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Fig. 1.1. Study location. Carlsbad Caverns National Park, Carlsbad, New Mexico, USA, Northern Chihuahuan 
Desert. 
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Fig. 1.2. Modeled nitrogen (N) deposition occurring at Carlsbad Caverns National Park, N.M. USA. National 
Atmospheric Deposition Program Total Deposition (NADP) Total deposition (TDep) estimates derived from 
summing wet and dry deposition. Figure courtesy of Michael D. Bell National Park Service Air Resources 
Division.  

 

Chapter 2 is a review of N addition effects on aridland (arid and semi-arid) ecosystems that 

discusses aridland N addition studies from microbial to ecosystem scales. Our goal with this 

review is to 1. provide general and contrasting responses to N additions in aridlands, 2. identify 

important mediating factors related to N inputs that may be driving change, and 3. discuss key 

limitations, knowledge gaps, and future research recommendations.  

Chapter 3 is a factorial C, N, and P laboratory incubation experiment that tests if Chihuahuan 

Desert soil microbial biomass and function are individually or interactively limited by C, N, and 

P when given sufficient water.  

Chapter 4 is a four-year N fertilization and water addition experiment conducted in three 

Chihuahuan Desert grassland sites modeled to be experiencing N deposition (~4 kg N ha-1year-1). 

We were interested in determining: 1. if low but realistic N inputs (i.e., based on modeled N 

deposition; 0, 2, and 4 kg N ha-1 year-1) impact aridland plant communities, soil ecosystem 

properties, and biogeochemical dynamics, and 2. if effects of N depend on periods of above-

average water availability. 

Chapter 5 is a four-year exotic grass (E. lehmanniana) removal, recovery, and N addition field 

study in a Chihuauhan Desert grassland dominated by E. lehmanniana. We were interested in 

determining: 1. How the presence and removal of E. lehmanniana impact plant community 

structure, soil ecosystem properties, and biogeochemical processes, and if effects persist when 
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removals cease. 2. If N deposition intensifies the effects of E. lehmanniana and impedes E. 

lehmanniana removal efforts.  

Chapter 6 provides a summary of our findings, conclusions, and future research directions for 

aridland N deposition research.  
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CHAPTER 2: NITROGEN ADDITION EFFECTS IN ARIDLAND ECOSYSTEMS: A 
REVIEW FROM MICROBIAL TO ECOSYSTEM SCALES 

 
ABSTRACT 

Anthropogenic nitrogen (N) deposition is a major driver of global change. However, aridlands 

(arid and semi-arid ecosystems) are among the least represented ecosystems in global change 

assessments, where responses can often vary due to climate and biome type differences. Changes 

to aridland ecosystem structure and function have important implications on biological and 

cultural diversity and global carbon and N biogeochemical cycling. Here, we provide an 

overview of microbial to ecosystem-scale responses to experimental N amendments in aridland 

ecosystems. Our main goals are to 1. describe general and contrasting microbial to ecosystem-

scale responses to N inputs in experimental aridland N addition studies, 2. identify important 

mediating factors linked to change with experimental N inputs, and 3. discuss fundamental 

limitations, knowledge gaps, and future research recommendations.  
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INTRODUCTION 

Anthropogenic nitrogen (N) deposition is a major driver of global change (Phoenix et al., 2006; 

Bobbink et al., 2010; Stevens et al., 2018) and has been subject to numerous experiments and 

global meta-analyses (e.g., LeBauer and Treseder, 2008; Teseder, 2008; Song et al., 2019).  At 

the global scale, N inputs can impact various ecosystem processes, e.g., by enhancing plant 

primary productivity (Song et al., 2019), reducing plant biodiversity (Payne et al., 2017), and 

altering soil microbial structure and function (Ramirez et al., 2012; Zhang et al., 2018; Wang et 

al., 2023). Experimental N dose and study duration are also important factors driving ecosystem 

response to experimental N inputs, with sensitivity often increasing with increasing experimental 

N dose and study duration (e.g., Midolo et al., 2019; Zhang et al., 2018; Song et al., 2019). 

However,  responses to N inputs can often vary due to differences in biome type, climate, and 

edaphic properties (e.g., Midolo et al., 2019; Zhou et al., 2017; Borer and Stevens, 2022).  

Consequently, our predictions of the effects of N deposition in aridlands (arid and semi-arid 

ecosystems) are challenged, as aridlands are among the least represented ecosystems in global 

change assessments (Song et al., 2019; Xu et al., 2021). Aridland responses to N amendments 

have also often been shown to differ from responses observed in more mesic systems (e.g., 

LeBauer and Treseder, 2008; Zhou et al., 2017). Aridlands cover 1/3rd of Earth’s terrestrial 

surface (Plaza et al., 2018), and changes to their structure and function have far-reaching 

consequences on biological and cultural diversity (Zhang et al., 2023a), and global carbon (C) 

and N cycling (Poulter et al., 2014; Ahlström et al., 2015; Eberwein et al., 2020). 
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Unlike in more mesic systems, water is the primary factor governing biological activities 

in aridlands, with rainfall and linked activities and resources commonly described as episodic in 

nature (Noy-Meir, 1973; Reynolds et al., 2004; Collins et al., 2008). The often limiting and 

variable dynamics of water in aridlands thus create conditions that may result in vastly different 

responses to N inputs than their more studied mesic counterparts. For instance, N-induced soil 

acidification is often cited as an important driver of change across ecosystems globally (Simkin et 

al., 2016; Song et al., 2019; Wang et al., 2023). However, in aridlands, soils are often high in pH 

due to the slow leaching of soluble salts (Plaza et al., 2018). Thus, N addition effects driven by 

soil acidification may be less important in aridlands than in more mesic systems. Additionally, 

unlike more mesic systems, low and highly variable water availability has resulted in soils that 

contain low concentrations of soil organic C, total N, and organic Phosphorus (P) (Plaza et al., 

2018). Consequently, other critical biogenic resources, such as C and P,  may be limiting in 

aridlands beyond N and water.   

 Global assessments provide critical insight into the effects of N deposition on ecosystem 

processes. However, aridlands possess unique environmental characteristics and conditions 

which may complicate predictions relative to more mesic systems. Additionally, while our 

understanding of the impacts of N inputs on aridland ecosystems is improving (see meta-

analyses by Hooper et al., 1999; Yahdjian et al., 2011; Sinsabaugh et al., 2015), we still lack a 

holistic (e.g., below to aboveground effects) and mechanistic understanding of the potential 

impacts of N deposition in aridlands. Here we provide an overview of microbial to ecosystem-

scale responses to experimental N amendments in aridland ecosystems. It is important to note 

that we did not intend to provide an exhaustive literature review. Therefore, we encourage 
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readers to review meta-analyses of N addition effects on aboveground primary production across 

drylands (arid to subhumid regions) by Hooper and Johnson (1999) and Yahdjian et al. (2011), N 

addition effects on aridland soil microbial communities and function by Sinsabaugh et al. (2015), 

and a review of N addition effects in Mediterranean ecosystems by Ochoa-Hueso et al. (2011).  

