

  soilsystems-03-00057




soilsystems-03-00057







Soil Syst. 2019, 3(3), 57; doi:10.3390/soilsystems3030057




Article



Biotic Interactions in Experimental Antarctic Soil Microcosms Vary with Abiotic Stress



E. Ashley Shaw 1,*[image: Orcid] and Diana H. Wall 2





1



Department of Biology, Colorado State University, Fort Collins, CO 80523-1878, USA






2



Department of Biology and Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, CO 80523-1878, USA









*



Correspondence: ashleysh@uoregon.edu







Received: 29 June 2019 / Accepted: 13 August 2019 / Published: 27 August 2019



Abstract

:

Biotic interactions structure ecological communities but abiotic factors affect the strength of these relationships. These interactions are difficult to study in soils due to their vast biodiversity and the many environmental factors that affect soil species. The McMurdo Dry Valleys (MDV), Antarctica, are relatively simple soil ecosystems compared to temperate soils, making them an excellent study system for the trophic relationships of soil. Soil microbes and relatively few species of nematodes, rotifers, tardigrades, springtails, and mites are patchily distributed across the cold, dry landscape, which lacks vascular plants and terrestrial vertebrates. However, glacier and permafrost melt are expected to cause shifts in soil moisture and solutes across this ecosystem. To test how increased moisture and salinity affect soil invertebrates and their biotic interactions, we established a laboratory microcosm experiment (4 community × 2 moisture × 2 salinity treatments). Community treatments were: (1) Bacteria only (control), (2) Scottnema (S. lindsayae + bacteria), (3) Eudorylaimus (E. antarcticus + bacteria), and (4) Mixed (S. lindsayae + E. antarcticus + bacteria). Salinity and moisture treatments were control and high. High moisture reduced S. lindsayae adults, while high salinity reduced the total S. lindsayae population. We found that S. lindsayae exerted top-down control over soil bacteria populations, but this effect was dependent on salinity treatment. In the high salinity treatment, bacteria were released from top-down pressure as S. lindsayae declined. Ours was the first study to empirically demonstrate, although in lab microcosm conditions, top-down control in the MDV soil food web.
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1. Introduction


They ways biological interactions affect communities is a key research theme in ecology. Biotic interactions are ubiquitous in most terrestrial ecosystems and interact with abiotic factors and dispersal to determine populations and community structure [1]. For example, studies have shown how biotic interactions affect plants [1], benthic invertebrates [2], and bird communities [3] under varying environmental conditions, but relatively few studies have empirically examined how biotic interactions affect soil community structure and function (but see: [4,5]). This is partly due to the vast biodiversity in soils, where relationships are further confounded by the difficulty of directly observing interactions among microscopic species along with many interacting factors, including plants and aboveground animals.



The McMurdo Dry Valleys (MDV) in Victoria Land, Antarctica, compose the largest ice-free area on the continent [6]. Among the world’s harshest environments, they are a simple ecosystem with very limited diversity of eukaryotes [7,8] compared to temperate ecosystems, making them an excellent system in which to study soil communities [9]. There are no vascular plants or vertebrates, and the metazoan diversity includes just a few species of nematodes, rotifers, tardigrades, collembolans, and mites [10,11], the most abundant of which is a nematode [7,12]. Low temperatures, low water, low organic carbon availability, and high salinity are factors known to constrain life in the MDV [12,13,14]. However, these factors are heterogeneous and shift across the landscape due to climate-induced changes [15]. For example, elevated solar radiation and episodic warming has altered liquid water availability through melted buried ice, higher stream flows, expanded stream margins, and the formation of shallow groundwater transports, e.g., water tracks [16]. When water reaches previously dry soils, it liberates and mobilizes soil nutrients and salts, weathers soil, and stimulates primary productivity, significantly altering soil properties that affect soil biota [17,18,19]. Greater hydrological connectivity through the formation of more abundant streams and water tracks is predicted for the future [20], and could alter soil habitats and their biodiversity landscape-wide.



