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A B S T R A C T

Patterns of soil bacterial richness using operational taxonomic units (OTUs) and abun-

dance of bacterial groups (phylum or class) were studied in relation to plant richness 

and soil characteristics in the alpine at Niwot Ridge, Colorado, U.S.A. The study used 

a landscape gradient and snow fence in addition to plots amended with nitrogen (N). 

Bacterial richness was not correlated with total soil carbon (C) or total soil N, but 

showed strong positive correlations with pH and corresponding correlations with me-

tallic cation concentrations. Bacterial richness showed a strong negative correlation (r = 

–0.86) with soil acidity and declined 30% over the pH gradient of 6.0–4.5. Plant rich-

ness correlated with acidity (r = –0.70) and declined 50% over this gradient. Bacterial 

OTU richness was sensitive to acidity but not to N amendments. However, abundance 

of ive bacterial groups responded positively to N, four responded negatively, and three 

groups exhibited no changes. In plots with additional snow, snow additions reduced 

OTU richness. However, when snow was included in an ANCOVA model with N and 

soil acidity, OTUs were not afected, suggesting that snow efects were largely captured 

by soil acidity changes. Bacterial richness was correlated with forb richness and cover, 

but causal relationships remain unresolved.

INTRODUCTION

Understanding the complex interactions that inlu-

ence patterns of plant and soil microbial richness and 

processes remains a challenge to ecosystem and commu-

nity ecologists. Cause-efect relationships afecting both 

community structure and ecosystem processes are cur-

rently of substantial interest, perhaps more so because 

of global climate change, which may afect community 

structure and the regulatory feedbacks from these com-

munities (Creamer et al., 2016; Graham et al., 2016; 

Yuan et al., 2016).

Plants play key roles in driving soil microbial commu-

nity structure and function (Bardgett and Wardle, 2010). 

Many researchers have concentrated on the inluences 

of plant community species richness and composition 

on belowground bacterial communities (Zak et al., 

2003; Lamb et al., 2011), yet the relationships between 

plant and soil bacteria in richness are often inconsist-

ent with distinct study methods or space and time lags. 

In general, positive efects of plant species richness on 

bacterial community richness could be attributed to the 

increasing soil nutrient pools and root exudate chem-

istry (Zak et al., 2003; Loranger-Merciris et al., 2006). 

The use of plant and resource gradients over a variety of 

spatial scales also has begun to elucidate some of these 

relationships among plant and microbial patterns.

Increased nitrogen deposition in terrestrial ecosys-

tems has afected both edaphic factors and biotic com-

munities. These additions increase soil acidity (Clark et 
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al., 2007; Phoenix et al., 2012), decrease plant species 

richness and diversity (Stevens et al., 2004; Suding et 

al., 2015), and alter belowground bacterial community 

structure (Nemergut et al., 2008; Lauber et al., 2009; 

Yuan et al., 2016). The alpine ecosystem is a useful mod-

el system to explore above- and belowground relation-

ships because of the very large local gradients seen in 

both abiotic and biotic variables (Seastedt et al., 2004; 

Suding et al., 2015). Schmidt et al. (2015) summarized 

this knowledge base with an emphasis on soil microbes 

for a high-elevation site at Niwot Ridge, Colorado, 

U.S.A. They reported on the status of coupling between 

the plant-soil microbial communities. As noted in their 

summary, both plant and microbial richness decline 

with the addition of nitrogen (N), but the mechanisms 

explaining these patterns remained unclear. A fertiliza-

tion experiment initiated in 1993 at Niwot Ridge pro-

vided further insights on how N and phosphorus (P) 

additions directly or indirectly afected patterns of rich-

ness in vegetation and soil bacteria when viewed over a 

natural moisture gradient (Gasarch and Seastedt, 2015a; 

Yuan et al., 2016). The research on vegetation responses 

included both a snowpack and nutrient manipulation 

(Gasarch and Seastedt, 2015b), whereas the reported re-

search on soil bacteria summarized indings for only the 

nutrient manipulation as viewed over a moisture gradi-

ent. Plots contained within an area impacted by a snow 

fence, also treated with nutrients, were not included in 

the Yuan et al. (2016) study.

