (Denner et al., 

2014; Dingel, 2006). Along these lines, “near-peer” or “peer-to-peer” education is a pedagogical 

technique in which students are mentored by students near in age or education status which has 

been demonstrated to benefit both students and their peer mentors in STEM (Jin & Xu, 2019; 
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Tenenbaum et al., 2014; Trujillo et al., 2015). Implementing educational interventions using 

near-peer learning may be a fruitful avenue to promote both self-efficacy and self-concept in 

underrepresented STEM students (Hall et al., 2013; A. J. Nelson et al., 2013). 

Students with early positive computational experiences are more likely to pursue a degree 

in a computationally intensive field in college, to the extent that simply having positive 

interactions with computing can predict a students’ intentions to major in computer science 

(Barker et al., 2009; McInerney et al., 2006). Historically, women have had fewer positive 

experiences in STEM courses which can contribute to feeling inadequately prepared for pursuing 

computationally intensive major (Patall et al., 2018). Providing effective introductory courses 

can recruit more students to STEM programs; in contrast, ineffective pedagogy of introductory 

level courses can deter students from pursuing STEM fields (Cohoon et al., 2013; Mervis, 2010; 

Watkins & Mazur, 2022). To provide more supportive pathways to STEM degrees, and 

ultimately, into the STEM workforce, it is crucial to develop pedagogically effective coding and 

computer science interventions for high school and pre-collegiate students.  

Here, we describe the results of a workshop aimed at providing foundational training in 

computationally intensive fields within biology, and examine its ability to improve self-efficacy 

and self-concept. Students self-enrolled in courses which focused on computer skills essential in 

a wide variety of biological data science. Most courses were developed and taught by graduate 

students, and coding skills were focused primarily on teaching basic coding within R and Python, 

two widely used languages in biology. Students applied newly acquired skills by analysing 

ecological and evolutionary datasets, often produced through the instructor’s current research. 

The final day of the workshop was a ‘career mixer’ in which students interacted with a variety of 

professionals in biological professions. This study examines the efficacy of this educational 
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intervention by evaluating student’s perceptions of their own capabilities before and their 

progress after participating. 

Methods 

Workshop design – The “Computer Science in Modern Biology Workshop" 

(CompSciBio Workshop) was first developed by researchers at Miami University (MU) in 2019. 

In 2020, due to the COVID-19 pandemic, the workshop was moved to an online format hosted 

over the Zoom video conferencing platform. The online format allowed for a collaboration 

between organizers at Miami University (MU) and the University of Oklahoma's (OU) STEM 

Inclusion Council, a graduate student organization comprised entirely of students from 

underrepresented backgrounds majoring in STEM related fields. Participation was free and 

fourteen courses were taught to a total of 100 students, each with one instructor and two assistant 

instructors (Table 1). Instructors were the primary lecturers while assistant instructors oversaw 

attendance lists, troubleshot software errors, and answered student questions using Zoom break-

out rooms. Instructors were recruited from both universities, with instructor positions offered 

first to graduate students and then to tenure-track faculty, postdoctoral researchers, and OU 

science librarians. Four instructors were faculty, nine were graduate students (both masters and 

doctoral), and one was an OU science librarian. Two assistant instructors were faculty, two were 

OU science librarians, and the remaining were graduate students (Table 1).  

In developing this workshop, the primary aims outlined to instructors before course and 

curricula design were: (1) to make coding more approachable, (2) to provide insight into the 

computational and social skills needed by computational biologists, and (3) to help develop a 

sense of belonging for students from underrepresented groups in STEM. Each instructor met 

with workshop organizers and were asked to address key issues in their course design: 
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preventing “zoom fatigue,” how to use assistant instructors to ensure all students needs were 

addressed when instructors were busy, to share personal stories about their own learning process 

and, if they were comfortable, their experiences with underrepresentation in STEM. Courses 

were required to use only free software, and instructors designed their courses on a topic of their 

choice. The only courses for which there were prescribed topics were the Introduction to R and 

Introduction to Python course series.  

The target audience for these courses were underrepresented minority (URM) students in 

high school, undergraduate, and graduate school; however, the workshop was open to all 

students in their junior year of high school or above. Advertising began in April of 2020 and 

continued through June. The workshop was advertised to five high schools with websites 

indicating high enrollment of URM students (four confirmed they distributed materials); two 

community, or regional colleges (one confirmed they distributed materials); and both OU and 

MU undergraduate and graduate students (both confirmed). Due to the pandemic, in-person 

recruitment was not possible and so for schools other than OU and MU, workshop organizers 

requested advertising materials be sent to science teachers to distribute to their students. Other 

advertising included social media announcements through Twitter and Facebook, word-of-

mouth, academic department announcements, and fliers posted at OU and MU. 

The workshop was held over five days in the second week of August 2020 and students 

could take a maximum of four courses throughout the workshop. Courses were designated as 

either introductory or advanced and brief descriptions of each course were posted on the 

workshop website. Students self-enrolled in June through the workshop website, with 

introductory courses recommended to students with limited or no experience in coding. For 

advanced courses, instructors provided guidelines of suggested prerequisite skills for students to 
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assess their preparation before selecting their courses. Course enrollment was capped at 25 

students. Each course was five total hours and split into two, 2.5-hour course periods across two 

days. Although students had to use their own computers, students who elected to provide their 

address during the enrollment process were mailed personalized digital and hard copies of course 

materials—flash drives and binders— based on their selected courses two weeks prior to the 

workshop. All binders included printed course materials, blank note sheets, information on 

installing software, and links to online coding courses. 