Previous research has shown that abiotic factors explain much of the variation in invertebrate populations and community structure in the MDV. Along with other factors such as pH and carbon availability, moisture and salinity affect microbes and invertebrates from population to ecosystem (see Table 1; [13,14,21]). Dry soil habitat (~2 to 3% gravimetric water content) is dominated by an endemic, microbivore nematode, Scottnema lindsayae. This nematode co-occurs with other invertebrates such as the omnivore-predator nematode Eudorylaimus antarcticus, and sometimes with the microbivore nematode Plectus murrayi along with tardigrades and rotifers. However, E. antarcticus, P. murrayi, tardigrades, and rotifers prefer wet soil habitat and S. lindsayae is most frequently found in single-species communities in dry soils [8,13]. When soil moisture increases in dry soil, E. antarcticus and P. murrayi populations often increase, whereas S. lindayae populations decrease [7]. However, the long-term ecosystem response differs when wetting occurs as an extreme pulse event [22,23] or as a long-term press [24]. Andriuzzi et al. [23] showed that long-term climate-associated increases in soil moisture had detrimental effects on S. lindsayae and marginal positive effects on other taxa.



Salinity co-varies with soil moisture and these factors interact to affect invertebrates. For example, moisture facilitates the movement of solutes and thus, alters the salinity of habitats. In drier soils, elevated soil salinity reduces water availability and puts osmotic pressure on MDV biota [25]. In newly wetted areas, the magnitude of changes to soil moisture and salinity and their interaction can result in either an increase or a decrease in biological activity [19]. Soil salinity is a primary driver of nematode populations in the MDV and affects taxa differently [13,14,26]. Salinity causes physiological stress, especially via nitrogen toxicity, on nematodes [26]. Poage et al. (2008) found that S. lindsayae was more abundant in saline soils than E. antarcticus or P. murrayi, but the mortality of all species increased as salinity increased. However, Scottnema lindsayae is more tolerant of increased salinity than other species [26]. Besides mortality, the effect of high salinity on soil water potential may cause nematodes to become inactive [27]. Nematodes are known for their state of suspended animation, called anhydrobiosis, which they use as a desiccation survival strategy [28,29]. When they are in this anhydrobiotic state, they are decoupled from ecological processes because they are not using resources, creating waste or otherwise interacting with their environment. Treonis and Wall [27] showed that the proportion of the nematode community in anhydrobiosis was negatively correlated with increasing soil moisture and positively correlated with increasing soil salinity in the dry valleys. In addition to physiological stress on nematodes, soil salinity and moisture likely also have trophic effects on nematodes through food availability. For example, soil salinity is an important driver of microbial communities in the MDV [30] and other ecosystems [31,32] where salinity can be toxic to microbial metabolism through extracellular enzyme denaturation or changes to cell ion balance [33]. The effects of salinity and moisture on soil invertebrates are likely twofold: (1) physiological and (2) trophic. Previous research provides evidence for the direct physiological effects of water and salt on soil invertebrates and microbes (Table 1), but it is also plausible that any effect on microbes could indirectly affect their invertebrate consumers and vice versa. Yet, evidence for biotic interactions’ roles in community structure and/or ecosystem functions have not been documented in the MDV and patterns of invertebrate co-occurrence could be coincidental due to shared basic requirements for life [34]. Recent evidence showed that E. antarcticus occupied the omnivore-predator trophic level in Taylor Valley [35]; the presence of multiple trophic levels—from microbes and microbivores to omnivore-predators—indicates that biotic interactions existed in the MDV. Whether or not these biotic interactions are significant drivers of nematode community structure or how these interactions change under varying environmental conditions is still undetermined.



We asked (1) How does soil moisture and salinity affect populations of bacteria, S. lindsayae, and E. antarcticus? (2) Does the strength of their biotic interactions shift with abiotic stress? To test these questions we designed a full-factorial laboratory microcosm experiment (4 community × 2 moisture × 2 salinity treatments) to test the effects of soil salinity, moisture, and their interaction on bacteria, S. lindsayae, and E. antarcticus at four levels of community diversity (bacteria only, bacteria + S. lindsayae only, bacteria + E. antarcticus only, and bacteria + both nematode species). We hypothesized that (1) elevated moisture would have a positive effect on soil bacteria and E. antarcticus, but a negative effect on S. lindsayae, (2) elevated salinity would negatively impact all biota, and (3) the magnitude of responses would vary by community. Specifically, we expected bacterial abundance to be negatively related to total nematode abundance, and the response of S. lindsayae to depend on the response of E. antarcticus in the community treatment with both nematode species because S. lindsayae is a potential prey for E. antarcticus.