Here, we expanded upon the bacteria indings to 

include results from snow-enhanced plots. Also, we 

re-analyzed the plant data set at a iner level of spa-

tial resolution to evaluate potential relationships of forb 

and graminoid abundance and soil characteristics with 

the soil bacteria. A previous snow fence experiment had 

measured the responses of soil nutrients to the snow 

and noted how the snow amounts and duration were 

inluenced by plot location within a snow drift of vari-

able depth (Freppaz et al., 2012). In the statistical analy-

ses of Gasarch and Seastedt (2015b), snow addition was 

treated as a single variable when the reality is that the 

duration and amount of this snow addition varied as a 

function of distance from the fence, and these amounts 

varied substantially within the short growing season 

found in the alpine. We therefore repeated some of their 

soil measurements in 2015 to see if the landscape and 

snow fence gradient measured within individual plots 

produced a clearer pattern of factors controlling plant 

and soil bacterial communities collected a few years ear-

lier. Our goal was to use the natural gradient generated 

by the landscape, the snow fence experiment, and the 

plot nutrient amendments to assess if soil bacterial com-

munity diversity and composition could be better ex-

plained by plot-level combinations of plant and abiotic 

factors rather than lumping these into discrete moisture 

and nutrient treatments. We asked the following ques-

tions: (1) How do soil bacterial and plant communities 

vary across environmental gradient, and how do these 

changes in bacterial and plant communities relate to 

one another? (2) To what extent can the patterns of soil 

bacterial richness and phyla abundance be interpreted 

based upon relationships with plant and soil character-

istics? (3) Finally and speciically, for bacterial richness 

and composition, can factors related to N addition be 

separated from the indirect efects that N has on soil 

acidity in the alpine?

STUDY AREA AND METHODS

The Niwot Ridge alpine tundra site is found at 

40°03′N, 105°35′W, in a speciic area referred to as the 

Saddle, a gradient from wind-swept fellield to deep 

snow bed communities at about 3600 m elevation, ap-

proximately 5 km east of the continental divide. The 

ecological research area at Niwot Ridge is one of the 

original sites in the U.S. National Science Foundation 

Long-Term Ecological Research (LTER) network es-

tablished in 1980. The saddle has been repeatedly sam-

pled during this interval, documenting both vegeta-

tion (Walker et al., 1993, 1994; Spasojevic et al., 2013), 

and soil moisture gradients (Taylor and Seastedt, 1994; 

Litaor et al., 2008). The study site has most recently 

been extensively described in a series of articles intro-

duced by Williams et al. (2015), an update of research 

reported by Bowman and Seastedt (2001). A central 

portion of that gradient, the dry and moist meadow 

areas that are nested within the fellield and snow bed 

areas impacted both by a snow fence and without the 

snow fence, were studied here. In addition, an adjacent 

wet meadow area that lacked the snow manipulation 

was also sampled. Four replicates of each nutrient treat-

ment in each meadow were used, and these include 

four replicates of control, nitrogen (N), phosphorus (P), 

and both N and P (NP). These nutrients were initially 

treated annually, and then biennially since 1993. Ad-

ditions attempted to remove possible nutrient limita-

tion or co-limitation to plant growth, and the outcome 

of these additions in terms of soil characteristics was 

summarized by Freppaz et al. (2012). A preliminary 

analysis of additions indicated few or no responses by 

soil bacteria to P amendments (Yuan et al., 2016), and 

therefore only soil bacteria responses to N additions are 

reported here. Thus, control and P-added plots consist 

of the reference plots, whereas N-added and NP added 

compose the N addition plots.
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Plant richness, relative cover, and life form of the vas-

cular species (forbs or graminoids) were assessed using 

point-intercept measurements on a single m2 of each of 

the 80 plots. The total number of plant species (rich-

ness) and cover by each species (relative percentage of 

vascular plant hits from 100 points per plot), and life 

form are reported here. Each plot was sampled for mi-

crobial community structure by collecting 5 soil cores 

at 10 cm depth and bulking into a single plot sample. 

Samples were sieved through a 2 mm mesh size and 

stored at –70 °C for molecular analysis and 4 °C for 

chemical analyses. From each sample, total genomic 

DNA was extracted using the PowerSoil DNA Isola-

tion Kit (MO BIO Laboratories Inc., Carlsbad, Califor-

nia, U.S.A.) and PCR was ampliied for the 16S rRNA 

gene using the 515F/806R primers and sequenced on 

an Illumina MiSeq sequencer according to Knelman et 

al. (2015). Sequences were analyzed and assigned to an 

OTU as described in Yuan et al. (2016). For use of bac-

terial sequences counts for analyses of phyla- or class-

level bacterial abundance, all samples were rareied to 

9715 sequences. The plant and microbial measurements 

used here were also described in Gasarch and Seastedt 

(2015a, 2015b) and Yuan et al. (2016).

