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 ABSTRACT  

Gradients in environmental conditions, including climate factors and resource availability, 

occur along mountain inclines, providing a ‘natural laboratory’ to explore their combined 

impacts on microbial distributions. Conflicting spatial patterns observed across elevation 

gradients in soil bacterial community structure suggest that they are driven by various 

interacting factors at different spatial scales. Here, we investigated the relative impacts of 

non-resource (e.g., soil temperature, pH) and resource conditions (e.g., soil carbon and 

nitrogen) on the biogeography of soil bacterial communities across broad (i.e., along a 1,500 

m mountain elevation gradient) and fine sampling scales (i.e., along sunny and shady aspects 

of a mountain ridge). Our analysis of 16S rRNA gene data confirmed that when sampling 

across distances of < 1,000 m, bacterial community composition was more closely related to 

the aspect of a site than its elevation. However, despite large differences in climate and 

resource-availability factors across elevation- and aspect-related gradients, bacterial 

community composition and richness were most strongly correlated with soil pH. These 

findings highlight the need to incorporate knowledge of multiple factors, including site aspect 

and soil pH for the appropriate use of elevation gradients as a proxy to explore the impacts of 

climate change on microbial community composition.  

 

INTRODUCTION  

Variation in climatic factors, such as temperature and precipitation, impacts the composition 

and diversity of a wide variety of natural biological communities, often in predictable ways 

(Bertrand et al. 2011; Knapp et al. 2002). Climatic gradients in conditions that occur along 

mountain inclines are commonly used to explore the impact of climate on community 

attributes, since substantial variation can occur across short geographic distances. 

Temperature declines by approximately 0.6 
o
C for each 100 m increase in elevation (McCain 
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and Grytnes 2010); precipitation and related ecological variables, such as soil moisture, can 

also vary considerably over similar spatial scales (Brown et al. 2012). To date, biogeographic 

studies along elevation gradients have concentrated almost exclusively on the community 

response of macroorganisms, in part because of the relative ease that larger taxa can be 

visually identified.  These studies frequently report significant elevational gradients in 

community composition and richness that are suggested to be directly driven by climatic 

variables and particularly by the availability of thermodynamic energy, water, or combined 

energy-water balance (Allen et al. 2002; Stephenson 1990). Alternative explanations for 

observed diversity patterns also include the impact of deceasing land area proportional to 

elevation increases (Rahbek 1997) and decreased range sizes of taxa at lower elevation, 

according to Rapoport’s Rule (Stevens 1992). Although microorganisms may be considered 

to be the ‘unseen majority’ in soil ecosystems, where they dominate numerically and 

comprise a large portion of the genetic diversity, the relationship between microbial 

communities and fine-scale variability in abiotic conditions remains poorly resolved 

(Grundmann 2004; Morris 1999; Vos et al. 2013). A better understanding of the impacts of 

abiotic conditions on microbial communities is necessary since they provide vital ecosystem 

services, including soil formation, carbon and nutrient cycling and acquisition, and are a 

major determinant of plant productivity and diversity (van der Heijden et al. 2008). Here, we 

explore the relationship between abiotic micro-habitat conditions and the biogeography of 

soil bacterial communities across a single alpine elevation gradient. Improved knowledge of 

micro-habitat variability in soil bacterial community composition and diversity across 

elevation gradients will aid in developing and testing hypotheses regarding the response of 

these vital communities to global climate change.  
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If the factors driving the biogeographic distribution of microbial taxa along mountain 

elevation gradients are fundamentally similar to those affecting communities of 

macroorganisms, then equivalent patterns should be observed, such as declines in species 

richness at increased elevation. However, the inconsistent nature of the patterns so far 

observed across mountain elevation gradients for microbial taxa, imply that related variation 

in bacterial communities can be complex and follow no single rule; authors describe 

decreases in diversity/richness (Bryant et al. 2008), no trend (Fierer et al. 2010), or unimodal 

patterns (Singh et al. 2012) in bacterial community composition with increased elevation. 

Similarly, if elevational gradients in community diversity and richness are universal, then we 

would expect the same environmental drivers (i.e., temperature and availability of water) to 

be key predictors of these fundamental bacterial community attributes.  

 

Temperature and precipitation significantly affect bacterial community structure and 

processes, including respiration and enzyme activity (Fierer et al. 2003; Rinnan et al. 2009; 

Zeglin et al. 2013). Therefore, where patterns in soil bacterial community attributes are not 

tightly related to gradients in climatic conditions across elevation gradients, we expect that 

alternative factors such as variation in soil type and management are likely to be the key 

drivers of community assembly (Fierer and Jackson 2006). However, the relative impact of 

edaphic factors on alpine bacterial communities remains poorly understood, particularly 

within single mountain elevation gradients where we would expect the uniform geology and 

land use attributes to allow variation in natural climatic and environmental factors, rather than 

anthropogenic factors, to be a stronger determinant of microbial community composition 

