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Abstract
Animals are an integral part of ecosystems: they consume and process materials, thus connecting the cycling of nutrients and matter through ecosystems. Freshwater mussels (order Unionoida) are a diverse group of bivalve mollusks that are highly imperiled. They reside on the bottom of rivers in discrete patches known as mussel beds and are aquatic ecosystem engineers that can have a strong impact on ecosystem function. Filter feeding mussels remove seston from the water and release nutrients (nitrogen and phosphorus) back to the riverbed and water through their egesta and excreta. These recycled nutrients fertilize and increase the abundance of algae, which are then eaten by stream animals such as insect larvae. Mussels also store nutrients in their soft body parts and shell, which are released when they die and can lead to algae blooms. Finally, mussel shells change near-bed hydrodynamics and provide habitat for other organisms. While all mussels perform these functions, different species exhibit considerable variation in their behavior, life history, and physiology, all of which describes their ‘functional niche’ or ecological role. This variation makes mussels ideal study organisms for investigating how species characteristics change through space and how this impacts ecosystem function. My dissertation contains three chapters: (1) variation in potential maximum size characteristics in freshwater mussels along a latitudinal gradient, (2) the impact of mussel ecosystem engineering on macroinvertebrates, and (3) how the effects of drought-driven mass mortality of mussels impacts ecosystem function. Collectively, my dissertation chapters examine how species’ characteristics allow them to cope with their changing environment.
My first chapter addresses mussel’s adherence to a general ecogeographic pattern, neo-Bergmann’s rule, that states larger animals are found in areas of lower temperatures (or higher latitudes). To examine this, I radially dissected shells from two mussel taxa that inhabit different thermal niches (Amblema plicata and Lampsilis spp.) to access annually deposited rings. From those annuli, I calculated von Bertalanffy growth parameters to describe the asymptotic maximum size of the mussels. As latitude is correlated with temperature, precipitation, and productivity gradients, I compared how different climatic gradients predicted this potential maximum length. I found that mussels grow larger at higher latitudes. Watershed precipitation and annual water temperature were negatively related to potential maximum size in both taxa. There is some evidence that thermal niche alters the size-latitude relationship. As climate change alters precipitation patterns and water temperatures, mussel taxa are likely to reach a smaller maximum size, which has implications for individual fecundity and thus population viability in the future.
For my second chapter, I used an integrative approach combining field experiments and a large field survey to investigate how the mechanisms and magnitude of ecosystem engineering by mussels changes with spatial scale. I used enclosures that contained assemblages of live mussels and “sham mussels”. I sampled macroinvertebrates at two levels in the enclosures: in the sediment of the enclosure (~0.25m2 scale) and the shell of the mussels (~10 cm2 scale). On a larger spatial scale and as a part of a larger investigation of consumer control of biogeochemical cycles, I sampled the macroinvertebrates at stream reaches with and without mussel beds (~1,000 m2 scale). I predicted that mussels’ alteration of near-bed velocity would be greatest at the ~0.25 m2 scale, while their control of food availability would be largest at the shell scale. I found that at larger scales (~1,000 m2), discharge and food availability drove macroinvertebrate community structure. At the shell scale (~10 cm2), live mussel presence predicted macroinvertebrate community structure the best, likely through bottom-up trophic effects. In rivers experiencing altered flow and nutrient regimes, ecosystem engineering effects of freshwater mussels are likely to diminish, causing ecosystem function loss.
Globally, droughts are becoming more frequent and intense, due to climate change and increasing human water withdrawal. As sedentary animals, mussels are sensitive to drought and because they are ecosystem engineers, their loss can have profound impacts on stream ecosystems. Several drought-driven mussel die-offs have been documented in the southern Great Plains, but we do not know the ecosystem impacts of these mortality events. For my third chapter, I conducted an experiment that simulated a mussel die-off and measured the resulting changes in ecosystem function. In three scenarios (control tanks, tanks with a live mussel community, and tanks with a mussel community that experienced a die-off), I measured water column nutrients, algae concentration, and organic matter decomposition before and after the mussel mortality event. After the die-off, nutrients increased in mortality tanks with nitrogen (ammonium) increasing by 94%. This rapid nutrient release stimulated algal production and subsequent decomposition in the mortality tanks. Based on this and previous studies, I developed a conceptual model that predicts that mass mortality of mussels likely reduces ecosystem function for many years through the loss of filtration capacity, nutrient recycling and storage, and habitat. This model should aid development of management strategies (such as water release from dams) that sustain river function in the face of drought.
Freshwater mussels make important contributions to ecosystem function, however the magnitude of this effect is likely to shift due to anthropogenic climate change leading to mussel declines and changing mussel habitat. Through their bio-filtration, habitat provisioning, and influence on nutrient cycling, mussels contribute to ecosystem services (ecosystem functions that are beneficial to and used by humans). Thus, as rivers dry and mussel populations dwindle, stream ecosystems will provide less ecosystem services, such as water provision and recreation, to human populations. By better understanding how mussels effect stream ecosystems and how important traits vary across space, water managers and conservation biologists can better conserve these threatened animals.
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As body size often predicts energetic requirements and fecundity, understanding the drivers behind size variation is important. In testament to this importance, many ecogeographic patterns describe body size variation (i.e. Bergmann’s rule). Neo-Bergmann’s rule states that larger individuals are found at higher latitudes and this size variation is attributable to temperature gradients. In ectotherms, this macroecological pattern has mixed support within the literature — both the direction and mechanism of size correlation with latitude varies. We asked if two taxa of freshwater mussels with different thermal niche preferences, Amblema plicata and Lampsilis spp. (Lampsilis cardium and Lampsilis ornata, a monophyletic clade), follow Bergmann’s rule and what mechanisms might drive that latitudinal variation. Lampsilis spp. is a thermally sensitive clade intolerant of high temperatures, while A. plicata is more tolerant of a wide range of temperatures. We predicted that Lampsilis spp. at southern latitudes would have stunted growth in the summer, and that this would produce a steeper relationship with latitude than in A. plicata. We collected and thin-sectioned 114 A. plicata shells from 24 sites and 96 Lampsilis spp. shells from 16 sites across a latitudinal gradient in the eastern U.S from Texas to Minnesota. We used back-calculated size-at-age data to determine von Bertalanffy growth parameters for each taxon across this gradient. We found that at higher latitudes, both mussel taxa reached a larger potential maximum size. Using Bayesian model selection, we found that watershed precipitation explained mussel potential maximum size (L∞) better than average water temperature, annual minimum flow ratio, and species identity. Increased watershed precipitation and average water temperature were associated with smaller potential maximum size. As climate change alters precipitation patterns, stream productivity and increases water temperature, understanding size variation and its cause in mussels will be important for managing these vulnerable populations.
[bookmark: _Toc34594555]Introduction
Macroecologists employ ecogeographic rules to evaluate geographic patterns and assess potential mechanisms underlying those patterns at large spatial scales (Millien et al., 2006). Because body size among animals is highly variable, relatively easy to measure, and allometrically related to ecologically important traits (e.g. energetic requirements, longevity, and fecundity), it has historically been the parameter of interest for major ecogeographic rules (i.e. Bergmann’s rule [Smith & Lyons, 2013]). While there is some debate regarding the usefulness of these rules (Geist, 1987), evaluating potential patterns in and mechanisms driving body size across different systems allows insight into fundamental ecological processes (Meiri, 2011). Nested processes, such as phylogenetic constraints, physiological constraints, and inter- and intraspecific competition, affect individual body size, thus different mechanisms can generate contrasting macroecological patterns at different taxonomic levels (Olalla-Tárraga, 2011). In this study we address neo-Bergmann’s rule, here defined as body size increases as temperature decreases within a species (i.e. increasing latitude in the Northern Hemisphere). Since climate change is altering continental patterns of temperature and precipitation, understanding how those climatic factors might affect individual organismal body size is important for conservation (Jaramillo et al., 2017). 
Different mechanisms can lead to body size variability in homeotherms and poikilotherms. In homeotherms, who must maintain a constant internal body temperature, thermal regulation and food availability are often implicated as the processes generating an increase in body size with latitude (Huston & Wolverton, 2011; Turvey & Blackburn, 2011). In contrast, in poikilotherms, whose internal body temperature varies with external environmental temperature, temperature preferences, temperature-dependent oxygen limitations, food availability, and phylogenetic constraints are posited mechanisms causing geographic variation in body size (Stillwell, 2010). In aquatic ecosystems, water temperature, oxygen concentration, and food availability all interact to affect individual growth rates of ectotherms (Garvey & Marschall, 2003; Angilletta et al., 2004). 
Water temperature, which dictates the saturation potential of dissolved oxygen, mediates the metabolism and production of most organisms, and thus regulates the stream-derived food supply within freshwater systems (Allan & Castillo, 2007). For example, in lungless salamanders, temperature dependent-oxygen regulation results in larger body sizes at lower water temperatures (Rollinson & Rowe, 2018); since aquatic organisms might encounter reduced oxygen absorption at higher temperatures and larger body sizes, they reduce body sizes at higher temperatures to maintain their aerobic scope. Freshwater fish exhibit different ecogeographic patterns based upon their thermal niche, with cold-water species following Bergmann’s rule while warm-water species do not follow Bergmann’s rule (Rypel, 2014). While Bergmann’s rule and converse-Bergmann’s rule are common among marine bivalve families, productivity, temperature and phylogeny did a poor job of consistently explaining these macroecological patterns (Berke et al., 2013). We aimed to investigate latitudinal body size variation within freshwater mussels to begin exploring potential processes that drive body size within that guild. 
Freshwater mussels (Bivalvia: Unionoida, hereafter mussels) are sedentary filter-feeders that exhibit a wide range in functional traits and growth characteristics. Although mussels are typically described as long-lived and slow growing, they actually exhibit considerable variation in size and age across species (Haag & Rypel, 2011). While mussels within the Margartiferidae family have a maximum age of 25 – 200 years, reach a potential maximum length of 109 mm, and grow slowly, Anodontini tribe mussels have a mean maximum age of 11 years, a mean potential maximum length of 85 mm, and grow quickly (Haag & Rypel, 2011). Growth characteristics can vary within species in populations from different river basins as well. For example, Amblema plicata in the Sipsey River, Alabama grew much more slowly than A. plicata within the Little Tallahatchie River, Mississippi, though both populations reach the same potential maximum length at 109 mm (Haag & Rypel, 2011). Since mussels are generally slow growing, it is infeasible to track growth in natural settings over their lifespan. However, mussels create durable records of past growth patterns in their shell through annual calcium/aragonite depositions (annuli), similar to tree rings (Neves & Moyer, 1988; Haag & Commens-Carson, 2008). By slicing through these shells (a method called thin-sectioning), we have access to these records and can then determine age, annual growth, and a proxy for maximum size. 
Mussels are ectothermic poikilotherms with indeterminate growth. Their size and growth rates should depend on temperature and food availability; thus, as these environmental variables change, so should the mussels’ growth characteristics. Most ectotherms grow more slowly but reach larger body sizes in colder environments (Angilletta et al., 2004). While this pattern can result from size dependent mortality, growing slowly and reaching a larger size at maturity can increase an individual’s fecundity, especially in populations with distinct reproductive/growing seasons (Arendt, 2011). Thus, at higher latitudes and colder temperatures, mussels might grow more slowly and reach a larger body size in order to maximize their fecundity. 
In addition, growth rates and body size should vary across species with different physiological tolerances to summer temperatures. Spooner and Vaughn (2008) evaluated resource acquisition and assimilation in eight mussel species  and described two thermal guilds: thermally tolerant species, where the highest resource acquisition and assimilation occurred at 35°C, and thermally sensitive species, where mussels decreased their resource acquisition and assimilation at 35°C and showed evidence of catabolism. As growth is an anabolic process, when thermally sensitive species encounter high temperatures, they cannot grow during that time period. Many freshwater mussels are likely living close to their thermal maximum during the summer (Spooner & Vaughn, 2008; Khan et al., 2019). As such, thermally sensitive species should reach a smaller potential maximum size at lower latitudes due to thermal stress during growing seasons. By investigating how size varies across a latitudinal gradient the driving climatic variables, we can better predict how climate change and associated changes in water temperature might affect mussel size. 
To investigate the impact of climate on mussel size, we compared mussel size in two taxa with different thermal tolerances across a latitudinal gradient in the eastern United States. We used Bayesian model comparison to explore what climatic variables, specifically stream characteristics, water temperature, flow regime, and land use (as a proxy for productivity) might drive macroecological patterns in mussel size. We predicted that mussel size would be positively related to latitude, and thus follow Bergmann’s Rule, because of increased temperatures resulting in lower growth rates at lower latitudes. We further predicted that the relationship between size and latitude would be stronger (higher slope between size and latitude) in the thermally sensitive species (Lampsilis spp.) than in the more tolerant species (Amblema plicata), because they stop growing and catabolize their own tissue at higher water temperatures. 
[bookmark: _Toc34594556]Methods
[bookmark: _Toc34594557]Shell sources and measurements
We obtained mussel shells of recently dead Amblema plicata and Lampsilis spp. from five biogeographic regions, 14 rivers, and 28 sites across the eastern U.S. (Table 1-1; Figure 1-1). We approached malacologists within the Mississippian Region to collect fresh-dead shell during their field seasons; the sites represent a haphazard collection of areas where they found shell. Since we are interested in intraspecific size variation and how it relates to thermal niche, we targeted species that had broad geographic distributions that represented different thermal niches. Both A. plicata and the Lampsilis clade are within the Ambleminae subfamily but represent two distinct phylogenetic tribes: Amblemini and Lampsilini. While tribes represent monophyletic clades within the family Unionidae, Lampsilis is likely not a monophyletic genus (Campbell et al., 2005). For this manuscript, Lampsilis spp. includes Lampsilis cardium and Lampsilis ornata, which have similar shell morphologies and represent a monophyletic group. In terms of thermal niche, Lampsilis cardium is thermally sensitive with high oxygen consumption and reduced filtering at 35°C while Amblema plicata is thermally tolerant, filters most efficiently at 35°C with lower oxygen consumption (Spooner & Vaughn, 2008). As such, we had shells from two taxa that represent different thermal niches from sites haphazardly spread across a latitudinal gradient.
For each shell, we measured the longest axis (length) and the second longest axis (width) with dial calipers to the nearest tenth of a mm. Following Sansom et al. (2016) and standard methods for sectioning bivalve shells (Neves & Moyer, 1988), we prepared radial thin sections of one valve from each individual. As disturbances can create discontinuous and dark bands in the thin section, two researchers evaluated annuli on the resulting thin section independently (Haag & Commens-Carson, 2008). True annuli, those representing winter annuli, are more diffuse and have a hook at the ventral shell margin (Haag & Commens-Carson, 2008). Once true annuli were identified, we photographed each thin section under a stereomicroscope and used Adobe Photoshop (CS6 Extended 2012) to create composite images (Figure 1-1). We then measured the distance between the annuli at the intersection of the prismatic and nacreous layers using ImageJ with the ObjectJ plugin (Schneider et al., 2012; Vischer & Nastase, 2020). For some individuals, the umbo was extensively eroded; as such, early growth years were not measured for those shells (Figure 1-1). Instead, we measured the linear distance between the umbo and the first identifiable annuli. We also measured the distance along the nacreous layer on the shell and the linear extent of the shell for later calculation of length at different ages.
[bookmark: _Toc34594558]Preparation of length-age data
Following Rypel et al. (2008) and Sansom et al. (2016), we cross dated and checked our annuli identification using the software COFECHA (Grissino-Mayer, 2001). COFECHA removes age-related growth variation and creates a master chronology of standardized growth index at each year represented within the series. We determined the optimal cubic spline (a function to remove age related and long-term trends from the annuli growth measurements) for each population by applying splines one through 44 and using the one with the highest interseries correlation (Table 1-2; Black et al., 2005). By comparing each shells’ standardized index (age related growth removed) to the master chronology, COFECHA aids quality control by identifying deviations from the master chronology (potential dating errors). We checked each error identified by the program, added or removed annuli when appropriate, and reran COFECHA.
Once quality control was complete, we used the annual growth increments to calculate proportional annual growth. At each age, we divided the previous growth by the total growth measured to calculate the proportional annual growth (Vigliola & Meekan, 2009). We then used that proportion to estimate the shell width of the individual at each recorded age. As freshwater mussel size is usually reported as length, we used species- and site-specific regressions to relate the estimated width at each age to its expected length. Based on this methodology, we created a back-calculated length by age table for each species at multiple sites along a latitudinal gradient.
[bookmark: _Toc34594559]Bayesian growth model
We evaluated Amblema plicata and Lampsilis spp. growth using a hierarchical Bayesian modeling framework. Because we used back-calculated lengths, our model accounted for individual variation as our length-age data are not independent (Vigliola & Meekan, 2009). We used a von Bertalanffy model of growth to describe the growth characteristics of each site. 
		(1)
		(2)
		(3)
where Li is the length (mm) of mussel i, and Agei is the estimated age for mussel i. The three von Bertalanffy model parameters are: L∞ represents the asymptotic length or potential maximum size, K represents the rate of approaching the asymptotic maximum size or the growth characteristic, and T0 is a modelling artifact and represents the hypothetical age at which size equals 0. These model parameters were assumed to come from a normal distribution with a site-level mean μj and precision τj. ϵi is the residual error, assumed to be distributed as N(0.01,0.01). Individual-level von Bertalanffy growth parameters were pulled from the distribution of the site-level parameters. The site-level L∞j was derived from a normal distribution with mean from a uniform distribution bounded from 60 to 160 and its precision from Gamma(0.01, 0.01). The site-level Kj value was derived from a normal distribution with mean from a uniform distribution bounded from 0.01 to 1 and its precision from Gamma(0.01, 0.01). The site-level T0j was derived from a normal distribution with mean N(0, .1) and precision from Gamma(0.0001, 0.0001). These priors were based on minimum and maximum parameter values from the literature (Haag & Rypel, 2011). For all Bayesian models, we used the R package rjags to run the JAGS (Version 4.3.0) analysis, which completes a Markov Chain Monte Carlo analysis using a Gibbs sampler (Plummer, 2003, 2019). We checked convergence of the final posterior distributions with the Brooks-Gelman-Rubin statistics, R̂ < 1.1, and visually. We ran three concurrent Markov chains for 70,000 iterations with the first 10,000 iterations discarded for burn-in and further thinned by retaining every fourth value; each chain resulted in 17,500 total iterations for each species for analysis. 
[bookmark: _Toc34594560]Regressing L∞ with latitude to assess if mussels follow Bergmann’s rule
[bookmark: _Hlk33961179]Using the median value (μj from above) and precision of L∞ distribution at each site j, we used a Bayesian regression to relate latitude to the potential maximum length for each species. Because A. plicata and Lampsilis spp. have different potential maximum sizes, we calculated percent maximum length using the maximum median potential maximum length for each species as the denominator (L∞ in Table 1-2). If A. plicata and Lampsilis spp. follow Bergmann’s rule, the slope between latitude and percent maximum length will be positive. Conversely, if the slope is negative, these species will follow converse-Bergmann’s rule. Overlap of the slopes 95% credible interval with zero would indicate no relationship between scaled L∞ and latitude.
		(4)
		(5)
		(6)
[bookmark: _Hlk33961187]We evaluated the difference between A. plicata’s slope (betaapli) and Lampsilis spp.’s slope (betalamp) by subtracting the slopes. If there is no difference between the slopes (or species’ L∞ relationship with latitude), the 95% credible interval will overlap with zero. The species betas was derived from a normal distribution with mean from a normal distribution of mean 0 and standard deviation 10 and its precision from Gamma(0.01, 0.01). We ran three concurrent Markov chains for 500,000 iterations with the first 30,000 iterations discarded for burn-in and further thinned by retaining every third value; each chain resulted in 166,666 total iterations. We also used a bootstrapped linear model to assess the direction and statistical significance of each species relationship with latitude (Figure 1-A1).
[bookmark: _Toc34594561]Investigation of macroecological drivers of maximum size
[bookmark: _Hlk33961200]As latitude is often a proxy for other environmental factors (i.e. temperature), we investigated the climatic and landscape variables driving maximum length across our sites. We pulled daily mean stream discharge (cubic feet per second; cfs) from the oldest to youngest year recorded on the shells at each site from the closest United States Geological Survey (USGS) gage (Table 1-A2; USGS, 2016). We then used the EFlows package in R to calculate hydrologic indicator statistics, which describe ecologically important qualities of stream discharge (Table 2; Poff & Allan, 1995; Henriksen et al., 2006; Mills & Blodgett, 2017). We gathered stream characteristics such as stream elevation and cumulative drainage area from the National Hydrology Dataset Plus (R package NHDPlusTools (Blodgett, 2018; USGS, 2019). We quantified land cover within a 100 m area of a site location using the National Land Cover Database and the R packages FedData (Homer et al., 2012; Bocinski, 2019). Using modified multiple regressions with stream characteristics to determine the intercept and slope (eq. 7 and eq. 8 respectively) of a linear model (Segura et al., 2015), we estimated annual mean and annual maximum water temperature using meteorological data queried from National Oceanic and Atmospheric Administration (R package rnoaa; Chamberlain, 2019). 
		(7)
		(8)
[bookmark: _Hlk33961207]where DA is the drainage area of the watershed, H is stream elevation, P is the annual mean precipitation (cm), F1 is the amount of forest within 100 m of the site, T is the annual mean air temperature (°C), and U1 is the amount of developed land within 100 m of the site. When comparing the temperature estimates (calculated with eq.7 & eq. 8) to water temperature at USGS gages, they had a 0.79 Pearson’s correlation coefficient (four watersheds, 12 years). This data compilation allowed us to investigate if water temperature, stream characteristics, land cover, and stream flow characteristics explain freshwater mussel potential maximum length.
[bookmark: _Hlk33961213][bookmark: _Hlk33961219]We used Bayesian model selection to evaluate which linear regression between the variables and L∞ fit the data best (R packages BayesFactor (Morey & Rouder, 2018). Bayesian model selection compares the relative evidence for competing hypothesis in the data through the ratio of the marginal likelihoods (Bayes Factor). As the BayesFactor package uses priors that make the Bayes Factor scale invariant, variable measurement scale was not altered (Rouder & Morey, 2012). Our null hypothesis was that species identity would provide the best explanation for L∞. For models that have Bayes Factors greater than one, the alternative hypothesis is supported (or the model predicted L∞ better than species identity). For models with Bayes Factors less than one, L∞ is better explained by species identity. For the top model in each predictor category (Table 1-3), we ran four Markov chains for 10,000 iterations to assess the direction of the relationship between the climatic variable and potential maximum length.
[bookmark: _Toc34594562]Results
[bookmark: _Hlk33961245][bookmark: _Hlk33961250]We sectioned 114 A. plicata shells from 24 sites and 96 Lampsilis spp. shells from 16 sites (Figure 1-2). Interseries correlation (the correlation of annual growth increments, a measure of growth synchronicity) varied from 0.155 to 0.890 across sites (Table 1-2). Using proportional back-calculated sizes, we used 2839 length at age observations to estimate the von Bertalanffy growth parameters. 
[bookmark: _Toc34594563]Mussel growth parameters exhibit variability across sites
[bookmark: _Hlk33961261][bookmark: _Hlk33961268]The growth parameters of both species varied widely between sites (Figure 1-3; Table 1-2). For A. plicata, L∞ posterior means ranged from 78.6 to 173.2 mm. Amblema plicata’s K growth parameter posterior means ranged from 0.015 to 0.602 years-1 and T0 ranged from -2.46 to 1.26. For Lampsilis spp., L∞ posterior means ranged from 78.1 to 131.6 mm. Lampsilis spp.’s K growth parameter ranged from 0.213 to 0.762 years-1 and T0 ranged from -2.32 to 2.34. While the 95% credible intervals overlap, the L∞ for A. plicata and Lampsilis spp. appear to diverge as latitude increases for rivers that contain both species. 
[bookmark: _Toc34594564]Amblema plicata & Lampsilis spp. follow Bergmann’s Rule
[bookmark: _Hlk33961276][bookmark: _Hlk33961284]Scaled L∞ increased with latitude (Figure 1-4). The slope between Lampsilis spp.’s L∞ and latitude had a posterior mean of 1.99 percent potential maximum length∙latitude-1 (95% credible interval: 1.92, 2.05) while the slope between A. plicata’s L∞ and latitude had a posterior mean of 1.65 percent potential maximum length∙latitude-1 (95% credible interval: 1.52, 1.79; Figure 1-4). The intercept of the regression had a posterior mean of 0.004 (95% credible interval: -0.271, 0.293). The difference between these two species slopes had a posterior median of -0.33 percent potential maximum length∙latitude-1 (95% credible interval: -0.48, -0.19). As the difference between the two taxa’s slopes does not overlap with zero, Lampsilis spp.’s slope was larger than A. plicata’s slope (Figure 1-4). 
[bookmark: _Toc34594565]Annual precipitation in a watershed best explains mussel size
[bookmark: _Hlk33961297][bookmark: _Hlk33961301]As latitude is correlated with climate, we evaluated how multiple climatic factors might explain L∞ using Bayesian model comparison (Table 1-3; Figure 1-5). Of the variables in our model, annual mean precipitation in a watershed explained more variation than latitude and species identity (BF = 75.8). Based on the model, increased watershed precipitation was negatively related to potential maximum length (Figure 1-6B). Annual average water temperatures, annual maximum water temperatures, and elevation likely explained similar variation in L∞ because of our method for water temperature prediction (BF = 6.6, 5.7, and 5.1 respectively). Larger potential maximum size was negatively related to average water temperature (Figure 1-6C). The percentage of streamside crops was positively related to potential maximum length, though the evidence was only anecdotal (BF = 1.83; Figure 1-6D). Two discharge metrics related to low flow magnitude (minimum flows and baseflow) better explained L∞ than species identity, though the evidence was anecdotal (3 > BF > 1). Generally, more stable flows (ratio between minimum flow and median flow is close to one) had larger potential maximum size (Figure 1-6E). 
[bookmark: _Toc34594566]Discussion
[bookmark: _Hlk33961312][bookmark: _Hlk33961317]Understanding macroecological patterns in organism traits is important for predicting the effects of climate change. We found that freshwater mussels with different thermal traits followed neo-Bergmann’s Rule and increased in potential maximum size with latitude. In addition, in general, thermally tolerant A. plicata achieved a larger potential maximum size than thermally sensitive Lampsilis spp. Lampsilis spp. had a higher slope between potential maximum length and latitude than A. plicata.  This macroecological pattern in mussel size was best explained by annual precipitation received in a watershed, which likely affects mussel growth by storm induced flood pulses. 
[bookmark: _Hlk33961326][bookmark: _Hlk33961332]Temperature, flow, and food availability are often considered important drivers of mussel growth and potential maximum size (Haag, 2012). We found that sites with higher annual precipitation falling in a watershed and with higher water temperatures had lower potential maximum length for both species. Precipitation in a watershed alters stream ecosystems in two main ways. Runoff from the watershed into the stream increases flow, and during storms can result in rapid, large changes in discharge. This runoff also brings terrestrially-derived organic material, sediment, and nutrients into streams (Allan & Castillo, 2007). We found that annual minimum flows were positively related to mussel potential maximum size. In a separate study, Rypel et al. (2009) found that mussel annual growth rates were highest in low flow years and were negatively correlated with the number of spates in a year. Thus, we suspect that the disturbance caused by spates in high flow years – due to increased watershed precipitation – reduced the potential maximum size of mussels at our sites. High flow events reduce mussel growth rates, likely through increased energy expenditure to maintain their position within the stream substrate and reduced resource assimilation (VO2 respiration) because of increased suspended sediments (Payne et al., 1999; Hardison & Layzer, 2001; Hastie et al., 2003). In contrast, several studies have documented that increased stream productivity typically increases mussel growth rates and potential maximum size. Fritts et al. (2017) used sclerochronology and stable isotopes to evaluate changes over time in age, growth, and food sources in the Illinois River over a 1000 year period and found L∞ for two mussel species (A. plicata and Quadrula quadrula) has increased by 50% since 850, likely due to eutrophication increasing food availability. After measuring the growth of propagated juveniles in rivers throughout Kentucky, Haag et al. (2019) found that lower productivity and cooler temperatures led to decreased juvenile mussel growth. Finally, Bauer (1992) found that the growth rate and longevity of M. margaritifera, was highest in areas with higher water temperature and more productive waters. Thus, like other studies investigating how climate affects ectotherms’ body size variation (Vinarski, 2014), the interaction of food availability, temperature, and stream flow drive mussel growth and size characteristics.
[bookmark: _Hlk33961340][bookmark: _Hlk33961346]Mussels are ectothermic poikilotherms who generally can be grouped into two thermal niches, sensitive and tolerant. We expected and provide evidence that a thermally sensitive clade (Lampsilis spp.) has smaller body sizes at lower latitudes, likely due to thermal stress during summer growing months. Thermally sensitive mussel species can respond to the stress of high water temperature in multiple, overlapping ways. High water temperatures can cause mussels to catabolize their tissue rather than grow new tissue (Spooner and Vaughn 2008), leading to decreased growth. High water temperatures can also lead to decreased filtration, reduced oxygen consumption, and/or cause them to close their valves reducing food acquisition, which would also lead to decreased growth (Spooner & Vaughn, 2008; Haney et al., 2019). Both catabolism and reduced filtration would lead to smaller mussels at lower latitudes. In addition, recent work has shown that mussels can acclimate to different thermal regimes (Galbraith et al., 2012). Malish and Woolnough (2019) quantified mussels’ physiological responses to slight increases in temperature (as predicted with climate change) and found that while L. cardium is still more thermally sensitive than A. plicata in Michigan, mussels from high latitudes had higher filtration rates and lower oxygen consumption than mussels at lower latitudes (Oklahoma). They posit that mussels at lower latitudes might be acclimated to higher temperatures than mussels at higher latitudes and thus the relationship between latitude, high temperatures, and thermal traits is not straightforward. Understanding how thermal preference in freshwater mussels shifts among populations, species, and space is an important avenue of research for predicting how impending climate change will impact freshwater mussel populations (Spooner & Vaughn, 2008; Ganser et al., 2013; Payton et al., 2016).
[bookmark: _Hlk33961353][bookmark: _Hlk33961359]It is unsurprising that environmental characteristics superseded species identity in predicting potential maximum length. While growth characteristics are typically phylogenetically conserved, there is considerable variation among species and populations (Haag & Rypel, 2011). While different species’ annual growth rates might respond to different environmental cues, populations within the same river often exhibit synchrony, meaning their growth rates are similar even though individual sites might have different environmental characteristics (Rypel et al., 2009; Sansom et al., 2016). In a common exposure experiment, Denic et al. (2015) found that mussel growth characteristics reflected local environmental conditions instead of the originating population. Growth characteristics seem to be highly plastic, as evidenced by the difference in growth and appearance of juvenile L. cardium in different Kentucky streams (Haag et al., 2019). The additive effect of differences in resource availability and local acclimation might obscure phylogenetic control of potential maximum size in this invertebrate with indeterminant growth.
[bookmark: _Hlk33961368][bookmark: _Hlk33961376]Since size is associated with age estimates and (intraspecific) fecundity estimates in mussels, conservation biologists and managers need to understand how the environment shapes size (Christian et al., 2005; Haag & Rypel, 2011). Also, understanding how size distributions reflect population structure and thus viability in a changing environment is important for managing these threatened population in the face of anthropogenic change (Haag, 2012). Currently, biologists and managers often calibrate environmental flows and habitat requirements for endangered freshwater mussels based upon estimates of mussel growth rates and size distributions (Haag, 2012; Gates et al., 2015). Understanding the variation and drivers in growth characteristics is essential for population reintroduction and augmentation through propagation efforts; if we have a poor understanding of what sustains mussel growth and influences mussel size, we are more likely to mis-identify areas to focus conservation efforts (McMurray & Roe, 2017; Strayer et al., 2019). As some populations within different rivers exhibit different growth characteristics, we need to be judicious when applying growth characteristics from other taxa in other rivers (Haag & Rypel, 2011). 
[bookmark: _Hlk33961383]Climate change is often leading to decreases in organism size (Sheridan & Bickford, 2011). For example, over the past 55 years, salamanders in Appalachian habitats have smaller body sizes because of increased metabolism; the largest reductions in size occurred at lower latitudes and in areas with increased temperature (Caruso et al., 2014). In a study assessing temporal shifts in rodent body size, Villar and Naya (2018) found that seven of 17 species experienced reductions in body mass during the twentieth century, though these reductions could not be attributed to shifts in temperature or food availability. As many organisms are getting smaller, documenting macroecological size patterns (such as with Bergmann’s rule) can lend important insights into understanding the effects of climate change (Millien et al., 2006). 
[bookmark: _Hlk33961388]In aquatic ecosystems, body size is decreasing at the community, population, and individual level, likely due to increasing water temperatures (Daufresne et al., 2009). Invertebrate abundance decreases with stream warming but individual body size increases in some taxa (specifically non-biting midge larvae) while decreasing in others (Piggott et al., 2015). Nelson et al. (2017) found that smaller, cold tolerant taxa were replaced by larger, warm tolerant taxa in a warming stream, which resulted in a decrease in abundance, but an increase in macroinvertebrate biomass. Higher stream temperatures led to higher emergence of adult mayflies and caddisflies at smaller body sizes in a mesocosm experiment (Sardiña et al., 2016). As individual size decreases, there will likely be compounding effects on food webs and population structure. We found that mussel size increased with latitude. As rivers warm during the next century, maximum mussel size will likely decrease as mussels approach their thermal maximum, and northern and southern populations may become more similar in size. Since larger mussels can filter more water, this decrease in size could lead to changes in ecosystem function and services, such as decreased biofiltration. Reduced body size also might affect an organism’s ability to cope with increasingly extreme climatic events, such as droughts and spates (Sheridan & Bickford, 2011; Norkko et al., 2013). The interactions between rising stream temperatures, shifts in precipitation patterns, and increased water withdrawal will likely stress and reduce aquatic organisms’ body size with ramifying effects for stream ecosystems.
[bookmark: _Hlk33961448][bookmark: _Hlk33961405]Based on our results and the literature, we conclude that the environment in which a mussel grows likely has a larger influence on its growth characteristics than its evolutionary history. At large spatial scales, the interaction of flow disturbance and food availability drove potential maximum size in both mussel species. Global change is altering precipitation patterns, increasing stream water temperatures, and altering food availability. We predict these changes will lead to decreases in mussel size, which will likely lead to decreased ecosystem function. 
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[bookmark: _Toc39575471]Table 1‑1. Mussel shells from 5 biogeographic provinces, 14 rivers and 28 sites were thin-sectioned to generate length at age data for two different mussel clades. APLI indicates A. plicata, LCAR indicates L. cardium, and LORN indicates L. ornata.
	Biogeographic Province
	River
	Sites
	Species