In the summer of 2015 soils were again sampled ac-

cording to the described manner for bacterial commu-

nities’ measurement, and soils were measured for total 

carbon (C) and N using a Thermo Finnigan EA 1112 

Series Flash Elemental Analyzer (Thermo Fisher Scien-

tiic, Inc., Waltham, Massachusetts, U.S.A.) at the Uni-

versity of Colorado (CU) LTER laboratory. Major cati-

ons and a measurement of plant-available P (Melich III 

P) from the 2015 samples were measured by the Kan-

sas State University Soils Testing Laboratory. Soils were 

measured for pH at the time of microbial sampling in 

2013 by Yuan et al. (2016). Soil pH was measured in a 

1:1 soil weight – H
2
O volume using a glass electrode, 

and for this analysis pH values were converted to hydro-

gen ion concentrations. This procedure expanded the 

resolution and linearity between dependent variables 

and hydrogen ion concentrations at the ranges of pH 

observed here (4.5–6.0).

Statistical Analyses

We used Pearson correlation analysis to explore 

relationships among the abiotic and biotic variables. 

The vegetation and soil bacterial responses to nutrient 

amendments reported by Gasarch and Seastedt (2015a, 

2015b) and Yuan et al. (2016) used a factorial ANOVA 

procedure and looked at nutrient and landscape position 

efects. Here, we combined the ANOVA test for N ad-

ditions using a one-factor design (control or N added) 

to soil values from the plots using an ANCOVA pro-

cedure. We used the Statistical Analysis System software 

9.3 (SAS, 2011). The N efects on biotic variables were 

evaluated using a type-III sums of squares, which evalu-

ated the signiicance of the N efect after accounting for 

efects of the regression variables (e.g., soil acidity, nu-

trients, etc.) on the dependent variable. Snow addition 

on the bacterial groups was assessed separately on the 

64 plots used in that experiment as that analysis had not 

been previously conducted, and then snow was included 

in the ANCOVA with N and soil acidity to determine 

what, if any, snow efects had after the variance attrib-

uted to the other factors was removed.

RESULTS

Soils

When measured in 2013, the average pH of all N 

addition plots was less than control plots (4.88 ± 0.04 

std. error versus 5.14 ± 0.06 std. error, t-test P > 0.004, 

Appendix Table A1). The range of pH in control plots 

was 4.65–5.98, whereas the range in treated plots was 

4.48–5.58. When these pH values were matched up 

with exact plot locations, an obvious relationship with 

the dry-to-wet moisture gradient at this site was ob-

served, with the wetter areas having reduced pH values 

(data not shown). Not surprisingly, the acidity gradient 

produced an inverse relationship with metallic cations 

such as Ca, Mg, and K (Table 1). However, plots treated 

repeatedly with N fertilizer during the 1993–2015 in-

terval did not contain signiicantly higher total soil N 

concentrations than untreated plots (N added = 1.02 ± 

0.03, versus 0.98 ± 0.03 N as % of mass for control plots, 

t-test P = 0.40, Appendix Table A1). Similar to indings 

of Lieb et al. (2011), N addition only afected the abun-

dance of Mg++ whereas other cations and plant-available 

P were unafected (Appendix Table A1). The acidity 

gradient also did not correlate with values observed for 

total soil N or plant-available P, at least not in the top 10 

cm of soils used to sample the soil bacteria. Total soil N 

and plant-available P were also not correlated with any 

of the other soil measurements (Table 1).

Biotic Responses

Plant and bacterial richness exhibited similar relation-

ships to soil acidity, with both showing a decline (Table 1). 

Bacterial richness showed a relatively strong negative cor-

relation (Pearson’s Correlation, r = –0.86) with N additions 

not inluencing this relationship except to produce the 

lowest soil acidity values found in wet plots (Fig. 1, part a). 

Total plant richness was less well deined (r = –0.70), with 
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forb richness exhibiting a –.67 correlation and graminoids 

showing a –.61 correlation with acidity (Fig. 1, part b). The 

negative relationship between relative plant cover of forb 

species and soil acidity is shown in Figure 1, part c. Rela-

tive graminoid cover was the inverse of this pattern (data 

not shown). The negative impact of N additions on rela-

tive forb cover is visually evident when examining values 

for all plots (Fig. 1, part c). The patterns visually evident in 

Figure 1 are conirmed with the ANCOVA analysis, which 

found N additions to negatively afect plant richness but 

not inluence bacterial OTU richness once soil acidity ef-

fects were removed (Appendix Table A2).

ANCOVA

Using the ANCOVA procedure, we tested whether 

the abundances of bacterial groups observed by Yuan 

et al. (2016) were driven by N availability as opposed 

to soil acidity (Appendix Table A2). Of the 12 identi-

ied major bacterial phyla (class within the Proteobacte-

ria) reported here, only one, Gammaproteobacteria, a class 

that comprised about 5.1% of bacterial communities, 

did not show a positive or negative correlation with the 

range of soil acidity found in our study (Table 2 and Fig. 