Our main goals are to:  

1. Describe general and contrasting microbial to ecosystem-scale responses to N 

additions in experimental aridland N addition studies  

2. Identify important mediating factors linked to change with experimental N inputs.  

3. Discuss fundamental limitations, knowledge gaps, and future research 

recommendations.  

COMMUNITIES: SOIL MICROBES 

Soil microbes mediate processes that can drive ecosystem-scale responses to N inputs, such as C 

and nutrient cycling (Litchman et al., 2015; Zhang et al., 2018). N inputs can have a myriad of 

effects on soil microbial communities. For instance, across various ecosystems globally, N 

enrichment has shown to alter microbial community composition by reducing fungi-to-bacteria 

ratios (Zhou et al., 2017), reducing soil bacterial diversity (Wang et al., 2023), increasing the 

abundance of copiotrophic groups while decreasing oligotrophic groups (Ramirez et al., 2012), 

as well as enhancing (Zhou et al., 2017) but more commonly, inhibiting soil microbial biomass 

(Treseder, 2008; Ramirez et al., 2012). Microbial community and biomass changes can be 

attributed to several processes, such as shifts in competitive interactions between oligotrophic 
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and copiotrophic groups (Ramirez et al., 2012), the direct or indirect alleviation of N or C 

limitation (Zhou et al., 2017), as well as negative effects associated with N-induced soil 

acidification (Treseder, 2008; Wang et al., 2023). However, soil microbial response to N 

amendments can vary due to differences in biome type and N fertilization rates (Zhou et al., 

2017). 

Overall, aridland N addition studies demonstrate similar changes to soil microbial 

community structure and biomass as in other global assessments (e.g., global assessments by 

Treseder, 2008, Ramirez et al., 2012, and Zhou et al., 2017). For instance, many aridland N 

addition studies report declines in fungal-to-bacterial ratios (e.g., Bi et al., 2012; Wei et al., 2013; 

Chen et al., 2015; Yang et al., 2017; Wang et al., 2020), declines in bacterial richness and 

diversity (e.g., Muller et al., 2015; Eberwein et al., 2020), enhanced relative abundance of 

copiotrophic groups and reduced abundance of oligotrophic groups (Ling et al., 2017), and soil 

microbial biomass declines (e.g., Zhu et al., 2016; Wang et al., 2020; Cui et al., 2021; Püspök et 

al., 2023). However, aridland N addition studies also report contrasting soil microbial responses 

to N inputs. For example, while soil fungi may be more sensitive to N enrichment than bacteria 

(i.e., by declining fungal/ bacterial ratios), in some aridlands studies, fungi appear insensitive to 

N amendments (e.g., Porras-Alfaro et al., 2011; Muller et al., 2015; Su et al., 2016). N inputs 

also do not always alter soil community structure or decrease soil microbial biomass in aridlands. 

For example, some aridland N addition studies show a lack of effect on soil microbial 

community structure (Sinsabaugh et al., 2015; Su et al., 2016; McHugh et al., 2017) and have 

shown to either increase (e.g., Zhang et al., 2014; Zhu et al., 2016 at lower N level only) or have 

no effect on soil microbial biomass (e.g., Zeglin et al., 2007; Osborne et al., 2022a).  
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Divergent microbial responses (e.g., positive vs. negative, weak or no effects vs. strong 

effects) to N amendments in aridlands may be primarily linked to N dose. For instance, in a 

meta-analysis of aridland N addition studies (N=14), N doses <70 kg ha-1 yr-1 and N loads <120 

kg ha-1 exerted a positive effect on microbial biomass and metabolic rates, respectively, while 

greater N doses and loads negatively affected microbial biomass and metabolism (Sinsabaugh et 

al., 2015). Here, positive effects on soil may be linked to the release of N limitation (global 

meta-analysis by Chen et al., 2015; Zhou et al., 2017), while negative effects may be associated 

with the extent to which N inputs acidify soils (global meta-analysis by Wang et al., 2023). At 

the global scale, soil acidification intensifies as N doses increase (Song et al., 2019; Tian and 

Niu, 2015). Aridland soils are expected to be well-buffered against N-induced soil acidification 

due to their high pH (Bobbink et al., 2010). However, dryland soils also have markedly low 

cation exchange capacities (Plaza et al., 2018), which has been suggested to play a greater role in 

the ability to buffer N-induced soil acidification (global meta-analysis by Midolo et al., 2019). 

Here, we found that many aridland N addition studies reporting changes to soil microbial 

communities and biomass also report significant declines in soil pH (e.g., Li et al., 2010; Bi et 

al., 2012; Wei et al., 2013; Zhang et al., 2013; Wang et al., 2020). In contrast, studies reporting 

weak or non-significant effects of N on soil microbes also reported a lack of change to soil pH, 

usually at lower N doses (e.g., 2, 5, and 8 kg-1 N ha-1 yr-1 in McHugh et al., 2017 and Osborne et 

al., 2022a).  

Beyond N, other factors that may explain conflicting responses between aridland N 

addition studies may be associated with limitations by other resources. For instance, growing 

evidence suggests that resources other than or in addition to N may limit soil microbial function 

in these ecosystems such as water and C (e.g., Schaeffer et al., 2003; Schaeffer and Evans, 2005; 
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Choi et al., 2022), and P (Cui et al., 2018). On the Colorado Plateau, while field N amendment 

studies demonstrated a lack of overall change to soil microbial community structure and function 

with N inputs (McHugh et al., 2017; Osborne et al., 2022a),  a laboratory incubation experiment 

factorially adding C, N, and water to soils collected from the same study ecosystem in McHugh et 

al. (2017) and Osborne et al. (2022a) reported a greater net increase of microbial biomass with C 

and N added together, and evidence of serial limitation on soil C-cycling by water and C (Choi et 

al., 2022). Thus, multiple limiting resources (beyond N) may dictate how some aridland 

ecosystems respond to N inputs.  

 

COMMUNITIES: BIOLOGICAL SOIL CRUST 

Biocrust are soil surface-dwelling communities comprised of photosynthetic and heterotrophic 

organisms such as cyanobacteria, lichen, and mosses (Weber et al., 2022). Biocrusts occur in all 

drylands globally and play a significant role in ecosystem functioning, including C and N cycling 

(Darrouzet-Nardi et al., 2015; Barger et al., 2016; Weber et al., 2022). In aridland N addition 

studies, N inputs have been shown to alter biocrust composition (Wang et al., 2015; Rong et al., 

2022) and reduce cover (Ochoa-Hueso et al., 2016; Benvenutto-Vargas and Ochoa-Hueso, 2020; 

Philips et al., 2021; She et al., 2022). However, biocrust response to N inputs can be highly 

variable due to differences in soil properties (particularly soil pH and soil organic C) (e.g., Wang 

et al., 2015; Ochoa-Hueso et al., 2016; Rong et al., 2022) successional stage and species (Ochoa-

