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Abstract:



Nitrogen compounds, particularly ammonia, and temperature are suspected major stressors for aquatic organisms, but little is known about their impact on globally declining freshwater mussels (Unionoida). In this study, we tested the combined effects of ammonia and temperature stress on painter’s mussel (Unio pictorum) survival, filtration behavior, hemocyte abundance, hemocyte mortality and glycogen energy status, at concentrations ranging from 0.3 to 9.0 mg·L−1 total ammonia nitrogen (NH4-N) in 96 h acute exposures at two temperatures, 17 °C and 25 °C and a pH of 8.8. The results indicate a low sensitivity of U. pictorum to elevated ammonia concentrations after short-term exposure, although effects on cell morphology were evident and delayed mortality occurred at the highest test concentration. Most pronounced effects were observed for sublethal physiological endpoints due to elevated temperature, but no synergistic effects with ammonia were evident. Temperature increase resulted in significant effects on tissue glycogen, hyalinocyte mortality and clearance rates. Hemocyte mortalities showed a linear dependency on initial mussel activity as measured by their clearance rate. Since the main stressors tested in this study, ammonia and temperature, are predicted to increase in most freshwater ecosystems, their impact on other freshwater mussel species including different life-stages should be comprehensively assessed.
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1. Introduction


Freshwater mussels, particularly Unionoidae and Margaritiferidae, rank among the most endangered organisms in freshwater ecosystems and have experienced a global decline in species richness, distribution and abundance [1,2,3]. Their specific life-history traits, feeding types, constrained mobility, complex life-cycles and comparatively long life spans make them extremely sensitive to disturbances in habitat and water quality such as environmental pollution [1,3,4,5]. Mussels are known to play a key role in ecosystem processes by their influence on nutrient cycling, bioturbation and deposition of suspended materials [6,7,8,9,10,11]. For instance, they can transfer nutrients from open water to the benthic zone, e.g., through biodeposition of (pseudo)feces and excretion of ammonium. The understanding of possible causes for population declines as well as evidence-based conservation and restoration approaches for freshwater mussels are urgently needed, due to the high conservation priority of this taxonomic group [12,13,14].



In terms of water contaminants, reactive nitrogen compounds, mainly ammonia and nitrate, are suspected to have negative effects on freshwater fish [15] and mussels [16,17,18,19,20]. On a local scale, the respective land-use practices in the watershed are known to contribute to increased nitrogen input and negative effects on freshwater community compositions [21]. Anthropogenic sources, including industrial wastes, sewage discharge, agricultural runoff, and animal farming, contribute mostly to total nitrogen emission that are then transported into aquatic ecosystems at potentially hazardous concentrations [22]. For instance, leakages of digestates from biogas fermenters have been linked with peak contaminations of ammonia in stream habitats [23]. Physiological responses associated to ammonia exposure are suspected to lead to reduction in feeding, fecundity and survivorship, resulting in decreased bivalve populations [24].



Ammonia and ammonium are in equilibrium between the toxic unionized form NH3 and the ionized form NH4+, with the percentage of the toxic form increasing at higher pH values, and a greater toxicity at higher temperatures [25]. Consequently, simultaneous exposure to ammonia and temperature stress in light of climate change was considered a highly interesting interaction due to the dissociation behavior of the ammonia ion under elevated temperatures.



Previous studies have demonstrated the toxicity of unionized ammonia to larval [20] and juvenile stages of North American Unionid mussels [18,19]. Acute effect concentrations determined in standard bioassays ranged between 5 and >16 mg·L−1 total ammonia nitrogen for glochidia (24 h EC50) at 20 °C and pH 8.3 and 5.7 to 11.1 mg·L−1 N for juveniles (96 h EC50) at 20 °C and pH 8.3. However, there is a lack of information regarding the toxicity of ammonia to species of European freshwater mussels, which is essential in terms of environmental regulation, conservation and restoration of mussel populations. According to the US Environmental Protection Agency [22], the threshold concentration for protecting freshwater organisms from potential adverse effects of ammonia is 17 mg·L−1 total ammonia nitrogen (TAN) and the final chronic ambient water quality criteria (AWQC) for ammonia is 1.9 mg·L−1 TAN, both at pH 7.0 and temperature 20 °C respectively.



It is generally assumed that accurate measures of toxicity in adult mussels are difficult to obtain, due to their ability to detect toxicants in the water and their avoidance response by closing their valves [26,27,28]. However, Cope et al. [29] reported that the toxicant avoidance response only lasted 24 h after which mussels reopened their valves and became exposed, probably forced by metabolic respiration requirements. Therefore, we assumed that sublethal effects to stressor exposures >24 h could be determined using adequate endpoints such as filtration behavior. The filtration capacity in freshwater bivalves may vary with the experimental design, species, size, age and sex of the animals, but they normally can filter up to several liters of water per hour [30], leading to a high rate of accumulation of environmental contaminants.



