
Restoration and Recovery of Soil Microbial
Activities Following Disturbances in

Drylands: Mining, Warming and Wildfire

Item Type text; Electronic Dissertation

Authors Espinosa, Noelle Justine

Citation Espinosa, Noelle Justine. (2020). Restoration and Recovery of
Soil Microbial Activities Following Disturbances in Drylands:
Mining, Warming and Wildfire (Doctoral dissertation, University of
Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 26/05/2023 22:23:22

Link to Item http://hdl.handle.net/10150/656835

http://hdl.handle.net/10150/656835


 

 
 
 

RESTORATION AND RECOVERY OF SOIL MICROBIAL ACTIVITIES FOLLOWING 
DISTURBANCES IN DRYLANDS:  

MINING, WARMING AND WILDFIRE 
 
 

by 
 
 

Noelle J. Espinosa 
 
 

__________________________ 
Copyright © Noelle J. Espinosa 2020 

 
 

A Dissertation Submitted to the Faculty of the 
 
 

SCHOOL OF NATURAL RESOURCES AND THE ENVIRONMENT 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2020 
 



2 
 

 

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by:            
titled: 
 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy. 
 
 
                                _________________________________________________________________ Date: ____________ 

  
  
                                _________________________________________________________________ Date: ____________ 

  
  
                                _________________________________________________________________ Date: ____________ 

  
  
                                _________________________________________________________________ Date: ____________ 

 
                          
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 
of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and recommend 
that it be accepted as fulfilling the dissertation requirement. 
 
 
 
 
                                _________________________________________________________________ Date: ____________ 

  
  
  

Noelle Justine Espinosa

Rachel Elizabeth Gallery
School of Natural Resources and the Environment

Dec 3, 2020

Dec 3, 2020

Rachel Elizabeth Gallery

Dec 3, 2020
Scott R Saleska

Dec 3, 2020
David D Breshears

Dec 8, 2020
David Joseph Moore

https://na1.documents.adobe.com/verifier?tx=CBJCHBCAABAAp6retFyiZrr_a0TItP80GB_IqnlDanI9
https://na1.documents.adobe.com/verifier?tx=CBJCHBCAABAAp6retFyiZrr_a0TItP80GB_IqnlDanI9
https://na1.documents.adobe.com/verifier?tx=CBJCHBCAABAAp6retFyiZrr_a0TItP80GB_IqnlDanI9
https://na1.documents.adobe.com/verifier?tx=CBJCHBCAABAAp6retFyiZrr_a0TItP80GB_IqnlDanI9
https://na1.documents.adobe.com/verifier?tx=CBJCHBCAABAAp6retFyiZrr_a0TItP80GB_IqnlDanI9


 3 

ACKNOWLEDGEMENTS 
 
 I am grateful for the community of family, friends, scientists and professional and 
personal mentors that have encouraged me throughout the process of this doctoral 
research. I would like to recognize some truly dedicated teachers that have influenced my 
trajectory as a woman in a STEM field. While there have been numerous extraordinary 
teachers throughout my schooling, my junior high math and science teacher Mrs. Kathy 
Martin and my high school chemistry teacher Mrs. Anne Baffert deserve special 
recognition for their efforts to encourage my interest in the sciences. These teachers went 
above and beyond in their efforts to engage students in science and on several occasions 
provided personal mentorship to me, telling me that I could be good at science and 
enthusiastically encouraging my interests. The efforts and mentorship from these teachers 
during my early schooling gave me the confidence to continue my education in science 
and eventually pursue a graduate degree in biogeochemistry and for that I am truly 
grateful. Later, in college, my love for soil was inspired by the professors in the 
Environmental Science Department (formerly Soil Water and Environmental Science; 
SWES) at the University of Arizona. In the SWES program I was introduced to the 
dynamic characteristics and wealth of human services provided by soil thanks to Dr. 
Jeffrey Silvertooth. I developed and appreciation for the complex social issues 
surrounding natural resources through travel to Namibia, Africa with Dr. Tom Wilson. 
Finally, I was fortunate to have been supported by a network of like-minded peers 
through my involvement in the SWES club. These early influences all played crucial 
roles in developing the themes of this doctoral research.  
 I am profoundly grateful for my advisor Dr. Rachel Gallery. From the beginning 
of my graduate program Rachel encouraged me to develop my research around my 
unique interests. Her scientific insight and thoughtful feedback were invaluable to this 
work and to my personal development as a research scientist. I also had the benefit of 
observing Rachel as a scientist, mentor to my peers, and as an involved faculty member 
in the School of Natural Resources Department, which has contributed to my 
development as a scientist. I am also grateful that Rachel has always encouraged me to 
maintain a healthy balance between research and my extracurricular life. I cannot express 
how positively I view my experience in graduate school because of her support of my 
involvement in various mentorship roles such as Sky School. Sky School gave me a 
chance to teach, mentor youth in STEM and meet an extensive and diverse network of 
peer scientists, all of which made me a better and happier scientist. Having Rachel as a 
role model has given me an incredible amount of confidence moving forward as a woman 
in science. 
 I would like to thank the other members of my committee Dr. Dave Breshears, 
Dr. Dave Moore and Dr. Scott Saleska. Dr. Breshears has consistently reminded me to 
think of the big picture and utilize my time in a way that contributes to my career and 
personal goals. Dr. Breshears also provided encouragement, positivity and motivation I 
needed to finish this work. Dr. Moore has been a consistent source of feedback 
throughout the development of the chapters of this dissertation and his insights have 
always led me to develop a new skill or way of thinking about the interpretation of my 
research. Dr. Saleska has challenged me to put my research in a broader context and 
make it relevant to any discipline of science, which has increased the reach of this work.  



 4 

 I was incredibly fortunate to have a network of peers that have encouraged, 
supported and counseled me throughout my graduate program. I am especially grateful 
for the support of Dr. Martha Farella, Dr. Mallory Barnes, Dr. Cristina Francois, Dr. Gary 
Trubl, Dawson Fairbanks, Dr. Amy Hudson, Dr. Rebecca Lybrand, and Pilar Vergeli. I 
would not have had the fortitude to persevere through the ups and downs of being a 
graduate student without the personal and professional support of these amazing people.  
 A special thanks goes to Dr. Alan Strauss. As the director of Sky School, Alan 
gave me the opportunity to work as an instructor for the Sky School program, to which I 
owe so much. Sky School was one of the most impactful programs I was involved in as a 
graduate student. Sky School introduced me to a diverse network of graduate students 
who became dear friends and my support system. Sky School also served as a consistent 
reminder of why I loved science and why it is so important to encourage youth in 
sciences and showing they can enjoy and be successful in a STEM field. On a personal 
level, Alan’s mentorship and support throughout my graduate program made me believe 
in myself and undoubtedly contributed to the completion of this work.  
 Finally, I am incredibly grateful for my husband, Matthew Vargas, we met only a 
few short months before I started my doctoral program and managed to build a life 
together despite our very different career paths and the challenge of graduate school. 
Matthew had an endless belief in me as a scientist, especially in times when I did not 
believe in myself. The completion of this work is very much owed to his relentless 
support. I want to also thank my Mother and Father, Darlene and Phil Espinosa who have 
always supported my academic pursuits and are always proud of all my 
accomplishments, big and small.  
 Research funding was provided by a grant from Rosemont Copper. Graduate 
program funding was provided by the Marshall Dissertation Fellowship, Clifford W. 
Carstens, Jr. Scholarship, Southern Arizona Environmental Management Society 
Scholarship, Reid CP Patrick Scholarship, and the Kel M. Fox Endowment Scholarship. I 
sincerely appreciated the funding I have received in efforts to complete this research. 
 
 
  



 5 

Table of Contents 
ABSTRACT 7 
CHAPTER 1: INTRODUCTION 8 
CHAPTER 2: CONCLUSION 12 
REFRENCES 13 
APPENDIX A: ESPINOSA ET AL. RESTORATION ECOLOGY (2020) 15 

ABSTRACT 16 
KEYWORDS 16 
IMPLICATIONS FOR PRACTICE 16 

INTRODUCTION 16 
METHODS 19 

Research site 19 
Experimental design 19 
Soil and vegetation sampling and processing 20 
Microbial biomass, organic C and exoenzymes 21 
Soil CO2 efflux 22 
Statistics 22 

RESULTS 23 
Seasonal influences of plant and microbial responses 23 
Positive, neutral, and negative effects of amendments 24 

DISCUSSION 25 
Implications for Revegetation 26 
Implications for Soil C 27 
Soil efflux and plant-microbe interactions in response to amendments 29 

ACKNOWLEDGEMENTS 29 
REFERENCES 31 
TABLES AND FIGURES 38 

Supporting Information 44 
APPENDIX B: RESPONSES OF MICROBIAL ACTIVITIES TO RESTORATION 
AMENDMENTS IN DESERT SOIL ARE NOT ALTERED BY MODERATE WARMING 54 

ABSTRACT 54 
Keywords 55 

INTRODUCTION 55 
METHODS 58 

Experimental Design 58 
Soil Sampling and Analyses 59 
Statistical analysis 61 

RESULTS 61 
Experimental Warming 61 
Measures of Soil Restoration 62 

DISCUSSION 62 
ACKNOWLEDGMENTS 65 
REFERENCES 66 
TABLES AND FIGURES 71 

Supporting Information 79 
APPENDIX C: HIGH SEVERITY FIRES REDUCE: MICROBIAL EXTRACELLULAR ENZYME 
ACTIVITIES FOR DECADES IN SEMIARID FOREST SOILS 80 



 6 

ABSTRACT 80 
INTRODUCTION 80 
MATERIALS AND METHODS 82 

Site Description 82 
Soil Respiration 82 
Aboveground net primary productivity and Coarse Woody Debris 83 
Soil Sampling 83 
Microbial Extracellular Enzyme Activities 84 
Statistics 84 

RESULTS 85 
DISCUSSION 86 
CONCLUSIONS 89 
ACKNOWLEDGEMENTS 89 
REFERENCES 90 
TABLES AND FIGURES 95 
SUPPORTING INFORMATION 99 

 
 

  



 7 

ABSTRACT 
 

Drylands cover a large portion (approximately 40%) of the Earth’s land area and 
are under expanding pressures to provide ecosystem services for a growing population, 
which results in significant disturbance to soils and soil degradation. Disturbance to 
dryland soils may come from land use changes such as mining, environmental changes 
such as climate warming and ecosystem regime changes such as increased wildfire 
frequency and severity. These disturbances negatively impact numerous critical soil 
functions, including site productivity, soil carbon storage and cycling, and 
ecohydrological dynamics, the restoration of which requires an understanding of 
microbial processes that may regulate these functions. This dissertation examines the 
response of microbial activities to these differing examples of dryland disturbances and 
their role in the restoration or natural recovery of the critical soil functions described 
above. I first evaluated the effects of three candidate restoration amendments (woodchips 
applied at the surface, woodchips incorporated into the soil and biochar incorporated into 
the soil) on soil carbon dynamics and microbial activities as well as plant cover in 
disturbed soils. I found the most beneficial effects on extracellular enzyme activities and 
soil carbon resulted from surface-applied woodchips, while woodchips incorporated into 
the soil may increase heterotrophic soil efflux of CO2 and soil carbon loss, adversely 
affecting the restoration of critical soil functions. Following this study, I evaluated the 
potential influence of prolonged warming on the microbial responses to these restoration 
amendments. I found that responses to warming in drylands may be limited, and therefore 
the beneficial outcomes of surface-applied woodchip restoration amendments may 
remain useful under warmer conditions. Finally, using a 30-year chronosequence of fire 
in the Rocky Mountains of Colorado, I evaluated the degree and persistence of the effects 
of high severity fire disturbance on extracellular enzymes and the relationship between 
extracellular enzyme activities and critical soil functions. We found a persistent long-
term negative effect of high severity fire on soil extracellular enzyme activities and that 
recovery of vegetation and subsequent carbon inputs to soil are a key component of 
extracellular enzyme recovery. Taken together, this research provides evidence that 
evaluating microbial responses to restoration or recovery of soils can contribute to our 
understanding of the success of restoration activities and natural recovery of dryland soil. 
 

KEYWORDS: Dryland, disturbance, restoration, microbial extracellular enzymes, soil 
respiration, soil carbon 
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CHAPTER 1: INTRODUCTION 
 

Soil is a living entity that provides services essential to human livelihood such as 
sustaining vegetation (a vital source of food), regulating climate, and sustaining critical 
Earth system cycles (such as the carbon and water cycle) that support these services 
(MEA, 2007, Koch et al 2013). These services are made possible and regulated by the 
important microbiological processes occurring within the soil and the loss of these critical 
soil services through soil disturbance from human land-use and climate change is an 
emerging global crisis (Koch et al, 2013). Soils in drylands are particularly important as 
approximately one third of the world’s population lives in drylands and they are under 
expanding pressure to provide these essential services to a growing population (Reynolds 
et al. 2007). Dryland ecosystems are among the most vulnerable to soil disturbance from 
this demand due to environmental/climatic extremes (high temperature and low 
precipitation) they are characterized by (Huang et al. 2016). As the rate of soil formation 
occurs on a geologic time scale and is dependent, in part, by moisture and biological 
activity (both limited in drylands), it is essential to prevent the loss of soils in drylands 
through strategic restoration and promoting natural recovery of soil. 

Disturbance to dryland soils may occur through a wide variety of unique and 
interrelated perturbations. For example, soils may be severely disturbed from land use 
changes such as mining, environmental changes such as climate warming and ecosystem 
regime changes such as increased wildfire frequency and severity.  Land use change such 
as mining is a direct force of disturbance to soils as it collapses the structure of soil, leads 
to a significant loss of soil carbon and nutrients and the capacity of soils to support 
vegetation (Lal et al. 2010), which are features of soil influenced by soil microbial 
activities (Oades, 1993). Restoration and re-use of soils disturbed in this way is important 
to mitigation of global soil loss, however, the outcome of restoration methods often do 
not directly consider the influence on microbial activities, which may regulate long-term 
outcomes of restoration. Additionally, environmental change such as warming can 
interact with efforts to restore the critical functions of disturbed soils. For example, 
warming may stress biological processes through increasing soil temperature and soil 
water evaporation or may enhance rates of biological processes (Maestre et al. 2015, 
Davidson & Janssens 2006). Finally, a significant source of expansive soil disturbance is 
wildfire, the natural and beneficial regime of which is being perturbed by climate change 
(Singleton et al 2019). Increasing wildfire frequency and intensity disturbs soil over a 
spatial scale that makes human-led restoration unfeasible. Therefore, enhancing our 
understanding of how soil processes naturally recover and the long-term consequences to 
the services we rely on may inform wildfire management strategies. 

The restoration of disturbed dryland soils may be benefited by an understanding 
of the response of microbial processes that play significant roles in critical soil functions 
(Sheoran et al. 2010). For example, microbial activities regulate the cycling of carbon 
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within ecosystems through excreting extracellular enzymes that decompose the carbon-
rich materials of plants (Burns & Dick, 2002). Some of the decomposition products of 
extracellular enzymes may remain in the soil and become a part of the soil carbon pool 
which contributes to soil structural development. Other decomposition products of 
extracellular enzymes are assimilated by microbes becoming a part of their microbial 
biomass or respired as carbon dioxide (CO2), which can be used for plant photosynthesis. 
These microbial activities contribute to soil formation, plant diversity and site 
productivity. However, how microbial processes interact with human-applied restoration 
strategies or how they recover naturally is not well understood, primarily because 
methods enabling the observation of microbial processes have been developed relatively 
recently. Therefore, in this study, I examine microbial responses to candidate restoration 
amendments and the influence of climate warming on microbial responses to restoration 
methods, as well as, the natural recovery of microbial processes to severe wildfires. This 
study aims to inform restoration of and management of disturbed soils as it pertains to 
microbial activities and their contributions to soil recovery. 

I first evaluated the effects of three candidate restoration amendments (surface-
applied woodchips, woodchips incorporated into the soil and biochar incorporated into 
the soil) on soil carbon dynamics and microbial activities as well as plant cover in 
experimentally disturbed soils (Appendix A). I measured soil carbon dynamics as total 
soil organic carbon (SOC; representing the pool of carbon in the soil) and dissolved 
organic carbon (DOC; representing the microbially-reactive fraction of soil carbon). I 
measured microbial activities as microbial biomass and the total potential activities of 
seven hydrolytic extracellular enzymes. I also measured soil CO2 efflux (which results 
from both microbial and plant root respiration). Finally, I measured plant cover as the 
percent of each experimental plot covered by plants. I found the most beneficial effects 
on extracellular enzyme activities and soil carbon resulted from surface-applied 
woodchips. Not only did this restoration amendment increase the soil organic carbon 
pool, which is important for soil aggregation and structure, but also increased DOC, 
which can be an important source of carbon for microbial growth and carbon cycling 
(Blankinship & Schimel, 2018). Plant cover was not significantly enhanced by the 
surface-applied woodchip amendment compared to unamended soil. This demonstrates 
the benefit of assessing microbial responses, as the beneficial aspects of the surface-
applied woodchips on soil function may be overlooked if only considering vegetation as a 
measure of restoration success. Conversely, I observed that woodchips incorporated into 
the soil increased soil CO2 efflux. The observed increase of soil CO2 efflux when 
woodchips are incorporated into soil may adversely affect the restoration of critical soil 
functions through soil C loss overtime. However, I did not observe incorporated 
woodchips to significantly influence soil carbon dynamics compared to unamended plots. 
It may be important to further evaluate this restoration amendment to understand if its 
effect is persistent overtime and how that may influence the soil carbon pool. The 
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woodchips contain a large amount of carbon that may be fairly inaccessible to microbial 
decomposition. Understanding the rate of decomposition of the woodchip materials with 
respect to the amount of soil carbon potentially lost via soil efflux should be evaluated to 
understand how this restoration amendment influences soil carbon pools. Overall, we did 
not observe biochar to significantly influence any of our measured variables relative to 
unamended soils. Results from this study provide additional understanding of the effects 
of certain restoration amendments on critical soil functions and restoration of site 
productivity in disturbed dryland soils. 

