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Abstract

A decrease in biodiversity and density of terrestrial organisms with increasing altitude and latitude is a well-known ecogeographical pattern. However, studies of these trends are often taxonomically-biased toward well-known organisms and especially those with relatively large bodies, and environmental variability at the local scale may perturb these general effects. Here, we focus on understudied organisms—soil invertebrates—in Antarctic deserts, which are among the driest and coldest places on Earth. We sampled two remote Antarctic sites in the Darwin Glacier area and established an altitudinal gradient running from 210 to 836 m a.s.l. We measured soil geochemistry and organic matter content and linked these parameters with the presence of soil invertebrates. We found three general outcomes, two of which are consistent with general assumptions: (a) the hostile climatic condition of the Darwin Glacier region supports an extremely low diversity of soil metazoans represented by a single nematode species—Scottnema lindsayae; (b) soil geochemistry is the main factor influencing distribution of nematodes at the local scale. Contrary to our expectations, a positive correlation was found between nematode density and altitude. This last observation could be explained by an additional effect of soil moisture as we found this increased with altitude and may be caused by orographic clouds, which are present in this region. To the best of our knowledge such effects have been described in tropical and temperate regions. Potential effect of orographic clouds on soil properties in polar deserts may be a fruitful area of ecological research on soil fauna.
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Introduction

Ice-free areas in Victoria Land represent ca. 2% of Antarctica’s ice-free land. They are characterized by both low temperatures and precipitation, high sublimation rates, nutrient-poor soils and the presence of only a few multicellular species such as lichens, mosses and soil microfauna (e.g., Fountain et al. 1999; Doran et al. 2002; Porazińska et al. 2002a, b; Poage et al. 2008; Adlam et al. 2010). In these extreme ecosystems, moisture and organic matter availability are low, while salinity is relatively high in the thin top layer of soil that thaws during the summer, known as the “active soil layer” (Courtright et al. 2001; Adlam et al. 2010). Although microbial communities are present in almost all soils (e.g., Cary et al. 2010), there are no vascular plants or vertebrates in this region (Horowitz et al. 1972), the densities and diversity of photoautotrophic organisms are low (Barrett et al. 2008), and the biota of these areas are severely restricted in distribution by extreme conditions and low productivity.

The simplicity of Antarctic dry valley ecosystems is an advantage for examining the influence of soil factors on the diversity of life as well as developing models to predict the potential impacts of climate change (Colesie et al. 2014; Andriuzzi et al. 2018). The best-investigated Antarctic deserts are the McMurdo Dry Valleys, where a long-term ecological research programme was established for studies on the variability of life and climatic and geochemical processes in a pristine, extreme ecosystem (e.g., Powers, Freckman, Ho et al. 1995; Freckman & Virginia 1998; Doran et al. 2010). Studies in other ice-free Antarctic areas beyond the McMurdo Dry Valleys are scarce (Ruprecht et al. 2010; Colesie et al. 2013; Colesie et al. 2014). In general, very little is known of Antarctic regional biogeography or of the diversity of these habitats (Adams et al. 2006; Convey et al. 2014; Velasco-Castrillón et al. 2014; Czechowski et al. 2016; Chown et al. 2017).

One such remote and poorly studied area is the Darwin Mountains region, one of the driest and coldest ecosystems in the world (Colesie et al. 2014). Extremely low water availability in the Darwin Mountains area is driven by very low precipitation and the largest sublimation rates in the Ross Sea region, coupled with low atmospheric water vapour pressure and a high water vapour pressure deficit (Bromwich & Guo 2004). Limited access to remote field areas such as the Darwin Glacier region makes biological and physical characterization of such areas difficult.

There are few studies of the limno-terrestrial biology of the Darwin Glaciers region (Ruprecht et al. 2009; Webster-Brown et al. 2010; Colesie et al. 2013; Colesie et al. 2014), and no paper devoted to the Darwin Glacier region has focused exclusively and specifically on soil fauna. Filling this knowledge gap is important for understanding these unusual ecosystems, given the influence of soil fauna on nutrient cycling, mineralization and decomposition processes as they feed on primary organisms (Procter 1990). In fact, the Antarctic soil fauna has generally been understudied and most research effort has so far concentrated on easily accessible areas near research bases, particularly on the Antarctic Peninsula (e.g., Convey 2011; Chown et al. 2017).