The identification of ecotoxicological biomarkers and assays in freshwater mussels is still not consensual, but the content of glycogen as storage carbohydrate has been established as a useful marker for the energetic status of the organism, also making it a physiological indicator for overall fitness in response to stressor exposures [31]. For example, a drastic depletion of glycogen reserves was observed as a consequence of heavy trematode parasitism in Anodonta anatina [32]. In addition to this energy-status related marker, less standardized methods of assessing changes in the immunological response have been proposed as biomarkers for stressor exposure, such as the quantification of hemolymph cells [33]. The cells in the hemolymph, the hemocytes, are the main intervenients in the immune response. The cells together with the humoral components from the hemolymph are very efficient in neutralizing pathogens or other foreign particles. Hemocytes are involved in functions such as phagocytosis, encapsulation, nodule formation, pearl formation, tissue reparation and cell nutrition, but there is little knowledge on the mechanistic interactions among these processes [34,35]. Any effect that environmental stressors exert on the hemocyte composition or functioning may ultimately result in a reduction of immune response effectivity. Their filtration feeding exposes mussels to a variety of toxic compounds and pathogens [36,37] that they seem to overcome well if the immune system is not over-challenged.



We chose the painter´s mussel Unio pictorum (Linnaeus, 1758) as ideal test organism for various reasons: In contrast to other species of freshwater mussels, U. pictorum still have a wide distribution, inhabit a wide range of habitats including lakes and rivers, and are more readily available than other species, which is an important factor in using them as bioindicator in ecotoxicological studies. U. pictorum have been ranked as ´least concern´ by the IUCN in comparison with others native species of more vulnerable status [38], which disqualifies those for standard ecotoxicological experiments. In the present work, we tested the combined impacts of ammonia concentration and temperature stress on U. pictorum evaluating mortality, sublethal effects on filtration behavior, hemocyte composition and morphology (as indicators for impacts on the immune system) as well as energetic status through glycogen quantification. Specifically, we hypothesized a synergistic negative effect of ammonia and temperature on the mussels. This work also intends to evaluate the suitability of different biomarkers to evaluate stressor effects. The assay was conducted at two different temperatures, 17 and 25 °C, which are within the typical average summer temperatures of the habitats of this species. These temperatures are also considered average high and extreme, as reachable due to the climate change scenario [39]. This was done particularly since the increase of temperature was expected to modulate the response of the organisms and since it is known that ammonia toxicity and temperature are positively correlated due to the shift towards the toxic ammonia form NH3.




2. Materials and Methods


2.1. Test Organisms


Adult painter’s mussels (Unio pictorum) were obtained from a commercial supplier (OBI, Wermelskirchen, Germany). Mussels were transported to the Aquatic Systems Biology Unit of TU Munich in Freising (Bavaria, Germany), maintained in aerated containers and allowed to acclimatize to laboratory conditions for three weeks prior to experimental setup. Upon arrival in the laboratory, mussels were held in a flow-through system supplied with local well water (water temperature (T) 12.9 ± 0.22 °C, dissolved oxygen (DO) 8.9 ± 1.2 mg·L−1, electric conductivity (EC, at 25 °C) 1125 ± 5 µS·cm−1, pH ~ 8, hardness (as CaCO3) 482.14 ppm). Mussels were fed every other day with a commercially available shellfish diet, which contains a mixture of four marine microalgae: Isochrysis sp., Pavlova sp., Thalossiosira weissflogii, and Tetraselmis sp. (Shellfish Diet 1800, Reed Mariculture, Campbell, NJ, USA). Each mussel was marked with an individual number (waterproof marker) and length, width, height (measured to the nearest mm) as well as wet weight (measured to the nearest g) was recorded. Measurements were repeated at the end of the experiments. Mussels had a mean ± standard deviation (SD) length, width and height of 83.7 ± 9.3, 36.5 ± 3.9 and 26.5 ± 3.0 mm, respectively, and a mean initial wet weight of 52.1 ± 16.7 g. Additional measurements of dry weight (after 48 h at 60 °C, measured to the nearest g) were taken for shell and soft-tissue of each individual 24 h after termination of the experiment, in order to be able to relate clearance rates and glycogen content to the body mass. Dry weight without shell was on average 2.1 ± 0.9 g. Before dissection of the test animals, delayed mortality effects were recorded within the 24 h after test termination.