Morning and afternoon course periods were separated by voluntary lunch hour sessions 

comprised of a thirty-minute break followed by a thirty-minute seminar. Lunch hours were 

optional for both participants and graduate student instructors, however there were graduate 

student organizers at every lunch hour. Therefore, in addition to formal class periods, students 

could interact informally with graduate students and discuss issues people have faced in STEM 

programs.  

On the final day of the workshop, a three and one-half hour “mixer” between students 

and 10 professionals from various fields of biology provided students with insights into different 

career paths. Professionals were invited individually by workshop organizers and included 

biologists from state wildlife agencies, federal science policy analysts, research faculty at 

domestic and foreign universities, the United States Environmental Protection Agency, 

biotechnology scientists, Fulbright Fellows, and natural history museum management. Using 

Zoom break-out rooms, small groups (between two and three) of students spent fifteen-minute 

rotations with one to two professionals. Each group was accompanied by a graduate student 

organizer to facilitate student questions about work skills, career choices, duties, and 

professional development. 
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Survey design – To assess the workshop, three anonymous surveys approved by the 

institutional review board (IRB #12352; Appendix 1-3) were conducted to evaluate student 

confidence before and after the workshop in their ability to solve problems using coding as well 

as student feelings of adequacy using the tools and resources provided by the workshop. The 

surveys were hosted on the online platform Qualtrics and distributed through email. The first 

survey was given one week prior to the workshop. The second survey was distributed 

immediately after the conclusion of the workshop and was available to complete for two weeks. 

The third and final survey was distributed three months following the workshop and available for 

two weeks. At the end of the third survey there was a link to an optional entry into a monetary 

raffle. Students could win one of seven digital Visa gift cards of which there was one valued at 

$100.00, two at $50.00, and four at $25.00 gift cards. Raffle winners were emailed their gift 

card.  

Participants first answered three questions to generate an individualized, anonymous 

three-character code used to link participant responses through the multiple surveys. Only the 

first and third survey contained demographic questions, and these anonymous codes were used to 

determine demographic information of students who took the second survey. Four survey 

questions examined effectiveness of the workshop and confidence in computer skills using the 5-

point Likert Scale (Likert, 1932; Norman, 2010). These questions assessed confidence in 

downloading software, approaching coding problems, solving coding problems, and how the 

participants thought their skills compared to those of their peers. To assess student self-concept, 

students selected a Venn diagram they felt represented the overlap between themselves and a 

STEM professional (McDonald et al., 2019), answered one question from the Clance Imposter 

Phenomenon Scale (Chrisman et al., 1995; Clance, 1985), and one question addressing feelings 



95 

 

of being overwhelmed in their studies (Kolligian Jr. & Sternberg, 1991). 

Statistical analyses – Differences in student responses between each survey for each 

question were determined using parametric (Norman, 2010) mixed linear models in R (R Core 

Team 2020), employing the packages lme4_1.1-26 (Bates et al., 2015) and lmerTest_3.1-3 

(Kuznetsova et al., 2017). To examine differential effects of the workshop on student confidence 

among demographic groups, each model calculated interactions between the time surveyed (pre-

workshop, post-workshop, or three months after) and gender identity, sexual identity, and race 

and ethnicity on student responses to each question. Individualized participant codes were used 

as a random effect to account for lack of independence among the samples (Zuur et al., 2007). 

We calculated post-hoc estimated marginal means tests with Tukey adjusted p-values for 

significant fixed effects with the R package emmeans_1.6.3 (Lenth, 2021). 

Results 

Sample Characteristics – A total of 50 students responded to the first survey, 40 to the 

second survey, and 47 to the final survey. Attendance documents indicate a total of 100 students 

showed up to at least one course and a total of 100 individualized, anonymous three-character 

code were generated across the three surveys indicating that each student took at least one 

survey, but few took all three (Fig. 1). Survey respondents ranged from 18–41 years old with a 

median age of 21. No students under the age of 18 enrolled. 70 percent of respondents identified 

as heterosexual, 4 percent chose not to answer, and 26 percent reported as a member of the 

LGBTQ+ community including 17 percent bisexual, 1 percent gay, 2 percent pansexual, 4 

percent queer, and 2 percent questioning. 70 percent of respondents identified as female, 28 

percent as male, one respondent identified as gender queer, and one chose not to answer. 68 

percent of respondents identified as White, 2 percent chose not to answer, and 30 percent 
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identified as non-White, including 2 percent multiracial, 9 percent Hispanic or Latino, 17 percent 

Asian or Asian American, and 1 percent American Indian or Alaska Native. 

Survey sample sizes were not large enough to account for all races and ethnicities polled, 

and so survey responses were binned into either White or non-White. Only one student identified 

as “Genderqueer or gender non-conforming” and was removed from the analyses regarding 

gender. Like race and ethnicity, there was not a large enough sample size to address all sexual 

identities, and we therefore binned responses into “heterosexual” and “LGBTQ+.” 

Student responses – Four questions measured students' self-reported confidence in 

solving or approaching computational problems. Students did not report a statistically significant 

increase in confidence downloading and installing software after attending the workshop (F = 

0.535, p = 0.5894). However, the average confidence level of students began relatively high at a 

rank of 4.2 out of 5. While student responses increased immediately after the workshop, the 

average response returns to baseline three months after the workshop. When asked how 

confident students were in approaching a project that requires coding or computer skills, student 

confidence increased significantly (F = 8.75, p = 0.0005; Fig 2A). This degree of confidence was 

retained after 3 months in relation to the second survey results as there was no difference 

between the second and third survey (t ratio = 1.026, p = 0.564). Student's overall confidence in 

their coding ability or use of programming/analysis and visualization software was significantly 

higher after the workshop (F = 26.32, p < 0.0001; Fig 2B) and was similarly retained between 

the second and third survey (t ratio = -0.403, p = 0.915). When asked to compare their coding 

ability to that of their peers, students showed a significant increase in confidence (F = 12.25, p < 

0.0001; Fig 2C) which was retained over time (t ratio = 0.121, p = 0.992). The average response 

increased from “somewhat worse” than their peers to “about the same” as their peers. There were 
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no significant interactions between any self-efficacy question and gender, race, or sexual 

preference. 