2. Materials and Methods


Community (4 levels), moisture (2 levels), and salinity treatments (2 levels) were applied in a full factorial design with 5 replicates (4 × 2 × 2 × 5 = 80). Community treatments were Bacteria only (control), Scottnema (bacteria + S. lindsayae), Eudorylaimus (bacteria + E. antarcticus), and Mixed (bacteria + S. lindsayae and E. antarcticus). Moisture treatments were high moisture (~8% g/g soil moisture) and control moisture (~3% g/g soil moisture). Salinity treatments were high salinity (~600 uS/cm) and control salinity (~100 uS/cm). For soil moisture treatments, 8% gravimetric soil moisture level was chosen as ‘high moisture’ treatment because it is representative of soil moisture levels in stream and lake margins and in water tracks [8,11,19]. We considered 3% soil moisture (gravimetric) as control soil moisture because soils were 2.94 ± 0.63 % moisture at collection. Additionally, we wanted nematodes to be active in both our control and wet treatments, and activity decline as nematodes enter anhydrobiosis at <2% moisture [27]. We chose 600 uS/cm electrical conductivity as ‘high salinity’ because models show that this level negatively affects both S. lindsayae and E. antarcticus populations but does not cause complete mortality [14]. Soil collected for microcosms had a background electrical conductivity of 107.51 ± 1.03 uS/cm and we considered this control salinity. We aimed to inoculate Scottnema microcosms with S. lindsayae at abundances of 1000 to 2000 per kg dry soil (125 to 250 per microcosm) based on mean abundances found in Taylor Valley soils [8]. For treatments with E. antarcticus, we aimed for 300 to 500 per kg dry soil (38 to 63 per microcosm). We chose the top of the range of E. antarcticus abundance found in previous studies [8,11] to allow for detectable treatment effects.



The 25 bulk soil samples from Many Glaciers Pond were mixed and homogenized and used for microcosm set-up in March 2017 (2 kg soil was reserved for nematode extraction). A total of 10 kg of bulk soil was combined in large aluminum trays and defaunated by heating soil at 65 °C for 48 h [48]. Next, 125 g of soil was added to 80 pre-autoclaved glass mason jars (1 Pint size). After soil was added, microcosms were chilled for 24 h (4 °C). Then, all microcosms were inoculated with bacteria using a soil slurry method (e.g., [49]). Briefly, 150 g of fresh soil was mixed with 800 mL of cold (4 °C) sterile deionized water in a pre-sterilized 1000 mL beaker on a stir plate for 45 min. This water was passed through a 25-micron (500 mesh) sieve to remove any nematodes but allow bacteria through. Next, 7 mL of bacterial inoculant was added to each jar with a sterile pipette. Microcosms were placed into a 4 °C incubator for 2 weeks to allow bacteria to establish before moisture, salinity, and community treatments were added.



For community treatments, S. lindsayae was extracted from twenty replicates of 100 g soil from the bulk soil collected at Many Glaciers Pond via cold sugar centrifugation method [50] and counted under an inverted microscope (Olympus CKX41). Approximately 8500 S. lindsayae was available for inoculation of 40 microcosms. These nematodes were pooled in a 50 mL centrifuge tube, allowed to settle for 1 h, and the total volume was reduced to 20 mL with an aspirator. The supernatant was reserved in a separate centrifuge tube and examined under a microscope to ensure no nematodes were present. Using a vortex on the lowest setting, nematodes were gently mixed and 0.5 mL of water + nematodes was pipetted into to each Scottnema and Mixed treatment microcosm. During inoculation, five samples were counted at random, where the 0.5 mL inoculant was pipetted directly onto a counting dish. An average of 180 ± 10.5 live S. lindsayae was present in the inoculant. Then, 0.5 mL of the reserved nematode-free supernatant was added to Eudorylaimus and Bacteria only treatment microcosms to account for any bacteria or nutrients present in the water.