2). Bacterial groups that showed negative correlations 

TABLE 1

Pearson correlation matrix of plant, soil characteristics and soil bacterial OTUs1.

Pearson correlation coeicients

Prob > |r|

Sample size

OTUs rich veg H_ion C N CN P Ca Mg K

OTUs 1.00000 0.62366 0.12248 –0.86457 0.16433 0.12358 0.22114 –0.01977 0.74946 0.70494 0.50015

 <.0001 0.2919 <.0001 0.1678 0.3010 0.0619 0.8627 <.0001 <.0001 <.0001

79 79 76 79 72 72 72 79 79 79 79

rich 0.62366 1.00000 –0.07506 –0.69564 0.06537 0.04504 0.11147 –0.12831 0.61463 0.70640 0.35733

<.0001  0.5165 <.0001 0.5827 0.7051 0.3478 0.2567 <.0001 <.0001 0.0011

79 80 77 79 73 73 73 80 80 80 80

veg 0.12248 –0.07506 1.00000 –0.02111 0.30034 0.30102 0.05199 0.17527 0.21592 0.14644 0.23953

0.2919 0.5165  0.8564 0.0115 0.0113 0.6690 0.1273 0.0593 0.2038 0.0359

76 77 77 76 70 70 70 77 77 77 77

H_ion –0.86457 –0.69564 –0.02111 1.00000 –0.06352 –0.04467 –0.10497 –0.04412 –0.76673 –0.77431 –0.50197

<.0001 <.0001 0.8564  0.5961 0.7094 0.3802 0.6994 <.0001 <.0001 <.0001

79 79 76 79 72 72 72 79 79 79 79

C 0.16433 0.06537 0.30034 –0.06352 1.00000 0.97915 0.31089 0.11688 0.28857 0.19185 0.24024

0.1678 0.5827 0.0115 0.5961  <.0001 0.0074 0.3247 0.0133 0.1039 0.0406

72 73 70 72 73 73 73 73 73 73 73

N 0.12358 0.04504 0.30102 –0.04467 0.97915 1.00000 0.11708 0.14889 0.26919 0.17353 0.19874

0.3010 0.7051 0.0113 0.7094 <.0001  0.3239 0.2087 0.0213 0.1421 0.0919

72 73 70 72 73 73 73 73 73 73 73

CN 0.22114 0.11147 0.05199 –0.10497 0.31089 0.11708 1.00000 –0.13640 0.16767 0.13542 0.27346

0.0619 0.3478 0.6690 0.3802 0.0074 0.3239  0.2499 0.1562 0.2533 0.0192

72 73 70 72 73 73 73 73 73 73 73

P –0.01977 –0.12831 0.17527 –0.04412 0.11688 0.14889 –0.13640 1.00000 0.03045 0.08421 0.03710

0.8627 0.2567 0.1273 0.6994 0.3247 0.2087 0.2499  0.7886 0.4577 0.7439

79 80 77 79 73 73 73 80 80 80 80

Ca 0.74946 0.61463 0.21592 –0.76673 0.28857 0.26919 0.16767 0.03045 1.00000 0.92002 0.74628

<.0001 <.0001 0.0593 <.0001 0.0133 0.0213 0.1562 0.7886  <.0001 <.0001

79 80 77 79 73 73 73 80 80 80 80

Mg 0.70494 0.70640 0.14644 –0.77431 0.19185 0.17353 0.13542 0.08421 0.92002 1.00000 0.65356

<.0001 <.0001 0.2038 <.0001 0.1039 0.1421 0.2533 0.4577 <.0001  <.0001

79 80 77 79 73 73 73 80 80 80 80

K 0.50015 0.35733 0.23953 –0.50197 0.24024 0.19874 0.27346 0.03710 0.74628 0.65356 1.00000

<.0001 0.0011 0.0359 <.0001 0.0406 0.0919 0.0192 0.7439 <.0001 <.0001  

79 80 77 79 73 73 73 80 80 80 80

1OTUs = bacterial operational taxonomic units, rich = plant species richness, veg = plant aboveground biomass, H-ion = hydrogen ion concentration, C = 

total carbon, N = total nitrogen, CN = C/N ratio, P = plant-available phosphorus, Ca = calcium, Mg = magnesium, K = potassium.
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with soil acidity comprised about 55% of communi-

ties (Table 2, and Figs. 3 and 4). Using results from the 

ANCOVA, only three groups, Acidobacteria, Chlorolexi, 

and Planctomycetes, which collectively made up about 

FIGURE 1.  (a) Soil bacteria, (b) plant richness, and (c) 

forb cover in alpine plots in relation to soil hydrogen ion 

concentration. Nitrogen addition tends to increase plot 

acidity on average in Figure 1, parts a and c, but does 

not appear to afect the richness-acidity relationships.

