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Disturbances, natural or anthropogenic, alter ecosystem functioning by changing the biotic 

composition, biogeochemical cycling, or the physical structure of an environment. As 

carbon dioxide (CO2) is a major contributor to global climate change, disturbances to 

different components of the carbon (C) cycle may further affect atmospheric CO2 

concentrations. Soils store vast amounts of C and have the potential to sequester or release 

CO2.  Two of the most extreme ecosystems, deserts and tropical forests, play an important 

role in the global C cycle, storing C in soils and vegetative biomass. The overarching 

objective of this dissertation is to quantify changes in soil C cycling after a disturbance in 

desert and tropical ecosystems. My first chapter addressed how soil inorganic C cycling 

changes with vegetation removal in a Colorado desert ecosystem. Through manipulative 

field and lab experiments, I explored changes in C pools after vegetation removal by 

measuring changes in the isotopic composition of C pools and effluxed CO2. I found that 

there were significant changes in C cycling after the vegetation was removed; there were 

fewer newer C inputs and that a greater proportion of CO2 becomes soil inorganic C in 

unvegetated soils. For my second chapter, I looked at soil C recovery with revegetation of 
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Larrea tridentata, finding that there was some recovery of the water extractable organic 

and microbial biomass C pools. Although the isotopic composition of soil carbon pools did 

not change with restoration, I also found some seasonal patterns such that changes in soil 

C pools may have been linked to timing of shrub and microbial activity. My third chapter 

addressed spatial differences in root and hyphal dynamics and production associated with 

soil disturbances created by leaf cutter ants (LCA). I collected continuous soil data and 

automated minirhizotron images to assess belowground dynamics, finding that LCA 

altered their soil environment and increase root and hyphal production in LCA nests. 

Overall, my dissertation work demonstrates that disturbances impact various components 

of the C cycle and that changes to C cycling processes may change how relevant those 

processes are at different temporal and spatial scales.  
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Introduction 

 

Disturbances are distinct events that occur universally over relatively short periods 

of time and alter the biotic and abiotic structure and functioning of ecosystems (White and 

Pickett 1985).  The effect disturbances have on ecosystems depends on several factors such 

as the affected ecosystem prior to disturbance, disturbance type, and disturbance regime 

(Turner and Gardner 2015). The disturbance regime consists of various spatial and 

temporal characteristics of the disturbance including frequency, intensity, the number of 

residuals, return interval, rotation period, severity, and size (White and Pickett 1985, 

Turner et al. 1998, Turner and Gardner 2015). Disturbances can also be natural or 

anthropogenic where natural disturbances are caused by non-human events (e.g. floods, 

wildfires) and anthropogenic disturbances are a result of direct human activity (e.g. urban 

development, agriculture, utility scale renewable energies). The landscape itself also 

influences disturbance patterns such that certain sites may be more susceptible to 

disturbance than others (Turner 1989). Complex interactions between disturbances and the 

respective ecosystem create spatial and temporal heterogeneity in ecosystem processes 

across a landscape. 

How a disturbance is defined depends on the relevant spatial and temporal scales 

observed (Allen and Starr 1982, Turner and Gardner 2015), especially since there can be 

interactions between processes across scales (Peters et al. 2007). The scale at which a 

process is examined may affect our understanding of how a disturbance can alter that 

ecosystem process. A large disturbance may not appear to yield a large change in an 
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ecosystem process initially, but a small change may have a large cumulative effect over 

longer temporal scales. Alternatively, a small disturbance may go unnoticed, but several 

small disturbances across a landscape may have a larger cumulative effect over a wider 

spatial range.  

While disturbances affect several ecosystem processes, changes to nutrient cycles 

are of interest as they are associated with global climate change. Focus has been placed on 

carbon (C) cycling as atmospheric CO2 concentrations have increased by more than 

100ppm over the past century (Keeling 1989). Across ecosystems, disturbances influence 

various aspects of the C cycle by changing the size of C pools and influencing the direction 

of C processes. The various steps within the C cycle are so interconnected that a change to 

one component of the C cycle can have feedbacks and downstream effects on subsequent 

pools and processes. Globally, soils contain twice as much C as vegetation and the 

atmosphere combined (Brady and Weil 2009) and may be a potential sink or source of 

atmospheric CO2. Soil C is comprised of both soil organic carbon (SOC) and soil inorganic 

carbon (SIC) which are closely coupled in the global carbon cycle through decomposition 

and microbial and root respiration (Lal and Kimble 2000). Forms of both SOC and SIC are 

found in all ecosystems, although their dominance and function differ depending on 

environmental conditions and the level of biotic activity.   

Two of the most extreme ecosystems on the planet, deserts and tropical forests, are 

key players in the global C cycle. Both ecosystems are susceptible to anthropogenic and 

natural disturbances and are forecasted to undergo dramatic shifts in climate patterns (IPCC 

2007, IPCC 2014). In particular, desert ecosystems comprise about one-third of the global 
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land area. While deserts are comparatively less productive than other ecosystems such as 

tropical forests, they play a particularly important role in the inorganic C cycle. Deserts 

store about 78% of SIC globally (Eswaran 2000, Batjes 2014). Much of the desert SIC is 

stored as solid carbonate in caliche. The C incorporated into the carbonate within caliche 

is predominantly derived from microbial and root respiration (Cerling 1984). Precipitation 

events trigger respiration and CO2 production. Increased soil water content and CO2 

concentrations increase CO2 dissolution into the soil solution where it becomes dissolved 

inorganic carbon (DIC).  Upon saturation as the soil water dries, DIC reacts with available 

calcium ions and precipitates out of the soil solution as calcium carbonate (Birkeland 

1984). While SIC precipitates out of the soil solution in deserts, inorganic forms of C 

remain dissolved in lowland tropical environments since soil water content is high. 

Contrasting to deserts, evergreen tropical ecosystems comprise less than 20% of the global 

land area (Melillo et al. 1993) and store nearly 27% of the SOC (Eswaran 2000). More than 

half of the C in tropical ecosystems is stored within vegetative biomass. While less C is 

stored in tropical soils than other ecosystems, a significant amount of C is contained within 

biomass belowground in roots and fungal hyphae. Decomposition and biomass turnover 

rates are generally higher in tropical forests due to constant warm temperatures, day 

lengths, and increased water availability. Thus, changes in belowground C cycling will 

likely depend on changes in root and microbial activity, growth, and nutrient acquisition.  

The functioning of soil C processes is relevant on multiple spatial and temporal 

scales. In the case of desert SIC, focus has been placed on geological timescales (1000s-

10,000s of years) rather than ecological time scales (10s-1000s of years) even though the 
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process of formation is dependent on individual precipitation events and biotic respiration. 

While visible shifts in formation and dissolution may be most apparent on geological time 

scales in undisturbed habitat, it is unclear how these processes change after disturbances. 

Processes tend to occur more rapidly in tropical ecosystems with high spatial heterogeneity. 

Increased temporal resolution is required to gain a better understanding of how soil C 

dynamics may change in tropical ecosystems after disturbances.   

Post-disturbance recovery of ecosystems can occur at various rates depending on 

the ecosystem prior to disturbance, type of disturbance, and disturbance regime. Not all 

disturbances negatively impact ecosystems and, in fact, some ecosystems require some 

level of disturbance for optimal productivity and reproduction. However, anthropogenic 

disturbances generally have negative impacts on ecosystems that may drastically impact 

recovery rates. Assessing natural recovery of ecosystems is challenging because long-term 

experiments are typically required. Vegetation recovery has been assessed for multiple 

ecosystems using models and field observations (Wali 1999, Webb et al. 2009, Cole et al. 

2014). However, we know very little on the recovery of soil C and C cycling processes. 

Evidence exists that ecological restoration may help facilitate the recovery of soil C 

processes (Post and Kwon 2000, Silver et al. 2004, Baer et al. 2010, Nogueira et al. 2011, 

Houghton et al. 2012, Moreno-Mateos et al. 2012, Martin et al. 2013). Ecological 

restoration is the practice of restoring damaged, degraded, or destroyed habitats or 

ecosystems through direct human intervention or action (Jackson et al. 1995, Bradshaw 

1997). Equilibrium soil C processes are heavily dependent on the presence of native 

vegetation and intact microbial communities. Recovery of these processes are likely 
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associated with the recovery of the native community present before the disturbance. As 

one of the goals of restoration is to help facilitate the recovery of native community 

diversity and functioning, recovery of soil C cycling may also be facilitated through 

ecological restoration.  

The objective of this dissertation was to assess the effects of disturbance on 

belowground C processes in a California desert shrubland and a lowland tropical forest in 

Costa Rica. My approach used both observation and experimental field and lab 

manipulations as well as modeling. I explored soil C dynamics using novel methods and 

equipment. In Chapter 1, I addressed how vegetation removal impacts SIC formation and 

dissolution on ecologically relevant time scales in a Colorado desert shrubland. I found 

SIC is dynamic on much shorter timescales and has the potential to release a greater 

proportion of CO2 from SIC after a disturbance such as vegetation removal. In Chapter 2, 

I assessed how desert shrub restoration may facilitate recovery of soil C and C cycling, 

finding that within a two-year period, only microbial C and water extractable labile C 

showed some recovery. However, I also found that recovery of soil C pools may also 

depend on timing and extent of shrub and microbial activity after rain events. For my third 

chapter, I evaluated the soil conditions and belowground production of roots and arbuscular 

mycorrhizal hyphae in leaf cutter ant (LCA; Atta cephalotes) nests at the La Selva 

Biological Station, Costa Rica. I found that LCA decrease soil water content and CO2 

concentrations and optimize O2 concentrations and temperature in nests. I also found that 

there was increased root and hyphal production in LCA nests than non-nest soil. Overall, 

this work emphasizes the impacts of both anthropogenic and natural disturbances on soil 
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C dynamics in desert and tropical ecosystems and that changes in soil C cycling are relevant 

across multiple temporal and spatial scales. 
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Chapter 1 

The role of plants in soil carbonate dynamics in a California desert ecosystem 

 

Abstract 

Soil inorganic carbon, in the form of CaCO3
 or caliche, is among the largest pools 

of carbon in the western US, underlying many arid ecosystems worldwide. Desert habitats 

are susceptible to anthropogenic disturbances that result in vegetation removal. Shrub and 

microbial activity contribute to the formation of SIC by increasing soil CO2 concentrations 

after rain events. An assumption is that SIC is stable, where carbon input is equal to carbon 

released, and that this stability holds over geologic time periods. However, secondary SIC 

may be more dynamic than generally recognized, especially after vegetative and soil 

disturbances. In summer 2013, soil and vegetation samples were collected from three 

vegetated sites with intact creosote bush scrub: Boyd Deep Canyon Desert Research Center 

(DC), Garnet Hill (GH), and Chuckwalla Valley (CV). Only soils were collected from an 

unvegetated site at the Coachella Valley Agricultural Research Station (CVARS). Soils 

were sieved into two size fractions; caliche pieces were also ground and analyzed. Soil 

samples were analyzed for δ13C of organic carbon and SIC; δ18O was analyzed for SIC. 

Plant tissues were analyzed for δ13C while stem water was also analyzed for δ18O. Sensor 

networks were placed at DC and CVARS to collect soil CO2, soil temperature, and soil 

moisture 2, 8, and 16 cm soil depths. These data were used to calculate CO2 fluxes and 

incorporated into the Soil Landscape Inorganic Carbon model to assess carbonate 

dynamics. Soil incubations were also conducted to further assess CO2 fluxes and the source 
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of CO2 based on the isotopic composition of the CO2. Carbon isotopic analyses of SOC 

and SIC indicated that unvegetated soils underwent fractionation but were not receiving 

new carbon inputs comparable to the intact soils. Carbon and oxygen isotope analyses 

showed that SIC of smaller soil size fractions contain carbon and oxygen from more recent 

sources. The larger size fraction and caliche also showed signs of fractionation which is 

associated with repeated dissolution and re-formation events. CO2 fluxes of vegetated areas 

were significantly higher than the unvegetated area; however, the unvegetated area still 

demonstrated CO2 efflux despite low biotic activity. Modeling results suggested that SIC 

is dynamic by going into solution after a rain event. Soil incubations further indicate the 

potential for CO2 loss from SIC, demonstrating that unvegetated soils release a greater 

proportion of CO2 from inorganic sources than vegetated soils. Altogether, these data 

indicate that SIC is dynamic and that a disturbance to vegetation and soil may increase the 

potential for soil C loss from SIC. 

 

Introduction 

Globally, ecosystems are subject to a wide range of anthropogenic disturbances 

including urban development, renewable energy installations, and agriculture (Barrows 

1996, Webb 2009, Allen et al. 2014). Disturbances associated with human activities impact 

carbon (C) dynamics and storage (Schlesinger 1984, Amundson and Smith 1988, Bates et 

al. 2007, Zipperer et al. 2012, Allen et al. 2013, Kasischke et al. 2013, Armstrong et al. 

2014). However, impacts of anthropogenic disturbances on C cycling, pools, and storage 

are less well understood in deserts than other ecosystems. Desert soils contain 35.5% of 
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the global soil C stock (Eswaran 2000) comprised of stored soil inorganic C (SIC; i.e. 

caliche), vegetation, and soil organic C (SOC; as buried organic matter). Considering 

organic C only, discrepancies exist on whether deserts are net C sinks or sources 

(Schlesinger et al. 2009) in part because of high annual variation, ranging from  net loss 

during dry periods (Shen et al. 2008, Scott et al. 2010) to net accumulation during wet 

periods (Hastings et al. 2005). These discrepancies may be largely due to lower SOC in 

deserts than other ecosystems, as desert soil C is predominantly inorganic. Amounting to 

78% of the world’s SIC (Eswaran et al. 2000), SIC is the dominant form of soil C in arid 

regions (Schlesinger 1982, Eswaran 2000). Importantly, pedogenic SIC (i.e. caliche) 

formation is heavily dependent on soil biotic activity in the rhizosphere (Cerling 1984, 

Schlesinger 1985). Pedogenic SIC forms through equilibrium carbonate chemistry where 

soil water reacts with root and microbial respired CO2 to form carbonic acid. As the soil 

dries, bicarbonate binds with calcium (Ca2+) in the soil solution, forming a SIC precipitate 

(Eq. 1.1; (Birkeland 1984)  

 

(1.1)   SIC (s) + CO2 (g) + H2O ↔ Ca2+ (aq) + 2HCO3
-(aq) 

 

Inorganic C dynamics remain a huge gap in understanding stored C pools in desert 

ecosystems (Schlesinger 1985, Emmerich 2003, Mielnick et al. 2005, Serna-Perez et al. 

2006, Serrano-Ortiz et al. 2010, Allen et al. 2013). Furthermore, even less is known about 

inorganic C sequestration and soil C exchange rates under conditions of global change and 

anthropogenic disturbances. SIC may be a potential source for atmospheric CO2 
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(Emmerich 2003, Soper et al. 2016). Because SIC formation is predominantly derived from 

CO2 generated by root and microbial respiration (Cerling 1984), soil and vegetation 

disturbances may alter equilibrium of SIC formation and ultimately net soil CO2 exchange.  