2.2. Mussel Exposure


The experimental design for the two selected temperatures (17 °C and 25 °C) comprised several water bath tanks of 50 L, temperature controlled with a programmable thermostat (Biotherm, Dohse Aquaristik, Grafschaft-Gelsdorf, Germany). Individual mussels, each with a specific identification number, were randomly placed in submerged 1.7 L glass beakers and distributed in the tanks following a calculated randomization scheme. One mussel was placed in each beaker. Beakers were individually aerated by air stones. For each test concentration, 6 replicate mussels were used in the 17 °C experiment and 5 replicates in the 25 °C experiment. Additional 18 (17 °C) and 10 (25 °C) replicate mussels served as control without addition of ammonia. Additional beakers without mussels served as water control at each temperature. Acclimatization to experimental temperature conditions were conducted according to the American Standard for Testing and Materials (ASTM) [40], by gradually adjusting the temperature at an increase of no more than 3 °C per hour. When the test temperature was reached, the mussels were maintained for additional 24 h before addition of the test solutions. Before addition of the test solution, the water levels in the tanks were lowered to separate the individual glass beakers containing the mussels. For preparation of the test concentrations, an ammonia stock solution (1000 mg·L−1 total ammonia nitrogen nominal) was prepared using ammonium chloride (Carl Roth GmbH, Karlsruhe, Germany). Respective amounts of the stock solution were added to the test beakers to reach nominal ammonium nitrogen concentrations of 0.3, 0.9, 3.0 and 9.0 mg·L−1. In each tank, all concentrations of ammonia were tested to avoid possible effects from individual water tanks. Concentrations of total NH4-N were determined photometrically for each individual test beaker according to DIN 38406 E5 (Spectroquant® Merk Millipore, Darmstadt, Germany). Concentrations were measured prior to and after the exposure. Fractions of unionized ammonia were calculated using the individual temperature and pH values of each test vessel. Nominal, measured and calculated values are given in Table 1.



Table 1. Nominal and measured test concentrations of total and un-ionized ammonia nitrogen at 17 °C and 25 °C at pH 8.8. Values are presented as mean ± standard deviation. NH4-N refers to Total Ammonia Nitrogen (TAN). Note that differences between nominal and measured values can result from mussel activity.







	
Nominal

	
Measured (17 °C)

	
Measured (25 °C)




	
NH4+

	
NH4-N

	
NH3-N a

	
NH4-N

	
NH3-N a




	
(mg·L−1)

	
(mg·L−1)

	
(mg·L−1)

	
(mg·L−1)

	
(mg·L−1)






	
0.0

	
0.68 (0.04)

	
0.12 (0.01)

	
1.08 (0.17)

	
0.28 (0.05)




	
0.3

	
0.94 (0.16)

	
0.17 (0.03)

	
1.23 (0.42)

	
0.32 (0.10)




	
0.9

	
1.26 (0.24)

	
0.22 (0.04)

	
1.48 (0.17)

	
0.39 (0.03)




	
3.0

	
3.63 (0.37)

	
0.64 (0.08)

	
3.68 (0.16)

	
0.97 (0.06)




	
9.0

	
8.63 (0.99)

	
1.51 (0.12)

	
10.56 (0.53)

	
2.78 (0.07)








Note: a calculated fraction of un-ionized ammonia.








Temperature was maintained with thermostats and checked twice a day, as well as the oxygen concentration and pH (Oxi 330i, Multi 340i, WTW, Weilheim, Germany). Water was exchanged every two days with a 50% renewal (850 mL). The mussels were exposed to ammonia for a period of 96 h. Within each temperature treatment, water chemistry and temperature remained constant during the experiment and no significant deviations in any of the measure variables between tanks were detected (with mean values at 17.0 ± 0.22 °C of O2 9.1 ± 0.52 mg·L−1 and pH 8.8 ± 0.1 and at 25.14 ± 0.28 °C of O2 7.2 ± 0.49 mg·L−1 and pH 8.47 ± 0.05).




2.3. Mussel Behavior Assessment


We used three different measures to assess the effects of ammonia nitrogen on mussel behavior: (1) visual observation on filtering activity; (2) filtering activity based on clearance rate (as compared to control mussels); and (3) clearance rate. Experimental determination of clearance rates and visual observations were conducted at the same time.



2.3.1. Visual Observation on Filtering Activity


Visual determination of filtration activity was recorded for each mussel by observing the opening of the shells and visibility of the siphons. Observations were conducted at three time points, 24 h before start of the exposure experiment, at initiation of the exposure experiment and after the 96 h exposure period. We classified the activity status distinguishing to two categories: shell open with visible siphons and active filtration (visually active), or shell closed with no visible siphon and no filtration (visually not active).




