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ABSTRACT 

Herbivory Changes Soil Microbial Communities and Greenhouse Gas Fluxes  

in High-latitude Wetlands  

by 

Karen M. Foley, Master of Science 

Utah State University, 2020 

Major Professor: Dr. Bonnie G. Waring 
Department: Biology 

Although herbivory can have strong impacts on greenhouse gas (GHG) fluxes in 

high-latitude ecosystems, few studies quantify the microbial mechanisms that link 

herbivore-induced environmental shifts with changes in soil biogeochemistry.  In the 

Yukon-Kuskokwim (Y-K) Delta in western Alaska, grazing by Pacific black brant affects 

the magnitude of soil carbon dioxide (CO2) and methane (CH4) fluxes, but the underlying 

drivers of this relationship are unclear. The existing variation in soil characteristics and 

microbial community structure across four different plant communities on the Y-K Delta 

was assessed with emphasis on grazed and un-grazed habitats in the wet sedge meadows. 

This allowed for quantification of the magnitude of herbivore effects on soil 

biogeochemistry against the backdrop of landscape-scale environmental variation. 

Potential drivers of herbivory-induced changes in GHG fluxes were evaluated by 

incubating grazed and un-grazed soils under controlled conditions, manipulating factors 

impacted by herbivores in the field: soil moisture, temperature, and nutrients. Results 



iv 
showed soil characteristics and microbial community structure varied greatly across the 

four plant communities at the landscape scale, but the variation between adjacent grazed 

and un-grazed habitat was nearly as pronounced. In the laboratory incubation, GHG 

fluxes increased with temperature and nutrient additions, but not moisture. Moreover, 

these effects were magnified in previously grazed soils, in which CO2 and CH4 fluxes 

were increased by up to 50% and 500%, respectively.  Temperature sensitivity of 

respiration was increased by up to 32% in grazed soils. This variation in GHG fluxes was 

associated with significant turnover in fungal and prokaryotic community composition 

between habitats with and without prior exposure to herbivores. These results suggest 

that relationships among herbivores, soil microbial communities, and belowground 

carbon cycling will mediate carbon-climate feedbacks in rapidly changing high-latitude 

ecosystems. 

(52 pages) 
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PUBLIC ABSTRACT 

Herbivory Changes Soil Microbial Communities and Greenhouse Gas Fluxes  

in High-latitude Wetlands  

Karen M. Foley 

 Herbivory by migratory animals in high-latitude ecosystems is known to impact 

greenhouse gas emissions from soils. However, few studies quantify the relationships 

between changes herbivores make to plant communities and soil conditions, and the 

biological interactions soil organisms have with their environment that result in changes 

to greenhouse gas emissions. These relationships are important to understand because 

they capture important carbon-climate feedbacks that may have implications for climate 

change policy and land management decisions, especially since high-latitude systems are 

experiencing unprecedented changes in climate.  

In the Yukon-Kuskokwim (Y-K) Delta in western Alaska, herbivory by migratory 

geese affects the magnitude of greenhouse gas emissions coming from soils, but the 

mechanisms driving these relationships are poorly understood. To determine these 

mechanisms, variation in soil environments between adjacent grazed and un-grazed sites 

were compared to variation in soil environments across a landscape-scale gradient of 

plant communities to better understand the magnitude of differences in soil environments 

created by grazing. Soil environment characteristics measured included soil pH, moisture, 

total organic carbon and nutrients, and microbial community structure and dynamics. We 

also performed an incubation experiment on soils from grazed and un-grazed sites to 

assess the mechanistic drivers of changes in greenhouse gas emissions by manipulating 
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soil environment characteristics that change with herbivory in the field: soil moisture, 

temperature, and nutrient content.  

We found that soil environments between adjacent grazed and un-grazed sites had 

nearly as much variation as soil environments across the landscape, including in 

microbial communities. From the incubation experiment, greenhouse gas emissions 

increased with temperature and nutrient content, but there was no synergistic effect of 

moisture. Moreover, the effects of temperature and nutrients on greenhouse gases was 

increased in soils from grazed sites. The differences in the greenhouse gas emissions 

were not due to differences in absolute abundances of soil microbes. Instead, the results 

suggest that differences in relative abundances of soil microbial taxonomic groups with 

known differences in physiological traits or life-history strategies may account for the 

observed differences in greenhouse gas emissions.   

These results have major implications for high-latitude ecosystems because these 

ecosystems are warming twice as fast as lower-latitude ecosystems, suggesting that 

greenhouse gas emissions will increase in grazed sites and contribute to positive 

feedbacks in climate. These results also suggest that relationships among herbivores, soil 

microbial communities, and belowground carbon cycling are important to capture 

ecological relationships that impact global climate.  
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CHAPTER 1 

INTRODUCTION 

High-latitude ecosystems, which contain approximately one-third of the global 

terrestrial carbon (C) stock (Hugelius et al., 2014), are experiencing unprecedented 

changes in climate, with poorly understood consequences for global carbon-climate 

feedbacks (National Oceanic and Atmospheric Administration [NOAA], 2019). Within 

these high-latitude ecosystems, climate-induced shifts in soil C cycling are mediated by 

herbivory (e.g. Falk, Schmidt, Christensen, & Ström, 2015; Lara, Johnson, Andresen, 

Hollister, & Tweedie; 2017; Sjögersten, van der Wal, & Woodin, 2008), which can 

reduce net soil C uptake nearly three-fold (Cahoon, Sullivan, Post, & Welker, 2012). 

However, few studies quantify mechanisms that link herbivores with changes in soil 

biogeochemistry (Schmitz et al., 2018). Poor understanding of the ecological linkages 

among grazers, plants, and decomposer microorganisms precludes their representation in 

ecosystem models, challenging our ability to predict how high-latitude C stocks will 

respond to environmental change.  