	Interior Highlands
	Kiamichi River
	K2, KT, K4, KS, K7
	APLI, LCAR

	
	Little River
	LY
	APLI, LCAR

	Mobile Basin
	Sipsey River
	Barry, Wendell3, MusselMania, Wendell2
	APLI, LORN

	St Lawrence-Great Lakes
	French Creek
	Samson
	APLI

	
	Grand River
	Lyons
	LCAR

	Upper Mississippi

	Big River
	41-O, MO41, 51-C
	APLI

	
	Elk Fork Salt River
	James
	APLI

	
	Illinois River
	Florence
	APLI

	
	Iroquois River
	Iroquois
	LCAR

	
	Kishwaukee River
	Kishwaukee
	LCAR

	
	Mississippi River
	MS1, Illiniwek, Eagle, Upstream, Sylvan
	APLI, LCAR

	
	Saint Croix River
	STF, Hudson
	APLI, LCAR

	Western Gulf
	Colorado River
	Stok
	APLI

	
	Guadalupe River
	Dewitt
	APLI







[bookmark: _Toc39575472]Table 1‑2. Sample information and von Bertalanffy growth parameters from each site. N represents the number of unique shells (from individual mussels) included in the analysis. Total annuli are the number of annuli identified and thus total observations of lengths at age for that site and species. The intercept and slope describe the line between shell length and shell width used to estimate shell length from back-calculated length at age observations. Adjusted R2 for all length-width regressions were greater than 0.898. COFECHA removes age related growth using a cubic spline; the spline that resulted in the highest interseries correlation is reported. -- indicates only one shell was sectioned for that species from that site. Median values from the posterior distribution of the von Bertalanffy growth equation are reported. Parameters of the von Bertalanffy growth equation are: L∞ (the potential maximum length), K (the growth characteristic), and T0 (size at age 0).
	[bookmark: _Hlk32930620]Site
	Long.
	Lat.
	N 
	Total Annuli
	Intercept
	Slope
	Cubic Spline
	Interseries Correlation
	Median L∞
	Median K
	Median T0