(Singh et al. 2014). It is important to note that even where land management and edaphic 

variables are controlled or otherwise accounted for, additional site attributes can contribute to 

observed environmental patterns in bacterial community composition and diversity. For 
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example, climatic variation across mountain environments is related not only to site elevation, 

but also to aspect, slope and shading (Titshall et al. 2000), which can vary considerably over 

distances of only a few metres. Many studies have noted the effect of slope and aspect in 

determining soil temperature (Davies et al. 2006; Thomas et al. 2001; Weiss and Weiss 1998), 

evaporative demand (Bennie et al. 2008), soil moisture (Carter and Ciolkosz 1991; Schaetzl 

and Anderson 2005), soil chemistry (Hunckler and Schaetzl 1997; Miller et al. 2004; 

Thompson and Kolka 2005) and nutrient cycling (Gilliam et al. 2015; Sariyildiz et al. 2005; 

Sidari et al. 2008) principally via modifying the amount of solar radiation received. Although 

the relationships between fine-scale variation in site slope and aspect have been poorly 

investigated for microbial communities, Sidari et al. (2008) observed significant correlations 

between soil microbiological activity and aspect-induced microclimatic differences in the 

content and composition of soil organic matter. For these reasons, we chose to quantify 

variation in soil bacterial community attributes along a c.1500 m mountain incline 

encompassing a broad microhabitat gradient, as well as examining local-scale variation 

related to site aspect. 

 

The availability of growth-limiting resources, especially nitrogen and carbon (Mason et al. 

2014; Zinger et al. 2009) impact the abundance, diversity and composition of many 

communities, including plants (Edgar 2013; Kalra and Maynard 1991; Rahbek 2004), 

bacteria (Calleja-Cervantes et al. 2015; Zhang et al. 2015) and fungi (Lauber et al. 2008). For 

example, Shen et al. (2015) observed a significant relationship between soil carbon, nitrogen, 

and variation in bacterial community composition across a climatic gradient in alpine tundra. 

Variation in carbon and nitrogen concentrations and fluxes are frequently correlated with 

variability in temperature and precipitation (Altschul et al. 1990; Huber et al. 2007; Knapp et 

al. 2002; Weltzin et al. 2003) and related to both increasing microbial metabolism and 
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decreasing energy use efficiency in warmer conditions, providing water availability is not 

limiting. Hence, while climatic factors such as temperature are predicted to be strong 

independent determinants of bacterial community composition and metabolism (Fierer et al. 

2003; Kessler 2000), resource availability is expected to have additive and interacting 

impacts on bacterial communities across broad altitudinal ranges. For instance, Wang et al. 

(2011) observed decreasing bacterial community richness with increasing elevation, which 

they correlated with an increase in carbon availability at higher altitudes. Here, we quantify 

how fine- and coarse-scale gradients in resource and non-resource factors (e.g., temperature, 

soil pH) are related to soil bacterial community composition and richness across a range of 

sample site elevations and aspects across a single mountain ridge.  

 

We sought to test three hypotheses. First, we hypothesised that variation in bacterial 

community composition would correlate with elevation and that bacterial taxonomic richness 

would decline with increased elevation (Elevation H1), as is frequently reported for macro-

organisms (Aubry et al. 2005; Carneiro et al. 2013; Rahbek 2004). Second, since 

environmental conditions, particularly temperature, are strongly impacted by aspect, we 

hypothesised significant differences in bacterial community composition, and a decline in 

bacterial taxonomic richness, on shadier compared to sunnier aspects of the mountain ridge 

(Aspect H2). Finally, we hypothesised (Environment H3) that non-resource environmental 

conditions, such as soil temperature and moisture, would be a more important determinant of 

bacterial community attributes than environmental resource factors, such as concentrations of 

soil C, N and P. Evidence of a significant role for non-resource, and particularly climatic 

factors, in determining bacterial community composition and richness would imply that the 

biogeography of bacterial communities is fundamentally similar to that of macroorganisms. 
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MATERIALS AND METHODS  

We conducted a survey of soil bacterial 16S rRNA gene data collected across a continuous 

ridge leading to the peak of Mount Cardrona, New Zealand. We compared communities 

across both sunny and shady sides of the mountain ridge and ridgeline, at 100 m elevation 

intervals across an elevation gradient of almost 1,500 m to test the influence of aspect relative 

to elevation on bacterial community richness and composition (i.e., Elevation H1 & Aspect 

H2). Our final hypothesis (Environment H3) was tested in combination with the collection of 

both soil resource (e.g., concentrations of soil C, N, P, and the average biomass of 

aboveground plants) and non-resource environmental data (e.g., soil pH, temperature and 

moisture).  

 

Site Description and Sample Collection 

To assess the impact of microclimate variability on soil bacterial community attributes, we 

collected a total of 405 soil samples from a continuous ridge on the north-eastern side of Mt. 