Over the past thirty years, models have been developed to better understand SIC 

dynamics (Marion et al. 1990, Hirmas et al. 2010). However, these modeling efforts 

incorporated simulated soil temperature and water content data, but with atmospheric CO2 

concentrations of 360 to 400ppm, instead of higher rhizosphere CO2 levels. Without 

integrating continuous empirical soil data into these models, generating representative data 

quantifying SIC dynamics is questionable. Furthermore, data and models estimating 

caliche weathering and accumulation are inconclusive as to how vegetation and soil 

disturbances impact existing caliche pools, especially since disturbances reduce soil carbon 

and alter C cycling (Schlesinger 1984, Amundson and Smith 1988, Bates et al. 2007, 

Zipperer et al. 2012, Kasischke et al. 2013). While studies allude to disturbances having an 

effect (Schlesinger 1985, Su et al. 2013), these models have not been tested using data 

collected from a disturbed environment.  

One current concern is how the total carbon budget of deserts may be impacted by 

land use changes such as utility scale solar energy (USSE). By placing USSE in deserts, 

both inorganic C and organic matter losses may compromise the value of solar energy as 

an alternative to fossil C burning by limiting the ability of these deserts to sequester C and 

increasing net C loss from soils (Allen et al. 2013, Armstrong et al. 2014, Hernandez et al. 

2014). Thus, projected changes in climate and land use warrant an increased need for 

research in this line of work to effectively forecast the impacts of anthropogenic 
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disturbances on overall desert C balance. The main objective of this chapter is to assess 

pedogenic SIC dynamics in desert regions in intact ecosystems and a disturbed, 

unvegetated environment to determine how vegetation removal may influence SIC 

formation and dissolution. Abiotic and biotic processes were quantified for multiple areas 

in the Colorado Desert of southern California susceptible to disturbances associated with 

USSE developments. Using a multifaceted approach involving multiple soil sensor 

networks, biogeochemical analyses, and modeling, I tested the following hypotheses: 

 

(1) Stable carbon and oxygen isotope analyses reflect recent formation and 

differences in residence times of the SIC pool. As SIC is predominantly derived 

from respired CO2, I expected a relationship in the C isotopic composition between 

SIC, SOC, and plant tissue C. Enrichment of 13C of each soil C pool indicate 

increased fractionation through repeated dissolution and reformation and 

decomposition. More depleted (more negative) δ13C values represent the 

incorporation of newer carbon that has undergone less fractionation. Oxygen 

isotopes of SIC reflect that of water from recent and local rain events rather than 

oxygen from soil CO2 molecules (Schlesinger 1985). Therefore, I also expected a 

relationship between δ18O of SIC and stem water, the water most recently 

consumed by plants as further evidence for recent SIC formation. 
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(2) Modeled results will demonstrate that fluctuations in soil CO2 concentrations 

from biotic activity following rain events will influence carbonate dissolution and 

reformation.  

 

(3) CO2 efflux will be less in unvegetated soils from reduced biotic activity. 

Furthermore, I expect a greater proportion of CO2 effluxed from SIC than SOC in 

unvegetated than vegetated soils.  

 

Methods 

Field Study Sites 

The study was conducted at four sites in the Colorado Desert in southern California. 

Sites for plant and soil sample collection were selected based on similarity in alluvial parent 

material, slope, aspect and elevation (Table 1.1). Mean temperature in winter and summer 

are 10°C and 39°C, respectively, with each site receiving ≤150mm mean annual 

precipitation. At vegetated sites, Boyd Deep Canyon Desert Research Center (DC), 

Chuckwalla Valley (CV) and Garnet Hill (GH), three individuals of dominant plant species 

were sampled for tissue isotopic analysis, including Cylindropuntia bigelovii, 

Cylindropuntia ramosissima, Larrea tridentata, Ferocactus cylindraceus, Fouquieria 

splendens and Opuntia basilaris at DC, Olneya tesota and Larrea tridentata at CV and 

Larrea tridentata at GH. The fourth disturbed, unvegetated site was selected as a model 

for a solar installation site at the Coachella Valley Agricultural Research Station (CVARS) 

as there had been no vegetation for more than 4 years. In 2012, four sensor arrays were 
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installed at Boyd Deep Canyon and three were installed at CVARS (Figure 1.1). Each 

sensor node array consisted of a series of soil CO2 (Vaisala GMT221), water content, and 

temperature (Campbell Scientific CS650) probes installed at 2cm, 8cm, and 16cm depths. 

Sensors were programed to collect soil data at five-minute intervals, which were compiled 

into daily averages. In August 2013, soil samples at 15cm depths were collected and 

analyzed for δ13C and δ18O isotopic composition of SIC and SOC. At the three vegetated 

sites, plant tissue (leaf, stem, and root) samples were also collected for δ13C and δ18O stable 

isotope analyses to evaluate relationships with SIC and SOC.  

 

Stable Isotope Analyses 

Soil Organic Carbon 

Soil carbon isotopic composition (δ13C) was determined by drying soils at 65°C to 

constant mass, followed by sieving and grinding in a ball mill (8000D, Spex Sample Prep, 

Stanmore, UK). To distinguish soil organic carbon from pedogenic carbonates (caliche), 

soils were analyzed both as bulk fractions, and after fumigation with concentrated 

hydrochloric acid for six hours (Harris et al. 2001). Eleven grams of each sample were 

weighed and measured for δ13C with a continuous flow isotope ratio mass spectrometer 

(Delta V Advantage, Thermo Scientific, Bremen, Germany) equipped with a Costech 

elemental analyzer at the Facility for Isotope Ratio Mass Spectrometry (FIRMS), 

University of California, Riverside. Values for δ13C are reported in delta notation (‰) 

relative to the Vienna Pee Dee Belemnite (VPDB) standard (Coplen 1995; Eq. 1.2).  
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(1.2)      𝛿 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ×  1000‰   

  

Soil Inorganic Carbon and Oxygen 

Inorganic soil carbon and oxygen isotopic compositions (δ13C and δ18O, 

respectively) were analyzed for <2mm and 2mm-1cm soil fractions and caliche samples 

that were either exposed by erosion or excavated 20cm deep. Sieved soils were ground 

using a ball mill (8000D, Spex Sample Prep, Stanmore, UK). Caliche was micro-drilled 

with 1mm diamond drill bit to grind it into a fine powder and homogenized. Two grams of 

each sample were weighed into glass vials. Anhydrous phosphoric acid was added to soil 

and caliche samples at 50°C. Evolved CO2 was transported to a stream of high-purity 

helium and analyzed by a Thermo FinniganTM Delta V Plus Isotope-Ratio Mass-

Spectrometer via an open-split interface (ConFlo IV, Thermo FinniganTM) at the Stable 

Isotopes for Innovative Research (SIFIR) laboratory of the Department of Earth Sciences, 

University of California, Riverside. Values for δ13C and 18O are reported in delta notation 

(‰) relative to the VPDB and Vienna Standard Mean Ocean Water (V-SMOW) standards, 

respectively (Coplen 1995; Eq. 1.2). Sample corrections were conducted using a two-point 

calibration (Coplen et al. 2006). 

 

Plant Tissue 

Samples of plant photosynthetic tissue and roots were collected in paper envelopes 

and dried in an oven at 65° C for 48 – 96 hours to constant mass and then homogenized 

and ground to a fine powder with a ball mill (8000D, Spex Sample Prep, Stanmore, UK). 
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Plant carbon isotopic composition (δ13C) was measured with an elemental analyzer (ECS 

4010, Costech Inc., Valencia, CA) interfaced with an isotope ratio mass spectrometer 

(Delta V Advantage; Thermo Scientific) at FIRMS, University of California, Riverside. 

Values for δ13C are reported in delta notation (‰) relative to the VPDB standard (Coplen 

1995; Eq. 1.2). 

Plant oxygen isotopic composition (δ18O) was measured on the cellulose fraction, 

extracted from bulk plant samples through micro-digestion with a mixture of acetic and 

nitric acid, based on the original method of (Brendel et al. 2000), as modified for small 

samples by (Evans and Schrag 2004) and (Gaudinski et al. 2005). Samples were analyzed 

with a temperature conversion elemental analyzer (TC/EA, Thermo Scientific) interfaced 

with an isotope ratio mass spectrometer (Delta V Advantage; Thermo Scientific) at FIRMS 

at the University of California, Riverside. Values for 18O are reported in delta notation 

(‰) relative to the V-SMOW standard (Coplen 1995; Eq. 1.2). 

 

Plant Water  

Depending on the time of year and plant functional group, plant water reflects 

which water sources plants utilize both spatially and temporally (Ehleringer et al. 1991). 

As δ18O in SIC is derived from local water sources (Schlesinger 1985) I collected plant 

stem water to determine whether oxygen in SIC was from recent precipitation and thus, 

recently formed. Plant stems and roots were collected directly from live plants in the field 

and placed immediately in 10 ml vacutainers (BD, Franklin Lakes, NJ, USA), which were 

capped, sealed with parafilm to prevent evaporation and frozen at –20°C until analysis. 
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Water was extracted from plant stem and root samples using a cryogenic vacuum 

distillation line (Ehleringer 2000) for at least 60 minutes (West et al. 2006). Analysis of 

18O was conducted at FIRMS at the University of California, Riverside using a TC/EA 

(Thermo Scientific) interfaced with an isotope ratio mass spectrometer (Delta V 

Advantage; Thermo Scientific). Values for 18O values are reported in delta notation (‰) 

relative to the V-SMOW standard (Coplen 1995; Eq. 1.2). 

 

Soil CO2 flux 

Soil Sensor Nodes 

At two sites, CVARS and DC, sensor nodes were installed at three depths (2cm, 

8cm, and 16cm) to measure soil moisture, temperature, and CO2 and calculate CO2 fluxes. 

These data were also used in the Soil Landscape Inorganic Carbon model (SLIC; Hirmas 

et al. 2010) to simulate SIC dynamics under actual environmental conditions. To calculate 

CO2 fluxes from soil sensors, the CO2 gradient flux method was used based on CO2 

concentration data collected at 2cm, 8cm, and 16cm depths (Vargas and Allen 2008).  All 

sensors were calibrated based on company specifications. Soil moisture, temperature, and 

O2 sensors were calibrated prior to installation by determining correction factors in the lab. 

Soil CO2 sensors were taken from the field monthly and re-calibrated in the lab to ensure 

accuracy of the measurements.  
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Soil Incubations 

A series of soil incubations were conducted to determine CO2 flux and sources for 

vegetated soils, unvegetated soils, and ground caliche collected from DC, GH, and 

CVARS. One-hundred grams of each dry, sieved soil sample was added to an 8-ounce 

mason jar and kept at a constant temperature of 25°C using a water bath overnight. 

Measurements began the following day using a Picarro G2201-i isotopic CO2/CH4 gas 

analyzer. A mason jar cap was modified to create an inlet line to transport air from jar 

headspace through vinyl tubing to the inlet port of the Picarro. A second line was created 

to transport air from the Picarro vaccum pump outlet back to the mason jar, creating a 

closed circulation loop. To take measurements, one jar was capped at a time. Preliminary 

control measurements were collected to determine any CO2 flux from dry soils. After all 

dry soils were measured, water was added to each jar to 10% water holding capacity which 

was previously determined for each soil (Hall et al. 2012). Water was added to each jar in 

a staggered time sequence to ensure that the time between when the water was added and 

when it was measured remained constant. Ten minutes after water was added, the jar was 

capped and measurements began. Each jar was measured for a minimum of five minutes 

or until a change in CO2 concentration increased by more than 100ppm.  

Once all the data were collected, post-processing was conducted in Matlab (Student 

Version R2012a, The MathWorks Inc.) to calculate fluxes and isotopic composition of the 

CO2 source mixture separate from atmospheric CO2. The isotopic composition of the 

source mixture was determined using the Keeling Plot method (Keeling 1958; Keeling 

1961) to distinguish between the isotopic composition of the source mixture and 
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background CO2 (Keeling 1958, Keeling 1961). CO2 flux was determined by calculating 

the average changes in CO2 concentrations over time. Once the isotopic composition of the 

source mixture was calculated, these data were further processed using the IsoSource 

mixing model (Version 1.3.1; Phillips and Gregg 2003) to partition CO2 source 

contributions of SIC and biotic respiration. Values used to determine source partitioning in 

IsoSource were based on other SOC and SIC isotope data collected for this study.  

 

SLIC Model Description 

The SLIC model was developed to simulate SIC storage across a landscape using 

simulated data (Hirmas et al. 2010). This model explicitly ignores biological influences, an 

important factor that affects soil C processes. Thus, empirically collected sensor data were 

incorporated into the carbonate chemistry portion of the SLIC model to explore the 

dynamics of SIC formation and dissolution with varying degrees of CO2 concentration 

depending on soil respiration. The carbonate chemistry portion of the SLIC model consists 

of a one-dimensional compartmentalized model with two phases comprised of aqueous and 

solid-state components. Carbonate moves between these two phases where the Ca2+ 

concentrations in the aqueous phase is determined by the soil CO2 concentrations where 

SIC dissolved is determined by Ca2+ in equilibrium with pCO2. Calcium enters the system 

in the upper compartment where it, along with CO2, move to lower compartments with 

water after a rain event. Some water may also move back to upper compartments with 

simulated evapotranspiration. Water may leave the system as leachate or through 

evapotranspiration until all water has been removed, leaving behind SIC precipitate.   
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Statistical Analyses 

To determine isotopic differences for carbon and oxygen between plant functional 

groups and soils, one-way analysis of variances (ANOVA) were used. Plant species were 

binned into functional groups (C3 and CAM) as there were no significant differences δ13C 

values of soil and plant tissues collected from individual plant species within the same 

functional group (Supplementary Figure 1.1). Data were also analyzed to compare sites, 

soil size fraction, and plant functional groupings using ANOVA and linear regressions. 

Continuous CO2 flux data from CVARS and DC were compared across overlapping, 

sequential dates using repeated-measures ANOVA.  

 

Results 

Stable Isotopes of Carbon and Oxygen 

Soil Organic Carbon 

Carbon isotopic composition of SOC was significantly different between each 

group with the lowest values from interspace soils and the highest from unvegetated soils 

(Figure 1.2; one-way ANOVA, p<0.02). Carbon isotopic composition for each soil was -

24.37‰±0.40 for C3 soils, -21.74‰±0.46 for CAM soils, -25.60‰±0.14 for interspace 

soils, and -5.44‰±0.46 for unvegetated soils. 

 

Soil Inorganic Carbon and Oxygen 

Carbon isotopic composition of SIC was not significantly different between soils 

collected from beneath C3 and CAM plants and interspaces. However, δ13C values for SIC 
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from unvegetated soils were significantly higher than the SIC of vegetated soils (Figure 

1.3; one-way ANOVA, p<0.03). Carbon isotope ratios were -5.1‰±0.3 for C3 soils, -

4.8‰±0.4 for CAM soils, -4.8‰±0.6 for interspace soils, and -2.0‰±0.02 for unvegetated 

soils. There were no differences in δ18O values between vegetation functional groups. 

Carbon and oxygen isotope data of SIC were binned based on soil size fractions 

2mm, 2mm-1cm, and pure caliche (Figure 1.4a and 1.4b). The smallest size fraction had 

the most negative δ13C and δ18O values (-6.2‰±0.3 and -11.2‰±2.5, respectively; one-

way ANOVA, p<0.01). The δ13C of the 2mm-1cm (-4.2‰±0.5) and caliche (-4.4‰±0.3) 

fractions were not significantly different from each other even though the δ13C smallest 

size fraction was significantly more negative than both (one-way ANOVA, p=0.011). The 

δ18O of the 2mm-1cm size fraction (-8.2‰±1.2) was not different from either the <2mm 

or caliche fractions (-6.0‰±0.4). 