2.3.2. Clearance Rate


Clearance rates of U. pictorum were determined following the procedure described by McIvor [30]. For clearance measurement a 4 mL suspension of 154 cells·mL−1 Shellfish Diet 1800® (Reed Mariculture Inc., Campbell, NJ, USA) was mixed into the water in each beaker by agitation. Filtration in form of clearance rate was measured by the reduction of the water samples fluorescence at 460 nm during a 90 min interval (Excitation: 460 ± 20 nm, Emission: >665 nm). Therefore, a 3 mL water sample was removed from the middle of the water column in each beaker in duplicate and measured using a handheld fluorescence photometer (Aquafluor Turner Designs, San Jose, CA, USA). Clearance measurements were conducted at three time points during the exposure period, 24 h before start of the exposure experiment, at initiation of the exposure experiment and after the 96 h exposure period. Beakers were not aerated during these procedures (<2 h), but oxygen levels did not drop below a critical concentration (>6 mg·L−1) as recommended by ASTM [40].



Clearance rates were calculated using Equation (1) [30,41]:


CR = V × ((lnC0 − lnCt)/t)·(mL·h−1)



(1)




where V is the Volume of the test vessel, C0 is the initial concentration and Ct is the concentration at time t. Control measurements in beakers without mussel were subtracted to account for settlement of the algae over time. The fluorometer was previously calibrated against algal cell density determined by an improved Neubauer chamber (Merck Millipore, Darmstadt, Germany). After determination of clearance rates for each individual, the values were normalized against dry weight (Wd) of the mussels’ soft tissue (CR·Wd−1).




2.3.3. Filtering Activity Based on Clearance Rate


Filtration of an individual mussel was defined “active” if the clearance rate value was above the mean value for natural sedimentation rates of the added food particles measured in the test vessels without mussels. If clearance values were equal to or below this sedimentation rate value, the mussel was defined as “not active”.





2.4. Hemolymph Collection and Hemocyte Assessment


At termination of the experiment after 96 h, a volume of 1 mL hemolymph was collected from each living specimen. Hemolymph from all mussels used was carefully extracted using a 21 G needle (B. Braun, Melsungen, Germany) attached to a 2 mL sterile syringe (B. Braun, Melsungen, Germany), by insertion between the valves across the inner layer of the mantle into the interepithelial space. Hemolymph samples were put on ice immediately after collection, to avoid aggregation [42,43] and an anticoagulant solution (0.05 M N-ethylmaleimide) was added in a proportion of 1/10 of total volume [44].



Per mussel, three replicate subsamples of hemolymph were analyzed under a light microscope (CKX41, Olympus, Hamburg, Germany) coupled with a digital camera (DP72, Olympus, Hamburg, Germany). Hemocytes were classified into granulocytes and hyalinocytes. To assess the concentration of different hemocytes, cells were counted using an improved Neubauer chamber (Merck Millipore, Darmstadt, Germany). For determination of hemocyte mortality, the viability of the cells was determined using the trypan blue exclusion assay [45,46], which selectively stains cells with damaged membranes. Mortality ratios were calculated from counted stained and colorless cells per sample.



In additional to hemocyte mortality, a qualitative morphological comparison of hemocytes was conducted on a small subsample; therefore three aliquots from the hemolymph of each mussel were set onto a glass slide for adhesion. The coloration technique was conducted following the procedure of Hemacolor® (Merck Millipore, Darmstadt, Germany). Briefly, air dried smears were fixed with methanol, stained and then air-dried again. Prior to observation under the light microscope, the slides were mounted with DPX (Merck Millipore, Darmstadt, Germany) for preservation. Morphological parameters, like cell shape and size, tendency of the cells to aggregate, presence/absence of granules and pseudopods where observed and evaluated for each treatment.




2.5. Glycogen Quantification


After collection of hemolymph samples, biopsies (0.091 ± 0.04 g) from the foot tissue from each mussel were collected, weighed (nearest 0.001 mg), snap frozen in liquid nitrogen and then stored at −80 °C until further analysis. Quantification of glycogen followed the method by Keppler and Decker [47]. Briefly, the enzyme amyloglucosidase was used to digest glycogen into glucose, which was then quantified photometrically.




2.6. Data Analyses


Mussel activity based on binomial classification (active, non-active) was compared using exact binomial tests for each temperature and the time points 0 and 96 h of exposure.



To account for differences between experimental conditions and possible interaction between factors we applied a multivariate general linear model (GLM) using clearance rates, total hemocyte count (THC), granulocyte and hyalinocyte mortality, granulocyte–hyalinocyte ratio and tissue glycogen as dependent variables, and fixed factors temperature and total ammonia nitrogen. Pairwise comparison between treatment groups (e.g., test concentrations) was conducted by Tukeys’ post hoc test. Additionally, a paired samples t-test was performed to compare clearance rates for each test concentration at the beginning and after 96 h of the exposure period.