Cardrona, New Zealand (44.85° S, 168.95° E; Figure 1). We identified 15 elevation bands 

(Ebands) located at 100 m elevation intervals from 500 m to 1900 m along the ridge. Since 

the slope of the ridge at 1300 m is very shallow, this Eband was separated into two (i.e. one at 

the upper edge of the ridge called E1301 and another at the lower edge called E1300). Hence, 

samples were collected from a total of 16 Eband locations. 

 

In addition to elevation, microclimate conditions are impacted by variability in site aspect. 

For this reason, each Eband encompassed five clusters of soil samples. One of the five 

clusters (R0) at each Eband was located on the centre of the leading ridge line, two (SU1, 

SU2) to the north (warmer/sunnier side), and two (SH1, SH2) to the south (cooler/shadier 

side). All of these clusters were geographically equidistant (i.e., collected at 25 m intervals). 
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A single sample cluster was collected at the summit of the mountain at 1936 m. Within each 

sampling cluster, five individual soil samples were collected across a 1.5 m transect using a 

soil corer to 10 cm depth allowing us to also quantify the fine-scale variability in bacterial 

community composition and relative richness at each sample location. Hence, there are 405 

samples in total (16 Ebands x 5 sample clusters x 5 site samples + 5 summit samples = 405). 

All soil samples were contained in labelled ziplock bags to avoid contamination, and stored at 

-20 
o
C within 24 h of collection.  

 

Environmental conditions  

We used ibutton temperature loggers (Maxim Profile, USA) to collect real-time temperature 

data (below ground temperature at 10 cm depth) from each sampling cluster (n=81) at Mt. 

Cardrona in the summer (from February to March in 2014). Soil moisture was measured 

gravimetrically (i.e., soil samples were weighed before and after being placed in an oven at 

105
o
C for 96 hours.) (Rayment and Lyons 2011). Soil pH was measured by the Landcare 

Research Environmental Chemistry Laboratory using method 106i. Briefly, a 1:2.5 

suspension of soil:water was stirred vigorously then left to stand overnight before 

measurement with a pH electrode. Full descriptions of each method are available from 

http://www.landcareresearch.co.nz/resources/laboratories/environmental-chemistry-

laboratory. 

 

Resource availability 

Soil physiochemical properties from each sample were also analysed by Landcare Research 

Environmental Chemistry Laboratory using standard procedures to determine concentrations 

of organic C and total N (method 114), and Olsen P (method 124). Ammonium and nitrate 

were extracted using a modified version of method 118. Briefly, 2M KCl was used in a 1:10 
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soil: extractant ratio and the resulting slurry turned end-over-end for one hour, followed by 

filtration of the sample prior to analysis. Aboveground plant biomass from each sampling 

location, was also removed from a 20 × 20 cm grid centred on the soil core. Plant matter was 

dried at 60
o
C and weighed (Rayment and Lyons 2011).  

 

DNA Sequence Analyses 

DNA was extracted from individual samples using MOBIO PowerSoil-htp 96 well Soil DNA 

Isolation Kits (MOBIO Laboratories Inc., USA) according to the manufacturer’s protocol, but 

using a TissueLyser II disruption system (QIAGEN, Germany) to agitate sample solutions 

(30 revolutions per second, 2 minutes, twice).  

 

To characterise bacterial community composition, the DNA from each soil sample was 

amplified and sequenced on an Illumina MiSeq sequencer (Illumina Inc., USA) following a 

standard protocol (Illumina 2013). Briefly, DNA fragments were amplified using 

modifications of the primers 341F (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-

3’) and 785R (5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA

TCC-3’). These primers target the V3 and V4 region of bacterial 16S rRNA genes to provide 

a good combination of domain and phylum coverage (Klindworth et al. 2013) but are 

modified to also include Illumina adapter overhang nucleotide sequences (bold) required for 

downstream DNA sequencing. DNA was amplified using the standard protocol, which 

follows the thermocycling procedure: (1) 95 
o
C for 3 min; (2) 25 cycles of 98 

o
C for 30 s, 55 

o
C for 30 s, 72 

o
C for 30 S; (3) 72 

o
C for 5 min. To ensure the accuracy of our sequencing 

approach to identify the correct taxa within samples, we also amplified the DNA of a 20-
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species ‘Microbial Mock Community’ (Community ‘B’ from BEI Resources, catalogue No. 

HM-782D, USA). Following amplification, PCR products were individually purified using 

AMPure XP reagents (Beckman Coulter, USA) and a Biomek 4000 liquid handling 

workstation (Beckman Coulter Inc., USA), according to the manufacturer’s instructions. The 

concentration of purified amplicons was finally measured and recorded using a Qubit® 

dsDNA HS Assay Kit (Life technologies, USA) before submission to New Zealand 

Genomics Ltd. for sequencing. Briefly, the procedure followed by the sequencing facility, 

prior to DNA sequencing, was to attach a combination of Nextera XT A and B barcode dual 

indices (Illumina Inc., USA) to the DNA from each sample. This approach ensured that the 

DNA from each sample could be identified by its unique DNA barcode. After the DNA from 

up to 192 samples was pooled for DNA sequence analysis, sequence data were demultiplexed 

(i.e. assigned to the samples from which they originated) by the DNA sequencing facility. 