Following this study, I evaluated the interaction and longer-term effect (3-years) 
of the candidate restoration amendments and prolonged warming on the microbial 
activities (Appendix B). In addition to the measurements listed in Appendix A, I 
measured the chemical composition of the soil carbon pool. Meaning, I measured the 
relative proportion of different soil carbon molecules such a lignin (a complex structural 
molecule in plants) and amino sugars (a by-product of microbial decomposition 
activities). Examining soil carbon chemistry was implemented to better evaluate how the 
restoration amendments influenced soil carbon dynamics and the role of microbial 
activities in shaping the soil carbon pool. I found that the restoration amendments 
mediated the effect of the warming treatment. Specifically, I observed that surface-
applied woodchips buffered warming. However, when soils were effectively warmed (+1 
to 2 C), microbial activities were not significantly altered. Therefore, the influence of 
warming is unlikely to alter microbial responses to amendments. I also found the benefits 
of the surface-applied woodchips continued and that plant cover was greater relative to 
the unamended control. Together, my results may demonstrate that these beneficial 
effects of the surface-applied restoration amendment will likely continue under a warmer 
climate. Interestingly, I also observed the incorporated treatment continued to enhance 
soil CO2 efflux and that this amendment significantly increased the lignin content of soil 
carbon. Lignin is a complex carbon molecule and the decomposition of such compounds 
has been shown to decrease how efficiently microbes decompose and use the carbon 
(termed carbon use efficiency; Cortrufo et al. 2013). This decreased carbon use efficiency 
can result in greater respiration (CO2 production) relative to microbial biomass growth 
(Keiblinger et al. 2010). Again, we found biochar did not significantly influence 
microbial activities. Overall, this study highlighted important interactions between 
microbial processes and soil carbon storage and cycling in response to restoration 
amendments. A better understanding of how restoration amendments influence soil 
carbon chemistry and microbial activities in drylands can enable improved selection of 
amendment strategies that promote beneficial microbial activities. 

Finally, using a 30-year chronosequence of fire in the Rocky Mountains of 
Colorado I evaluated the degree and persistence of the effects of high severity fire 
disturbance on microbial activities (Appendix C). In this study, I also evaluated the 
relationship between extracellular enzyme activities, soil carbon dynamics and plant 
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productivity to better understand how these processes interact during natural recovery. I 
incorporated measures of plant productivity such as aboveground net primary 
productivity (ANPP) and coarse woody debris (CWD) deposition in addition to 
measuring microbial activities, soil carbon dynamics and CO2 efflux. I found that 
microbial extracellular enzyme activities were significantly reduced by high severity 
forest fires and the reduced activity persisted for over two decades following the fire. In 
unburned soils microbial extracellular enzyme activities were observed to be positively 
correlated with increasing soil organic carbon and coarse woody debris deposition. 
However, this relationship was not observed for burned soils. As extracellular enzyme 
activities can be regulated by the presence or absence of target substrate (Allison and 
Vitousek, 2005), these results may indicate microbial activity recovery from high severity 
forest fire is limited in part by soil organic carbon inputs to soil.  Overall, the results of 
this study indicate high severity fires can have persistent long-term negative effects on 
soil extracellular enzyme activities and that the recovery of vegetation and subsequent 
fresh carbon inputs to the soil from biomass debris and root exudates are likely key 
components of microbial activity recovery following fire 

Soil microbial activities play important roles in soil carbon dynamics as they can 
strongly influence and are influenced by soil carbon content, an important component of 
healthy soils. Taken together, this research (Appendices A-C) demonstrates that 
evaluating microbial responses to restoration or recovery of soils may contribute to our 
understanding of the success of restoration activities and the trajectory of natural 
recovery of disturbed dryland soils. 
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CHAPTER 2: CONCLUSION 
 

This research evaluated how soil microbial community activities respond to 
restoration amendments aimed at rehabilitating native soils following disturbance such as 
mining as well as the natural recovery of microbial activities following severe wildfires 
in dryland ecosystems. The results presented here demonstrate the sensitivity of microbial 
extracellular enzyme activities to restoration practices and wildfires, specifically in 
regard to how these disturbances alter soil microbial resources and subsequent microbial 
C and N cycling activities that can feedback to plant dynamics. Appendices A and B 
demonstrate that woodchips applied at the soil surface will influence microbial activities 
and C cycling differently than when the woodchips are incorporated into the soil with 
significant influence on soil CO2 efflux versus soil C content. For example, incorporating 
woodchips resulted in enhanced soil CO2 efflux and decreased plant productivity. 
Therefore, the incorporated amendment may stimulate microbial respiration and soil C 
loss. Conversely, surface-applied woodchips resulted in positive effects on extracellular 
enzyme activities and soil carbon content in soil, overall benefitting long-term soil 
development through accumulation of soil C. Furthermore, Appendix B demonstrates the 
insensitivity of extracellular enzyme activities to moderate (approximately 2 °C) warming 
indicating that observed responses to restoration amendments will not be significantly 
influenced by climate warming. Finally, in natural recovery following wildfires, 
microbial activities were shown to still be significantly reduced by fire for over 20 years, 
coinciding with the prolonged resource limitation. Together, these results demonstrate the 
sensitivity of microbial activities to resources and how restoration activities or 
disturbance can alter the resource landscape and subsequently influence microbial C and 
nutrient cycling activities on a large scale and over a prolonged period of time. In 
conclusion, this research highlights the role of microbial activities in ecosystems 
recovering from disturbance. Furthermore, this research demonstrates that incorporating 
microbial responses into our understanding of soil restoration can inform the planning 
and implementation of restoration activities that improve soil recovery in drylands. 
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ABSTRACT 
 

Restoration presents a global challenge in drylands (arid and semi-arid 
ecosystems) where uses can range from exclusive conservation to open-pit mining and 
restoration practices are constrained by scarce, unpredictable precipitation and high 
ambient temperatures. Adding woodchip amendments to soils is a common strategy for 
mitigating soil degradation as amendments may enhance soil carbon and increase plant 
cover. We assessed the effect of surface or incorporated woodchip addition and 
incorporated wood-derived biochar on soil carbon dynamics and microbial activities as 
well as plant cover in semiarid soils that had been removed and replaced. We found that 
woodchips at the soil surface increased organic carbon (SOC), and both surface and 
incorporated woodchips increased the dissolved organic carbon (DOC) content. The 
incorporation of woodchips inhibited plant cover yet increased soil CO2 efflux and 
dissolved organic matter stoichiometry. Surface woodchips also significantly enhanced 
microbial activities but not plant cover. A significant amount of the soil efflux in 
response to incorporating woodchips was explained by plant cover and exoenzyme 
activities, but this was not the case for other amendment treatments. Biochar, thought to 
be more resistant to decomposition, neither stimulated nor reduced microbial activities or 
plant cover and did not influence SOC or DOC. Our findings demonstrate that the 
influence of woodchip amendments on microbial processes and soil carbon dynamics 
depends on the location of application and that coarse fast-pyrolysis biochar has limited 
influence on soil processes over a 22-month study in a water-limited ecosystem. 
 
KEYWORDS  
soil management; revegetation; soil respiration; exoenzyme and extracellular enzyme 
activities; drylands; Sonoran Desert 

 
IMPLICATIONS FOR PRACTICE 

● A thin surface application of woodchips is recommended because this treatment 
supported establishment of plant cover as well as increased soil organic and 
dissolved carbon which may lead to soil carbon storage.   

● Incorporating biochar into the soil did not greatly benefit reestablishment of plant 
cover in degraded semiarid soils although it did store carbon in the sense that 
obdurate carbon got buried on the site.  

● Incorporating woodchips into degraded soils is not recommended because it 
suppressed plant cover.  
 

INTRODUCTION 
Restoration of degraded soils in drylands (arid and semi-arid ecosystems) is 

challenged by scarce, unpredictable precipitation and high ambient temperatures 
(Reynolds et al. 2007).  Organic amendments such as coarse woodchips or biochar have 
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been used to aid in re-establishing vegetative cover and rooting systems by improving 
soil moisture dynamics (Benigno et al. 2013 & Breton et al. 2016) or nutrient holding 
capacity in degraded soils (Glaser et al. 2001). Amendments may also sequester soil 
carbon (C) by benefiting soil biological activities that influence soil C stocks and fluxes 
(Masciandaro et al. 2004; Biederman & Whisenant 2011; Lopez et al. 2014; Scotti et al. 
2015); outcomes that have historically been a minor focus of restoration efforts. 
Quantifying the influence of amendments on soil quality indicators such as organic 
carbon and soil nutrients, in combination with microbial activities, may identify strategies 
that enhance the potential for revegetation, soil reconstruction and soil C storage (An et 
al. 2012 & Muñoz-Rojas et al. 2016).  

Amending soils with woodchips or biochar can be cost effective and feasible to 
implement on a large scale. Wood waste from thinning and invasive plant management 
can produce excess materials (Tahboub et al. 2008; Biederman & Whisenant 2011) that 
are an ideal and local source of woodchips. While excess wood is often burned as an 
economic means of disposal, instead, an incomplete pyrolysis produces biochar that can 
have benefits to plant growth and soil physical and biological properties (Shrestha et al. 
2010). Thanks to a growing body of research demonstrating the potential for woodchips 
and biochar amendments to improve soil physical properties and revegetation success 
(Sanborn et al. 2004; Lehmann et al. 2006), using these materials for dryland restoration 
may have an added benefit as a much-needed avenue for managing these waste streams. 

The type and placement of amendments, at the soil surface or incorporated into 
soil, can differentially influence soil properties and soil carbon and nitrogen (N) cycling 
(Biederman & Whisenant 2011; Prober et al. 2014). For example, amendments applied to 
the soil surface have been used to reduce soil erosion, increase plant recruitment, and 
increase soil nutrient availability (Chalker-Scott 2007; Biederman & Harpole 2013). 
Alternatively, incorporating woodchips into the soil has been shown to increase soil 
moisture and plant growth rates (Benigno et al. 2013), however, it has also been shown to 
enhance soil drainage which can potentially result in low plant-available water or N 
(Gebhardt et al. 2017). Meanwhile, biochar applications have been shown to increase soil 
C and reduce nutrient leaching (Biederman & Harpole 2013). The chemical nature of 
biochar is resistant to microbial degradation, with greater adsorption and slower release 
of nutrients resulting in longer-term effects compared to un-pyrolyzed wood (Lehmann & 
Joseph, 2015). However, these attributes are highly dependent on production conditions 
(pyrolysis temperatures, particle size, source material (Wang 2016; Zimmerman 2009), 
adding to the necessity of continued experimentation using a variety of biochar types. 
Monitoring changes in vegetation as well as soil biogeochemical indicators (e.g., soil C, 
soil N, soil organic content) in response to different types and locations of amendments is 
useful in assessing their direct influence on soils (Mayor et al. 2013). However, these 
indicators interact with and are mediated by microbes (Jastrow et al. 2006; Lange et al. 
2015; Mbuthia et al. 2015). Therefore, understanding changes in microbial metabolism, 
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biomass and function in response to different types and locations of amendments may 
provide additional insight into the long-term efficacy of these soil management practices 
(Muñoz-Rojas et al. 2016). 

While woodchip and biochar amendments physically add C macromolecules to 
the soil subsurface (e.g., lignin, cellulose and other polysaccharides) these amendments 
may have the additional benefit of potentially stabilizing soil C via microbial metabolic 
processes and soil mineral interactions (conceptually referred to as the microbial carbon 
pump; Liang et al. 2017). Kallenbach et al. (2016) demonstrated that organic molecules 
of microbial origin resulting from the decomposition of dissolved organic matter (DOM) 
can be relatively more stable compared to untransformed plant-derived molecules. These 
microbial molecules can thus significantly contribute to C stabilization in mineral soils 
(Kalbitz & Kaiser 2008; Liang et al. 2017). Consequently, the physical addition of plant-
derived C in the form of charred and uncharred wood amendments may provide a slow 
release feed-stock to the microbial carbon pump, which may sustain production of 
microbial-derived soil C. Research in temperate ecosystems has shown that DOM-
derived C can represent up to 50% of total soil C (Kalbitz & Kaiser 2008), yet studies 
that examine these dynamics in water-limited ecosystems are rarer. Although the large 
soil-volume ratio of the woodchips and biochar may be an impediment to decomposition 
(Biederman & Whisenant 2011), incorporating woodchips into the surface soil increases 
surface area in contact with the decomposer community, which can stimulate dissolved 
organic carbon (DOC) production (Kalbitz & Kaiser 2008) and biogeochemical activity 
(Hewins et al. 2017). 
 The objective of this study was to assess how woodchip and biochar amendments 
influence soil C dynamics, microbial activities, and revegetation with a focus on semiarid 
soils degraded through the surface being removed and replaced. We hypothesized that 
surface applied woodchips would enhance plant cover by improving soil moisture but not 
influence soil biogeochemistry. We hypothesized that incorporating amendments would 
change physical soil structure creating soil microenvironments that enable microbial 
activities, biomass growth and enhance nutrient cycling, thus improving plant cover 
compared to non-amended soils. We expected that biochar would initially dampen 
microbial activities due to its high reactive surface area and ability to adsorb soil 
nutrients, and that beneficial effects on soil carbon may not be resolved in the short 
duration of this analysis. Given that soil efflux is the sum of plant root respiration and 
heterotrophic microbial respiration, we expect that the relationships of these three 
variables will represent plant-microbe interactions in response to soil amendments. We 
expected that responses to treatments would likely only be observable following 
monsoon events since water limitation periodically inhibits microbial activities in semi-
arid climates; therefore, we sampled soils following the two monsoon seasons in the 
Sonoran Desert. 
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METHODS 
 
Research site  

The study was conducted in Tucson, Arizona at the Campus Agricultural Center 
of the University of Arizona (32°16’51.63”N, 110°56’11.34”W, at an elevation of 713 
m.a.s.l.). The long-term mean, minimum and maximum annual temperatures are 20.7, 
11.8 and 29.7 °C and mean annual precipitation (MAP) is 305 mm (The Arizona 
Meteorological Network). Field plots were established in June of 2013. 
 
Experimental design  

This study is part of a long-term experiment designed to test the potential of 
woody amendments to aid in the restoration of vegetation and biogeochemical cycling in 
heavily disturbed soils. The soils used in this study are common to an area intended for 
proposed copper mining activities, which will excavate soils on a large scale, destroying 
soil horizons and structure, and stockpile soil for future use in restoration. The two soils 
used in this study are classified as an Ustic Haplargid and Aridic Calciustoll (Hathaway 
and Chiricahua soil series, respectively; Soil Survey Staff, 2014). To mimic this potential 
disturbance, soils were excavated mechanically using a small font-end loader to a depth 
of approximately 1.5-m below the surface. Soils were mixed separately to homogenize 
soil horizons and remove soil structure and transported to the CAC where replicate field 
plots were established in June 2013. Both soils were sandy loam in texture (Hathway soil 
series consisted of 59.7% sand, 30.9% silt and 9.4% clay, while the Chiricahua series 
consisted of 69.1% sand, 24.4% silt, 6.4% clay), however they differed in rock fragment 
content, pH and KCl extractable NH4 and NO3 (Table S1; Rasmussen et al. 2015). Soils 
were filled into excavated field plots (approximately 1 x 1 m and 30 cm depth) lined with 
porous geotextile fabric, which enabled water to drain but inhibited the mixing of the 
experimental soil with the surrounding native soil. 

Each of the two soil types received one of three treatments: woodchips added to 
the plot surface (surface), woodchips incorporated in the soil, or biochar incorporated into 
the soil. The woodchips and biochar were incorporated into soils using a cement mixer 
prior to placing the homogenized soil-amendment mix into the field plots. Control plots 
were established as described above but without addition of an amendment. Each 
treatment was replicated four times for each soil type resulting in a total of 32 plots. 
Woodchips from Juniperus monoserma (Cupressaceae) were created from trees growing 
on the site where soil was collected. The source material from the site of disturbance 
replicates a real future scenario where the destruction of the area would create an excess 
of usable woody material. Green trees were chipped and applied to plots in June 2013 
with a Vermeer BC600XL 6-inch Brush chipper (Pella, Iowa, U.S.A). The particle sizes 
of the chips varied from course sawdust to fragments about 7.5 x 1.5 cm, with particles 
predominantly less than 1 cm in size. A detailed description of woodchip particle size is 
described by Fehmi et al. (in review). Woodchips (C:N = 138:1, Table S2) were added to 
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the surface treatment to cover approximately 80% of the soil surface. The ratio of 
incorporated woodchips or biochar to soil was 4% by weight. At the time of application, 
the un-charred woodchips were approximately 10.5% water by weight compared to 
woodchips air dried at ambient temperature for 6 months (see table S3). Biochar used in 
the experiment (C = 69.2;% Aromaticity index = 211.64, Table S2) was produced from 
fast-pyrolysis of a mixture of hardwood tree species from the northeastern United States 
at temperatures between 450-600°C, with a coarse size of less than 1 cm up to 2.5 cm 
(Charcoal House LLC, Crawford, New England, U.S.A). Producing biochar on a large 
scale is expensive and requires special equipment, therefore, the source and type of 
biochar used represents what is economically and commercially available in the 
quantities necessary for large-scale land application.  