	
Amblema plicata

	Dewitt
	-97.31
	29.33
	6
	59
	0.23
	1.33
	41
	0.371
	92.4
	0.115
	-2.29

	Stok
	-96.42
	29.58
	9
	112
	-2.85
	1.45
	32
	0.573
	99.9
	0.178
	-0.97

	Wendell2
	-88.04
	33.04
	1
	2
	0.00
	1.19
	--
	--
	104.4
	0.383
	-1.69

	MusselMania
	-87.98
	33.08
	4
	58
	-1.60
	1.29
	9
	0.272
	94.8
	0.095
	-2.23

	Wendell3
	-87.96
	33.09
	6
	76
	-0.85
	1.34
	3
	0.401
	91.7
	0.125
	-1.84

	LY
	-94.73
	33.95
	4
	57
	-6.51
	1.51
	8
	0.352
	97.4
	0.082
	1.26

	K7
	-95.58
	34.43
	2
	39
	0.40
	1.29
	7
	0.304
	104.4
	0.100
	-2.42

	KS
	-95.50
	34.51
	3
	50
	-1.33
	1.30
	7
	0.447
	78.6
	0.150
	-2.37

	K4
	-95.34
	34.57
	1
	15
	0.83
	1.20
	--
	--
	82.9
	0.602
	-2.22

	KT
	-95.35
	34.57
	4
	46
	-0.37
	1.30
	44
	0.378
	124.4
	0.048
	-2.08

	K2
	-95.06
	34.65
	5
	89
	-3.14
	1.36
	33
	0.541
	84.0
	0.128
	-2.46

	51-C
	-90.59
	38.42
	4
	82
	-1.18
	1.49
	44
	0.281
	114.6
	0.101
	-2.46

	MO41
	-90.59
	38.44
	6
	116
	-2.87
	1.49
	41
	0.176
	151.4
	0.049
	-2.15

	41-O
	-90.60
	38.45
	5
	85
	-5.75
	1.54
	30
	0.336
	141.9
	0.073
	-2.24

	James
	-92.07
	39.43
	2
	42
	0.89
	1.40
	4
	0.402
	119.0
	0.145
	1.24

	Florence
	-90.61
	39.63
	9
	165
	-1.56
	1.38
	7
	0.415
	173.2
	0.033
	-1.32

	Sylvan
	-90.51
	41.51
	6
	109
	-1.39
	1.32
	3
	0.439
	104.0
	0.073
	0.35

	Upstream
	-90.46
	41.52
	1
	16
	-1.21
	1.24
	--
	--
	120.8
	0.089
	-2.17

	Eagle
	-90.44
	41.55
	4
	87
	-1.02
	1.25
	31
	0.364
	136.6
	0.039
	0.15

	Illiniwek
	-90.40
	41.57
	2
	35
	-0.37
	1.32
	21
	0.155
	97.1
	0.073
	-2.24

	Samson
	-79.98
	41.85
	7
	129
	-1.53
	1.43
	28
	0.376
	114.3
	0.143
	-2.17

	MS1
	-93.19
	44.90
	2
	43
	0.58
	1.31
	24
	0.476
	95.4
	0.136
	-2.11

	Hudson
	-92.77
	44.97
	16
	359
	-7.71
	1.43
	24
	0.239
	145.1
	0.015
	-1.49

	STF
	-92.66
	45.40
	5
	123
	-0.43
	1.30
	2
	0.218
	114.7
	0.053
	-2.32

	
Lampsilis cardium

	LY
	-94.73
	33.95
	2
	13
	0.13
	1.40
	10
	0.882
	108.7
	0.296
	-1.84

	K7
	-95.58
	34.43
	3
	20
	0.29
	1.27
	10
	0.876
	87.9
	0.513
	-1.96

	KS
	-95.50
	34.51
	2
	14
	0.00
	1.39
	9
	0.890
	86.3
	0.409
	0.09

	KT
	-95.35
	34.57
	6
	39
	0.75
	1.29
	42
	0.330
	99.2
	0.515
	-1.46

	Iroquois
	-87.74
	40.79
	8
	63
	-2.87
	1.51
	2
	0.233
	131.6
	0.213
	-1.72

	Sylvan
	-90.51
	41.51
	1
	9
	0.00
	1.48
	--
	--
	104.8
	0.645
	1.64

	Eagle
	-90.44
	41.55
	3
	29
	7.89
	1.08
	10
	0.741
	106.2
	0.443
	-1.00

	Kishwaukee
	-88.94
	42.25
	22
	259
	5.67
	1.33
	20
	0.518
	110.0
	0.350
	-2.11

	Lyons
	-84.95
	42.99
	16
	112
	-0.49
	1.52
	6
	0.330
	123.6
	0.256
	-1.92

	MS1
	-93.19
	44.90
	9
	112
	1.18
	1.46
	34
	0.554
	123.1
	0.271
	-2.02

	Hudson
	-92.77
	44.97
	5
	52
	0.12
	1.35
	19
	0.465
	109.9
	0.416
	-1.64

	STF
	-92.66
	45.40
	8
	60
	0.00
	1.43
	9
	0.607
	106.5
	0.443
	-1.41

	
Lampsilis ornata

	Wendel2
	-88.04
	33.04
	1
	6
	0.00
	1.27
	--
	--
	78.1
	0.653
	-2.20

	MusselMania
	-87.98
	33.08
	2
	19
	-0.61
	1.40
	15
	0.859
	94.1
	0.555
	-2.32

	Wendel3
	-87.96
	33.09
	7
	29
	0.61
	1.26
	37
	0.556
	85.9
	0.762
	-1.03

	Barry
	-87.87
	33.14
	1
	9
	0.00
	1.26
	--
	--
	92.3
	0.453
	2.34




[bookmark: _Toc39575473]Table 1‑3. Climatic variables used in the model comparison. Variable type ‘characteristics’ are from the NHDPlus. Discharge and velocity are also from the NHDPlus; all other flow characteristics are derived from USGS daily flow data. ‘Temperature’ variables are derived through prediction with NOAA air temperatures. Units are within parenthesis in the definition.
	Variable
	Definition

	Stream Characteristics

	Drainage Area
	Natural logarithm of the total upstream cumulative drainage area (km2)

	Stream Order
	Modified Strahler stream order

	Elevation
	Minimum stream elevation (m)

	Stream Slope
	Change in smooth elevation over the length of the stream segment (m/m)

	Precipitation
	Catchment precipitation, based on PRISM data from 1971 to 2000 (cm)

	
Land Cover

	Forest
	Deciduous, evergreen, and mixed forest within 100 m of the site location (%)

	Urban
	High, medium, low, and open space development within 100 m of the site location. (%)

	Cultivated Crops
	Percentage of cultivated crops within 100 m of the site location. (%)

	Hay Pasture
	Percentage of pastureland within 100 m of the site location. (%)

	Temperature

	Average Water Temperature
	Predicted from the average annual air temperature from weather stations within the watershed using eq. 7 & eq. 8 (°C)

	Maximum Water Temperature
	Predicted from the average annual maximum air temperature from weather stations within the watershed using eq. 7 & eq. 8 (°C)

	
Flow
	

	Discharge
	Flow from gage adjustment (cfs), estimated from the enhanced unit runoff method based on data from 1971-2000

	Velocity
	Velocity from gate adjustment (feet per second), estimated from the enhanced unit runoff method based on data from 1971-2000

	Median Daily Flow
	Median of the daily mean flow values for the entire discharge record (cfs)

	Daily Flow Variability
	Mean annual coefficient of variation of daily flows (percent)

	Monthly flow variability
	Maximum monthly flow – minimum monthly flow / mean monthly flow (dimensionless)

	May – August monthly low flows
	Mean monthly minimum flow across all years; each month represents one variable (cfs)

	May – August monthly high flows
	Mean monthly maximum flow across all years; each month represents one variable (cfs)

	Minimum flows
	Median annual minimum flows (dimensionless)

	Base Flow
	The ratio of minimum annual flow to mean annual flow for each year (percentage)

	Low flood pulse count
	Average number of low flow events. Low flow event defined by flows less than the 25th percentile of the flow record (number of events)

	High flood pulse count
	Average number of high flow events. High flow event defined by flows less than the 75th percentile of the flow record (number of events)

	Low flow pulse duration
	Average length of a low flow event (days/year)

	High flood pulse duration
	Average length of a high flow event (days/year)

	Reversals
	Number of days where the change in flow from one day to the next changes direction (so from falling water to rising and vice versa)

	Summer low flow
	Mean of the mean monthly low flow from May to August (cfs)

	Summer high flow
	Mean of the mean monthly high flow from May to August (cfs)





[bookmark: _Toc34594570]Figures Captions
Figure 1‑1. Diagram of mussel shell anatomy and species (A) and depiction of thin-sectioning products from one shell (B). The umbo represents the oldest part of the shell while the ventral margin is actively growing when the animal is alive. Umbos can erode due to both sediment movement and acidic waters. When thin-sectioning, we created a radial thin-section from the umbo to the ventral margin, aiming for perpendicular cuts across outer annuli while avoiding sculpturing. The diagonal across the shell in (B) represents the typical position of this cut. The composite image of the slide-mounted thin-section is displayed with reference to the umbo (and earliest annuli) and the ventral margin (with most recent growth). Closer examination of the composite reveals the three layers of the shell: the leathery periostracum, the prismatic where annuli are measured (demonstrated), and the nacreous inner layer. 

Figure 1‑2. Map of sites (black dots), associated rivers, and the watersheds from which shells were collected. Watershed color shows the mussel biogeographic province according to Haag (2010). A seventh-order river is represented in dark grey. Code is from the R package hydroMap (DeCicco & Blodgett, 2017)

Figure 1‑3. Variation in Lampsilis spp. (A) and A. plicata (B) potential maximum length across latitude and at different sites. There was large variation in L∞ among sites and species at the same site (C). Points represent the posterior median, larger lines represent the 50% credible interval, and the thin line represents the 90% credible interval. The color bar on the x-axis of (C) represents the different bioregions encompassed by the sites (Figure 2). The graph was made with code from the R package bayesplot (Gabry & Mahr, 2019)

Figure 1‑4. Amblema plicata and Lampsilis spp. L∞ exhibited positive relationships with latitude.  (A) displays the species-specific posterior distributions of the slope from a regression with no intercept relating L∞ and latitude. Points represent the posterior median, larger lines represent the 50% credible interval, and the thin line represents the 90% credible interval. (B) represents the posterior distribution of the difference between A. plicata’s slope and Lampsilis spp.’s slope. Based on our data, there is a 75% probability that A. plicata’s slope is slightly smaller than Lampsilis spp.’s slope. The graph was made with code from the R package bayesplot (Gabry & Mahr, 2019)

Figure 1‑5. Evidence for potential drivers between mussel maximum size and climatic variables. Figure 1‑5. Evidence for potential drivers between mussel maximum size and climatic variables.Evidence for potential drivers between mussel maximum size and climatic variables. The x-axis represents the Bayes Factor -1 to improve interpretation; a negative Bayes Factors mean there is more evidence for the null hypothesis while a positive Bayes Factors indicate there is more evidence for the alternative hypothesis.

Figure 1‑6. Direction of the association between exploratory climatic variables and potential maximum length. (A) represents the posterior distribution of the top models’ coefficients in each variable category from the model comparison (Figure 1-5). The coefficient from ‘Minimal Flows’ is divided by 10 to facilitate interpretation of other coefficients. (B-E) represents the data input into each model and a line of best fit (linear regression). Minimum flows represent the median of the lowest flow magnitude divided by the median flow magnitude; values closer to 0 represent more extreme variance between normal and low flow, while values closer to 1 represent more steady flow.
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[bookmark: _Ref34591004][bookmark: _Ref34591052][bookmark: _Toc39575561]Figure 1‑2. Map of sites (black dots), associated rivers, and the watersheds from which shells were collected.
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[bookmark: _Ref34590982][bookmark: _Toc39575562]Figure 1‑3. Variation in Lampsilis spp. (A) and A. plicata (B) potential maximum length
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[bookmark: _Ref34590965][bookmark: _Toc39575563]Figure 1‑4. Amblema plicata and Lampsilis spp. L∞ exhibited positive relationships with latitude.
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[bookmark: _Ref34590878][bookmark: _Ref34590885][bookmark: _Toc39575564]Figure 1‑5. Evidence for potential drivers between mussel maximum size and climatic variables.
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[bookmark: _Ref34590917][bookmark: _Toc39575565]Figure 1‑6. Direction of the association between exploratory climatic variables and potential maximum length.

Appendix
Table 1-A1. Results from a bootstrapped linear model to assess the direction and statistical significance of each species relationship with latitude. As with the Bayesian regression model, we use percent maximum length to account for different sizes among the taxa; thus this slope has the units Percent maximum length∙Latitude-1. After resampling the linear model 1000 times, we report the mean and 95% confidence intervals for each coefficient in the model, the p value, and the R2 for the linear model. These results do not contradict the results found from the Bayesian regression analysis within the results above. There is overlap between A. plicata’s slope and Lampsilis spp.’s slope.
	Variable
	Mean [95% confidence intervals]

	Intercept
	1.385 [-8.32, 34.12]

	A. plicata’s slope
	1.349 [0.765, 2.004]

	Lampsilis spp.’s slope
	1.688 [1.174, 2.303]

	R2
	47.2 % [17.7, 66.0]

	p value
	7.28 ∙ 10-6 [0.000, 0.018]



2

Table 1-A2. USGS gages and HUC 8 areas used to derive the input values for the exploratory model comparison. Included are the four highest predictors within each variable category (precipitation (cm), annual mean water temperature (°C), cultivated crops (%), and minimum flows). Minimum flows and annual mean water temperature are the average value at that site for the two species. Drainage area represents the natural logarithm of cumulative watershed area (km2). 
	Site
	Long.
	Lat.
	HUC 8
	USGS Gage
	Drainage Area
	Precipitation (cm)
	Annual Mean Water Temperature (°C)
	Cultivated Crops (%)
	Minimum Flows