Our sequence analysis of the mock community DNA data (not shown) detected only DNA 

from the 20 species in the original mock community, suggesting that the barcoding and 

sequencing results of the Illumina Miseq platform were reliable. All of raw sequences have 

been uploaded onto the SRA-NCBI database (BioProject ID: PRJNA338717). 

 

Bioinformatic Analyses 

Paired end read DNA sequence data were merged and quality filtered using the USEARCH 

sequence analysis tool (Edgar 2013). After quality filtering, dereplication was performed so 

that only one copy of each sequence is reported; ‘singleton’ sequences represented by only 

one DNA sequence in the database were removed. Sequence data were then checked for 

chimera sequences and clustered into groups of operational taxonomic units based on a 

sequence identity threshold equal to or greater than 97% (hereafter referred to as 97% OTUs) 

using the clustering pipeline UPARSE (Edgar 2013) as described in Ramirez et al. (2014). 
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Next, prokaryote phylotypes were classified to corresponding taxonomy by implementing the 

RDP classifier routine (Wang et al. 2007) in QIIME v. 1.6.0 (Caporaso et al. 2010) to 

interrogate the Greengenes13_8 database (McDonald et al. 2012); all sequences of 

chloroplast and mitochondrial DNA were removed. Finally, the DNA sequence data were 

rarefied to 5,500 randomly selected reads per sample and three samples per site.  

 

To confirm the similarity of key bacterial taxa identified in the present study to those found at 

other study sites, we used the Nucleotide database from NCBI to search for closely related 

DNA sequences for inclusion in our phylogenetic analysis, which was completed using 

Geneious software (version 7.1.6; Biomatters Ltd, New Zealand). Briefly, we aligned all 

sequence data using the Geneious alignment tool, estimated evolutionary distances with a 

Jukes-Cantor Distance Model and constructed unrooted consensus phylogenetic trees from 

these distances using neighbor-joining. Bootstrap confidence levels were estimated from 

10,000 replicated alignments of the data. 

 

Quantitative Data Analyses 

To assess the variation in bacterial community richness and composition, our analyses used 

either bacterial taxon richness (the relative number of different 97% OTUs at each site) or 

mean compositional similarity (calculated by constructing a Bray-Curtis distance matrix from 

the relative bacterial abundance data). Spatial patterns in bacterial taxon richness and 

composition were plotted using the heatmap function within the R package ‘gplots’. 

Multivariate sample data were related to explanatory matrices of spatial and environmental 

data using distance-based redundancy analysis (db-RDA) and a forward selection procedure 

with the ‘capscale’ and ‘ordistep’ functions in the ‘vegan’ package in R (Oksanen et al. 

2015). Variance partitioning procedures using db-RDA outlined in Borcard et al. (2011) were 
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performed to indicate how much total variation in the bacterial community data be explained 

by groups of either (i) soil ‘resource’ variables, for example, concentrations of soil C, N and 

P, and above-ground plant biomass, which can both remove and input nutrients into the soil 

(ii) ‘non-resource environmental’ variables, that is soil temperature, moisture content, and 

pH, (iii) a combination of resource and non-resource environmental variables, and (iv) 

unexplained variance. The variance partitioning procedure computes canonical R
2
 values 

analogous to the adjusted R
2
 values produced in multiple regression (Peres-Neto et al. 

2006).  The components of variation associated with bacterial community variability at 

sample elevations and aspects were quantified and visualised using distance-decay curves 

within the R package ‘vegan’ (Oksanen et al. 2015). We plotted multivariate regression trees 

using the ‘randomForest’ package in R (Liaw and Wiener, 2002), to identify which individual 

resource and non-resource environmental soil attributes correlate most closely with the 

observed variation in bacterial community composition and richness across the study site. 

Finally, a correlation ‘heatmap’ was used to visualise the strength of correlation between each 

environmental factor using the R package ‘corrplot’. 

 

Environmental variables were analysed individually using univariate analysis of variance 

(ANOVA), with P-values obtained by permutation. For these data, there were only two 

relevant factors: Aspect and elevation. Where appropriate, we also used paired or unpaired t-

tests to detect differences in environmental variables between groups of samples collected at 

different elevations and aspects. The pairwise Bray-Curtis distance matrix calculated from the 

bacterial community data was analysed using permutational multivariate analysis of variance 

(PERMANOVA; Anderson 2001; McArdle and Anderson 2001). Significant differences in 

bacterial community composition identified by the PERMANOVA procedure may be caused 

by average differences in compositional similarity among groups, or alternatively, by 
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differences in the within-group multivariate dispersion among groups. To quantify variation 

in bacterial community data within groups of study sites (e.g., to compare average 

community similarity of sample data collected within each elevation band), we used 

multivariate dispersion (MVDISP) index values, which calculate average Bray-Curtis 

distances among sample data. Permutational analysis of multivariate data dispersion 