Experimental plots were seeded with a mixture of 10 different native species 
(Bouteloua curtipendula, Leptochloa dubia, Hilaria belangeri, Digitaria californica, 
Eragrostis intermedia, Bouteloua gracilis, Eschscholzia californica ssp. Mexicana, 
Baileya multiradiata, Calliandra eriophylla, and Elymus elymoides). Seeds were 
purchased from a commercial seed vendor and visually sorted to exclude damaged or 
broken seed. Seeds were surface broadcast by hand across all treatments. The surface 
woodchip treatment was applied after seeding.  

Initial total C and N were measured for woodchip and biochar materials and 
Chiricahua and Hathaway soils on a continuous-flow gas-ratio mass spectrometer 
(Finnigan Delta PlusXL, Thermo Fisher Scientific, U.S.A) coupled to an elemental 
analyzer (Costech Analytical Technologies, Inc., Valencia, California, U.S.A). Samples 
were combusted in the elemental analyzer. Soil electrical conductivity was measured in a 
1:1 and pH 3:1 soil:water mixture. Ammonia and nitrate for soils were determined using 
1-M KCl extractions following Hart et al. (1994). The biochar Benzene polycarboxylic 
Acid (BPCA) analysis was determined using a nitric acid digestion followed by 
purification for chromatographic analysis as in Wiedemeier et al. (2016).    

 
Soil and vegetation sampling and processing 

The Sonoran Desert receives the largest proportion of its precipitation during the 
summer monsoons (Crimmins 2006).  Soils for biogeochemical and microbial analyses 
were collected from all 32 plots (n = 4 per treatment) in November 2014 following the 
end of summer monsoons (approximately June-September; Fig. S1) and in April 2015 
following the end of the winter rainy season (Fig. S1; approximately November-March). 
Soils were collected from the top 5 cm of each plot and stored on ice until they were 
transported to the laboratory, sieved at 2 mm to remove rock, woodchip and biochar 
fragments, and stored at 20°C until analysis of soil properties and microbial activities 
(Hewins et al. 2016). Subsamples from each plot were used to determine pH, gravimetric 
water content (GWC), and soil carbon content. Soil pH was measured with 5 g of soil 
mixed with 10 ml deionized water (sympHony Model SB20, VWR International, Radnor, 
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Pennsylvania, U.S.A; Hendershot & Duquette, 1993). Soils were shaken for 15 minutes 
and allowed to settle for 30 minutes before the measurement was taken. Percent moisture 
content was determined by weighing 5 g of field moist soils prior to drying for 48 hr at 
70°C. Soil organic matter (SOM) was quantified as loss on ignition (LOI) using 5 g oven 
dried soils that were transferred to a furnace for combustion for 5 hr at 500°C (Heiri et al. 
2001). Soil organic carbon (SOC) was determined from LOI SOM using the conversion 
equation (SOC=aT x (LOI – bT x C) proposed by Hoogsteen et al. (2015), which accounts 
for ignition temperature and structural water loss from clays. Briefly, aT = an SOM to 
SOC conversion factor for a given ignition temperature, LOI = is the mass loss of SOM 
(%), bT = a clay correction factor for a given ignition temperature, and C= the clay 
content of the soil. The LOI method was used to determine relative differences between 
treatments and we recognize this method may not accurately determined absolute SOM 
based on ignition temperature and duration (Hoogsteen et al. 2015).   

Percent plant cover or percentage of soil covered by any part of the plant was 
determined by image analysis. Images were converted to black and white (binary 
values 0 and 255) where soil was forced to white and vegetation to black. The ratio of 
black to white pixels were calculated for each plot. Images were processed using GNU 
Image Manipulation Program (GIMP, version 2.0) and ImageJ (version 1.49). 

 
Microbial biomass, organic C and exoenzymes 

Microbial biomass, dissolved organic C (DOC), and total dissolved N (TDN) 
were determined using a modified chloroform-fumigation extraction method (Vance et al. 
1987), with deionized H2O as the extractant (Haney et al. 2001). In addition to sieving 
soils to 2 mm, plant seeds, roots and wood fragments smaller than 2 mm were removed 
with tweezers from two subsamples of 5 g each. One subsample was fumigated with 2 ml 
of chloroform and incubated at room temperature for 24 hr. Both subsamples then 
received 25 ml dH2O before agitation on a shaker at 200 rpm for 1 hr. Extracts were 
filtered through carbon-free glass fiber filters (Whatman GF/C). Extracts were analyzed 
using a Shimadzu TOC-5000A equipped with a total dissolved nitrogen module 
(Shimadzu Scientific Instruments, Inc., Columbia, Maryland, U.S.A). The term DOC is 
commonly used to describe two distinct forms of dissolved organics: 1) the total water 
extractable organic carbon (WEOC) produced from laboratory extractions, or 2) the 
extant DOC existing in the liquid phase of a soil located in in-situ macro and micropores 
also referred to as DOC (Li et al. 2018). This overlap in usage of the term can create 
confusion and inhibit comparison of water extractable organic carbon dynamics across 
studies. In the present study we refer to laboratory extracted dissolved material as DOC 
or TDN for carbon or nitrogen, respectively.  

Hydrolytic exoenzyme assays were performed for all plots and all collection dates 
(Table S4). Soils were analyzed for the total potential activities of seven hydrolytic 
exoenzymes using the 96-well plate fluorometric technique (Saiya-Cork et al. 2002). 
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Soils were grouped pH and assayed with pH buffers according to their respective in-situ 
soil pH. In parallel with sample analysis, linear standard curves were created with known 
substrate concentrations and were used to determine potential exoenzyme activities as 
nM g-dry soil-1 h-1. A geometric mean enzyme activity (GMEA) was calculated using all 
seven activities for each sample following Chen et al (2019). The GMEA integrates the 
seven exoenzyme activity variables into a single summary variable for soil exoenzyme 
activities. 

 
Soil CO2 efflux 

Soil efflux, a proxy for the respiration of autotrophic and heterotrophic organisms 
in soil, is defined as the efflux of CO2 from a known area of soil per unit time. Soil efflux 
was measured in the field during each sampling event using an infra-red gas analyzer 
(IRGA) with a 9.55 cm soil CO2 flux chamber (LI-6400-09, LiCor Inc., Lincoln, 
Nebraska, U.S.A). To ensure that all soil efflux measurements were made under the same 
environmental conditions, we minimized the duration of sampling to four hours during 
midday by using three LI-6400 machines at each sampling event. To avoid instrument 
bias, we measured each treatment with each IRGA, rotating through treatments 
throughout each sampling day. Soil efflux was measured by connecting the soil chamber 
(LI-6400-09) to permanently installed PVC collars which were installed at least two 
weeks prior to the first IRGA measurement and remained in place throughout the study. 
To avoid disturbing the soil near the collars, soil sampling occurred at least 20 cm from 
any PVC collar. Any vegetation growing within the collars were cut at the soil surface no 
less than 24 hours before soil efflux measurements were taken. Efflux measurements 
were made by reducing CO2 in the chamber to between 5 and 10 ppm below ambient CO2 
conditions and recording the rate of CO2 build-up in the chamber to 5 to 10 ppm above 
ambient CO2 using the infra-red gas analyzer. For each plot this was replicated three 
times and averaged for each plot.  
 
Statistics  

Data were transformed to approximate normality using a natural log 
transformation with the exception of plant cover, which was square-root transformed, and 
DOC, TDN and P-EE, which were transformed by 𝜆 values estimated using Tukey’s 
Ladder of Powers (𝜆 = -0.2, 0.075 & 0.175, respectively). Untransformed data and means 
were used in figures and reported in the text to make interpretations straightforward. 
Multivariate Analysis of Variance (MANOVA) was used to determine differences among 
amendment treatments, soil types and sample dates for plant cover, soil efflux, MBC, C, 
N and P exoenzymes, SOC, DOC, TDN and DOC:TDN (Table S5 and S6). Univariate 
analysis of variance (ANOVA) was conducted based on significant MANOVA results to 
determine differences between amendment treatments and the control. Post hoc Tukey’s 
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Honest Significant Differences tests were run to report pair-wise comparisons. A single 
outlier was removed from MBC (>2000 mg/g).  

Principal component analyses (PCA) was performed on the response variables 
(gravimetric water content, soil pH, Plant Cover, Soil Efflux, SOC, DOC, C-EE, N-EE, 
MBC, DOC:TDN). PCA was used to determine the differences between amendment 
treatments and relationships among the observed variables across both soil types and 
sample dates. Only complete observations were used to calculate the PCA. Values were 
centered and scaled within the PCA. The PCA loadings were used to generate the biplot. 
See Supplemental Table S8 for summary results. 

Correlation analyses were carried out with the Pearson’s correlation method for 
the full dataset as well as for soil efflux, total plant cover and GMEA within individual 
amendment treatments across both soil types and sample dates. Significance of 
correlations were adjusted for multiple comparisons using the Benjamini and Hochberg 
false discovery rate method (Benjamini & Yekutieli 2001).  Statistical analyses were 
performed in R: Language for Statistical Computing (version 3.5.1) and R Studio 
(Version 1.0.143; R Core Team 2018, r-project.org).  

 
RESULTS  
 
Seasonal influences of plant and microbial responses  

The magnitude of the monsoon significantly influenced plant cover, soil efflux 
and microbial exoenzyme activities as well as DOC and TDN, but not SOC (Figs. 1 & 2). 
Both plant cover and soil CO2 efflux were higher following the larger summer monsoon 
season (November 2014; Fig. S1) compared to the relatively smaller winter rainy season 
(49.5 r 5.1 versus 11.1 r 2.5% for plant cover in November 2014 versus April 2015, 
respectively and 1.87 r 0.19 versus 0.56 r 0.40% for soil efflux in November 2014 
versus April 2015, respectively). Dissolved organic carbon, TDN and the DOC to TDN 
ratio (DOC:TDN) were higher following the winter rains in April 2015 (4.45 r 0.65 
versus 23.5 r 6.3% for DOC, 0.55 r 0.07 versus 1.0 r 0.20% for TDN, and 11.42 r 2.5 
versus 27.62 r 6.9% for DOC:TDN, for November 2014 versus April 2015 respectively). 
Carbon-EE, N-EE and P-EE activities were significantly higher following the wetter 
summer monsoon season compared to the winter rainy season (137.58 r 16.12 versus 
44.70 r 3.67 for CEE, 124.21 r 9.85 versus 51.05 r 4.45 for NEE, and 83.43 r 12.86 
versus 29.04 r 3.61 for PEE for November 2014 versus April 2015, respectively, Tables 
S6 & S7).  

 
Soil Type influences N and P exoenzyme activities but not plant cover or soil C 

The two different soil types (Table S2) did not significantly influence plant cover, 
soil efflux, SOC, DOC or DOC:TDN (p = 0.31; Table S5). Soil type was a significant 
factor for N and P exoenzyme activities (Fig. 2c & 2d; Fig. S2). Nitrogen-EE and P-EE 
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activities in Chiricahua soil were significantly higher than activities in Hathaway soil 
(151.54 r 14.8 and 96.88 r 9.07 for NEE, and 125.77 r 20.14 and 41.09 r 6.25 for PEE 
for Chiricahua and Hathaway soil, respectively). 
 
Positive, neutral, and negative effects of amendments 

Amendment type influenced plant cover, soil efflux, SOC, DOC and DOC:TDN 
in November 2014. Incorporated woodchips reduced plant cover by 31% and 
significantly increased soil efflux by 246% compared to the unamended control (Fig. 1a 
& 1b; Table S5). Soil organic carbon was significantly greater when woodchips were 
applied to the soil surface compared to the unamended control (Fig. 1c; Table S5). 
Dissolved organic carbon was significantly greater in the incorporated and surface 
woodchip treatment compared to unamended controls (Fig. 1d; Table S5). The 
amendment treatments did not influence TDN (Fig. 1e; Table S5), however, DOC:TDN 
was only significantly greater when woodchips were incorporated into the soil compared 
to the unamended control (Fig. 1f; Table S5). Amendment type did not significantly 
influence C and N exoenzyme activities compared to the unamended control (Fig. 2b & 
2c; Table S6 & S7). While sample date was significant, significant treatment effects were 
not present in April 2015 (p=0.7; Fig. 1 & Fig. S3). An amendment by date interaction 
was present, but not for differences between sample date paired by amendment type 
(Table S5 & S6).  

The PCA reduced 13 variables to two factors that accounted for 52.5% of the 
variance (Fig. 3). The loadings for PCA 1 were highest for N-EE, GMEA, Plant Cover, 
C-EE and P-EE (loading values 0.40, 0.40, 0.35. 0.34 and 0.34, respectively; Table S8), 
while the loadings for PCA 2 were highest for DOC, MBC and DOC:TDN (loading 
values 0.53, 0.47 and 0.44, respectively; Table S8). There was no discrete separation 
among amendment treatments along PCA 1, however PCA 2 demonstrated a separation 
between surface and incorporated woodchips and the biochar and control treatments (Fig. 
3).  

The Pearson’s linear Correlation Coefficient was calculated between all 
combinations of the variables (Table 1). Across all amendments, soil types, and sample 
dates, soil efflux was most positively correlated with C, N and P exoenzyme activities as 
well as the geometric mean of all exoenzyme activities. Soil efflux was also significantly 
correlated with plant cover, soil pH and GWC. Carbon, N and P exoenzyme activities 
were significantly positively correlated to each other as well as plant cover and GWC. 
Carbon exoenzyme activities were also negatively correlated with soil pH. Nitrogen and 
P exoenzyme activities were negatively correlated with DOC. The geometric mean of all 
exoenzyme activities was positively correlated with plant cover and GWC and negatively 
with DOC and soil pH . The DOC:TDN ratio was negatively correlated with plant cover 
and GWC, while positively correlated with DOC. In addition to the above, plant cover 
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was also negatively correlated with DOC and GWC, but positively correlated with soil 
pH.  

Correlations conducted within amendment treatments demonstrated that these 
relationships between environmental and biological variables were influenced by and 
subsequently changed in response to amendment (Table S9-S12). In particular, the 
relationships between soil efflux and plant cover were not significant in unamended 
control or surface applied woodchip plots, but significantly positively correlated when 
woodchips or biochar were incorporated into the soil. Furthermore, soil efflux and 
GMEA were not significantly correlated in unamended control and incorporated biochar 
plots. However, there was a significant positive relationship between soil efflux and 
GMEA for both surface-applied and incorporated woodchip amendments.  

Univariate linear regression demonstrated that in unamended control plots, neither 
plant cover nor GMEA explain the variation observed in soil efflux (Fig. 4a). However, 
GMEA was a significant predictor of soil efflux in surface amended plots (Fig. 4b). Both 
plant cover and GMEA were significant predictors of soil efflux in incorporated 
woodchip plots and only plant cover was a significant predictor of soil efflux in 
incorporated biochar plots (Fig. 4c & d). Multiple linear regression analysis was used to 
better understand the predictive power and relative importance of plant cover and 
exoenzyme activities on observed soil efflux (Table 2). Within each amendment 
treatment, plant cover and GMEA were used to explain the variance observed in soil 
efflux. The model was significant for the surface woodchip, incorporated woodchip and 
incorporated biochar amendment, but not significant for the unamended controls (Table 
2). A greater proportion of explained variance was attributed to plant cover for the 
surface woodchip and incorporated biochar treatment. Conversely, GMEA had relatively 
greater importance in predicting soil efflux when woodchips were incorporated. 
 
DISCUSSION 

Long-term restoration strategies require an understanding of the complexity and 
variability of plant–soil interactions (Eviner & Hawkes 2008). This field experiment was 
designed to test the responses and interactions of native plant establishment, soil C, N and 
efflux, along with microbial exoenzyme activities and biomass to woody amendments in 
a semiarid grassland. We measured biological activities following seasonal precipitation 
events to capture their responses to pulse-driven moisture availability (Jenerette et al. 
2008). As we expected, we found that plant cover, soil efflux and microbial biomass and 
exoenzyme activities were the most responsive to the larger pulse event of the summer 
monsoons. Conversely, dissolved soil C and N contents were insensitive to the 
differences between seasonal precipitation events and instead accumulated overtime. The 
relative accumulation in C was greater than N resulting in higher DOC:TDN over time, 
which is discussed further below.  
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We tested two predominate soil types in our study area to aid in the generalization 
of this work and applicability to other semiarid ecosystems. Only microbial N and P 
exoenzyme activities were sensitive to soil type, with less activity in Hathaway soil that 
may be explained by significantly greater drying in Hathaway compared to Chiricahua 
soils (Rasmussen et al. 2015). Given that exoenzymes are active in water-films on soil 
particles, greater soil drying in the Hathaway soils likely limits exoenzyme activities. 