Bivariate linear models (ordinary least squares regression) were used to comparatively test the relationships between concentrations of ammonia and physiological indicators (clearance rate, hemocyte composition and mortality, tissue glycogen and THC) at the two temperatures. Effect sizes were calculated according to Cohen (1992) [48]. Normality and heteroscedasticity were tested using Shapiro Wilk’s test and Levene’s test, respectively. Significance was accepted at α = 0.05. Statistical analyses were conducted using SPSS 22 (IBM, Armonk, NY, USA).





3. Results


3.1. Mortality


One mussel at the highest ammonia treatment died during the 96 h exposure period at 17 °C (16.6% mortality), and another one in the highest ammonia treatment at 25 °C was in moribund state, only slowly closing the valves after disturbance. Two additional mussels from the two highest concentrations at 25 °C died within 24 h after the end of the experiment, suggesting a delayed mortality effect (33.3% mortality). It needs to be noted, however, that this delayed mortality may also be a result of additional stress induced by hemolymph collection and biopsies.




3.2. Overall Results—Multivariate GLM


The main outcome of this study was that ammonia exposure resulted in no significant overall effects on the test variables (F(28,188.911) = 0.929; p = 0.957; Wilks’ Λ = 0.744; Table 2 and Table S1). Within the ranges of exposure concentrations and temperature, there was no statistically significant interaction between temperature and ammonia exposure on the combined variables clearance rate, tissue glycogen, granulocyte and hyalinocate mortality and ratios, and THC (F(28,188.911) = 0.929; p = 0.572; Wilks’ Λ = 0.628; Table 2). However, between-subject comparison revealed a significant effect of temperature on tissue glycogen (F(1,58) = 14.931; p < 0.001), hyalinocyte mortality (F(1,58) = 13.618; p < 0.001) and clearance rate at time point 96 h (F(1,58) = 51.625; p < 0.001) (Table S1).



Table 2. Multivariate test statistic results.







	

	
Wilks’ Λ

	
F

	
df

	
Error

	
p

	
Partial ε2






	
Constant term

	
0.025

	
285.454

	
7

	
52.000

	
<0.001

	
0.975




	
Temperature

	
0.359

	
13.286

	
7

	
52.000

	
<0.001

	
0.641




	
Total ammonia N

	
0.744

	
0.576

	
28

	
188.911

	
0.957

	
0.071




	
Interaction

	
0.628

	
0.929

	
28

	
188.911

	
0.572

	
0.108











3.3. Clearance Rate and Filtration Activity


At exposure initiation, most of the mussels in the 17 °C group were not actively filtering (69% not active, exact binomial test, two-tailed, p = 0.02, n = 42; Table 3), in contrast to the 25 °C group with a significantly higher proportion of active mussels (70% active, exact binomial test, two-tailed, p = 0.04, n = 30). Over the 96 h experimental period, the measured filtration activity was temperature-dependent, with greater activity at higher temperatures at the 96 h time point (differences in normalized clearance rates: p < 0.01 in all cases; Figure 1 and Table 3).


Figure 1. Normalized clearance rates (CR (mL·(min·g)−1)) for mussels exposed to increasing concentrations of ammonia nitrogen (NH4-N) at 17 °C (white) and 25 °C (black): (a) initial clearance rates at the beginning of exposure (17 °C: r = 0.23, p = 0.15; 25 °C: r = −0.35, p < 0.05); and (b) clearance rates at 96 h of exposure (17 °C: r = −0.14, p = 0.37; 25 °C: r = −0.064, p = 0.73). Dotted lines indicate linear trends.
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Table 3. Percentages of actively filtrating mussels based on visual observations and clearance data at the beginning and end of the exposure period (t = 0 h and t = 96 h). Visually active: shell open with visible siphons; measurable active: clearance rate greater than in the control without mussels.







	
Temp

	
NH4-N (mg·L−1)

	
t = 0 h

	
t = 96 h




	
Visually Active

	
Measurable Active

	
Visually Active

	
Measureable Active






	
17 °C

	
0.68

	
28%

	
28%

	
40%

	
50%




	
0.94

	
0%

	
33%

	
20%

	
40%




	
1.26

	
50%

	
33%

	
20%

	
40%




	
3.63

	
17%

	
33%

	
0%

	
20%




	
8.63

	
33%

	
33%

	
20%

	
20%




	
25 °C

	
1.08

	
44%

	
44%

	
70%

	
50%




	
1.23

	
0%

	
50%

	
80%

	
80%




	
1.48

	
67%

	
83%

	
40%

	
40%




	
3.68

	
67%

	
50%

	
100%

	
60%




	
10.56

	
83%

	
33%

	
0%

	
60%










After the 96 h exposure period, the proportion of active mussels decreased, with 74% not active at the 17 °C treatments (exact binomial test, two-tailed, p = 0.003, n = 42) and 43% not active at 25 °C (exact binomial test, two-tailed, p = 0.58, n = 30). The visual estimation of filtration activity was not considered a reliable endpoint, since discrepancies between measurable particle retention (filtering activity based on clearance rate) and observed activity were high (Table 3).