(PERMDISP) routines were then used to confirm if within-group differences in multivariate 

dispersion varied significantly across elevation and aspect. MVDISP, PERMANOVA and 

PERMDISP routines were performed in PERMANOVA+, an add-on of the PRIMER6 

package (Plymouth Marine Laboratory, UK).  The PERMANOVA routine (i.e. permutational 

ANOVA) was similarly used for the statistical analysis of univariate data (e.g., taxonomic 

richness or soil carbon concentrations). We repeated our analyses for subsets of the bacterial 

community data to study variation in the relative abundance of the ten most abundant 

bacterial families, since dominant taxa typically have a larger influence on bacterial 

community composition. 

 

Samples located on the sunnier aspect of the mountain ridge at an elevation of 900 m were 

heavily impacted by localised grazing and also by elevated concentrations of soil nitrogen. 

Thus, not surprisingly, the composition of bacterial communities in these samples differed 

markedly from that found at other sites across the elevation gradient (Supplementary Figure 

S1). For this reason, data from these two sample sites were not used in further analyses. 

 

RESULTS  

We identified approximately 17,000 distinct bacterial operational taxonomic units (or OTUs 

of 97% DNA sequence similarity) from 2.2 million rarefied 16S rRNA gene sequences, 

representing 487 bacterial families across the study site.  
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Elevation and aspect patterns 

Multivariate analysis of the bacterial community data (Figure S1) revealed that across the 

entire study site, the gradient in elevation had a greater impact on both bacterial community 

composition and taxon richness than aspect (as assessed by the square root of the component 

of variation attributable to these factors in the PERMANOVA model; Supplementary Table 

S1, all P < 0.001). All interactions analysed in the model were statistically significant (P < 

0.001). To further explore the hypotheses that bacterial community composition correlated 

with gradients in elevation (H1) and aspect (H2) we used spatial heatmaps to visualise the 

nature and extent of variability in community composition and richness (Figure 2). Bacterial 

community composition changed markedly across the elevation gradient (Figure 3; y = 

0.0003x + 0.30, R² = 0.99). Bacterial community composition changed less in response to 

differences in aspect than to differences in elevation across the study site. The average 

difference in bacterial community composition comparing samples collected from sunnier 

(SU2) versus shadier aspects of the mountain ridge (SH2) that were separated by a fixed 

distance of 100 m, was 0.56 Bray-Curtis units. The same average difference in bacterial 

community composition (i.e., ~0.55 Bray-Curtis units) was only observed when comparing 

samples differing in elevation by 900 m or greater along the mountain ridge (Figure 1c). This 

difference in elevation corresponded to a flat surface distance of 4 km. This suggests that, 

comparing sample sites separated by fixed distances across the study site (e.g., ~100 m), 

variation in bacterial community composition changed more rapidly with variation in site 

aspect than site elevation. No clear pattern in bacterial community richness was observable 

across the whole elevation gradient. However, at higher elevations (i.e., above approximately 

900 m), bacterial taxon richness was greater on the sunnier side of the mountain (i.e., 1263, 
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97% OTUs were detected per sample, on average), compared to on shadier aspects of the 

mountain ridge (mean 97% OTU richness = 1174; t-test p-value = 0.005).  

 

We wished to confirm whether observed differences in bacterial community composition 

were caused by true variation in average bacterial community composition (i.e., the location 

of bacterial community data in multivariate space), or differences in community dispersion 

(i.e., differences in community variation comparing samples within the same site). Average 

MVDISP index values revealed an increase in the compositional variability of bacterial 

communities across sample aspects with increasing elevation (Figure 4; Regression p-value = 

0.042). Variability in bacterial community composition among sample clusters was lowest for 

samples collected at 700 m (MVDISP = 0.095) and highest at an elevation of 1700 m 

(MVDISP = 1.50) (Figure 4; PERMDISP p-value = 0.002). Almost all of the data from 

higher elevation sites (> 900 m, except 1500 m, MVDISP = 0.53) were more variable 

(MVDISP > 0.80) than those from lower elevation sites (t-test p-value = 0.025). 

 

The ten most dominant families represented 53% of the overall bacterial community and thus 

are expected to be important drivers of the overall changes in bacterial community 

composition observed across the site. The family Chthoniobacteraceae was most dominant 

across the study site (representing 13% of all taxa detected), followed by the family 

Thermogemmatisporaceae (10%) belonging to the phylum Chloroflexi. Sequences related to 

the Thermogemmatisporaceae were most abundant at higher altitude, representing 14% of 

DNA sequence reads over 900 m but just 2% of sequence reads below 900 m (t-test p-value < 

0.001; see Figure S2). The family Koribacteraceae (eighth most dominant overall) and 

Ellin6513 (10
th

 most dominant overall) also were more abundant at high elevation 

representing 4.5% and 4.5% of DNA sequence reads detected over 900 m, respectively, but 
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just 1.8% and 0.8% of sequence reads below 900 m (t-test p-values < 0.001). In contrast, 

members of the family Gaiellaceae (ninth most dominant) were more abundant at lower 

elevations; their average abundance was 1.9% and 6.4% at elevations above and below 900 m, 

respectively; t-test p-value < 0.001). At high elevation sites (i.e., above 900 m), members of 

the family Ellin6513 were more abundant on shadier aspects of the mountain (mean 

abundance = 5.3%) than on the ridge or sunnier side at high elevation (mean abundance = 

3.3%; t-test p-value < 0.001). 