Herbivory in high-latitude ecosystems has been documented to impact vegetation 

community composition and plant biomass (Bråthen et al., 2007; Cahoon et al., 2012; 

Falk et al., 2015; Kelsey et al., 2016; Sjögersten et al., 2008; van der Wal & Brooker, 

2004), alter patterns of nutrient cycling (Gao, Luo, Wu, Chen, & Wang, 2008; Leffler et 

al., 2019; McKendrigk, Batzli, Everett, & Swanson, 1980; Stark, Männistö, & Eskelinen, 

2015) and affect soil characteristics, such as organic C and nitrogen (N) availability and 

erosion rates (Stark, Tuomi, Strömmer, & Helle, 2003; van der Wal et al., 2007; Zacheis, 
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Ruess, & Hupp, 2002). The simultaneous modification of plant and soil characteristics 

from the process of grazing makes predicting the impacts of herbivores on carbon dioxide 

(CO2) and methane (CH4) flux difficult. For example, Sjögersten et al. (2008) found that 

high intensity grazing reduced soil C sink strength by 99% in a wet meadow site, while 

having no effect on C sink or source strength in a mesic heath site. This highlights the 

need for a more generalizable framework for predicting the effects of herbivores on 

greenhouse gas (GHG) dynamics, which can only be achieved through a more 

mechanistic understanding of interactions between grazers and soil biogeochemical 

cycles across diverse high-latitude ecosystems.  

The mechanisms responsible for altered GHG fluxes under herbivory are likely 

multifactorial, and therefore difficult to disentangle with the types of grazing 

manipulation studies that have been conducted to date. Grazing changes plant biomass 

and community composition in high-latitude ecosystems (Ruess, Uliassi, Mulder, & 

Person, 1997), which in turn impacts soil moisture, temperature, and nutrient availability 

(Kelsey et al., 2016). A reduced rate of evapotranspiration occurs in grazed areas due to 

lower plant biomass, resulting in higher soil moisture content where ambient 

temperatures are not high enough to dry soils (Asner, Elmore, Olander, Martin, & Harris, 

2004). Lower plant biomass in grazed areas also increases soil temperatures by enhancing 

direct insolation of soils (Ruess et al., 1997; van der Wal and Brooker, 2004). Grazing 

can also enhance nutrient availability via increased root exudation (Bardgett, Wardle, & 

Yeates, 1998; Hamilton and Frank, 2001) and herbivore fecal waste (Hik & Jefferies, 

1990; Ruess et al., 1997; Sjögersten et al., 2008). These herbivore-induced nutrient 

‘hotspots’ can stimulate soil microbial metabolic processes, priming decomposition of 
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organic matter, and potentially enhancing rates of soil respiration (Bradford, Keiser, 

Davies, Mersmann, & Strickland; 2013; Goldfarb et al., 2011; McKendrigk et al., 1980). 

Finally, changes to soil moisture, temperature, and nutrient availability are known to 

cause shifts in microbial community composition, which can directly influence CO2 and 

CH4 fluxes from soils (Castro, Classen, Austin, Norby, & Schadt, 2010; Koyama, 

Wallenstein, Simpson, & Moore, 2014; Schimel & Schaeffer, 2012).  

Whether the direction and magnitude of GHG shifts are dependent on soil 

microbial community structure is a central uncertainty in predicting herbivore effects on 

ecosystem C cycling. If changes in microbial community structure are unrelated to the 

dynamics of organic matter decomposition, then the impacts of grazing on soil C cycling 

can be predicted based on herbivore-induced changes in abiotic parameters alone (e.g., 

soil moisture, temperature, and organic matter inputs). However, it is increasingly 

recognized that microbial communities can influence the shape of the relationship 

between environmental drivers (e.g. temperature) and biogeochemical processes 

(Glassman et al., 2018; Schimel and Schaeffer, 2012). Microbial community shifts might 

amplify or dampen relationships between soil abiotic variables and GHG fluxes. For 

example, changes in the composition of bacterial and fungal communities can drive 

functional acclimation to long-term warming, reducing temperature-induced losses of soil 

C (Melillo et al., 2017). Another major knowledge gap concerns the temporal dynamics 

of microbial community shifts in response to grazing. Soil microbial community 

composition can resist environmental change for years (Hawkes, Waring, Rocca, & 

Kivlin, 2017), up to decades (Bond-Lamberty et al., 2016). Therefore, the structure and 

composition of microbial communities may reflect past grazing history, which often 
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remains untested. 

The purpose of this study was to identify the mechanisms by which herbivory 

mediates CO2 and CH4 fluxes emitted from high-latitude wetland soils. To do so, two 

linked research aims were addressed. First, existing variation in soil characteristics and 

microbial community structure along gradients of plant community composition in high-

latitude wetlands were quantified. The goal here was to assess the magnitude of herbivore 

effects on soil properties against the backdrop of landscape-scale environmental 

variation. Second, potential drivers of herbivory-induced changes in GHG fluxes were 

evaluated via a fully factorial manipulation of soil moisture, temperature, and nutrients, 

each of which are affected by herbivory in situ. These treatments were applied to soil 

from grazed and un-grazed habitats to assess whether herbivore-induced variation in soil 

microbial community composition affects the relationship between GHG fluxes and 

climate. 
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CHAPTER 2 

METHODS 

2.1 Study site description 

The study site is located near the Tutakoke River in the central coastal region of 

the Yukon-Kuskokwim (Y-K) Delta (61.24 N, -165.63 W) in western Alaska, USA. The 

Y-K Delta is one of the largest deltaic systems in the world, with over 125,000 km2 of 

coastal tundra and heterogenous salt marsh between the Yukon and Kuskokwim Rivers, 

which empty into the Bering Sea (Kincheloe and Stehn, 1991; MacDonald, 1977). Mean 

monthly temperatures range from -14°C in midwinter to 10°C in midsummer and the 

mean annual precipitation is approximately 43 cm (Tande & Jennings, 1986).  

Coastal regions of the Y-K Delta are characterized by low elevation and relief 

across large spatial scales (e.g., less than 1 m of elevation rise within 7.5 km of the coast). 

Along the Tutakoke River, there are four parallel sets of sediment deposits moving inland 

that are approximately 2-5 km in width (Tande & Jennings, 1986), which I identify as 

‘terraces’. These terraces are defined by small elevational differences (about 50 cm), 

unique sedimentation rates, and plant communities that develop as a consequence of the 

frequency of tidal and storm-surge inundation (Jorgenson & Ely, 2001). Terrace one 

(T1), located nearest to the coast, is dominated by wet herb meadows (e.g. Argentina 

egedii and Leymus mollis) interspersed with mudflats, while terrace two (T2) is occupied 

by brackish wet sedge meadows (e.g. Carex subspathacea). Terrace three (T3) is 

dominated by a mixture of brackish wet sedge meadows and shrubland (e.g. C. rariflora 

and Salix fuscescens). Terrace four (T4) consists of lowland bog meadows and moist low 

scrub (e.g. C. aquatilia, Betula nana, Cladina rangiferina, and Sphagnum spp.) and 
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contains permafrost 10-20 cm below the surface (Jorgenson and Ely, 2001; Kincheloe 

and Stehn, 1991; Figure 1).  