Three questions were posed to assess student’s self-concept. When asked to select a Venn 

diagram illustration to best describe themselves as a STEM professional, for which higher values 

indicate students considered themselves more of a STEM professional, there was a significant 

difference in student identity between the three surveys (F = 7.122, p = 0.002; Fig 2D). Post-hoc 

tests showed this difference was likely driven by a significant increase in self-identification as a 

STEM professional between the first and final survey (t ratio = -3.098, p = 0.008). The average 

score throughout the three surveys was a four—the intermediate image between zero 

identification and full identification as a STEM professional—but there was an increase in the 

upper quartile of responses after the workshop (Fig 2D). However, students saw no significant 

change in feeling over their head or beyond their capabilities in their schoolwork after the 

workshop (F = 2.06, p = 0.13). Students were also asked if they were worried people important 

to them would find out they are not as capable as they seem, and students were relatively 

concerned their inabilities would be discovered, with the average rank starting and remaining at a 

four out of five throughout the duration of the surveys (F = 0.41, p = 0.67). For these three 

questions there were no significant interactions with gender, race, or sexual identity. 

Discussion 

Coding workshops increase student coding confidence – This study points to the success 

of the Computer Science in Modern Biology workshop’s ability to promote self-efficacy in 

coding within biological sciences of high school, undergraduate, and graduate students 

seemingly without continuing the trend of discouraging URM students from continuing in 

STEM. 
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However, student demographics indicate only moderate success in the recruitment of 

URM students. With 70 percent White, 17 percent Asian students, and 9 percent Hispanic or 

Latino, the workshop had racial and ethnic participation that partially reflects that of the United 

States STEM industry with a bachelor’s degree (66 percent White, 16.3 percent Asian, and 7.7 

percent Hispanic or Latino; National Science Board, 2022), but notably had zero Black students. 

This is an important gap to be addressed in future workshops, as retention of Black and Hispanic 

students continue to lag behind in STEM participation (National Science Board, 2022). 

Interestingly, at 70 percent participation of women, this workshop focusing on the 

interdisciplinary field of computational biology more closely reflects participation of women in 

biology but not computer science (Kahn & Ginther, 2017). In contrast, based on previous 

research on LGBTQ+ participation in STEM careers, which found 2.8 percent of survey 

respondents identified as LGBTQ+ (Cech & Pham, 2017), this workshop had considerably 

higher than expected participation from LGBTQ+ individuals (30 percent). Taken together, 

workshop recruitment was no more successful than previous efforts in STEM based on race, 

ethnicity and gender, but more successful based on sexual identity. However, studies on sexual 

minorities in STEM are scarce and participation of sexual minorities in STEM is not often 

interrogated. The recruitment of diverse sexual identities may indicate a success but may also 

reflect an increase in identification as LGBTQ+ among younger generations (Gates, 2017). Yet 

overall, given the lack of statistical interactions among demographic groups, the workshop still 

had beneficial impacts on self-efficacy among both minority and non-minority students. 

Factors such as race and gender diversity representation in the instructors and speakers 

may have ensured an improvement of the perception of diverse students regarding their role in 

computer science and biology. All courses had at least one female instructor or assistant 
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instructor and twelve out of fourteen courses had members of a graduate student group 

comprised of underrepresented students in biology as instructors or assistant instructors. This 

may be an underestimation of the instructor diversity as demographic information on volunteers 

was not collected. Representation among instructors can improve URM student self-efficacy and 

self-concept in STEM programs (D. J. Nelson & Rogers, 2003; Shin et al., 2016). Course sizes 

were limited to 25 students and thus students were able to have more direct interactions with 

diverse graduate students nearer to their education level than traditional instructors. Further, 

lunch hours encouraged students to engage in conversations with graduate students involved in 

the workshop where discussions commonly included hardships overcame by older students and 

advice on furthering STEM careers. Student comments regarding the lunch hours in the second 

survey were very favourable, with multiple students reporting that they enjoyed interacting in an 

informal environment with graduate students and other peers as well as most students explicitly 

reporting they had no negative comments. The combination of both vocational and psychosocial 

interactions with near-peers are key aspects of mentorship and can lead to improved student 

outcomes in STEM performance and retention (Crisp & Cruz, 2009; Zaniewski & Reinholz, 

2016). This workshop contributes to the literature supporting the idea that representative 

instructors and plentiful opportunities for near-peer teaching can contribute to improving 

outcomes for students involved in SIPs.  

Changes in self-concept are comparatively smaller – How a student considers their 

abilities in comparison to their peers can be considered a measurement of both self-efficacy and 

self-concept, and students saw favourable changes in this regard. However, other measurements 

of self-concept saw smaller changes after the workshop. 