 

The family Thermogemmatisporaceae includes bacteria assumed to be adapted for growth at 

high temperature (King and King 2014; Yabe et al. 2011) and the ability to use substrates 

such as carbon monoxide as an energy source (King and King 2014). Since our study 

revealed a greater abundance of presumed thermotolerant Thermogemmatisporaceae at 

higher, cooler elevations, we explored the similarity of DNA sequences collected in the 

present study to known thermophile members of this family. Representative 

Thermogemmatispora OTU sequences were compared to a variety of published gene 

sequences and their similarity plotted using a phylogenetic tree (Supplementary Figure S3). 

The OTUs found in the present study belonged to two distinct subdivisions. The majority 

were affiliated (≥ 97% sequence similarity) with established clades of the Chloroflexi 

previously detected in alpine environments (Costello and Schmidt 2006; Zinger et al. 2009).  

 

Relative importance of resource versus non-resource environmental factors as 

determinants of bacterial community richness and composition  

We used variance partitioning procedures to confirm that the group of explanatory variables 

categorised as ‘non-resource environmental variables’ (that is, soil pH, temperature, and 

moisture) independently explained the greatest amount of observed heterogeneity in bacterial 
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community richness (Figure 5; 21%). ‘Resource variables’ (organic C, total N, NO3-N, NH4-

N, Olsen P, and aboveground plant biomass) did not independently explain any variation in 

bacterial community richness. In contrast, variability in ‘non-resource environmental 

variables’ independently explained just 6% of the observed variation in bacterial community 

composition, assessed from Bray-Curtis measures of community similarity, compared to 11% 

explained by ‘resource variables’; the shared variance explained by both groups of factors 

accounted for the greatest component of the observed variation (36%). 

 

To identify individual resource and non-resource factors that contribute or relate most to the 

variation observed in bacterial community richness and composition across our study sites we 

used random forest analysis (Figure 6). The only variable to be consistently related to 

variability in microbial richness was pH. Indeed, the sample site with the greatest richness 

(SU1, 1300 m, richness = 1644) had a soil pH of 5.9, one of the highest pH values detected 

among our study sites. On the other hand, the sample with the lowest pH (SH2, 1200 m), of 

4.7, had a richness of just 1019, the second lowest value across the study area. Overall, soil 

pH was more strongly correlated to changes in elevation (as assessed by the square root of the 

component of variation attributable to these factors in a permutational ANOVA model); a 

significant statistical interaction was also present between site aspect and elevation 

(Supplementary Table S2, all P < 0.001). Overall, pH was observed to be lower (i.e., closer to 

neutral) at lower elevation sites located on warmer aspects of the slope (Supplementary 

Figure S4). The results of random forest analysis confirmed interactions between the effects 

of resource and non-resource environmental factors in that pH had the strongest effect on the 

composition of bacterial communities, but in the sites with high pH (> 5.5), concentrations of 

total carbon were also a significant correlate of bacterial community composition. Besides the 

impact on whole bacterial communities, we confirmed significant correlations between soil 
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pH and the relative abundances of dominant family members across the study site. The 

relative abundance of Thermogemmatisporaceae (the second most abundant family detected, 

10%), Koribacteraceae (3.7%), Ellin6513 (3.4%) and Gaiellaceae (3.3%) were each 

correlated with soil pH (correlation coefficient (Spearman’s Rho) = 0.47, 0.60, 0.68 and 0.52, 

respectively; p-values all < 0.001).  

 

DISCUSSION   

Across equivalent distances, variation in bacterial community composition across different 

aspects of a single mountain ridge was far greater than variation detected comparing samples 

collected at different elevations. Significant variation in the factors which are frequently 

suggested to be a primary determinant of the biogeography of macroorganisms (Gillman and 

Wright 2014), i.e., soil temperature and moisture availability, were observed across elevation 

and aspect gradients. However, variation in bacterial community composition and richness 

across the mountain microclimate gradient were more closely correlated with soil pH. 

Together, these findings highlight the complexity of microclimate impacts on soil bacterial 

communities, and the need to incorporate multiple factors, including site aspect and soil 

chemical attributes, into assessments of microbial community composition across elevation 

gradients.   