	Dewitt
	-97.31
	29.33
	12100202
	8175800
	9.26
	97.7
	23.2
	71.9
	0.26

	Stok
	-96.42
	29.58
	12090302
	8161000
	11.48
	111.3
	23.9
	0.0
	0.35

	Wendell2
	-88.04
	33.04
	03160107
	2446500
	7.54
	143.0
	0.0
	0.0
	0.00

	MusselMania
	-87.98
	33.08
	03160107
	2446500
	7.47
	143.4
	21.2
	0.0
	0.17

	Wendell3
	-87.96
	33.09
	03160107
	2446500
	7.46
	143.5
	0.0
	0.0
	0.00

	Barry
	-87.87
	33.14
	03160107
	2446500
	7.37
	144.1
	19.9
	0.0
	0.18

	LY
	-94.73
	33.95
	11140107
	7338500
	8.12
	131.6
	26.1
	0.0
	0.04

	K7
	-95.58
	34.43
	11140105
	7335790
	7.64
	126.1
	16.9
	0.0
	0.00

	KS
	-95.50
	34.51
	11140105
	7335790
	7.60
	127.5
	21.2
	0.0
	0.01

	K4
	-95.34
	34.57
	11140105
	7335790
	7.54
	128.6
	18.4
	0.0
	0.00

	KT
	-95.35
	34.57
	11140105
	7335790
	7.54
	128.7
	19.8
	0.0
	0.01

	K2
	-95.06
	34.65
	11140105
	7335700
	6.72
	129.7
	23.2
	0.0
	0.00

	51-C
	-90.59
	38.42
	07140104
	7018500
	7.82
	104.7
	15.9
	5.6
	0.27

	MO41
	-90.59
	38.44
	07140104
	7018500
	7.82
	104.8
	14.6
	54.3
	0.27

	41-O
	-90.60
	38.45
	07140104
	7018500
	7.82
	104.7
	18.2
	8.1
	0.27

	James
	-92.07
	39.43
	07110006
	5506800
	6.36
	99.0
	15.4
	0.0
	0.06

	Florence
	-90.61
	39.63
	07130011
	5586100
	11.15
	96.6
	13.9
	0.0
	0.26

	Iroquois
	-87.74
	40.79
	07120002
	5525000
	7.56
	98.5
	9.1
	0.0
	0.14

	Sylvan
	-90.51
	41.51
	07080101
	5420500
	12.33
	91.1
	12.2
	0.0
	0.41

	Upstream
	-90.46
	41.52
	07080101
	5420500
	12.33
	90.9
	12.1
	0.0
	0.43

	Eagle
	-90.44
	41.55
	07080101
	5420500
	12.33
	89.9
	12.2
	0.0
	0.43

	Illiniwek
	-90.40
	41.57
	07080101
	5420500
	12.33
	89.8
	12.2
	0.0
	0.40

	Samson
	-79.98
	41.85
	05010004
	3021520
	6.95
	115.1
	11.4
	20.0
	0.08

	Kishwaukee
	-88.94
	42.25
	07090006
	5438500
	7.40
	87.7
	8.2
	0.0
	0.25

	Lyons
	-84.95
	42.99
	04050004
	4116000
	8.43
	88.2
	12.4
	0.0
	0.27

	MS1
	-93.19
	44.90
	07010206
	5331000
	10.84
	77.7
	11.5
	0.0
	0.36

	Hudson
	-92.77
	44.97
	07030005
	5341550
	9.83
	83.5
	9.2
	0.0
	0.53

	STF
	-92.66
	45.40
	07030005
	5340500
	9.66
	78.5
	10.2
	44.1
	0.49






[bookmark: _Toc34594571]Figure 1-1A. Correlations between exploratory variables in the model comparison. A Pearson’s product-moment correlation test was conducted to assess the direction and magnitude of the correlation between the two variables. In (A), the natural logarithm of drainage area (km2) is positively correlated with stream order with t26 = 7.40, p < 0.001, r = 0.82. In (B), the natural logarithm of drainage area (km2) is negatively correlated with catchment precipitation (cm) with t26 = -3.70, p = 0.001, r = -0.58. In (C), decimal degree latitude is negatively correlated with catchment precipitation (cm) with t26 = -6.53, p < 0.001, r = -0.79. The two outlier points in (C) are from west-central Texas. 
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[bookmark: _Toc34594572]Abstract
Ecosystem engineers alter habitat and resource availability within ecosystems, which benefits other organisms, but these effects often depend on abiotic context and spatial scale. We used stream-dwelling freshwater mussels to explore how the mechanisms by which organisms engineer ecosystems might shift with spatial scale and environmental context. We combined a comparative field study and field enclosure experiment to measure mussel and macroinvertebrate community structure, discharge, substrate heterogeneity, and chlorophyll a concentration across three spatial scales: mussel shells (~10 cm2), enclosures (~0.25 m2) and stream reaches (~1,000 m2). We used canonical correspondence analysis and variation partitioning to evaluate how mussel abundance, food availability (measured as chlorophyll a concentration), substrate heterogeneity, and flow (discharge) influenced macroinvertebrate community structure. At the larger, stream reach scale, macroinvertebrate community structure was primarily controlled by flow and secondarily by food availability. At the mussel-shell scale, macroinvertebrate communities were controlled by the presence of live mussels (rather than mussel shells alone), likely due to mussel-derived food availability. At the reach and enclosure scale, caddisfly larvae and pupae were more common in areas with higher mussel biomass. While chlorophyll a was a statistically significant variable at the reach scale, live mussel shells better predicted macroinvertebrate community structure at the shell scale. Mussel movement, biodeposits, or leathery shell surface are likely contributing to macroinvertebrate abundance above the variation explained simply by chlorophyll a concentration. Understanding at what spatial scale and by which potential mechanism ecosystem engineers’ effect co-occurring animals is important to protect ecosystem function in the face of global change. 
[bookmark: _Toc34594573]Introduction
Ecosystem engineers alter habitat and resource availability in ecosystems through their behavior, physiology, feeding and growth (Jones et al. 1997). Differences between engineered and non-engineered patches modulates the effect ecosystem engineers have on communities (Jones et al. 1997; Wright et al. 2002). Engineer density, temporal scale, spatial scale and heterogeneity, and abiotic context all influence the difference between engineered and not-engineered patches; thus, ecosystem engineering is context dependent (Coggan et al. 2018; Crain and Bertness 2006). For example, the heterogeneity of shading leads to larval midges in lakes increasing or decreasing net ecosystem production (completed by algae within their tubes and on which they feed) based on light abundance (Phillips et al. 2019). An organism’s size, aggregation preference, movement behavior, and dispersal ability dictate their ecosystem engineering effect at different spatial scales (Wright et al. 2002). Thus, the interaction of spatial scale and abiotic factors determines the magnitude of how an organism engineers its surrounding habitat. 
Across marine and freshwater ecosystems, bivalves act as ecosystem engineers through their burrowing and filter-feeding activities, the creation of habitat through their hard shell, and their relatively sedentary lifestyles where they live within dense uni- or multispecies aggregations of other bivalves (Vaughn and Hoellein 2018). Aggregations of marine bivalves create a ‘facilitation landscape’, where beneficial habitats for other organisms are heterogeneously located due to both positive and negative interactions with mussels. Marine bivalves alter the spatial distribution of basal resources through habitat creation from their shells (Donadi et al. 2013; Engel et al. 2017). Marine mussel recruitment and cockle densities are dependent upon the interplay between predation pressure, habitat modification, and intra-guild competition for food resources (Donadi et al. 2013; van der Heide et al. 2014). Just as marine bivalves’ impact on their habitat and thus co-occurring macroinvertebrates shifts with space, we expect freshwater bivalves’ impact on macroinvertebrates also to shift (Figure 2-1A). 
Freshwater mussels (Bivalvia: Unionoida; hereafter mussels) are sedentary, filter-feeding bivalves that act as ecosystem engineers (Gutiérrez et al. 2003; Vaughn and Hoellein 2018). Mussels are often congregated in dense, diverse, and heterogeneous patches that are hydrologically stable within a river (Sansom et al. 2018; Strayer 1999). Mussels create habitat, alter sediment characteristics, and change near-bed hydrology through their hard shells and activity (Allen and Vaughn 2011; Goodding et al. 2019; Sansom et al. 2017). Mussels also function as nutrient capacitors that transfer nutrients from the water column to the benthos (Strayer 2014). They store nutrients in their soft tissue and shells, remineralize and excrete inorganic nutrients, and biodeposit organic nutrients (feces and pseudo-feces) (Atkinson et al. 2017). Because mussels comprise a high proportion of biomass in streams, their storage and transfer of nutrients influences how nutrients move downstream, depending on ambient nutrient limitation (Atkinson and Vaughn 2015; Spooner et al. 2013). Through habitat provisioning and nutrient regeneration, mussels often increase the biomass and alter the composition of benthic algal communities (Atkinson et al. 2013; Spooner and Vaughn 2012; Vaughn et al. 2008; Vaughn et al. 2007), which benefits macroinvertebrates that use this resource. Mussels’ creation of habitat directly facilitates some macroinvertebrates while their regulation of food resources indirectly affects others (Atkinson et al. 2018a).
Mussels have been shown to have a variety of effects on benthic macroinvertebrates, from increasing their abundance and richness, to no effects at all. In combination, these studies suggest that effects mussels have on macroinvertebrates are determined by the strength of the gradient between mussel-engineered patches and non-engineered patches, which varies with spatial scale. Mussel-derived habitat, such as living mussels’ shells, typically harbor increased basal food resources and thus more grazing macroinvertebrates (Spooner et al. 2012), although the increase in grazers could represent a shift in functional groups instead of differences in abundance between mussel-derived habitat and stream sediments (Spooner and Vaughn 2006; Vaughn et al. 2008). When considering within-reach patches (sub-meter samples, hereafter enclosures), some studies found macroinvertebrate abundance was higher near live mussels (Spooner and Vaughn 2006; Vaughn and Spooner 2006), while others found no difference between control and mussel enclosures (Howard and Cuffey 2006). At the larger, reach scale, studies have also produced contradicting conclusions. While some studies found mussel presence and biomass increases macroinvertebrate abundance and diversity at the stream reach scale and in lakes (Aldridge et al. 2007; Chowdhury et al. 2016; Vaughn and Spooner 2006), others found no relationship between mussels and total macroinvertebrate abundance (Richter et al. 2016; Simeone et al. 2018). In some studies, mussel richness and mussel species identity does not alter macroinvertebrate taxon richness (Aldridge et al. 2007; Spooner and Vaughn 2006); in others, mussels increase nonbiting midge larva (Chironomidae) abundance (Spooner et al. 2012). As ecosystem engineers are notoriously context and spatial scale dependent, we posit that contradictions in the literature are evidence of mussels’ engineering mechanism and magnitude shifting across space and environmental contexts.
Here we introduce a conceptual figure to describe how two engineering effects by freshwater mussels shift at different spatial scales (Figure 2-1A). We suggest that the mechanism that causes the largest difference between engineered and non-engineered patches will drive macroinvertebrate community structure. Mussels mitigate two potential stressors for macroinvertebrates: flow (which can cause downstream displacement) and food limitation. At small spatial scales (~10 cm2), such as on the mussel shell, bed roughness increased by mussel shells is counteracted by mussel burrowing and movement (Allen and Vaughn 2011; Sansom et al. 2017). At moderate scales (such as ~0.25 m2 enclosures), mussels’ hard shells and filtration alter near bed hydrodynamics by increasing bed roughness and thus decreasing near bed velocity (Allen and Vaughn 2010; Sansom et al. 2017). This reduction in near bed velocity helps mussels stay in the sediment rather than being dislodged during floods. In these patches, sediment is larger and more homogenous than patches without mussels (Koerner, 2018). At the stream reach scale, mussel distribution and abundance are constrained by both high and low flows. At high flows, mussels require shear stresses and substrate heterogeneity that prevent dislodgement (Allen and Vaughn 2010; Randklev et al. 2019). At low flows, they need to be in wetted, flowing habitat because of their inability to move very far to escape declining water levels (Atkinson et al. 2014a; Gough et al. 2012). Because of these ecological requirements, at large spatial scales (such as a ~1,000 m2 river reach) mussel abundance should be correlated with stream flow. As mussels don’t alter large-scale flow patterns, the difference between mussel beds and non-engineered patches is dependent upon the hydrological context (such as floods, normal flow, and drought). As such, we predict that the mussel-derived flow modulation will be highest at moderate spatial scales. Mussels affect basal resources at each of these spatial scales through their consumption of seston, habitat provisioning for biofilms (aggregations of heterotrophic and photosynthetic microbes), and alleviation of nutrient limitation (Vaughn et al. 2008; Atkinson et al. 2014b). Mussel shells provide habitat for biofilms and thus can greatly increase food availability compared to near-by rocks (Spooner et al. 2013). At the enclosure scale, mussels’ influence on nutrient limitation can increase food resources near freshwater mussels while mussel shells continue to provide habitat for biofilms. At the reach scale, basal resources become more diffuse and are constrained by factors unrelated to mussels (namely shading and flow). As such, we predict that the influence of mussels on food resources will be highest at small spatial scales and will decrease with increasing spatial scale. Based on these insights, we predict that the mechanism by which mussels facilitate macroinvertebrate shifts in identity and magnitude based upon spatial scale (Figure 2-1). 
To evaluate these predictions, we asked how mussels impact macroinvertebrate communities at three spatial scales: on mussel shells, at the enclosure scale, and at the stream reach scale. We measured mussel abundance, macroinvertebrate communities, and environmental measurements in a field survey and a field enclosure experiment. We then quantified how mussel biomass was related to macroinvertebrate density, taxonomic richness, and Simpsons diversity index. We used canonical correspondence analyses to evaluate which environmental variables were correlated with macroinvertebrate taxa and how those environmental variables correlated with mussel biomass. We predicted that (1) at the mussel shell scale, food availability would best explain macroinvertebrate communities, (2) at the enclosure scale, mussel biomass would be correlated with macroinvertebrate communities due to their influence on both hydrodynamics and food availability (measured as chlorophyll a concentration), and (3) at the reach scale, macroinvertebrate communities would be best explained by stream discharge, with discharge also controlling mussel density (Figure 2-1B). 
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We conducted our study in three rivers in southeastern Oklahoma known for their high mussel and macroinvertebrate biodiversity: the Kiamichi, Little and Glover rivers (Matthews et al. 2005) Figure 2-2). Mussel assemblages in these rivers are typically dominated by two species, Actinonaias ligamentina and Amblema plicata, that make up ~70% of mussel biomass but differ morphologically, behaviorally, and physiologically (Hopper et al. 2018; Vaughn 2010). Amblema plicata has a ridged shell and tends to be sedentary, while A. ligamentina is an active burrower with a smooth shell. The two species differ in their thermal preferences, which influences their filtering and nutrient excretion rates and stoichiometry (Atkinson et al. 2018b; Spooner and Vaughn 2008). Combined, these trait differences lead to differences in the types and abundance of algae and macroinvertebrates that colonize shells and live in the sediment surrounding mussels (Spooner and Vaughn 2006; Spooner et al. 2012).  
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We sampled macroinvertebrates and mussels at 14 sites in 7 paired river reaches in October 2016 (Figure 2-2) as part of a larger study (Hopper et al. 2018). Each paired reach contained a 100 m reach with a large mussel bed and a 100 m reach without mussels or with low densities of mussels. Paired sites averaged 346 m apart. At each site, we quantitatively sampled macroinvertebrates with 5 Surber samples (0.09 m2) and preserved samples in 5% formalin. We enumerated and identified macroinvertebrates to the family level following Merritt and Cummins (1996) and Voshell (2002). We sampled mussels by excavating 15 – 20 (depending on the size of the mussel bed) 0.25 m2 quadrats to a depth of 15 cm (Vaughn et al. 1997). We identified mussels to species, measured the longest shell axis of all individuals, and returned mussels alive to the stream bed. We used species-specific length-mass regressions to estimate mussel soft tissue dry mass (Atkinson et al. in press). We estimated areal mussel biomass (g·m-2) based on the estimate of dry, soft tissue mass in each quadrat (Hopper et al. 2018).
We measured depth and discharge at a transect across each site (Hach FH 950 Handheld Flow Meter, Loveland, Colorado). We determined sediment size with Wolman pebble counts at each site (Wolman 1954). We used the R package GSDtools (Eaton 2019) to derive D10 and D60 values (the size of 10% and 60%, respectively) of measured pebbles, and used these to describe substrate heterogeneity (Williams 1980). 
Eighteen days prior to sampling, we filled 3 strawberry baskets (100 cm-2 area, 6 cm deep) per site with river sediment and buried them flush with the riverbed to allow them to be colonized by biofilms (Bertrand and Gido 2007). We collected the baskets when we sampled macroinvertebrates. We homogenized the sediment in the baskets in a bucket with a known volume of stream water, creating a slurry, filtered a subsample (glass fiber 0.7 μm), placed filters in aluminum foil and froze them. Chlorophyll a was extracted in acetone and measured spectrophotometrically with the acid addition method (protocol 10200 H.2; ASTM, 2012).
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We conducted a field experiment to examine how mussels influence macroinvertebrates at a small and intermediate spatial scale. A companion component of the experiment examined the effect of mussels on fish activity and is described in Hopper et al. (2019). To avoid the confounding effects of our treatments with legacy mussel effects, we selected a stream reach in the Kiamichi River that was upstream of known, large mussel beds (Figure 2-2). We constructed 50, 0.25 m2 (50 cm by 50 cm by 20 cm deep) enclosures from 3.3 cm schedule 40 PVS pipe and 2.5 cm diameter poultry netting. Enclosures were buried flush within the riverbed in a checkerboard pattern to minimize cage-effects on downstream enclosures and filled with homogenized sediment collected from the stream reach. This design prevented mussels from escaping the enclosures but allowed for colonization of macroinvertebrates. We placed 6 sediment baskets (described above under Field Study) in each enclosure to collect resident macroinvertebrates. To quantify algal abundance, we attached glass fritted discs (diameter = 2.8 cm) to clay tiles (width = 7.6 cm) with silicone sealant. We then collected one glass fritted disc from each enclosure and stored them in opaque containers on ice for later processing. 
We created assemblages of live mussels and “sham mussels” (empty mussel shells filled with sand and sealed with silicone) where we varied which species was dominant, A. ligamentina and A. plicata, as follows: live A. ligamentina dominated (7 live A. ligamentina, 3 live A. plicata), live A. plicata dominated (7 live A. plicata, 3 live A. ligamentina), sham A. ligamentina dominated (7 sham A. ligamentina, 3 A. plicata), and sham A. plicata dominated (7 sham A. plicata, 3 A. ligamentina). We also had a sediment control containing no mussels. Each treatment was replicated 10 times. Enclosures were stocked on July 12, 2017 and the experiment ran for 12 weeks until October 8, 2017. 
We measured discharge and temperature for the experimental reach as described above under Field Study. We measured flow velocity and water depth in the middle of each enclosure and multiplied this by enclosure width to estimate the discharge over each enclosure. We conducted Wolman pebble counts to determine substrate heterogeneity in each enclosure as described above. Chlorophyll a was extracted from discs with acetone and measured as described above. 
To sample macroinvertebrates within the enclosures, we homogenized sediment in the baskets with river water (as described above under Field Study), sieved the resulting slurry through a 0.175 mm mesh sieve, and preserved the macroinvertebrates in 70% ethanol. We measured the shell length of all mussels for later determination of soft-tissue dry mass using species-specific length-mass regressions. Live mussels were removed and returned to the area of the river from which they were collected. 
We quantified algal abundance and macroinvertebrates occurring on mussel shells for a subsample of enclosures. From four enclosures for each treatment, we removed mussels and placed all the mussels of each species from an enclosure in a separate bucket. We then gently scrubbed mussel shells in river water in the bucket to create a slurry. We filtered a subsample of slurry and analyzed it for chlorophyll a as described above. We then sieved the remainder of the slurry and preserved macroinvertebrates in 70% ethanol. We measured shell length, width and height on subsampled mussels, and use these data to estimate shell area. We then summed shell surface area for each species in each enclosure separately and used that value to calculate chlorophyll a concentration and macroinvertebrate density.  
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Macroinvertebrate density and diversity
We examined how areal mussel biomass (reach and enclosure scale) or treatment (enclosure and shell scale) affected macroinvertebrate density, taxonomic richness, and Simpsons diversity. To meet statistical assumptions, we log10 transformed macroinvertebrate density and natural log transformed richness, except for data at the shell scale, where transformations were unnecessary (Zuur et al. 2009). We calculated Simpsons diversity, which describes both richness and evenness, with the function diversity (R Package vegan; (Oksanen et al. 2014). 
For the reach scale, we used mixed linear models to test for differences among our dependent variables based on mussel biomass (g·m-2) and a random intercept accounting for geographic location (using HUC12 codes). We conducted a type III ANOVA with Satterthwaithe’s method, using anova, for the lmer mixed models as implemented in the R package lmerTest and lme4, respectively (Bates et al. 2015; Kuznetsova et al. 2017). For the enclosure and shell scales, we evaluated treatment effects with ANOVA (aov from stats package in R). If a significant independent variable was identified, we conducted Tukey post hoc multiple comparisons in the R package emmeans (Lenth, 2018). 
Macroinvertebrate community structure
[bookmark: _Hlk24627920]We used canonical correspondence analysis (CCA) with functions cca and vif.cca (R package vegan; (Greenacre 2017; Oksanen et al. 2014) to evaluate how mussel biomass and important environmental factors (discharge, chlorophyll a concentration, and substrate heterogeneity) influenced macroinvertebrate community structure. We standardized environmental variables to reduce the influence of measurement scale. To reduce the influence of rare species, we removed taxa found in only one sample from the reach analysis (< 8%) and in two samples of the enclosure analysis (< 4%); most Surber samples had similar species compositions at the reach level (Figure 2-A1). For the reach data, we included HUC12 as a conditional covariate to factor out spatial effects due to site location within and among the watersheds (Dauwalter 2013). To avoid pseudo-replication of environmental data, we used average macroinvertebrate density in each reach to build the community matrix; a boot-strapped CCA analysis did not change the conclusions of the averaged CCA analysis (Table 2-A1; Figure 2-A2; Figure 2-A3). For the enclosure data, we considered A. plicata and A. ligamentina separately and whether treatments were live mussel or sham shells. At the shell scale, the environmental variables include chlorophyll a concentration, mussel species, and live vs. sham as substrate and discharge were controlled for experimentally. Unlike the reach data analysis, we did not include a conditional spatial variable in this CCA as a Mantel test was not statistically significant (r = 0.089, p = 0.07) and its inclusion did not increase the total explained proportion of the inertia (similar to variation; Figure A4).
After conducting the CCAs at each spatial scale, we then performed permutation tests with anova.cca to determine if the global model explained more inertia than a random normal model. If the global model was significant, we then conducted both forward and backward model selection to determine which variables were significant in explaining inertia within the macroinvertebrate community using the function ordistep (R package vegan). We conducted variation partitioning to determine the unique and shared variation explained by either mussel or environmental variables with varpart (R package vegan). We present and interpret the global model to investigate how each environmental variable affects the macroinvertebrate community; we use the results of model selection to determine which variables are most important when explaining the community structure and testing our hypothesis.
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[bookmark: _Toc34594580]Macroinvertebrate densities are highest on living mussels at the shell scale.
We predicted that algal food availability, measured as chlorophyll a concentration, would be higher on the shells of living mussels, and would drive macroinvertebrate community structure at this scale.  Macroinvertebrate densities were higher on shells of live mussels compared to sham shells (F1,28 = 4.51, p < 0.04), but were not different between shells of different species (F1,28 = 2.25, p = 0.06; Table 2-1), and there was not a significant interaction between these factors (F1,28 = 2.57, p = 0.10; Figure 2-3A). Based on the post hoc test, live A. plicata shells had 1.88 times more macroinvertebrates than sham shells while live A. ligamentina shells had 1.12 more times macroinvertebrates than sham shells. Richness was not different among live vs. sham shells (F1,28 = 1.25, p = 0.27), species (F1,28 = 0.003, p = 0.95), or the interaction of the factors (F1,28 = 0.03, p = 0.86). Simpsons diversity index was not different among live vs. sham shells (F1,28 = 0.51, p = 0.58), species (F1,28 = 0.03, p = 0.87), or the interaction of the factors (F1,28 = 0.78, p = 0.33). At the shell scale, the global model was statistically significant and explained 14.3% of the variation within the community matrix (F3,28 = 1.55, p < 0.01; Table 2-2; Figure 2-5A). Model selection indicated that shell type was the only significant variable within the global model (p < 0.01). Differences between the sham and live mussel treatments dominate the first CCA, which explains 48.6% of the total explained variation (Figure 2-4A). Adult beetles (Elmidae) and seed shrimp (Ostracoda) were associated with live A. plicata mussels. Chlorophyll a was positively related to the first axis and was associated with algal-grazing mayflies (Leptophlebiidae) and caddisflies (Helicopsychidae). Differences between A. ligamentina and A. plicata shells drove the second CCA and explains 33.5% of the total explained variation. Larval midges (Chironomidae) and caddisflies (Lepidostomatidae) were more often found on A. ligamentina shells while craneflies (Tipulidae) and hydra (Hydrazoa) were more often found on A. plicata shells. Based on variation partitioning, mussel variables explained 8.9% of the explained variation, chlorophyll a concentration explained 4.3%, and together they explained 0.9% of the explained variation (Figure 2-5A). 
[bookmark: _Toc34594581]Mussels had little impact on macroinvertebrates at the enclosure scale. 
Contrary to our predictions, mussels had little impact on macroinvertebrate communities at the enclosure scale. Macroinvertebrate abundance did not vary with treatment (F4,45 = 0.83, p = 0.52) and was not related to mussel biomass (Table 2-1; Figure 2-3B). Treatment did not affect richness (F4,45 = 0.78, p = 0.54) or Simpson’s diversity (F4,45 = 1.73, p = 0.16). The enclosure scale global model explained only 14.4% of the variation within the macroinvertebrate community and was not statistically significant (F6,43 = 1.23, p = 0.12; Table 2; Figure 5C). This non-significance indicates that our environmental variables were not correlated with community structure and/or variation within the macroinvertebrate community was very low. While not significant, this analysis revealed that algal-grazing mayflies (Leptophlebiidae) and common stonefly (Perlidae) were positively related to mussel biomass while pale burrower mayflies (Polymitarcyidae) was negatively related to mussels (Figure 2-4B). We also find that snail-case caddisflies (Helicopsychidae) and microcadisflies (Hydroptilidae) were found more often in enclosures with live mussels. While this CCA is not statistically significant, we find that some taxa are more associated with live mussel patches.
[bookmark: _Toc34594582]Discharge, mussel biomass, and algal abundance explain macroinvertebrate community structure at the stream reach scale.
We predicted that discharge would be the driving force shaping macroinvertebrate community structure at the reach scale, but that mussel biomass would also be important. Mussel biomass by itself did not govern macroinvertebrate abundance (F1,7 = 0.20, p = 0.67; Figure 2-3C), richness (F1,7 = 0.12, p = 0.74; Table 1), or Simpsons diversity (F1,7 = 0.02, p = 0.88). However, mussel biomass, discharge, and algal abundance in combination explained a large proportion of the variation in macroinvertebrate community structure. The reach scale global CCA model was statistically significant (F4,8 = 2.45, p < 0.01; Table 2-2). Discharge explained the most variation (p = 0.01), with chlorophyll a concentration also explaining a significant portion (p < 0.04). Geographic location explained 9.8% of the variation (Figure 2-5C). After accounting for location, the environmental variables explained 50.8% of the variation within the macroinvertebrate community. Discharge drove the first CCA, followed by chlorophyll a and mussel biomass, to account for 63.2% of the total explained variation (Figure 2-5C). Mortarjoint casemakers (Odontoceridae), and caddisfly pupae (Trichoptera) had high loadings on the first CCA, while spiny crawler mayflies (Ephemerellidae) and circular-seamed flies (Diptera: Cyclorrhapha) had low loadings. The second CCA represented a gradient between chlorophyll a and discharge and accounted for a total of 18.9% of the total explained variation. Snail-case caddisflies (Helicopsychidae) and copepods were found more often at sites with higher benthic chlorophyll, while adult flies (Diptera) and side-swimmers (Amphipoda) were found more often in areas with higher discharge. Based on variation partitioning, the environmental variables (discharge, chlorophyll a concentration, and substrate heterogeneity) explained 33.9% of the explained variation, mussels alone explained 3.7%, and together mussels and the environmental variables explained 13.3% of the explained variation (Figure 2-5C).  
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We evaluated how mussel biomass and environmental factors (related to potential mussel engineering mechanisms) predict macroinvertebrate community structure at three spatial scales. We found that at the shell scale macroinvertebrates were most abundant on live A. plicata shells and live mussels had different macroinvertebrate communities living on their shells than sham shells. Our predictions that mussels would have the largest impact on macroinvertebrate community structure at the enclosure scale were not supported by our data; the environmental variables explained little variation within the macroinvertebrate community. At larger spatial scales, discharge, a proxy for flow, explained the most variation. Comparing the significant predictors in the CCAs at different spatial scales, we find correlative evidence that the mechanism shaping macroinvertebrate communities within mussel beds shifts with spatial scale. While chlorophyll a was a statistically significant variable at the reach scale, it did not significantly explain macroinvertebrate variation at the shell scale. Live mussel shell presence explained more, but similar, variation in the macroinvertebrate community than chlorophyll a concentration. Mussel biodeposits (as a food resource) or rough periostracum (shell surface that acts as macroinvertebrate habitat) might explain macroinvertebrate community structure more than chlorophyll a concentration alone. We conclude that mussels’ effect on macroinvertebrates is spatial-scale dependent and the magnitude of their engineering effects are context dependent.
Different engineering mechanisms drive macroinvertebrate community structure at different spatial scales. Discharge, a proxy for flow, explained the most variation in macroinvertebrate community composition at the reach scale. This is unsurprising as flow has been referred to as the ‘master variable’ of stream ecosystems as it influences (and thus is correlated with) channel geomorphology, energy sources, and water quality (Poff et al. 1997). For sedentary animals like mussels, high flows potentially push individuals downstream, reducing mussel density and intra-guild facilitation (Peck et al. 2014; Sansom et al. 2018); while at low flows, mussels lack a quick, long-distance dispersal to withstand low flow events (Gough et al. 2012). Discharge, chlorophyll a, and mussel density explained similar variation within the community on the first axis; on the second axis, chlorophyll a and discharge diverge though both are statistically significant. As flow regulates both food resources and mussel occurrence in rivers, flow was the driving factor of macroinvertebrate communities at larger spatial scales. At smaller spatial scales, we found that living mussels vs. dead shells explained macroinvertebrate community structure better than chlorophyll a concentration. Chlorophyll a explained similar variation as the presence of live mussels. Live mussels are likely engineering macroinvertebrate habitats through multiple mechanisms; while supplementing the green-food web through algae on their shells, macroinvertebrates could be feeding on mussel pseudofeces or prefer living on the rough, proteinaceous outer layer of mussel shells. While chlorophyll a significantly explained some variation at the reach spatial scale, it was surpassed by a different mechanism at the small shell spatial scale. Thus, our hypothesis that mussels’ engineering mechanism shifts at different spatial scales is supported. 
Just as spatial scale shifts the prevalence of different engineering mechanisms, abiotic context shifts the magnitude of an engineer’s effect at different spatial scales. Abiotic context modulates the difference between engineered and non-engineered patches, often in predictable ways. The effects of mussels on macroinvertebrates are known to vary with environmental context, particularly with flow (Vaughn et al. 2007). In summer, when flow is low and water temperatures warmer, mussel excretion typically contributes disproportionately to nutrient pools, stimulates primary production, and thus increases food resources available to macroinvertebrates (Atkinson and Vaughn 2015). In contrast, high flow events often both reduce macroinvertebrate abundance and dilute effects of mussel excretion, thus they can mask the effects of mussels on macroinvertebrates (Spooner and Vaughn 2006). We had atypically high flows during our field experiment. Typically, the maximum 50% (median) daily mean value for the closest United States Geological Survey gage (07335700) over the course of our experiment is 0.06 m3∙s-1 and the maximum 75% daily mean value is 0.42 m3∙s-1; during our experiment discharge peaked at 15.7 m3∙s-1 (USGS, 2016; Figure A5). We think these higher flows likely inhibited macroinvertebrate colonization in our experimentally-created mussel patches, thus reducing the difference between engineered and non-engineered patches (Table 2-3). The effects of mussels on basal food resources are also context dependent (Spooner and Vaughn 2012); mussel effects on nutrients and their effects on macroinvertebrates are diminished in rivers with higher nutrient concentrations due to agricultural runoff (Spooner et al. 2013). For example, because mussel and control plots had similar basal resources, those patches had similar macroinvertebrate abundances and thus no mussel engineering effect (Richter et al. 2016). As climate change is altering flow regimes and carbon cycling (Carpenter et al. 1992; Trenberth 2011), further investigation into the interaction between mussels, abiotic stressors, and macroinvertebrates is needed. By investigating the interaction between mussel engineering and the abiotic factors that affect macroinvertebrates, we can better predict how stream communities will change with future losses of mussels and global change.
We found similar relationships between environmental variables, mussels, and macroinvertebrate abundances but different taxonomic associations with mussels than previous  research in the region. Vaughn and Spooner (2006) examined the relationship between mussel assemblage structure and macroinvertebrate assemblage structure at the 0.25 m2 and stream reach scales at 30 sites across 8 rivers in the Ouachita Highlands of Oklahoma and Arkansas. They found that mussel assemblage structure explained the most variation at the 0.25 m2 scale while spatial variables (location, network position, and watershed area) explained the most variation at the reach scale. We confirm that discharge, which is a function of precipitation, groundwater input, and watershed area, drives macroinvertebrate community structure at the reach scale. Our study shares many conclusions with Vaughn and Spooner (2006), who completed a year-long field experiment in the Kiamichi River where they examined the effects of live and sham shells of A. ligamentina and A. plicata in monoculture on macroinvertebrates over time at the 0.25 m2 scale. While we did not find differences in macroinvertebrate abundance or major taxonomic abundances between our treatments, we did find that caddisfly larvae (Trichoptera) were associated with mussel treatments. While we found higher invertebrate abundance on live A. plicata shells, Spooner and Vaughn (2006) found invertebrate abundances were equivalent between sham and live mussel shells. Our data confirm that different macroinvertebrate communities occupy live vs. sham shells (Vaughn et al. 2008), we found that herbivorous adult beetles and caddisfly larva were on live shells more often while a trophically diverse caddisflies (collector-gatherers, herbivorous, and predatory genera) associated with sham shells. Thus, some macroinvertebrates might be inhabiting live mussel shells because of the higher abundance of food on the shells. The incongruency between live mussels harboring increased herbivorous macroinvertebrates but chlorophyll a concentration not predicting macroinvertebrate abundance might be explained by herbivore reduction of algal pools through consumption, which we did not measure. Caddisflies, particularly algae-grazing weighted casemaker caddisflies and snail-case caddisflies, might use the leathery periostracum found on live shells to anchor and withstand high flows (Lawfield et al. 2014; Robinson et al. 2017), and are also likely grazing on algae on the shells. Our study confirms that that snail-case caddisflies were associated with live mussels at the shell and enclosure scales, and previous work has shown that algal food availability can control the distribution of this insect (Vaughn 1986). Our research adds to the growing evidence that mussels have complex interactions with macroinvertebrate communities and further investigation into taxa specific facilitation is warranted. 
Mussels, both marine and freshwater, create a facilitation landscape for macroinvertebrates, though the strength of this facilitation is dependent upon the spatial scale and abiotic context considered. Within marine mussel beds, mussel filter feeding reduces food available for cockles but at the edges of said beds, cockle settlement increases due to the mussels' reduction of wave energy (Donadi et al. 2013). Similar intra-guild facilitation is evident in aquatic vegetation as Callitriche platycarpa plant growth moderates flow velocity and thus facilitates other aquatic macrophytes (Cornacchia et al. 2018). Both freshwater mussels and oysters affect co-occurring invertebrates through mechanisms that shift across space (Arribas et al. 2014; McAfee and Bishop 2019; McAfee et al. 2016). Termites facilitate vegetation and grazers, depending upon water availability, at a local spatial scale while altering soil properties at the landscape scale (Davies et al. 2016; Jouquet et al. 2011). These scale and context dependent effects create patches with distinct, potentially facilitative, interactions and lead to spatially heterogeneous patches of animals within ecosystems — a facilitation landscape (Cornacchia et al. 2018). 
Understanding how effects of ecosystem engineers change with context is important for conserving ecosystems and predicting how ecosystem function will shift with global change (Coggan et al. 2018). Conservation biologists argue that ecosystem engineers conservation directly and indirectly benefit other co-occurring species and thus should be prioritized (Angelini et al. 2011; Crain and Bertness 2006). As an example, conservation of beavers, who engineer riparian ecosystems, enhances Saproxylic beetle conservation through habitat provisioning (Mourant et al. 2018). With urbanization and climate change, the abiotic stage upon which ecosystem engineers act is expected to shift, potentially altering the effectiveness of species conservation through ecosystem engineer restoration. Native freshwater mussels are imperiled ecosystem engineers (FMCS 2016); internationally, 40.6% are considered near threatened, vulnerable, and endangered and 16% are considered data deficient (Ferreira-Rodríguez et al. 2019). Current conservation measures often advocate for supplementing mussel populations through population reintroduction and augmentation (McMurray and Roe 2017). Loss of mussel beds, which are ecological hotspots, has large ramifications for ecosystem function and ecosystem services (Vaughn et al. 2015). With decreasing stream permanency due to global change, we expect mussel beds to decline; while the habitat-generating effects of mussels should remain for years, their effects on basal food resources will be more rapidly reduced (DuBose et al. 2019). As the abiotic context shifts with global change, conservation biologists and water managers should be cognizant of the interacting factors of mussel engineering and sampling spatial scale for quantifying mussel engineering effects and population measurements (Ries et al. 2019). 
Ecosystem engineers can have different effects based upon the spatial scale considered. For freshwater mussels, the mechanism by which mussels engineer stream ecosystems shifts with spatial scale (Figure 1). We investigated how mussels’ influence on near-bed hydrodynamics and basal resources affects macroinvertebrate communities at three spatial scales: shell (~10 cm2), enclosure (~0.25 m2) and reach (~1,000 m2). Live mussel shells had different communities residing on them than sham shells, with higher macroinvertebrate abundance on live A. plicata shells. We also found evidence that flow and chlorophyll a concentration was correlated with macroinvertebrate community structure at the reach scale. Through our conceptual figure, we explain how our results joins the literature in defining mussel engineering as context dependent ecosystem engineers. As global change is altering the abiotic context of ecosystems, ecosystem engineers’ impact will change in the future. With flow and nutrient regime alteration, freshwater mussels’ effect as ecosystem engineers is likely to shift and might cause the ultimate loss of ecosystem function. 
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[bookmark: _Toc39575474]Table 2‑1. Macroinvertebrate abundance, richness, and diversity at the reach, enclosure, and shell spatial scale. ALIG represents A. ligamentina while APLI represents A. plicata. Enclosure treatments describe the dominant species, followed by whether the shells were live or sham shells. For example, ALIG Live is A. ligamentina dominated, live shells. Bold font indicates statistically significant at p < 0.05 using an ANOVA and Tukey’s post hoc test.