There was a significant increase in self-concept when considering how much students 
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consider themselves a STEM professional. However, this change was not ubiquitous among all 

students. The median age of students was 21, so it is possible younger students felt they were not 

considered professionals as they were still completing their schooling regardless of skills and 

interest in the field. Further, while students saw no significant changes in consistently feeling 

overwhelmed by work, this workshop was offered in late summer while most students were on 

summer vacation and ended just before the school semester started. However, there were also no 

significant change in overwhelmed feelings once students had returned to school, and it is 

possible the workshop’s proximity to the school year was able to help mitigate an increase of 

said feelings. Conversely, it is concerning that student worries of being as seen as incapable were 

consistently high throughout the duration of the study. It is important to consider that anxiety and 

mental health concerns increased greatly during the COVID-19 pandemic, especially among 

adolescents and young adults (Courtney et al., 2020; Hawes et al., 2021). A virtual workshop in 

the midst of virtual schooling may not have been able to create the sense of community 

necessary to aid student feelings of self-concept. Similar workshops held in person could 

potentially better address these needs, resulting in fewer anxious feelings of being seen as 

incapable. 

Taken in conjunction with the survey’s self-efficacy questions, it appears that the 

educational aspects of this workshop were sufficient to assuage student’s feelings of 

unpreparedness, but student’s self-concept was at best modestly affected. This is not entirely 

surprising: while self-efficacy can predict student intention to pursue scientific careers, self-

concept is a more evasive yet critical motivation to persistence (Estrada et al., 2011). Lunch 

seminars and the career mixer were voluntary, and attendance ranged from 25 to 40 students. 

This modest attendance indicates that most students may have viewed the workshop as primarily 
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an educational tool rather than a community building opportunity, especially in a virtual setting. 

Students that engage in collaborative and empowering activities, as opposed to the competitive 

nature of coursework, can see higher levels of self-concept, and so improving attendance of these 

aspects in future workshops may yield more improvements in self-concept among students 

(Hurtado et al., 2010). Additionally, students that seek out educational opportunities, and 

therefore encounter new programs such as this workshop, may have declined to participate in 

lunch sessions to focus on coursework to learn new skills and catch up with their peers whom 

they view as more fluent in their field, or simply take a break from their computer screens. 

However, once higher self-efficacy is achieved, students can reject stigma associated with being 

an underrepresented student in science and hold higher degrees of self-concept in STEM 

(Hurtado et al., 2010). It is possible that STEM intervention programs must first increase self-

efficacy before students can internalize a sense of community and self-concept. 

Future Directions – Overall, students reported higher levels of confidence regarding both 

their coding skills and when comparing themselves to their peers. Participation of graduate 

students and the intimacy of smaller courses may have served to improve student’s retention of 

tools they need to feel more comfortable in computational biology. Student reviews also 

demonstrated that graduate student participation was especially important and appreciated in the 

more casual settings of the workshop. There were no statistical interactions between these 

increases in confidence and race, gender, or sexual identity suggesting that these increases were 

equally successful for URM and non-URM students. Student increases in self-concept were 

modest in comparison to confidence, and this may be improved by increasing participation in 

community building aspects of the workshop, especially interactions with their peers and near-

peers. Recruitment efforts were limited by the COVID-19 pandemic, and this may be linked with 
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the middling success in recruiting students from underrepresented backgrounds. In-person 

recruitment and building relationships with the same schools, teachers, and communities over 

time will likely demonstrate more success in future iterations. Given insights from this study, 

improving the success of future workshops will require reaching a more targeted audience who 

may further benefit from educational intervention rather than those who self-select for 

educational opportunities.  
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Figure legends 

Figure 1. Participant demographics based on survey results. 

Figure 2. Box plots of student survey responses. (A) Student comfort when approaching a 

problem requiring coding knowledge. Higher values indicate more self-confidence. (B) Student 

confidence in their ability to use coding software or coding skills. Higher values indicate more 

self-confidence. (C) Student comparison of their coding abilities compared to their peers’ 

abilities. A value of 2 or lower indicates the student thinks they are less skilled than their peers, 3 

indicates they are equally as skilled, and 4 or higher indicates they believe they are more skilled. 

(D) Student self-assessment of the overlap of their own identity and that of a STEM professional. 

Lower values indicate they do not view themselves as a STEM professional, a value of four 

indicates they view themselves partially as a STEM professional, and higher values indicate 

much more self-concept as a STEM professional. 
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Tables 

Table 1. Course titles and student enrollment. All courses had a cap of 25 students, however, 

introductory courses had two sections. GS indicates a graduate student instructor or assistant 

instructor, F indicates a faculty member of either OU or MU, and SL indicates a science 

librarian. 

Course Enrollment Instructor  Assistant Instructor 

Introduction to R, Section One 25 GS GS,GS 

Introduction to R, Section Two 25 GS GS,GS 

Introduction to R II, Section One 15 F GS,GS 

Introduction to R II, Section Two 15 GS GS,GS 

Introduction to Python, Section One 25 GS F,GS 

Introduction to Python, Section Two 25 SL GS,GS 

Introduction to Python II, Section One 22 GS SL,GS 

Introduction to Python II, Section Two 22 GS GS,GS 

Data Management 30 F SL,GS 

Evo History 26 GS GS,GS 

Intro to GIS 25 GS GS,GS 

Advanced GIS 15 GS GS,GS 

Data Visualization 21 GS GS,GS 

Niche Modeling 20 F GS,GS 

Niche Modeling 15 F GS,GS 

Loops and Functions in R 17 GS F,GS 

Introduction to Super Computing 7 F GS,GS 

Conservation Biology 6 GS GS,F 
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Figures 

Figure 1.   
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Supplemental Material 

Appendix 1. Survey one distributed to students before workshop.  

Appendix 2. Survey two distributed to students immediately after workshop.  

Appendix 3. Survey three distributed to students three months following the workshop.  
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Appendix 1. Survey one distributed to students before workshop.  