Clearance rate was significantly reduced only in the beginning of the 96 h experiment and negatively correlated with increasing ammonia concentrations at 25 °C (Ordinary Least Square Regression, r2 = 0.189, p = 0.016), and no significant trend was found at the end of the experiment or at 17 °C (Figure 1). Mean values ranged between 16 and 18 mL (min·g)−1 in the 17 °C trial and between 8 and 16 mL (min·g)−1 in the 25 °C trial in the beginning of exposure (Figure 1a), between 9 and 10 mL (min·g)−1 in the 17 °C trial and between 19 and 22 mL (min·g)−1 in the 25 °C trial after 96 h exposure (Figure 1b). Paired sample t-tests showed no statistically significant differences between clearance rates at the beginning and 96 h after exposure.




3.4. Hemocyte Density and Viability


The cell densities of all types of hemocytes (granulocytes and hyalinocytes) were not affected by temperature and were largely independent from total ammonia nitrogen concentration due to high variation (Figure 2). Among the different cell specimens, none of the cell densities were significantly different between treatments. Hyalinocytes were generally less abundant by a factor of 8 in hemolymph than granulocytes. Their abundance did not differ significantly between the combinations of temperature and ammonia treatments.


Figure 2. Cell densities of the hemocyte population ((a) Granulocytes; (b) Hyalinocytes; mean ± standard deviation) from Unio pictorum after 96 h exposure to different concentrations of total ammonia nitrogen at 17 °C (white) and 25 °C (black).
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For the comparison of viable hemocytes, the strongest effects occurred in response to temperature stress, with differences between cell types: Hyalinocyte mortality was two-fold and significantly increased at 25 °C compared to 17 °C (F(1,58) = 13.618; p < 0.001; Figure 3). No effect of temperature was evident in the granulocyte mortality. In both cell types, no statistically significant effect of increased ammonia nitrogen concentration was found (Figure 3). Great variation in hemocyte mortality was generally observed between individuals from the same treatment, resulting in low statistical power.


Figure 3. Hemocyte mortality ((a) Granulocytes; (b) Hyalinocytes) from Unio pictorum exposed to different concentrations of total ammonia nitrogen at 17 °C (white) and 25 °C (black). Dotted lines indicate linear trends (Granulocytes 17 °C: r = −0.07, p = 0.68; 25 °C: r = 0.06, p = 0.77; Hyalinocytes 17 °C: −0.07, r = 0.66; 25 °C: r = −0.06, p = 0.76).
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Hemocyte mortalities showed a linear dependency on initial mussel activity as measured by their clearance rate (Figure 4). At 17 °C, clearance rate showed a significant correlation with granulocyte mortality (F(1,40) = 4.749, p = 0.035) and explained 8.4% of the variation, which can be interpreted as medium effect. This effect was even stronger in case of hyalinocyte mortality (F(1,40) = 17.485, p < 0.001) with 28.7% of the variation explained. There was no trend observed at 25 °C for both hemocyte types.


Figure 4. Relationship between mussel filtration and observed hemocyte mortality ((a) Granulocytes; (b) Hyalinocytes). Correlations between these two endpoints show different trends at 17 °C (white; Granulocytes: r = 0.33, p = 0.03; Hyalinocytes: r = 0.56, p < 0.001) and 25 °C (black; Granulocytes: r = −0.08, p = 0.67; Hyalinocytes: r = −0.20, p = 0.29).
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3.5. Hemocyte Morphology


Altered cell morphologies of the stained hemocytes included swelling or shrinkage of cells, changes in the number of granules present in the cytoplasm of granulocytes, and occurrence of pseudopods were observed (summarized in the Supplementary Materials, Table S2 and Figure S1a–j). However, these alterations were obvious in all examined samples including the control and were based on qualitative observations of small sample sizes (n = 3), suggesting that they should not be over-interpreted. A tendency of an increase in the number of cells showing more projections (pseudopods) and granulocyte aggregation at higher ammonia-nitrogen concentration and the higher temperature were observed (Figure S1, Table S2).



Most of the cells observed on the smears were granulocytes because this is generally the dominant cell type [35,43]; hyalinocytes were smaller and fewer (10% of total cell numbers). Alterations in relation to the control situation, that correspond to cells with a rounder shape, some tendency to aggregate, and no or few granules or pseudopods, were observed. A qualitative analysis of the smears showed that even the smallest concentration of ammonia induced alterations in the cells, with most of the cells showing signs of swelling (Table S2). With increasing concentration, these effects were more pronounced and, additionally, other morphological alterations became evident. This included an increased number of pseudopods, and a greater number of granules in the cells (Table S2 and Figure S1d,e,i,j).