Contemporary studies show that soil properties like moisture and conductivity in arid ecosystems are crucial for understanding the patterns of Antarctic biodiversity (Powers, Freckman, Ho et al. 1995; Powers, Freckman & Virginia 1994, 1995; Porazińska et al. 2002a, b; Courtright et al. 2001; Nkem et al. 2006; Poage et al. 2008). In addition, the effect of altitude in such cold places may be even more crucial than at lower latitudes (Adams et al. 2006). The assumption of a mostly linear relationship between altitude and temperature led to the consideration of such gradients as useful proxies for predicting the effects of climate change on organisms (Iglesias Briones et al. 1997; Hodkinson 2005; Zawierucha et al. 2015; Andriuzzi et al. 2018). These assumptions may oversimplify these relationships, as the effects of latitude or altitude may be less significant than other local factors (Colesie et al. 2014). For example, temporary warming after cooling periods in the Ross Sea region may influence soil fauna as warmer years tend to be wetter (Andriuzzi et al. 2018).

Antarctic terrestrial invertebrate communities are likely to respond to climate changes both directly and indirectly. They are predictors of changes of microbial assemblage diversity and activity and the development of changes in Antarctic plant communities (Nielsen & Wall 2013). Despite the fact that these regions are expected to have the most visible response to changing temperatures, studies on altitudinal gradients have rarely been conducted in either Antarctic deserts (Powers, Freckman & Virginia 1995; Powers et al. 1998; Courtright et al. 2001; Porazińska et al. 2002b; Adlam et al. 2010; Andriuzzi et al. 2018) or in Antarctica as a whole (e.g., Gremmen et al. 2007).

A reasonably complete understanding of global biodiversity is crucial for studying both the evolution and ecology of these ecosystems and to provide answers as to how global-scale changes will affect them, especially those in fragile polar areas (Convey 2011; Nielsen & Wall 2013). With so few studies published, there are many remote inland ice-free areas that have yet to be sampled and provide data for models of Antarctic climate change.

The main aims of our study were (a) a comparison of fauna in two regions (Diamond Hill and Bartrum Basin) that differ in altitude, topography and age of recent glaciation in the remote Darwin Glacier area and (b) to survey changes of soil fauna over altitudinal gradients on the slopes of Diamond Hill. In this study we identified prominent abiotic factors influencing the density of soil nematodes. We also investigated the possibility that humidity derived from orographic clouds may have a significant impact on polar soil biota.

Material and methods

Study area

We conducted our studies at two areas in the Darwin Glacier region (79.88° S 159.00° E): at Diamond Hill at the outlet of the glacier; and the Bartrum Basin, approximately 20 km to the west. This area, part of the Brown Hills, constitutes desert isolated by glaciers from mountain ranges and the sea (Fig. 1). Diamond Hill is located at the eastern edge of the Transantarctic Mountains, close to the Ross Ice Shelf and the north side of the outlet of the Darwin Glacier. It is dominated by outcrops of granite, granodiorite and high-grade metamorphic rocks (Carosi et al. 2007). Further inland, the Beacon Sandstones (Devonian–Triassic) are intruded by sills and dikes of Lower Jurassic tholeiitic dolerite (Elliot & Fleming 2004). Cosmogenic exposure ages of exposed rocks in this region range from 1000 to 1 million years, and rocks at the Diamond Hill site are estimated to have been exposed, presumably by ice sheet retreat, for about 400 000 years (Storey et al. 2010). The climate of Diamond Hill is characterized by higher air humidity and precipitation that supports a modest diversity and abundance of lichens somewhat greater than the Bartrum Basin (Ruprecht et al. 2010). Nevertheless, the few available studies of limno-terrestrial biology of the Darwin Glaciers region (Ruprecht et al. 2009; Webster-Brown et al. 2010; Magalhăes et al. 2012; Colesie et al. 2013; Colesie et al. 2014) show low community diversity compared to other polar regions including the Dry Valleys. Webster-Brown et al. (2010) showed that benthic microbial mats in this area are thin and poorly developed, dominated by oscillatoriacean cyanobacteria. Nitrogen-fixing genera were generally absent, and diatoms were rare (Webster et al. 2010). Colesie et al. (2014) conducted the most comprehensive studies in this area as part of a broad survey of the Ross Sea coastline focusing on lichens, bryophytes and arthropods (springtails and mites). The Diamond Hill area of the Darwin Glacier yielded nine species of lichens, one bryophyte and only one invertebrate species, a mite (Colesie et al. 2014).