Journal of Science Education and Technology 

Efficacy of “Computer Science in Modern Biology,” a Peer-to-Peer Virtual Workshop to 

Improve Student Confidence 

PreSurvey Effectiveness of Computing in Modern Biology Workshop for Broadening 
Participation in STEM 

 

Start of Block: Default Question Block 

 

Q1  

You are invited to participate in research about your participation in the STEM 

workshop.     If you agree to participate, you will complete this online survey.     There are no 

risks or benefits.     There will be no compensation for participation.     Your participation is 

voluntary and your responses will be confidential      After removing all identifiers, we might 

share your data with other researchers or use it in future research without obtaining additional 

consent from you.      Even if you choose to participate now, you may stop participating at any 

time and for any reason.      Data are collected via an online survey system that has its own 

privacy and security policies for keeping your information confidential. No assurance can be 

made as to their use of the data you provide.  If you have questions about this research, please 

contact:  Sara Mata, Ph.D. email: sara.mata@ou.edu     You can also contact the University of 

Oklahoma – Norman Campus Institutional Review Board at 405-325-8110 or irb@ou.edu with 

questions, concerns or complaints about your rights as a research participant, or if you don’t 

want to talk to the researcher.     Please print this document for your records. By providing 

information to the researcher(s), I am agreeing to participate in this research.    
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Are you 18 years of age or older?  

o No  (2)  

o Yes  (1)  

 

Skip To: Q32 If You are invited to participate in research about your participation in the STEM workshop.   If yo... = 
Yes 

Skip To: End of Survey If You are invited to participate in research about your participation in the STEM 
workshop.   If yo... = No 

 

 

Q32 We are not asking you for any personally identifying information, however we're 

asking three questions that will create an anonymous key to compare before and after surveys. 

 

 

What is the first letter of the name of your favorite teacher? 

A-Z 

 

 

Q33 What is the day of the month that you were born? 

1-31 

 

 

Q34 What is the second to last digit in your phone number?  

1-10 
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Q2 How comfortable are you downloading and installing software? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 

Q3 How confident are you in your coding ability or use of any programming/analysis and 

visualization software? If you have any coding experience, please respond based on the coding 

language you are most comfortable with? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  
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Q4 How many hours per week on average do you spend coding or using any type of 

programming/analysis and visualization software? For example, Excel, R, GIS, or python. Give 

your answer in numerical format (0, 5, 15, and so on)  

________________________________________________________________ 

 

 

 

Q5 How comfortable do you feel finding or approaching a coding/programming/analysis 

and visualization project? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  
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Q6 How does your coding ability compare to that of your peers? 

o Much better  (1)  

o Somewhat better  (2)  

o About the same  (3)  

o Somewhat worse  (4)  

o Much worse  (5)  

 

 

 

Q7 Do you aspire to a career within biology or other science field? 

o Yes  (1)  

o Maybe  (2)  

o No  (3)  

 

Display This Question: 

If Do you aspire to a career within biology or other science field? = Yes 

Or Do you aspire to a career within biology or other science field? = Maybe 

 

Q8 Please tell us your top 3 careers in biology or other science field that you aspire to 

(even if you're unsure)  

________________________________________________________________ 

________________________________________________________________ 
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________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

 

 

Q9 How important do you think coding or related computer software understanding is for 

your planned career goal?  

o Extremely important  (1)  

o Very important  (2)  

o Moderately important  (3)  

o Slightly important  (4)  

o Not at all important  (5)  
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Q29 I often feel that I am “in over my head” or beyond my capabilities in my school 

work or study 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  

 

 

 

Q30 I’m afraid people important to me may find out that I’m not as capable as they think 

I am. 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  
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Q10 Select the picture that best describes the current overlap of the image you have of 

yourself and your image of what a STEM professional is 

o Image:stemoverlap1  (1)  

o Image:stemoverlap2  (2)  

o Image:stemoverlap3  (3)  

o Image:stemoverlap4  (4)  

o Image:stemoverlap5  (5)  

o Image:stemoverlap6  (6)  

 

 

 

Q14 What are your goals for this workshop?  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

End of Block: Default Question Block 
 

Start of Block: Block 1 
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Q16 What is your age (numerical answer e.g. 18, 21, etc.) 

________________________________________________________________ 

 

 

 

Q17 With which gender do you identify? 

o Female  (1)  

o Male  (2)  

o Non-binary  (3)  

o Genderqueer or gender nonconforming  (4)  

o Transgender  (5)  

o An identity not listed, self-identify  (6) 

________________________________________________ 

o I prefer not to answer  (7)  
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Q18 With which race/ethnicity do you identify? (select all that apply) 

▢ American Indian or Alaska Native  (1)  

▢ Asian American or Asian  (2)  

▢ Black or African American  (3)  

▢ Native Hawaiian or Pacific Islander  (4)  

▢ White  (5)  

▢ Middle Eastern  (6)  

▢ Multiracial  (7)  

▢ Hispanic or Latino  (8)  

▢ I prefer not to answer  (9)  

▢ We realize that the racial/ethnic category you selected encompasses many 

different nationalities. If you are interested in sharing more, please describe your nationality 

(i.e., Armenian, Puerto Rican, Vietnamese):  (10) 

________________________________________________ 
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Q19 With which sexual orientation do you identify? (Select all that apply)  

o Asexual  (1)  

o Bisexual  (2)  

o Gay  (3)  

o Heterosexual  (4)  

o Lesbian  (5)  

o Pansexual  (6)  

o Queer  (7)  

o Questioning or unsure  (8)  

o An identity not listed, self identify:  (9) 

________________________________________________ 

o I prefer not to answer  (10)  
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Q20 What is the highest level of education you have completed so far?  

o Middle school  (1)  

o High school graduate  (2)  

o Some college  (3)  

o 2 year degree  (4)  

o 4 year degree  (5)  

o Masters degree  (6)  

 

 

 

Q22 What is the highest level of education completed by a parent or guardian in your 

household?:  
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o Middle school  (1)  

o High school graduate  (2)  

o Some college  (3)  

o 2 year degree  (4)  

o 4 year degree  (5)  

o Masters degree  (6)  

o PhD  (7)  

o I don't know  (8)  

 

 

 

Q21 Which social class group do you, as an individual, identify with? 