	Scale
	Shell Species - Type
	Approximate
shell area (m2)
	Log10( individuals · m-2 )
	Richness
	Simpson’s
index

	Shell
	ALIG Live
	0.167
	2.45 (2.24)
	8.9 (4.1)
	0.69 (0.13)

	
	ALIG Sham
	0.167
	2.40 (2.19)
	7.9 (1.9)
	0.68 (0.08)

	
	APLI Live
	0.122
	2.68 (2.37)
	9.0 (2.8)
	0.66 (0.12)

	
	APLI Sham
	0.122
	2.39 (2.03)
	7.6 (2.9)
	0.72 (0.07)

	
	
	
	
	
	

	
	Treatment
	Mussel biomass
(g · m-2)
	Log10( individuals · m-2 )
	Richness
	Simpson’s
index

	Enclosure
	ALIG Live
	280.0
	3.33 (2.80)
	16.0 (2.7)
	0.63 (0.10)

	
	ALIG Sham
	248.1
	3.37 (2.65)
	14.3 (2.4)
	0.53 (0.14)

	
	APLI Live
	189.9
	3.36 (2.83)
	14.5 (3.6)
	0.60 (0.10)

	
	APLI Sham
	162.9
	3.38 (3.02)
	15.3 (2.8)
	0.58 (0.15)

	
	Control
	0.0
	3.26 (2.61)
	14.1 (2.4)
	0.66 (0.13)

	Reach
	Mussel
	93.1
	3.31 (3.29)
	28.0 (5.3)
	0.84 (0.05)

	
	Control
	5.4
	3.29 (3.23)
	26.6 (5.9)
	0.82 (0.06)




[bookmark: _Toc39575475]Table 2‑2. Results from the ANOVA-like permutation test and forward and backward model selection of the CCA. Degrees of freedom for the global tests are found within parenthesis. Bold font indicates statistically significant at p < 0.05.