Since very few E. antarcticus were present in the Many Glacier Pond soil, ten bulk soil samples collected from moss beds in 2015 at Hjorth Hill were used for the collection of E. antarcticus for the Eudorylaimus treatment. Ten replicates of 100 g of soil were extracted and counted under the inverted microscope. Many E. antarcticus were present, along with Plectus murrayi, rotifers, and tardigrades. Due to the biodiversity in these samples, E. antarcticus were picked by hand using an eyelash tool (Superfine eyelash with handle, Prod no. 113, Ted Pella, Inc., Redding, CA, USA). Approximately 2100 live E. antarcticus were hand-picked into a single falcon tube with water. Then, Eudorylaimus and Mixed treatments were established the same way as Scottnema treatments (described above). Five test samples were counted during inoculation and each contained an average of 52 ± 4.3 live E. antarcticus per microcosm. Again, 0.5 mL of the reserved supernatant containing no nematodes was added to the remaining microcosms (Scottnema and Bacteria only community treatments).



After nematode treatments were applied to microcosms, salinity and moisture treatments were added. We added 50 mg NaCl to the high salinity treatments to bring the soil electrical conductivity from ~100 uS/cm up to ~600 uS/cm. Microcosms that did not receive NaCl (e.g., Control) were removed from the incubator for the same amount of time to account for any effects of movement or brief temperature changes. We added 2 mL of sterile, deionized water to the high moisture treatments to bring gravimetric soil moisture up to ~8% (g water/g dry soil). Control moisture treatments were weighed and placed in a dessicator inside the incubator until moisture levels were ~3% (g water/g dry soil). Microcosms were weighed every 2 weeks to check moisture levels and sterile deionized water was added as needed.



Microcosms were incubated at 8 °C for three months, approximately the length of one active season [6]. Then, microcosms were harvested, and soil subsamples were taken in the following quantities for analyses: 5 g for bacteria extraction, 100 g for nematode extraction, 10 g for soil moisture, and 10 g for electrical conductivity. All extra soil was placed in sterile whirlpac bags and frozen (−20°C). Direct counts of bacteria cells were assessed via epi-fluorescent microscopy [51,52]. Nematodes were extracted via sugar centrifugation method [50] and then nematode abundance was assessed via bright-field microscopy (Olympus CKX41). Nematodes were identified to species, sex, and life stage (e.g., adult or juvenile).



Nematode counts were standardized to soil mass and expressed as the number of individuals kg dry soil−1. Bacterial cells were calculated to the number of cells g dry soil−1. A three-way ANOVA was used to test the effects of moisture, salinity, and community treatments on nematode and bacteria populations. Specifically, bacterial abundance, S. lindsayae total abundance, E. antarcticus total abundance, and S. lindsayae juveniles, S. lindsayae adults, S. lindsayae females, and S. lindsayae males were assessed with F tests, followed by post hoc tests (Tukey HSD), to confirm significant effects (p < 0.05). Residuals were tested for normality of distributions and homogeneity of variance, and data were logges (x + 1) or square root transformed if they failed (rejected when Shapiro–Wilks p < 0.05). Specifically, square-root transformation was chosen for bacterial cells, and log (x + 1) was chosen for E. antarcticus abundance. Scottnema lindsayae abundances met assumptions of normality and were not transformed. To understand biotic interactions in changing environments, we built separate linear models to test bacteria’s response to S. lindsayae and S. lindsayae’s response to E. antarcticus. All analyses were carried out using R 3.1.3 (R Core Development Team 2013). All experiment data were archived and available from the Mendeley Data repository, http://dx.doi.org/10.17632/2s9ppdngkm.1 [53].




3. Results


3.1. Effect of Treatments on Bacteria


There were significant overall effects of community treatments and a significant interaction between community and salinity treatment on total bacteria (Table 2). Moisture treatment did not significantly affect bacterial abundance (LSMeans, p = 0.827). There were significantly less bacterial cells in Bacteria only, Scottnema, and Mixed community treatments compared to the Eudorylaimus community treatment in control salinity microcosms (LSMeans, p < 0.05), but this effect was diminished under high salinity (Figure 1). Furthermore, there were significantly more bacterial cells present in the high salinity treatment for Scottnema and Mixed community treatments compared to Scottnema and Mixed communities with control salinity (Figure 1; LSMeans, p < 0.05).