 

 

o Poor  (1)  

o Working Class  (2)  

o Middle Class  (3)  

o Upper Class  (4)  

o I prefer not to answer  (5)  
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Q23 What was your total household income during the past 12 months?  

o Less than $25,000  (1)  

o $25,000 - $34,999  (2)  

o $35,000 - $49,999  (3)  

o $50,000 - $74,999  (4)  

o $75,000 - $99,999  (5)  

o $100,000 - $149,999  (6)  

o $150,000 or more  (7)  

o I don't know  (8)  

o I prefer not to answer  (9)  

 

 

 

Q24 Did you receive a Federal Pell Grant as part of your financial aid package?  

o Yes  (1)  

o No  (2)  

o I don't know  (3)  
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Q31 Where do you call home? (City, State) 

________________________________________________________________ 

 

 

 

Q25 Please select your home living environment: 

o Rural  (1)  

o Suburban  (2)  

o Urban  (3)  

o I don't know  (4)  

 

 

 

Q28 Growing up, was there at least one laptop or desktop computer in your home for you 

to use? If yes, how many? 

o No, we didn't have a laptop or desktop computer in the house  (1)  

o 1  (2)  

o 2  (3)  

o 3+  (4)  
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Q26 Thank you for completing this survey! You are awesome!  

 

End of Block: Block 1 
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Appendix 2. Survey two distributed to students immediately after workshop. 

Journal of Science Education and Technology 

Efficacy of “Computer Science in Modern Biology,” a Peer-to-Peer Virtual Workshop to 

Improve Student Confidence 

Post: Effectiveness of Computing in Modern Biology Workshop for Broadening Participation 
in STEM 

 

Start of Block: Default Question Block 

 

Q1 Consent to Participate in Research at the University of Oklahoma[OU-NC IRB 

Number: 12352                  Approval Date: July 29, 2020] You are invited to participate in 

research about your participation in the STEM workshop. If you agree to participate, you will 

complete this online survey. There are no risks or benefits. There will be no compensation 

for participation. Your participation is voluntary and your responses will be confidential  After 

removing all identifiers, we might share your data with other researchers or use it in future 

research without obtaining additional consent from you.  Even if you choose to participate now, 

you may stop participating at any time and for any reason.  Data are collected via an online 

survey system that has its own privacy and security policies for keeping your information 

confidential. No assurance can be made as to their use of the data you provide.If you have 

questions about this research, please contact:Sara Mata, Ph.D. email: sara.mata@ou.edu You 

can also contact the University of Oklahoma – Norman Campus Institutional Review Board at 

405-325-8110 or irb@ou.edu with questions, concerns or complaints about your rights as a 

research participant, or if you don’t want to talk to the researcher. Please print this document for 
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your records. By providing information to the researcher(s), I am agreeing to participate in this 

research.                                                    Are you 18 years of age or older?                 

o Yes  (1)  

o No  (2)  

 

Skip To: End of Survey If Consent to Participate in Research at the University of Oklahoma [OU-NC IRB Number: 
12352        ... = No 

Skip To: Q43 If Consent to Participate in Research at the University of Oklahoma [OU-NC IRB Number: 12352        ... 
= Yes 

 

 

Q43 We are not asking you for any personally identifying information, however we're 

asking three questions that will create an anonymous key to compare before and after surveys. 

 

 

What is the first letter of the name of your favorite teacher? 

▼ A (1) ... Z (33) 

 

 

 

Q45 What is the day of the month that you were born? 

▼ 1 (1) ... 31 (31) 
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Q47 What is the second to last digit in your phone number?  

1-10 

 

 

Q28 Were you satisfied with the workshop?  

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  

 

 

 

Q34 Were you successful in achieving the goals you set before the workshop? 

o I achieved all of my goals  (11)  

o I achieved some of my goals  (12)  

o I achieved none of my goals  (13)  

 

 

 

Q29 What DID you like about the courses you took or that were offered?  

________________________________________________________________ 

________________________________________________________________ 
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________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

 

 

Q31 What DIDN'T you like about the courses you took or that were offered? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

 

 

Q32 What DID you like about the lunch seminars? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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Q33 What DIDN'T you like about the lunch seminars? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

 

 

Q35 How likely are you to contact someone you interacted with at the workshop in the 

future? 

o Definitely I'll will contact someone  (1)  

o Maybe I'll contact someone  (2)  

o I will not contact someone  (3)  
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Q36 I would recommend this workshop to others 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  

 

 

 

Q38 What other topics from guest speakers would you like to see? 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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Q37 How did you find out about this workshop?  

o A peer  (4)  

o An general email from my High School or University  (5)  

o A teacher or faculty advisory  (6)  

o Not listed, Other:  (7) ________________________________________________ 

 

 

 

Q2 How comfortable now are you downloading and installing software? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 



140 

 

Q3 How confident are you in your coding ability or use of any programming/analysis and 

visualization software? If you have any coding experience, please respond based on the coding 

language you are most comfortable with? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 

 

Q4 How many hours per week on average do you spend coding or using any type of 

programming/analysis and visualization software? For example, Excel, R, GIS, or python. Give 

your answer in numerical format (for example: 2)  