 

 
FIGURE 1 Satellite image map of the study site. The study site is located along the 
Tutakoke River within the Yukon-Kuskokwim Delta in western Alaska. Green points 
represent the location of the four 100 m transects within each terrace (i.e. T1 to T4). The 
red point represents the general location of sampled grazing lawns on Terrace two (T2). 
Data sources include USGS, National Geographic, Esri, and field-collected GPS data.  
 
 

 
The Y-K Delta is an important breeding area for many migratory birds, including 

50% of Pacific black brant (Branta bernicla nigricans), all emperor geese (Chen 

canagica), all cackling geese (B. canadensis minima), and a large majority of the Pacific 

flyway population of greater white-fronted geese (Anser albifrons). Geese breed and rear 

broods in the thousands within 15 km of the coast during the growing season of late May 

to late July, when preferred plant communities are most abundant (Amundson et al., 
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2019; Babcock and Ely, 1994). Pacific black brant are the only colony breeders at the 

study site, and graze at such high intensity on T2 that they create mosaic patches of 

shorter, more nutritious C. subspathacea, described as ‘grazing lawns’ (Person, Babcock,  

& Ruess, 1998; Uher-Koch et al., 2019; Figure 2).  

 
 

 

 
 
FIGURE 2 Images of (b) grazing lawns and (c) un-grazed habitat on Terrace two. Both 
grazing lawns and un-grazed habitat are made of mostly monospecific stands of Carex 
subspathacea. Grazing lawns are created by yearly grazing by Pacific black brant during 
breeding and brood-rearing months (i.e. June to early August) and (a) do not exhibit large 
patches of continuous habitat compared to adjacent un-grazed habitat. Grazing lawns also 
exhibit lower total plant biomass and senesced plant biomass and higher density of goose 
feces compared to adjacent un-grazed habitat.  

 

Grazing 
lawn 

Un-grazed 
habitat 

(a) 

(b) (c) 
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2.2 Soil collection and determination of vegetation community composition 

On 8-9 June 2018, 100 total soil samples were collected along 100 m transects in 

each of the four terraces: 20 samples each from T1, T3, and T4, and 40 samples in total 

from T2 (20 from the heavily grazed ‘grazing lawns’: T2G; and 20 from a transect in 

nearby ‘un-grazed’ meadows: T2UG). Every 20 m along each transect, four sampling 

points were selected: one in each cardinal direction and 50 cm from the transect line. The 

T2G points were sampled on a point-by-point basis, grouping four samples in each of 

five different grazing lawns, because grazing lawns are patchy and do not exhibit 

continuous habitat for 100 m. A 50 cm x 50 cm quadrat was placed over the center of 

each sampling point and photographed from a height of 1 m for subsequent digital 

analysis of live and dead plant biomass and bare ground. The number of individual goose 

feces was also counted within the quadrats.  Within each quadrat, one 10 cm x 10 cm soil 

block was excavated to a 10 cm depth using a sterile knife. A representative subsample of 

each 1000 cm3 block was immediately removed and stored on ice for microbial 

community analysis and quantification of gravimetric soil moisture, pH, total organic 

carbon (C), total nutrients [organic nitrogen (N), potassium (K), and phosphorus (P)], and 

microbial extracellular enzyme activities. For samples on T2, the remainder of each 1000 

cm3 soil block were stored on ice for a microcosm incubation experiment. Additional soil 

samples were harvested from grazing lawns and un-grazed habitat on T2 for 

determination of dry bulk density.   

Vegetation community composition of each terrace was determined using 

vegetation community classifications from Kincheloe and Stehn (1991) and Jorgenson 

and Ely (2001). Vegetation communities 1a,b and 6a,b were used for T1, 6a-d were used 
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for T2, 8b was used for T3, and 10c was used for T4. Species in each community were 

categorized into functional groups of graminoid, forb, shrub, moss, or lichen. Percent 

cover for each plant functional group was determined by summing percent cover of all 

species within a plant functional group within a community, with species denoted by “+” 

rounded up to one percent cover. For T1 and T2, percent cover for a given plant 

functional group was averaged across all communities. Because percent cover often 

exceeded 100% due to ignoring the constancy of a species, the percent cover for a plant 

functional group was divided by the total percent cover of all plant functional groups 

combined. This approach allowed for calculation of the relative abundance of each plant 

functional group in each terrace. These results were compared to point estimates of 

percent cover of each plant functional group (Beard & Choi, n.d.) for accuracy. Percent 

live and dead plant biomass and bare ground for each quadrat for each sampling point 

was determined by a digital analysis of photos via SamplePoint (Booth, Cox, & 

Berryman, 2006). 

2.3 Soil biogeochemical analyses  

Roots were removed from 100 soil subsamples before the following 

biogeochemical analyses. Gravimetric soil moisture was determined on all subsamples by 

weighing approximately 3 g of wet soil from each subsample, drying these at 60°C for 48 

h, and measuring weight loss of the dried soil. Soil pH and total C, N, K, and P content 

were determined on groups of subsamples from each cluster of four sampling points 

along the 100 m transects (N = 5 per transect, 20 samples total). Soil pH was measured 

on a 1:5 soil to deionized water solution using a pH meter (Fisherbrand accumet AE150 

Benchtop pH meter, Thermo Fisher Scientific, Waltham, MA, USA). For total C and 
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nutrient analyses, inorganic C was first removed from the soil using 5 mL of 6% 

sulfurous acid (H2SO3) at 80°C for 24 h.  Approximately 14 mg of soil was used for all 

but T4 samples, and approximately 1.5 mg of soil was used for T4 sample groups 

(because T4 soils were composed mostly of organic material) for total C and N content. 

Total P and K were determined for ground, air-dried samples. Total organic C and N 

content were measured on an elemental analyzer (ECS 4010 Elemental Analyzer, 

Costech Analytical Technologies, Valencia, CA, USA) following acidification to remove 

inorganic C, and total P and K were measured via inductively coupled plasma mass 

spectrometry at the USU Analytical Lab. Dry bulk density was measured on soils from 

grazing lawns and un-grazed habitat. Total organic C and N and total K and P were 

multiplied by bulk density measurements to estimate differences in C and nutrient stocks 

between the habitats. 