Hueso et al., 2016; Zhou et al., 2016; Baldarelli et al., 2021), aboveground plant cover (Ochoa-

Hueso et al., 2016; Baldarelli et al., 2021; She et al., 2022), and interannual variation in 

precipitation (Ochoa-Hueso et al., 2016; Philips et al., 2021).  
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Additionally, while biocrust have been demonstrated to be sensitive to even low N inputs 

(e.g., Sinsabaugh et al., 2015; Philips et al., 2021), conflicting evidence from gradient N addition 

studies also suggest that biocrust may be relatively less sensitive to lower N inputs in some 

aridland ecosystems (e.g., Zhou et al., 2016; Benvenutto-Vargas and Ochoa-Hueso, 2020; Rong 

et al., 2022). The duration of the study may also influence biocrust response to N inputs. For 

instance, in a semi-arid Mediterranean ecosystem, two years of N inputs applied at a rate of 0, 

10, 20, and 50 kg N ha−1 yr−1 resulted in no changes to foliose lichen Cladonia foliacea cover 

(Ochoa-Hueso and Manrique, 2011). Yet, after 10 years, C. foliacea cover markedly declined 

under the study’s highest N addition treatment (50 kg N ha−1 yr−1; Benvenutto-Vargas and 

Ochoa- Hueso, 2019), thus, highlighting the importance of long-term studies. Despite context 

dependencies, biocrust sensitivity to N inputs has important implications for an array of 

ecosystem functions, e.g., soil stability (Chaudhary et al., 2009) and soil C and nutrient 

availability (Ferrenberg et al., 2017; Young et al., 2022).  

COMMUNITIES: PLANTS 

In a wide variety of ecosystems, N inputs often drive changes in plant communities by reducing 

biodiversity (Bobbink et al., 2010; Payne et al., 2017; Borer and Stevens, 2022), species richness 

(Simkin et al., 2016; Clark et al., 2019; Stevens et al., 2022), and the abundance of N sensitive 

plant species, e.g., legumes and non-vascular plants (Midolo et al., 2019; Borer and Stevens, 

2022). N enrichment generally alters plant communities by stimulating the growth of nitrophilic 

species, which can intensify the competitive interactions between plants for space, nutrients, and 

light (Borer and Stevens, 2022). N-induced soil acidification can also drive plant community 

changes by depleting base cations such as Ca2+, Mg2+, K+, and Na+ and enhancing the solubility 
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of toxic metals such as Al3+, Fe3+, and Mn2+ (Vitousk et al., 1997; Horswill et al., 2008; Tian and 

Niu, 2015). Although, the effects of N enrichment can often vary widely due to differences in 

climate, disturbance, and plant community composition (Midolo et al., 2019; Borer and Stevens, 

2022).  

In aridlands, experimental N inputs also often lead to declines in diversity (Mun and 

Whitford, 1989; Brooks, 2003; Nui et al., 2018; Wheeler et al., 2021) and species richness 

(Carpenter et al., 1991; Brooks, 2003; Allen et al., 2009; Zeng et al., 2010). Plant community 

changes with N inputs in these ecosystems are often linked to declines in perennial forbs 

(Carpenter et al., 1990) and legumes (Brooks, 2003; Baez et al., 2007; Zeng et al., 2010), enhanced 

foliar N concentrations (e.g., Schwinning et al., 2005; Hall et al., 2011; Reichmann et al., 2013; 

Yahdjian et al., 2014) as well as increases in the abundance of grasses, annual species (Mun and 

Whitford, 1989; Zeng et al., 2010; Nui et al., 2018; Wheeler et al., 2021), and nonnative species 

(Brooks, 2003; Schwinning et al., 2005; Allen et al., 2009; Rao and Allen, 2010; Vourlitis, 2017). 

Unsurprisingly, however, the effects of N on aridland plant communities regularly depend on water 

availability. For instance, in some experiments, aridland plant community responses have been 

only evident following periods of above-average precipitation (e.g., Brooks, 2003; Ludwig et al., 

1989; Ladwig et al., 2012; Whitford and Steinberger, 2011; Wheeler et al., 2021) or following 

prolonged drought which increased the dieback of dominant species (e.g., native shrubs in 

Vourlitis, 2017).  

 

Beyond water availability, the effects of N on plant communities may vary due to 

differences in experimental N dose. For instance, N addition effects on aridland plant communities 

are most evident under relatively high N fertilization doses (most studies apply N at a dose of >50 
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kg N ha-1 yr-1). Plant communities change to simulated low but realistic rates of N deposition were 

not evident in either aridlands with either low background N deposition, such as the Colorado 

Plateau (N deposition ~3 kg N ha-1 yr-1; Philips et al., 2021) or relatively high deposition regions 

such as Southern California (Allen et al., 2009) which can receive N deposition ranging from 20- 

45 kg N ha-1 yr-1 (Fenn et al., 2003). However, in a later study using the same experimental 

platform in Allen et al. (2009), effects on plant communities emerged with low N doses (5 kg N 

ha-1 yr-1) with effects linked to a record wet year (Fenn et al., 2010). Thus, in addition to 

experimental N dose, it may also be essential to consider co-occurring background N deposition 

and water availability (e.g., above to below-average rainfall).  

 

ECOSYSTEM PROCESSES: NET PRIMARY PRODUCTION  

N inputs generally stimulate above-ground plant productivity (ANPP) across ecosystems globally 

(e.g., LeBauer and Treseder, 2008; Song et al., 2019; Feng et al., 2023). However, global analyses 

assessing the effects of N inputs on plant C sequestration focus on highly productive mesic 

ecosystems (Song et al., 2019). For instance, Elser et al. (2007) stated that N limitation in 

freshwater, marine, and terrestrial ecosystems is widely distributed. However, this analysis only 

included three sites below 650 mm mean annual precipitation, with no arid or desert ecosystems. 

In global meta-analysis by LeBauer and Treseder (2008) suggested primary production in desert 

ecosystems is insensitive to N relative to more mesic systems, but this analysis also included only 

three desert biome studies. 

 

In dryland,specific (arid to sub-humid ecosystems) meta-analyses, aboveground net 

primary production (ANPP) has been suggested to be co-limited by water and N (Hooper and 



 

20 

Johnson, 1999) or increasingly sensitive to N across a precipitation gradient (Yahdjian et al., 

2011). Later aridland N addition studies (not included in Hooper and Johnson, 1999 and Yahdjian 

et al., 2011) also suggest aridland plants are N limited with effects often depending on water 

availability (e.g., low vs. high water availability in Hall et al., 2011; Whitford and Steinberger, 

2011; Ladwig et al., 2012; Nui et al., 2018; Ma et al., 2020). Climate differences (linked to 

differences in rainfall) have also been shown to result in contrasting responses to N. For instance, 

N has been shown to promote ANPP of the dominant perennial shrub Larrea tridentata in the 

Chihuahuan Desert (e.g., Ettershank et al., 1978; Lightfoot and Whitford, 1987; Fisher et al., 1988; 

Lajtha and Whitford, 1989) while exerting no significant effect on L. tridentata the Mojave and 

Sonoran Deserts, both of which receive less average summer rain than the Chihuahuan Desert 

(e.g., Romney et al., 1978; Sharifi et al., 1988; Barker et al., 2006; Hall et al., 2011). Beyond water, 

the effects of N inputs on aridland ANPP can also differ due to differences in plant functional types 

(e.g., shrubs vs. forbs in Hall et al., 2011; shrubs vs. grasses in Yahdjian et al., 2014; forbs vs. 

grasses in Niu et al., 2018), patch type (interspace vs. under shrub canopy in Hall et al., 2011), soil 

type (greater sensitivity of winter annuals growing in sandy Entisol vs. alluvium Aridisol soil in 

William and Bell, 1981), and N dose (e.g., greater sensitivity at higher N doses in Nui et al., 2018). 