31% of communities, showed positive responses to soil 

acidity (Table 2, and Figs. 2 and 4). Based on the AN-

COVA, which adjusts for the responses to acidity, N ad-

ditions signiicantly enhanced ive groups (Alphaproteo-

bacteria, Gammaproteobacteria, Actinobacteria, Bacteroidetes, 

and Gemmatimonadetes). N additions resulted in declines 

for the Acidobacteria, Chlorolexi, Planctomyctes, and Ni-

trospirae, whereas the Betaproteobacteria, Deltaproteobacte-

ria, and Verrucomicrobia showed no responses to the N 

additions. No groups responded positively to both N 

additions and acidity, whereas only Nitrospirae showed 

negative declines to both variables. Acidobacteria, Chloro-

lexi, and Planctomycetes responded positively to acidity 

but negatively to N additions.

The responses of the 12 groups studied here to soil 

C, N, P, and cations showed remarkably few correlations. 

Surprisingly, N and plant-available P were not correlat-

ed with the abundance of any group. Carbon content of 

soil also failed to show any relationships, whereas cation 

abundance was strongly and inversely correlated with 

the responses observed for soil acidity (data not shown).

Because forb abundance and forb richness were 

negatively correlated to soil acidity (Fig. 1; Yuan et al., 

2016), one might expect bacteria correlations with forb 

abundance to match their responses to soil acidity. Only 

one bacterial phylum, Acidobacteria, exhibited a positive 

correlation with forb cover while also responding posi-

tively to soil acidity. All other groups that showed posi-

tive responses to acidity showed either no relationships 

or negative correlations with forb cover (Table 2).

The increase in snow depth using the snow fence ma-

nipulation had a modest negative efect on total OTU 

richness. Among the bacteria, three groups showed neg-

ative responses to snow, and one (the Chlorolexi) showed 

a positive response (Appendix Table A3). When included 

in an ANCOVA with N and soil acidity, only the Del-

taproteobacteria indicated that snow, rather than either N 

or soil acidity, was important in afecting the abundance 

of this group.

DISCUSSION

Understanding how soil biotic diversity relates to 

aboveground diversity and ecosystem functioning re-

mains an elusive goal of ecology, but one in which 

advances are occurring rapidly (Bardgett and van der 

Putten, 2014). Here, our indings that the patterns of 

plant plot richness show positive correlations with soil 

bacterial OTU richness certainly do not negate the 

contention that “richness enhances richness,” but at the 

same time use these results to support mechanistic rela-

tionships, which remain tenuous at best. These patterns 

could result from the fact that soil constraints associated 
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with pH independently drive both plant and bacterial 

patterns. Our work evaluated how N additions could 

be used as a mechanism to disentangle similarities on 

the relationship with soil acidity by the plants and soil 

bacteria. In our previous study we saw only limited as-

sociations between plant and bacteria richness, and dif-

ferences in bacterial responses to N and pH were seen to 

be inluenced by meadow type. Using the larger sample 

size and the plot-level analysis approach described here, 

more deinitive relationships among abiotic and biotic 

variables have been identiied.

The range in pH seen at our site was almost half of 

the range in acidity seen in the 700 km alpine transect 

conducted by Yashiro et al. (2016). As found here, pH 

was the strongest environmental correlate in their study. 

While those researchers had a much larger soil gradient 

to evaluate relationships, like our study there were very 

few soil variables that showed strong or consistent rela-

tionships, and the study did not report correlates with 

other biotic variables.

The fact that soil acidity at our site exhibits a large 

range in values across only a few hundred meters of al-

pine tundra corresponds with strong gradients in both 

soil bacterial and plant richness. This gradient exists re-

gardless of whether sites are heavily supplemented with 

N, but N fertilization, by its propensity to acidify soils, 

contributed to this overall pattern. Soil bacterial com-

munity structure has also proved to be strongly driven 

by soil pH induced by the efects of N addition (Yuan 

et al., 2016). With increasing hydrogen ion concentra-

tions, the stoichiometry of essential nutrient availability 

in soils is undoubtedly altered, and this outcome might 

have uniformly negative impacts to both bacteria and 

plants. For plants, N additions also alter competitive re-

lationships for other limited resources such as light and 

water (e.g., Suding et al., 2015). In our study, the strong 

positive plant-microbial interactions are mainly because 

of the changes in forbs in our study, which suggest that 

future changes in soil hydrogen ion concentration (in-

cluding that induced by N deposition) across the alpine 

landscape will likely lead to changes in speciic forb 

groups and their associated microbial communities, in-

luencing soil available resources and nutrient cycling in 

the alpine ecosystem.