Activities of the extracellular enzymes acid phosphatase (AP), β-glucosidase 

(BG), leucine aminopeptidase (LAP), and β-N-acetylglucosaminidase (NAG) were 

assayed for each of the 100 soil subsamples using p-nitrophenol conjugated substrates 

following German et al. (2011). Absorbance of each microplate was read at 410 nm on a 

microplate spectrophotometer (Spectramax M2 microplate spectrophotometer, Molecular 

Devices, San Jose, CA, USA). 

2.4 Microbial community analyses 

A DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) was used to extract DNA 

from each of the 100 soil subsamples collected in the field. At the USU Center for 

Integrated Biosystems, DNA extracts were pooled in equimolar concentrations and 

sequenced on the Illumina MiSeq platform. Primers targeting the V4 region of the 16S 
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SSU rRNA gene (Primers 515F–806R) and the internal transcribed spacer region of the 

fungal rRNA gene (Primers ITS1f-ITS2) were used to amplify prokaryotic and fungal 

marker genes following Earth Microbiome Project protocols. The QIIME 2 (version 

2018.11.0) sequence curation pipeline (Bolyen et al., 2019) was used to determine the 

bacterial, archaeal, and fungal community composition for each sample. The DADA2 

algorithm (Callahan et al., 2016) was used to denoise sequences, producing putatively 

error-free amplicon sequence variants (ASVs) that lacked chimeras. To assign taxonomy 

to bacterial and archaeal sequences, a Naïve Bayesian classifier was trained on the 

Greengenes (version 13_8) training dataset (DeSantis et al., 2006).  For fungi, the Blast+ 

algorithm (Camacho et al., 2009) was used to assign taxonomy in reference to the UNITE 

(version 8.0) database (Nilsson et al., 2019).  Following taxonomic classification, a 

taxonomy-based filtering procedure was used to remove non-bacterial, archaeal, or fungal 

ASVs from the appropriate datasets. Then, for each sample, sequences were rarified to 

20,000 bacterial sequences and 12,000 fungal sequences. The universal 16S primers used 

did not effectively amplify archaeal sequences, resulting in some samples with no 

sequences and others with over 2,000.  For cursory analysis of archaeal diversity, a 

rarefaction threshold of 200 sequences was used to allow for the inclusion of most 

samples. 

2.5 Microcosm incubation experiment 

The experiment consisted of a fully factorial manipulation of soil moisture, soil 

temperature, and nutrient addition. To determine whether herbivory induces microbial 

community shifts that impact GHG fluxes, treatments were replicated in soils collected 

from T2 grazing lawns (G) and un-grazed habitat (UG), resulting in 16 unique treatment 
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combinations with six replicates each (N = 96).  

Prior to starting the incubation experiment, G and UG soils were air-dried and 

sieved at 2 mm to remove large roots; 45 g of air-dried soil were added to each 250 mL 

soda-lime glass microcosm (Wide-Mouth Septa Jars, Thermo Fisher Scientific, Waltham, 

MA, USA). To establish soil moisture treatments, soil water content was adjusted to 

match mean soil moisture measured in grazing lawns (104 ± 4.52% [Standard error 

(SE)]) and un-grazed habitat (81 ± 6.43% [SE]). Soils were wet with brackish water with 

a mean salinity of 28 g L-1 total dissolved salts (Instant Ocean Sea Salt, Spectrum Brands, 

Blacksburg, VA, USA) to reach 104% soil moisture. Microcosms assigned to the lower 

soil moisture treatment level were allowed to air-dry until they reached the appropriate 

soil moisture (this approach avoided the confounding factor of differing total salts). The 

soil temperature treatments were determined using an early growing season temperature 

of 8°C (Kelsey et al., 2016; Leffler et al., 2019) and a 10-degree temperature difference 

to evaluate the Q10 temperature coefficient. While uncommon, soil temperatures can 

reach 18°C in the field (Kelsey et al., 2016). Finally, nutrient availability was 

manipulated in half of the microcosms by adding field-collected goose feces. Feces were 

dried in an oven at 60°C for 48 hours and then ground using a Wiley Mill. Mimicking the 

observed fecal density m-2 on the grazing lawns (Beard and Choi, 2017), feces were 

applied to the surface of the microcosm soils at a rate of 27.94 g m-2, (0.08 g dry weight 

per microcosm). Feces were then mixed into the air-dried soil in each microcosm to 

mimic trampling effects prior to applying soil moisture treatments.  

Microcosms were incubated (Dual Program Illuminated Incubator 818, Precision 

Scientific, Chennai, Tamil Nadu, India) in the dark in their respective temperature 
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treatments for eight weeks (the length of the growing season), with headspace sampled 

once a week for GHG quantification. Microcosm locations within incubators were 

randomized at the start of the experiment and following each headspace sampling. If 

necessary, soil moisture treatment levels in each microcosm were maintained by adding 

deionized water. Headspace CO2 and CH4 concentrations were analyzed using gas 

chromatography (GC-2010 Greenhouse Gas Analyzer, Shimadzu, Kyoto, Japan). At the 

conclusion of the incubation, microbial biomass in each microcosm was measured via 

fumigation-extraction techniques (Vance, Brookes, & Jenkinson, 1987), and extracts 

were analyzed for non-particulate organic C content (TOC-L, Shimadzu, Kyoto, Japan).  

2.6 Statistical analyses 

To quantify differences in soil characteristics across the four terraces, one-way 

analyses of variance (ANOVA) were conducted for all measured soil variables. Response 

variables were transformed as appropriate to meet assumptions of normality and 

homogeneity of variance. Spearman’s correlations were conducted to explore 

relationships among all measured variables.  

To analyze microbial community data, the R software package vegan (Oksanen et 

al., 2019) was used to calculate alpha- and beta-diversity metrics and to perform 

permutational ANOVAs across sample locations and soil characteristics. Percent bare 

ground was not included in the permutational ANOVAs because only grazing lawns 

exhibited high percentages of bare ground. Community data was visualized with non-

metric multidimensional scaling (NMDS) plots. Redundancy analyses were performed to 

determine how much of the compositional variation within fungal and prokaryotic 

communities could be explained by differences in soil characteristics, plant 
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characteristics, and geographical distance between samples. To examine relationships 

between microbial community structure and ecological functions, a partial Mantel test 

was performed between distance/dissimilarity matrices for bacterial and fungal 

communities and soil enzyme activities.  