We found positive, neutral, and negative effects of amendments on plant cover 
and microbial activities based on amendment type (woodchip or biochar) and its location 
on the soil surface or incorporated into soil. The surface application of woodchips to soil 
resulted in the greatest increase in microbial activities (C and N-EE) and SOC; however, 
it did not significantly aid revegetation compared to non-amended controls. Incorporating 
woodchips suppressed vegetation and stimulated soil carbon loss via heterotrophic soil 
efflux while also enhancing production of DOC. Biochar had an overall neutral effect on 
plant cover, microbial activities, and soil carbon over the 22 months of this field study. In 
general, the application of woody amendments was found to leave a signal in soils via 
dissolved organic matter contents and stoichiometry as well as in microbial biomass C, 
which distinguished the soils with woody amendments from those with incorporated 
biochar or no amendment. 

 
Implications for Revegetation 

While woodchips were expected to enhance plant establishment by regulating soil 
moisture availability (Lakatos et al. 2000; Hueso-González et al. 2014; Hueso-González 
et al. 2018), surface applied woodchips had neutral effects on plant cover and 
incorporating woodchips significantly reduced plant cover. The decrease in plant cover in 
the incorporated woodchip treatment suggests that application location is a significant 
factor when reseeding disturbed soils. This negative effect of incorporated woodchips on 
plant cover is corroborated by growth chamber and greenhouse experiments using the 
same soil types and plant species (Gebhardt et al. 2017; Fehmi et al. this issue). 
Gravimetric water content in surface woodchip or incorporated woodchip soils was not 
significantly different from control plots in either this field study or a greenhouse study 
(Fig. S4; Fehmi et al. this issue) and therefore soil moisture cannot account for the 
treatment differences in plant cover. Additionally, neither the surface nor the 
incorporated woodchip treatments promoted plant cover following the smaller winter 
rains, which would have been expected if woodchip application buffered against soil 
moisture loss as has been observed in other studies (Hatfield et al. 2001; dos Santos et al. 
2010). 

Biochar did not increase plant cover and we did not observe changes in soil water 
content. These results are in contrast to results from agriculture and greenhouse 
experiments using similar biochar and pyrolytic conditions (Blackwell et al. 2010; Lentz 
& Ippolito 2012). While Gebhardt el al. (2017) and Fehmi et al. (this issue) both found 
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increased soil water content in biochar-amended soils, plant biomass was not 
significantly different than the non-amended control treatment. There is evidence from 
other studies that lignin-rich woody biochar may result in nutrient limitation surpassing 
water availability as a more regulating factor controlling plant growth (reviewed in Gul et 
al. 2015). For example, microbial communities relying on substrate with a greater than 
25:1 ratio of C:N, which is the case in this experiment (138:1 and 69:0 for woodchip and 
biochar amendments, respectively), assimilate inorganic N to meet their metabolic needs, 
immobilizing soil N, and thus making it unavailable to plants (Booth et al. 2005, 
Gebhardt et al. 2017). Furthermore, biochar itself has a high cation exchange capacity 
and may adsorb inorganic nutrient cations (Gundale & DeLuca 2006). Therefore, both 
nutrient and soil moisture availability must be considered when interpreting plant 
responses to biochar amendments. 

We expected amendments would have indirect benefits to plant establishment and 
growth, however, we found the opposite. At best, the amendments had no effect on plant 
cover. Incorporating woodchips had an adverse effect and seemingly inhibited initial 
plant growth resulting in low plant cover. We expected that effects of biochar might not 
be resolved over the duration of the current analysis, however, given unfavorable 
moisture dynamics to stimulate biotic or abiotic oxidation, biochar may continue to have 
a neutral effect on plant cover. Regardless, these amendments alone are not a 
recommended practice for restoration efforts aimed at promoting plant cover quickly.  

 
Implications for Soil C 

An overall divergence between the woodchip treatments (surface and 
incorporated) and control and incorporated biochar was driven by DOC, MBC and the 
DOC:TDN ratio. This suggests that regardless of application location, woodchips 
influence soil C dynamics and microbial growth similarly. However, the observed 
increase in soil efflux in the incorporated woodchip treatment combined with low plant 
growth not similarly observed in the surface treatment suggests that application location 
is a significant factor for biological processes. Similar results regarding the importance of 
amendment location on microbial responses have been observed in arid ecosystems 
(Biederman & Whisenant 2011; Li et al. 2018). Further analysis is required to better 
understand which pool of soil C is being used by the microbial community and released 
from the soil; the woodchip C or pre-existing soil C. As well as to better understand, what 
this would mean for the long-term consequences for soil C if the pattern of high soil 
efflux and low plant cover, reducing the plant-pump of chemically diverse C into soil, 
continues. 

Soil organic C was greater in the surface woodchip treatment and soil DOC was 
greater in both surface and incorporated woodchip amendments compared to controls. 
Woody debris and amendments can be a significant source of soil DOC (Hafner et al. 
2005), which is composed of mobile, microbially available and chemically complex C 
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substrates produced by leaching of plant biomass and root exudates as well as microbial 
activities (McDowell & Likens 1988; Christ & David 1996; Dakora & Phillips 2002; 
Blankinship & Schimel 2018). Therefore, surface-applied woodchips can be a direct 
source of soil C. In our study, C and N-acquiring exoenzyme activities also increased 
with surface woodchips, which may have been in response to, or physically contributed 
to, the observed increases in DOC. In contrast, incorporating woodchips into soil did not 
significantly enhance SOC, however soil DOC increased, which subsequently increased 
the DOC:TDN ratio. This shift in dissolved organic matter stoichiometry may signal N-
limitation or lack of N substrate and thus limited production of exoenzymes (e.g., Allison 
& Vitousek 2005) resulting in the observed low activities. These differences between 
surface and incorporated amendments may have also been influenced by plant cover, 
which was significantly lower in incorporated woodchip plots. Plant roots are a source of 
soil nutrients, and the reduced vegetation when woodchips were incorporated may also 
contribute to the observed DOC:TDN dynamics. Conversely, the presence of vegetation 
in the surface-applied woodchip treatment may contribute to the enhanced exoenzyme 
activities. 

Biochar is commonly used to enhance nutrients and sequester C in soils 
(Lehmann et al. 2006; Xu et al. 2013), though its effects on microbial activities and soil 
biogeochemistry are highly variable and dependent on regional factors, biochar type, and 
addition rate (Wang et al. 2015). After 22 months of field conditions in semi-arid 
ecosystem soils, biochar had no significant effects on soil efflux, DOC, TDN, microbial 
biomass C, or exoenzyme activities. Similarly, Sun et al. (2014) found that soil efflux and 
exoenzyme activities were not influenced by woody biochar additions after one year of 
experimental treatment. It is possible that the duration of these studies might not have 
been sufficient to observe the effects of biochar given its slow decomposition rate 
(Steinbeiss et al. 2009), which is likely exacerbated by water limitation in semi-arid 
ecosystems. Alternatively, or additively, the size of the char may have inhibited microbial 
interactions. The biochar used in this experiment ranged in sizes on the centimeter scale, 
which limits available sorption sites and surface area for microbial colonization and 
activities. However, pulverization of biochar materials may not always be feasible, 
therefore it is important to understand further how larger particle size biochar positively 
or negatively affect soil microbial communities, and in turn, how they interact with 
biochar. 

Through adding coarse woody and biochar amendments a significant amount of 
carbon was input directly to soils where materials decompose slowly given low and only 
seasonally available moisture. Further analysis over time is required to better understand 
the decomposition rate of these materials and their influence on long-term soil C stocks.  
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Soil efflux and plant-microbe interactions in response to amendments 
Incorporated woodchips inhibited plant cover yet promoted the greatest soil efflux of all 
the treatments. Soil CO2 efflux is the combined respiration produced by plant roots and 
heterotrophic microbes. Therefore, changes or lack-thereof, in one or both microbial and 
plant activities paired with soil CO2 efflux observations provides insight into their 
interactions. Microbial biomass C was not influenced by incorporating woodchips and 
therefore microbial growth is unlikely to account for observed increased soil efflux.  

While soil efflux was overall positively correlated with plant cover and 
exoenzyme activities, the amendment treatments influenced the relationship between soil 
efflux, plant cover and microbial activities. Notably, in the unamended control plots, soil 
efflux was not dependent on plant cover or microbial activities. Conversely, when surface 
woodchips were added to the plots soil efflux was significantly positively correlated to 
exoenzyme activities. Furthermore, when woodchips were incorporated into the plots, 
both plant cover and exoenzyme activities were significantly drivers of soil efflux and 
together were able to predict 70% of the variation in soil efflux.  

One possible explanation for the unexpected enhanced soil efflux when 
woodchips were incorporated is that the changes in soil DOC:TDN resulting from 
incorporating woodchips that reduce microbial carbon use efficiency. Carbon may be lost 
through respiration from overflow metabolism—defined as the decoupling of catabolism 
from microbial growth in nutrient limiting conditions (Schimel & Weintraub 2003; 
Chapin et al. 2011). Woody amendments are a lignin-rich, high C:N source of C for soil 
microbes and require more energy to breakdown than simple labile compounds 
(Davidson & Janssens 2006). Under N limitation and when faced with low quality 
substrate, microbial decomposition and C use efficiency decline (De Graaff et al. 2010; 
Manzoni et al. 2012).  Evidence of this was observed in the significant increase in soil 
DOC:TDN when woodchips were incorporated. This phenomenon has also been 
demonstrated in decomposition models where adding C to an N limited system is shown 
to increase respiration as C is directed to waste respiration because microbial growth is 
limited by N (Schimel & Weintraub 2003). Furthermore, the reduced amount of 
vegetation and therefore active roots in this treatment likely also reduced nutrient input 
into the soil as plant roots are a significant source of nutrients and exert a strong influence 
on the soil microbial community (Haichar et al. 2014). These restoration strategies, while 
overall ineffective in the short-term efforts towards revegetation of heavily disturbed 
soils, provided useful insight into microbial responses and plant microbe interactions. 
Further observation over several years will provide additional insight into whether these 
treatments may influence soil seed banks, long-term soil carbon dynamics and microbial 
activities. 
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TABLES AND FIGURES 
 
Table 1: Pearson’s Correlation Coefficients for biological and soil C and N across all soil 
types, amendments and sample dates. Significant correlations are highlighted in Italic 
bold (p ≤ 0.09) and bold (p≤0.05) in accordance with a Pearson’s paired sample 
association test. 
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Table 2: Multiple linear regression analyses for soil efflux using plant cover and GMEA 
as explanatory variables. Significant model p-values are highlighted bold (p≤0.05).  
 
  T-statistic Std. Error Rel. Importance P-value 

Unamended Control 
Plant Cover 2.30 0.12 0.479 0.07 
GMEA -0.85 0.82 0.060 0.44 
Model p=0.14; F-statistic = 2.93 on 2 and 5 DF 

Surface Applied Woodchips 
Plant Cover 0.46 0.05 0.176 0.66 
GMEA 1.65 0.31 0.317 0.13 
Model p=0.05; R2 = 0.49; F-statistic = 4.376 on 2 and 9 DF 

Incorporated Woodchip 
Plant Cover 2.20 0.09 0.253 0.05 
GMEA 3.60 0.28 0.463 >0.001 
Model p < 0.001; R2 = 0.71; F-statistic = 13.82 on 2 and 11 DF 

Incorporated Biochar 
Plant Cover 4.25 0.06 0.679 0.004 
GMEA -0.85 0.27 0.079 0.423 
Model p < 0.007; R2 = 0.66; F-statistic = 10.95 on 2 and 7 DF 
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Figure 1: Means ± SE for A) Plant Cover, B) Soil efflux, C) Soil Organic Carbon (SOC), 
D) Dissolved Organic Carbon (DOC), E) Total Dissolved Nitrogen (TDN), and F) C:N of 
dissolved organics (DOC:TDN) across amendments (Amd: control, surface woodchip 
[Surf. Wood], Incorporated woodchip [Inc. Wood], or biochar) and sampling date 
(November 2014 or April 2015). MANOVA significance for each variable is indicated at 
the top right corner of each panel (n=4). Significance between p = 0.05 and p = 0.001 is 
indicated by ‘*’ and significance at p < 0.001 is indicated by ‘**’. Pairwise ANOVA 
significance between treatment and control is indicated by an asterisk for the November 
2014 sample dates. Panel D inset shows means for November 2014 to highlight 
significant effect of amendments. 
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 Figure 2: Means ± SE for A) Microbial biomass C, B) 
Soil C exoenzyme activity, C) N exoenzyme activity 
and D) P exoenzyme activity across amendment 
(control, surface woodchip [Surf. Wood], Incorporated 
woodchip [Inc. Wood], or biochar). MANOVA 
significance for each variable is indicated at the top 
right corner of each panel (n=4). Significance between 
p = 0.05 and p = 0.001 is indicated by ‘*’ and 
significance at p < 0.001 is indicated by ‘**’. Pairwise 
ANOVA significance between treatment and control is 
indicated by an asterisk for the November 2014 sample 
dates. 
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Figure 3: Principal component analysis (PCA) bioplot results. The scatter plot matrix 
shows the first two components from the principal components analysis grouped by 
amendment treatment.   
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Figure 4: Soil efflux in relation to live plant cover and geometric mean of enzyme 
activities (GMEA) in the unamended soils (A and B), surface woodchip amended soils (C 
and D), incorporated woodchip amended soils (E and F) and incorporated biochar 
amended soils (G and H). 
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Supporting Information 
 
Table S1: Soil Characteristics for Chiricahua and Hathaway experimental soils analyzed at 
the start of field experiment in June 2013. Carbon (C), Nitrogen (N), Soil Organic Matter 
(SOM), Electrical conductivity (EC); a Rasmussen et al., 2015. b Fehmi and Rasmussen, 
unpublished data, University of Arizona. 
 
 Chiricahua Hathaway 
Texture Classa Sandy loam Sandy loam 
Sand (%)a 69.1 59.7 
Silt (%)a 24.4 30.9 
Clay (%)a 6.4 9.4 
Rock (%) a 72 (3.2) 43 (3.6) 
Porosity (%)a 13.2 31.4 
pH 1:1 CaCl a 6.16 7.06 
SOM (%)a 3.5 (0.01) 4.3 (0.05) 
C (%)  a 0.7 1.0 
N (%) a 0.06 0.11 
C:N a 12.9 9.5 
EC (dS/m) b 46.30 273.50 
NO3-N (µg/g) b 1.19 0.43 
NH4-N (µg/g) b 1.43 1.33 

 
Table S2: Amendment characteristics for woodchip and biochar materials added to soils. 
Pyrogenic Carbon (PyC); a Fehmi and Rasmussen, unpublished data, University of 
Arizona. 
 
 Woodchips Biochar 
C (%) a 39.5 69.2 
N (%) a 0.29 0.00 
C:N a 138.0 - 
pH a 4.91 8.58 
PyC (g BPCA-C/kg 
soil) - 146.42 

BPCA-aromaindex - 211.64 
BPCA-Condindex - 071 

 
Table S3: Amount of amendment added to plots by soil type in grams to achieve 4% by 
weight application rate. At the time of application, the un-charred woodchips were 
approximately 10.5% water by weight compared to woodchips air dried at ambient 
temperature for 6 months. Values below reflect amounts added after water weight was 
removed. 
 
 Chiricahua Hathaway 
Surface Woodchip 1,230 1,230 
Incorporated Woodchip 13,855 10,755 
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Incorporated Biochar 15,480 12,040 
 
Table S4: Exoenzyme activities measured. Enzyme commission number (EC). 
 

Enzyme name and abbreviation ECa Description of primary function 

β-1,4-Glucosidase (BG) 3.2.1.21 Hydrolysis of cellulose 

α-1,4-Glucosidase (AG) 3.2.1.20 Hydrolysis of soluble saccharides 

β-d-Cellobiosidase (CB) 3.2.1.91 Hydrolysis of cellulose 

β-1,4-Xylosidase (XYL) 3.2.1.37 Hydrolysis of hemicellulose 

β-1,4-N-Acetyl-glucosaminidase (NAG) 3.2.1.50 Hydrolysis of chitin – releasing N-rich sugars 

Leucine amino peptidase (LAP) 3.4.11.1 Hydrolysis of proteins – releasing N-amino 
acids 

Phosphatase (PHOS) 3.1.3.1 Cleaving of PO4 from P-containing OM 

 
Table S5: MANOVA of the response variables plant cover, soil efflux, MBC, SOC, DOC and 
DOC:DON. Emboldened values indicate significance (p < 0.05). 
 
 DF Pillai Test F[df] p 
Amendment 3 1.354 3.565[18,78] <0.001 
Soil  1 0.242 1.275[6,24] 0.306 
Date 1 0.813 17.39[6,24] <0.001 
Amendment: Soil 3 0.783 1.529[18,78] 0.101 
Amendment:Date 3 1.041 2.302[18,78] 0.006 
Soil:Date 1 0.299 1.704[6,24] 0.178 
Amd:Soil:Date 3 0.430 0.725[18,78] 0.761 
Residuals 29    

 
 
Table S6: MANOVA of soil CEE, NEE, PEE and DON. Emboldened values indicate significance 
(p < 0.05). 
 