3.6. Energy Reserves


Glycogen concentration as a proxy for energy reserves in the foot tissue of the mussels revealed a positive effect of temperature regardless of treatment (F(1,58) = 14.931; p < 0.001) (Figure 5). The greatest temperature effect was found in the control, where the glycogen content reached the highest value for the mussels at 25 °C (183.9 ± 65.7 mg·g−1), but much lower values at 17 °C (137.8 ± 29.9 mg·g−1). No relationship was observed between glycogen and ammonia exposure. In line with the overall model results in Section 3.2, the post hoc comparisons showed no statistically significant differences between controls and ammonia treated mussels, except for the ammonia concentration of 10.56 mg·L−1 (p = 0.011) at 25 °C.


Figure 5. Glycogen content in U. pictorum foot tissue after 96 h exposure to ammonia at 17 °C (white) and 25 °C (black). Dotted lines indicate linear trends (17 °C: r = −0.01, p = 0.98; 25 °C: r = 0.01, p = 0.95).
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4. Discussion


The results of this study did not confirm the initially hypothesized synergistic stressor effect of increased temperature and ammonia nitrogen concentration on adult Unio pictorum within the tested ammonia and temperature ranges. The observed effects on combined behavioral, physiological and cellular endpoints could mostly be attributed to temperature increase, which highlights the increasing threat of subtle and global pressures such as climate change on mussel populations.



Whilst the acute 96 h exposure scenario used in this study cannot be directly translated into chronic long-term effects, it shows that adult U. pictorum are not very sensitive to short-term total ammonia nitrogen exposure. This is of particular importance since ammonia increase, as a result of aquatic pollution is considered one of innumerous causes for freshwater mussel declines [16]. However, different species of mussels have highly different sensitivities to environmental stressors [49], and thus the finding of a low sensitivity of the tested species of mussel must not be generalized. The general knowledge concerning the sensitivity of adult Unionid mussels to environmental stressors is still scarce, and almost no information is available concerning European species. Based on existing data, mussels are considered highly sensitive to total ammonia nitrogen depending on species and specific life-stage; therefore, early stages are mostly used for impact assessment [20,50,51,52], but information on the susceptibility of adults remains scarce. Available toxic thresholds are currently available almost exclusively for North American mussel species and reflect the broad range of species-specific sensitivity distributions of this taxonomic group. As recently reported by Wang et al. [53], EC50 values for juvenile mussels from different tribes and families range between 1.5 and 8 mg·L−1 total ammonia nitrogen after 96 h exposure. Effect concentrations for glochidia (24 h EC50) show even higher ranges between 5 and >16 mg·L−1 total ammonia nitrogen [20]. Given the great sensitivity in North American species, similar differences among European mussel species appear likely. The responses of U. pictorum to ammonia nitrogen exposure cannot be extrapolated to other European mussel species and further research in this field is urgently needed, especially for species with higher conservation status and expected higher sensitivities such as Unio crassus or Margaritifera margaritifera.



Despite the overall necessity to determine thresholds for sensitive early life-stages, the ecological impact on adults is equally important since their life style as sedentary filter-feeders exposes them to different environments than the juveniles and since they provide important ecosystem services [7,11]. Despite the inconclusive effects of ammonia exposure on adult U. pictorum from this study, the general approach to integrate behavioral, physiological and cellular endpoints appears advantageous in comprehensively assessing the ecotoxicological effects of stressors to adult freshwater mussels. Such different sublethal endpoints can provide functional information about the first signs of intoxications in terms of behavior, energy resources and immune system, as presented in this and other studies [54].



The effect of temperature stress in this study resulted in a significant effect on hyalinocyte mortality and morphological hemocyte alterations. Generally, the greatest differences between the different temperature treatments occurred at the lowest ammonia concentrations, which may be explained by the higher filtration activities of mussels and a more intense exposure under these circumstances. Based on the observations from our study, mussels seem to be able to detect elevated concentrations of ammonia, and reduce their filtering and thus exposure. In contrast to most mortality-based toxicological assays, the combined sublethal endpoints used in this study can be utilized to interpret the cause of negative impacts and delayed effects as demonstrated by our data. This needs to be considered in the conservation and preservation measures for these species [16]. Synergistic effects of different pollutants suggest that a mere quantification of ammonia can underestimate the real threat to mussel populations [51] which tend to be exposed to chemical mixtures rather than to single substances.