 

Plant Tissue Carbon 

Plant tissue for C3 plants (-23.9‰±0.2) was significantly more negative than the 

plant tissue for CAM plants (-15.2‰±0.4; Table 1.2). There were no differences between 

δ13C values of leaf and root tissue for either C3 or CAM functional groups.  

 

Plant stem water and SIC oxygen isotopes  

Oxygen isotopic composition of plant stem water was significantly different across 

all three sites (Figure 1.5; two-way ANOVA, p < 0.04). Oxygen isotope ratios of SIC of 

smaller fractions (<2mm and 2mm-1cm) were also significantly more negative than of 
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ground caliche samples (two-way ANOVA, p <0.04). However, there was not a significant 

relationship between δ18O of stem water and SIC for the 2mm-1cm size fraction (Figure 

1.6b; linear regression, R2 = 0.0892, p=0.2632) even though it did have a significant 

relationship with δ18O of caliche (Figure 1.6a, R2 = 0.1517, p = 0.05) and  <2mm soil size 

fraction (Figure 1.6c, R2 = 0.5927, p = 0.001263). 

 

Soil CO2 Flux 

Both DC and CVARS demonstrated CO2 fluxes greater than zero although fluxes 

were significantly higher at DC than at CVARS (Figure 1.7; Repeated-measures ANOVA; 

p<0.001). Data were variable and heavily dependent on soil moisture content. An important 

consideration is that even though more CO2 was effluxed from intact soils, the presence of 

vegetation consuming CO2 may offset some of the CO2 released. Alternatively, at CVARS, 

without any photosynthetic activity from plants, CO2 released from soils was not offset by 

consumption. 

Lab incubations of soils from vegetated and unvegetated sites and ground, pure 

caliche indicate that there were significant differences in CO2 flux and source isotopic 

mixture between the different soils and caliche. As hypothesized, CO2 flux was highest for 

vegetated soils (10.5±3.5 μmol g soil-1 day-1) with marginal significance (one-way 

ANOVA; p = 0.076) and lowest for unvegetated soils (2.9±0.9 μmol g soil-1 day-1; Figure 

1.8a).   Source isotopic composition of CO2 flux was significantly different between both 

soils and caliche (one-way ANOVA; p<0.05; Figure 1.8b). Caliche had the most enriched 

δ13C value (-11.7‰ ±0.8) compared to vegetated and unvegetated soils (-23.0‰± 0.5 and 
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-15.7‰±0.8, respectively). Further partitioning of CO2 source contributions from biotic 

respiration and SIC show that the vegetation influences the proportion CO2 flux derived 

from different sources such that vegetated soils release less CO2 from SIC than from 

unvegetated soils and caliche (Figure 1.8c).  

 

Modeling 

Measured CO2 concentrations were much higher than CO2 concentrations used in 

previous models (Marion et al. 1990; Hirmas et al. 2010).  However, despite higher and 

more variable measured than modeled CO2 concentrations, SIC dissolution paralleled soil 

water content more than CO2 concentrations (Figure 1.9). However, there were different 

responses in soil CO2 to soil moisture content at the two sites. Soils at DC demonstrated 

increased soil CO2 flux in response to soil moisture (Figure 1.9f-h), but CVARS soils did 

not, even though there was an increase in the amount of SIC in solution (Figure 1.9b-d).  

 

Discussion 

Vegetation and soil disturbances may make SIC more susceptible to C loss, as 

disturbed soils release a larger proportion of CO2 from SIC than undisturbed soils. Stable 

isotope analyses of carbon (δ13C) and oxygen (δ18O) for all soil, plant tissue, and plant 

water further indicate that SIC is dynamic and is susceptible to changes after vegetation 

removal. Relationships between carbon and oxygen isotopes for different soil fractions at 

different sites show that size fractions <2mm were more recently formed and that larger 

fragments and ground caliche underwent carbon and oxygen exchange.  
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Carbon and oxygen exchange associated with vegetation 

Stable carbon and oxygen isotope analyses reflect that recent formation occurs for 

smaller size fractions and SIC has the potential to have shorter residence times. Soil 

respiration from plants and microbes is a strong contributor to SIC formation at these sites, 

including at the unvegetated site. Comparable differences in SOC δ13C between soils 

collected from intact locations (C3, CAM, interspace) were not found for SIC δ13C values 

of the same soils. Average SOC and SIC δ13C ratios from the unvegetated, disturbed site 

(CVARS) were the highest compared to any sample from the intact sites suggesting these 

C pools have turned over but received minimal recent C inputs. If organic matter had been 

added to these soils through litter, SOC values would be more like those of intact soils. 

Without vegetation and regular litterfall, a greater net breakdown of organic carbon 

compounds may have occurred over time, leaving behind residues with enriched isotopic 

composition (Wang et al. 2015). Additionally, low CO2 concentrations and fluxes in 

unvegetated soils indicate low biotic activity which would increase the δ13C ratio of soil 

CO2 and SIC if C exchange is occurring. As SIC dissolves and reforms, a greater proportion 

of the reformed SIC would have been derived from more enriched soil CO2 pool with a 

lower δ13C value.  

Across sites, soils dominated by C3 plants had an average SIC δ13C of -2.8‰ while 

CAM soils had an average SIC δ13C of -5.7‰. As fractionation during SIC precipitation is 

+9.6‰ (Friedman and O'Neil 1977, Cerling and Quade 1993), the mixed δ13C composition 

for C3 and CAM SIC is estimated to be around  -12.4‰ and -15.3‰, respectively, if the 

sole source was biotic respiration. The source CO2 ratio of C3 SIC was more enriched than 
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expected, especially since C3 vegetation, litter, and SOC are significantly more depleted of 

13C than CAM species due to fractionation of rubisco (Bender 1971, Farquhar 1989). The 

most common C3 plant in this study, Larrea tridentata, is known for developing “islands 

of fertility” beneath the canopy, which are hotpots of increased carbon turnover and 

decomposition after rain events (Schlesinger et al. 1996). While L. tridentata has well-

developed, observable resource islands, less-developed resource islands have also been 

detected underneath other desert C3 plant species (Hernandez, unpublished data). Increased 

biotic activity associated with resource islands beneath C3 canopies may contribute to 

additional isotopic fractionation through recycling of organic materials and plant chemical 

compound inputs. In addition to mixing with enriched atmospheric CO2, additional 

fractionation associated with resource islands may lead to a more isotopically enriched SIC 

pool beneath C3 species than CAM species.  

 

Carbon and oxygen exchange associated with soil size fraction  

The smallest soil size fraction (<2mm) had a significantly lower δ13C value than 

the other two size fractions, which were not significantly different from one another. As 

these samples were collected from the top 15cm of the soil, it is likely that soils at shallower 

depths and with smaller particle sizes may be in isotopic equilibrium with recent sources 

and have faster turnover times. Having a greater surface area to volume ratio provides 

greater exposure to environmental conditions that contribute to dissolution and 

reformation. Smaller SIC particles have lower δ13C values, suggesting that the carbon 

source is newer and more heavily sourced from recent biotic respiration; ultimately, 
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fractionation associated with reoccurring dissolution and reformation with the same carbon 

has occurred less with smaller size fractions. Secondary carbonate formation is an 

equilibrium reaction, favoring 13C over 12C during deposition (Cerling and Quade 1993). 

Caliche and the 2mm-1cm size fraction are significantly more enriched with 13C than the 

<2mm size fraction suggesting they have undergone repeated dissolution and reformation 

events and thus, greater fractionation. However, SIC from all size fractions were still 

negative, suggesting that the source of C was still predominantly plant-derived (Cerling 

1984).  

Oxygen isotopic composition of SIC further indicates smaller SIC fragments were 

more recently formed and that larger SIC fragments and caliche can have shorter residence 

times. Even though there is no obvious trend when statistically comparing the δ18O 

averages of stem water with SIC δ18O of different soil size fractions, linear regressions 

between the two indicate that there is a relationship between oxygen in plant stem water 

and SIC; the strongest relationship is with the smallest soil size fraction (R2=0.5927, 

p=0.001263). The time it takes for water to move through a plant varies as desert plants 

have adapted multiple strategies to minimize water loss. Ehleringer et al. 1991 measured 

the isotopic composition of stem water for a suite of desert species to determine water 

source utilization relative to timing of rain events. During spring, all species were found to 

use water that had fallen during the winter. In summer, annual plants, herbaceous 

perennials, and CAM plants used surface soil water from summer rains while woody 

perennials and deep-rooted plants used a mixture of summer and winter rainwater and 

possibly groundwater. Time of collection of the samples used in the current study was 
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August 9, 2013. Within the preceding year the site received 4cm of rainfall, most of which 

fell before March 2013. The only rain event that occurred after February 2013 occurred 19 

days prior to sampling (1.14cm). Although I do not have isotopic data for the specific rain 

events that occurred from 2012-2013, a large proportion of the water still retained within 

plant sap was likely representative of water from the most recent rain event, especially 

since conditions were extremely dry (Ehleringer and Dawson 1992). As δ18O of stem water 

shows a strong relationship with the smallest SIC size fraction, the oxygen source within 

the SIC may also be derived from water of recent rains. Like δ13C ratios, δ18O values of 

the 2mm-1cm size fraction and caliche becomes less negative, indicating either loss of 18O 

or exchange of oxygen. Isotopic analyses of δ13C and δ 18O indicate that SIC and SOC is 

dynamic and that SIC is subject to exchange with modern C and O, especially when 

fragmented. If SIC is subject to exchange, then the CO2 in SIC is potentially sensitive to 

loss. As smaller size fragments are sites of greatest oxygen and carbon exchange, breaking 

larger caliche pieces into smaller size fragments by physical soil disturbance may increase 

its susceptibility to dissolution and carbon loss.  

 

Modeled SIC dissolution and reformation 

SIC dissolution and reformation is dynamic and variable depending on 

environmental conditions. However, even though there was some covariation among 

environmental factors, certain ones had greater influence on modeled SIC dissolution and 

reformation. At DC and CVARS, SIC crystals dissolved and were solubilized with large 

rain events. At DC, spikes in soil moisture and solubilized SIC are coupled with spikes in 
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soil CO2 concentrations and increased CO2 fluxes. While some of the aqueous SIC and 

dissolved CO2 may leach deeper into the profile, what remains forms a supersaturated soil 

solution, re-precipitating as solid SIC when the soil dries out. Ultimately, SIC is highly 

dynamic in response to root and microbial dynamics in the native ecosystem. CVARS 

shows a different, but dynamic pattern. Presumably, the processes at CVARS reflect soil 

geochemistry with little input from biological processes. With a large rain event, SIC 

rapidly increases in the soil solution.  

 

CO2 fluxes 

Measured CO2 fluxes at CVARS show that there is consistent, although small, CO2 

flux greater than zero, indicating some loss of CO2 to the atmosphere. Some SIC was likely 

leached to deeper soil layers, but we observed no crystal formation, such as we found at 

Deep Canyon (Allen 2014). Even though SIC is highly dynamic at both sites, the carbon 

cycling at CVARS is predominantly inorganic. While DC experiences CO2 efflux from 

root and microbial respiration, both DC and CVARS sites are subject to CO2 loss through 

inorganic C dissolution and diffusion. However, in intact creosote bush scrub, aboveground 

net primary production has been estimated from 6.51-59.2 g m-2 y-1 (Muldavin et al. 2008, 

McHale 2017), a value that would greatly diminish if calculated for an unvegetated, 

disturbed site such as CVARS. Without the presence of vegetation, solubilized SIC and 

dissolved forms of CO2 released in a flush with rainfall is likely lost from the system.  
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Proportional SIC and SOC release 

Caliche samples released CO2 and disturbed soils released a greater proportion of 

CO2 from SIC than undisturbed soils with water additions. The proportional values 

reported in this chapter are also the most conservative estimates IsoSource provided, as 

this software program provides a short list of the most probable proportion combinations. 

The least conservative combination had values showing 10% more CO2 released from SIC. 

Histograms of all potential proportions that SIC may contribute to CO2 efflux can be found 

in Supplementary Figure 1.2. An important consideration is that CO2 fluxes from caliche 

and unvegetated soils were lower than vegetated soils, suggesting net CO2 released from 

soil alone may not be as high as in vegetated soils. However, shrubs are the major 

contributors to C storage in desert ecosystems (McHale 2017). Dominant sources of CO2 

shift depending on degree of disturbance to soils and vegetation. The presence of 

vegetation has a significant influence on the stability of SIC pools, which may be altered 

if vegetation is removed or if soil is disturbed. 

The isotopic ratios indicate that fractionation of 13C has occurred, especially as SIC 

in the upper soils weathers, and that δ18O reflects local, recent water sources. Carbon flux 

measurements show that high levels of CO2 are generated within soil where native 

vegetation remains following rainfall. In disturbed soils, there is little CO2 from plant or 

microbial respiration. This is reflected in the lack of soil CO2 response to a rain event. 

Nevertheless, some CO2 is generated and lost from the soil to the atmosphere. With little 

organic matter, much of the CO2 likely comes from SIC. With rainfall, modeling suggests 

that SIC is solubilized and CO2 released to the atmosphere. Although the rates of CO2 loss 
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from SIC are slow, considering potential C losses after a disturbance such as USSE over 

decadal or century time scales may turn SIC into a large CO2 source.  

Recovery rates of vegetation, SOC, and SIC pools are also slow in desert 

ecosystems, especially after vegetation removal (Lovich and Bainbridge 1999, Webb and 

Thomas 2003, Webb et al. 2009a). Slow processes such as soil development, vegetation 

changes, and ecosystem recovery are important, especially across geologic time scales 

(Hereford et al. 2006, Webb et al. 2009b). Formation of SIC and SOC is another slow 

process that occurs in deserts and after a disturbance, immediate changes may not be 

obviously observed or considered. Processes such as SIC formation have been quantified 

on geologic time scales (Schlesinger 1985, Schlesinger et al. 1989), but less so on annual 

to decadal time scales (Soper et al. 2016). This is the first study to assess the impacts of 

vegetation removal on soil C pools on ecologically relevant time scales in desert 

ecosystems. I found that SOC and SIC pools can have shorter residence times and that 

vegetation removal may change the quantity and rate at which C moves through these C 

pools.  Considering how disturbances shift slow processes such as SIC formation at 

multiple time scales is crucial for understanding desert C cycling and to better forecast the 

consequences of disturbances on soil C pools. 
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Tables and Figures 
 

 

  Table 1.1 Study sites in the Colorado Desert. 