 DF Pillai Test F p 
Amendment 3 0.615 2.968[12,138] <0.001 
Soil  1 0.731 29.96[4,44] <0.001 
Date 1 0.734 30.37[4,44] <0.001 
Amendment: Soil 3 0.461 2.089[12,138] 0.021 
Amendment:Date 3 0.304 1.295[12,138] 0.228 
Soil:Date 1 0.145 1.863[4,44] 0.134 
Amd:Soil:Date 3 0.206 0.206[12,138] 0.600 
Residuals 47    
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Table S7: Means (standard error of the means) for soil exoenzyme activities (BG, AG, CB, XYL, 
NAG, LAP and PHOS) calculated from un-transformed data.  
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Table S8: PCA Loadings used for biplot 
 

 PC1 PC2 PC3 PC4 PC5 PC6 

pH -0.195047 0.18033938 0.38749636 0.48314301 0.28743738 -0.1532696 
GWC 0.2986041 0.03604931 0.28461211 -0.1939423 0.32770658 -0.3328487 
Efflux 0.27747618 -0.0551535 -0.3748932 -0.0706925 0.32899171 0.00038011 
MBC 0.03924192 -0.4727426 0.1326532 -0.2008358 -0.251123 -0.7346661 
C-EE 0.33816061 -0.3225674 -0.1363644 -0.0417073 0.01629012 0.1911344 
N-EE 0.39526894 -0.0387163 0.10299689 0.08044111 0.14974506 0.16229674 
GMEA 0.39701035 -0.2057974 0.04452805 0.13010488 0.08486222 0.12902278 
DOC:DON -0.2222508 -0.4362067 -0.297154 0.32639853 0.3193703 -0.0696489 
SOC 0.05580354 -0.2799741 0.30156693 0.50593897 -0.451392 0.15101646 
PlantCover 0.3470558 0.01430091 -0.1356127 0.08350344 -0.424112 0.05671718 
DOC -0.2666128 -0.5344295 0.0591075 -0.0325882 0.23617306 0.23375901 
DON -0.0988379 -0.1861111 0.52254185 -0.4969547 0.02022438 0.3947135 
P-EE 0.33502753 0.05129247 0.32455623 0.20243572 0.25882306 -0.0717671 

Importance of Components     
Standard 
Deviation 2.2397 1.3475 1.2054 1.1831 0.94902 0.878 
Proportion of 
Variance 0.3859 0.1397 0.1118 0.1077 0.06928 0.0593 

Cumulative 
Proportion 0.3859 0.5255 0.6373 0.745 0.81427 0.8736 
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Table S9: Pearson’s Correlation Coefficients (r) for biological and soil C and N within 
unamended control plots. Significant correlations are highlighted in Italic bold (p ≤ 0.09) and 
bold (p ≤ 0.05) in accordance with a Pearson’s paired sample association test. 
 

 
 
Table S10: Pearson’s Correlation Coefficients (r) for biological and soil C and N within surface 
woodchip amended plots. Significant correlations are highlighted in Italic bold (p ≤ 0.09) and 
bold (p ≤ 0.05) in accordance with a Pearson’s paired sample association test. 
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Table S11: Pearson’s Correlation Coefficients (r) for biological and soil C and N within 
incorporated woodchip amended plots. Significant correlations are highlighted in Italic bold (p ≤ 
0.09) and bold (p ≤ 0.05) in accordance with a Pearson’s paired sample association test. 

 
 
Table S12: Pearson’s Correlation Coefficients (r) for biological and soil C and N within 
incorporated biochar amended plots. Significant correlations are highlighted in Italic bold (p ≤ 
0.09) and bold (p≤ 0.05) in accordance with a Pearson’s paired sample association test. 

 
  



 50 

Figure S1: Total monthly precipitation (a) and average monthly air temperatures (b) for the 
experimental site located at the Campus Agriculture Center, Tucson, Arizona (AZ meteorological 
Network). The beginning of the soil amendment experiment is indicated with a solid black arrow; 
sample dates are marked with dashed black arrows. 
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Figure S2: Soil C, N and P exoenzyme activities and microbial biomass C by soil type (Hathaway 
and Chiricahua). All data with means ± SE; n = 4. A) Microbial biomass carbon (MBC), B) C 
exoenzyme activities (CEE), C) N exoenzyme activities (NEE), D) Phosphorous exoenzyme 
activity (PHOS).  
 

 
 
 
  



 52 

Figure S3: Soil C, N and P exoenzyme activities and microbial biomass C by amendment 
(control, surface woodchip [Surf. Wood], Incorporated woodchip [Inc. Wood], or biochar) 
following winter monsoons (April 2015). All data with means ± SE; n = 4. A) Microbial biomass 
carbon (MBC), B) C exoenzyme activities (CEE), C) N exoenzyme activities (NEE), D) 
Phosphorous exoenzyme activity (PHOS). No treatment effects were significant.  
 

 
 
 



 53 

Figure S4: Means ± SE (n=4) for gravimetric water content across amendments (Amd: control, 
surface woodchip [Surf. Wood], Incorporated woodchip [Inc. Wood], or biochar) soil type and 
sampling date. ANOVA significance is indicated at the top right corner of each panel. 
Significance between p = 0.05 and p = 0.001 is indicated by ‘*’ and significance at p < 0.001 is 
indicated by ‘**’.  
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APPENDIX B: RESPONSES OF MICROBIAL ACTIVITIES TO 
RESTORATION AMENDMENTS IN DESERT SOIL ARE NOT 

ALTERED BY MODERATE WARMING 
 
 
  

ABSTRACT 
 
Soil health in drylands influences numerous critical soil functions, including site 
productivity, soil carbon storage and cycling, and ecohydrological dynamics.  Land-use 
disturbance can negatively impact soil health relative to these qualities, especially for 
more extreme disturbances such as mining and roadway development.  Restoration 
amendments focused on rebuilding these critical functions in response to such 
disturbances include application of soil-surface and -mixed amendments.  The assessment 
of these amendments commonly focus on measures of plant productivity and the soil 
critical functions listed above—particularly soil carbon content, but commonly do not 
evaluate soil microbial activities that are interrelated with and may well underlie recovery 
of soil critical functions and plant productivity.  An additional emerging challenge in 
restoration is to consider the effects of increasing warming on restoration amendments.  If 
warming has effects on restoration amendments, that might be first detected in changes in 
soil microbial activities, given that they can be highly sensitive to temperature.  Here we 
evaluated the effects of three candidate restoration amendments—woodchips applied at 
the surface, woodchips incorporated into the soil and biochar incorporated into the soil—
under control (ambient temperatures) and warmed (approx. +1-2 °C) conditions on soil 
microbial activities, as well as on soil carbon and plant cover in a Sonoran desert setting. 
Measurements were obtained once each spring and fall following initiation of the 
warming treatment. We were unable to detect effects of this magnitude of warming in 
extracellular enzyme activities, perhaps because our dryland site is already inherently hot 
(mean monthly temperatures for the study period ranged from approximately 9.8 °C to 
40 °C). The amendment treatments, however, significantly influenced soil carbon content 
and chemistry.  The surface applied wood had a significant positive effect on total soil 
carbon, a positive effect on extracellular enzyme response to increasing precipitation and 
resulted in higher plant cover and therefore, the greatest beneficial effect in restoration of 
disturbed soils. We also considered our lack of response to warming in the context of 
other similar studies, and found that in high Mean Annual Temperature (MAT) 
ecosystems like ours, high degrees of warming (approx. +10 °C), as opposed to the 
moderate level of warming we applied, are likely required to influence microbial 
activities. Our results reflect twice-a-year seasonal sampling and therefore do not allow 
us to evaluate finer temporal scale dynamics.  Given this caveat, our results, in context 
with other studies, suggest that even though microbial responses are sensitive to 
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temperature under some conditions, responses to warming in drylands may be limited, 
and therefore existing restoration methods may remain useful under warmer conditions.  
 
Keywords  
Soil disturbance; warming; extracellular enzymes; drylands; Sonoran Desert; restoration; 
amendments; microbial activities; soil respiration 
 
INTRODUCTION 
 

Soil disturbance from land-use change in drylands can be particularly devastating 
to soils and ecosystem processes due to the high temperatures, scarce and variable rainfall 
and low soil fertility characteristic of these ecosystems. Large scale earth-moving land-
use activities, such as mining, that require stock-piling soil results in a loss of critical soil 
functions such as microbial processes regulating soil carbon storage and cycling and site 
productivity. For example, significant disturbances strip large areas of the plant 
community and soil structure and can result in large (e.g. 10-fold) reductions in soil 
carbon and nutrients (Jimenez et al. 2011). A subsequent consequence of these 
disturbance outcomes is the reduced ability of the soil to retain moisture, increased soil 
erodibility and physical loss of soils and vital ecosystem services (Zika & Erb, 2009; 
Zhao et al, 2017). Because soils are a non-renewable natural resource, it is vital to 
mitigate soil loss. The best management practice for disturbances such as mining is 
generally to restore and re-use the native disturbed soils as fill for restoration. This 
restoration approach is often applied on its own, but amendment treatments might offer 
opportunity to improve recovery of critical soil functions following 
disturbance.  Candidate amendment treatments include modifying the soil surface with 
e.g. a wood mulch or incorporating organic material such as wood chips or biochar into 
the soil via mixing pre-application (Espinosa et al. 2020).  

Although the predominant goal and measure of dryland restoration success is 
typically reestablishment of native vegetation which importantly stabilize and protect 
soils from loss, microbial activities also play significant roles in long-term soil carbon 
cycling and structural development and site productivity. Microbial by-products such as 
extracellular polysaccharides and proteins act as adhesives in organic matter-mineral soil 
associations creating soil aggregates (Kögel-Knabner et al. 2008) and ultimately 
contributing to soil structure (Kay, 1998; Walker & del Moral, 2008). Additionally, 
heterotrophic microbial decomposition of organic matter cycles carbon and nutrients 
(Burns et al. 2013) and their biomass and necromass become a relatively stable portion of 
the soil organic matter pool (Cortrufo et al. 2013). Both the presence of vegetation and 
microbial carbon and nutrient cycling activities iteratively influence the supply and 
quality of soil carbon creating a positive feedback loop for soil restoration (Morriën et al. 
2017). Given that the quality and accumulation of soil carbon over time is an integral 
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component of soil and plant community development, restoration strategies should aim to 
rehabilitate ecological processes that support these critical soil functions. Despite being a 
sensitive indicator of soil developmental processes, the interaction between microbial 
activities and common restoration strategies and how those activities may influence soil 
carbon dynamics are not well understood. 

Key candidate restoration amendments include surface-applied woodchips, or 
incorporating organic material such as woodchips or biochar into the soil. These 
amendments have potential to not only impact the critical soil functions of soil carbon 
storage and cycling, ecohydrological dynamics and site productivity, but likely also 
influence the interrelationships between microbial activities and these functions. Whereas 
surface-applied woodchips likely indirectly influence critical soil functions through 
mediating the direct effects of climate variables, incorporated woodchips or biochar 
likely directly influence soil biological processes and characteristics through direct 
contact with microbial decomposers and physically altering soil structure. Comparison of 
woodchip application location (surface versus incorporated) may provide useful insight 
into the potential differing mechanisms controlling soil organic carbon chemical 
composition and microbial activities. For example, surface woodchips are exposed to 
intense solar radiation, which can enhance degradation (Austin & Vivanco 2006; 
Gliksman et al. 2018) and alter its chemical composition, particularly reducing lignin 
content (Rozema et al., 1997 & Day et al., 2007). This abiotic degradation of plant 
material may influence the below-ground soil organic carbon composition as more 
microbial-reactive less lignified products are translocated into the soil (Gallo et al. 2006). 
Conversely, woodchips incorporated into soils have a high surface area-soil microbe 
contact potential and decomposition may proceed directly from soil microbial activities. 
Alternatively, pyrolyzing woodchips (biochar) creates complex aromatic structures with 
greater soil sorption affinity that slowly release nutrients into soils and may have longer 
term effects compared to un-pyrolyzed woodchips (Biedermand & Harpole, 2013; 
Lehmann & Joseph, 2015). The difference in proportion of microbial-derived soil carbon 
to plant residues can have important influence over soil organic matter stability 
(Kallenback et al 2016). Given the reestablishment of site productivity in disturbed soil is 
influenced by soil characteristics such as carbon content, quality and structure (Walker 
and del Moral, 2008; Sheoran et al. 2010), understanding how restoration amendments 
interact with microbial activities to shape these soil characteristics is important. 

In addition to the challenge of considering the responses of microbial activities to 
amendments, restoration research increasingly needs to consider whether practices of the 
past will remain effective in an era of climate change.  In particular, under what 
conditions microbial activities may be sensitive to soil warming and interact differently to 
restoration amendments. With ambient air temperatures expected to increase by 1-
4.5 °C within the next two decades (Collins et al., 2013; Pachauri et al., 2014), it is also 
increasingly important to understand the microbial response to warming and the potential 
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for subsequent negative effects on soil carbon cycling and storage. The type and 
magnitude of response of microbial activities to temperature may depend on the 
magnitude of the temperature increase (German et al. 2012). The prevailing concern for 
microbial activities under warmer temperatures is an increase in heterotrophic activities 
and increasing carbon efflux from soil (soil carbon loss) (Davidson & Janssens, 2006). 
However, increasing atmospheric temperatures in arid climates such as that of the 
southwestern US may increase stress to soil microbial processes. This increase in stress 
may be directly through intensifying soil temperatures denaturing enzymes and 
desiccation of microbial cells and/or indirectly through increased soil moisture 
evaporation and physical separation between microbes and carbon substrates and 
nutrients (Acosta-Martinez, 2014; Schmidt et al. 2012). As microbial processes are linked 
to soil carbon cycling and stability the effectiveness of restoration strategies may be 
significantly influenced by their sensitivity to climate warming.  

The goal of this study was to enhance our understanding of candidate restoration 
amendments (woodchips applied at the surface, woodchips incorporated into the soil and 
biochar incorporated into the soil) and the potential added perturbation of climate 
warming on soil microbial activities that regulate critical soil functions. This study was 
conducted after prolonged (3 years) equilibration to the treatments in a Sonoran desert 
setting. This study builds upon a previous study (Espinosa et al. 2020) designed to 
provide an understanding of candidate restoration strategies for a mining site proposed by 
Rosemont near Tucson, Arizona. The previous study, without warming following the 
initial year or treatment, found surface and incorporated woodchips to beneficially 
influence soil carbon pools; however, no appreciable effect was observed for biochar 
additions. Microbial extracellular enzymes were most stimulated by surface-applied 
woodchips, yet plant cover results were negligible perhaps owing to the short duration of 
the study (approximately one year). In addition to considering warming, this study 
extends the response period out from 1 to 3 yrs, which enabled evaluation of how 
precipitation dynamics influence microbial processes. Although microbial communities 
may respond quickly to management practices, the effects of their recovery on critical 
soil functions may not be fully understood without long-term observation. We evaluated 
three hypotheses. 1) Warming would exacerbate the harsh conditions of semiarid 
ecosystems stressing microbiological processes and therefore reducing extracellular 
enzyme production. Further, if a warming effect were present it would be mediated by 
surface-applied woodchips, but not by the other two treatments where the material is 
incorporated. 2) The location of un-pyrolyzed coarse woody debris would result in 
unique soil carbon chemical compositions due to different modes of decomposition and 
microbial accessibility and the unique chemical profile would influence the accumulation 
of soil carbon. 3) Amendment treatments would significantly enhance the response of 
microbial activities, plant cover and soil carbon accumulation to precipitation. 
Furthermore, the magnitude of these responses would be mediated by the type of wood 
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added and application method, which represent different microbial accessibility to the 
substrate.  
  
METHODS 
 
Experimental Design  

Soil native to an area slated for future mining disturbance near the Santa Rita 
Mountain Range in Arizona (31°49'20.5"N, 110°44'03.6"W, 4,920 m asl) was excavated 
to a depth of 1.5-m and transported to the experimental field site. The soil was 
characterized as an Ustic Haplargid (Hathaway soil series; Soil Survey Staff, 2014) with 
a sandy loam texture (more detail soil characteristics are described in Espinosa et al, 
2020). The experimental field site was located in Tucson, Arizona at the Campus 
Agricultural Center of the University of Arizona (32°16’51.63”N, 110°56’11.34”W, 
2,340 m asl) and was established in June 2013. The long-term mean, minimum and 
maximum annual temperatures for this region are 20.7, 11.8 and 29.7 °C, respectively, 
and mean annual precipitation (MAP) is 305 mm (The Arizona Meteorological 
Network).  

This study extends prior initial research focused on restoration amendment effects 
under controlled climate only (no warming) for the initial year following amendment 
implementation (detailed in Espinosa et al. 2020). Both studies are designed to be 
relevant to a proposed copper mine near Tucson, Arizona.   