Linear mixed effects models were conducted with the R package lme4 (Bates, 

Maechler, Bolker, & Walker, 2015) to determine the individual and interactive effects of 

each fixed treatment factor on CO2 and CH4 fluxes, with sampling timepoint as the 

random factor. P-values for each model term were calculated using Satterthwaite’s 

approximation in the R software package lmerTest (Kuznetsova, Brockhoff, & 

Christensen, 2017). Microbial biomass was analyzed with a four-way ANOVA with 

treatment factors as fixed effects. 
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CHAPTER 3 

RESULTS 

3.1 Soil biogeochemistry across environmental gradients on the Y-K Delta 

Plant communities exhibited steep turnover among terraces (Table 1) and image 

analysis demonstrated that the proportion of living versus dead plant biomass also 

exhibited significant variation (Table 2). T2G exhibited 98% lower percent dead plant 

biomass than any other terrace, including compared to adjacent un-grazed habitat. Goose 

fecal density was also higher in the grazing lawns (34.8 ± 3.08 droppings m-2) compared 

to all other habitats (< 3.5 droppings m-2 on average).   

 

TABLE 1 Relative abundances of plant functional groups per terrace 

 

Abbreviations: T1, Terrace one; T2, Terrace two; T3, Terrace three; T4, Terrace four. 
 
 
 
TABLE 2 Summary statistics of digital image analysis results 
 
 
 
 
 
 
 
 
 
Notes. Summary statistics given are mean percent ± standard error. Abbreviations: T1, 
Terrace one; T2UG, Terrace two un-grazed habitat; T2G, Terrace two grazing lawns; T3, 
Terrace three; T4, Terrace four. 

 

Terrace Graminoids Forbs Shrubs Mosses Lichens 
T1 86.4 % 13.1 % 0.24 %   0 %   0.2 % 
T2 83.2 % 13.6 % 2.57 %   0 %   0.6 % 
T3 46.1 % 13.6 % 18.8 %   0.5 % 20.9 % 
T4 12.4 %   9.8 % 27.5 % 22.9 % 27.5 % 

Terrace Live plant 
biomass (%) 

Dead plant 
biomass (%) 

Bare ground (%) 

T1 64.6 ± 4.35 25.8 ± 2.78 9.65 ± 5.39 
T2UG 52.2 ± 3.14 47.8 ± 3.14 0 
T2G 52.0 ± 3.39 1.15 ± 0.519 46.9 ± 3.42 
T3 51.7 ± 1.78 48.4 ± 1.78 0 
T4 67.7 ± 2.25 32.4 ± 2.25 0 
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All measured soil properties differed among terraces (Table 3). Soil moisture 

increased nearly 6-fold from T1 to T4 (F = 231.1, p < 0.001; Figure 3a), and was also 

22% greater in grazing lawns than un-grazed habitat in T2. Soil pH was 38% lower in T4 

vs. T1 (F = 252.6, p < 0.001; Figure 3b), but did not differ between grazing lawns and un-

grazed habitat. Dry bulk density was 16% greater in soils from grazing lawns (0.695 ± 

5.09E-17 g cm3 -1 [SE]) versus un-grazed habitat (0.598 ± 2.55E-17 g cm3 -1 [SE]). Total 

organic C (F = 701.1, p < 0.001) and N (F = 189.1, p < 0.001) increased 25-fold and 9-

fold from T1 to T4, respectively (Table 3, Figure 4a,b). Organic C and N stocks were 

35% and 54% greater in un-grazed habitat (organic C: 2.31 ± 4.78E-18 g cm3 -1 [SE]; 

organic N: 0.179 ± 4.18E-19 g cm3 -1 [SE]) than grazing lawns (organic C: 1.71 ± 2.02E-

18 g cm3 -1 [SE]; organic N: 0.117 ± 8.75E-20 g cm3 -1 [SE]), respectively. Total K and P 

were 48 to 68% and 28 to 181% higher in T4 than the other transects (Table 3, Figure 

4c,d). Moreover, both nutrients’ stocks were 106% and 100% higher in grazing lawns (K: 

0.051 ± 1.17E-19 g cm3 -1 [SE]; P: 0.003 ± 5.59E-21 g cm3 -1 [SE]) than un-grazed habitat 

(K: 0.025 ± 1.66E-20 g cm3 -1 [SE]; P: 0.001 ± 1.68E-21 g cm3 -1 [SE]), respectively.  
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TABLE 3 Summary statistics of soil characteristics 
 

 
 

Notes. Summary statistics are given as mean ± standard error. Abbreviations: T1, Terrace 
one; T2UG, Terrace two un-grazed habitat; T2G, Terrace two grazing lawns; T3, Terrace 
three; T4, Terrace four; C, carbon, N, nitrogen, P, phosphorus; K, potassium. 
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FIGURE 3 (a) Percent soil moisture and (b) soil pH across Terrace one (T1), Terrace 
two grazing lawns (T2G), Terrace two un-grazed habitat (T2UG), Terrace three (T3), and 
Terrace four (T4). Letters indicate significant differences based on Tukey’s test.  
 
 
 

 
FIGURE 4 Total percent (a) organic carbon, (b) organic nitrogen, (c) potassium, and (d) 
phosphorus across Terrace one (T1), Terrace two grazing lawns (T2G), Terrace two un-
grazed habitat (T2UG), Terrace three (T3), and Terrace four (T4). Letters indicate 
significant differences based on Tukey’s test.  
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All extracellular enzyme activities differed among terraces (Figure 5). AP activity 

increased 1.4-fold from T1 to T4, whereas LAP activity showed the opposite pattern 

(Figure 5a,c). BG and NAG activities peaked in T2 (Figure 5b,d). As a result of these 

contrasting spatial patterns in enzyme activities, microbial allocation towards C, N, and P 

acquisition shifted across the landscape (Table 3). C:N enzyme activity ratios differed 

among terraces, but not in a consistent pattern (Figure 6a). N:P and C:P enzyme activity 

ratios were 6 to 17% and 6 to 14% lower in T3 and T4, respectively, compared to the 

other terraces (6b,c). Enzyme activities did not vary significantly between grazing lawns 

and un-grazed habitat.  