Fig. 1  The study area in Antarctica (insert), showing the locations of Bartrum Basin (BB) and Diamond Hill (DH).
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General climatic and biological data for Bartrum Basin are scarce. Bartrum Basin is located in the north-west of the Brown Hills and is apparently very dry with very little exposure to sunlight as it lies to the south and in the shade (for much of the year) of the Bowling Green Plateau. The dominant rock types are dolerite and granite (Ruprecht et al. 2010), but the geomorphologic history of Bartrum Basin is not well known and may contain the same elements as Diamond Hill.

Sampling

In January and February of 2009, a field survey and sampling in the Darwin Glacier area (Fig. 1) were carried out in order to investigate diversity and densities of soil fauna. Samples were collected from specific areas in the Bartrum Basin and at Diamond Hill (Fig. 2a, b). Fourteen samples (each comprising two subsamples) were collected from Bartrum Basin in two altitudinal intervals ranging from 606 to 682 m. a.s.l. and from 969 to 1202 m a.s.l. Big rocks, a lack of typical soil/gravel layer and rock walls made it difficult to sample elevations spanning ca. 700–900 m a.s.l (Fig. 2b). Seventeen samples (11 consisting of two subsamples) were collected on Diamond Hill in an altitudinal gradient running from 210 to 836 m a.s.l. Samples were collected at ca. 50–140 m altitude intervals depending on the conditions. Samples were collected only in sites with limited stones and rock cover and where some kind of soil was present (Fig. 2a). This allowed for effective comparison of sites. Supplementary Table S1 provides the dry weights and associated geographic coordinates and altitudes for each sample.

Fig. 2  (a) Soil in Diamond Hill; (b) stones in Bartrum Basin; (c, d) orographic clouds in the Darwin Glacier region.

[image: POLAR-38-3494-F2.jpg]

The samples of about 500 g were collected from the upper 0–10 cm layer of soil using a sterile scoop, then placed in a sterile polyethylene bag and mixed thoroughly. Subsamples at each site were typically collected within 50 m of each other. Stones larger than 5 cm in diameter were excluded from the samples. All samples were maintained in the shade at ambient sub-zero temperatures in the field within chilly bins to minimize temperature variations. Sample were cooled to –20°C at Scott Base and transported frozen to New Zealand, where they were stored at –20°C. Each bin weighed about 40 kg and responded slowly to changes in ambient temperature (less than 0.5°C per hour assessed by temperature monitors within the bin). Analysis was done as soon as possible but no later than three months after sampling.

Nematode extraction

Nematodes were extracted by a modified Baermann technique (Hooper et al. 2005). A 100 g portion of soil from each sample was thawed, placed on a sieve lined with two layers of tissue paper and immersed in water in a large glass Petri dish. The nematodes were recovered in the water in the Petri dish after 24 hr. The nematodes were collected by centrifugation, after which they were identified and counted under a microscope (Wharton et al. 2017). Nematodes were identified using the species descriptions by Timm (1971). This approach also yields rotifers and tardigrades from similar samples at Ross Island, suggesting that their absence in our samples reflects an absence from the environment in 2009.

Geochemical analysis

We measured basic geochemical parameters of the sampled soils. Soil moisture was determined gravimetrically from a 10 g subsample dried in an oven for 24 hr at 100°C. Organic carbon content was assessed by the combustion method: after dry weight assessment, the same soil sample was combusted at 500°C for 8 hr and reweighed. Soil pH and conductivity (a proxy for salinity) were measured on a slurry made from a 1:2 (w/v) solution of the <2 mm soil in ASTM Type 1 (mQ) water (7 g soil to 14 ml mQ according to standard approach [Barrett et al. 2002; Barrett et al. 2008]) to enable comparable models to be generated (Poage et al. 2008).

Data analysis

To identify the environmental factors underlying the distribution of nematodes, we performed a series of generalized linear models and zero-inflated models. Because the nematode count data were significantly over dispersed, we did not use a GLM with a Poisson family of error distribution. Instead, we used models with a negative binomial distribution (GLM.nb). Because we observed many sites with zero nematode abundance, we also employed zero-inflated models, which consider separately the processes determining presence or absence of nematodes at any site from the processes that affect the counts of nematodes at only those sites where nematodes were present.