Site Code Location Elevation (m) 

Chuckwalla Valley CV 33°48'21"N, 115°18'37"W 175 

    

Boyd Deep Canyon 

Desert Research 

Center 

DC 33°39'10"N, 116°22'38"W 290 

    

Garnet Hill GH 33°53'55"N, 116°31'55"W 230 

    

Coachella Valley 

Agricultural Research 

Station 

CVARS 33°31'31"N, 116°08'51"W -10 
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Figure 1.1. (a)AMR and sensor nodes at Boyd Deep Canyon 

and (b) Coachella Valley Agricultural Research Station. 
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Figure 1.2. Carbon isotopic composition of SOC for C3 soils, CAM soils, unvegetated 

intact interspaces (DC, GH, CV), and unvegetated disturbed soils (CVARS; one-way 

ANOVA, p<0.02). Values represent means ± SE. 
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Figure 1.3. Carbon isotopic composition of SIC for C3 soils, CAM soils, 

unvegetated intact interspaces (DC, GH, CV), and unvegetated disturbed soils 

(CVARS; one-way ANOVA, p<0.03. Values represent means ± SE. 
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Figure 1.4. Average (a) carbon and (b) oxygen isotopic composition across sites 

for soil size fractions <2mm, 1mm-2cm, and caliche (one-way ANOVA, (A) 

p<0.01, (B) p = 0.011). Values represent means ± SE. 
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Parameter C3 CAM p-value 

Plant tissue -23.9‰, SD=1.16, n=24 -15.2‰, SD=2.1, n=32 1.2X10-13 

Soil organic C -24.1‰, SD=1.51, n=14 -21.7‰, SD=2.1, n=25 0.0007 

Soil inorganic C -2.8‰, SD=1.6, n=12 -5.7‰, SD=1.5, n=12 0.00013 

  

Table 1.2. δ13C from C3 versus CAM plant tissue, SOC, and SIC, showing mean, standard deviation 

(SD), sample number (n), and p-value for a t-test comparing C3 and CAM-associated material. 



44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.5. Oxygen isotopic composition for different soil size fractions and plant stem 

water (two-way ANOVA, p <0.04). Values represent means ± SE. *n = 1 
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Figure 1.6. Linear regressions of δ18O of stem water from multiple plant 

species and sites against δ18O SIC different soil size fractions, (a) caliche, 

(b) 2mm-1cm, and (c) <2mm.  
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Figure 1.7. Average CO2 fluxes at CVARS and DC during 2013. Values above zero represent 

CO2 released from soils (Repeated-measures ANOVA, p < 0.001).  
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Figure 1.8. Soil incubation results for vegetated soils, unvegetated 

soils, and caliche samples from DC, GH, and CVARS displaying (a) 

CO2 fluxes after adding water (b) Isotopic composition of the mixture 

sources of CO2 generating soil CO2 flux and (c) the partitioned sources 

of CO2 between SIC and biotic respiration sources (one-way ANOVA 

p<0.05). Values represent means ± SE. *p<0.08 
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Figure 1.9. Measured (a,e) soil temperature, (b,f), soil water content, (c,g) soil CO2 and (d,h) 

modeled SIC in solution for 2cm, 8cm, and 16cm depths at CVARS and Deep Canyon.  
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Chapter 2 

Shrub restoration facilitates soil carbon recovery in a California desert ecosystem 

 

Abstract 

Anthropogenic disturbances reduce soil organic carbon (SOC) and soil inorganic carbon 

(SIC) in surface soils and change soil C (carbon) cycling.  SIC is the dominant form of soil 

C in deserts, with its formation heavily dependent on root and microbial respiration. SOC 

inputs may be reduced from alterations in plant and soil microbial activity. Currently, 

deserts are subject to various disturbances which often involve vegetation removal. 

Recovery from natural disturbances takes decades to centuries, due to low recruitment, 

resulting in reduced soil C accumulation rates. Habitat restoration may increase the rate of 

soil C recovery. I designed an experiment at the Boyd Deep Canyon Desert Research 

Center to test the effects of shrub restoration on soil C dynamics in creosote bush shrub in 

the Colorado Desert. This site had a disturbed, unvegetated area where the vegetation had 

been removed ~20 years prior adjacent to intact creosote bush scrub. Ten bare 2x2m and 

ten 2x2m restoration plots were installed in the unvegetaed area. Ten mature creosote 

shrubs were randomly selected in the adjacent intact area. In the restoration plots, Larrea 

tridentata shrubs were transplanted in January 2015 and given one year to establish. Soil 

samples were collected quarterly in 2016 from bare plots, beneath shrubs in restored and 

intact areas and from interspaces. I quantified differences in SOC, SIC, water extractable 

organic C (WEOC), microbial biomass C, and the isotopic composition of SOC and SIC. 

Incubations were also conducted at two temperatures to determine differences in CO2 flux 
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and CO2 sources for each treatment. SOC, WEOC, and microbial biomass C were highest 

in intact soils and lowest in disturbed soils. Restored soils had significantly higher WEOC 

and microbial biomass C than disturbed bare soils although these amounts were 

significantly lower than intact soils. There were also significant increases during summer 

relative to other seasons. There was significantly more SIC in restored and intact soils than 

bare soils during summer, but this pattern was not consistent for other seasons. The isotopic 

composition of SOC and SIC restored soils was not significantly different from bare soils.  

Increases in SOC and SIC may be tied to the timing of shrub and microbial activity and 

litter fall. More time is likely required for significant changes in the isotopic composition 

of soil C pools to occur. Disturbances, such as vegetation removal, change soil C dynamics 

that can lead to soil C losses. Habitat restoration may be a feasible strategy to facilitate soil 

C recovery post-disturbance. 

 

Introduction 

Global climate change and anthropogenic disturbances to land are two of the most 

pressing challenges that ecosystems currently face (Sala et al. 2000). Greenhouse gas 

(GHG) production is one of the most significant contributors to climate change, with 

carbon dioxide (CO2) being the most widely produced GHGs from anthropogenic sources. 

Within the past 200 years, the burning of fossil fuels has led to an increase in atmospheric 

CO2 concentrations of over 100ppm (Keeling 1989). Atmospheric CO2 is one important 

piece of the global carbon (C) cycle and is interconnected with many other global 

biogeochemical processes through relationships with vegetation, soil, and water. 
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Disturbances to any part of the C cycle can have downstream impacts with feedbacks that 

may have severe long-term effects that are challenging to reverse.  

In California, aridlands are especially sensitive to disturbances as they are already 

extremely limited by resources, especially water. With climate change, deserts may be 

pushed to even greater extremes, with hotter, longer periods of drought and fewer, heavier 

precipitation events (IPCC 2007, IPCC 2014). Understanding the impacts of anthropogenic 

disturbances on desert ecosystems is essential to mitigate negative consequences of 

disturbances and inform management decisions. Deserts are subject to multiple soil 

disturbances including agriculture, urban development and more recently extensive wind 

and solar energy development (Barrows 1996, Webb 2009, Allen et al. 2013). 

Understanding carbon cycling in these disturbed soils is of particular importance, as it is 

unclear whether deserts may be sources or sinks of atmospheric CO2 in future climate 

scenarios (Sampson et al. 1993, Biederman et al. 2017). Furthermore, little information 

exists on how vegetation removal, grading, and other soil disturbances may impact soil C 

cycling and the process of soil C recovery.  

Recovery of severe disturbance to desert ecosystems following vegetation removal 

is estimated to take hundreds to thousands of years after natural and anthropogenic 

disturbances (Lovich and Bainbridge 1999, Webb and Thomas 2003, Webb et al. 2009). 

Changes in C balance and loss of soil C is associated with disturbances and changes in land 

use of varying degrees across ecosystems (Schlesinger 1986, Amundson and Smith 1988, 

Guo and Gifford 2002, Houghton et al. 2012, Williams et al. 2016). While deserts have 

very low amounts of soil organic C (SOC), they contain more soil inorganic soil C (SIC) 
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than any other ecosystem globally (Eswaran 2000, Batjes 2014).  The formation of SOC 

and secondary SIC is coupled, as they are heavily dependent on the presence of vegetation 

and soil biotic activity (Cerling 1984, Schlesinger 1985). As SIC can be a source of CO2 

emissions  depending on environmental conditions (Soper et al. 2016), absence of 

vegetation and reduced soil microbial activity may shift equilibrium of soil C processes 

resulting in greater C loss.  

Even though little is known regarding natural recovery times after vegetation 

removal in deserts, other studies propose that soil C recovery may be facilitated by habitat 

restoration (Post and Kwon 2000, Silver et al. 2004, Baer et al. 2010, Nogueira et al. 2011, 

Houghton et al. 2012, Moreno-Mateos et al. 2012, Martin et al. 2013). However, there are 

mixed conclusions as to whether soil C pools of restored habitats are comparable to their 

intact controls and there is variability in recovery rates (Post and Kwon 2000, Baer et al. 

2010, O'Brien et al. 2010, Nogueira et al. 2011, O'Brien and Jastrow 2013).  

Deserts cover a vast expanse of the global land area and are susceptible to a variety 

of anthropogenic disturbances, making studying C cycling and recovery in these 

ecosystems is of the utmost importance. For this chapter, my research included multiple 

approaches to quantifying soil C including measurements of SOC and SIC, microbial 

biomass C, water extractable organic C, stable isotope composition, and CO2 fluxes to 

thoroughly assess changes in C accumulation and cycling. Thus, the overarching objective 

of this chapter is to determine the effects of vegetation removal and shrub restoration on 

the recovery of SIC and SOC pools and cycling. A restoration experiment was set up in a 

severely disturbed desert site, and replanted to the native desert shrub Larrea tridentata. 
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An adjacent intact reference site was compared to assess restoration success. The following 

three hypotheses were addressed:  

 

(1) SIC and SOC amounts are lower in bare, disturbed areas relative to intact habitat. 

Previous studies across ecosystems have shown disturbances reduce soil C and can 

have an effect on C cycling (Schlesinger 1984, Amundson and Smith 1988, Bates et al. 

2007, Zipperer et al. 2012, Allen et al. 2013, Kasischke et al. 2013, Armstrong et al. 

2014). Thus, I expected to find similar reductions in desert soil C following vegetation 

removal.  

 

(2) Restored plots have higher SIC and SOC than bare plots demonstrating soil C 

recovery with shrub restoration. Although few studies exist on shrub restoration as a 

tool to facilitate recovery of soil C pools in deserts, I expected soil C pools of restored 

plots to begin to resemble intact plots and deviate from bare plots.  

 

(3) Processes associated with soil C cycling will demonstrate recovery in restored plots 

by demonstrating increased microbial biomass, increased CO2 flux, and changes in the 

isotopic composition of soil C pools and effluxed CO2.      
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Methods 

Study System 

I installed the restoration experiment at the Boyd Deep Canyon Desert Research 

Center located in the Colorado Desert subdivision of the Sonoran Desert (33°40'30.48"N, 

116°22'12.38"W; Figure 2.1, top). The climate has hot, dry summers (39°C) and mild 

winters (10°C). Average annual precipitation is less than 150 mm with variation in the 

timing of rainfall, typically during the winter months and occasional monsoonal rains 

during summer months. Vegetation is characterized by creosote bush scrub dominated by 

L. tridentata; several species of cacti, evergreen and drought deciduous shrubs, and annual 

forbs are present in this habitat type as well (Figure 2.1, bottom). Because of its dominance 

at the study site, L. tridentata was the chosen study species for revegetation. Soils at the 

sites are Aridisols, characterized by their alkaline pH, sandy texture, and high CaCO3 

content.  

The plant community and soils are representative of desert areas susceptible to 

anthropogenic disturbances. Creosote bush scrub is a dominant plant community in 

southwestern U.S. deserts, which makes studying these areas increasingly important as 

results may have broad implications. Furthermore, L. tridentata shrubs develop resource 

islands beneath their canopies, which are hotspots of biological activity and diversity 

(Schlesinger et al. 1996) and may contribute to higher total soil C inputs relative to other 

desert plants. For these reasons, the development and persistence of desert SOC and SIC 

pools may be partially reliant on the presence of this widespread species.  

 



55 

 

Experimental Design 

The site was chosen as it has both disturbed and undisturbed creosote bush scrub 

habitat adjacent to one another.  In the disturbed, bare area, all vegetation was cleared and 

soils were graded to build a check dam across a dry wash over 20 years prior to this study 

(Allen Muth, personal communication). No roots remained in the graded area, discounting 

detectable carbon fluxes from decomposition of root biomass. I used a split-plot 

experimental design consisting of three types of plots. Two sets of 2x2m plots were 

installed in the bare area: bare and restoration plots (Figure 2.2, red and yellow squares, 

respectively). These plots were installed at least four meters from the intact area and from 

any other shrub as to not confound results. In the intact area, ten mature L. tridentata shrubs 

were randomly selected (Figure 2.2, green circles).  

 

Shrub Restoration 

In Spring 2014, L. tridentata seeds were locally harvested and grown in 1m tall pots 

in native soil for six months. Bulk soil was sterilized and then inoculated with whole soil 

inoculum collected from beneath mature L. tridentata shrubs located in an intact area of 

the study site. During January 2015, ten seedlings were transplanted into restoration plots 

and were irrigated monthly with 2 liters of water each through September 2015 using deep 

watering methods to ensure successful establishment (Bainbridge 2012). Due to drought 

conditions at the field site, seedlings were watered one additional time in August 2016. 

Seedlings were given one year to establish prior to sampling beneath their canopies and in 

interspaces. 
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Soil sampling and processing 

After the seedlings were established in January 2016, soils were collected quarterly 

over one year in order to account for seasonal variation in soil carbon δ13C isotopic 

composition (Breecker et al. 2009). Bare plots were consistently weeded of all annual 

species (native and nonnative) while only nonnative annuals were weeded from restoration 

and intact plots. The mean cover of nonnative annuals removed from bare and restoration 

plots was 1-2% from either treatment and consisted primarily of Schismus barbatus with a 

few individuals of Erodium cicutarium. In intact plots, mean cover of nonnative annuals 

removed was <1%. From the bare plots, three soil cores (diameter 5cm, depth 15cm) were 

collected and homogenized yielding 10 bare soil samples. From restoration plots, three 

cores were collected from beneath seedling canopy and three cores from their interspaces, 

about 0.5m from the seedling canopy edges; each set of three cores was homogenized per 

plot yielding 10 under seedling and 10 seedling interspace samples. From the intact plots, 

three soil cores were collected from beneath each mature shrub canopy and from each intact 

interspace at least one meter from the canopy edge and homogenized; this generated 10 

under shrub samples and 10 intact interspace samples. In total, fifty soil samples were 

collected per season. Summer 2016 samples were collected over month before irrigation. 

All soils were sampled within the same day and were immediately sieved and processed 

for SIC, SOC, microbial biomass C, and isotope analyses.   
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Stable isotope analysis 

For each soil sample, five grams were weighed and dried at 60C for 48 hours to 

determine soil water content. Soils were then ground using a ball mill (8000D, Spex 

Sample Prep, Stanmore, UK). A subsample was dried and ground as for C isotope analysis. 

For SOC, eleven milligrams of each dried, ground subsample was weighed into a tin 

capsule and measured for δ13C with a continuous flow isotope ratio mass spectrometer 

(Delta V Advantage, Thermo Scientific, Bremen, Germany) equipped with a Costech 

elemental analyzer at the Facility for Isotope Ratio Mass Spectrometry (FIRMS), 

University of California, Riverside. Values for δ13C are reported in delta notation (‰) 

relative to the Vienna Pee Dee Belemnite (VPDB) standard (Coplen 1995; Eq. 2.1).  

 

(2.1)      𝛿 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) ×  1000‰  

 

Fractions of SOC and SIC data from Chapter 1 collected from the Boyd Deep Canyon 

Desert Research Center were used to calculate SIC for the current data set using mixing 

models and IsoSource software (Version 1.3.1, (Phillips and Gregg 2003). SIC and SOC 

fractions were generated using Isosource based on the previous data (Eq. 2.2). 