 

While ANPP is a commonly used metric to assess ecosystem response to global change 

factors such as N deposition (Song et al., 2019), below-ground net primary production (BNPP) 

represents a major component of NPP in stressful arid conditions where plant productivity tends 

to be allocated to roots for water and nutrient extraction (Sun et al., 2021). Under N enrichment, 

the optimal allocation theory would suggest that below-ground plant allocation should decline 

when belowground resources increase and plants become more limited by aboveground resources 
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(e.g., light) (Gleeson and Tilman, 1992). Accordingly, root-to-shoot ratios generally decline across 

ecosystems with N amendments (Cleland et al., 2019; Song et al., 2019; Feng et al., 2023). 

However, while BNPP represents an important part of NPP in aridlands, BNPP has been suggested 

to be insensitive to N additions in aridlands (Cleland et al., 2019; Song et al., 2019). Though, as 

greater proportions of roots are found at deeper depths in aridlands, with 50- 95% deeper rooting 

depths than more humid ecosystems (Schenek and Jackson, 2002), it is possible that BNPP in 

aridlands is under-sampled (Cleland et al., 2019).  

 

While data are limited relative to ANPP, aridland N addition studies show N inputs can 

have negative (Zeng et al., 2010), positive (Luo et al., 2017), no effect (e.g., Fisher et al., 1988; 

Ladwig et al., 2012), and even differential effects on BNPP, which result in both positive and 

negative effects across years (e.g., in Vourlitis, et al., 2021a). BNPP dynamics in aridlands are 

strongly linked with water availability (Bryne et al., 2013). Thus, conflicting BNPP response to N 

may be linked to the highly variable nature of water availability in aridlands. However, the scarcity 

of BNPP measurements in aridlands also further limits inferences of BNPP response to N in these 

ecosystems.  

 

ECOSYSTEM PROCESSES: SOIL CARBON DYNAMICS  

Understanding how N deposition impacts soil C pools is critical in developing accurate model 

predictions of C dynamics and feedbacks (Reay et al., 2008). Soil C dynamics can be influenced 

by various factors, such as plant growth and litter inputs, litter quality, soil C losses via soil 

respiration, and the export of dissolved organic C. N inputs can influence soil C in multiple ways. 

For instance, N inputs may enhance aboveground plant litter inputs and labile soil C inputs (Liu 
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and Greaver, 2010), which can lead to greater soil C losses via heterotrophic respiration during 

decomposition. In contrast, N enrichment also often inhibits soil microbial biomass and 

heterotrophic respiration (LeBauer and Treseder, 2008; Ramirez et al., 2012; Xu et al., 2021), 

which may lead to greater soil C sequestration. The effects of N enrichment on soil C can vary due 

to climates, ecosystem types, as well as experimental duration (Liu and Greaver, 2010; Zhou et 

al., 2014; Yue et al., 2016). Additionally, while dryland soils collectively store an estimated 44% 

of global organic matter C pool in surface soils (top 30 cm) (Plaza et al., 2018; Hanan et al., 2021), 

dryland soil C response to N inputs is relatively underrepresented in global assessments (Xu et al., 

2021) 

 Although some evidence suggests N deposition can reduce soil organic C (SOC) content 

in aridlands (extant N deposition gradient study Ochoa-Hueso et al., 2013), overall, experimental 

aridland N addition studies suggest SOC is insensitive to N inputs (e.g., Zeglin et al., 2007; Li et 

al., 2010; Hall et al., 2011; Wang et al., 2014; Sinsabaugh et al., 2014; Osborne et al., 2022a). 

Additionally, while soil microbial community composition and activities strongly influence soil C 

dynamics (Schimel et al., 2012), aridland N addition studies show no significant effects on soil C 

pools even with changes to soil microbial community structure (e.g., Ling et al., 2017), microbial 

biomass declines (e.g., Li et al., 2010; Bi et al., 2012; Wang et al., 2014; Su et al., 2016), declines 

in C acquisition enzyme activities (e.g., Sinsabaugh et al., 2015; Wang et al., 2020; Vourlitis et 

al., 2021b), or changes to microbial C utilization potentials (e.g., Bi et al., 2012; Sinsabaugh et al., 

2015). Respiration in aridlands has also shown to be insensitive to N inputs (e.g., Schaeffer et al., 

2003; Schaeffer and Evans, 2005; Li et al., 2010; Su et al., 2016; Choi et al., 2022).  
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At the global scale, the effect of N deposition on C storage is widely debated, with studies 

suggesting N deposition decreases, enhances, or does not impact C storage (Ramirez et al., 2012; 

Liu and Greaver, 2010; Yue et al., 2016). In aridlands, the overall lack of change to soil C may be 

due to the possibility of multiple resource limitations on soil C-cycling processes and differential 

effects on different SOC fractions. For instance, relative to N, C cycling activities have been shown 

to be more limited by water and C in some aridland ecosystems (Schaeffer and Evans, 2005; Choi 

et al., 2022). Different fractions of SOC, i.e., mineral-associated organic C (MAOC) and 

particulate organic C (POC), may also respond differently to N. For example, in a long-term N 

addition study conducted in three semi-arid Mediterranean ecosystems, N inputs did not alter POC 

but did reduce MAOC, with MAOC declines linked to acidification-induced calcium (Ca) losses 

(Püspök et al., 2023). Thus, overall, while N enrichment is not likely to increase aridland SOC 

storage, N inputs that result in soil acidification may lead to the destabilization of MAOC via N-

induced acidification Ca losses (Püspök et al., 2023), though data are limited.   

 

ECOSYSTEM PROCESSES: SOIL NITROGEN TRANSFORMATIONS AND LOSSES 

N enrichment can alter critical N transformation processes, such as N2 fixation, N mineralization, 

nitrification, and denitrification. For example, N inputs may inhibit N-cycling enzymes because 

of lowered N requirements (Craine et al., 2007) or through shifts in soil microbial communities 

(Ramirez et al., 2012). In contrast, N inputs may also increase N-cycling processes by enhancing 

substrate quality and quantity (Treseder, 2010). 