________________________________________________________________ 
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Q5 How comfortable do you feel finding or approaching a coding/programming/analysis 

and visualization project? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 

Q6 How does your coding ability compare to that of your peers? 

o Much better  (1)  

o Somewhat better  (2)  

o About the same  (3)  

o Somewhat worse  (4)  

o Much worse  (5)  
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Q7 Do you aspire to a career within biology or other science field? 

o Yes  (1)  

o Maybe  (2)  

o No  (3)  

 

 

Display This Question: 

If Do you aspire to a career within biology or other science field? = Yes 

Or Do you aspire to a career within biology or other science field? = Maybe 

 

Q8 Please tell us your top 3 careers in biology or other science field that you aspire to 

(even if you're unsure)  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

 

 



143 

 

Q9 How important do you think coding or related computer software understanding is for 

your planned career goal?  

o Extremely important  (1)  

o Very important  (2)  

o Moderately important  (3)  

o Slightly important  (4)  

o Not at all important  (5)  

 

 

 

Q40 I often feel that I am “in over my head” or beyond my capabilities in my school 

work or study 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  
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Q42 I’m afraid people important to me may find out that I’m not as capable as they think 

I am. 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  

 

 

 

Q10 Select the picture that best describes the current overlap of the image you have of 

yourself and your image of what a STEM professional is 

o Image:stemoverlap1  (1)  

o Image:stemoverlap2  (2)  

o Image:stemoverlap3  (3)  

o Image:stemoverlap4  (4)  

o Image:stemoverlap5  (5)  

o Image:stemoverlap6  (6)  

 

End of Block: Default Question Block 
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Appendix 3. Survey three distributed to students three months following the workshop.  

Journal of Science Education and Technology 

Efficacy of “Computer Science in Modern Biology,” a Peer-to-Peer Virtual Workshop to 

Improve Student Confidence 

Long-Term Effectiveness of Computing in Modern Biology Workshop for Broadening 
Participation in STEM 

 

Start of Block: Default Question Block 

 

Q1 Consent to Participate in Research at the University of Oklahoma[OU-NC IRB 

Number: 12352                  Approval Date: July 29th, 2020] You are invited to participate in 

research about your participation in the STEM workshop. If you agree to participate, you will 

complete this online survey. There are no risks or benefits. There will be no compensation 

for participation. Your participation is voluntary and your responses will be confidential  After 

removing all identifiers, we might share your data with other researchers or use it in future 

research without obtaining additional consent from you.  Even if you choose to participate now, 

you may stop participating at any time and for any reason.  Data are collected via an online 

survey system that has its own privacy and security policies for keeping your information 

confidential. No assurance can be made as to their use of the data you provide.If you have 

questions about this research, please contact:Sara Mata, Ph.D. email: sara.mata@ou.edu You 

can also contact the University of Oklahoma – Norman Campus Institutional Review Board at 

405-325-8110 or irb@ou.edu with questions, concerns or complaints about your rights as a 

research participant, or if you don’t want to talk to the researcher. Please print this document for 
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your records. By providing information to the researcher(s), I am agreeing to participate in this 

research.                                                    Are you 18 years of age or older?  

o Yes  (1)  

o No  (2)  

 

 

Skip To: Q36 If Consent to Participate in Research at the University of Oklahoma [OU-

NC IRB Number: 12352        ... = Yes 

Skip To: End of Survey If Consent to Participate in Research at the University of 

Oklahoma [OU-NC IRB Number: 12352        ... = No 

 

Q36 We are not asking you for any personally identifying information, however we're 

asking three questions that will create an anonymous key to compare before and after surveys. 

 

 

What is the first letter of the name of your favorite teacher? 

▼ A (1) ... Z (33) 

 

 

 

Q38 What is the day of the month on which you were born? 

▼ 1 (1) ... 31 (31) 
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Q40 What is the second to last digit in your phone number?  

▼ 1 (1) ... 0 (10) 

 

 

 

Q61 Select the Lunch seminars you attended during the workshop (select all that apply)  

▢ The Role of Computing in Biology  (1)  

▢ Careers in Biology  (2)  

▢ Imposter’s Syndrome: What Is it and How to Cope?  (3)  

▢ Women in Science  (5)  

▢ None attended  (7)  

 

 

 

Q62 Did you attend the Biology Professionals mixer?   

o Yes  (4)  

o No  (5)  
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Q31 Have you followed-up or connected with anyone you met at the workshop? 

o Yes  (1)  

o No  (4)  

 

 

Display This Question: 

If Have you followed-up or connected with anyone you met at the workshop? = Yes 

Q32 Please select anyone you have gotten in touch with  

▢ Teaching Assistant  (1)  

▢ Instructor  (2)  

▢ Guest Lecturer  (3)  

▢ Mixer Contact  (4)  

▢ Peer  (5)  

 

 

 

Q33 Have you used any of the skills or resources you were given at the workshop? 

o Yes I've used resources from the workshop  (1)  

o I haven't used any resources from the workshop since attending  (2)  
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Display This Question: 

If Have you used any of the skills or resources you were given at the workshop? = Yes 

I've used resources from the workshop 

 

Q34 Please list the workshop resources you have used since attending:  

________________________________________________________________ 

 

 

 

Q2 How comfortable are you downloading and installing software? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  
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Q3 How confident are you in your coding ability or use of any programming/analysis and 

visualization software? If you have any coding experience, please respond based on the coding 

language you are most comfortable with? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 

 

Q4 How many hours per week on average do you spend coding or using any type of 

programming/analysis and visualization software? For example, Excel, R, GIS, or python. Give 

your answer in numerical format (for example, 3)  