 

Consistent with several other studies (Fierer et al. 2010; Shen et al. 2013), and in 

contradiction of our Elevation Hypothesis (Elevation H1), we detected no significant decline 

in bacterial taxon richness with altitude. These findings contribute to a wealth of evidence 

indicating that bacterial communities exhibit fundamentally different responses to elevation 

than macro-organisms (Fierer and Jackson 2006; Lauber et al. 2009); gradients in the 

richness of both plant and animal communities are frequently observed with elevation (Aubry 
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et al. 2005; Carneiro et al. 2013). Critically, and in support of our Aspect Hypothesis (Aspect 

H2), we confirmed that, when comparing samples across equivalent distances, bacterial 

community attributes were more impacted by variation in sampling site aspect than elevation. 

That is to say that bacterial communities at the same elevation but separated by distances of 

just 100 m across aspects, were far more divergent, on average, than communities separated 

by elevational distances of up to 900 m. The cause behind the relatively strong impact of 

aspect compared to elevation is unclear. Although significant differences of over 2 °C were 

detected among adjacent slopes, equivalent to a ~300 m increase in altitude (Rorison et al. 

1986), soil bacterial community composition and richness was nevertheless more tightly 

correlated with soil pH, leading to our third hypothesis (Environment H3) being accepted. 

 

Ours is not the first study to reveal the strong influence of soil pH on bacterial community 

composition (Fierer and Jackson 2006; Griffiths et al. 2011; Lauber et al. 2009), including 

across elevation gradients (Bryant et al. 2008). Soil pH has been identified as being a key 

predictive variable of bacterial composition in both soil (Fierer and Jackson 2006; Griffiths et 

al. 2011) and aquatic environments (Fierer et al. 2007). Changes in bacterial community 

composition may also be driven by additional soil factors that are, all-be-it indirectly, linked 

to soil pH. For example, pH can mediate the activity of extracellular enzymes involved in 

litter decomposition (Griffith et al. 1995), thereby impacting soil carbon storage and 

transformation rates (Kemmitt et al. 2006). Soil pH is also a strong mediator of nitrogen 

mineralisation, which can occur across a wide pH range (Fu et al. 1987), but decreases under 

more acidic conditions. Elevational gradients in soil pH are commonly reported and are 

frequently attributed to increased rates of mechanical weathering that occurs up to elevations 

of ~2,000 m in the Southern Alps, beyond which persistent permafrost obviates the freeze-

thaw cracking process (Hales and Roering 2016). Increased weathering causes soil 
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acidification as base cations such as calcium, sodium, phosphate and magnesium are leached 

from the soil. Although significant gradients in soil temperature, moisture and resource 

availability were noted across our study site, our results contribute to a growing body of 

evidence that pH, possibly affected by different rates of weathering across the study site, is a 

dominant driver of bacterial diversity (Lear et al. 2009; Shen et al. 2013; Zhang et al. 2013).  

 

A hypothesis commonly used by microbiologists is that ‘everything is everywhere – the 

environment selects’ (Baas-Becking 1934). However, the relative importance of 

environmental conditions, such as pH, for microbial community composition is scale-

dependent. Many authors suggest that non-symbiotic populations of bacteria exhibit global 

distributions (Barberan et al. 2015; Brown et al. 2012). Nevertheless, any limitation to their 

movement will give rise to distance decay patterns in bacterial community composition. 

Therefore, even if bacteria are universally distributed, spatial variability in their community 

composition will reflect spatial patterns of their key environmental drivers. Where β-diversity 

patterns in microbial communities observed across space are not found to be related to 

variation on environmental attributes, they are hypothesised to result from dispersal limitation 

(Martiny et al. 2011). The decrease in similarity of bacterial communities with elevation 

observed in this study is likely to result from a combination of stochasticity in bacterial 

dispersal and increasing environmental differences among samples at increasing distances; 

further experimental work is required to tease apart the relative importance of these effects.   

 

It is noteworthy that members of the family Thermogemmatisporaceae were dominant in the 

community across our alpine study site. These spore-forming bacteria have been recovered 

from geothermal soils and biofilms (King and King 2014; Yabe et al. 2011) and also from 

soils surrounding natural gas vents (de Miera et al. 2014). Strains cultured from these 
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environments are thermophilic, exhibiting growth optima > 50 
o
C (Yabe et al. 2011). Why do 

members of this apparently thermophilic family dominate the composition of communities 

across this alpine elevation gradient? Strong, negative correlation of their abundance with soil 

pH suggests that mechanisms of environmental selection operate among these communities. 

Interestingly, the abundance of Thermogemmatisporaceae was greatest in soils of lower pH, 

closer to the pH optima reported for members of this family (Yabe et al. 2011). However, 

direct evidence of cellular metabolic activity (e.g., using stable isotope probing or 

transcriptome-based methodologies) would be required to determine if these bacteria are 

indeed active within the soil of the study site. Another explanation is that not all organisms 

related to Thermogemmatisporaceae are thermophilic. Indeed, DNA sequences identified in 

the present study were similar to those found in other cool environments, including acidic 

alpine tundra soils of the Northern Hemisphere (Costello and Schmidt 2006; Zinger et al. 