Soil plots received one of three treatments: woodchips were added to the surface 
after soils were filled into plots (surface wood), woodchips were incorporated into soils 
during mixing prior to placement in plots (incorporated wood), or pyrolyzed woodchips 
were incorporated into soil during mixing prior to placement in plots (biochar). Soil 
horizons were mixed in a cement mixer and either woodchips or biochar were added 
during mixing (a subset of soil was mixed without amendment addition to be used for the 
surface application and unamended control). Mixed (disturbed) soils were placed into 
excavated field plots (approximately 1 x 1 m and 30 cm depth) lined with porous 
geotextile fabric [manufacture source TBD], which enabled water to drain but inhibited 
the mixing of the experimental soil with the surrounding native soil. Woodchips were 
applied to the surface of a subset of the unamended plots. Surface woodchips were 
applied at 80% soil plot coverage. Woodchips were incorporated into the soil at 4% by 
weight. The study design then resulted in surface wood, incorporated wood, biochar and 
unamended controls, with and without mirror (warmed and ambient). Each treatment 
combination (amendment by warming) was replicated four times for a total of 32 plots.  
 
The wood material was sourced from the site of proposed disturbance. Whole juniper 
trees (Juniperus monoserma) were chipped with a Vermeer BC600XL 6-inch Brush 
chipper (Pella, Iowa, U.S.A). The particle sizes of the chips varied from course sawdust 



 59 

to fragments about 7.5 x 1.5 cm, with particles predominantly less than 1 cm in size. 
Biochar was obtained from Charcoal house, LLC (Crawford, New England, U.S.A) and 
was reportedly produced from fast-pyrolysis of a mixture of hardwood tree species from 
the northeastern United States at temperatures between 450-600°C. 

Experimental warming was established using infrared reflecting mirrors to 
passively reflect radiation onto soils eliminating the need for electricity, reducing risk of 
fire hazard and enabling the remote use of the warming treatment. The mirror design is 
discussed in detail in Rasmussen et al. 2015. Briefly, mirrors consisted of 61 x 61 cm 
glass panels mounted in a wooden frame. Mirrors were mounted 15 cm above the ground 
surface and were found to reflect up to 72% of incoming longwave radiation towards the 
soil surface mirroring daily temperature fluctuations.   

Plots were seeded via surace broadcast by hand with a mixture of 10 different 
species of grasses, forbs and a shrub commonly found on at the soil source site in this 
ratio (grasses: Bouteloua curtipendula, Leptochloa dubia, Hilaria belangeri, Digitaria 
californica, Eragrostis intermedia, Bouteloua gracilis, Elymus elymoides; forbes: 
Eschscholzia californica ssp. Mexicana, Baileya multiradiata, Shrub: Calliandra 
eriophylla, which did not establish). The surface woodchip treatment was applied after 
seeding. 
 
Soil Sampling and Analyses 

Soils for biogeochemical and microbial analyses were collected from all 32 plots 
(n = 4 per treatment) in November following the end of summer monsoons 
(approximately June-September) and in April following the end of the winter rainy 
season (approximately November-March) from November 2015 to April 2017, for a total 
of four sampling periods. Soils were collected with a shovel from multiple randomly 
selected points from the top 5 cm of each plot, composited, and stored on ice until they 
were transported to the laboratory, sieved at 2 mm to remove rock, woodchip and biochar 
fragments, and stored at 20°C until analysis of soil properties and microbial activities 
(Hewins et al. 2016). The measurements included total soil carbon, dissolved organic 
carbon, microbial biomass and microbial activity and soil efflux. 

Total soil carbon was quantified as loss on ignition (LOI) using 5 g oven dried 
soils that were transferred to a furnace for combustion for 5 hr at 500°C (Heiri et al. 
2001). We recognize that this method may not accurately determine absolute total 
organic carbon based on ignition temperature and duration (Hoogsteen et al. 2015), 
however is useful to determine relative differences between treatments. Dissolved 
organic C (DOC), and total dissolved N (TDN) were determined using a modified 
chloroform-fumigation extraction method (Vance et al. 1987), with deionized H2O as the 
extractant (Haney et al. 2001). In addition to sieving soils to 2 mm, plant seeds, roots and 
wood fragments smaller than 2 mm were removed with tweezers from two subsamples of 
5 g each. One subsample was fumigated with 2 ml of chloroform and incubated at room 
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temperature for 24 hr. Both subsamples then received 25 ml dH2O before agitation on a 
shaker at 200 rpm for 1 hr. Extracts were filtered through carbon-free glass fiber filters 
(Whatman GF/C). Extracts were analyzed using a Shimadzu TOC-5000A equipped with 
a total dissolved nitrogen module (Shimadzu Scientific Instruments, Inc., Columbia, 
Maryland, U.S.A). The term DOC is commonly used to describe two distinct forms of 
dissolved organics: 1) the total water extractable organic carbon (WEOC) produced from 
laboratory extractions, or 2) the extant DOC existing in the liquid phase of a soil located 
in in-situ macro and micropores also referred to as DOC. This overlap in usage of the 
term can create confusion and inhibit comparison of water extractable organic carbon 
dynamics across studies. In the present study we refer to laboratory extracted dissolved 
organic carbon as DOC. Soil organic carbon chemistry was analyzed from a subset of soil 
subsamples sent to the Environmental Molecular Sciences Laboratory (EMSL; Richland, 
WA) for quantification of soil organic chemical composition by electrospray ionization 
coupled with Fourier transform ion cyclotron resonance mass spectrometry (ESI FTICR 
MS) using a suite of solvents at varying polarities (Tfaily et al. 2015).  

Microbial activities were measured via hydrolytic extracellular enzymes assays 
were performed for all plots and all collection dates. Soils were analyzed for the total 
potential activities of seven hydrolytic extracellular enzymes using the 96-well plate 
fluorometric technique (Saiya-Cork et al. 2002). Soils were grouped by in-situ pH and 
assayed with pH buffers according to their respective pH. In parallel with sample 
analysis, linear standard curves were created with known substrate concentrations and 
were used to determine potential exoenzyme activities as nM g-dry soil-1h-1. Total 
potential extracellular enzyme activity (EEA) was calculated as the sum of the seven 
enzymes: EEA = α-glucosidase (AG) + β-glucosidase (BG) + β -cellobiohydrolase (CB) 
+ β -xylosidase (XYL) + n-acetyl glucosaminidase (NAG) + leucine aminopeptidase 
(LAP) + phosphorous (PHOS). 

Soil efflux, a proxy for the respiration of autotrophic and heterotrophic organisms 
in soil, is defined as the efflux of CO2 from a known area of soil per unit time. Soil efflux 
was measured in the field during each sampling event using an infra-red gas analyzer 
(IRGA) with a 9.55 cm soil CO2flux chamber (LI-6400-09, LiCor Inc., Lincoln, 
Nebraska, U.S.A). To ensure that all soil efflux measurements were made under the same 
environmental conditions, we minimized the duration of sampling to four hours during 
midday by using three LI-6400 machines at each sampling event. To avoid instrument 
bias, we measured each treatment with each IRGA, rotating through treatments 
throughout each sampling day. Soil efflux was measured by connecting the soil chamber 
(LI-6400-09) to permanently installed PVC collars which were installed at least two 
weeks prior to the first IRGA measurement and remained in place throughout the study. 
To avoid disturbing the soil near the collars, soil sampling occurred at least 20 cm from 
any PVC collar. Any vegetation growing within the collars were cut at the soil surface no 
less than 24 hours before soil efflux measurements were taken. Efflux measurements 
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were made by reducing CO2in the chamber to between 5 and 10 ppm below ambient CO2 

conditions and recording the rate of CO2 build-up in the chamber to 5 to 10 ppm above 
ambient CO2 using the infra-red gas analyzer. For each plot this was replicated three 
times and averaged for each plot.  

Data for the synthesis of extracellular responses to warming literature was 
obtained through published data from 24 studies (Table 2). The studies included 256 
observations from control (n=126) and experimentally warmed (n=126) soils. 
 
Statistical analysis 

Variables were log-transformed to fit assumptions of parametric analyses. 
Analysis of Variance (ANOVA) was used to evaluate effectiveness of warming treatment 
across sample dates within amendment treatments. Dunnett's Modified Tukey-Kramer 
Pairwise Multiple Comparison Test (DTK) was used to evaluate pairwise differences 
between groups due to unequal sample sizes that resulted from minor data losses such as 
temperature probes dying. Simple linear regressions with amendment as a covariate were 
used to assess the linear relationship between microbial extracellular enzyme activity, soil 
efflux, plant cover and total carbon and the effect of amendment. Models were evaluated 
using ANOVA. All statistical analyses were conducted in R: Language for Statistical 
Computing (version 3.5.1) and R Studio (Version1.0.143; R Core Team 2018, r-
project.org).  
 

   
RESULTS 
 
Experimental Warming 

Our passive warming treatment (mirrors reflecting IR radiation downward onto 
soils) significantly increased soil temperature at 5cm depth consistently in unamended 
soils Furthermore, soil warming was influenced by the amendment treatment (Fig. 1). In 
unamended plots, the warming treatment was effective in warming the soil for all sample 
months (+0.5 °C in November 2015, +1.5 °C in April 2016, +1 °C in November 2016 and 
+2 °C in April 2017). In surface woodchip amended plots, soils were only significantly 
warmed in April 2017 (+1.5 °C), while in the incorporated woodchip amended plots, soil 
were significantly warmed in April and November 2016 (+1 °C). In biochar incorporated 
amended plots, soils were significantly cooled by the warming treatment in November 
2015 (-0.5 °C) and significantly warmed by the warming treatment in November 2016 
(+1 °C). Regardless of sample season, warming did not significantly influence 
extracellular enzyme activities in the unamended plots, nor did it significantly influence 
extracellular enzyme activities in any of the amended plots (Fig. 2). We also summarized 
related studies to place our results in context.  In this synthesis of studies (n=24) where 
the effect of warming was measured for extracellular enzyme activities. Our synthesis 



 62 

highlighted that in high MAT ecosystems, greater experimental warming (+10 °C) 
resulted in decreased activities for some carbon (CB and XYL) and nitrogen (LAP) 
extracellular enzymes. 
 
Measures of Soil Restoration 

Amendments influenced quantity and quality of soil organic carbon (Fig. 4). 
Specifically, the incorporated treatment altered the chemical composition and reduced the 
diversity of soil carbon chemical composition, predominantly through increased lignin 
content and decreased carbohydrates. The surface-applied woodchip treatment resulted in 
significantly greater total carbon. However, contrary to our hypothesis, we did not 
observe amendments to influence the microbial accessible carbon fraction (dissolved 
organic carbon). Surface-applied woodchips also significantly increased microbial 
biomass; however, plant cover was not similarly influenced by amendment treatment.  

Extracellular enzyme activities, plant cover soil efflux and soil carbon responded 
positively to increasing precipitation and in support of our hypothesis, the response to 
precipitation was modified by the amendment treatments (with the exception of plant 
cover; Fig. 5). The surface woodchip amendment had the strongest positive effect on 
extracellular enzymes response to increasing precipitation. However, the soil efflux 
response to precipitation was not correspondingly enhanced by the surface woodchip 
treatment. In fact, incorporated woodchips significantly enhanced the response of soil 
efflux to precipitation. Plant cover increased with increasing precipitation regardless of 
amendment treatment and soil carbon decrease with increasing precipitation of the 
surface treatment. 
 
DISCUSSION 
 Through experimentally manipulating soil temperature while assessing the effects 
of restoration amendments on critical soil functions, we found that a moderate (+1-2 °C) 
increase in soil temperature did not significantly influence microbial extracellular enzyme 
responses to amendments. However, the restoration amendments did significantly 
enhance soil organic carbon content and microbial biomass, alter soil organic carbon 
chemical diversity and mediate microbial activity-precipitation ecohydrological dynamics 
and soil carbon loss via soil respiration. Our study measured the responses of soil critical 
functions to restoration amendments and warming each spring and fall (twice annually) 
and therefore did not capture fine-scale temporal dynamics that may influence biological 
responses. In drylands, moisture regulates biological activities (Noy-Meir, 1973). Pulses 
of precipitation result in a subsequent pulse of biological activity and increased soil 
moisture may enhance temperature sensitivity of microbial activities and soil carbon 
dynamics in drylands (Sardans et al. 2008; Roby et al, 2019). While our sample regime 
aimed to capture periods of high biological activities following rainy seasons, the coarse 
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temporal resolution may not have captured finer-scale ecohydrological-temperature 
interactions. 

With the caveat of these limitations, our first hypothesis that warming would 
stress microbial processes and reduce extracellular enzyme activities, was not supported. 
Rather than being sensitive to warming, extracellular enzymes were resistant to the 
moderate warming of this study treatment in unamended soils. Similar observations of 
insensitivity to moderate warming in high MAT ecosystems have been observed (Fang et 
al, 2016, Nie et al. 2013 & 2014). Conversely, a positive effect of warming on 
extracellular enzymes has been shown in temperate forest (Stone et al., 2012), grassland 
(Trasar-Cepeda et al. 2007), and arctic tundra (Wallenstein et al. 2009), suggesting 
differential enzyme sensitivities across a broad gradient of MAT (German et al. 2012). 
Through our synthesis of warming studies (Fig. 3), we found evidence that extracellular 
enzyme activities may be sensitive to more severe increase in soil temperature 
(approximately +10 °C) in high MAT ecosystems. Therefore, our degree of experimental 
warming may not have been enough to observe a significant effect on dryland soil 
microbial activities. These results then suggest that restoration efforts in high MAT 
ecosystems may not be inhibited by incremental increases in MAT caused by climate 
change.  

The amendment treatments used in this study illustrate differing soil-microbe 
interactions and potential routes to the restoration of critical soil functions. Our second 
hypothesis, that the surface vs. woodchip amendments would result in different soil 
carbon signatures, was supported (Fig. 4). We further found evidence these restoration 
amendments may support different microbial activities in the differing response of 
microbial biomass between the surface and incorporated woodchip treatments. 
Specifically, surface woodchip restoration amendments resulted in lower lignin content 
of soil organic carbon and maintained a higher diversity of soil chemical compounds 
(Fig. 4) as well as higher microbial biomass. These results support findings that 
photodegradation of surface plant material may play a significant role in soil carbon-
microbial dynamics, particularly through altering lignin and reactive carbon compounds 
entering the soil (Gallo, 2006). Additionally, the use of site-sourced plant water materials 
as a restoration amendment is potentially beneficial to belowground microbial carbon 
cycling activities that may promote soil carbon accumulation.  

Finally, our third hypothesis, that the amendment treatments would generally 
enhance the effect of precipitation on above and belowground processes and that the 
magnitude of response would differ by amendment treatment, was partially supported. 
While each of the three different amendment treatments enhanced the response of 
microbial activities to precipitation compared to the unamended control (different 
regression slopes), the magnitude of influence was similar across amendments (Fig. 5a). 
The microbial activity response may be related to the similar trend observed for soil 
water content (data not shown). These results are surprising however, given the observed 
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influence of these amendment treatments on soil water content in other studies. For 
example, increased soil water drainage when woodchips are incorporated (Gebhardt et al. 
2017) and increased water retention when biochar is incorporated (Novak et al. 2012) and 
when woodchips are applied to the surface (Benigno et al. 2013). Despite similar 
responses in microbial activities across amendments, we did observe amendment-
mediated responses of soil efflux and total carbon to precipitation.  Specifically, that 
greater precipitation stimulated greater soil efflux when woodchips were incorporated 
while greater precipitation only positively correlated with soil carbon when woodchips 
were applied to the soil surface (Fig. 5b &d). We observed incorporated woodchips to 
stimulate soil efflux previously (Espinosa et al. 2020) and have now shown this effect is 
persistent three years later. This observation may support theories that poor microbial use 
efficiency during the decomposition of complex organic material (e.g. high lignin woody 
material) increases soil carbon loss as CO2 (Cortrufo et al, 2013). Regardless of these 
below-ground dynamics, plant cover responded positively to precipitation (Fig. 5c). 
While this positive trend was not mediated by amendments, plant cover appeared to be 
greatest overall when surface woodchips were applied at the surface (Fig. 5c). It is 
important to recognize that the incorporated woodchips and biochar added a significant 
amount of woody carbon-rich biomass to soil and therefore may be effective at 
sequestering carbon. However, it appears that in the case of un-pyrolyzed wood, this can 
have long-term negative consequences on soil carbon content, potentially through 
stimulating soil carbon loss via CO2.   

More generally, microbial transformations of labile plant materials (e.g. simple 
carbon compounds) are more likely to contribute to mineral-associated organic matter 
and soil structural development (Cortrufo et al, 2013), which are critical soil functions 
and the aim of soil restoration following disturbance. A better understanding of how 
restoration amendments influence soil carbon chemistry and microbial activities in 
drylands can enable improved selection of amendment strategies that promote beneficial 
microbial activities. Disturbance of large land areas through land-use activities such as 
mining in drylands without such efforts to restore critical soil functions can lead to 
desertification and contribute to global soil loss that would be irreversible over several 
decades. In conclusion, our goal was to better understand the role of soil microbial 
activities in restoration of soil health in drylands and critical soil functions. Based on our 
warming experiment, our results suggest, within the limited temporal resolution of our 
measurements, that incremental warming in dryland ecosystems is unlikely to perturb 
microbial activities. In practice then, our assessment of microbial responses to restoration 
amendments found that surface-applied woodchips enhanced soil carbon content, 
microbial biomass and led to enhanced extracellular enzyme response to precipitation and 
overall higher plant productivity in disturbed dryland soils.  
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TABLES AND FIGURES 
 
Table 1: Pair-wise significant differences for mean soil temperatures in warmed and 
ambient plots for each sample month by woodchip amendment treatment. Significance 
was determined at p<0.05.  
 