3.2. Effect of Treatments on Nematodes


There were significant overall effects of salinity treatment, but not moisture or nematode treatment on S. lindsayae abundance (Table 2). Total S. lindsayae abundance was significantly lower in the high compared to control salinity treatment (LSMeans, p = 0.02; Figure 2a). This effect was particularly evident for juveniles and females, but not for males (Figure 2a). While there was no significant moisture treatment effect on total population (Table 2), there were significantly less adult S. lindsayae in the high compared to the control moisture treatment (LSMeans, p = 0.041), but this effect differed by nematode and salinity treatment (Figure 2b). The moisture treatment did not affect the total abundance of juveniles (LSMeans, p = 0.498). Scottnema lindsayae was added to two community treatments: Mixed and Scottnema. There were no differences in the total abundance of S. lindsayae between these two treatments (LSMeans, p = 0.198).



Eudorylaimus antarcticus did not survive in most microcosms (<1%). One single microcosm had 3 living E. antarcticus, this was the greatest survival of E. antarcticus (both nematode, control salinity, wet moisture). Eleven other microcosms had 1 or 2 living E. antarcticus, and all but two of these were the Mixed nematode treatment; the community treatment was the only significant effect on E. antarcticus abundance (Table 2).




3.3. Biotic Interactions


Due to the significant interaction between community and salinity treatments on bacterial abundance (Table 2), we built a multiple regression linear model to test the relationship between S. lindsayae and bacteria and its interaction with the salinity treatment (for Scottnema and Mixed community treatments only). Together, S. lindsayae abundance and salinity treatment explained 66% of the variation in bacterial abundance (Figure 3). When S. lindsayae abundance was held constant, there was an average of 1.07 × 108 fewer bacterial cells per g soil in control compared to high salinity (Figure 3). The relationship between bacteria and S. lindsayae abundance depended on the salinity treatment (interaction between S. lindsayae abundance and salinity treatment, p = 0.048). For high salinity, the number of bacterial cells per g soil declined by 9.68 × 104 per every additional S. lindsayae present per kg soil (Figure 3). When tested separately by salinity treatment, S. lindsayae abundance was significantly correlated to bacterial abundance under high, but not control salinity.



Due to the low survival of E. antarcticus in our microcosms, we did not test the response of S. lindsayae to E. antarcticus abundance.





4. Discussion


We hypothesized that elevated soil moisture would have a positive effect on soil microbes and E. antarcticus and a negative effect on S. lindsayae, but we found that moisture had no effect on bacteria and a negative effect on S. lindsayae adults only. A decline in adult nematodes could have lag effects through reduced reproduction, which negatively impacts future populations. Since our microcosm study mimicked the length of one ‘active’ season, and S. lindsayae generation time likely occurs over multiple seasons [54], it likely would have taken longer to see a moisture effect on the total S. lindsayae population. Moisture has been shown to have a negative impact in field studies on dry-soil adapted S. lindsayae (e.g., [22,23,55]), but these effects either occurred with an extreme flooding event when soil became saturated [22] or over a decade, when populations declined steadily [23].



The relative high soil salinity treatment had significant negative effects on total S. lindsayae abundance, as well as juveniles and females (Figure 2a), which could impact long-term populations through an effect on reproduction and recruitment to adulthood (e.g., see [56]). In other studies, not only nematode survival but also nematode activity was affected by soil salinity. Treonis and Wall [27] found a significant relationship between the number of nematodes in anhydrobiosis (a form of cryptobiosis) and soil water potential, which is affected by the interaction between soil water and salt content. Furthermore, the response of S. lindsayae to elevated soil salinity in situ depends on the type and composition of salts, which are often more toxic than NaCl alone [26].