In aridland N addition studies, N-cycling activities are often affected by N amendments 

in relatively consistent ways. For instance, aridland N addition studies report depressed N-

fixation rates (Ochoa-Hueso et al., 2014), declines in N acquisition enzyme activities (e.g., 
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Stursova et al., 2006; Wang et al., 2020; Vourlitis et al., 2021b), reduced ammonification rates 

(Ochoa-Hueso et al., 2013; Sinsabaugh et al., 2015), and enhanced nitrification rates (e.g., 

Vourlitis et al., 2009; Li et al., 2010; Hall et al., 2011; Ochoa-Hueso et al., 2013). Additionally, 

while N inputs can enhance net N mineralization rates (e.g., Sinsabuagh et al., 2015), increased 

nitrification rates do not necessarily always translate to changes in net N mineralization (e.g., Li 

et al., 2010; Hall et al., 2011; Ochoa-Hueso et al., 2013). In some cases, N-cycling responses to 

N amendments are conflicting among aridland N addition studies. For instance, in contrast to the 

studies mentioned above, some aridland N addition studies demonstrate no (Osborne et al., 

2022a) or even positive effects on N acquisition activities (Sinsabaugh et al., 2015). N-cycling 

responses to N inputs can also vary spatially (e.g., bulk soil vs. biocrust in Sinsabaugh et al., 

2015; interspace soil vs. under canopy soil in Hall et al., 2011).  

The effects of N enrichment on aridland N-cycling activities have important implications 

on N balance in these already low N ecosystems. In particular, increased N availability may 

stimulate biotic (e.g., nitrification and denitrification) and abiotic processes (e.g., NH3 

volatilization and chemodentification), which emit gaseous N (e.g., NO, N2O). N gas emissions 

are considered a dominant pathway of N loss in drylands (Peterjohn and Schlesinger, 1990; 

Homyak et al., 2016). And a growing number of aridland N addition studies report enhanced 

gaseous N efflux, most notably NO and NH3, following N amendments (e.g., Peterjohn and 

Schlesinger, 1990; Hartley and Schlesinger, 2000; Schaeffer and Evans, 2005; McHugh et al., 

2017; Krichels et al., 2022; Chapter 4).  

Rapid gaseous N emissions may particularly be important in aridland N addition studies 

that report no change with added N. For instance, on Colorado Plateau, bacterial, fungal, and 
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plant communities exhibited few responses to simulated N deposition (McHugh et al., 2017; 

Philips et al., 2021). However, in the same study ecosystem, N inputs enhanced NO emissions, 

and while inorganic N concentrations were elevated immediately following fertilization, 

treatment differences diminished one month after fertilization (McHugh et al., 2017). However, 

some aridland N addition studies also report no effect of N on gaseous N emissions (e.g., 

Stursova et al., 2006; Osborne et al., 2022a). Though, N gas efflux activities can highly depend 

on the timing of measurement (e.g., N2O efflux can be highly ephemeral, Schaeffer et al., 2003; 

Krichels et al., 2022) and can vary due to differences in site and soil-microsite factors, e.g., soil 

texture, cover type, moisture, temperature, pH, and substrate supply (Schlesinger and Peterjohn, 

1991; Schaeffer et al., 2003; Homyak et al., 2016; Eberwin et al., 2020). In addition to gaseous 

soil N losses, N leaching may also represent an important mechanism of N loss in aridlands 

(Reichmann et al., 2013; McHugh et al., 2017; Osborne et al., 2022a), with gaseous N emissions 

and N leaching having important negative implications on air and water quality (Smith et al., 

2013).  

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS  

Overall, aridlands demonstrate a wide range of responses to experimental N inputs (Table 2.1). In 

general, N enrichment can drive considerable change to aridland structure and function, e.g., by 

reducing soil microbial and plant diversity and altering microbial, biocrust, and plant community 

composition and function. Aridland N enrichment can also accelerate soil N transformation 

processes, e.g., by enhancing N cycling activities that emit nitrogenous gases. However, the 

magnitude and often the direction of the effects of N inputs on most processes vary due to multiple 

factors, such as differences in organismal functional groups (e.g., bacteria vs. fungi, early vs. late 

successional biocrust, shrubs vs. grasses), environmental factors most notably water availability, 
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particularly during periods of drought and above average precipitation, as well as spatial 

heterogeneity (e.g., microsite soil interspace vs. biocrust or canopy). Experimental differences, 

most notably N dose,  which is likely linked to the presence or absence of soil acidification, also 

plays a considerable role in aridland ecosystem response to N enrichment.
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Table 2.1. List of general soil to ecosystem-scale responses to N inputs in aridlands: (0) and grey = no effect, (+) and blue = positive effect, (-) and red = 
negative effect, (+/-/0) and orange = mixed effects, summary of mediating factors, and key references.  

 

Response category Response variable

General N 

effect 

(direction) Important mediating factors Relevant literature

Communities: 

Microbes

Fungal to Bacterial 
ratio -

• Declines often linked to declines in soil pH

• Bacteria sometimes appear more sensitive than fungi 

• Few effects at low N doses (<20 kg N ha-1 year-1, <2 x per year), 

Bi et al., 2012; Wei et al., 2013; Chen et al., 2015; Sinsabaugh et 
al., 2015; Su et al., 2016; Yang et al., 2017; McHugh et al., 2017; 
Wang et al., 2020; Porras-Alfaro et al., 2011; Muller et al., 2015; Su 
et al., 2016

Diversity -
• Declines linked to soil acidification and heightened competition between copiotrophic groups and oligotrophic 

groups. 

• Bacteria often appear more sensitive than fungi 

• Few effects at low N doses (<20 kg N ha
-1

 year
-1

, <2 x per year)

Muller et al., 2015; Sinsabaugh et al., 2015; McHugh et al., 2017; 
Eberwein et al., 2020

Biomass -
• Declines linked to soil acidification, usually at higher N doses (>20 kg N ha-1 year-1). 

• Positive effects were sometimes observed at lower N doses (<20 kg N ha-1 year-1), suggesting N limitation. 

• No effects observed at lower N doses (<20 kg N ha-1 year-1 )

Zhang et al., 2014; Zhu et al., 2016; Wang et al., 2020; Cui et al., 
2021; Osborne et al., 2022a; Püspök et al., 2023
Schaeffer et al., 2003; Schaeffer and Evans, 2005; Choi et al., 2022

Communities: 

Biocrust

Community 
composition - • Changes can vary due to differences in soil properties (e.g., soil pH and soil organic C), biocrust successional 

stage and species, and study duration.
Wang et al., 2015; Rong et al., 2022

Cover - • Responses can vary due to differences in soil properties (particularly soil pH and soil organic C), biocrust 

successional stage, species, aboveground plant cover, precipitation, and study duration. 

Ochoa-Hueso et al., 2016; Benvenutto-Vargas and Ochoa- Hueso, 
2020; Philips et al., 2021; She et al., 2022

Communities: 

Plants

Diversity -
• Declines linked to increased abundance of grasses, annual, or alien species. 

• Effects often depend on water availability. 

•Most studies reporting significant effects apply N at high doses (>50 kg N ha-1 year-1).