Lef et al. (2015) reported that some bacterial 

groups were “consistent increasers” to nutrient addi-

tions in their multi-site analysis of grasslands, and the 

three they identiied in their study were among the 

ive groups that responded here. Similarly, those au-

thors reported consistent declines in three groups, two 

of which also declined in our study, but also includ-

ing the Deltaproteobacteria, which did not show signii-

cant decreases to N in the alpine (Fig. 3). Instead, we 

found this group sensitive to snow, but not to N or 

soil acidity. In arctic tundra, Koyama et al. (2014) re-

ported responses similar to our study for increases in 

Alphaproteobacteria and Gammaproteobacteria to N addi-

tions, but unlike their study, we did not ind increases 

for the Betaproteobacteria (Fig 3). The negative response 

of the Betaproteobacteria to soil acidity may have ne-

gated its otherwise positive response to N additions. 

We therefore conclude that the alpine plant com-

munities, although similar to grasslands, exhibit some 

unique responses to N that do not match the grassland 

counterparts. In similar fashion the alpine tundra does 

not show consistent results with respect to the global 

dryland analysis of microbial communities by Maestre 

et al. (2015). That study found strong correlations of 

diversity with soil C and no relationship with pH. The 

alpine soils’ extremely high C content and pH values 

lower than those used in the global analysis again ar-

gues that the alpine is under diferent controls than 

TABLE 2

Plant and soil relationships with soil bacterial groups.

Bacterial Groups1

Characteristics Alpha. Beta. Delta. Gamma. Acido. Actino. Verru. Bacter. Chloro. Planct. Gemm. Nitrosp.

Rel. abundance 14.0 4.0 4.2 5.1 16.8 13.2 10.6 6.3 10.7 3.1 1.8 0.3

(% of sequences)

Soil acidity2 –∗∗∗ –∗∗∗ –∗ ns +∗∗∗ –∗∗∗ –∗∗∗ –∗∗∗ +∗∗∗ +∗∗∗ –∗∗∗ –∗∗

N addition2 +∗∗ ns ns +∗∗∗ –∗∗∗ +∗∗∗ ns +∗∗∗ –∗ –∗∗∗ +∗∗∗ –∗∗

Plant richness3 +∗ +∗∗∗ +∗∗ –∗ +∗ +∗ +∗∗∗ ns –∗∗∗ ns ns ns

Forb cover3 +∗∗ +∗∗∗ ns ns +∗∗∗ ns +∗∗∗ ns –∗∗∗ ns ns +∗∗

Graminoid cover3 –∗ –∗∗ ns ns –∗∗ ns –∗∗ ns +∗∗ ns ns ns

1Groups are Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, Acidobacteria, Actinobacteria, Verrucomicrobia, Bacteroidetes, Chololexi, 

Planctomycetes, Gemmatimonadetes, Nitrospirae. Sequences associated with “other OTUs” not shown but accounted for 9.8% of total.
2Positive (+) negative (–) or non-signiicant (ns) result from ANACOVA, Appendix Table A2, ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001.
3Positive (+) negative (–) or non-signiicant (ns) result from Pearson Correlation Coeicient, ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001.
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dryland grasslands. Responses of the various bacterial 

groups to soil pH reported by Maestre et al. (2015) 

also often did not agree with the responses reported 

here, suggesting that these groups generally exhibit a 

FIGURE 2.  Abundance of Acidobacteria, Gammaproteobacte-

ria, and Planctomycetes in relation to soil hydrogen ion con-

centration. The Gammaproteobacteria respond positively to 

N whereas the other two exhibit negative responses (Ap-

pendix Table A2). Note that y-axis values are not constant 

in these and subsequent igures. The number of sequences 

shown on the y-axis is out of 9715 sequences per sample.

FIGURE 3.  Three of the four classes of the Phylum 

Proteobacteria show a negative response to soil acidity 

while showing no clear response to N additions 

(Appendix Table A2). The number of sequences shown 

on the y-axis is out of 9715 sequences per sample.

curvilinear response to soil pH when viewed over all 

habitats measured here and in other studies.