We hypothesized that the magnitude of responses would vary by community, driven by biotic interactions. We expected bacterial abundance to be negatively related to the abundance of total nematodes. Previous studies have shown that nematodes stimulate bacteria populations, whereby both their activity and populations may be increased in the presence of consumers [57]. This bacterial response to consumers often depends on the C and nutrient availability in the soil [58]. At <1% of soil content, soil organic carbon availability is extremely low in MDV soils [59]. Carbon availability may be a significant limitation for bacterial biomass even when other conditions are favorable (low salinity, suitable moisture). As Van Horn [30] found, microbes quickly take advantage of a new carbon source when it becomes available, especially in areas of low salinity. In the Eudorylaimus community treatment, effectively all ~50 nematodes added died during the experiment and were presumably decomposed by bacteria. We found that total bacterial abundance did not differ between bacteria-only and Scottnema treatments but was significantly higher in the Eudorylaimus treatment over the other three community treatments in control salinity (Figure 1). When no nematodes, and thus, no new carbon sources were added in the bacteria-only treatment, the bacteria densities were lower (Figure 1). Additionally, there was lower bacterial density for the Mixed compared to the Eudorylaimus treatment, despite high E. antarcticus mortality in both, suggesting that S. lindsayae grazing inhibits bacterial response to the elevated carbon provided by dead E. antarcticus. There were no overall differences in bacteria abundance between the bacteria-only and Scottnema community treatments, suggesting that either resource availability or top down control may have been in play (Figure 1). To further investigate this relationship, we performed multiple linear regression on bacterial densities within treatments containing nematodes and found that the relationship between bacteria and S. lindsayae abundance differed by salinity level (Figure 3). Despite the greater bacterial abundance in Eudorylaimus compared to Scottnema treatments within control salinity (Figure 1), there was no relationship between bacterial cells and S. lindsayae abundance when considered within treatments containing nematodes, suggesting a stable bacteria population or a constant rate of S. lindsayae activity (Figure 3). However, in high salinity, bacterial abundance was significantly correlated to S. lindsayae abundance (Figure 3), with bacterial abundance increasing as S. lindsayae declined, suggesting either a release of top-down pressure on bacteria or more C available to bacteria from dead nematodes. Recent research suggested top-down effects of S. lindsayae on soil bacteria abundance [60]. Furthermore, not only have recent climate changes altered nematode populations and community structure (e.g., [23,24]), but the long-term effects of these changes are predicted to impact trophic structure and strength of biotic interactions in the MDV [43].



We expected the response of S. lindsayae to depend on E. antarcticus in the Mixed community treatment with both nematode species present. We did not find evidence for our last hypothesis, likely due to the low survival of E. antarcticus. This could be due to a number of stresses, including the storage of soils, transferring the nematodes from Hjorth Hill soils to Many Glaciers Pond soil, the stress of picking the nematodes by hand with the eyelash tool, or providing insufficient food sources. Similarly, labs that culture other Antarctic nematodes have been unable to keep E. antarcticus alive in culture (C. Tomasel personal communication, B. Adams personal communication). Porazinska, Wall and Virginia [55] found a negative relationship between S. lindsayae and E. antarcticus in a field survey and suggested that this could be due either to a biological interaction or differing habitat requirements. Testing the biotic relationship between S. lindsayae and E. antarcticus and how this relationship is affected by environmental factors will require additional studies.




5. Conclusions


Biotic interactions—including competition, predation, and facilitation—are among the primary drivers of ecological community structure in ecosystems worldwide. The relative importance of these drivers differs across various ecosystems and depends on a suite of factors that influence the strength of interactions. Antarctica’s McMurdo Dry Valleys are among the coldest and driest terrestrial ecosystems in the world and one of the harshest to support life. Previously, little evidence of biotic interactions was found [34] and prior research has focused primarily on the relationship between abiotic factors and soil biodiversity. Ours study suggests, although in lab microcosm conditions, top-down control in the MDV soil food web through S. lindsayae’s effects on bacterial abundance, since bacterial abundances were lower in the Mixed (containing S. lindsayae) compared to the Eudorylaimus community treatment, even though all the E. antarcticus effectively died and were decomposed in both. Furthermore, within treatments containing nematodes, our results suggest that biotic interactions were significantly altered by abiotic stress, specifically salinity. While more studies are required to test the relationships between MDV bacteria and their consumers, especially where the abundance of consumers is explicitly manipulated, our study has implications for MDV biodiversity, where in the future, this ecosystem is expected to experience a new distribution of soil solutes and altered C availability with changing hydrological connectivity.
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Figure 1. Community and salinity treatment effects on total bacterial cells. Different letters denote community treatments with significant differences (p < 0.05, LSMeans). 
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Figure 2. Salinity treatment effects on: (a) total living, adult, juveniles, female, and male S. lindayae. The asterisks denote significant differences (p < 0.05) between salinity treatments; (b) Community*Salinity*Moisture effects on S. lindsayae adults. The different letters denote significant differences (p < 0.05) between moisture treatments. 
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Figure 3. Linear relationship between bacteria and S. lindsayae abundance by salinity treatment (Control and High). 
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Table 1. Effects of salinity and moisture on soil taxa from organism to ecosystem.
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Taxa