	Dataset
	Variable
	F
	p value
	Adj. p value

	Shell
	Global (3,28)
	1.55
	0.02
	

	
	Live vs. Sham
	2.05
	0.01
	0.02

	
	Chlorophyll a
	1.39
	0.11
	

	
	Shell species
	1.10
	0.27
	

	
	
	
	
	

	Enclosure
	Global (6,43)
	1.21
	0.12
	

	
	A. ligamentina biomass
	
	
	

	
	A. plicata biomass
	
	
	

	
	Alive
	
	
	

	
	Discharge
	
	
	

	
	Chlorophyll a
	
	
	

	
	Substrate heterogeneity
	
	
	

	
	
	
	
	

	Reach 
	Global (4,8)
	2.58
	0.01
	

	
	Discharge
	4.18
	0.01
	0.04

	
	Chlorophyll a
	2.15
	0.04
	0.12

	
	Substrate heterogeneity
	2.24
	0.06
	

	
	Mussel biomass
	0.58
	0.72
	





[bookmark: _Toc39575476]Table 2‑3. Fall median (inter-quartile range) discharge for the Kiamichi, Glover, and Little River (USGS 2016). We recorded discharge at each reach (2016) the enclosure site (2017). September and October are considered fall for this table.

	
	Our Study
	USGS data

	
	Reaches 2016
	Enc. 2017
	Fall daily mean
	Date Range

	Kiamichi @ Clayton
	0.118 (0.035)
	
	0.365 (2.35)
	1981-2018

	Kiamichi @ Big Cedar
	0.103 (0.027)
	0.266
	0.034 (0.28)
	1965-2018

	Glover
	0.112 (0.009)
	
	0.368 (2.48)
	1961-2018

	Little
	2.130 (0.317)
	
	2.464 (10.7)
	1960-2018

	
	
	
	
	





[bookmark: _Toc34594587]Figure Captions
Figure 2‑1 Conceptual figure of mussel engineering effects at different spatial scales. A) predicts the degree of mussel engineering (difference between engineered and non-engineered areas) on flow and resource alteration as spatial scale increases. B) depicts the three scales analyzed within this manuscript and the hypothesized mechanism by which mussels drive macroinvertebrate community structure. 

Figure 2‑2. Locations within Southeastern Oklahoma where the mussel (upside triangle) and control (downside triangle) reaches and the field enclosure experiment (Enc., plus sign) were conducted. USGS gage location indicted with a black square. Code from the R package hydroMap (DeCicoo and Blodgett, 2017).

Figure 2‑3. Macroinvertebrate density at the reach (A), enclosure (B), and at the shell (C) spatial scale. Both axes are transformed: all axis are log10 transformed except the reach mussel biomass axis, which is loge(1+x) transformed.

Figure 2‑4. Partial Canonical Correspondence Analysis and Canonical Correspondence Analysis of macroinvertebrate communities and environmental factors at the shell (A), enclosure (B), and reach (C) scale. Factor constraints are indicated as centroids with underlined, navy text while linear combinations of quantitative measures are indicated with vectors and bold, red text. Points represent species; black, labeled points are discussed within the text. Percent of the total variation explained by that CCA axis is displayed.

Figure 2‑5. Percentage of macroinvertebrate community variation explained by the environmental variables. The pie-charts depict the conditioned, explained, and unexplained variation within the macroinvertebrate dataset based on the CCA. Using variation partitioning, we then explored how mussel variables (biomass and treatment), the environment (discharge, chlorophyll a concentration, and substrate), and the interaction of the two explained the macroinvertebrate communities. Overlap between groups represents shared variation.
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[bookmark: _Ref34591087][bookmark: _Toc39575566]Figure 2‑1 Conceptual figure of mussel engineering effects at different spatial scales
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[bookmark: _Ref34591670][bookmark: _Toc34390844][bookmark: _Toc39575567]Figure 2‑2. Location of field sites and enclosure experiment
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[bookmark: _Ref34591686][bookmark: _Toc34390845][bookmark: _Toc39575568]Figure 2‑3. Macroinvertebrate density at each spatial scale.
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[bookmark: _Ref34591697][bookmark: _Toc34390846][bookmark: _Toc39575569]Figure 2‑4. CCA of macroinvertebrate communities and environmental factors

[image: ]
[bookmark: _Ref34591710][bookmark: _Toc34390847][bookmark: _Toc39575570]Figure 2‑5. Macroinvertebrate community variation explained by the environmental variables  
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To fully analyze our data and be clear about the decisions and information that informed our methodology, we present this appendix to describe two major decisions when conducting the constrained ordinations: to average the Surber samples taken at each reach and not include a spatial variable within the enclosure analysis. 
[bookmark: _Toc34594589]Reach Analysis Decision
We first conducted a principle components analysis (PCA) to explore variation within our macroinvertebrate dataset. A PCA is a form of unconstrained ordination that creates orthogonal combinations of species variables to minimizes variation within the dataset; the first principle component describes the most variation within the dataset while the second then attempts to reduce the remaining variation left over from the first principle component. Samples that have similar compositions will be close together on the plot. Based on this PCA, we found that most Surber samples have similar species compositions. Generally, there was minimal variation between Surber samples collected from the same reach (Figure 2-A1). The LY, K2, GL and KS sites are exceptions of this, though the variation is greatest in the second principle component, which only accounted for 15% variation. 
The data input into a canonical correspondence analysis, especially rare species, affect the results of the analysis. To explore how averaging the Surber samples potentially altered the results of our CCA, we decided to conduct a bootstrap analysis. We selected one Surber sample per reach (68 Surber samples from 14 reaches) for our community dataset and then completed the CCA; after resampling 1000 times, we report the mean and 95% confidence intervals for the first and second canonical coordinate axis for each environmental variable. These results do not contradict the results found when averaging the Surber samples at each reach (Table 2-A1). Generally, the loadings are lower in the bootstrap analysis, presumable because of more variation within the macroinvertebrate community. Different loadings are also potentially the result of taking the average of divergent results (though with the same interpretability when considering how the environment affects macroinvertebrate communities; Figure 2-A2). We chose not to present the results of the bootstrap analysis partially because of the difficulty discussing specific taxa’s affiliation with environmental constraints, which is the main purpose of constrained ordination (Figure 2-A3).
[bookmark: _Toc34594590]Enclosure Analysis Decision
We included a conditioned spatial variable within the Reach dataset to account for spatial autocorrelation (Figure 2-A4). We conducted a Mantel test to determine if our macroinvertebrate samples from the sediment within the enclosures was spatially autocorrelated. There was no spatial autocorrelation between the macroinvertebrate abundance based upon a Mantel test (r = 0.089, p = 0.066). Since the p value was approaching the 0.5 threshold, we decided to run a CCA with a conditioned spatial variable as well to see if it affected the enclosure CCA analysis. Spatial coordinates explained 3.8% of the variation within the macroinvertebrate community. Environmental variables continued to explain 14.4% of the variation within the macroinvertebrate community. We felt that adding more variables to an ordination that already potentially suffered from excessive explanatory variables was not necessary and didn’t add or change the explanation of our data. 
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Figure 2-A1. Principle components analysis of the macroinvertebrate abundances within each Surber sample at the reaches from Southeastern Oklahoma.

Table 2-A1. Loadings on the first and second CCA axis for each dataset/analysis completed. Percentages after each axis represent the percentage of the explained variation. Standard deviations are reported within the parenthesis within the Reach Dataset (Bootstrap Analysis). The significance column reports the results of the model selection (see Table 3) and the percentage of bootstrapped models that reported the variable as statistically significant and the most informative variable.
	Reach Dataset (Surber samples averaged)
	Sig.

	Constrained Proportion: 50.8% 
	CCA 1 (63.3%)
	CCA 2 (18.9%)
	

	Discharge
	0.722
	0.177
	*

	Benthic chlorophyll a
	0.697
	- 0.232
	*

	Mussel biomass
	0.627
	0.578
	

	Substrate heterogeneity
	0.315
	-0.169
	

	
Reach Dataset (Bootstrap analysis)
	

	Constrained Proportion: 42.5 %
	CCA 1 (49%)
	CCA 2 (26%)
	

	Discharge
	0.407 (0.44)
	- 0.084 (0.49)
	34.8%

	Benthic chlorophyll a
	0.343 (0.45)
	- 0.053 (0.37)
	12.5%

	Mussel biomass
	0.297 (0.43)
	- 0.009 (0.39)
	4.1%

	Substrate heterogeneity
	0.009 (0.43)
	0.144 (0.41)
	16.7%

	
Enclosure Dataset
	

	Constrained Proportion: 14.5%
	CCA 1 (5.2%)
	CCA  2 (3.0%)
	

	A. ligamentina biomass
	0.43
	- 0.00
	

	Benthic chlorophyll a 
	0.39
	- 0.54
	

	A. plicata biomass
	0.25
	0.07
	

	Live vs. control
	- 0.21
	0.56
	

	Discharge
	- 0.26
	- 0.42
	

	Substrate heterogeneity
	- 0.67
	- 0.62
	

	
Shell Dataset
	

	Constrained Proportion: 14.3%
	CCA 1 (48.3%)
	CCA 2 (33.9%)
	

	Shell Type
	0.913
	- 0.319
	*

	Shell Species
	- 0.122
	0.659
	

	Shell Chlorophyll a
	- 0.723
	- 0.492
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Figure 2-A2. Bootstrapped environmental vectors from the reach dataset. The dark line represents the mean of all vectors.
[image: ]
Figure 2-A3. Eleven species with either the highest or lowest loading on the first or second axis of the bootstrapped CCA. Grey points represent the mean while small dark lines represent the mean environmental vectors (as displayed in Figure A 2).
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Figure 2-A4. Spatial Distribution of Invertebrate Biomass within the Enclosure Experiments. There was no spatial autocorrelation between the macroinvertebrate abundance based upon a Mantel test (r = 0.089, p = 0.066). Coordinates given as relative position to the top right enclosure.
[image: ]
Figure 2-A5. Evidence of high flows occurring during the small scale field experiment. Discharge records (black line, red line) and statistics (dark blue line, blue line) from the USGS Big Cedar station, number 07335700 (A). Discharge from July 12 to October 8, 2017 represented by the black line; the red line represents the discharge during a large hydrologic drought in 2011. The 50% daily mean discharge value is represented by the blue line while the dark blue line represents the 75% daily mean discharge value. The water depth over our field experiment based on the measurements from a HOBO pressure sensor (B). The vertical red box represents when macroinvertebrate data were collected for this manuscript.
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Drought-induced, punctuated loss of freshwater mussels alters ecosystem function across temporal scales
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Punctuated, mass mortality events are increasing for many animal taxa and are often related to climatic extremes such as drought. Freshwater mussels are experiencing increased mass mortality events linked to hydrologic drought. Because mussels play important functional roles in rivers it is important to understand the ecosystem effects of these die-offs. Here, we address how mass mortality events of mussels caused by drought may impact stream ecosystem function. We first present a conceptual model, based on the literature, of how mussel mass mortality should affect different ecosystem functions across various ecological time scales, from hours to decades. Next, we highlight two case studies of drought-linked, mussel-mass mortality events from rivers in the southern U.S. We then present the results of an experiment we performed quantifying the ecosystem effects of a punctuated mussel die-off. Finally, we combine our experimental results with field data from a recent mussel die-off to predict how mussel losses will influence ecosystem function. Based on the presented case studies, our mesocosm experiment, and our extrapolated nutrient pulse due to a mussel die-off, we conclude that stream ecosystems are extensively altered following mussel mass mortality events. Mussel loss is governed by drought severity, location within the river network, and species-specific drought tolerances. In the short term, decomposing carrion from mussel die-offs releases a large pulse of nutrients into the water which stimulates food web productivity. In the long term, the overall loss of mussel biomass, and the loss of functional traits as more sensitive species decline, leads to decreases in ecosystem function which may take decades to recover. Drought and human demand for water will make mussel die-offs more likely in the future and it is unlikely that drought sensitive species will recover without changes in water management and restoration of populations through mussel propagation. Our research provides an example of how the loss of an abundant, long-lived organism has cascading and long-term impacts on ecosystems. 
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Resource pulses are episodes of increased resource availability in space and time that are relatively rare, of large magnitude, and usually of short duration (Yang et al., 2008). These pulses are widespread and often result from climatic and environmental factors. Resource pulses can result from the mass die-offs of animals, such as 17-year cicadas, spawning salmon, and even wildebeest, and are increasingly recognized as important components of ecosystem function (Yang et al., 2008; Subalusky et al., 2018). Mass mortality events, or die-offs, are increasing in frequency across most taxa (Fey et al., 2015), thus it is important that we understand how these events affect ecosystem function (Baruzzi et al., 2018). In freshwater systems, unionid mussels play important structural and functional roles and are also experiencing increasing mass mortality events globally (Lydeard et al., 2004; Wenger et al., 2018) that are often linked to climatic events such as drought (Vaughn et al., 2015). Thus, they are a useful system for investigating the ecosystem effects of mass mortality events, particularly as related to environmental change (Fey et al., 2015). 
Here, we address how mass mortality events of unionid mussels caused by drought may impact stream ecosystem function short-term and long-term. We first present a conceptual model, based on the literature, of how mussel mass mortality should affect different ecosystem functions across various ecological time scales, from hours to decades. Next, we highlight two case studies of drought-linked, mussel-mass mortality events from rivers in the southern U.S. We then present the results of an experiment we performed quantifying the ecosystem effects of a punctuated mussel die-off. Finally, we combine our experimental results with field data from a recent mussel die-off to predict how mussel losses will influence ecosystem function.     
[bookmark: _Toc34594594]How do mussel mass mortality events impact ecosystem function? A conceptual model
Freshwater mussels (order Unionida, hereafter mussels or unionids) are sedentary mollusks that live burrowed in stream sediments where they filter the water and transfer energy and nutrients from the water column to benthos. Nutrients excreted and biodeposited by mussels stimulate instream microbial, primary, and secondary production and are even exported to riparian areas (Allen et al., 2012; Vaughn, 2018). Mussels provide habitat for other organisms through the biogenic structure of their shells and by changing hydrodynamic conditions at the sediment-water interface (Sansom et al., 2018b). They are long-lived (6-100 years) with high native biodiversity in eastern North America (Williams et al., 1993), often live in high density, multi-species aggregations (hereafter mussel beds) that can persist in rivers for many decades and can make up most of the invertebrate biomass in many perennial rivers (Sansom et al., 2018a). Mass mortality of mussels has been linked to increasing drought, either from emersion (Atkinson et al., 2014) or from low dissolved oxygen and high temperatures associated with decreased water volume (Gagnon et al., 2004), as drying in streams is often accompanied by increased water temperatures and diel oxygen shifts (Mosely et al. 2015). How mussels respond to drought conditions depends on individual species’ physiological tolerances, drought severity, and abiotic conditions (Haag and Warren, 2008; Golladay et al., 2004; Gagnon et al., 2004; Gough et al., 2012). When mass mortality of mussels occurs, their loss should influence stream ecosystem functions in a variety of ways across ecological time scales (Figure 3-1). We highlight these predicted effects below.
Mussel mortality feedback loop: Mussel species vary in their physiological tolerance and response to stress (Spooner and Vaughn 2008). Species that are sensitive to low oxygen (hypoxia sensitive) or higher temperatures (thermally sensitive) are less likely to survive during a hydrologic drought, thus thermally tolerant and/or hypoxia tolerant mussels become the dominant species within the assemblage (Gagnon et al., 2004; Atkinson et al., 2014). Mussel soft tissue can decay within seven days, as shown below. Decomposing soft tissue releases a pulse of nitrogen and phosphorus into the water column and interstitial spaces (Figure 3-1A) (Cherry et al., 2005; Atkinson et al., 2014). Depending on stream discharge, this nutrient pulse moves downstream over a few hours/days. Pore water can retain high nutrient concentrations longer, potentially exposing burrowing unionids to lethal nutrient concentrations (Cooper et al., 2005; Gough et al., 2012). After the loss of mussels, shifts in algal production and turbidity are driven by stream discharge. If the stream becomes intermittent (a series of drying pools), turbidity will likely decrease due to increased sedimentation while algal blooms will likely form in stagnant areas (Mosley 2015). During intermittence, the combination of reduced biofiltration and the release of nutrients into the water from mussel soft tissue decay encourages large algal blooms (Gagnon et al., 2004), which leads to high respiration rates at night, further reducing dissolved oxygen concentrations and stressing the remaining mussels, leading to additional mortality (Figure 3-1B). This cycle can also exacerbate feedback among deaths within mussel beds; algal blooms cause mortality in remaining hypoxia-intolerant bivalves, worsening algal blooms and depressing dissolved oxygen, further stressing and eventually killing hypoxia-tolerant mussels. If the stream remains perennial, turbidity will increase through the addition of suspended solids from upstream and algal blooms become less likely. Algal blooms and/or increased turbidity can persist because of a reduction in biofiltration by freshwater mussels (Figure 3-1C).