Similar to the work of Nemergut et al. (2008) in the 

alpine, our study found that N addition increased the 
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relative abundance of Bacteroidetes and Gemmatimona-

detes, but in contrast, our study failed to show a decline 

because of N additions in the Verrucomicrobia. Our analy-

sis instead indicated that the decline was related to soil 

acidity. The very strong positive Chlorolexi response to 

the moisture and acidity gradient of the alpine, as re-

ported here and by Costello and Schmidt (2006), is very 

diferent from responses to pH and aridity presented in 

Maestre et al. (2015). In the alpine, this group is most 

abundant in acidic and moist environments, whereas 

FIGURE 4.  Actinobacteria, Bacteroidetes, and Gemmatimonadetes exhibit negative responses to soil acidity but show 

a positive response to N additions. Chlorolexi show a positive response to acidity but no obvious N responses, 

whereas Verrucomicrobia show negative responses to acidity that appear unafected by N additions. The Nitrosporae 

exhibit negative responses to both variables (Appendix Table A2). The number of sequences shown on the y-axis 

is out of 9715 sequences per sample.
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across dry grasslands it shows no response to moisture 

and a signiicant positive response to increasing pH. 

Chlorolexi was a nonconformer in the alpine, which, 

along with Planctomycetes, responded positively to acidity 

but negatively to N additions. Attempting to reconcile 

these indings to other results, we speculate that these 

responses may be competition- rather than resource-

driven, or the groups are responding to soil character-

istics not linearly related to soil acidity. Additionally, 

the coarse taxonomic groupings used in our study and 

others plus the lack of functional information for these 

groupings may also contribute to inconsistencies in re-

sults between studies. Forb richness and cover showed 

the same negative correlation to soil acidity as did many 

of the bacterial groups and therefore we cannot separate 

out soil chemistry as opposed to plant chemistry as the 

driver of bacteria-plant correlations. The sole exception 

appeared to be for Acidobacteria, which was positively 

correlated with forbs and soil acidity, but not correlated 

with soil N or graminoid species. The strong correlation 

between Acidobacteria abundance and soil acidity in our 

study is as robust as Jones et al. (2009) demonstrated. 

Variation of Acidobacteria abundance along soil pH and 

plant is consistent with their acidophilic and oligo-

trophic characteristics (Fierer et al., 2012). The positive 

forb and positive acidity association appears almost as 

a paradox given results shown in Figure 1, but it could 

argue for the strength of the forb association, while 

concurrently expressing the acidophilic characteristic of 

Acidobacteria (Eichorst et al., 2007). This group contains 

common root-associated bacteria for the most abundant 

forb at this alpine site, Geum rossii, but was not nearly as 

abundant on the dominant grass, Deschampsia caespitosa 

(Dean et al., 2015). Hence, the suggestion that this Geum 

root associate might be associated with forb abundance 

in general seems reasonable. While other patterns of 

speciic plant and bacterial groups are postulated, the 

sampling design, which did not attempt to co-locate soil 

samples with plant species or groups, limited our ability 

to detect anything other than very strong associations.

The fact that 5 of the major 12 bacterial groups iden-

tiied in our study positively responded to N additions 

while showing no relationships with total soil N is in-

triguing. The N addition efect on bacterial abundance 

is apparently not inluenced by the abundance of the 

organic N compounds that dominate the sources of to-

tal soil N. Rather, likely they are responding to increased 

labile organic sources provided by the plant species that 

positively respond to N fertilization.

Our sampling procedure imposed limitations on our 

ability to compare controls and plant and soil bacterial 

richness in the alpine. Plant and bacterial richness ex-

hibit similar responses to landscape patterns in soil acid-

ity in alpine tundra, but the mechanisms driving these 

patterns appear to be diferent, at least when measured 

at the scales used here. Both bacteria and plants appear 

to contain species and groups that are sensitive to N ad-

ditions, whereas N additions reduce plant richness but 

not bacterial richness. The N additions are assumed to 

increase the importance of other factors such as light 

and water limitation, which contribute to competitive 

exclusion of plants in small plots. Further, the increased 

soil acidity of wetter plots coincides with a reduced 

growing season for plants. These factors collectively 

contribute to the decline in richness in plants, which is 

quite severe in terms of small plot richness. In contrast, 

the soil bacterial richness response to our gradient ap-

pears to be under a tighter set of rules that are generated 

by or correlated with patterns of soil acidity, and these 

controls result in a somewhat more benign decline in 

richness than observed in plants. This could be partly 

explained by the important indirect N efects on tundra 

bacterial community through changes in plant commu-

nity structure identiied in our prior study (Yuan et al., 

2016). These results suggest that the plant-microbial as-

sociations and function might well be changed by the 

soil acidity inluenced by N deposition. In addition, just 

as the sensitivity of speciic bacterial groups to N addi-

tion and soil hydrogen ion concentration in our study, 

we could get the importance of examining changes in 

particular bacterial taxa, because they may likely display 

unique responses to variation in both biotic and abiotic 

factors under future environmental change.
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APPENDIX

TABLE A1

Characteristics of alpine soils studied here. All values measured from samples obtained in 2015 except for pH, 

which was measured at the time of sampling for soil bacteria in 2013. 