________________________________________________________________ 
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Q5 How comfortable do you feel finding or approaching a coding/programming/analysis 

and visualization project? 

o Very comfortable  (1)  

o Somewhat comfortable  (2)  

o Neither comfortable nor uncomfortable  (3)  

o Somewhat uncomfortable  (4)  

o Very uncomfortable  (5)  

 

 

 

Q6 How does your coding ability compare to that of your peers? 

o Much better  (1)  

o Somewhat better  (2)  

o About the same  (3)  

o Somewhat worse  (4)  

o Much worse  (5)  
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Q7 Do you aspire to a career within biology or other science field? 

o Yes  (1)  

o Maybe  (2)  

o No  (3)  

 

 

Display This Question: 

If Do you aspire to a career within biology or other science field? = Yes 

Or Do you aspire to a career within biology or other science field? = Maybe 

 

Q8 Please tell us your top 3 careers in biology or other science field that you aspire to 

(even if you're unsure)  

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 
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Q9 How important do you think coding or related computer software understanding is for 

your planned career goal?  

o Extremely important  (1)  

o Very important  (2)  

o Moderately important  (3)  

o Slightly important  (4)  

o Not at all important  (5)  

 

 

 

Q29 I often feel that I am “in over my head” or beyond my capabilities in my school 

work or study 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  
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Q30 I’m afraid people important to me may find out that I’m not as capable as they think 

I am. 

o Strongly agree  (11)  

o Somewhat agree  (12)  

o Neither agree nor disagree  (13)  

o Somewhat disagree  (14)  

o Strongly disagree  (15)  

 

 

 

Q10 Select the picture that best describes the current overlap of the image you have of 

yourself and your image of what a STEM professional is 

o Image:stemoverlap1  (1)  

o Image:stemoverlap2  (2)  

o Image:stemoverlap3  (3)  

o Image:stemoverlap4  (4)  

o Image:stemoverlap5  (5)  

o Image:stemoverlap6  (6)  
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Q40 What is your age (numerical answer e.g. 18, 21, etc.) 

________________________________________________________________ 

 

 

 

Q42 With which gender do you identify? 

o Female  (1)  

o Male  (2)  

o Non-binary  (3)  

o Genderqueer or gender nonconforming  (4)  

o Transgender  (5)  

o An identity not listed, self-identify  (6) 

________________________________________________ 

o I prefer not to answer  (7)  
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Q44 With which race/ethnicity do you identify? (select all that apply) 

▢ American Indian or Alaska Native  (1)  

▢ Asian American or Asian  (2)  

▢ Black or African American  (3)  

▢ Native Hawaiian or Pacific Islander  (4)  

▢ White  (5)  

▢ Middle Eastern  (6)  

▢ Multiracial  (7)  

▢ Hispanic or Latino  (8)  

▢ I prefer not to answer  (9)  

▢ We realize that the racial/ethnic category you selected encompasses many 

different nationalities. If you are interested in sharing more, please describe your nationality 

(i.e., Armenian, Puerto Rican, Vietnamese):  (10) 

________________________________________________ 
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Q46 With which sexual orientation do you identify? (Select all that apply)  

o Asexual  (1)  

o Bisexual  (2)  

o Gay  (3)  

o Heterosexual  (4)  

o Lesbian  (5)  

o Pansexual  (6)  

o Queer  (7)  

o Questioning or unsure  (8)  

o An identity not listed, self identify:  (9) 

________________________________________________ 

o I prefer not to answer  (10)  
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Q48 What is the highest level of education you have completed so far?  

o Middle school  (1)  

o High school graduate  (2)  

o Some college  (3)  

o 2 year degree  (4)  

o 4 year degree  (5)  

o Masters degree  (6)  

 

 

 

Q50 What is the highest level of education completed by a parent or guardian in your 

household?:  
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o Middle school  (1)  

o High school graduate  (2)  

o Some college  (3)  

o 2 year degree  (4)  

o 4 year degree  (5)  

o Masters degree  (6)  

o PhD  (7)  

o I don't know  (8)  

 

 

 

Q52 Which social class group do you, as an individual, identify with? 

 

 

o Poor  (1)  

o Working Class  (2)  

o Middle Class  (3)  

o Upper Class  (4)  

o I prefer not to answer  (5)  
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Q54 What was your total household income during the past 12 months?  

o Less than $25,000  (1)  

o $25,000 - $34,999  (2)  

o $35,000 - $49,999  (3)  

o $50,000 - $74,999  (4)  

o $75,000 - $99,999  (5)  

o $100,000 - $149,999  (6)  

o $150,000 or more  (7)  

o I don't know  (8)  

o I prefer not to answer  (9)  

 

 

 

Q56 Did you receive a Federal Pell Grant as part of your financial aid package?  

o Yes  (1)  

o No  (2)  

o I don't know  (3)  
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Q58 Please select your home living environment: 

o Rural  (1)  

o Suburban  (2)  

o Urban  (3)  

o I don't know  (4)  

 

 

 

Q60 Growing up, was there at least one laptop or desktop computer in your home for you 

to use? If yes, how many? 

o No, we didn't have a laptop or desktop computer in the house  (1)  

o 1  (2)  

o 2  (3)  

o 3+  (4)  

 

End of Block: Default Question Block 
 

Start of Block: Block 1 

 

Q51 Thank you for completing the final survey for the Computer Science in Modern 

Biology Workshop study. Click on the following link to enter your name into the 

raffle:   https://ousurvey.qualtrics.com/jfe/form/SV_9Yvf8dnfEKGJsax 
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End of Block: Block 1 
 

 

 