 
 

 
FIGURE 5 Soil microbial extracellular enzyme activities of (a) acid phosphatase (AP), 
(b) β-glucosidase (BG), (c) leucine aminopeptidase (LAP), and (d) β-N-
acetylglucosaminidase (NAG) across Terrace one (T1), Terrace two grazing lawns 
(T2G), Terrace two un-grazed habitat (T2UG), Terrace three (T3), and Terrace four (T4). 
Letters indicate significant differences based on Tukey’s test.  
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FIGURE 6 (a) Carbon to nitrogen (C:N), (b) nitrogen to phosphorus (N:P), and (c) 
carbon to phosphorus (C:P) soil microbial extracellular enzyme activity ratios across 
Terrace one (T1), Terrace two grazing lawns (T2G), Terrace two un-grazed habitat 
(T2UG), Terrace three (T3), and Terrace four (T4). Letters indicate significant 
differences based on Tukey’s test. 
 
 

3.2 Soil microbial communities across environmental gradients 

Alpha-diversity (observed number of operational taxonomic units) of ITS 

sequences varied 1.5-fold among terraces (F = 6.708, p < 0.0001; Figure 7a) and was 

41% higher in un-grazed habitat than grazing lawns (p = 0.0032). Alpha-diversity of 16S 

sequences varied 2-fold among terraces (F = 31.15, p < 0.0001; Figure 7b), and T4 had 

45 to 52% lower prokaryotic diversity than all other terraces. There was not a significant 

difference in prokaryotic diversity between un-grazed habitat and grazing lawns.  

The composition of fungal and prokaryotic communities also varied significantly 

among terraces (Table 4, Figure 8). However, only vegetation community composition 

explained more than 5% of variation in community structure; all other factors 

individually did not explain more than 1.5% of variation. In redundancy analyses, spatial 
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variation explained 5% of variation in fungal community structure and 4% of variation in 

prokaryotic community structure, while environmental drivers explained 14% of 

variation in fungal community structure and 8% of variation in prokaryotic community 

structure. Both fungal and prokaryotic community structure were correlated with 

ecological function (extracellular enzyme activity) (ITS data: r = 0.091, p = 0.006; 16S 

data: r = 0.159, p = 0.001). 

 

 
FIGURE 7 (a) Fungal and (b) prokaryotic alpha-diversity across Terrace one (T1), 
Terrace two grazing lawns (T2G), Terrace two un-grazed habitat (T2UG), Terrace three 
(T3), and Terrace four (T4). Alpha-diversity metric used was observed operational 
taxonomic units (OTUs) where amplicon sequence variants were considered as separate 
OTUs. Letters indicate significant differences based on Tukey’s test.  
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TABLE 4 Results of permutational analyses of variance (ANOVAs) of fungal and 
prokaryotic communities’ composition  
 

Variable ITS 16S 
 F-statistic R2 F-statistic R2 
Transect Identity     5.4*** 0.150     3.0*** 0.089 
Vegetation community composition     7.7*** 0.071     5.2*** 0.051 
Live plant biomass (%)     1.5* 0.014     1.1 0.011 
Dead plant biomass (%)     1.4* 0.013     1.2 0.011 
Number of goose feces     1.1 0.010     1.2* 0.011 
Soil moisture (%)     1.6** 0.015     1.2* 0.012 
Soil pH     1.6** 0.014     1.1 0.011 
Total organic carbon (%)     1.2 0.011     1.0 0.010 
Total organic nitrogen (%)     0.8 0.007     0.9 0.009 
Total potassium (%)     1.5* 0.014     1.1 0.011 
Total phosphorus (%)     1.5* 0.014     1.1 0.011 

 
Notes. Permutational ANOVAs performed on all soil samples across terraces and 
between grazing lawns and un-grazed habitat on Terrace two. Abbreviations: ITS, fungal 
sequence data; 16S, bacterial sequence data. * p ≤ 0.05. ** p ≤ 0.01. *** p ≤ 0.001. 
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FIGURE 8 Non-metric multidemensional scaling (NMDS) plots of the Bray-Curtis 
diversity metric for (a-c) fungal and (b) prokaryotic communities by sample across 
Terrace one (T1), Terrace two grazing lawns (T2G), Terrace two un-grazed habitat 
(T2UG), Terrace three (T3), and Terrace four (T4). Fungal communities NMDS stress is 
0.097 and prokaryotic communities NMDS stress is 0.072.  

 

 
As the subsequent laboratory analyses focused on potential microbial legacies of 

herbivory, differences in the taxonomic composition of microbial communities in un-

grazed habitat versus grazing lawns were quantified. All fungal phyla were differentially 

abundant between these two habitat types (Figure 9a). Additionally, Acidobacteria, 

Actinobacteria, Verrucomicrobia, Planctomycetes, Gemmatimonadetes, Parcubacteria 
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(OD1), and Firmicutes were differentially abundant between these two habitats (Figure 

9b).  

 

 

 
FIGURE 9 Proportions of the most abundant (a) fungal and (b) prokaryotic phyla across 
Terrace one (T1), Terrace two grazing lawns (T2G), Terrace two un-grazed habitat 
(T2UG), Terrace three (T3), and Terrace four (T4). 
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3.3 Greenhouse gas fluxes from grazed and un-grazed soils in a microcosm 
incubation experiment 

 
Both GHG fluxes increased with temperature and fecal addition and were 

consistently higher in grazing lawn versus un-grazed soils (Table 5). These treatments 

had synergistic effects on GHG fluxes, which were maximized in grazing lawn soils 

under fecal addition and at higher temperatures (Figure 10). Grazing also affected the 

temperature sensitivity of GHG production. Across the 10-degree temperature gradient 

imposed, CO2 fluxes increased nearly 2-fold from grazing lawn soils (Q10 = 1.93 ± 0.10), 

but only 63% from un-grazed soils (Q10 = 1.63 ± 0.09). CH4 fluxes were not different 

between the two temperature treatments in un-grazed soils (Q10 = 1.79 ± 0.48) but 

increased 2-fold in grazing lawn soils (Q10 = 2.36 ± 0.29). Additionally, whereas CO2 and 

CH4 fluxes were 4 and 74% greater in wetter soils, respectively, the effects of the soil 

moisture treatment were amplified (for CH4) or slightly diminished (for CO2) under 

warmer temperatures, regardless of the soils’ origin.  