Control plots

Variable Mean Std Error N

C (%) 12.45 0.40 36

N (%) 0.98 0.03 36

C/N 12.73 0.12 36

P (mg/kg) 35.31 4.98 40

Ca (mg/kg) 2019.41 166.29 40

Mg (mg/kg) 232.09 18.38 40

K (mg/kg) 254.61 12.86 40

Cations (mg/kg) 2506.11 193.77 40

pH 5.14 0.058 40

N-added plots

Variable Mean Std Error N

C (%) 13.07 0.50 37

N (%) 1.02 0.04 37

C/N 12.82 0.09 37

P (mg/kg) 29.87 5.10 40

Ca (mg/kg) 1734.23 143.59 40

Mg (mg/kg) 150.91 12.35 40

K (mg/kg) 272.41 17.82 40

Cations (mg/kg) 2157.55 170.50 40

pH 4.88 0.04 39
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TABLE A3

Results of an analysis of covariance (ANCOVA) on dry and moist plots (n = 64) using N and snow addition treat-

ments as ixed variables and soil acidity (hydrogen ion concentration) as covariate1. Also shown are the P-values 

for the group responses to snow addition if analyzed with a one-way ANOVA without the other variables, with 

the direction of the response indicated as (+) or (–). Signiicant responses are in bold type.

N addition efect Snow addition efect Soil acidity Snow addition only

Variable F-value P > F F-value P > F F-value P > F P > F

Plant Richness 9.92 0.0026 5.51 0.0222 20.36 0.0001 .0013 (–)

Bacterial OTU richness 1.08 0.3036 0.20 0.6525 93.84 0.0001 .0136 (–)

Alphaproteobacteria 11.89 0.0010 1.50 0.2331 2.37 0.1291 .3768

Betaproteobacteria 0.14 0.7068 4.07 0.0481 32.47 0.0001 .8294

Deltaproteobacteria 0.07 0.1974 6.91 0.0109 0.25 0.6210 .0110 (–)

Gammaproteobacteria 7.62 0.0077 1.17 0.2832 8.60 0.0048 .9818

Acidobacteria 18.46 0.0001 0.51 0.4797 11.37 0.0013 .1328

Actinobacteria 4.29 0.0426 0.85 0.3594 11.67 0.0012 .0320 (–)

Verrucomicrobia 4.07 0.0462 0.03 0.8611 71.19 0.0001 .0340 (–)

Bacteroidetes 7.05 0.0102 0.07 0.7890 4.03 0.0493 .3251

Chololexi 3.04 0.0864 0.35 0.5552 65.21 0.0001 .0008 (+)

Planctomycetes 9.21 0.0036 0.02 0.8990 12.94 0.0007 .1949

Gemmatimonadetes 0.76 0.3886 1.91 0.1726 7.63 0.0077 .9319

Nitrospirae 26.48 0.0001 0.44 0.5098 61.52 0.0001 .0620

1N and snow efect assessed after removal of variance attributed to acidity.

TABLE A2

Results of an analysis of covariance (ANCOVA) on all plots (n = 80) using N addition treatment as ixed variable 

and soil acidity (hydrogen ion concentration) as covariate1. Signiicant responses are in bold type.

N addition efect Soil acidity

Variable F-value P > F F-value P > F

Plant Richness 16.73 0.0001 81.58 0.0001

Bacterial OTU richness 0.02 0.8751 221.34 0.0001

Alphaproteobacteria 8.95 0.0037 20.21 0.0001

Betaproteobacteria 0.02 0.8959 40.73 0.0001

Deltaproteobacteria 1.69 0.1974 8.89 0.0039

Gammaproteobacteria 26.94 0.0001 0.04 0.8339

Acidobacteria 130.43 0.0001 20.12 0.0001

Actinobacteria 33.95 0.0001 64.47 0.0001

Verrucomicrobia 2.00 0.1617 103.82 0.0001

Bacteroidetes 55.37 0.0001 25.13 0.0001

Chololexi 4.33 0.0408 67.77 0.0001

Planctomycetes 108.12 0.0001 33.10 0.0001

Gemmatimonadetes 32.88 0.0001 25.02 0.0001

Nitrospirae 8.88 0.0039 135.33 0.0001

1N efect assessed after removal of variance attributed to acidity.