  

(2.2)    𝛿13𝐶𝑆𝐼𝐶 =  
𝛿13𝐶𝑇𝑜𝑡𝑎𝑙 − 𝛿13𝐶𝑆𝑂𝐶 × 𝑓𝑆𝑂𝐶

𝑓𝑆𝐼𝐶
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Where δ13CSIC is the calculated isotopic composition for the current samples, δ13CTotal is 

the isotopic composition of total carbon for the current samples, δ13CSOC is the isotopic 

composition of SOC from the past data set, and fSOC and fSIC are the calculated fractions 

from Isosource for SOC and SIC, respectively.   

 

Water extractable organic C and microbial C 

Water extractable organic carbon (WEOC) is a sub-type of SOC and represents one 

of the most labile organic C fractions (Bu et al. 2011, Hamkalo and Bedernichek 2014) that 

may be important for CO2 production and flux (Gregorich et al. 2003, Kim et al. 2012, 

Hamkalo and Bedernichek 2014). To determine the WEOC, five grams of sieved soil were 

placed into 50ml centrifuge tubes at which point 25ml of deionized water was added and 

then placed horizontally on a shaker at 200rpm for one hour. Samples were then filtered 

using 47mm EMD Millipore™ Isopore Polycarbonate Membrane filters with 55mm 

Whatman® GF/F filter paper to allow only dissolved organic C (DOC) to pass through. 

Filtrates were transferred to sterile plastic scintillation vials and stored at -20°C until 

spectrophotometer analyses were conducted at ESRL to assess DOC absorbance253.7 of 

each extract (Dobbs et al. 1972, Eaton 1995). A subset of samples was randomly selected, 

underwent the same process, but vacuum filtered using 55mm Whatman® GF/A filter 

paper. This subset analyzed for total organic carbon (TOC) using a Shimadzu ASV-I 

interfaced with a TOC-V Analyzer at ESRL.  

Microbial biomass C for each sample was determined using chloroform fumigation 

(Vance et al. 1987) as modified by Weintraub et al. 2007.  For fumigations, five grams of 
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sieved soil were added to 125 ml flasks followed by two milliliters of ethanol-free 

chloroform (CHCl3). Flasks were then capped and left to fumigate for 24 hours. After 24 

hours, the caps were removed. Soils were vented for 2 hours and then extracted using 

deionized water with the same method as described above for unfumigated soils.  

All fumigated extracts were analyzed using a spectrophotometer at ESRL to 

measure DOC absorbance253.7 of each extract. the same method as previously described 

using a random subset of soils that were also fumigated, vacuum filtered with GFA filters, 

and analyzed using the TOC-Shimadzu ASV-I. These analyzed TOC samples were 

regressed against DOC absorbance values of the same soils to create a relationship between 

DOC and TOC for modeling TOC of remaining samples. As TOC and the absorbance253.7nm 

of DOC are strongly correlated (Dobbs et al. 1972, Eaton 1995), linear relationships were 

determined between TOC and DOC of the samples to back-calculate TOC of each sample 

(Figure 2.3).  

 

Soil Incubations 

Soil incubations were done to determine CO2 flux and sources for each treatment. 

Three soils were randomly selected for each treatment yielding three replicates per 

treatment.  One hundred grams of each dry, sieved soil were added to an 8-ounce mason 

jar. Two equal sets of the same soils were weighed, doubling the experiment, so that the 

same soils could be incubated at two temperatures, 13°C and 27°C, using separate 

incubation chambers. Temperatures were determined by calculating mean temperatures 

during winter and summer precipitation events based on historical weather data from Boyd 



60 

 

Deep Canyon. Soils acclimated to their respective temperatures overnight. Measurements 

began the following day using a Picarro G2201-i isotopic CO2/CH4 gas analyzer which 

measures concentrations and 13C of CO2 continuously. To collect data, mason jars were 

sealed with modified metal caps. Preliminary control measurements were collected to 

determine any CO2 flux from dry soils. Soils in jars were always immediately returned to 

their respective chamber to maintain designated temperature. After all dry soils were 

measured, water was added to 10% water holding capacity which was previously 

determined for each soil using the method described in (Hall et al. 2012). Water was added 

to each jar in a staggered time sequence to ensure that the time between water addition and 

measurement remained constant. Ten minutes after water was added, the jars were capped 

and measurements began. Each jar was measured for a minimum of five minutes. 

Processing of data was conducted using Matlab (Student Version R2012a, The 

MathWorks Inc.) to calculate CO2 fluxes and distinguish the isotopic composition of the 

source mixture from background values. Calculations of average CO2 fluxes were based 

on assessing changes in CO2 concentrations over time, taking into account the mass of dry 

soil. The Keeling Plot method was used to separate isotopic composition of source and 

background CO2 (Keeling 1958, Keeling 1961). After obtaining source mixture δ13C 

values, I further partitioned the data into relative biotic respiration and SIC contributions 

using the IsoSource mixing model (Version 1.3.1, Phillips and Gregg 2003). Values used 

to determine source partitioning in IsoSource were based on SOC and SIC isotope data 

previously collected for this study. 
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Statistical Analyses 

All percent C, WEOC, microbial biomass C, and CO2 flux data are expressed as 

response ratios to compare with bare plots (Eq. 2.3). Values greater than zero indicate that 

the respective treatment had more carbon than the bare soil.  

 

Eq. 2.3     𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑅𝑎𝑡𝑖𝑜 =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑎𝑙𝑢𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝐵𝑎𝑟𝑒 𝑆𝑎𝑚𝑝𝑙𝑒𝑠
− 1 

 

Response ratios were statistically analyzed using two-way analysis of variance (ANOVA) 

and paired t-tests. Isotope data were analyzed using linear mixed-effects models to consider 

random effects and nesting within the split-plot experimental design. The full model 

considered land type, vegetation, sampling position, and season as fixed effects and plot as 

a random effect. The full model was compared to a series of individual null models using 

ANOVA. All analyses were conducted in RStudio (version 1.0.136).  

 

Results 

Soil organic C, soil inorganic C, microbial biomass C, water extractable organic C, 

and CO2 flux data are all represented as response ratios as depicted in Equation 3 where 

any error bar overlapping zero indicates that the value is not significantly different from 

bare soil. Soil organic C varied across seasons in all treatments (Figure 2.4). Intact soils 

collected from under shrubs consistently had the highest amount of SOC, with peak SOC 

during summer season. All other soils were not different from bare soils except for soils 
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collected beneath shrubs in restored plots, which had higher SOC content during summer 

as well.   

Soil inorganic C was less variable than soil organic C across seasons and between 

treatments. Most soils had significantly less SIC than bare soils with little change across 

seasons (Figure 2.5). The two exceptions were for restored and intact under shrub soils 

during the summer, which had significantly more SIC than bare and any other soil 

(response ratios were 1.26 ± 0.287 and 0.45 ± 0.168, respectively, p<0.02).  

In restored and intact interspace, differences between water extractable organic C 

were not significantly different from bare soils across seasons (Figure 2.6). Intact under-

shrub soils had significantly more WEOC than all other soils across seasons. Additionally, 

restored soils from under shrubs also had significantly more WEOC than bare and 

interspace soils across seasons. Microbial biomass C showed a pattern like WEOC. All 

interspace soils were generally not significantly different from bare soils across seasons 

(Figure 2.7). Undershrub soils in intact plots had the greatest microbial C across seasons 

and also significantly more than bare soils. Soils from beneath shrubs in restored plots were 

also not significantly different than bare soil during winter and spring; however, there was 

an increase as seasons progressed with the highest microbial biomass C occurring during 

summer.  

Across seasons, SOC δ13C values for soils from underneath shrubs in the intact area 

were significantly more negative than other all other soils (p<0.05, Figure 2.8). However, 

δ13C values for soil organic C did not show significant differences between restored and 

bare soils for all seasons except for fall, when restored under-shrub values were 
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significantly more negative (-14.63± 0.67, p=0.0334). Across seasons, intact interspace 

soils were not significantly different from bare soils except during spring and fall (-17.65‰ 

±1.04, p=0.02557 and -15.68‰ ±0.59, p=0.0015, respectively); δ13C of interspace soils 

were also significantly lower than bare soils in fall.  

Carbon isotopic composition of SIC was not significantly different among bare, 

restored, or intact interspace soils across seasons (Figure 2.9). However, small sample sizes  

during each incubation (n=3 per treatment) was a limitation as fluxes of bare and interspace 

soils were extremely low and required long measuring times. Values of δ13C of SIC beneath 

shrubs from intact areas was significantly more enriched in 13C than all other soils 

(p<0.001). Although the incubation study showed no significant differences in SIC 

contributions to CO2 flux (Figure 2.10), temperature did have a significant effect on flux 

rates of all of the soils relative to bare soils (Figure 2.11). Soils incubated at 27°C exhibited 

lower CO2 fluxes while those incubated at 13°C had significantly greater CO2 fluxes than 

bare soils (p=0.00075).  

 

Discussion 

There were distinct differences in soil C pools associated with how C is cycled 

between intact, restored, and unvegetated habitat, suggesting that shrub restoration may 

facilitate recovery of desert soil C pools and cycling after vegetation removal. As biotic 

activity and processes that govern C cycling in deserts is pulse-driven (Huxman et al. 

2004), environmental conditions such as drought may prolong recovery of soil C.   
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As expected, there was significantly more SOC beneath mature L. tridentata shrubs 

as L. tridentata create “islands of fertility” beneath their canopies with higher C inputs and 

increased microbial activity (Crawford and Gosz 1982, Schlesinger et al. 1996). However, 

significant differences were not detected between restored, intact interspace, and bare soils 

except during the summer when there was an increase in SOC beneath shrubs in restored 

plots.  This increase in SOC in restored plots is paralleled by an increase in SOC beneath 

shrubs in intact plots during summer. Microbial biomass C and WEOC were significantly 

higher than bare plots for soils beneath shrubs in restored and intact plants. As WEOC and 

microbial C are soil C pools with short residence times (Bu et al. 2011, Hamkalo and 

Bedernichek 2014), distinguishable changes in these pools may represent the first stages 

of soil C recovery. Like total SOC, microbial biomass C increased in summer. Most litter 

fall occurs during dry months following winter and summer rains, with greatest litter fall 

after winter rains (Strojan et al. 1979). Pulses in precipitation trigger biological activity and 

subsequent patterns in C reserves (Noy-Meir 1973); however, the relative timing, location, 

and amount of precipitation affect how and to what degree an ecosystem responds to a 

pulse event (Reynolds et al. 2004). Drought influences shrub productivity, litter fall, and 

SOC accumulation (Reynolds et al. 1999, Anderson‐Teixeira et al. 2013). As litter inputs, 

which contribute to SOC formation through decomposition, are linked to timing and 

quantity of precipitation (Strojan et al. 1987), drought coupled with other disturbances may 

have a synergistic negative affect on recovery (Ruppert et al. 2015). From January 2015 to 

December 2016, shrubs in the intact and restored plots were experiencing drought 

conditions (U.S. Drought Monitor), receiving only 16.1cm of rain cumulatively over two 
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years (6.63cm in 2015 and 9.56cm in 2016). Low plant productivity and microbial activity 

from drought may have reduced SOC inputs, minimizing any potential changes in SOC in 

restored plots.  

Similarly, there were no significant differences in SIC between soils from intact 

locations and bare soils except in summer, which showed average increases in SIC for soils 

beneath shrubs in restored and intact plots. Biotic activity, SOC, and SIC are linked through 

soil carbonate chemistry where C found in SIC is predominantly derived from respired CO2 

(Cerling 1984). Low rainfall and reduced plant productivity and respiration may have 

limited C inputs into the SIC pool across seasons. The link between plant productivity, 

SOC, and SIC formation further supports the notion that timing and quantity of 

precipitation drives the formation of each pool. Drought during the time of this study may 

have been a strong driver for these results, as soil water content (SWC) during times of 

collection was less than 1% on average except for fall 2016 samples (5% SWC) which 

were collected just following the first rain of the season.   

Reductions in SOC and SIC formation from drought may have also minimized any 

change in C isotopic composition of these C pools. Even though there were some 

differences in isotopic composition that lagged behind increases in SOC and SIC, δ13C 

values of SOC and SIC beneath shrubs in restored plots did not show increasing 

resemblance to intact soils as seasons progressed. Desert soils are spatially heterogeneous 

(Crawford and Gosz 1982, Schlesinger et al. 1996) which may contribute to some of the 

observed variability in soil C pool and incubation data.  Additionally, timescale must also 

be considered because recovery times of soil C pools and corresponding processes may be 
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different from one another (Post and Kwon 2000). Resource islands of mature L. tridentata 

shrubs in the intact area develop over decades to centuries (Reynolds et al. 1999, Bolling 

and Walker 2002). Restored shrubs were much smaller in volume (0.00412 m3 ± 0.00074) 

than undisturbed, mature shrubs (2.095 m3 ± 0.407), so their litter input was less. The 

development of resource islands was observed beneath shrubs in restored plots, but more 

time may be required for them to resemble soils of intact areas. While visible shifts in SOC, 

SOC, WEOC, and microbial biomass C suggest some recovery of soil C pools, there may 

be a lag in comparable changes in the isotopic composition of these pools. Monitoring 

biogeochemical parameters such as soil C accumulation and C cycling processes may be 

early indicators of ecosystem recovery, and these results suggest there may be a lag in the 

full recovery of such processes after restoration (Kelly and Harwell 1990, Guo and Gifford 

2002, DeGryze et al. 2004). Although there were some changes in microbial biomass C 

and WEOC, recovery of other soil properties may also be essential for microbes to be fully 

active as nitrogen and phosphorus are important factors that influence the degree of biotic 

activity and nutrient cycling (Aanderud et al. 2008).  

Overall, this study suggests that restoration may facilitate recovery of soil C pools 

in deserts, as there were detectable changes relative to timing of precipitation and litter fall.  

Recovery of vegetation and, in turn, soil is a slow process and several years are required 

for restored soil C pools to resemble those of intact habitat (Webb et al. 2009). 