 

      Ambient Soil 
Temperature 

Warmed Soil 
Temperature 

Significant 
Difference 

Sample Month Amendment N (A; W) Mean (SE) Mean (SE) P 

November 
2015 

Control 4152; 450 14.31 (0.10) 14.78 (0.11) <0.001 

Surf.Wood 
4152; 
4152 14.12 (0.10) 14.25 (0.09) 0.36 

Inc.Wood 
2076; 
4152 14.42 (0.15) 14.65 (0.12) 0.27 

Biochar 
4152; 
4152 14.71 (0.10) 14.26 (0.10) <0.001 

April 2016 
Control 

2880; 
2880 26.06 (0.17) 27.55 (0.21) <0.001 

Surf.Wood   ND 28.18 (0.14)   

Inc.Wood 
2880; 
5760 25.83 (0.16) 27.07 (0.15) <0.001 

Biochar   ND 27.14 (0.15)   

November 
2015 

Control 721; 721 18.40 (0.24) 19.21 (0.25) 0.02 

Surf.Wood 706; 721 18.68 (0.21) 18.53 (0.20) 0.60 

Inc.Wood 721; 721 18.29 (0.26) 19.03 (0.27) 0.04 

Biochar 721; 721 18.60 (0.27) 19.46 (0.30) 0.03 

April 2017 Control 450; 450 30.68 (0.50) 32.55 (0.57) 0.01 

Surf.Wood 449; 450 31.45 (0.51) 32.95 (0.40) 0.02 

Inc.Wood 450; 450 30.20 (0.51) 31.43 (0.53) 0.09 

Biochar 450; 450 31.83 (0.56) 32.73 (0.61) 0.28 
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Table 2: Warming studies used in synthesis for figure 3. Study ID is first author’s last 
name and year published. Some studies incorporated soils from multiple locations with 
differing MAT or conducted studies with multiple levels of experimental warming. 
 
Study ID MAT 

(qC) 
Experimental Warming 

(qC) 
Extracellular Enzyme ID 

A’Bear et al. 2014 15 3 BG, CB, XYL, NAG, LAP, 
PHOS 

Allison et al. 2008 -2 0.5 NAG 

Allison et al. 2010 -2 1.2 BG, NAG 

Brzostek et al. 2012* 4.6 2 LAP** 

Brzostek et al. 2012* 1.4 2 LAP 

Brzostek et al. 2012* 10.9 1.2 LAP 

Brzostek et al. 2012* 7.8 5 LAP 

Brzostek et al. 2012* 7.8 5 LAP 

Brzostek et al. 2012* 7.8 5 LAP 

Brzostek et al. 2012* 7.2 1.5 LAP 

Brzostek et al. 2012* 12.7 1.5 LAP 

Brzostek et al. 2012* 20.3 0.6 LAP 

Brzostek et al. 2012* 12.7 1 LAP 

Cregger et al. 2014 
 7.1 3.5 

BG, CB, XYL, NAG, PHOS 
Cregger et al. 2014 

 15.5 3.5 

Cusack et al. 2010 23 10 AG, BG, CB, XYL, LAP, NAG, 
PHOS 

  Cusack et al. 2010 21 10 AG, BG, CB, XYL, NAG, LAP, 
PHOS 

Fang et al. 2016 28 0.93 BG, CB, NAG, PHOS 

Fenner et al. 2007  3 BG, PHOS 
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Gutknecht et al. 2010 7.8 1 AG, BG, CB, XYL, NAG, PHOS 

Kardol et l. 2010 14.2 2.1 AG, BG, CB, XYL, 
NAG,  PHOS 

McDaniel et al. 2013 8.7 2 BG, CB, NAG, LAP 

Nie et al. 2013 20.2 1.5 AG, BG, CB, XYL, NAG, LAP, 
PHOS 

Nie et al. 2014 20.2 1.5 AG, BG, CB, XYL, NAG, LAP, 
PHOS 

Sardans et al. 2006 15.1 1 PHOS 

Sardans et al. 2008 15.1 1 BG, LAP* 

Schindlebacher et al. 
2015 6.9 4 BG, NAG 

Sistla et al. 2013 -26 2.1 AG, BG, CB, XYL, NAG, PHOS 

Steinauer et al. 2015 17.1 3 BG, CB, NAG, PHOS 

Steinweg et al. 2011 10.3 2.77 BG, CB, XYL, LAP, NAG, 
PHOS 

Wang et al. 2015 -3 1 PHOS 

Weedon et al. 2012 -0.5 1 LAP 

Zhou et al. 2013 2.1 0.98 BG, NAG, LAP, PHOS 
* Brzostek et al. 2012 assessed soils from different LTERs.  
** These were categorized as protease enzyme and has been used in this study under 
LAP 
 
 

  
 
  



 74 

 

 
  
Figure 1: Mean and standard error soil temperatures for the ambient and warmed 
treatments shown for each soil sample month. Points are colored by treatment (blue = 
ambient; red = warmed). Significant differences in the warming treatment between 
woodchip amendments are shown in Table 1.  
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Figure 2: Mean and standard error activities as nM g-dry soil-1h-1 of the 7 extracellular 
enzymes assayed for ambient and warmed treatments across sample dates for each 
woodchip amendment. Enzymes are visually grouped by carbon, nitrogen or phosphorus 
nutrient targets. 
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Figure 3: The linear relationship between the difference in extracellular enzyme activities 
between warmed and control plots (delta Activity = warmed – control) and the degree of 
warming. Data points in blue represent the results from the literature and are colored by 
the MAT temperature of the study site (see supplemental table 2). Red data points are 
from this study for the unamended control soils. 
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 Figure 4: Relative abundance of soil chemical compounds (%; panel A) and mean and 
standard errors for soil carbon chemical diversity (Shannon H’; panel B), total carbon 
(%); panel C), extractable organic soil carbon ((mgC g Soil-1; panel D), microbial 
biomass carbon (mgC g Soil-1; panel e) and plant cover (% plot coverage; panel f). 
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Figure 5: Linear relationships between extracellular enzyme activities (A), soil efflux (B), 
plant cover (C) and total C (D) and cumulative precipitation for 30 days preceding the 
sample date by amendment treatment. Insets show slope coefficients for regression lines 
by amendment. 
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Supporting Information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1: Mean air temperature (a) and precipitation (b) from the initiation of the 
experiment in June 2013 (Espinosa et al. 2020) to the last sample event in April 2017. 
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APPENDIX C: HIGH SEVERITY FIRES REDUCE: 
MICROBIAL EXTRACELLULAR ENZYME ACTIVITIES FOR 

DECADES IN SEMIARID FOREST SOILS 
 

 

ABSTRACT 
 

Forest wildfires are occurring at unprecedented rates and increasing severities due 
to historical fire management strategies and ongoing climate change imposing novel 
consequences to fire adapted ecosystems. While many studies document aboveground 
recovery following high severity wildfire, often using chronosequences, relatively less is 
similarly understood regarding the magnitude and persistence of high severity fire on 
belowground microbial extracellular enzyme activities, which regulate the accumulation 
and cycling of carbon and nutrients in soils and are interactive in plant succession and 
subsequent carbon inputs to soil. Therefore, in this study, we used a 30-year 
chronosequence in the Rocky Mountains of Colorado with sites differing in time since 
high severity fire and paired unburned controls to evaluate the (1) degree and persistence 
of effects of high severity fire on extracellular enzyme activities related to carbon (C), 
nitrogen (N) and phosphorous (P) cycling; (2) relationships between soil enzyme 
activities and coarse woody debris, soil organic C, and aboveground net primary 
productivity (ANPP); and (3) relationships among soil CO2 fluxes, microbial activities, 
and ANPP. We found that extracellular enzyme activities were significantly reduced by 
high severity fires and that this reduction persisted at least 21 years after wildfire. We 
observed carbon-acquiring extracellular enzyme activities to be strongly regulated by the 
content of soil organic carbon and coarse woody debris in unburned soils, however, these 
relationships were weakened or not present after wildfire. Increasing ANPP was tightly 
related to increasing soil organic carbon in burned soils indicating that ANPP plays an 
important role in alleviating extracellular enzyme carbon limitation, however there is a 
significant lag or threshold of C accumulation required for microbial activity recovery. 
Soil respiration was generally not significantly different between burned and unburned 
soils over time. Our results suggest high severity fires have persistent long-term negative 
effects on soil extracellular enzyme activities through carbon limitation following high 
severity fires. The long-term depression of microbial carbon and nutrient cycling 
activities may have long-term influence on plant succession and the future quantity and 
quality of litter inputs to soils.  
 
INTRODUCTION 
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Forest fires are projected to increase in frequency and severity due to human 
activities and climate change, a trend already detected in the Southwestern United States 
(Singleton et al. 2019). Fires are important drivers of change in forests; fires initiate stand 
regeneration, foster plant succession and promote above ground diversity (Kimmins 
1996). However, historic natural regimes are perturbed by both wildfire suppression, 
which allows fuel to accumulate, and climate change, which has led to increasing 
precipitation variability and drought conditions. These changing climate trends lead to 
longer fire seasons and increased fire frequency and severity during drought periods 
(Flannigan et al. 2009) with novel consequences to fire adapted ecosystems. Such 
perturbations are especially prevalent in dry climates such as the southern ranges of the 
Rocky Mountains. While high severity forest fires can devastate soil microbial ecology 
and significantly alter soil properties (Bormann et al. 2008, Nave et al. 2011, Knelman et 
al. 2015), how the duration of recovery of soil microbial processes are dependent on, and 
influential to, aboveground recovery is not well understood, however may have 
significant influence on plant-soil feedbacks and succession (van der Putten et al. 2013).  

Soil microbial activities are directly negatively influenced by high severity fires 
through thermal mortality and denaturation of extracellular enzymes, and indirectly 
through loss of substrate as organic materials are volatilized and pyrolyzed by the fire 
(Gonzales-Perez et al. 2004, Certini 2005). Additionally, nutrients are lost via the 
mortality of vegetation and subsequent loss of plant inputs (Dumontet et al. 1996). 
Following a high severity fire,  microbial activity recovery is important for forest 
biogeochemical cycling, productivity and fertility as they regulate C and N cycling 
through extracellular decomposition, biomass growth and turnover, and heterotrophic 
respiration. Extracellular enzymes can be sensitive indicators of plant carbon inputs and 
soil carbon availability (Veres et al. 2015). Therefore, the rate of recovery of microbial 
extracellular enzyme activities may reflect larger scale forest recovery and/or resiliency 
or vulnerability. 

To better understand the long-term recovery of microbial activities following high 
severity fires in semiarid forests we used a chronosequence of forest fires in the Front 
Range of the Colorado Rocky Mountains spanning 3 to 33 years post-fire along with 
unburned controls established throughout the study area. We evaluated soil 
biogeochemistry, microbial extracellular enzyme activities, soil CO2 efflux and soil 
carbon content along with plant regrowth calculated as aboveground net primary 
productivity (ANPP) and coarse woody debris (CWD) deposition. We hypothesized that 
high severity fires would significantly decrease extracellular enzyme activities and that 
the duration of recovery would be tied to aboveground processes that input C and 
nutrients to soil such as ANPP and CWD deposits. We further hypothesized that, in the 
short-term, soil efflux would be reduced by high severity fires but recover more quickly 
as fast-responding understory vegetation and root respiration recuperates. Understanding 
belowground recovery duration and drivers can provide insight into the long-term 
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vulnerability of forests following extreme disturbance events and help guide how to 
prioritize fire and forest management strategies.  
 
MATERIALS AND METHODS 
 
Site Description 

The study was conducted in the Front Range of the Colorado Rocky Mountains 
(ranging from latitudes 40.8 to 38.9 and longitudes -105.0 to -106.8, table S1). Soils were 
generally classified as sandy loam, loam and silt loams (refer to table S1 for additional 
site characterization information). Fire sites were selected based on severity and time 
since fire, creating a space-for-time substitution enabling a chronosequence analysis. 
Plots were selected from a range of wildfire ages to represent the last 30 years (as well as 
unburned plots) in two forest types: those dominated by a ponderosa pine (Pinus 
ponderosa) overstory, and those dominated by a lodgepole pine (Pinus contorta) 
overstory. Fires were selected with help from local managers and fire researchers and, 
where possible, co-located with previous and existing studies to leverage data 
availability. Plots were stratified by pre-fire forest type and burn severity as determined 
first by locating plots within different classes of satellite-derived burn severity 
(Monitoring Trends in Burn Severity (MTBS)) and verified by ground-based examination 
(at least 80% of overstory trees had died with evidence of char or scorching at the ground 
surface). Within each category, plots were either randomly or systematically located (i.e., 
along randomly-anchored transects at fixed distances). When random plot location landed 
on or within 10 m of a road, on areas that had been disturbed by fire suppression 
activities, had clearly received post-fire seeding or erosion treatments, or was deemed too 
close to campsites to avoid disturbance by human activity, the plot was moved according 
to a random bearing and fixed distance. At each plot, soil respiration collars (20 cm 
diameter, 11 cm tall PVC pipe) were placed 7 meters from plot center in the four cardinal 
directions at least 2 inches into mineral soil. Litter traps (12 quart perforated Sterilite 
white dish pans perforated to prevent water collection) were placed 10 meters from the 
plot center at the four cardinal directions. 
 
Soil Respiration 

Soil respiration was measured using a manually operated survey soil CO2 efflux 
chamber (LI-8100, Licor Biosciences, Lincoln, NE) at each of the four collars per plot. 
Soil collar depth was determined for each collar prior to measurement by measuring 
depth at four locations per collar and averaging them together. Soil respiration was 
measured 1 to 2 times per month for each plot from May to October in 2015, 
corresponding to the snow-free season 
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Aboveground net primary productivity and Coarse Woody Debris  
At each plot, the diameter at breast height (dbh), species, and status (live or dead) 

of each tree > 10 cm dbh falling within the 10-m radius plot boundary was recorded. In 
addition, the dbh, species and status of all saplings falling within a 4-m radius microplot 
were recorded. Near the seasonal peak of growth but before senescence, in August 2015, 
understory biomass was collected at three randomly selected locations 10m from the plot 
center. Biomass within a [1.11 m2] plant frame was cut at the ground surface and 
separated based on functional types: forbs, grasses, and shrubs (deciduous and evergreen 
were separated). Plant biomass was dried at 60q C for 24-36 hrs then weighed. 
Understory biomass was converted to estimated plot-level ANPP by assuming 100% of 
grass, forbs and deciduous shrub foliage accumulated the year of collection. For 
evergreen foliage, 20% of foliage was assumed to have accumulated the year of 
collection, and 10% for woody biomass. Fifty percent of all biomass was assumed to be 
carbon (carbon content was not measured on samples due to cost limitations).  

Allometric equations for stem, branch, and foliar biomass (Gholz 1979) were used 
to calculate aboveground net primary productivity of regenerating trees (all met the 
sapling criteria of less than 5 inches dbh) in burned areas, assuming that all saplings were 
established the second year of the burn and equal biomass growth for all years. There 
were four unburned plots with sapling biomass; sapling age was estimated based on the 
number of nodes on the stem. Annual litterfall averaged between 2015 and 2016 was 
used as a proxy for annual needle and cone production. No significant masting was 
detected in either year; thus, this may slightly underestimate the longer-term trend of 
foliar and cone NPP. Biomass was converted to production by assuming 50% C of total 
dry mass. Coarse woody debris (downed) was measured via 10 m long transects from the 
plot center. Counts, diameter and decay class were recorded for 1-hr, 10-hr, and 100-hr 
fuels. Transect data was converted to biomass per area using equations found in Vakili et 
al (2016). Plot-level values represent the average of three transects per plot. 
 
Soil Sampling 

Soil was sampled from within a 2x2 m area centered on each soil respiration 
collar and at least 20 cm away from the collar to prevent disturbing soil gases in the 
immediate area around the collar. After brushing off surface litter and duff and removing 
all green vegetation from the surface, soil was cored to a depth of 5 cm using an 8.25 cm 
hand auger. The sample was removed to a plastic bag and kept in a small cooler with ice 
in the field during sampling. Samples were kept at 4°C before shipping overnight on ice 
packs to the lab at University of Arizona. Soils were then sieved at 2 mm and stored at 
20°C until analysis of soil properties and microbial activities (Hewins et al. 2016).  

 
Subsamples from each plot were used to determine pH, gravimetric water content 

(GWC), and soil carbon content. Soil pH was measured with 5 g of soil mixed with 10 ml 
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deionized water (sympHony Model SB20, VWR International, Radnor, Pennsylvania, 
U.S.A). Soils were shaken for 15 minutes and allowed to settle for 30 minutes before the 
measurement was taken. Percent moisture content was determined by weighing 5 g of 
field moist soils prior to drying for 48 hr at 70 °C. Soil organic carbon was quantified as 
loss on ignition (LOI) using 5 g oven dried soils that were transferred to a furnace for 
combustion for 5 hr at 500°C. Total soil C (TC) and N (TN) were quantified with a 
Shimadzu SSM - 5000A Solid sample combustion unit. Soil subsamples were combusted 
at 900 °C into an oxygen stream with infrared gas analysis (Biogeochemistry Laboratory, 
Biosphere 2, Arizona). 
 