Initially, all models were applied to nematode data, with a single environmental parameter analysed at a time. Subsequently, we also used the forward selection procedure to select all environmental variables that significantly explained the nematode distribution. The forward selection adds the variables with decreasing explanatory power in a stepwise manner until the more complex model does not significantly improve the fit to the data. The significance of the correlation was assessed by a likelihood ratio test by comparing the log likelihood of a given model to that of the null model (assuming no dependence of observed nematode abundances with soil parameters). The forward model selection was continued starting from the null model, and we considered the best model as the one that significantly increased the log Likelihood score compared to its nested and simpler model. The significance of each model as compared to the simpler nested model was tested with the ANOVA. GLM function using 0.05 as the cut-off value and with the appropriate type of test for the given GLM family. All these calculations were performed in the R software (R Development Core Team 2008).

Initially, all models were applied to combined data from both Bartrum Basin and Diamond Hill, but because the two areas largely differed in both physico-chemical properties and in nematode abundance (there was only one site with nematode occurrence within the Bartrum Basin), we also analysed the Diamond Hill region separately.

Finally, to avoid the effect of spatial autocorrelation of sampling replicates taken at the same sites, we also repeated the same procedures with averaged data for each sampling site. Nematode averaged abundances were rounded to the nearest integer to fit the assumptions of the GLM.nb.

Results

Fauna

In soil samples we found only one species of nematode: Scottnema lindsayae (Timm, 1971). No other soil microfauna were found in these samples. At a first glance, there were clear differences between the two regions. Bartrum Basin soils were characterized by generally high soil conductivity (Fig. 3), and nematodes were found in only one sample (comprising two subsamples) with density of 38 per 100 g. By contrast, the soil conductivity (a proxy for salinity) was relatively low in the Diamond Hill region (Fig. 3), with most sites containing S. lindsayae: 70.6% of samples from Diamond Hill contained an average of 12.93 nematodes per 100 g. The highest density of nematodes was recorded at 789 m a.s.l., with 113 per 100 g.

Fig. 3  Differences in conductivity between Bartrum Basin and Diamond Hill. In each boxplot, the median is indicated by a horizontal line; the box encompasses the second and third data quartiles, while whiskers encompass the data within the interval given by the lowest value of the 1.5 interquartile range of the first quartile and the highest value of the 1.5 interquartile range of the third quartile. Outliers are denoted by empty circles.
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Influence of soil parameters on nematode distribution and abundance

Using the entire data set over both regions, the GLM. nb indicated a highly significant effect of conductivity (z = −3.171, p = 0.0015), where high conductance values (i.e., >1000 μS) clearly correlated with the absence of S. lindsayae at most sites in the Bartrum Basin and some sites in the Diamond Hill regions. Therefore, all other analyses were performed with the zero-inflated models, where conductivity was used as an explanatory variable in the zero-inflation binomial component with the logit link function, while all other variables were used as predictor in the count component of the model with negative binomial error distribution with the log link. We initially applied the zero-inflated model with each predictor variable considered separately for the total data set as well as the data from only Diamond Hill. In both cases, we found significant effects of only two factors, specifically, altitude (total data set: z = 3.622, p = 0.0003; Diamond Hill data set: z = 3.779, p = 0.00016) and relative soil moisture (total data set: z = 2.094, p = 0.036; Diamond Hill data set: z = 1.913, p = 0.055).

When we applied the forward selection of zero-inflated models to the total data set, we identified altitude as the only significant variable, as the addition of any other variable did not improve the model fit. By contrast, when applying the forward selection to the Diamond Hill data only, we identified three significant variables: altitude, organic matter and pH,which all showed a positive correlation with nematode abundance.

To avoid the effect of spatial autocorrelation of sampling replicates taken at the same sites, we also repeated the same procedures with averaged data for each sampling site (nematode averaged abundances were rounded to the nearest integer to fit the assumptions of the GLM.nb). When applying the zero-inflated models with individual predictor variables to the averaged data from both sites, we found only a significant effect of altitude (z = 3.379, p = 0.000726), whereas analysis of the Diamond Hill sites showed significant effects of two parameters, altitude (z = 3.322, p = 0.000895) and soil moisture (z = 1.966, p = 0.049).