Microbial biomass varied idiosyncratically among treatments, with a four-way 

interaction among grazing history, temperature, moisture, and fecal addition (Table 5, 

Figure 11). Biomass was not consistently higher in the previously grazed soils, and there 

was no correlation between microbial biomass and mean CO2 (R2 = 0.013, p = 0.139) or 

CH4 (R2 = 0.022, p = 0.079) fluxes across all microcosms. 
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TABLE 5 Mixed model results on greenhouse gas fluxes and microbial biomass 
following the incubation experiment 
 

 
Notes. Abbreviations: CO2, carbon dioxide; CH4, methane. * p ≤ 0.05. ** p ≤ 0.01. *** p 
≤ 0.001. 

 
 
 

 
FIGURE 10 Mean (a) carbon dioxide (CO2) and (b) methane (CH4) fluxes (± standard 
error) during the incubation experiment for control and fecal addition treatments in low 
and high temperature treatments on soils from grazing lawns and un-grazed habitat. Data 
was averaged across all moisture treatments and timepoints. Letters indicate significant 
differences based on Tukey’s test. 
 

 

 

Treatment CO2 CH4 Microbial 
biomass 

  F-statistic  
Grazing     383.4*** 135.7*** 19.0*** 
Temperature 1064.1***   17.4***       0.1 
Moisture   5.5*   14.5*** 12.3*** 
Fecal Addition   112.2***   34.1*** 12.1*** 
Grazing x Temperature     26.2***   8.8**       2.9 
Grazing x Moisture 2.2        0.1       6.3* 
Temperature x Moisture     13.5*** 4.4*       3.1 
Grazing x Fecal Addition     11.3***        0.7       1.5 
Temperature x Fecal Addition 0.6        2.6       0.02 
Moisture x Fecal Addition 3.2 6.1*       5.0* 
Grazing x Temperature x Moisture 2.1        2.4       0.4 
Grazing x Temperature x Fecal Addition     9.7** 4.8* 23.3*** 
Grazing x Moisture x Fecal Addition 0.5        1.2 14.4*** 
Temperature x Moisture x Fecal Addition   0.02        0.3       4.7* 
Grazing x Temperature x Moisture x Fecal Addition   0.01        3.5       6.4* 
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FIGURE 11 Mean soil microbial biomass (± standard error) following the incubation 
experiment for control and goose fecal addition treatments in low and high temperature 
treatments on soils from grazed and un-grazed habitat, separated into results from (left) 
low soil moisture treatments and (right) high soil moisture treatments. 

 

 

 

 

 

 

 

 

 

 

 

 



28 
CHAPTER 4 

DISCUSSION 

 
In this high-latitude wetland, soil chemistry and microbial community structure 

exhibit steep turnover across the landscape. Much of this variance is driven by distance 

from the Bering Sea, which influences the frequency of flooding, sedimentation rates and 

turnover in plant community structure (Jorgenson and Ely, 2001; Person and Ruess, 

2003). However, the impacts of herbivory on soil chemistry and microbial community 

structure within a terrace are nearly as dramatic. Soils from grazed habitat are wetter with 

lower C and N content, but are enriched in K and P. The results suggest that higher CO2 

and CH4 fluxes in grazing lawns are not attributable solely to herbivore-induced shifts in 

soil moisture, temperature, and nutrients, but also to differences in microbial community 

structure that reflect previous herbivory. The results highlight processes that control 

complex relationships among grazers, soil microbes, and belowground C cycling: the 

removal of plant biomass by herbivores that warms soils, the deposition of nutrients from 

herbivore waste, and the interaction of these with soil microbial community structure. 

The results suggest that incorporating the ecological relationships between herbivores, 

plants, and soil microbes into ecosystem models may help capture important carbon-

climate feedbacks. 

4.1 Soil biogeochemistry and microbial communities across the landscape  

Most soil properties vary with distance from the Bering Sea (i.e. across terraces), 

and spatial turnover in plant community structure is associated with predictable gradients 

in soil moisture, pH, and total C and N. From terraces near the coast to inland (i.e., T1 to 
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T4), plant communities shift from salt-tolerant sedges and grasses to salt-intolerant 

woody plants, lichen and mosses (Jorgenson and Ely, 2001; Kincheloe and Stehn, 1991; 

Person and Ruess, 2003). Along this gradient, soil moisture and total C and N increase 

while pH decreases, reflecting increasing organic matter content of soils. Intense grazing 

within a terrace also has major impacts on soil biogeochemistry. For example, soil K and 

P are highly enriched on grazing lawns on T2, likely due to goose fecal deposition. 

Differences in soil moisture and total C and N between grazed and un-grazed habitats 

reflect at least in part lower aboveground biomass (Choi et al., 2019) and litterfall on 

grazing lawns due to consistent grazing by brant throughout the growing season and 

across years (Lohman et al., 2019).  

Similar to patterns observed within plant communities, both fungal and 

prokaryotic microbial communities exhibit strong turnover among terraces. These 

patterns may reflect common microbial responses found in other ecosystems to soil 

abiotic properties that also vary with distance from the Bering Sea, such as pH (Lauber, 

Hamady, Knight, & Fierer, 2009), soil moisture (Strickland and Rousk, 2010), and 

organic C availability (Drenovsky, Vo, Graham, & Scow, 2004). The relative availability 

of C and nutrients may also vary among terraces, which is reflected by the differences in 

microbial extracellular enzyme activities. Enzyme activity ratios suggest that C and N are 

the limiting nutrients in the more mineral soils of T1 and T2, while P is the limiting 

element in the more organic-rich soils of T3 and T4. However, spatial and measured 

environmental factors only account for a minority of the observed variation in microbial 

community structure among terraces, even when accounting for different plant 

communities in each terrace. Unquantified factors, such as the flooding regime, dynamics 
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of the freeze-thaw cycles, and the chemistry of plant C inputs, may also be important.  

Notably, differences in microbial community structure between grazed and un-

grazed soils are similar in magnitude to differences across terraces. Both fungal and 

prokaryotic communities are responsive to soil properties that are impacted directly by 

herbivory, including increased soil moisture, nutrient content, and the relative abundance 

of living versus dead plant biomass. Herbivory can also alter rates of root exudation 

(Hamilton and Frank, 2001) and the temporal variability of temperature (Kelsey et al., 

2016), which may also account for the large turnover in bacterial and fungal community 

structure between immediately adjacent grazing lawns versus un-grazed habitat. 