• No effects at lower N doses (<20 kg N ha-1 year-1).

Mun and Whitford, 1989; Ludwig et al., 1989; Carpenter et al., 
1991; Brooks, 2003; Allen et al., 2009; Zeng et al., 2010; Philips et 
al., 2019;Wheeler et al., 2021

Functional group 
(perennial forbs and 

legumes) 
-

• Declines linked to increased abundance of grasses, annual, or alien species. 

• Effects often depend on water availability. 

•Most studies observing effects apply N at high doses (>50 kg N ha
-1

 year
-1

).

• No effects at lower N doses (<20 kg N ha
-1

 year
-1

).

Brooks, 2003; Baez et al., 2007; Zeng et al., 2010; Whitford and 
Steinberger, 2011; Ladwig et al., 2012; Philips et al., 2019; Wheeler 
et al., 2021

Functional group 
(grasses and annuals) +

• Effects often depend on water availability. 

•Most studies observing effects apply N at high doses (>50 kg N ha
-1

 year
-1

).

• No effects at lower N doses (<20 kg N ha
-1

 year
-1

).

Baez et al., 2007; Zeng et al., 2010; Whitford and Steinberger, 
2011; Ladwig et al., 2012; Philips et al., 2019; Wheeler et al., 2021

Non-native species + • Effects often depend on water availability. 

•Most studies observing effects apply N at high doses (>50 kg N ha
-1

 year
-1

)

Brooks, 2003; Schwinning et al., 2003; Allen et al., 2009; Rao and 
Allen, 2010; Vourlitis, 2017

Foliar N +
• Can vary seasonally and between functional groups (e.g., grasses can be more sensitive than shrubs)

• Plant N uptake increases with increasing water availability 

• Does not increase at low N doses (<20 kg N ha
-1

 year
-1

).

Schwinning et al., 2005; Zeng et al., 2010; Hall et al., 2011; 
Reichmann et al., 2013; Yahdijan et al., 2014; Sinsabaugh et al., 
2015; Cui et al., 2021;  Osborne et al., 2022a
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Table 2.1. Continued. List of general soil to ecosystem-scale responses to N inputs in aridlands: (0) and grey = no effect, (+) and blue = positive effect, (-) 
and red = negative effect, (+/-/0) and orange = mixed effects, summary of mediating factors, and key references.  
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Response category
Response variable

General N 
effect 

(direction) Important mediating factors Relevant literature

Ecosystem Processes: 
Primary Production

ANPP +
• Effects often depend on water availability.
• Responses may differ due to climatic differences, plant functional types, and soil type. 
•Most studies apply N at high doses (>50 kg N ha-1 year-1).

Ettershank et al. 1978; Romney et al., 1978; Lightfoot and Whitford, 
1987; Fisher et al., 1988; Sharifi et al., 1988; Lajtha and Whitford, 
1989; Barker et al., 2006; Baez et al., 2007; Allen et al., 2009; Zeng 
et al., 2010;  Hall et al., 2011; Luo et al., 2011; Whitford and 
Steinberger, 2011; Ladwig et al., 2012; Yahdjian et al., 2014; Niu et 
al., 2018; Zhou et al., 2018; Ma et al., 2020

BNPP +/ - /0 • Differential responses of BNPP to N amendments in aridlands, as well as the scarcity of BNPP measurements 
overall, may complicate BNPP response predictions to N in these ecosystems. 

Fisher et al., 1989; Zeng et al., 2010;  Ladwig et al., 2012; Verburg 
et al., 2013; Luo et al., 2017; Vourlitis, et al., 2021a

Ecosystem Processes: 
Soil C Stocks and 

Cycling

SOC 0

• SOC is overall insensitive to N amendments, regardless of changes in pH, soil microbial biomass and function, N 
dose, water availability, and study duration (though few studies over +10 years).
• Few studies demonstrated positive effects on SOC
• There is limited evidence suggesting reductions in mineral-associated OC, linked to acidification linked calcium 

losses

Li et al., 2010; Zeng et al., 2010; Bi et al., 2012; Wang et al., 2014; 
Sinsabaugh et al., 2015; Wang et al., 2020; Vourlitis et al., 2021b; 
Osborne et al., 2022a; Püspök et al., 2023

EOC 0
• There were few positive effects on EOC
•Most studies showed insensitivity of EOC to N inputs regardless of changes in pH and microbial biomass and 

function, N dose, and water availability, and study duration (though few studies over +10 years). 

Li et al., 2010; Wei et al., 2013; Wang et al., 2014; Su et al., 2016; 
Osborne et al., 2022a

C- cycling enzymes +/ - /0
• Evidence of enhanced, depressed, or no effects of N on hydrolytic C- cycling activities.
• Changes linked to soil acidification and microbial biomass declines 
• Oxidative enzyme activities were generally insensitive to N inputs 

Stursova et al., 2006; Zeglin et al., 2007; Ochoa-Hueso et al., 2014; 
Wang et al., 2014; Wang et al., 2020; Osborne et al., 2021

Respiration 0 • Respiration was generally insensitive to N inputs
• Some studies demonstrate serial water and C limitation 

Schaeffer et al., 2003; Schaeffer and Evans, 2005; Li et al., 2010; Su 
et al., 2016; Zhu et al., 2016; Choi et al., 2022

Ecosystem Processes: 
Soil N 

Transformations and 
Losses

N- fixation - • Down-regulation is likely due to N availability that exceeds demand. Ochoa- Hueso et al., 2014

N-mineralization 0
• Changes to ammonification or nitrification rates generally do not translate to changes in net N mineralization.
• N inputs can enhance net N mineralization rates, but the magnitude can vary by N dose (greater sensitivity with 
greater N dose) and soil depth (insensitivity at deeper depths).

Li et al., 2010; Hall et al., 2011; Ochoa-Hueso et al., 2013

Ammonification - • In general, ammonification declines but some evidence for enhanced ammonification rates. 
• Linked to soil pH and inorganic N concentrations.

Ochoa-Hueso et al., 2013; Sinsabaugh et al., 2015

Nitrification + • In general, nitrification increases, but some evidence for depressed nitrification rates
• Linked to soil pH and inorganic N concentrations. 

Vourlitis et al., 2009; Li et al., 2010; Hall et al., 2011; Ochoa-Hueso 
et al., 2013

N-cycling enzymes -
• N acquisition enzyme activities generally decline with N
• Sensitivity can vary spatially (e.g., bulk soil vs. biocrust)
• Low N dose studies report insensitivity of N-cycling activities at lower N doses (<20 kg N ha-1 year-1). 

Stursova et al., 2006; Wang et al., 2020; Vourlitis et al., 2021b; 
Osborne et al., 2022a

N gas emissions +
• N gases (particularly nitric oxide and ammonia) emissions increase following N fertilization. 
• N gas efflux can highly depend on the timing of measurement and can vary due to differences in site and soil-
microsite factors, e.g., soil texture, cover type, moisture, temperature, pH, and substrate supply

Schlesinger and Peterjohn,1991; Hartley and Schlesinger, 2000; 
Schaeffer and Evans, 2005; Stursova et al., 2006;  McHugh et al., 
2017; Osborne et al., 2022a; Krichels et al., 2022

N Leaching + • Leaching increases with increasing N inputs but occurs even at low N doses (<20 kg N ha-1 year-1).
• Leaching can increase during drought, i.e., when plant N uptake is likely low.