Incorporating data from wetter years is also important as environmental conditions such as 

drought and temperature may be additional drivers affecting the rate of recovery. Since 

changes in timing and frequency of precipitation are projected with global change (IPCC 
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2007, IPCC 2014), this work may have implications for restoration and recovery of desert 

ecosystems after a severe disturbance.  
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Tables and Figures 

 

 

 

 

Figure 2.1. Examples of the disturbed area (top) and 

intact area (bottom). A, B, and C indicate sampling 

positions for unvegetated, under shrub, and interspace 

soils, respectively. 
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Figure 2.2. Plot arrangement at Boyd Deep Canyon Desert Research Center. Unvegetated (red), 

restored (yellow), and intact (green) plots are displayed. 
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Figure 2.3. (a) Linear relationship determined for 

water extractable labile C and (b) linear relationship 

determined for water extractable microbial C. 
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and fall of 2016 for all plot types. Values represent mean ± SE. Letters above data points 

represent significant effect between treatments when analyzed with a two-way ANOVA 

(p < 0.05).  
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Figure 2.5.  Response ratios of percent soil inorganic carbon for winter, spring, 

summer, and fall of 2016 for all plot types. Values represent mean ± SE. Letters above 

data points represent significant effect between treatments when analyzed with a two-

way ANOVA (p < 0.02). 
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treatments when analyzed with a two-way ANOVA (p < 0.05). 
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Figure 2.7. Response ratio of water extractable microbial biomass carbon for winter, 

spring, summer, and fall 2016 samples for each treatment relative to unvegetated soils 

Values represent mean ± SE. Letters above data points represent significant effect 

between treatments when analyzed with a two-way ANOVA (p < 0.05). 
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Figure 2.8. Carbon isotopic composition (δ13C) of SOC during winter, spring, summer, 

and fall 2016 samples for all plot types. Values represent mean ± SE. *p<0.05, 

**p<0.01, ***p<0.001. Asterisks above data points represent significant effect of 

vegetation and sampling position when analyzed with a two-way ANOVA by season.  
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Figure 2.9. Carbon isotopic composition (δ13C) of SIC during winter, spring, summer, 

and fall 2016 samples for all plot types. Values represent mean ± SE. *p<0.05, 

**p<0.01, ***p<0.001. Asterisks above data points represent significant effect of 

vegetation and sampling position when analyzed with a two-way ANOVA by season. 
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Figure 2.10. (A) Carbon isotopic composition (δ13C) of CO2 source mixture and (B) 

proportional contribution of SIC to CO2 flux for 13°C and 27°C incubations.  Values 

represent mean ± SE. There was no significance found between soil treatments or 

temperature.  
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Figure 2.11. Response ratio of CO2 fluxes in response to watering at 13°C and 27°C. Values 

represent mean ± SE. Letters above data points represent significant effect between 

treatments when analyzed with a two-way ANOVA (p <0.001). 
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Chapter 3 

Leaf cutter ants influence root and mycorrhizal hyphal production by changing soil 

characteristics in a lowland tropical forest 

 

Abstract 

Tropical forests have the highest productivity per area of any biome, yet we have poor 

understanding of belowground carbon (C) balance of tropical ecosystems. Leaf cutter ants 

(LCA) are ecosystem engineers that alter soil structure, soil nutrient pools, and gas fluxes, 

which may create spatial heterogeneity in dynamics of roots and mycorrhizal fungi and C 

cycling. I examined how soil conditions and root and hyphal dynamics differ between LCA 

nest and non-nest areas in a lowland tropical forest at the La Selva Biological Station, Costa 

Rica, hypothesizing there would be greater root and hyphal turnover and production in 

LCA nests relating to differences in abiotic soil conditions. Sensor arrays were installed in 

February 2015 and March 2016 at nest and non-nest sites, each consisting of one automated 

minirhizotron (AMR) and a series of soil moisture, CO2, O2, and temperature sensors 

placed at four depths. Images were collected daily and sensors collected data every fifteen 

minutes to generate daily averages. AMR images were analyzed using Rootfly to measure 

roots and hyphae for lifespan, biomass C, and turnover rate calculations. These data were 

regressed with sensor data to determine differences between nest and non-nest sites. Soil 

moisture, CO2, and O2 concentrations differed between nest and non-nest soils. Nest soils 

generally had lower soil moisture and CO2 along with higher O2 when compared with non-

nest soils. Soil moisture dropped significantly in nest soils during dryer periods while 
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remaining more stable and consistent in non-nest soils. Temperature was also significantly 

higher in nests than the non-nest control soil. Soil water content and CO2 significantly 

influenced root and hyphal growth, while temperature only affected hyphal growth. LCA 

alter their soil environment to reduce CO2 concentrations and soil moisture while raising 

O2 concentrations above surrounding non-nest soils. In turn, changes in soil physical 

properties influence root and hyphal such that production was higher in nests than the 

control. As LCA contributed to spatial heterogeneity in belowground production in this 

study, their distribution may be important when scaling up and generating C balance 

estimates across lowland tropical forest landscapes. 

 

Introduction 

Tropical forests contain some of the most diverse plant and animal communities 

and have the highest productivity per area of any biome (Turner et al. 2006). While 

evergreen tropical forests cover less than 20% of the global land area (Melillo et al. 1993) 

and have much of their carbon stored in vegetative biomass, they store around 27% of the 

soil organic carbon (SOC) globally (Eswaran 2000). For this reason, tropical forests play 

an essential role in the global carbon (C) cycle as they consume large quantities of 

atmospheric CO2. While estimates of overall C balance for tropical forests have been 

calculated (Phillips et al. 1998, Phillips et al. 2017), accounting for spatial and temporal 

heterogeneity in biogeochemical processes belowground remains a challenge. 

  Lowland tropical forests receive large amounts of precipitation throughout the year, 

which can waterlog soils and prevent uniform release of CO2 (Davidson and Trumbore 
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1995). When soil is waterlogged, CO2 and other gases may be forced to travel through 

alternate pathways such as “root pipes” (Chappell 2010) or tunnels excavated by soil fauna, 

which alter porosity and soil hydraulics (Lal 1988). Through these pathways, terrestrially 

respired CO2 can move laterally across the landscape. Lateral transport of CO2 creates 

spatial heterogeneity in CO2 efflux as there is a gradient from where it is produced to where 

it is released. For example, lateral soil movement of terrestrially produced CO2 can 

terminate in nearby rivers and streams where it is ultimately released into the atmosphere 

(Richey et al. 2002).  

Tropical forests are also subject to an array of anthropogenic and natural 

disturbances that affect C balance (Alamgir et al. 2016). However, effects of disturbances 

on belowground C balance are even less clear. Leaf cutter ants (LCA) occur in tropical 

forests and are known for their relationship with mutualistic fungi. LCA forage leaves and 

flowers from nearby trees to feed the fungus, which they, in turn, use as a food source 

(Quinlan and Cherrett 1979). LCA change their environment by influencing canopy 

structure and light permeability (Farji-Brener and Illes 2000, Hull-Sanders and Howard 

2003, Meyer et al. 2011, Correa et al. 2016),  altering soil nutrient pools (Haines 1978, 

Brener and Silva 1995, Farji-Brener and Medina 2000), and disturbing soils (Alvarado et 

al. 1981, Perfecto and Vandermeer 1993). To create a nest comprised of chambers with 

ideal environmental conditions, LCA regularly disturb soil while excavating new 

chambers, creating tunnels, and maintaining nest structural integrity.   

We have little understanding of the role of LCA on belowground carbon dynamics 

of tropical ecosystems and how they contribute to spatial heterogeneity in C cycling. LCA 
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influence mycorrhizal fungi and plant roots, two important contributors to belowground C 

dynamics. Specifically, fine roots and arbuscular mycorrhizal (AM) hyphae may 

preferentially grow into leaf cutter ant nests (Farji-Brener and Medina 2000) as nests tend 

to have higher nutrient concentrations and greater soil aeration (Haines 1978, Alvarado et 

al. 1981, Brener and Silva 1995, Farji-Brener and Medina 2000, Moutinho et al. 2003). 

Root and fungal turnover have major influences on biogeochemical cycles and contribute 

to belowground C balance through glomalin and biomass production, nutrient 

consumption, and biomass turnover (Nadelhoffer and Raich 1992, Treseder and Allen 

2000, Godbold et al. 2006, Treseder and Turner 2007, Kitajima et al. 2010). In tropical 

forests, assessments of root and hyphal contributions to belowground C have often been 

conducted by collecting several soil cores at only a few time points (Nadelhoffer and Raich 

1992, Coleman and Crossley 1996). While data collected at high spatial scales are valuable, 

data also collected at high temporal scales are required to accurately quantify belowground 

C balance (Allen and Kitajima 2013). LCA nests are nutrient hotspots (Haines 1978, 

Alvarado et al. 1981, Brener and Silva 1995, Farji-Brener and Medina 2000, Moutinho et 

al. 2003) that can change over time (Perfecto and Vandermeer 1993), creating spatial and 

temporal heterogeneity in biogeochemical cycling. Preferential growth of roots and hyphae 

into LCA nests may further contribute to spatial and temporal heterogeneity in soil C 

processes. Thus, to quantify soil conditions and belowground C balance of LCA nests at 

higher temporal scales, my research used automated minirhizotrons (AMR) and soil 

sensors to measure soil water content, temperature, CO2, and O2. For this chapter, I 

assessed shifts in root and hyphal growth associated with LCA to better understand the 
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impacts of this disturbance on belowground C balance in a lowland tropical forest. To this 

end, I addressed the following hypotheses: 

 

(1) Leaf cutter ants change the soil environment to optimize conditions for the 

mutualistic fungus, decomposition in the refuse chamber, and survival of queen and 

larvae. Thus, soil CO2 and water content will be less in LCA nests than non-nest 

areas while maintaining optimum temperature and adequate O2 concentrations. 

 

(2) Soil moisture, temperature and CO2 will significantly influence root and hyphal 

biomass and relative lengths over time. As microbial activity is sensitive to changes 

in soil moisture, CO2, and temperature (Waring and Hawkes 2015), changes in 

these environmental parameters will also influence root and hyphal production and 

mortality.  

 

(3) Due to variation in soil nutrient, there will also be increased root and hyphal 

turnover and belowground production in nests than non-nest control soils. Tropical 

soils are nutrient poor and nutrients are rapidly consumed when they become 

available. Leaf cutter ant nests are hotspots of available nutrients, as the mutualistic 

fungus decomposes leaves provided by the ants, which also build refuse chambers 

to dispose of waste materials (Haines 1978, Brener and Silva 1995, Farji-Brener 

and Medina 2000). Roots and hyphae have faster turnover times to maximize 

nutrient absorption, especially in ecosystems with fast decomposition and nutrient 
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cycling rates (Vogt et al. 1986). Thus, root and hyphae will turnover more quickly, 

increasing belowground production within nests relative to non-nest control soils.   

 

Methods 

Study System 

Research took place in a lowland tropical forest at the La Selva Biological Research 

Station (10°26' N, 83°59' W), near Puerto Viejo de Sarapiquí, Costa Rica. Most of the year 

consists of the rainy season with the dry season occurring from February to April. La Selva 

receives an average of 4 meters of rainfall each year and has an average annual temperature 

ranging 21-30°C. The biologically rich habitat includes thousands of animal species and 

over 5,000 species of plants. Two soil types exist at La Selva, residual and alluvial soils. 

Alluvial soils at the chosen sites are characterized by having 4.73% ± 0.55 soil organic 

matter, a pH of 5.22 ± 0.11, and 29.46% ± 2.71 clay content (McDade 1994). While 

secondary forest is present at La Selva, all work was conducted in areas of primary forest 

and alluvial soils. Sites were randomly chosen within a certain distance of the field station 

as power and internet were required for functioning of automated minirhizotrons (AMRs). 

The main species of leaf cutter ant found at the La Selva Biological Station is Atta 

cephalotes. Therefore, all instrumentation was installed in and soil samples collected from 

nests of A. cephalotes.   
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Soil Sensor and Automated Minirhizotron Installation 

In February 2015 and March 2016, sensor nodes were installed in two active A. 

cephalotes nests and one non-nest control site (Figure 3.1). Each node consisted of one 

AMR and an array of sensors installed at 2cm, 8cm, 16cm, and 50cm depths to measure 

soil water content (SWC), temperature, and CO2 (Vargas and Allen 2008, Allen and 

Kitajima 2013). Oxygen sensors were also installed at 2cm, 16cm, and 50cm depths in the 

same control and nest plots. Sensors were calibrated prior to installation using standard 

methods described in the manuals for each sensor. AMRs are microscope cameras that are 

installed in plexiglass tubes belowground to observe root, fungal, and soil dynamics 

continuously; they are automated and can be programmed to collect images at specified 

times. Images 3.01x2.26mm at 100x magnification are stitched together to create a mosaic 

of the surrounding soil area. Approximately 100,000 images are required to cover the entire 

tube of 1 m deep by 10.16cm diameter. Subsets of images were processed to estimate root 

and hyphal lengths, turnover, and biomass, and then statistically compared with soil sensor 

data. AMRs were set to collect daily images while sensors were programmed to collect 

data every 15 minutes. Sensor data were compiled into daily averages to compare with 

AMR data. Due to power outages and hard drive failure, most AMR images for the control 

plot were lost; however, sensor data were saved. To increase replication of the number of 

control time series analyzed, I analyzed images with soil data collected from three 

comparable sensor nodes previously installed in 2010-2011. Each one of these nodes also 

consisted of one AMR and soil SWC, temperature, and CO2 sensors installed at 2cm, 8cm, 

and 16cm depths only. Although soil moisture and CO2 regimes differed in 2010-2011 
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from 2015-2016, root and hyphal responses were comparable between the two time points. 

Thus, all analyses for control plots that show hyphal and root responses and soil conditions 

are from data collected during 2010-2011. 

 

Sensor Data 

To compare soil environmental conditions between control and nest plots, I 

analyzed sensor data for SWC, temperature, CO2, and O2 from the 2015-2016 dataset. 

Daily averages of SWC, temperature, CO2, and O2 data were calculated. Daily averages at 

all depths were compared using repeated measures ANOVA and Tukey’s HSD post-hoc to 

quantify differences in soil conditions between control and nest soils.  

 

Image Processing 

As AMR images are arranged in a mosaic with respective x- and y-coordinates, 

images were chosen by randomly selecting coordinates which were surveyed for presence 

of roots and hyphae. AM fungal hyphae were the focus of this study. Based on phospholipid 

fatty acid (PLFA) analyses and morphology, 46% of the total hyphae are comprised of AM 

fungi (Michael Allen unpublished data). Images only containing roots and hyphae were 

analyzed. Twenty-six time series were analyzed for both control (2010-2011) and nest 

AMRs (2015-2016) yielding a total of 1,145 analyzed images. The duration for each time 

series ranged from thirty to sixty days. However, because hyphae dominated control soils 

and fewer roots were visible, only six time series were analyzed for roots from the control 

soil. Diameters and lengths of fine roots and hyphae were measured using Root Fly 
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software (version 2.0.2, Figure 2), a computer software program in which individual roots 

and hyphae can be manually traced and their length, width and growth sequentially 

analyzed.  

 

Hyphal and Root Biomass 

Once hyphal lengths (HL), root lengths (RL) and diameters were measured, hyphal 

and root biomass estimates were determined by calculating the biovolumes of roots and 

hyphae based on the volume of a cylinder (Eq. 3.1; Vanveen and Paul 1979), 

 

(3.1)                                                         𝐵𝑖𝑜𝑣𝑜𝑙𝑢𝑚𝑒 =  𝜋(𝑟)2𝐿 

 

where r is the radius and L is the length of the root or hypha measured. Individual hypha 

biovolumes were converted into biomass estimates using published conversion factors for 

fungi (Vanveen and Paul 1979, Lodge 1987). Root conversion factors were based on soil 

cores collected at La Selva from which roots were harvested, dried, weighed and ashed. 

Hyphal percent biomass carbon was also calculated based on published percent carbon 

values of fungi (Zhu and Miller 2003). Percent carbon for roots was determined based on 

the ashed weights of the same soil cores collected to determine root biomass.  Biomass 

estimates were summed for roots and hyphae for each image to give a total biomass value 

per image per day. The dimensions of each image were 3.01mm x 2.26mm x 0.125mm (x, 

y, z = depth of field; Hernandez and Allen 2014). Thus, to standardize the amount of 
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biomass per soil volume, each sum was divided by the volume of the image providing the 

amount of dry hyphal or root biomass per volume soil.  