The protectiveness of water quality criteria for single substances highly depends on the substance-specific behavior under changing environmental parameters that can alter uptake and toxicity. In case of ammonia nitrogen, the equilibrium of the ionized and the un-ionized form is mainly controlled by pH and temperature [25,55]. The exposure of a specific organism however is influenced by the ion gradient at the osmoregulatory membranes like the gill-surface, which can result in different toxicities dependent on the total ion concentration in the water matrix. Previous studies reported a reduction of ammonia nitrogen toxicity for the invertebrate Hyallela azteca under a generally high ion concentration, especially hardness, in the exposure water [56]. Armstrong et al. [57] proposed a mechanism for ammonium ion toxicity to the freshwater prawn Macrobrachium rosenbergii in which the excretion of ammonium ion from the body is accomplished by a simultaneous uptake of sodium ions, and ammonia toxicity at low pH results from competitive inhibition of sodium transport by ammonium ions. Less information is available on freshwater mollusks, except for Hickey and Martin [58] who reported ammonia toxicity on the freshwater bivalve Sphaerium novaezelandiae being influenced by water hardness. In the present study, we may underestimate the sensitivity for U. pictorum, since the total ion concentration and hardness were relatively high and interactions between the ammonium ion other cations are likely. Since we did not address the effect of different water matrices there is no proof for an influence on U. pictorum sensitivity, but according to results from other studies on invertebrates, the ammonia toxicity can be expected to be much higher at low pH and low hardness [56].



Due to their ability to accumulate toxins, Unio species have been used as bioindicators since the 1960s, despite of little consideration of associated physiological alterations [59]. The different endpoints used in our study all revealed different levels of sensitivity and thus vary in their applicability as stress indicators. Mortality, despite its direct relevance in assessing adverse outcomes and observability in the highest concentration, only seems to be a weak indicator, at least in the range of temperatures and ammonia concentrations used herein and at within short exposures that do not consider delayed effects. Increasing the post-exposure observation periods may be important, especially if linked with a longer observation of glycogen as energy reserves. In this context, the clear trend of decreased glycogen content with increased ammonia concentrations and lower temperatures is likely to be more pronounced if longer exposure and holding periods are considered. Behavioral endpoints including mussel activity and clearance rates were found to be both useful and meaningful since they indicated a response to both stressors, and since they provide a direct link with a concrete ecosystem service provided by the mussels. However, the pronounced behavioral variability observed among individuals in this study, as well as in previous studies addressing mussel filtration [26,27] and glochidia attachment [60] suggest that long enough time intervals and sufficiently high numbers of replicates are needed to use it as a powerful indicator. Based on our findings, clearance rate measurement as an ecotoxicological endpoint needs to be carefully interpreted due to several reasons. First, filtration behavior can be controlled by an internal rhythm, which is not necessarily synchronized within the test population [27]. As measurements include only distinct time points, it is not clear for how long individual mussels were active within this period. Second, clearance rate is measured by the addition of food particles, which should trigger feeding behavior (e.g., particle clearance), although some mussel species seem to be unable to distinguish food from non-food particles [7]. Video analysis or more sophisticated tools such as real-time assessment of shell gaping would allow the quantification of the duration in avoidance responses or feeding [26,27]. Recent studies have demonstrated that the nature and concentration of seston may greatly influence bivalve filtration rates, with low and high algal concentrations causing reductions in filtration, making comparison between studies difficult [7,61,62,63].



In contrast to the above-discussed endpoints, hemocyte ratios, mortality and cell morphology are supposed to be sensitive and informative indicators of physiological disturbance. Moreover, they can be directly linked with immunological consequences. In particular, morphological changes indicating apoptosis on the cellular level seem to be a currently underestimated biomarker in freshwater mussel ecotoxicology, despite of the great relevance of this endpoint in fish [15,64] and mollusks [65,66]. Although functional attributes of hemocytes are not entirely clear, some studies suggest that hyalinocytes are associated to detoxification mechanisms [43,67], which is in line with our data. The granulocytes function is more associated to phagocytic activities [67,68], being less influenced under toxicity stress. A higher recruitment of these cells for detoxification may compromise other physiological roles, and—in the long run—diminish these cell types and weaken the immune system with direct consequence for the health status.



As evident from this study and previous publications, mussels can be considered important model species in ecotoxicology, as they are sessile filter-feeders, taking up water, dissolved and suspended particles when filtering. Therefore they accumulate substances from their surrounding environment, mirroring the pollution of their habitat. Additionally, mussels play a key role in nutrient cycling and biodeposition of suspended matter, representing essential processes in ecosystem functioning [7,10,11]. These key roles of mussels for freshwater ecosystem functioning and their observed ongoing declines require delineation of effective conservation strategies that also include water quality standards. In light of global change, elevated water temperatures and increasing concerns about ammonia in aquatic ecosystems, this study underlines the importance of including freshwater mussel fauna in assessing environmental stressors, environmental regulation and conservation plans.
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