Reichmann et al., 2013; McHugh et al., 2017; Osborne et al., 2022a
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In our synthesis, large knowledge gaps represent possible directions for future research.  

First, water availability in aridlands is often highly spatially and temporally variable, and aridlands 

across the globe are expected to experience increasingly variable precipitation patterns, enhanced 

aridity, and more frequent, severe, and prolonged droughts (Cook et al., 2015; Bradford et al., 

2020). Here, we found that the effects of N often depend on water availability (e.g., Brooks, 2003; 

Ludwig et al., 1989; Ladwig et al., 2012; Whitford and Steinberger, 2011; Wheeler et al., 2021). 

Thus, we suggest future studies to either increase the duration of their experiment, which would 

make it more likely to capture year-to-year variation in precipitation (e.g., long-term N addition 

study in Ladwig et al., 2012), or include precipitation manipulation treatments that simulate 

predicted changes in precipitation and temperature in their study region (e.g., extreme drought and 

N addition manipulation study in Zhang et al., 2023b). Second, we found that resources other than 

N may constrain responses to N enrichment (e.g., water and C; Schaeffer et al., 2003; Schaeffer 

and Evans, 2005; Choi et al., 2022). Resource availability and dynamics can provide critical insight 

into how biogeochemical cycles respond to global change (Reed et al., 2015). Thus, given that 

aridlands are notably poor in organic C, N, and P resources (Plaza et al., 2018), assessing the 

possibility of multiple resource limitations (beyond N) may be important when assessing aridland 

vulnerability to N deposition (e.g., water, C, N, and P, limitation assessment in Choi et al., 2022). 

Third, most aridland N addition studies in this synthesis applied N at relatively high N doses (>50 

kg N ha-1 yr-1), thus challenging our predictions on the effects at relatively lower N deposition 

rates. Here, we suggest more studies that explore aridland ecosystem response to low but realistic 

N inputs (e.g., N added according to reported N deposition estimates in Osborne et al., 2022a) or 

more studies which derive information from extant N deposition gradients (i.e., low to high N 

deposition, e.g., Ochoa-Hueso et al., 2013). Last, as N inputs can accelerate N gas loss processes 
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(e.g., Peterjohn and Schlesinger, 1990; Hartley and Schlesinger, 2000; Schaeffer and Evans, 2005; 

McHugh et al., 2017; Krichels et al., 2022), we encourage future aridland N addition studies to 

also include N gas efflux assessments (e.g., NO, NH3, N2O) as they may offer critical insight into 

N retention and loss under elevated N deposition in these ecosystems.  
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CHAPTER 3: N AND P LIMIT SOIL MICROBIAL BIOMASS, BUT MULTIPLE 
RESOURCES LIMIT SOIL MICROBIAL FUNCTION IN A NORTHERN 
CHIHUAHUAN DESERT SEMI-ARID GRASSLAND 

ABSTRACT 

Drylands represent ~41% of Earth’s terrestrial surface and are expected to be particularly 

vulnerable to global change stressors, such as climate change and anthropogenic nitrogen (N) 

deposition. Resource availability may dictate how ecosystems respond to global change, e.g., N 

deposition. However, we have a limited understanding of the resources (beyond water) that 

regulate important biogeochemical processes in drylands. Here, we performed a factorial carbon 

(C), N, and phosphorous (P) laboratory incubation experiment to test if Chihuahuan Desert soil 

microbial biomass and function are individually or interactively limited by C, N, and P when given 

sufficient water. Overall, we found that N and P independently limited soil microbial biomass, but 

the effects on measured microbial activities often depended on the co-availability of multiple 

resources. For example, N and P immobilization was often only enhanced when two or more 

resources were added (e.g., C+N, N+P, C+N+P). C alone dramatically increased specific 

respiration (i.e., CO2 production per unit biomass and unit time) but had no significant effect on 

soil microbial biomass, suggesting low C-use efficiency (CUE). CUE appeared to improve when 

C was added with N or P, as these resources together enhanced microbial biomass and inhibited 

the effect of C on specific respiration. This study highlights the importance of assessing multiple 

resource limitations in low-resource environments, as such resources may influence how these 

ecosystems respond to global change.  
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INTRODUCTION 

Our understanding of resources regulating biogeochemical processes in terrestrial ecosystems is 

improving (e.g., Fay et al., 2015; Harpole et al., 2016; Ochoa-Hueso et al., 2020). However, 

relative to water, we have a limited understanding of the resources that govern biogeochemical 

processes in drylands (Austin, 2011; Osborne et al., 2022b). Drylands cover over ~41% of Earth’s 

terrestrial surface (Millennium Ecosystem Assessment, 2005) and play a critical role in the global 

carbon (C) cycle (Poulter et al., 2014; Ahlström et al., 2015). Advancing our understanding of the 

resources that regulate dryland biogeochemical processes (beyond water) will strengthen our 

ability to predict environmental change effects in these ecosystems.  

 

Water is the dominant driver of biological processes in drylands, e.g., plant primary 

productivity and soil microbial activity (Noy-Meir, 1973; Reynolds et al., 2004; Collins et al., 

2014). However, the strong focus on water limitation in drylands has constrained our 

understanding of other resources that influence important ecological processes, e.g., C and nutrient 

cycling (Austin, 2011). In particular, as aridity drives low levels of organic C, nitrogen (N), and 

phosphorus (P) in dryland soils (Plaza et al., 2018), these critical biogenic elements may also be 

limiting for dryland biota. Human-driven perturbations, such as climate change and N deposition, 

can also drive changes in resource availability (e.g., N to P limitation, Yuan and Chen, 2015; Dong 

et al., 2019), which may further alter or constrain biological activities in drylands.   

 

Beyond water, N is considered a vital limiting resource in drylands (Hooper and Johnson, 

1999; Yahdjian et al., 2011). However, across N addition experiments globally, the magnitude and 

often the direction of N addition effects are influenced by experimental N dose and study duration, 
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e.g., in plants (Midolo et al., 2019; Song et al., 2019) and soil microbes (Jian et al., 2016; Zhou et 

al., 2017; Jia et al., 2020). For instance, at the global scale, N inputs at rates less than 100 kg N 

ha−1 yr−1 generally enhance microbial biomass, whereas rates greater than 100 kg N ha−1 yr−1  

reduce microbial biomass (meta-analysis by Zhou et al., 2017). A similar pattern also emerges 

across aridland (arid and semi-arid ecosystems) N addition studies, where N doses of <70 kg ha-1 

yr-1 and N loads <120 kg ha-1 exert positive effects on microbial biomass and metabolic rates, 

respectively, with negative effects at greater doses and loads (meta-analysis by Sinsabaugh et al., 

2015). However, some aridland N addition studies also suggest that some aridlands are insensitive 

to N inputs (e.g., McHugh et al., 2017; Philips et al., 2021; Osborne et al., 2022a).  