Reduced biofiltration: Immediately after a mass mortality event, biofiltration is greatly reduced in part to both residual stress on the remaining living mussels and biomass loss from mussel mortality (Vaughn et al., 2015). Biofiltration by the remaining mussels will gradually increase within the following days, but is likely to remain low until mussel biomass is replaced, unlikely for at least a decade (Figure 3-1E). Reduced biofiltration drastically increases the time required for the remaining mussels to filter a given amount of water, reducing material exchange between the water column and benthos (Baustian et al., 2014; Vaughn et al., 2015).
Reduced nutrient capacitance and storage: Short-term nutrient storage in mussel soft tissue is greatly reduced through decomposition (Atkinson et al., 2014). As mussels filter feed, they act as ‘nutrient capacitors’, accumulating, storing, and releasing energy and nutrients (carbon, nitrogen, and phosphorus) at different rates based on their age and species’ traits (Strayer, 2014; Atkinson et al., 2018). Following mass-mortality, remaining mussel assemblages have lower abundance, age diversity, and species diversity, reducing their ability to filter seston and excrete nutrients. This reduced nutrient capacitance may result in longer nutrient spirals and more downstream transport of nutrients, likely due to an increase in nutrient uptake length (Figure 3-1D) (Atkinson et al., 2014). Shells of deceased mussels lose approximately 50% mass by 15 years through mechanical and chemical dissolution, which reduces the nutrient storage and shell habitat within the mussel bed as particle size becomes more homogeneous (Figure 3-1E) (Atkinson et al., 2018). 
Changes in habitat provided by shells: Live mussels and their spent shells modify physical the environment in streams, providing unique habitat for other organisms. Tissue decay potentially creates interstitial spaces within the substrate, which can be used by both macroinvertebrates and fish. Shells vary in shape and size across species and age and can accumulate in the sediment at different rates; thus, shell habitat can harbor variable macroinvertebrate communities depending on the shells species of origin (Bódis et al., 2014). While shells represent hard surfaces for macroinvertebrates, they dissolve over time. Shell dissolution is fastest in flowing waters with low calcium carbonate concentrations and thin, small shells dissolve faster than thicker, larger shells (Strayer and Malcom, 2007; Ilarri et al., 2015; Ilarri et al., 2019). While bivalve soft tissue decomposes quickly, shells persist for many decades (5 to 30 years), providing habitat for other stream biota (Strayer and Malcom, 2007; Ilarri et al., 2015; Atkinson et al., 2018). Over time, the benthos will be more homogenous as old shells dissolve and new relic shells are produced by a less diverse mussel assemblage ultimately altering benthic microhabitat characteristics and macroinvertebrate community structure (Figure 3-1E) (Ilarri et al., 2018).
Shifts in community composition and ecosystem function: During droughts, species sensitive to low oxygen (hypoxia sensitive) or higher temperatures (thermally sensitive) face greater risk of mass mortality leading to differential survival resulting in tolerant species becoming dominant within an assemblage, changing community structure (Gagnon et al., 2004; Atkinson et al., 2014). Surviving mussels may contribute to population recovery if conditions are suitable for reproduction. Most mussels have an ectoparasitic larval phase that requires a host fish (Barnhart et al., 2008). Drought concentrates fish into drying pools as they to attempt to escape harsh conditions or die due to increased biotic and abiotic stressors (Matthews and Marsh-Matthews, 2003; Lennox et al., 2019). While mussel reproduction is unlikely limited by host density (Haag and Stoeckel, 2011), different mussel species exhibit different host specificity and infection phenology (Barnhart et al., 2008). Thus, predicting the recruitment success is difficult due to unionid’s unique life histories. As it takes mussels anywhere from 9 months -10 years to reach sexual maturity, with most mussels reaching maturity around 4 years old (Haag, 2012), thus in die-off affected areas, biomass is unlikely to rebound for at least a decade. Future mussel assemblage structure is dependent on the surviving mussel assemblage, the surviving fish assemblage, and the recurrence frequency of droughts. If drought frequency decreases or remains constant, the mussel community could return to its former, pre-drought structure if no mussel species were extirpated from the river basin. If droughts increase in frequency and severity as projected in many regions (Palmer et al., 2008; USGCRP, 2017), we anticipate the mussel community will become dominated by tolerant mussel species (Figure 3-1E). 
Mussel species with different temperature tolerances have different, temperature-dependent biofiltration and nutrient excretion rates. Thus, when the proportion of thermally sensitive vs.  tolerant species in a mussel assemblage changes, this can impact ecosystem function (Spooner and Vaughn, 2008; Vaughn et al., 2015; Atkinson et al., 2018). For example, in rivers in southern Oklahoma, Actinonaias ligamentina is a thermally sensitive species with higher filtration and nutrient excretion rates at summer temperatures than other mussels in the assemblage. Because of its temperature intolerance, it also has a higher mortality rate during drought than other species. Thus, when this species is lost, the overall biofiltration (Figure 3-1C) and nutrient recycling capacity (Figure 3-1F) of the community is decreased for an extended time period, even if the biomass of other species remains stable (Vaughn et al., 2015). Further, mussel species excrete at different N:P ratios, and losses can also lead to shifts in excretion stoichiometry (Figure 3-1F) (Atkinson et al., 2018). These changes can cascade through the food web impacting algal, macroinvertebrate (Novaias et al., 2017) and even fish dynamics.

[bookmark: _Toc34594595]Two case studies of drought-driven mussel losses in the southern United States
Drought-induced mussel mass mortality events have been documented for two diverse, well-studied river systems in the southern U.S., the Lower Flint River in Georgia and the Kiamichi-Little River system in Oklahoma (Figure 3-2). These case-studies allow for a deeper understanding of how drought affects mussel assemblages, the subsequent changes in stream ecosystems, and the potential recovery time for mussel assemblages. 
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The lower Flint River of southwestern Georgia experienced an extended period of below normal rainfall from 1999 until 2013. This period included three multiyear droughts that were classified as severe/exceptional. The summer of 2000 was particularly disastrous for unionids as streams in the region experienced unprecedented low flows and transitioned from perennial to intermittent. Forty-six historically-species-rich sites in lower Flint tributaries were surveyed in 1999 prior to drought onset, and a subset of these were resampled in 2000 (Gagnon et al., 2004). Stream drying had not been previously observed but became common during subsequent growing seasons (Rugel et al., 2012). Stream flow was essential for maintaining dissolved oxygen concentrations within the tolerances of freshwater mussels; dissolved oxygen between 5 mg L-1 and 3 mg L-1 resulted in 24% mortality and when dissolved oxygen fell below 3 mg L-1 up to 76% of mussels died (Gagnon et al., 2004; Golladay et al., 2004). These degraded physicochemical conditions differentially impacted species within the mussel communities. Riffle specialists in medium-sized streams suffered the highest mortality, while drought-tolerant, small stream species and species in larger tributaries whose habitat was buffered from drought conditions fared better (Gagnon et al., 2004). In medium-sized streams, community composition shifted towards more generalist species from riffle specialists (Gagnon et al., 2004).  
The lower Flint River has been surveyed since this drought. Through 2013, there was little evidence of recovery from mortality associated with the 1999-2001 drought (Smith et al., 2015). During most summers since the initial drought, conditions were stressful, likely preventing the reproduction of surviving unionids. Reproduction of mussel populations, as evident from observation of juvenile mussels, was not apparent until rainfall approached average levels (2013-2015) (Smith et al., 2015). The extended period of below normal rainfall (1999-2013) and subsequent below normal stream flows were likely exacerbated by anthropogenic water withdrawal; the mid reaches of tributaries of the lower Flint cross the Dougherty Plain physiographic district, which is a recharge area for a heavily developed agricultural water source (Golladay et al., 2004). This case study provides evidence that mussel biomass might not recover from mass mortality events for over a decade and that anthropogenic and climate alterations can alter stream benthic communities for extended periods.
[bookmark: _Toc34594597]Kiamichi and Little Rivers, Oklahoma
The Kiamichi and Little Rivers in southeastern Oklahoma are adjacent, major tributaries to the Red River. This region experienced a period of exceptional drought during 2011-12 where the Kiamichi River experienced 84 days of no flow (defined as discharge < 0.01 m3 s-1) and 36 weeks of extreme low flow, defined as flows below the 10th percentile of flow frequency (Atkinson et al., 2014). The Little River, and its major tributary the Mountain Fork River, experienced 39 and 40 weeks of extreme low flow, respectively (Atkinson et al., 2014).    
These severe drought conditions led to a mass mortality event as mussels became isolated in shallow drying pools or emersed. Mussel losses and their effects on ecosystem function were documented in two related studies. Atkinson et al. (2014) sampled mussels at three sites in each river prior to the drought (2010) and at the end of the drought (2012) and assessed changes in mussel abundance and mussel-provided nutrient cycling and storage. Sixty percent of unionids died during the drought, but thermally sensitive species had a higher mortality rate, resulting in a community shift towards more thermally tolerant species. In the second study, Vaughn et al. (2015) compared mussel biomass and ecosystem services (biofiltration, nutrient cycling, and nutrient storage) at four sites in the Kiamichi River across several decades (1991, 2004, 2011). 1991 was a wet period and 2004 and 2011 were drought periods with significant mussel losses. They found that mussel biomass decreased over 60% across these sites and that ecosystem function losses mirrored the biomass losses. The sites experienced mussel biomass losses of ~28% and corresponding declines in nitrogen recycling (22%), phosphorus recycling (15%), and ~30% declines in areal storage of nitrogen and phosphorus (Vaughn et al., 2015).
[bookmark: _Toc34594598]An experiment quantifying the effects of a mussel die-off on ecosystem function
While case studies have documented how native mussel communities change after mass mortality events, no studies have experimentally demonstrated how these losses impact ecosystem function. With our conceptual model and case studies in mind, we designed an experiment to measure ecosystem function changes that occur following a punctuated mussel mass mortality event. We conducted a mesocosm experiment at the University of Oklahoma Biological Station in the summer of 2018 where we induced mussel mortality and measured effects on ecosystem structure (water column nutrient concentrations and algal abundance) and ecosystem function (decomposition rates and ecosystem metabolism) over time. We predicted that decaying mussel tissue would increase nutrient concentrations, which would stimulate both algal growth and microbial respiration and decomposition. 
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We used 18, 1.52 m diameter, 946 L circular tanks to simulate drying stream pools. Each mesocosm (tank) was lined with ~15 cm of gravel (1:1 ratio of 10mm and 38mm diameter gravel). We had 9 control mesocosms with no mussels and 9 mesocosms containing 31 mussel individuals, to replicate a natural mussel community in the region. Each mussel treatment mesocosm contained 13 Actinonaias ligamentina, 9 Cyclonaias pustulosa, 5 Amblema plicata, two Tritogonia verrucosa, one Lampsilis cardium, and one Plectomerus dombeyanus. This represented a low, but natural density of mussels (11.9 mussels/m2) and reflected the freshwater mussel community of the upper Kiamichi River (Atkinson et al., 2012). 
We describe sampling events and present our results relative to the day of the mussel mass mortality event: negative values indicate days before and positive values days after the mussels died. We filled mesocosms with water 12 days (day -45; see Table 3-A1 for sampling dates and measurements) before adding mussels to allow the mesocosms to be naturally colonized by algae and macroinvertebrates. On day -33, we added mussels. On day -14, we introduced 10 largemouth bass (Micropterus salmoides; mean standard length = 95 mm, SD = 16 mm) to simulate how fish are concentrated in drying pools during early periods of drought. We removed the fish on day -2 to simulate their movement downstream during the drought as drying pools became too stressful for them (Magoulick and Kobza, 2003). Fish may have impacted water column nutrients on day -3 but had little impact on mesocosm nutrient concentrations and algal abundance (see Results below). We induced a punctuated mass mortality event on 2 July 2018 (day 0) by sacrificing the mussels in 5 of the 9 mussel mesocosms, while maintaining the 9 non-mussel controls. To produce the carrion for this stage of this experiment, we cut the adductor muscles of 155 mussels. We returned the mussel carrion to the mesocosms to allow for natural decomposition of soft tissue. 
We sampled mesocosms 3 times before and 4 times after the mass mortality event, resulting in the following sampling days: -20, -15, -3, 4, 11, 25, and 39. On each sampling day we measured dissolved oxygen (DO), conductivity, and water temperature at midday (Table 3-A2). To measure water column phosphorus and nitrogen concentrations, we collected 20 mL filtered water samples (Grade F, 0.7 μm pore size, Sterlitech Kent, Washington) and froze them for subsequent nutrient analysis. We lost nutrient samples from day 11, thus we resampled the mesocosms on day 18. We filtered two water samples (Grade A, 1.6 μm pore size, Sterlitech Kent, Washington) from each mesocosm to quantify water column chlorophyll a. Filters were frozen for later chlorophyll estimation. On day -33, we placed six 7.6 cm2 clay tiles with a 27.5 mm2 fritted glass disc attached with silicone (LECO cover crucible AL P 1000; GE Silicone 1* All Purpose) on the substrate surface to allow algal colonization for sampling of benthic algal production. We removed two glass fritted discs on each sampling day and froze them for later estimation of benthic algal biomass. 
We quantified soluble reactive phosphorus (SRP) with the colorimetric method (EPA Method 365.3; Murphy and Riley, 1962; Stainton et al., 1974) and ammonium (NH4-N) using the phenol method (5.2.6 EPA Method 350.1; ASTM, 2012) for the filtered water samples. To measure chlorophyll a concentration, we cold-extracted water column (filters) and benthic (fritted discs) samples with acetone and measured the extractant spectrophotometrically with a correction for pheophyton (ASTM, 2012).
We followed Tank et al. (2017) to measure ecosystem metabolism as gross oxygen production on days 4, 11, 25 and 39. We quantified ecosystem metabolism by measuring dissolved oxygen production and respiration in light and dark cycles, respectively, on the glass fritted discs in 50 mL centrifuge tubes. We measured dissolved oxygen (HACH HQ40d multiple parameter meter, Loveland, Colorado) to estimate initial oxygen concentrations. We placed fritted disks in centrifuge tubes filled with the respective mesocosm’s water and sealed the tubes. After allowing the discs to metabolize for an average of 1.75 hours (SD = 0.23 hours) in a common mesocosm, we re-measured the dissolved oxygen within the tubes. We then removed the water and repeated the filling process with the same tube/glass fritted disc pair. After filling the tubes, we immediately placed them in the dark in a common mesocosm for an average of 2.62 hours (SD = 0.47 hours). We then measured final dissolved oxygen and collected and froze the discs. Gross primary production (mg DO cm-1 hr-1) was calculated from the addition of net primary productivity (difference in DO in the light cycle) and the absolute value of the respiration (DO difference in the dark cycle). 
To determine the decay rates of mussel tissue, we placed the combined shell and soft tissue of each of 5 A. ligamentina in fine mesh bags (pantyhose) in each mortality treatment (original weight mean =  297.8 g, range = 77.5 g - 461.5 g). We chose Actinonaias ligamentina because it was the most abundant mussel species within each mesocosm, is thermally sensitive, and most likely to be lost during a drought (Atkinson et al., 2014). We weighed the bags every 12 hours for 4.5 days, and then daily for 10 days until the shells were empty and the weight was stable. We calculated total tissue (including both the soft tissue and the shell) decay rates and soft tissue decay rates following Strayer and Malcom (2007). Soft tissue decay rates were determined by assuming the minimum weight measurement consisted of only shell material and subtracting that measurement from each weight measurement. To examine organic matter decomposition rates, we incubated three cotton strips (8cm x 25mm) in the bottom of each mesocosm beginning on day 7 (Tiegs et al., 2013). We removed strips on days 18, 28, and 38; these dates mirror the decomposition study by Novaias et al. (2017) and reflect incubation times of 11, 21, and 32 days. Strips were preserved with 85% ethanol and later dried at 40°C. We determined the tensile strength of each cotton strip using a tensiometer (Mark 10 MG100) torn at 2 cm/min following Tiegs et al. (2013). As such, the tensile strength reflects the remaining organic matter of the original cotton strip and is reported in pounds. 
All statistical analyses were conducted with R Core software version 3.5.3 (R Core Team, 2019). We used mixed linear models to test for differences among our dependent variables based on the fixed factor treatment, the fixed continuous variable sampling date, the interaction between the fixed variables, and a random intercept accounting for mesocosm. We included the mesocosm as a random intercept to account for the repeated measures over time on each replicate; this allows each mesocosm to have a different starting value and accounts for mesocosm dependency. Each model was checked visually for normality and homogeneity of variance of its residuals (Zuur et al., 2009); we log10 transformed water column ammonium, water column chlorophyll a, and benthic chlorophyll a to meet these assumptions. We used the function lmer() (from the R package lme4 (Bates et al., 2015)) to perform all mixed models as we had different sample sizes for each treatment: 9 control mesocosms, 5 mortality mesocosms, and 4 live mussel mesocosms. We used the function anova() to conduct a type III ANOVA with Satterthwaithe’s method and obtain p-values for all models as implemented in the R package lmerTest (Kuznetsova et al., 2017). We then used Tukey post hoc tests to conduct multiple comparisons if the null hypothesis was rejected for each dependent variable as implemented in the package emmeans (Lenth, 2018). 
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Mussel decay: Actinonaias ligamentina soft tissue and shell had an average instantaneous decay rate of -0.016 day-1 across all mortality mesocosms. Within 7 days, most soft tissue had decayed within the bags. The average instantaneous decay rate of the soft tissue alone was -0.336 day-1. We did not observe shell dissolution within the time frame of our experiment.   
Nutrients: Following the mass mortality event, the mortality treatments had a large increase in ammonium. Ammonium (NH4-N) was significantly higher in the mortality treatments compared to the control treatments (F2,120 = 10.92, p < 0.001; Figure 3-3A). Sampling day was also significant in predicting ammonium amount in the system (F1,120 = 14.34, p < 0.001). The interaction between treatment and sampling day was not statistically significant (F2,120 = 1.17, p = 0.31). Overall, ammonium in the water column significantly increased by 94.4% directly after the mass mortality event, while ammonium in the control mesocosm increased by 9.6%, although this was highly variable (ranged from 84.1% to -62.5%). SRP generally increased during the experiment (F1,103 = 6.91, p < 0.01; Figure 3-3B). While SRP was not significantly different between treatments (F2,16 = 0.37, p = 0.70), the interaction between treatment and sampling day was statistically significant (F2,103 = 4.67, p < 0.02). Between the die-off and the end of the experiment, SRP increased 38% in tanks that experienced the mussel die-off but decreased by 51% in control tanks.
Primary production and ecosystem metabolism:  Mortality treatments had higher gross primary production than the control mesocosms (F2,30 = 4.11, p < 0.03). Mortality treatments had higher gross primary production than live treatments, but there was not a statistical difference between the two groups (t22 = 2.27, p = 0.08). Sampling day was significant in explaining gross primary production (F1,54 = 77.81, p < 0.001). The interaction between the two terms was also not statistically significant (F2,54 = 1.94, p = 0.16). There was not a difference in water column chlorophyll a concentration between treatments (F2,19 = 0.54, p = 0.59), although water column chlorophyll did increase through time (F1,105 = 12.51, p < 0.001; Figure 3-3C). The interaction between the two terms was also not statistically significant (F2,105 = 0.76, p = 0.47). In late July and August, some control and live mesocosms experienced algal blooms, while mortality mesocosms had low water column chlorophyll a concentrations. Benthic chlorophyll a concentration was higher in mortality and live treatments than control treatments (F2,19 = 9.10, p < 0.002; Figure 3-3D). Sampling day did not predict benthic chlorophyll a concentration (F1,106 = 0.59, p = 0.45) and the interaction between treatment and sampling day was not significant (F2,106 = 0.89, p = 0.41). Note that ecosystem metabolism and benthic chlorophyll a concentrations are significantly correlated as they were measured from the same glass fritted discs (R2 = 0.28, p < 0.001). While these variables are correlated, one measures ecosystem structure (biomass) and the other ecosystem function (respiration). 
Organic matter decomposition: Higher tensile strength corresponds to a higher percentage of the original remaining cotton strip; thus, higher tension indicates less decomposition. Tensile strength of the cotton strips decreased with time (F1, 36 = 4.95, p < 0.04) and was significantly different between treatments (F2,18 = 5.60, p < 0.02; Figure 4). The mean tensile strength of an unincubated cotton strip is 65.6 lbs. (SD = 2.0 lbs.). 
Below, we apply these results to an actual mussel die-off to extrapolate how mussel die-offs can impact nutrient cycling in river reaches following a mass mortality event.