In summary, we stress that in most data sets the soil moisture appeared significantly positively correlated with nematode abundances when used as the only predictor variable, but its effect was not significant when performing the forward selection procedure. However, soil moisture was significantly positively correlated with altitude (linear model t = 2.484, p = 0.0201, Fig. 4a), which may explain this observation. There was no significant relation between soil conductivity and altitude and soil conductivity and moisture (Fig. 4b, c).

Fig. 4  The relation of (a) soil moisture and altitude, (b) conductivity and altitude and (c) conductivity and soil moisture on Diamond Hill sites.

[image: POLAR-38-3494-F4.jpg]

Overall, soil conductivity was the significant parameter driving the distribution of nematodes. The Bartrum Basin contained soils with very high conductivity, and nematodes generally were absent in this region. Taking the detrimental effect of conductivity into account using the zero-inflated models, we found that nematode density positively correlated with altitude (and soil moisture, which was correlated with altitude), organic carbon (LOI) and pH (Fig. 5).

Fig. 5  The relation of nematode densities to (a) altitude, (b) organic matter content (LOI) and (c) pH.
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Discussion

Soil ecosystems of the high Antarctic have previously been documented as extremely poor in biodiversity in comparison with other parts of the world, including deserts—some areas are dominated by rotifers and tardigrades as the only metazoans (Convey & McInnes 2005). As to nematodes, which form one of the most dominant and speciose groups in all other continents, their diversity is as low as three morphospecies throughout the high Antarctic ice-free areas (Freckman & Virginia 1997). In this study we investigated desert soils from one of the harshest climates on Earth—the Darwin Glacier region—and found evidence for one of the most impoverished regions of metazoan soil diversity, with only a single species of nematode—S. lindsayae—present in this region. This species is the “southernmost worm” (Adams et al. 2007) and may form a dominant component of nematode assemblages in the polar deserts of Victoria Land (e.g., Freckman & Virginia 1997; Porazińska et al. 2002b; Powers, Freckman & Virginia et al. 1995; Adams et al. 2014). In Victoria Land, S. lindsayae occurs most commonly in dry, bare, sandy or rocky substrates, where it is often the apex consumer (e.g., Powers, Freckman & Virginia et al. 1995; Adams et al. 2014). However, the material in our study was collected in 2009 and according to Andriuzzi et al. (2018) significant climatic shifts took place in the McMurdo Dry Valleys during this time. We can therefore not exclude the possibility that currently there are more representatives of microfauna in the Darwin Glacier region.

Our study represents the first record of this species in the Darwin Glacier region, with the unique finding of this species as the single representative of the entire metazoan community in our samples. We also discovered some associations between its occurrence and specific soil characteristics that warrant further discussion, including the unexpected relationship of altitude to soil moisture.

Soil conductivity

Our results showed that conductivity has the strongest negative correlation with nematode counts in the area of Darwin Glacier. The Bartrum Basin was characterized by soil conductivity much higher than at Diamond Hill and was also almost free of nematodes. We found S. lindsayae at a single site where the conductivity was lower than elsewhere in the Bartrum Basin region.

Electrical conductivity was previously suggested as a factor influencing the mortality of nematodes in Antarctic soils (Powers et al. 1998). Poage et al. (2008) established a statistical basis for understanding invertebrate distribution over the entire Dry Valleys in Victoria Land. They suggested that salinity, which correlates with soil conductivity, plays a primary role in determining the nematode habitat suitability (Poage et al. 2008). They found that soil salinity has a significant influence on the distribution of S. lindsayae in Antarctic deserts (Freckman & Virginia 1997; Porazińska et al. 2002b; Poage et al. 2008), and this nematode is mostly found predominantly in soils with an electric conductivity <700 mS cm−1 (Courtright et al. 2001; Poage et al. 2008). Our studies agreed with these previous findings and support the proposal that soil conductivity in dry valleys is an important driver of the distribution of soil nematodes, and this in turn may decisively affect soil communities even on a small geographic scale.