	
Effects

	
Citations






	
Populations




	
Microbes

	
-Gene expression of AOA or AOB changes in more saline, drier valleys 1

-Moisture was positively correlated to fungi abundance while salinity was negatively correlated 2

	
1 Magalhães, et al. [36]

2 Arenz and Blanchette [37]




	
Invertebrates

	
-Scottnema and Plectus are both negatively affected by salt, but type and concentration matter 3

-Populations of Scottnema, Eudorylaimus, and Plectus are negatively related to salinity 4

	
3 Nkem, Virginia, Barrett, Wall and Li [26]

4 Powers, et al. [38]




	
Communities




	
Microbes

	
-Composition shifts with elevated salinity from Actinobacteria to Firmicutes dominated 1,5

-Greater community diversity in drier soils 2

-Salinity drives community composition in 4 valleys 3

-Alpha diversity of communities declines with salinity 4

-Soil moisture is a significant predictor of bacterial community diversity at genus level 5

	
1 Van Horn, et al. [30]

2 Takacs-Vesbach, et al. [39]

3 Lee, et al. [40]

4 Okie, et al. [41]

5 Geyer, et al. [42]




	
Invertebrates

	
-Greater community diversity in less saline soils 6,7,8

-Greater community diversity in wetter soils 6,7,8

-Nematodes Plectus and Eudorylaimus are associated with wetter soils, Scottnema with drier 6,7,8,9

	
6 Nielsen, et al. [43]

7 Ayres, et al. [11]

8 Treonis, et al. [8]

9.Powers, et al. [38]




	
Ecosystem




	
Microbes

	
-Water tracks alter respiration rates, depending on soil chemistry 1

-Lower microbial biomass in saltier, drier valleys 2

-Moisture addition did not affect microbial biomass in field experiment 3

-Along with pH and organic C, salinity was a predictor of microbial activity in lake and stream margins 4

	
1 Ball and Virginia [19]

2 Tamppari, et al. [44]

3 Ball, et al. [45]

4 Zeglin, et al. [46]




	
Invertebrates

	
-Water tracks affect soil invertebrate habitats, via soil chemistry changes 5, and have lower invertebrate abundance, associated with higher salinity 6

-Salinity and moisture are drivers of habitat suitability for invertebrates, S. lindsayae found in saltier, drier soils than other nematodes 7

	
5 Ball and Virginia [19]

6 Smith, et al. [47]

7 Courtright, et al. [13]
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Table 2. Results of three-way ANOVA. Effects of community (C), moisture (M), and salinity (S) treatments on Eudorylaimus total abundance, Scottnema total abundance, Scottnema adults, Scottnema juveniles, Scottnema females, Scottnema males, and total bacterial cells (d.f. = degrees of freedom). Bold font indicates significant effects.
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Effect

	
d.f.

	
F

	
p

	
Effect

	
d.f.