 

Lifespan, Standing Crop, and Belowground Production 

Lifespan represents the time from which a root or hypha forms to the time it dies, 

also representing one generation (Eq. 3.2). Lifespans for one generation of individual roots 

and hyphae were determined by counting the number of days present throughout a time 

series. Standing crop of hyphae was quantified based on average biomass calculations from 

the AMRs. Standing root crop values based on values determined from soil corers collected 

at La Selva. The amount of water in biomass was taken into consideration, so standing crop 

calculations only considered dry biomass values. By knowing the number of generations 

per year for roots and hyphae along with the average standing crop (Eq. 3.3) up to a 20cm 

depth, I calculated belowground production. Thus, the following series of equations were 

used to ultimately calculate belowground production (g m-2 yr-1
; Eq. 3.4): 

 

(3.2)    𝑁𝑜. 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 =  
365 𝑑𝑎𝑦𝑠/𝑦𝑟

𝐿𝑖𝑓𝑒𝑠𝑝𝑎𝑛 (𝑑𝑎𝑦𝑠) 
 

 

(3.3)    𝑆𝑡𝑎𝑛𝑑𝑖𝑛𝑔 𝐶𝑟𝑜𝑝 =  
𝐷𝑟𝑦 𝑅𝑜𝑜𝑡 𝐵𝑖𝑜𝑚𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑆𝑜𝑖𝑙 
 

 

(3.4)   𝐵𝑒𝑙𝑜𝑤𝑔𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 × 𝑆𝑡𝑎𝑛𝑑𝑖𝑛𝑔 𝐶𝑟𝑜𝑝 
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where production is expressed as g biomass m-2 yr-1. To determine g carbon m-2 yr-1, 

biomass belowground production values were multiplied by 0.5 and 0.4185 for hyphae and 

roots, respectively. Multiplier values represent average percent biomass carbon based on 

the literature for hyphae (Zhu and Miller 2003) and data collected from La Selva for roots 

and from the literature for hyphae. 

   

Data Analysis 

Repeated measure analysis of variance (ANOVA) followed by Tukey post-hoc test 

was used to determine differences in soil water content, temperature, CO2, and O2 between 

nest and non-nest sites. Multiple regressions were run to develop relationships between 

sensor data, root hyphal biomass, HL and RL to assess root and hyphal responses to abiotic 

conditions and generate model parameters for estimating growth patterns in relation to soil 

conditions (Allen and Kitajima 2013). To determine differences between average HL and 

RL and lifespans between nest and control locations, paired t-tests were used.  

 

Results 

Sensor data are shown for 16cm depths. A depth of 16cm was chosen as greatest 

root and hyphal biomass tends to occur within the top 30cm of soil (Jackson et al. 1997). 

Averages across depths were not representative of any one depth and were often 

significantly different than all depths for each plot. Thus, all data in graphs and tables 

represents relationships between roots and hyphae with abiotic conditions at 16cm. Data 

and analyses from all other depths can be found in the supplementary materials. Soil sensor 
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data from 2015-2016 for SWC, temperature, CO2, and O2 data are presented depicting soil 

conditions between nest and control plots at 2cm, 8cm, 16cm, and 50 cm depths (Figures 

3.3-3.6; Supplementary Figures 3.1-3.4). Because root and hyphal responses to soil 

conditions were similar in control plots between 2010-2011 and 2015-2016, all figures and 

tables containing control root and hyphal data show analyses from sensor nodes installed 

in 2010-2011 (Tables 3.1-3.4; Figures 3.7-3.8; Supplementary Tables 3.1-3.2).  

 

Soil Conditions 

Soil water content differed significantly between the control plot and the two nests 

observed; the two nests were also significantly different from each other (p<0.001; Figure 

3.3). However, SWC in the control plot was intermediate between nests 1 and 2. While 

SWC at other depths was significantly different between both nests and the control, the 

nests had significantly lower values from the control at 2cm and 50cm depths 

(Supplementary figure 3.1). Soil temperature was also significantly different between 

control and both nests (p<0.001; Figure 3.4). Nest temperatures were significantly higher 

than the control plot with nest 2 having the highest average temperatures over time. Nest 

temperatures remained higher than control soils across depths (Supplementary figure 3.2). 

Soil CO2 was extremely dynamic and variable, particularly for the control plot and nest 

(Figure 3.5). Soil CO2 data are presented as percent and reached levels 100x ambient 

concentrations (0.04%). All three were significantly different from each other with nest 2 

having the lowest CO2 concentrations (p<0.001). Across depths, variation decreased with 

depth, with nest 2 consistently having the lowest CO2 concentrations (Supplementary 
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figure 3.3). Soil O2 was significantly higher in nests 1 and 2 compared to non-nest soils 

(p<0.001; Figure 3.6). Nest soils consistently had higher O2 concentrations than control 

soils across depths (Supplementary figure 3.4). 

 

Hyphal and root biomass 

Soil conditions at 16cm influenced hyphal and root biomass but certain factors had 

stronger influences than others (Table 3.1). For biomass, hyphae were controlled by 

temperature in both nest and control plot (p<0.05). However, in nest plots, soil water 

content and CO2 concentrations were also significant factors affecting hyphal biomass 

(p<0.05). Across depths, temperature continues to have a significant influence on hyphal 

biomass in nest and control plots. However, at shallower depths (2cm and 8cm), CO2 

concentrations affected hyphal biomass in both plots while SWC only had an effect in nest 

plots (Supplementary table 3.1).  

Root biomass was predominantly affected by CO2 in both nest and control plot. But 

in nest plots, soil water content was also a significant factor influencing root biomass. 

Temperature did not seem to have the same effect on roots as it did on hyphae. At shallower 

depths, SWC also influenced root biomass in nest plots and control plot while CO2 only 

influenced root biomass in the control plot (Supplementary table 3.1). These factors were 

better able to explain root and hyphal dynamics in nest plots than control plot, where R2 

values for hyphae and roots in nests were 0.4155 (p=1.18x10-6) and 0.4310 (p=7.41x10-7), 

respectively. R-squared values were lower for hyphae and roots in the control plot at 0.1757 

(p=0.004) and 0.2492 (p=0.0001), respectively.  
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Hyphal and root lengths 

Based on multiple regression analyses, certain soil conditions at 16cm may have 

stronger influence on root and hyphal lengths (Table 3.2). Like hyphal biomass, hyphal 

lengths were affected by temperature in the control plot (p<0.001). However, at 16cm 

depth, hyphal lengths in nest plots were not significantly influenced by any of the soil 

conditions (p=0.514); other factors that influence hyphal lengths are likely at play. CO2 

significantly influenced root lengths in the control plot while soil water content and 

temperature had effects on root lengths in the nest plots (p<0.05). Overall, there was no 

consistent pattern in how SWC, temperature, and CO2 affects hyphal and root lengths at 

16cm depth. Hyphal length R2 values were 0.0682 (p=0.5135) and 0.2743 (p=1.12x10-4) 

while root length R2 values were 0.3912 (p=4.57x10-5) and 0.3158 (p=4.61x10-6) in nests 

and control, respectively. However, different, more consistent patterns were observed for 

2cm and 8cm depths (Supplementary table 3.2). CO2 concentrations were significant for 

both roots and hyphae in both control and nest soils.  Temperature was also significant 

while SWC was only significant for root lengths. 

Average hyphal length and root length in the control and nests were compared to 

discern further differences between hyphal and root growth between the control and nest 

plots (Figure 3.7). HL was significantly lower while RL was higher in nests than the 

control. Average HL was 4.38 mm mm-3 ± 0.48 and 35.22 mm mm-3 ± 2.12 in nests and 

the control, respectively. Average RL was 3.68mm mm-3 ± 0.074 and 3.55 mm mm-3 ± 

0.096 in nest plots and the control, respectively.  
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Lifespans and Belowground Productions 

Average hyphal and root lifespans were significantly shorter in nest than control 

soils (p<0.001; Figure 3.8). Average hyphal lifespans in nest and control plots were 10.08 

days±1.37 and 32.17 days±2.03, respectively. Average root lifespans in nest and control 

plots were 27.48 days±3.08 and 152.25 days±44.54, respectively. However, there was a lot 

of variation within each data set with a wide range between maximum and minimum 

lifespans (Table 3.3).  

Belowground production was calculated using averages of hyphae and root 

standing crop biomass and lifespans. Shorter hyphal and root lifespans and increased 

turnover indicate that there is greater belowground productivity in nests than the control 

(Table 3.4). Hyphal production in the control and nests was 226.69 g C m-2 yr-1 and 723.48 

g C m-2 yr-1, respectively. Root production was also higher in nests than the control at 

1229.70 g C m-2 yr-1 and 234.59 g C m-2 yr-1, respectively.  

 

Discussion 

Leaf cutter ants change the soil environment to create ideal nest conditions required 

for their mutualistic fungus, queen and larvae, and for decomposition in refuse chambers. 

By altering CO2 and soil water content and optimizing O2 concentrations and temperature, 

LCA influence root and AM hyphal growth, increasing hyphal and root turnover in LCA 

nests and thus, hyphal and root production. The presence and dynamism of LCA nests 

creates spatial heterogeneity in processes that affect forest net primary production and 

carbon balance such as nutrient cycling, soil aeration, and belowground biomass turnover. 



99 

 

Analyses of sensor data are from the 2015-2016 dataset. While there was high 

variation across time and at different depths for SWC, temperature, CO2 and O2, consistent 

patterns were exhibited. As expected, SWC and CO2 concentrations were lower while O2 

concentrations and temperature were higher in nests than the control. Oxygen is required 

for aerobic metabolism in which oxygen is consumed and CO2 is produced. For this reason, 

soil O2 concentrations tend to be lower, and thus limiting, while CO2 concentrations are 

higher than the atmosphere. In tropical soils, high SWC reduces soil aeration, causing CO2 

concentrations to build and O2 concentrations to fall (Davidson and Trumbore 1995). In 

LCA nests, when CO2 concentrations build too high, nest respiration rates decrease, 

constraining growth of LCA colonies (Kleineidam and Roces 2000). Thus, LCA alter and 

adjust soil conditions in nests to prevent the buildup of CO2 concentrations to support 

colony growth. These conditions are also favorable to other organisms including plants and 

fungi. The mutualistic LCA fungus is sensitive to temperature and has an optimal 

temperature of 25°C; temperatures beyond 30°Care lethal (Quinlan and Cherrett 1978, 

Powell and Stradling 1986, Kleineidam and Roces 2000). The average temperature in LCA 

nests was 25.7°C ± 0.028 with maximum and minimum temperatures reaching 26.8°C and 

24.2°C, respectively, further indicating that LCA modify their soil environment to create 

optimal nest conditions for the needs of the colony.  

While differences existed between control and nest soils, differences also existed 

between individual nests, suggesting that other nest-specific factors may be at play. 

Individual colonies may have different demands based on nest location, size, age, and the 

degree of LCA activity, further contributing to inter-nest variation in soil conditions. 
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Landscape topography  influences soil conditions and structure, particularly soil water flow 

(Anderson and Burt 1978) and, in turn, soil aeration. LCA nests formed on a slope may 

have different upkeep demands and encounter a different frequency in nest perturbations 

than nests built upon flatter ground. Coupled with nest size and age, the frequency, type 

and combination of nest perturbations may influence LCA activity and nest maintenance 

work (Gordon 1987). LCA may shift the numbers of ants foraging, patrolling, or 

performing nest and trail maintenance depending on immediate colony needs in response 

to a perturbation (Gordon 1987). Such needs are nest specific and may create differences 

in soil conditions between nests at the same time points. The processes and factors that 

govern LCA nest movement and turnover may also influence soil conditions of individual 

nests. Nests of A. cephalotes turnover, move, and form frequently; within a two-year 

period, 35% of A. cephalotes nests were abandoned while 35% of nests surveyed at the 

second time point were new nests in alluvial soils (Perfecto and Vandermeer 1993). Nest 

perturbations coupled with nest turnover and movement may create differences in soil 

conditions between LCA nests.  

As expected, there was variation in which factors significantly influenced hyphal 

and root biomass and lengths, but CO2 and temperature were generally significant 

contributors. Roots were also influenced by soil water content whereas hyphae were less 

affected. Soil CO2 concentrations and soil water are related as soil water content and 

porosity affect the diffusion of gases through the soil profile. Specifically in tropical 

ecosystems, much of the pore space temporarily fills with water after rain events, creating 

a barrier that prevents the diffusion of CO2, O2, and other gases (Davidson and Trumbore 
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1995). High soil water content and low aeration inhibit hyphal and root growth. Even 

though temperature did not strongly fluctuate, small temperature changes influenced 

hyphal growth in the control and nest soils. Increased soil aeration and warmer 

temperatures engineered by LCA may have significantly increased hyphal and root growth 

and productivity in nests relative to non-nest control soil.   

Interactions with other soil organisms may create even more complexity within 

LCA nest dynamics. Specifically, control soils had significantly longer hyphal lengths than 

nest soils. And significant relationships between hyphal lengths and abiotic soil conditions 

were not detected for hyphae in nest soils only. Soil faunal densities may have greater 

influence over hyphal lengths in LCA nests than other soil conditions. Soil fauna have been 

observed in nests but not control AMRs (Figure 3.9). In other ecosystems, Collembola and 

other soil animals have also been observed grazing AM hyphae and roots (Klironomos and 

Ursic 1998, Crowther and A’Bear 2012). Increased soil O2 and lower CO2 and SWC in 

LCA nests may provide more hospitable conditions for soil fauna as densities tend to be 

higher in locations that are less compacted and have greater aeration (Greacen and Sands 

1980). Higher root and hyphal production and turnover increase rates of grazing by soil 

fauna (Allen et al. 2005). As AM hyphae and roots are a known food source for soil fauna, 

more hospitable soil conditions paired with increased resource availability may increase 

grazing rates of soil animals, reducing HL in LCA nests.  

Leaf cutter ants are ecosystem engineers that alter soil structure to create the 

conditions required to carry out the needs of the colony. By doing so, LCA disturb soil, 

creating spatial heterogeneity that determine where and when certain biogeochemical 
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processes occur. By influencing hyphal and root dynamics, LCA change belowground 

production such that production and turnover are higher in nests than non-nest areas. As 

LCA are found in tropical regions globally, their presence and distribution must be 

considered in carbon balance estimates of tropical forests.  
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Tables and Figures 
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Figure 3.1. AMR and sensor installations in (a) control and (b) nest plots and (c) A. cephalotes 

soldiers attacking an AMR during installation.  

 



108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.2. Root and 

hyphal image from 

the control AMR at 

La Selva (top). 

Analyzed hyphae 

using Rootfly 

software (bottom). 
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Figure 3.3. Soil water content for control plot and two active nests at 16cm depths. P-values represent 

results from a repeated measures ANOVA. *p<0.1, **p<0.05, ***p<0.001 
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Figure 3.4. Soil temperature for control plot and two active nests at 16cm depth. P-values represent  

results from a repeated measures ANOVA. *p<0.1, **p<0.05, ***p<0.001 
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Figure 3.5. CO2 concentrations for control plot and two active nests at 16cm depth. P-values  

represent results from a repeated measures ANOVA. *p<0.1, **p<0.05, ***p<0.001 
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Figure 3.6. Soil O2 concentrations for control plot and two active nests at 16cm depth. P-values 

represent results from a repeated measures ANOVA. *p<0.1, **p<0.05, ***p<0.001 
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Table 3.1. Multiple regression coefficients run for biomass, soil water content, temperature, and  

CO2 at 16cm depth. Values represent coefficients with standard errors in parentheses. *p<0.1, 

**p<0.05, ***p<0.001 

 

              Hyphae                Roots 

  Control    Nest Control Nest 

Constant -0.693 -0.0978 3.83 8.35 

 (0.0299) (0.0347) (1.86) (2.71) 

SWC 0.0122 -0.0400** -2.32 -14.86*** 

 (0.0452) (0.0555) (2.46) (3.24) 

Temperature 0.00292** 0.00439** -.103 0.00185 

 (0.000932) (0.00105) (0.00627) (0.0723) 

CO2 -5.02x10-7 0.00364*** -1.01x10-5*** -0.0427* 

  (3.22x10-7) (0.000812) (2.09x10-6) (0.0124) 

     
R-squared 0.1757 0.4155 0.2492 0.4310 

 

No. 