Altitude and moisture

We found a positive correlation between S. lindsayae abundance and altitude or soil humidity, or both, at Diamond Hill. In general, the altitudinal gradients on mountain slopes help to define the biological patterns and processes that emerge as key factors for species richness, abundance and distribution (e.g., Iglesias Briones et al. 1997; Hodkinson 2005). These gradients are especially important in fragile polar ecosystems sensitive to environmental changes (e.g., Zawierucha et al. 2015). A significant relationship between invertebrate communities and elevation has been documented in a number of surveys (e.g., Nelson 1975; Dastych 1985, 1988; Wolda 1987; Porazińska et al. 2002b; Porazińska et al. 2004; Guil et al. 2009; Zawierucha et al. 2015; Andriuzzi et al. 2018), but there is no consensus as to which variables relating to elevation (e.g., temperature, moisture, UV, vegetation or others) are causally responsible for shaping invertebrate diversity, distribution and abundance. Many of these studies provide conflicting results, reporting a positive (e.g., Wood 1974; Nelson 1975; Dastych 1988; Porazińska et al. 2002b; Sadaka & Ponge 2003; Devetter et al. 2017), a negative (e.g., Dastych 1985; Porazińska et al. 2002b; Stebaeva 2003; Wang et al. 2009) or no relationship (e.g., Kathman & Cross 1991; Powers et al. 1998; Zawierucha et al. 2015) between invertebrates and elevation. Similar inconsistencies with altitude were found in microbial communities. Kotas et al. (2017) showed that in the Arctic, microbial biomass increases with altitude, but it seems that such responses may be taxon dependent (Gremmen et al. 2007; Bryant et al. 2008).

Some previous studies showed that densities of S. lindsayae, the focal species of our study, increased along an altitudinal gradient in the Dry Valleys, but these data were collected along a shorter transect at lower elevations (83–392 m a.s.l.) (Porazińska et al. 2002b; Andriuzzi et al. 2018). In this work, changes of climatic variables weren’t so discernible as in our study, which showed a positive correlation of nematode abundance with altitude along a much longer transect spanning from 210 to 836 m a.s.l. More importantly, our study suggested that S. lindsayae distribution is positively affected by soil moisture, either considered as a single factor or correlated with altitude. Our finding that S. lindsayae inhabits soil patches with a high moisture content at Diamond Hill was surprising given contemporary, albeit scarce, data on S. lindsayae biology. Although S. lindsayae was reported to tolerate a wide range of soil moistures, the studies of Porazińska et al. (2002b) and Treonis et al. (1999) reported a negative effect of soil moisture on S. lindsayae densities, suggesting that, contrary to our findings, this species prefers dry habitats and tends to avoid moister habitats such as snow-covered soil or the edge of streams.

Recent work by Andriuzzi et al. (2018) suggested a different pattern when they examined the effect of varying climatic conditions on S. lindsayae abundance. During warming periods they found a decline in S. lindsayae and an increased abundance and expanded distribution of other taxa. These shifts are likely to result from an enhanced ice melt. They also found that at low and mid-elevations, the presence of moisture was negatively correlated with S. lindsayae abundance (Andriuzzi et al. 2018).

Antagonistic interactions amongst soil nematodes in Antarctic valleys may explain varying densities as well as the distribution of species, including S. lindsayae (Shaw et al. 2018). All previous studies investigating the ecology of Antarctic soil nematodes have been conducted in ecosystems with few coexisting nematode species, where the negative correlation of S. lindsayae with moisture was probably caused by competitive displacement by other species that out-performed S. lindsayae in wetter conditions (Andriuzzi et al. 2018). In the absence of competing species, moisture might pose less of a disadvantage to S. lindsayae and account for our findings of an increased abundance of S. lindsayae in moister soils.

Orographic clouds: potential source of water

The discrepancies among different studies in terms of the effect of moisture on S. lindsayae abundance (positive or negative) may reflect inconsistent sampling schemes or a lack of climatic data from the investigated areas that may fail to reveal the true factors influencing different outcomes at various study sites. The best examples of the latter effect are demonstrated in deserts where isolated mountains or steep slopes intercept the clouds with a resulting formation of a fog zone. In the Atacama Desert, for example, this fog is the most important source of water for plants and the soil crust (Cáceres et al. 2007). At meso-climatic scales, such orographic clouds increase moisture and humidity on upper mountain slopes, with considerable effect on the local biota, which may locally deviate from general trends (Cereceda et al. 2002; Scholl et al. 2007; Cochrane 2011; Sawaske & Freyberg 2015). For polar regions we found no studies linking the biodiversity, densities or biomass of biota to orographic clouds, although the relationship between humidity and biocrusts in the Antarctic is briefly discussed by Green & Proctor (2016). In fact, the orographic clouds are not only typical for tropical mountain forests (Pounds et al. 1999) and deserts (Cáceres et al. 2007) but are also common in polar regions, including Victoria Land (Zibrodi & Frezzotti 1996). We observed them several times in the Darwin Glacier region during our brief visit (Fig. 2c, d). Scott & Lubin (2016) note the variable effect of orographic precipitation on parts of Ross Island, providing evidence that such regional variations in precipitation are possible. Nevertheless, although the positive effect of orographic clouds on soil biology has been neither studied nor demonstrated in polar regions, we hypothesize that this may be one explanation for our finding increasing densities of nematodes with altitude.