4.2 Identifying ecological mechanisms of herbivore effects on greenhouse gas fluxes 

In the incubation study, soils from grazed habitat had consistently higher CO2 and 

CH4 fluxes than soils from un-grazed habitat, agreeing with results from in situ herbivory 

manipulations (Kelsey et al., 2016; Leffler et al., 2019). CO2 and CH4 fluxes increase 

with temperature, soil moisture, and goose fecal addition, suggesting that grazing-related 

changes in the soil abiotic environment may enhance soil C losses. Yet while herbivore-

induced changes in the soil microclimate and nutrient content impact GHG fluxes, these 

abiotic shifts are insufficient to explain differences in GHG fluxes across habitats. 

Differences in GHG fluxes from un-grazed versus grazed soils persist even when they are 

incubated under identical soil temperature and moisture conditions. Moreover, grazing 

history impacted not only the absolute magnitude of GHG fluxes, but also their 

relationship to soil climate: the temperature sensitivity (Q10) of CO2 and CH4 flux is 18 

and 32% greater, respectively, in previously grazed versus un-grazed soils. Therefore, 

warming-induced losses of soil C may be accentuated in grazing lawns, both because the 
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soils are typically 1 to 4°C warmer during the growing season (Kelsey et al., 2016), and 

because the Q10 of organic matter decomposition is higher. 

Differences in GHG fluxes between grazed and un-grazed soils are likely 

attributable to three interrelated mechanisms: variation in soil nutrient content across 

habitats, differences in the size of the microbial biomass, and variation in fungal and 

prokaryotic community structure. Despite lower soil C and N stocks, soils from grazed 

habitat have higher K and P content and tend to have a larger microbial biomass, factors 

which are associated with higher decomposition rates. Yet differences in GHG flux 

between habitats persist even under the fecal addition treatment, suggesting that nutrient 

limitation on microbial biomass cannot fully account for differences in gas fluxes 

between the soil types. Moreover, across all microcosms, CO2 and CH4 fluxes were 

unrelated to the size of the microbial biomass. Therefore, larger fluxes in the soils from 

grazing lawns are not attributable to differences in absolute microbial abundance between 

grazed and un-grazed soils. Instead, variation within fungal and prokaryotic community 

compositions likely drives patterns of CO2 and CH4 flux under herbivory. For example, 

Acidobacteria is proportionally three times more abundant in un-grazed soils. Because 

this phylum contains many oligotrophic bacteria (Fierer, Bradford, & Jackson, 2007), 

which grow slowly and thus have slower respiration rates, their higher relative abundance 

may partially account for the observed lower rates of CO2 flux. Although not measured in 

in this study, herbivory-induced shifts in bacterial or fungal community structure may 

also impact important community-level physiological parameters, such as C-use 

efficiency (the partitioning of C uptake between biomass growth and respiration; Allison, 

Wallenstein, & Bradford, 2010).  
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4.3 Implications for dynamic high-latitude ecosystems 

Conditions at high latitudes are expected to change rapidly over time, as Arctic 

ecosystems are warming twice as fast as the rest of the globe, experiencing shifting 

precipitation regimes, and losing snow and ice cover (NOAA, 2019). The results imply 

that C cycling in grazed and un-grazed habitats will respond to the diverse effects climate 

change in different ways due to microbial legacies of herbivory that arise from the 

maintenance of the grazing lawns from year-to-year which keeps the soil environment 

different between the two habitats. However, it is not known how long these legacies 

persist. Microbial communities can change within short periods of time, such as a 

growing season (Shade, Caporaso, Handelsman, Knight, & Fierer, 2013). By contrast, 

other studies have noted a persistence in functional composition over several years, even 

following major landscape change (Bond-Lamberty et al., 2016; Hawkes et al., 2017). 

Furthermore, herbivory regimes are also shifting with climate change due to phenological 

mismatches between animals and their historical food sources (Beard, Kelsey, Leffler, & 

Welker, 2019; Cohen, Lajeunesse, & Rohr, 2018), of which migratory animals are 

particularly vulnerable (Robinson et al., 2009), and changes in population sizes of 

migratory animals.  Brant populations in the Y-K Delta have declined by more than 4% 

annually over the past two decades (Fischer et al., 2018; Sedinger et al., 2016), while 

increasing on the Arctic Coastal Plain of Alaska (Flint, Meixell, & Mallek, 2014; Tape, 

Flint, Meixell, & Gaglioti, 2013). Conversely, emperor geese, cackling geese, and greater 

white-fronted geese populations in the Y-K Delta have increased by 25%, 300%, and 

500%, respectively, during this time (Fischer et al., 2018).  The degree of microbial 

community resistance to environmental change will shape the trajectory of C-climate 
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feedbacks as the Y-K Delta undergoes warming and changes in grazing regimes (Lohman 

et al., 2019; Uher-Koch et al., 2019). 

The results have implications for understanding of soil biogeochemistry both 

within the Y-K Delta and across other high-latitude wetland ecosystems. The impacts of 

grazing on ecosystem-scale C cycling on the Y-K Delta will depend on the extent of 

grazing lawns, which vary in extent from year to year (Uher-Koch et al., 2019). However, 

the results suggest the differences in GHG fluxes between grazed and un-grazed habitat 

may be large enough to affect the strength of the terrestrial C sink in these high-latitude 

wetlands. Extrapolating these results to other high-latitude ecosystems is more complex 

because grazing has variable impacts on GHG fluxes from soils in different systems (Falk 

et al., 2015; Lara et al., 2017; Schmitz et al., 2018) as well as between habitats in the 

same systems (Sjögersten et al., 2008). For example, herbivore exclusion caused GHG 

fluxes to change, though in opposite directions, via interactions with plant productivity 

and soil abiotic characteristics (Falk et al., 2015; Lara et al., 2017). This study 

demonstrates that herbivore-mediated changes in plant communities are likely to cascade 

through belowground ecosystems, altering soil microbial community structure and GHG 

fluxes.   

Although microbial community shifts clearly play an important role in mediating 

belowground responses to herbivory, terrestrial ecosystem models do not explicitly 

represent microbial controls over soil C cycling (Campbell and Paustian, 2015; Schmitz 

et al., 2018). Therefore, most predictive models would be unable to capture the 

interactions among herbivory, climate, and soil biogeochemistry observed on the Y-K 

Delta and elsewhere. Microbial community-by-environment interactions and the impacts 
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of herbivores are increasingly recognized as a major driver of regulating ecosystem 

process rates (Glassman et al., 2018; Schmitz et al., 2018). Incorporating microbial 

community dynamics into ecosystem models may be necessary to capture ecological 

feedbacks on environmental change (Crowther et al., 2019; Wieder, Bonan, & Allison, 

2013). 
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