Observations 

72 60 77 59 
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Table 3.2. Multiple regression coefficients for root and hyphal lengths, soil water content, temperature, and 

CO2 for nest plots at 16cm. Values represent coefficients with standard errors in parentheses. *p<0.1, 

**p<0.05, ***p<0.001 

 

 Hyphae Roots 

 Control Nest Control Nest 

Constant -0.365 -39.73 0.259 17.65 

 (0.134) (68.79) (0.102) (8.023) 

SWC -0.210 106.88 -0.104 -47.69*** 

 (0.201) (109.79) (0.136) (9.608) 

Temperature 2.03*** -0.281 -0.721 0.360** 

 (0.423) (1.584) (0.328) (0.214) 

CO2 8.77x10-6 -1.778 -6.15x10-5*** 0.0427 

 (1.46x10-5) (0.898) (1.08x10-5) (0.0632) 

     

R-squared 0.2743 0.0682 0.3158 0.3912 

P-value 1.12x10-4 0.5135 4.61x10-6 4.57x10-5 

No. Observations 69 64 77 59 
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Figure 3.7. Root lengths and hyphal lengths in nest and control plots. Values represent 

averages ± SE.  
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Figure 3.8. Lifespans of roots and hyphae in LCA nest and control plots. Values represent 

averages ± SE.  

 

 

 

 

 

 

 

 

 

 

Table 3.3. Maximum and minimum lifespans of roots and 

hyphae observed between control and nest sites. 

 Hyphae Roots 

 Lifespan (days) Control Nest Control  Nest 

Maximum 89 35 223 100 

Minimum 1 1 27 2 
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Table 3.4. Calculated belowground production for hyphal and root biomass and biomass 

C in nest plots and control plot. Belowground carbon production was determined based 

on the assumption that 51% of hyphal biomass is composed of carbon (Zhu and Miller 

2003) while 42% of roots is composed of carbon based on field data. Values represent 

production based on average standing crop biomass and lifespans. 

 

 Hyphae Roots 
 Control Nest Control Nest 

Standing Crop Biomass 

(g cm-3) 

 

0.0009514 0.0009514 0.005567 0.005567 

Lifespan (days) 32.17 10.08 152.25 27.48 

Belowground Production 

(g biomass m-2 yr-1) 
453.38 1446.96 560.54 3105.61 

Belowground Production 

(g C m-2 yr-1) 
226.69 723.48 234.59 1229.70 
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Figure 3.9. Images of (a) Collembola and (b) Class 

 Symphyla that graze on hyphae and roots, observed  

only in nest AMRs. 
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Conclusion 

 

Across ecosystems, both anthropogenic and natural disturbances alter species 

composition, soil structure, and biogeochemical cycles (Hobbs and Huenneke 1992, Guo 

and Gifford 2002, Bronick and Lal 2005, Allan et al. 2015). The carbon (C) cycle is one 

link between different ecosystems globally from deserts to lowland tropical forests. Despite 

their differences in climate, precipitation regimes, and species composition, similar soil C 

processes occur in desert and tropical forests that function differently across the landscape. 

For example, soil inorganic C is predominantly derived from biotic respiration (Cerling 

1984) in both ecosystems but the function and termination of SIC differs in each system 

(Schlesinger 1985, Richey et al. 2002). High precipitation in tropical environments causes 

C to stay dissolved in the soil solution as dissolved inorganic C (DIC), where it can move 

laterally through the soil profile and terminate in nearby rivers and streams (Richey et al. 

2002).  Low precipitation in deserts reduces leaching of SIC as DIC. As the soil solution 

dries, DIC concentrates until it precipitates out of the soil solution as calcium carbonate to 

form caliche (Birkeland 1984). Fundamentally, the formation of secondary SIC is the same 

in deserts and tropics, both of which are important processes in the global C cycle. Another 

commonality between deserts and tropics is the degree of spatial heterogeneity across the 

landscape. Again, while deserts and tropics are opposite in the timing and degree of 

productivity, these characteristics drive increased spatial and temporal heterogeneity in soil 

C processes. In desert shrublands, resource islands develop beneath plants creating hotspots 

of biotic activity (Parkin 1987, McClain et al. 2003). As deserts are “pulse-driven” systems 
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(Huxman et al. 2004), hot moments occur where there is increased biotic activity associated 

with the timing of precipitation (McClain et al. 2003). While tropical ecosystems are 

consistently active, increased competition for basic resources such as nutrients and light 

create both spatial and temporal heterogeneity. In contrast to deserts, timing of soil drying 

is associated with changes in biotic activity (Schwendenmann et al. 2003, Wood et al. 

2013). Furthermore, changes in resource availability associated with sun flecks (Canham 

et al. 1994), tree fall gaps (Denslow et al. 1998), and animal activity such as leaf cutter ants 

(LCA; Haines 1978, Farji-Brener and Illes 2000, Farji-Brener and Medina 2000) influence 

the spatial and temporal distribution of heightened biotic activity. Even though desert and 

tropical ecosystems differ in so many ways, they share many commonalities in C cycling 

processes.  

I explored how desert and tropical soil C processes are impacted by anthropogenic 

and natural disturbances and showed that disturbances influence the spatial and temporal 

scale of soil C cycling. I also investigated the recovery of soil C pools and cycling through 

shrub restoration, finding that shrub restoration has the potential to increase the rate of 

recovery of soil C pools with short residence times.  

In aridlands, soil inorganic C (SIC) is the dominant form soil C and has been well 

studied at geological time scales (1000-10,000 or more years; Reeves Jr 1970, Schlesinger 

1982, 1985, Schlesinger et al. 1989). As CO2 generated from biotic respiration is the 

predominant C source incorporated into pedogenic SIC (Cerling 1984), disturbances to 

vegetation and soils can influence SIC formation and dissolution on shorter, ecologically 

relevant time scales ranging from decades to millennia. Equilibrium soil carbonate 
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chemistry shifted in the unvegetated soils as they received less new C inputs than the 

vegetated soils.  All soils experienced repeated fractionation, but the enriched isotopic 

composition of unvegetated soils suggest that there may have been greater overall C loss 

from SIC than vegetated soils. SIC of smaller size fractions were derived from newer C 

and oxygen (O) sources. SIC of larger size fractions and caliche may also have shorter 

residence times as the isotopic composition indicated increased fractionation through 

repeated dissolution and reformation. A greater proportion of CO2 was derived from SIC 

for unvegetated than vegetated soils further indicating that the SIC pool is susceptible to C 

loss. Anthropogenic disturbances can break up caliche layers into smaller size fractions, 

increasing the potential surface area for C and O exchange and loss on ecologically relevant 

time scales. 

While vegetation removal significantly impacted soil C pools, there were signs of 

recovery after shrub restoration of unvegetated soils. Soil C pools with short residence 

times, microbial biomass C and water extractable labile C, showed progressive increases 

in restored soils than bare soils. However, all other soil C pools did not show significant 

changes except during the summer when there were increases that may have been 

associated with timing of rainfall and, in turn, plant and microbial activity. More time is 

required for changes in the size and isotopic composition to take place for soil C pools with 

longer residence times. Differences between soils from interspaces and beneath shrub 

canopies indicate that islands of fertility may be developing beneath shrubs in restoration 

plots, increasing spatial heterogeneity in soil processes across the landscape. The 

development of islands of fertility as potential hotspots of biotic activity are important for 
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the productivity of desert ecosystems as they are characterized by increased nutrient 

availability and soil water content (Schlesinger et al. 1996).  As deserts are pulse-driven 

systems, hotspots and hot moments of bioactivity are dependent on the location and timing 

of rainfall (Parkin 1987, McClain et al. 2003). High spatial and temporal variability in soil 

C processes is partially dependent on the presence of vegetation that develop resource 

islands, which are known hotspots of bioactivity. Shrub restoration may facilitate the 

recovery of soil C processes that function in sequestering atmospheric CO2 into long-term 

soil C pools.  

Like deserts, tropical forests are also characterized by having spatial and temporal 

heterogeneity in soil C processes. At the La Selva Biological Station, LCA nests are 

distributed throughout the landscape and create patchiness in biogeochemical cycling and 

resource availability. Belowground root and hyphal production was greater in leaf cutter 

ant nests as lifespans were shorter and turnover was greater. Root and hyphal lengths were 

significantly different between nests and the non-nest control. While root lengths were 

longer in nests, hyphal lengths were shorter in nests which may be tied to increased grazing 

from soil fauna. In changing the soil environment by lowering soil water content and CO2 

and optimizing O2 concentrations and temperature, LCA create nest conditions ideal for 

colony productivity as well as for other soil organisms. LCA disturb soil by changing soil 

structure, aeration, and nutrient availability. These changes influence complex interactions 

with other organisms in the soil such that there is greater belowground productivity 

associated with LCA nests. As LCA nests are distributed throughout the landscape, the 
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disturbance they create generates spatial heterogeneity in belowground production of roots 

and hyphae.  

Even though deserts and tropical forests are fundamentally different in climate, 

precipitation regimes, and species composition, both are influenced by disturbances that 

create spatial and temporal heterogeneity in the same soil C processes. The formation of 

SIC is the same, but the function and termination of SIC differs in each ecosystem. 

Understanding the relevance of soil C processes at different scales is critical for forecasting 

the impacts of disturbance and generating estimates of overall C balance of ecosystems 

globally. 
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Supplementary Figures 
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Supplementary Figure 1.1. Carbon isotopic composition of plant tissue for all species surveyed in 

this study. There were no significant differences found between individual species within CAM and 

C3 plant functional groups. However, there was a significant difference between CAM and C3 

groups. Values represent means ± SE. Letters above data points represent significance between 

species as determined by a one-way ANOVA and paired t-tests (p<0.001).  
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Supplementary Figure 1.2. Histograms of potential SIC 

contributions to CO2 flux based on Isosource output for (a) vegetated 

soils, (b) unvegetated soils, (c) and ground caliche. 
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Supplementary Figure 3.1. Soil water content at 2cm, 8cm, and 

50cm depths in nest and control plots. P-values represent results from 

a repeated measures ANOVA.  
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Supplementary Figure 3.2. Soil temperature at 2cm, 8cm, and 50cm 

depths in nest and control plots. P-values represent results from a 

repeated measures ANOVA.  

 

P<0.001 

 

P<0.001 

 

P<0.001 

 



130 

 

 
   

  

0

0.5

1

1.5

2

2.5

3

0

0.5

1

1.5

2

2.5

3

C
O

2
(%

)

0

0.5

1

1.5

2

2.5

3

Control      Nest 1         Nest 2 

2cm 

8cm 

50cm 

Supplementary Figure 3.3. Soil CO2 at 2cm, 8cm, and 50cm depths in nest and 

control plots. P-values represent results from a repeated measures ANOVA.  
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Supplementary Figure 3.4. Soil O2 at 2cm and 50cm depths in nest and control 

plots. P-values represent results from a repeated measures ANOVA.  
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Supplementary Table 3.1. Results from multiple regressions run for biomass, soil water content, 

temperature, and CO2 at 2cm and 8cm depths. Values represent coefficients with standard errors in 

parentheses. *p<0.1, **p<0.05, ***p<0.001 

 

               Hyphae                Roots 

Depth   Control    Nest Control ϯ Nest ϯ 

2cm 

Constant -0.394 -0.00645 5.44 8.34 

 (0.154) (0.0491) (5.19) (2.40) 

SWC 0.127 -0.0260** 1.89** -15.22*** 

 (0.0743) (0.0796) (2.45) (3.37) 

Temperature 0.0166** 0.000703* -0.316 0.0108 

 (0.00652) (0.000779) (0.217) (0.0517) 

CO2 -2.36x10-6** 0.00211*** -0.000116*** 0.0104 

  (8.67x10-7) (5.60x10-4) (2.94x10-5) (0.0211) 

     

R-squared 0.1923 0.3194 0.2254 0.361 

No. Observations 72 60 77 59 

Constant -0.388 0.000279 6.72 12.27 

8cm 

 (0.193) (0.0560) (6.29) (2.68) 

SWC 0.0664 -0.0637** 1.28* -22.14*** 

 (0.0738) (0.0907) (2.32) (3.89) 

Temperature 0.0176** 0.00113** -0.341 -0.0528 

 (0.00809) (0.000933) (0.263) (0.0534) 

CO2 -2.07x10x-6** 0.00318*** -0.000125*** 0.00947 

  (8.52x10-7) (0.000754) (2.77x10-5) (0.0218) 

     
R-squared 0.1424 0.3697 0.2513 0.4395 

No. Observations 72 60 77 59 
 

 ϯCoefficients for control roots (2cm and 8cm) and nest roots (8cm only) were determined by taking the 

natural log of biomass as this produced a stronger R-squared value.  
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Supplementary Table 3.2.  Multiple regression between root and hyphal lengths soil water content, 

temperature, and CO2 for nest plots at 2cm, 8cm and averages across all depths. *p<0.1, **p<0.05, 

***p<0.001 

 

               Hyphae                Roots 

Depth  Control    Nest Control  Nest ϯ 

2cm 

Constant -0.0451 43.24 5.05 5.481 

 (0.0121) (63.48) (1.71) (1.926) 

SWC 0.892 -54.12 0.508** -12.87*** 

 (0.574) (118.03) (0.806) (2.709) 

Temperature 0.192*** -0.406 -0.166* 0.0811** 

 (5.37) (0.906) (0.0715) (0.0415) 

CO2 -0.00175** -0.904* -4.31x10-5*** 0.0558** 

 (-0.000676) (0.617) (9.67x10-6) (0.0170) 

     

R-squared 0.2769 0.1683 0.2965 0.3878 

P-value 9.44x10-5 0.1122 1.22x10-5 5.281x10-6 

No. Observations 69 64 77 59 

8cm 

Constant -0.0503 -143.53 6.26 9.714 

 (0.0154) (94.98) (2.09) (2.410) 

SWC 0.498 284.42 -0.00178** -20.78*** 

 (0.570) (166.70) (0.770) (3.501) 

Temperature 0.223*** 0.330 -0.202* 0.658** 

 (6.46) (1.159) (0.0874) (0.0481) 

CO2 -0.00161** -2.079** -4.31x10-5*** 0.0691*** 

 (0.000668) (0.690) (9.26x10-6) (0.0197) 

     

R-squared 0.2312 0.2376 0.3066 0.4655 

P-value 6.38x10-4 0.03192 7.37x10-6 1.378x10-7 

No. Observations 69 64 77 59 

 
ϯCoefficients for control hyphae (2cm only) were determined by taking the natural log of the hyphal 

lengths as this produced a stronger R-squared value.  

 