 

Growing evidence suggests that resources in addition to or other than N can be limiting in 

aridlands, e.g., water and C (e.g., Schaeffer et al., 2003; Schaeffer and Evans, 2005; Choi et al., 

2022), and P (Cui et al., 2018). Resource limitation may be particularly important as it may dictate 

how ecosystems respond to global change (Reed et al., 2015). Drylands worldwide face several 

environmental stressors, e.g., climate change and N deposition (Fenn et al., 2003; Hoover et al., 

2020), which have considerable implications for global C and N cycling (Peterjohn and 

Schlesinger, 1990; Delgado-Baquerizo et al., 2013). Thus, it is critical that we improve our 

understanding of resources capable of regulating important dryland ecosystem processes beyond 

water limitation.  

 

Here, we performed a factorial C, N, and P addition laboratory incubation experiment using 

soils collected from a semi-arid Chihuahuan Desert grassland experiencing elevated levels of 

anthropogenic N deposition. N deposition has important implications for ecosystem structure and 
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function (Bobbnik et al., 2010). However, given that some studies suggest aridlands are limited by 

resources in addition to or beyond N (e.g., Schaeffer et al., 2003; Schaeffer and Evans, 2005; Cui 

et al., 2018; Choi et al., 2022), we were also interested in exploring how C, N, and P may 

individually or interactively influence soil microbial biomass and function in our study ecosystem. 

We based experimental N inputs on a rate similar to modeled N deposition in our study ecosystem 

(4 kg N ha-1 yr−1). Therefore, as microbial biomass and metabolic rates generally increase at lower 

N addition rates (e.g., <70 kg ha-1 yr-1 for microbial biomass in Sinsabaugh et al., 2015), we 

hypothesized that our N inputs would enhance soil microbial biomass and activities. However, 

given that dryland soils are also notably poor in organic C and P (Plaza et al., 2018), we also 

hypothesized that N added with C or P would surpass the effects of N alone by further enhancing 

soil microbial biomass and activities.   

 

METHODS  

Site Description  

We collected soils from a Chihuahuan Desert semi-arid grassland on a stream terrace at Carlsbad 

Caverns National Park (CAVE, 32°10′31″N 104°26′38″W) N.M., USA. CAVE is modeled to be 

experiencing elevated levels of N deposition at a rate ranging from 3.5 to 4.5 kg N ha−1 yr-1 due to 

nearby oil and natural gas operations (Sullivan et al., 2016; Naimie et al., 2022). The region’s 

mean annual temperature is 16.8 °C, with a mean annual precipitation of 378.7 mm, +60% of 

which falls during the summer monsoon (generally from July to September). Vegetation at our 

study site contained a mix of warm-season C4 grasses, annuals, and forbs, including native 

perennial grasses, blue grama (Bouteloua gracilis), and black grama (B. eriopoda), and exotic 

invasive bunchgrass Lehmann lovegrass (Eragrostis lehmanniana). Soil parent material is 
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characterized as gravelly alluvium derived from limestone (websoilsurvey.sc.egov.usda.gov/). 

Soil texture is a sandy loam mixture characterized as 71% sand, 25% silt, and 4% clay, with an 

average pH of 7.6  (2:1 dH2O).  

Soil Collection   

We collected soils during pre-monsoon drought conditions in June 2018, at 0 to 5 cm, from open 

spaces between plants. Soil sample locations were free of mid to late successional biological soil 

crusts (e.g., darkly pigmented cyanobacterial and moss crust) but likely included early successional 

lightly pigmented cyanobacterial crust. Soil sample locations were collected at a minimum 

distance of 2 m from each sample location and large N-fixing plants (e.g., mesquite). Soils were 

combined, homogenized, passed through a 2-mm sieve, and stored at 4 °C for approximately one 

day before the start of the incubation.   

Incubation Experiment 

To explore the influence of C, N, and P availability on soil microbial biomass and activities, we 

performed a 24-hour and 16-day C, N, and P addition laboratory incubation experiment using soils 

collected from the field. For the incubation, we weighed 50 g of soil (dry-equivalent) into 355 mL 

glass mason jars. Treatments included a control (CT, deionized water only) and factorial additions 

of C, N, and P (eight treatments total). N was added in an amount similar to modeled N deposition 

at CAVE (4 kg N ha-1 yr-1). Proportions of C and P additions were based on our N addition dose 

and globally estimated microbial C:N:P stoichiometry (60:7:1, Cleveland and Liptzin, 2007), with 

the assumption that all three resources were added in excess. The specific amount of C, N, and P 

added was based on the 50 g of soil within each jar, which was calculated to be the equivalent to 

the top 3 cm of soil from 0.00054 m2, with a field bulk density of 1.41 g/cm3. N was added as 
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ammonium nitrate (0.83 g/m2; NH4NO3), C was added as sucrose (6.66 g/m2; C12H22O11), and P 

as triple superphosphate (0.25 g/m2; Ca (H2PO4)2 *H2O). Additionally, as we wanted to 

specifically test for C, N, and P limitation (i.e., not water limitation), all soils received deionized 

water, which brought soils to 60% water holding capacity (14.7 mL). Treatments were replicated 

12 times to allow for two incubation periods, which included two destructive soil samplings (i.e., 

at 24 hours and day 16). Soils were incubated at 30 °C (comparable to monsoon season 

temperatures in this region), with jar lids loosely fitted to reduce evaporation (Melle et al., 2015). 

Incubated soils were maintained at 60% field capacity by supplementing deionized water every 

two days (Allen and Schlesinger, 2004).                                                                                                                             

 

Soil Extractable Pools and Microbial Biomass  

Extractable organic carbon (EOC), extractable total nitrogen (ETN), available soil phosphate (PO4-

3-P), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial 

biomass phosphorus (MBP) were measured at 24 hours, and on the 16th day of the incubation. 

EOC, ETN, and available phosphate (PO4-3-P) extracts were obtained by shaking 5 g of fresh soil 

in 0.5 M K2SO4 for two hours and filtering through glass filter paper. EOC and ETN concentrations 

were determined using a Shimadzu analyzer (TOC-VCPN; Shimadzu Scientific Instruments Inc., 

Columbia, MD, USA). Available soil PO4-3 was assessed colorimetrically (BioTEK Synergy HT 

microplate reader) using a malachite green assay (D’Angelo, 2001). MBC, MBN, and MBP 

estimates were derived using a modified chloroform fumigation-extraction technique (Brooks et 

al., 1985). We incubated 5 g of fresh soil in 2 mL of ethanol-free chloroform for 24 hours at room 

temperature. Then we extracted fumigated soils and analyzed them for EOC, ETN, and PO43- (as 

described above). MBC, MBN, and MBP were calculated as the difference between non-fumigated 