2009), indicating the widespread distribution of these taxa in alpine zones. However, 

microorganisms capable of forming resistant endospores are frequently found in 

environments that do not appear to support their metabolic activity. It is therefore conceivable 

that thermotolerant bacteria, such as members of the family Thermogemmatisporaceae, may 

be more resistant to long-range atmospheric transport and the extreme UV, low moisture and 

low nutrient conditions it provides. This notion is supported by studies that have identified 

resistant, but viable, spores from thermophilic organisms, particularly members of the 

Geobacteraceae, in samples from the upper troposphere (deLeon-Rodriguez et al. 2013) as 

well as within cold oceanic currents (Hubert et al. 2009; Muller et al. 2014). It is possible that 

these bacteria adhere to the ‘Geobacillus paradox’ which, owing to resistant properties and 

longevity, enable quiescent cells to achieve surprisingly high population densities in 

environments that appear to be poorly suited for their survival (Zeigler 2014), such as soils at 

high elevation.  
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CONCLUSION  

We found greater differences in both the richness and composition of bacterial communities 

between samples taken on different mountain aspects, than between samples taken at 

equivalent distances at different mountain elevations. The findings of the present study lead 

us to conclude that to appropriately use elevation and aspect gradients as a natural laboratory 

for assessing the likely impacts of climate change on bacterial communities, we must account 

for local variation in abiotic conditions because, at least in this case, bacterial composition 

and richness were more closely related to local abiotic factors (soil pH) than to variation in 

temperature or resource factors. Further work is needed to better understand the mechanisms 

underlying microbial diversity patterns and the relative importance of both evolutionary and 

ecological processes as determinants of bacterial community structure and composition. In 

particular, the effect on bacterial communities of elevational gradients in pH and other soil 

factors must be quantified using gradients in elevation and aspect as proxies for climatic 

variability when predicting community responses to climate change. 
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Figure 1. Sample locations on Mt Cardrona. (a) Mt. Cardrona is located in Otago (44.85° S, 

168.95° E), New Zealand; (b) at each elevation, samples were collected on both sides, and on 

the main ridge of mountain at intervals of 25 m (geographic distance); (c) mountain profile 

showing the distance from the summit of each sampling location along the elevation gradient; 

(d) samples were collected at elevation intervals of 100 m along either side of the main ridge 

on north-eastern side of Mt Cardrona. 
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Figure 2. Variation in relative bacterial (a) taxon richness or (b) composition across the study 

site. Different rows represent data collected from different elevation bands; different columns 

represent data from different aspects. Sample data are assigned colours (a) across a gradient 

from red (highest average 97%OTU richness) to yellow (lowest average 97%OTU richness) 

or (b) across a gradient from red (highest 1D configuration score) to yellow (lowest 1D 

configuration score) after data reduction by non-metric multidimensional scaling of Bray-

Curtis distance data. Sites at the top of the mountain where communities were not sampled 

are indicated by hatched lines. 

 

 

 
Figure 3. Scatterplot showing average Bray-Curtis dissimilarity (from Figure 2(b)) 

comparing sample data separated by different elevational distances. In the scatterplot, the 

linear trendline for the data is y = 0.0003x + 0.30 (R² = 0.99) using the first 11 data points 

(represented as diamonds). The hollow triangle shows the average distance among all 

samples collected from different aspects of the mountain, calculated by their mean Bray-

Curtis dissimilarity. 
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Figure 4. Scatterplot showing the relationship between sample elevation (m) and variability 

in bacterial community composition among samples collected at different clusters. Variability 

in bacterial community composition was quantified at each sample elevation using 

multivariate dispersion (MVDISP) index values, which describe the dispersion of sample data 

in multivariate space using a Bray Curtis distance (as in Figure S1). Linear trend line for the 

data is y =  0.0005x + 0.35 (R
2
 = 0.26).  
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Figure 5. Venn diagrams providing a graphical representation of the variance partitioning of 

bacterial community (a) richness and (b) composition (community Bray-Curtis similarity) 

between resource and non-resource and environmental factors.  
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Figure 6. Multivariate regression tree of bacterial community (a) richness and (b) community 

composition associated with sampling location. The decision tree identifies variance in 

bacterial richness or compositional similarity caused by threshold values of elevation, 

resource or non-resource environmental factors. The values attached to each branch mark the 

criteria used by the regression tree to group samples based on differences in bacterial richness 

or composition. Corresponding box and whisker plots show richness of bacterial OTUs, or 

average composition (1D configuration score of non-metric multidimensional scaling plot) 

associated with each node of the data. (c, d) Graphical representation showing the spatial 

location of samples associated with each terminal node of the decision tree for bacterial 

richness and composition data, respectively. Bacterial richness refers to the number of 

distinct 97% OTUs identified within sample cluster, from the analysis of 27,500 DNA 

sequences. Sites where sample data were not collected or analysed are indicated by hatched 

lines. 
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