We note that the few other studies devoted to soil biology in Victoria Land do not fit our observations. Andriuzzi et al. (2018) found a negative effect of moisture on S. lindsayae. Porazińska et al. (2002b) reported decreasing soil moisture with altitude and Powers et al. (1998) found that electrical conductivity and pH increased and soil moisture, organic carbon and organic nitrogen decreased with distance (and elevation) from lakes in the McMurdo Valleys. Moreover, Gooseff et al. (2003) reported no relationship between dry and moist soil under snow packs and S. lindsayae, suggesting that densities of this species may be linked to changing osmotic potential and salinity (Adams et al. 2014). However, water is a limiting factor in our study area, and there may be a threshold effect providing sufficient water crucial for life.

Other factors: carbon, pH

Apart from soil moisture and electrical conductivity, there are other variables correlated with diversity, densities and biomass of soil invertebrates, among which organic carbon is important (e.g., Moorhead et al. 2003). Although organic carbon content in our studies was positively correlated with the presence of S. lindsayae, the significance of this effect remains unclear in Antarctic ecosystems (Powers et al. 1998; Cortright et al. 2001; Porazińska et al. 2002a).

Poage et al. (2008) measured the pH of soils in the McMurdo Dry Valleys with values ranging from 7.87 to 9.63. We noted similar pH values for the Darwin Glacier region over the range 6.98–9.18 (and one subsample outlier of 2.79). Soil pH has been proposed as one of the predictors for the presence of active S. lindsayae in Antarctic desert ecosystems. Poage et al. (2008) showed that soil pH negatively correlates with S. lindsayae abundance and positively with mortality. These authors stressed that there was a strong negative logarithmic relationship between soil conductivity and pH that may reflect electrode-specific influences of dissolved salts on the measurement of pH (Poage et al. 2008). We did not separate nematodes into alive and dead groups, and hence the absence of a count of dead nematodes may mask any negative effect of pH.

Conclusion

Local climatic regimes of the environment (e.g., rainfall, humidity, temperature) seem to be responsible for the development and maintenance of invertebrates at a small scale (e.g., Andrew et al. 2003; Guil et al. 2009; Chown & Klok 2013; Convey et al. 2014; Zawierucha et al. 2019). However, the most important factors influencing densities of Antarctic soil fauna in deserts seems to be related to the soil geochemistry, and the differences at the meso-scale between the Bartrum Basin and Diamond Hill mirror this effect. Interactions between soil moisture and salinity are complex and create various osmotic conditions for soil invertebrates (Adams et al. 2014), suggesting we need to know more to understand even simple terrestrial ecosystems such as Antarctic deserts. The role of orographic clouds as a source of water for mountain peaks in polar deserts may explain differences in the spatial distribution of soil biota over altitudinal gradients and should be taken into account in future studies.

Organismal response to soil parameters not only reflects its intrinsic requirements but also its interactions with other organisms. This is reflected by the differences between our study, which investigated an extreme ecosystem with a single metazoan species, S. lindsayae, and demonstrated a positive effect of soil moisture on its abundance, and studies by Porazińska et al. (2002b) and Treonis et al. (1999), who reported adverse effects in more complex ecosystems with more interacting species, as well as by Andriuzzi et al. (2018), who found a relationship between decreasing densities of S. lindsayae along with expanded distribution of other soil taxa.

Nematodes play an important role in carbon cycling in Antarctic soils, and changes in nematode distribution are therefore likely to be linked with changes in ecosystem functioning and may become especially visible during global warming (Barrett et al. 2008). If climate change acts as expected and increases global sea surface temperatures, the cascading effects related, but not limited, to shrinking glaciers, changing precipitation patterns, wind circulation and orographic clouds may have an impact not only on alpine biota (Cochrane 2011; Vaughan et al. 2013) but also on organisms inhabiting mountains peaks in remote polar regions.
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