	
F

	
p






	
Eudorylaimus total abundance

	
Scottnema total abundance




	
C

	
1.32

	
19.89

	
<0.0001

	
C

	
1.31

	
2.02

	
0.165




	
M

	
1.32

	
0.29

	
0.597

	
M

	
1.31

	
1.57

	
0.220




	
S

	
1.32

	
0.10

	
0.759

	
S

	
1.31

	
6.25

	
0.018




	
C*M

	
1.32

	
0.033

	
0.858

	
C*M

	
1.31

	
0.62

	
0.437




	
M*S

	
1.32

	
1.252

	
0.271

	
M*S

	
1.31

	
0.48

	
0.494




	
C*S

	
1.32

	
0.164

	
0.688

	
C*S

	
1.31

	
0.10

	
0.758




	
C*M*S

	
1.32

	
3.362

	
0.076

	
C*M*S

	
1.31

	
3.21

	
0.083




	
Scottnema adults

	
Scottnema juveniles




	
C

	
1.35

	
0.82

	
0.371

	
C

	
1.31

	
1.46

	
0.237




	
M

	
1.35

	
4.82

	
0.035

	
M

	
1.31

	
0.38

	
0.544




	
S

	
1.35

	
8.47

	
0.007

	
S

	
1.31

	
4.24

	
0.048




	
C*M

	
1.35

	
0.195

	
0.662

	
C*M

	
1.31

	
0.38

	
0.541




	
M*S

	
1.35

	
0.49

	
0.489

	
M*S

	
1.31

	
0.039

	
0.844




	
C*S

	
1.35

	
0.11

	
0.73

	
C*S

	
1.31

	
0.226

	
0.638




	
C*M*S

	
1.35

	
5.75

	
0.023

	
C*M*S

	
1.31

	
1.675

	
0.205




	
Scottnema females

	
Scottnema males




	
C

	
1.31

	
3.60

	
0.067

	
C

	
1.31

	
0.35

	
0.5574




	
M

	
1.31

	
2.01

	
0.167

	
M

	
1.31

	
3.239

	
0.0817




	
S

	
1.31

	
9.81

	
0.004

	
S

	
1.31

	
2.023

	
0.1649




	
C*M

	
1.31

	
0.72

	
0.403

	
C*M

	
1.31

	
0.448

	
0.5085




	
M*S

	
1.31

	
1.49

	
0.232

	
M*S

	
1.31

	
0.677

	
0.4169




	
C*S

	
1.31

	
0.37

	
0.548

	
C*S

	
1.31

	
0.599

	
0.4450




	
C*M*S

	
1.31

	
3.38

	
0.076

	
C*M*S

	
1.31

	
3.436

	
0.0733




	
Bacteria cells

	

	




	
C

	
3.53

	
7.34

	
0.0003

	

	

	

	




	
M

	
1.53

	
0.35

	
0.557

	

	

	

	




	
S

	
1.53

	
3.51

	
0.067

	

	

	

	




	
C*M

	
3.53

	
0.75

	
0.527

	

	

	

	




	
M*S

	
1.53

	
0.03

	
0.870

	

	

	

	




	
C*S

	
3.53

	
16.41

	
<0.0001

	

	

	

	




	
C*M*S

	
3.53

	
0.68

	
0.568

	

	

	

	












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
a)

900 ~

600 -

Living Scottnema per kg dry soil
w
o
o

-

Total

Adult Juvenile Female Male

Scottnema group

Salinity

M High
E3 Control

b)
DRY WET
600
a
§
b
P
= D
(@))] °
X 400 - .
| -
)]
@ 1
i)
: =
©
<L
(4y]
&
= -
£ 200 -
®
(&)
%)
c) L ]
£
2
—
O -
CONTROL SALT CONTROL SALT

Salinity Treatment

Community

B Mixed
E3 Scottnema





nav.xhtml


  soilsystems-03-00057


  
    		
      soilsystems-03-00057
    


  




  





media/file0.png





media/file2.png
sqrt (Cells/g dry soil)

16000 - b
12000 - b
at be | ac
ac a a
8000 -
4000 -
CONTROL SALT

Salinity Treatment

Community

E3 Bacteria only
E3 Scottnema
E3 Eudorylaimus
B Mixed





media/file5.jpg
bacteria ~ Scoltnema abundance * salt ==
ini
RA2=066  p<0.001 alnity
- o Hgn
o o Contol
= 126008
5
s
S
3
g
2800407
o
3
a
)
b
5
@ 4 ges07
° °
20 4t ED B

Scottnema density per kg dry soil





media/file6.png
Bacteria cells per g dry so

1.2e+08 -

8.0e+07

4.0e+07 -

bacteria ~ Scotthema abundance * salt
RA2=0.66 p<0.001

O

Salinity
® High
O Control

200

400 600
Scottnema density per kg dry soil

800





media/file3.jpg
b

a

Community

‘Salinky Treatment

105 A0 B3 500 ewoutioos o





media/file1.jpg
sqrt (Cells/g dry soil)

16000

12000

8000

4000

be
ac be ac
a a a L
|
CONTROL SALT

Sallinity Treatment

Community

£ Bacteria only

& Scottnema

& Eudorylaimus
Mixed