Microbial Extracellular Enzyme Activities 

Soils were analyzed for the total potential extracellular enzyme activities of seven 
hydrolytic extracellular enzymes (β-glucosidase (BG), α-glucosidase (AG), 
cellobiohydrolase (CB), β-xylosidase (XYL), n-acetyl glucosaminidase (NAG), leucine 
aminopeptidase (LAP), phosphatase (PHOS)) using the 96-well plate fluorometric 
technique (Saiya-Cork et al. 2002) with slight modification (Espinosa et al. 2020). Soils 
were grouped by pH and assayed with pH buffers according to their respective in-situ soil 
pH. In parallel with sample analysis, linear standard curves were created with known 
substrate concentrations and were used to determine potential extracellular enzyme 
activities as nM g-dry soil-1 h-1. A geometric mean enzyme activity (GMEA) was 
calculated following Chen et al (2019). The GMEA integrates extracellular enzyme 
activity variables into a single summary variable for soil extracellular enzyme activities. 
Here, GMEA incorporates all C-acquiring extracellular enzymes, NAG (N-acquisition) 
and PHOS (P-acquisition), however, excludes the LAP extracellular enzyme (N-
acquisition) as it demonstrated a unique pattern of response to high severity fire over 
time. Similarly, the geometric mean of carbon extracellular enzymes (CEE) is used to 
summarize the activities of the four carbon extracellular enzymes (AG, BG, CB, XYL). 
The geometric mean of extracellular-enzyme activities (GMEA) is a useful way to 
summarize enzyme activities despite differences in range of variation across different 
exoenzymes. 
 
Statistics 

Data were transformed for normality using a natural log transformation with the 
exception of LAP, SOC and CWD, which were transformed by 𝜆 values estimated using 
Tukey’s Ladder of Powers (𝜆 = 0.275, -0.625 & 0.15, respectively). We used Student’s 
T-test to determine significant differences between burned and unburned soil within each 
fire site (recovery age). Significance of Student’s T-test were adjusted for multiple 
comparisons using the Benjamini and Hochberg false discovery rate method (Benjamini 
& Yekutieli 2001).  To test for significant relationships between variables, we used 
ordinary least squares regression. In all cases, unburned and burned data were analyzed 
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separately. Significance was determined at p ≤ 0.1. Statistical analyses were performed in 
R: Language for Statistical Computing (version 3.5.1) and R Studio (Version 1.0.143; R 
Core Team 2018, r-project.org).   
 
RESULTS 

 
Our space-for-time chronosequence showed that potential extracellular enzyme 

activities were significantly reduced by high severity fire and the negative effect was 
evident for up to 21 years (figure 1). C- acquiring extracellular enzymes were reduced by 
up to 87% (figure 1a-d). BG was reduced by as much as 76% and this reduction persisted 
until sometime between 21 and 33 years (figure 1a). A similar recovery time was 
observed for CB (figure 1c). AG and XYL were not significantly lower 3 years after the 
fire, but were significantly reduced 13 and 21 years following fire (figure 1b & d). While 
one N- acquiring extracellular enzyme, NAG, was significantly reduced for up to 21 
years by high severity fire (as much as 81%; figure 1e), LAP showed no reduction 
following fire (figure 1f). PHOS, a P-acquiring extracellular enzyme, was reduced by as 
much as 74% 3 years following fire, but recovered between 3 and 13 years (figure 1g). 
The geometric mean of extracellular enzyme activities was reduced by as much as 82% 
and did not recover to unburned activity levels until sometime between 21 and 33 years 
following fire (figure 1h).  

ANPP was significantly lower in burned sites compared to unburned sites 3 years 
after fire (0.52 r 0.11 & 1.18 r 0.12, respectively; table 1), but was not significantly 
different between burned and unburned sites after 13 years. ANPP in both unburned and 
burned sites was generally lower in the 33 year site than the other sites. CWD was not 
significantly different across burn severities or time (table S2).  

C-acquiring extracellular enzyme activities were significantly positively 
correlated with SOC across unburned sites (R2 = 0.68; p-val <0.001; figure 2a). However, 
C-acquiring extracellular enzyme activities were only weakly correlated to SOC in 
burned sites (R2 = 0.13; p-val = 0.06). C-acquiring extracellular enzyme activities were 
significantly positively correlated with CWD across unburned sites (R2 = 0.32; p-val = 
0.02; figure 2b), but were not significantly correlated to CWD in burned soils. There was 
no relationship between C-acquiring extracellular enzyme activities and ANPP in 
unburned soils, but a weak positive relationship between C-acquiring extracellular 
enzyme activities and ANPP was found in burned soils (R2 = 0.17;p-val = 0.07; figure 
2c). There was a positive relationship between ANPP and SOC in unburned plots (R2 = 
0.15; p-val = 0.07), however the correlation between SOC and ANPP was much stronger 
after the high severity burns (R2 = 0.38; p-val = 0.005; figure 2d).  

Soil respiration was not significantly different between burned and unburned soils 
overtime with the exception of year 21 (4.15 r 0.52 and 3.03 r 0.36; figure 3a). Soil 
efflux was not significantly correlated with SOC in unburned soil, however was 
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correlated in burned soils (R2 = 0.26; p-val = 0.07; figure 3b). Soil efflux was not 
significantly correlated to either C-acquiring extracellular enzyme activities or ANPP in 
unburned or burned soils (figure 3c & d).  

 
 

DISCUSSION  
By assessing the long-term effects of high severity fire through the use of a 

chronosequence with paired burned and control sites, our study shows these fires have 
long-term consequences for microbial extracellular enzyme activities. Specifically, high 
severity fires significantly reduced extracellular enzyme activities 3 years following the 
fire, and the reduced activity persisted for up to two decades following the fire despite a 
relatively faster recovery of ANPP. Previous studies that measure extracellular enzyme 
activities following high severity fires over multiple decades support our findings that 
extracellular enzyme activity recovery is a multi-decadal process spanning 20-40 years in 
boreal and mixed-conifer forests (Holden et al. 2013, Dove et al. 2020). This significant 
and prolonged reduction in activities appears to be predominantly a consequence of high 
severity fires (Fernandez-Garcia et al. 2019). Studies involving low to moderate severity 
fires have found no negative effect on extracellular enzyme activities or found recovery 
within 20 years (Ribeiro-Kumar et al. 2019, Hedo et al. 2015).  

Soil pH can be strongly correlated with extracellular enzyme activities and burn 
severity (Lybrand et al. 2018). While we found strong association between extracellular 
enzyme activities and pH (data not shown), pH was only significantly different between 
burned and unburned sites 3 years following fire. Furthermore, the variability in soil pH 
was much larger for the unburned sites compared to the burned sites. Other studies have 
found the change in soil pH associated with high severity fires to be relatively short-lived 
(Certini 2005, Zavala et al. 2014) and similarly not significantly different between burned 
and unburned soils after 3 years (Fernandez-Garcia et al. 2019). 

Study sites were selected in high severity burn areas and nearby unburned areas 
for each fire site (3, 13, 21 and 33 years). While the space-for-time substitution of this 
chronosequence study enabled the observation of long-term trends, it included significant 
sources of variability across fire sites and between the paired burned and unburned plots. 
Notably, soil families, texture, slope aspect and dominant overstory vegetation varied 
across sites (supplementary Table 1). These sources of variation could affect the 
interpretation of the data. Soil texture can influence soil C and nutrient pools (Silver et al. 
2000). Differences in topography and landscape position can influence variations in water 
and nutrient flow in soils and subsequently influence microbial activities (Fairbanks et al. 
2020). Dominant overstory may be more or less sensitive to fire with differences in 
regeneration rates that may influence litter and C inputs to soil (Miller 2000). Despite 
these limitations, this research provided important insights into microbial activity 
recovery following high severity fire that are discussed in detail in the following sections. 
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The extreme heat of high severity fires reduces microbial biomass and may even 
completely sterilize surface soils (0-5cm) for a time (Prieto-Fernandez et al. 1998), which 
would correspond with low extracellular enzyme activities as microbial production is 
eliminated.  However, microbial biomass has been shown to recover to pre-fire levels as 
quickly as 4 years (Xiang et al. 2014). Dove et al (2020) observed microbial biomass 
recovery after 12 years, however extracellular enzyme activities remained significantly 
reduced after 40 years. While recovery of the microbial community that produces 
extracellular enzymes is essential for the recovery of extracellular enzyme activities, 
these results suggest additional regulating factors.  

Contrary to the consistent pattern of response among most of the hydrolytic 
extracellular enzymes, LAP was not influenced by fire or, if it was, recovered within 
three years. In a study conducted 18 days following moderate to severe fire, LAP was 
observed to increase while BG, CB and NAG were all significantly reduced (Fairbanks et 
al. 2020). The differential response between the majority of extracellular enzymes 
observed in this study and LAP may demonstrate the importance of the presence of the 
target substrate in stimulating microbial production of extracellular enzymes. While NAG 
targets amino sugars that may be attached to glycoside molecules (simple carbohydrates) 
similar to the target substrate of AG and BG, LAP is a class of proteolytic enzyme that 
specifically targets the more complex protein and peptide molecules releasing amino 
acids. The consistent presence of LAP in soil may indicate the presence of these 
molecules and the absence of carbohydrates.    

The difference in response between the two N-acquiring extracellular enzymes 
also provides some insight into the potential resource limitation on extracellular enzyme 
production and nutrient cycling feedbacks to ANPP. The lack of significant difference in 
LAP activity between burned and unburned sites may indicate that nitrogen is not 
limiting extracellular enzyme production in burned soils. In support of this, we found, 
soil C:N was generally lower 13 and 21 years following fire (Table 1) indicating 
relatively higher nitrogen relative to carbon. In fact, the soil C:N ratios were below the 
level at which microbes are more likely to excrete excess nitrogen due to carbon 
limitation (Chapin et al. 2011). If this excess nitrogen is the result of persistent LAP 
activities, which release amino acids, plants may benefit more so than soil microbes as 
Finzi and Bertrong (2005) have shown plants may be strong competitors for and even 
outcompete microbial biomass for amino acids in forest soils. Therefore, the consistent 
activities of LAP despite the suppression of other extracellular enzyme activities may 
alter nutrient ratios in the soil and subsequently influence ANPP rates and plant 
succession through creating more favorable conditions for species over others (Van Der 
Heijden et al. 2008).  

Extracellular enzyme activities are regulated by resources and environmental 
stimuli such as presence or absence of target substrate (Allison and Vitousek, 2005). 
Therefore, it was not surprising that we observed C-acquiring extracellular enzyme 
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activities to be strongly regulated by the content of SOC and CWD in unburned soils as 
observed elsewhere (Sinsabaugh et al. 2008, Gonzales-Polo et al. 2013). However, both 
these relationships were influenced by fire likely through either the reduction or 
significant alteration of the source of soil C (inputs from vegetation) (Figure 3) leading to 
C limitation of the microbial community (Vance and Chapin 2001, Knelman et al. 2015). 
Fire volatilizes the surface detritus layer and CWD, significantly reducing C pools in 
surface soils (Simard et al. 2001). Pyrolysis of soil C also alters the structure of 
remaining C, resulting in charred and highly polymerized compounds that are potentially 
less accessible to decomposition (Certini 2005, although see Knicker et al. 2007). 
Extracellular enzyme activities have been shown to be highly sensitive to C inputs (Veres 
et al. 2015) and may utilize existing soil organic matter or newer plant inputs depending 
on availability (Kaiser et al. 2010). Therefore, in the presence of limited existing soil C, 
the recovery of vegetation and subsequent fresh carbon inputs to the soil from biomass 
debris and root exudates are likely key components of microbial activity recovery 
following fire.  

While we found only a weak relationship between C-acquiring extracellular 
enzymes and ANPP in burned soils, higher ANPP was strongly related to increasing 
SOC. The importance of plant recovery to C cycling has been demonstrated as early as in 
the first year following high severity fire, where plant colonization was identified as an 
important regulator of C acquisition activities (Knelman et al. 2015). Plants are indeed a 
significant source of soil C (Bardgett et al. 2005, De Deyn et al. 2008), however, the 
recovery of vegetation and the slow accumulation of plant C inputs to a threshold at 
which microbial C limitation is alleviated appears to be a relatively slow process (at least 
20 years in semi-arid coniferous forests of the present study). The lag in decomposition 
activity relative to ANPP following fire has been similarly observed in northwestern 
ponderosa pine and mixed conifer forests (Meigs et al. 2009).  

In contrast to the patterns in ANPP and EEA across the chronosequence, soil 
respiration showed little change. In the short term (days to months) soil respiration has 
been shown to increase or decrease compared to intact soils (Wuthrich et al. 2002, 
Fioretto et al. 2005). Wuthrich et al (2002) found soil respiration pulsed for up to 6 
months following fire, which they attributed to an increase in assimilable carbon content 
from damaged plants stimulating microbial activities despite observed decreased 
microbial biomass. In the longer-term, soil respiration has been shown to be generally 
reduced in burned soil compared to unburned soils (Sawamoto et al. 2000, Ribeiro-
Kumara et al. 2019). Czimczik et al (2006) demonstrated that 0-5 years following fire, 
soil respiration originates mainly from autotrophic sources and that it took 70 years for 
heterotrophic respiration to recover. The lack of observed change in soil respiration 
across the chronosequence may be due to fine root respiration from the disturbance 
adapted herbaceous communities that proliferate quickly after fire. Though not 
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significantly correlated, the pattern of soil respiration and ANPP over time are congruent 
(figure 3a & b).  
 
CONCLUSIONS 

In conclusion, we found that high severity fire significantly reduced extracellular 
enzyme activities and influenced relationships between aboveground vegetation and 
below ground microbial activities. Further, our chronosequence approach allowed us to 
conclude that these effects can persist for at least 20 years. The prolonged impact to 
microbial C and N cycling may have long-term influence over plant recovery and 
successional patterns. While our study has demonstrated this effect up to 20 years, other 
studies have shown that high severity fires can negatively influence microbial activities 
up to 40 years (Dove et al. 2020). Decreasing return intervals of high severity fire may 
not enable the recovery of biogeochemical cycles potentially leaving forests more 
vulnerable to fire events.  
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TABLES AND FIGURES  
 

Table 1: Means (standard errors) for soil pH, SOC, ANPP and CWD for unburned and 
burned sites over time. Significant differences between burned and unburned site within 
time since fire are indicated in bold. Abbreviations: GWC, Gravimetric Water Content (g 
H2O g dry soil-1); SOC, Soil Organic Carbon (mg g-1); ANPP, Aboveground Net Primary 
Productivity (mg C ha-1 year-1); CWD, Coarse Woody Debris (tons acre-1); Soil C:N, Soil 
Carbon:Nitrogen ratio.   
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Figure 1: Box and whisker plots for extracellular enzyme activities in unburned (blue) 
and high severity burn (orange) soils over time since fire (3, 13, 21, 33 years). Center line 
indicates mean, and box outline indicates upper and lower standard error; whiskers 
indicate minimum and maximum values. Significant differences between unburned and 
burned soils are indicated with an asterisk (*). Panels a-d show results for C-acquiring 
extracellular enzyme activities (AG, BG, CB, XYL). Panels e-f show results for N-
acquiring extracellular enzyme activities (NAG, LAP). Panel g shows results for a P-
acquiring extracellular enzyme (PHOS). Panel h shows results for the geometric mean of 
extracellular enzyme activities including all C-,N- and P- acquiring extracellular enzymes 
(GMEA). 

 

b) * * * * * a) 

* * * c) * * d) 

e) * * * f) 
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g) h) 
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Figure 2: C-acquiring extracellular enzymes (C-Enzymes) as a function of a) soil organic 
carbon (SOC), b) coarse woody debris accumulation (CWD) and c) above ground net 
primary productivity (ANPP); and d) SOC as a function of ANPP. Each panel displays 
the relationship for unburned (blue) or burned (orange) soils. Regression R2 and p-values 
are indicated on the plot when significant (α = 0.1).  
 

 

 

 

  

 

R2 = 0.68; p < 0.001  

R2 = 0.13;  
p = 0.06  

a) 
R2 = 0.65; p = 0.002  b) 

R2 = 0.17;  
p = 0.07  

c) R2 = 0.15;  
p = 0.07  

R2 = 0.38;  
p = 0.005  

d) 
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Figure 3: Box and whisker plot for a) soil CO2 efflux over time, and linear relationships 
for soil CO2 efflux and b) SOC, c) C-Enzymes and d) ANPP for unburned (blue) and 
burned (orange) soils.  Significance is in panel a is denoted by an asterisk (*). Regression 
R2 and p-values are indicated on the plot when significant (α = 0.1). 
 

  

 
c) d) 

b) 

R2 = 0.26; p = 0.007  

a) 
* 
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Supporting Information 
 

Table S1: Overview of fire sites including common name, fire year, age of stand since 
fire, dominant overstory vegetation, the central latitude, longitudinal coordinates and the 
general elevation, mean annual precipitation (MAP), mean annual temperature (MAT), 
soil families, texture and soil. 
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