[bookmark: _Toc34594601]Scaling up: Short and long-term nutrient releases following a mass mortality event
As described above, an extreme drought in the Kiamichi River in 2011 led to massive mussel mortality. We combined quantitative data on these mussel losses with nutrient release data from our mesocosm experiment to extrapolate how mussel losses impact short and long-term nutrient cycling and storage for several river reaches. 
On July 30 and 31, 2011, we (CLA and CCV) sampled mussels at three sites (K2, K3 riffle, and K3 pool) severely impacted by the drought. The K2 and K3 pools were isolated pools that still contained water but were very shallow (< 10 cm) and warm (K3 exceeded 40°C) (Vaughn et al., 2015). K3 contained a riffle that was completely dry. For K2 and K3 pools, we measured mussel abundance and composition by sampling ten, 0.25 m2 quadrats following Vaughn et al. (1997); we identified and measured the length of both dead and live individuals. We returned live individuals to the mussel bed. For the K3 dry riffle we laid out 10 transects across the dry mussel bed and identified shells from 14 quadrats across each transect. We used species-specific, length-soft tissue dry mass regression equations (Hopper et al., 2018) to calculate the soft tissue mass of each mussel. We calculated areal nutrient pulses (μg L-1 m-2) released to the river as a consequence of mussels dying as the product of nutrients released by decomposing mussel tissue to the water column in the mesocosm at sampling day 4 (μg L-1 g-1) by the biomass loss of mussels at a site on an areal basis (g m-2). Based on our extrapolation, this mussel die-off resulted in a large pulse of both nitrogen and phosphorus (Figure 3-5). This nutrient pulse is equivalent to the areal nitrogen excretion of a mussel assemblage for 20 hours, phosphorus excretion for 195 hours (Atkinson et al., 2018), and to the phosphorus release from dissolving shells for two years (Wegner et al., 2018). This represents a large pulse of phosphorus that likely stimulates primary production. 
Freshwater mussel soft tissue represents short term storage of nutrients since the soft tissue decays quickly, while the shell represents long term nutrient storage. We wanted to determine the role of shell material as a potential long-term nutrient sink and site of nutrient release following mortality. While shell decay can be highly variable in freshwater ecosystems (Strayer and Malcom, 2007), we used the average shell decay rates from a previously published study on the Kiamichi and Little Rivers in Oklahoma (Atkinson et al., 2018) and the Sipsey River, Alabama (Atkinson, unpublished) to estimate spent shell biomass and nutrient release (C, N, and P) over time. Specifically, using the average decay rate (k = -0.053 year-1) and the average shell size per site, we estimated shell biomass (g m-2) over an 80-year timeframe and the subsequent nutrient release, assuming a constant rate, from spent shells following the punctuated mortality event in the Kiamichi River in 2011. We expect this estimation to be realistic as the shell decay rate was measured over a year with shell from the Kiamichi River, thus accounting for how discharge, water chemistry, and season affects shell decay rates (Strayer and Malcom, 2007; Ilarri et al., 2019).
At K3, the mass of relic shells (2.4 kg m-2) exceeded shell mass of living mussels (1.6 kg m-2), while all mussels in the dry reach perished, resulting in 1.7 kg m-2 of shell material exposed. While some shell material may have been exported due to terrestrial scavengers, we assumed that it remained in the stream channel and was submerged once flow resumed. Site K2 did not experience complete drying and the low flows did not result in as much mortality as K3 and resulted in 1.5 kg m-2 of relic shell while 5.0 kg m-2 was maintained in live mussels. Based on the modeling described above, shell material decay (Figure 3-6A) would result in a slow nutrient release at each of these sites (Figures 3-6B-D). For example, 413 g C m-2, 4.8 g N m-2, and 0.4 g P m-2 remained in the shell of dead mussels at K3 in the reach that did not dry, which would then be slowly released by shell decayed (Figures 3-6B-D). The surviving, living mussels at K3 still maintained nutrients in their shell and continued to store nutrients and potentially grow and store additional material. When mortality is equal to the production of shells, shell mass is maintained at a steady state. But large-scale die-offs lead to a pulse in relic shells and lower production of shell material. This represents a long-term loss of mussel-driven nutrient storage and shell habitat within stream reaches (Wenger et al., 2018).
[bookmark: _Toc34594602]Implications & conclusions
Based on the presented case studies, our mesocosm experiment, and our extrapolated nutrient pulse due to a mussel die-off, we conclude that stream ecosystems are severely altered following mussel mass mortality events. Mussel loss is governed by drought severity, location within the river network, and species-specific drought tolerances. In the short term, decomposing carrion from mussel die-offs releases a large pulse of nutrients into the water which stimulates food web productivity. In the long term, the overall loss of mussel biomass, and the loss of functional traits as more sensitive species decline, leads to decreases in ecosystem function which may take decades to recover (Figure 3-1). 
While we have frequently observed algal blooms in the field following mussel die-offs, we did not observe algal blooms within our mesocosm experiment. In our small mesocosms, the decomposition of mussel tissue likely altered the microbial community to favor heterotrophs, which potentially out-competed water column algae for available nutrients. Our extrapolation from the observed mussel die-off in the Kiamichi River predicted a large phosphorus pulse. After inducing a die-off of the invasive bivalve Corbicula, McDowell et al. (2017) observed a smaller increase in ambient phosphorus concentration than expected. They posited that algal uptake of SRP accounted for difference between the predicted increase in water column SRP and what was measured. Further exploration of the interacting factors driving algal bloom formation after mussel die-offs during drought is warranted. 
The frequency and severity of hydrologic drought is predicted to increase in the southcentral and southeastern U.S. as a consequence of climate change and increasing human demand for water (Baron et al., 2002; Golladay et al., 2016). This region also contains the highest diversity of freshwater mussels globally (Williams et al., 1993; Haag, 2010). Thus, future mussel mass mortality events are highly likely and we need to both understand their ecological effects and how to mitigate them. Individual mussel species’ tolerances to maximum water temperature and minimum dissolved oxygen concentrations vary and are an area of active research (Jeffrey et al., 2018; Archambault et al., 2014). Understanding how mussels acclimate and potentially adapt to increased water temperatures and reduced water availability will be critical to protecting this diverse guild (Galbraith et al., 2012; Gough et al., 2012). However, it is unlikely that the drought sensitive species will rebound to their former abundance without changes in water management and restoration of populations through mussel propagation. 
Freshwater mussels are not the only organism threatened by mass mortality events and rivers are not the only ecosystem altered through these events. Our research provides an example of how the loss of an abundant, long-lived organism has cascading and long-term impacts on ecosystems. These impacts are analogous to loss of a forest in terrestrial ecosystems; habitat provision and nutrient sequestration is altered as the community shifts and takes decades to rebound (Ellison et al., 2005; Boyd et al., 2013). The loss of this long-lived organism and the subsequent release of this nutrient pulse has large impacts on stream ecosystems.
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[bookmark: _Hlk12449177][bookmark: _Hlk12446362]Figure 3‑1. Conceptual model depicting ecosystem function shift due to unionids at short and long time scales. Pre mass mortality information based on 25°C, downstream values for 1991 in Vaughn et al. (2015) for the biofiltration and community structure data and on Atkinson and Vaughn (2015) for downstream nutrient excretion and storage information. *Loss of nutrient capacitance dependent on mussel recruitment. Time increases to the left and the impact on mussels of four main ecosystem functions is described and depicted. Capital letters refer to distinct processes in the model, while lower case letters refer to sources: aVaughn et al. (2015), bAtkinson and Vaughn (2015), cMcDowell et al. (2017), dGagnon et al. (2004), eCherry et al. (2005), fCherry et al. (2005), gAtkinson et al. (2014), hAtkinson et al. (2018), iIlarri et al. (2018). 

Figure 3‑2. Map of case study locations within the southern continental USA. In the bottom panel, large streams (stream order ≥ 8) are depicted in light blue to provide context while the focal river basins are depicted in black. The letters next to the river basins indicate which bottom panel corresponds to those river basins. Southeastern Oklahoma (A) contains three rivers: the Kiamichi, Little, and the Mountain Fork. K2 and K3 are sites on the Kiamichi discussed in the ‘short and long-term nutrient releases following bivalve mortality’ section of this manuscript. The lower Flint River (B) is in southwestern Georgia; rivers discussed in the case study section are named. Code from the R package hydroMap (DeCicoo and Blodgett, 2017). 

Figure 3‑3. Ambient concentrations of NH4-N (μg L-1; A), SRP (μg L-1; B), water column chlorophyll a concentrations (μg L-1) and benthic chlorophyll a concentrations (μg cm-2) in control, live mussel, and dead mussel treatments. The dashed line represents when the mass mortality event was induced in 5 live mussel mesocosms. Points represent the mean, while the lines indicate the standard deviation. Ammonium is statistically different within control and dead treatments based on a Type III ANOVA, Tukey HSD, p < 0.05. Benthic chlorophyll a was higher in live and mortality treatments than control treatments based on a Type III ANOVA, Tukey HSD, p < 0.05.  

[bookmark: _Hlk12453819]Figure 3‑4. Tensile strength (lbs.) as a proxy for decomposition of organic matter within different treatments. Cotton strips have a starting mean tensile strength of 65.61 lbs. (SD = 1.97 lbs). Points represent the mean, while the lines indicate the standard deviation. Decomposition was higher in the mortality treatments than the live treatments and is statistically significant based on Type III ANOVA, Tukey HSD, p < 0.02.

Figure 3‑5. Extrapolated nutrient release from Kiamichi mussel beds after a drought-induced mass mortality event. The shell lengths from dead unionids are used to predict mussel soft tissue (A), which was then paired with nutrient data from the mesocosm experiment to predict ammonium release (μg m-2; B) and SRP release (μg m-2; C).  

Figure 3‑6. Shell decomposition (A) of spent mussel shells following the mass mortality event as a result of low flow and high temperature conditions at 3 sites in the Kiamichi River, OK and the resultant release of carbon (B), nitrogen (C), and phosphorus (D) from the shell material over time. Shell decomposition is modeled based on the shell decomposition rates and shell stoichiometry values from Atkinson et al. (2018) and the empty shells sampled from Southeastern Oklahoma in the drought of 2011. 
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[bookmark: _Ref34591749][bookmark: _Toc34390848][bookmark: _Toc39575571]Figure 3‑1. Conceptual model of ecosystem function shift due to unionids die-offs.
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[bookmark: _Ref34591761][bookmark: _Toc34390849][bookmark: _Toc39575572]Figure 3‑2. Map of case study locations in the Southeastern United States
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[bookmark: _Ref34591771][bookmark: _Toc34390850][bookmark: _Toc39575573]Figure 3‑3. Water column nutrients and chlorophyll a concentration among treatments
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[bookmark: _Ref34591784][bookmark: _Toc34390851][bookmark: _Toc39575574]Figure 3‑4. Organic matter decomposition among treatments after the die-off
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[bookmark: _Ref34591794][bookmark: _Toc34390852][bookmark: _Toc39575575]Figure 3‑5. Modelled short-term release of nutrients from soft tissue after a die-off
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[bookmark: _Ref34591802][bookmark: _Toc34390853][bookmark: _Toc39575576]Figure 3‑6. Modelled long-term releases of nutrients from shell after a die-off



[bookmark: _Toc34594606]Appendix
Table 3-A1. Sampling record with the corresponding measurements collected and sampling dates and days reported. Filled cells indicate we sampled that ecosystem compartment at that time. Tiles for benthic metabolism and algal chlorophyll a quantification were replaced on days -20, 0, and 8 to ensure maximum time for algal colonization. 
	Day
	Date
	Physical-chemical parameters
	Water column nutrients
	Benthic
chl. a
	Water column
chl. a
	Benthic metabolism
	Cotton decomp.

	-45
	5/18/2018
	Water added to mesocosm

	-33
	5/30/2018
	Mussels added to nine mesocosms

	-20
	6/12/2018
	
	
	
	
	
	

	-15
	6/17/2018
	
	
	
	
	
	

	-14
	6/18/218
	Ten Largmouth bass added to each mesocosm

	-3
	6/28/2018
	
	
	
	
	
	

	-2
	6/29/2018
	Largmouth bass removed from mesocosms

	0
	7/2/2018
	Mass mortality induced in five mesocosms

	4
	7/6/2018
	
	
	
	
	
	

	11
	7/13/2018
	
	
	
	
	
	

	18
	7/20/2018
	
	
	
	
	
	

	25
	7/27/2018
	
	
	
	
	
	

	28
	7/30/2018
	
	
	
	
	
	

	39
	8/10/2018
	
	
	
	
	
	




Table 3-A2. Mean (SD) physical and chemical parameters for control, dead, and live treatments throughout the experiment. Negative days indicate sampling times before the mass mortality event, while positive days are after the event.
	
	
	Water Temperature (°C)
	Dissolved Oxygen (mg L-1)

	Day
	Date
	Control
	Dead
	Live
	Control
	Dead
	Live

	-20
	6/12/2018
	27.2 (0.4)
	27.0 (0.2)
	27.0 (0.2)
	7.43 (0.71)
	7.41 (0.47)
	7.45 (0.70)

	-15
	6/17/2018
	27.1 (0.2)
	26.9 (0.3)
	27.0 (0.3)
	7.36 (0.19)
	7.40 (0.27)
	7.57 (0.11)

	-3
	6/28/2018
	31.2 (0.6)
	31.0 (0.8)
	30.9 (0.8)
	9.81 (1.34)
	9.31 (0.91)
	10.69 (3.25)

	4
	7/6/2018
	31.7 (0.2)
	31.8 (0.2)
	31.6 (0.3)
	9.51 (1.06)
	8.56 (1.25)
	10.00 (2.39)

	11
	7/13/2018
	29.9 (0.5)
	30.4 (0.7)
	30.0 (0.3)
	9.09 (1.31)
	12.22 (2.94)
	10.25 (2.31)

	18
	7/20/2018
	30.2 (0.5)
	29.7 (0.3)
	29.6 (0.2)
	8.55 (1.20)
	8.23 (1.13)
	9.39 (2.48)

	25
	7/27/2018
	31.8 (0.3)
	31.8 (0.2)
	31.7 (0.3)
	10.83 (1.70)
	14.54 (3.86)
	12.41 (3.85)

	39
	8/10/2018
	30.9 (0.2)
	31.1 (0.2)
	30.8 (0.3)
	10.89 (1.38)
	11.48 (2.44)
	12.18 (2.41)

	
	
	
	
	
	
	
	

	
	
	Conductivity (μS cm-1)
	Water Addition (mL s-1)

	Day
	Date
	Control
	Dead
	Live
	Control
	Dead
	Live

	-20
	6/12/2018
	399 (23)
	418 (19)
	401 (19)
	
	
	

	-15
	6/17/2018
	345 (15)
	345 (12)
	349 (17)
	26 (28)
	11 (16)
	17 (15)

	-3
	6/29/2018
	385 (59)
	381 (64)
	376 (64)
	
	
	

	4
	7/6/2018
	373 (71)
	387 (84)
	366 (83)
	
	
	

	11
	7/13/2018
	377 (73)
	369 (84)
	363 (77)
	11 (27)
	19 (17)
	20 (22)

	18
	7/20/2018
	396 (72)
	390 (69)
	373 (64)
	
	
	

	25
	7/27/2018
	402 (67)
	386 (53)
	384 (70)
	
	
	

	39
	8/10/2018
	382 (68)
	377 (56)
	358 (64)
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