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Abstract 

Fire frequency has increased across the western U.S. and is expected to continue (Abatzoglou and 
Williams 2016; Brown, Hall, and Westerling 2004). With this reality, it is critical that we improve 
our understanding of how fire affects the ability of seeds to germinate following the intense heat 
that accompanies fire, as well as the factors that determine how plant and soil communities recover 
following wildfire. This project focused on advancing our understanding of seed responses to heat, 
and of potential interactions with time since fire, soil properties, and biological soil crust (biocrust) 
cover, and offers a framework for predicting how plant and communities reestablish following 
wildfire. Fire helps determine plant community composition and function at a wide range of scales 
and now is a critical time for improving our understanding of how fire affects native and exotic 
seed germination and ecosystem community composition following wildfire. The work performed 
here brought together laboratory, greenhouse, and field approaches – including the use of fire 
chronosequences in five distinct deserts of North America (Chihuahuan, Colorado Plateau, Great 
Basin, Mojave, and Sonoran) – to assess how plant germination, the presence of biological soil 
crusts, and soil properties interact with the high temperatures that come with fire to determine 
germination success and recovery outcomes. We also assessed plant and biocrust community 
composition, soil seed banks, and soil chemistry across fire chronosequences in the five main 
North American deserts on Bureau of Land Management (BLM) lands. Our findings suggest that 
all deserts exhibited vulnerability to increasing fire disturbance because relatively low soil seed 
densities may not provide enough propagules for revegetation. Therefore, seeding of these 
communities may be especially important. In the cold deserts, this susceptibility was further 
evidenced by the fact that aboveground community composition in fire-affected areas was 
significantly different from the nearby unburned community even 30 years after fire and burned 
communities were associated with non-native species. That said, native species did exist in seed 
banks of burned sites and some taxa, like Sporobolus sp., occured in high densities. Therefore, 
caution may be needed when using herbicide treatments to control exotic species as there may be 
unintended consequences of decreasing desirable species. In contrast, our warm desert sites 
exhibited less change in terms of seed densities, species richness and aboveground community 
composition following fire. In the face of more frequent fires, the lack of shrub seeds in the seed 
bank of all deserts was notable and we found no evidence of greater seed densities or unique 
species assemblages associated with shrub microsites. Special management of shrub populations 
may be needed to ensure these species remain available as forage, habitat and seed sources 
following future disturbance. We also found fire to have dramatic effects on biological soil crust, 
with many late successional species lost with fire and showing little sign of recovery three decades 
following the burn. There were also important interactions between biocrusts and the effects of 
heating on native seed germination, with important implications for predicting how fire will affect 
ecosystems and how biological responses (e.g., seeds, biocrusts, microorganisms) will help dictate 
the trajectory of recovery. The new knowledge gathered from this research helps elucidate 
conceptual, mechanistic, and quantitative relationships that provide relevant information to the 
resource managers tasked with managing these complex, changing landscapes.  
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Objectives 
We used a multi-disciplinary approach to assess how the heat associated with fire affects plant 
germination, how this effect varies with soil characteristics that include the presence of biological 
soil crusts (biocrusts), and how dryland plant and soil communities are recovering through time 
following wildfire. In order to address these questions related to post-fire management, our 
objectives were to (1) determine the effect of heat on the germination of plants with soil types 
spanning a range of western regions; (2) explore the effects of heat with and without biocrust cover 
to assess how soil attributes interact to determine germination success following fire; (3) use fire 
chronosequences in five deserts to assess how time since fire interacts with the composition of the 
soil seed bank, as well to assess post-fire effects on plant communities, biocrust communities, and 
soil chemistry; and (4) share this information with resource managers who are considering active 
and passive restoration strategies following fires in these regions, as well as prepare the data for 
subsequent modeling efforts. All of our objectives were met, and some were significantly 
exceeded (for example, we were able to study chronosequences in all five North American 
deserts instead of the three originally proposed). This work contributed to our fundamental 
understanding of how ecosystems interact with fire and how the recovery of systems is dictated by 
biotic and abiotic controls through time. 
 

 
Figure 1. (A) Study site locations (black dots) in five deserts of North America (shape files from Level III EPA 
Ecoregions, EPA 2005). We assessed wildfire chronosequences in all of the five major North American desert types 
(Chihuahuan, Colorado Plateau, Great Basin, Mojave, and Sonoran) using sites that had experienced fire ~15 years 
prior to our study, sites that had experienced fire ~30 years prior to our study, and paired unburned sites. In total we 
had 19 sites spanning Arizona, Colorado, New Mexico, and Nevada. (B) Mean annual temperature and mean annual 
precipitation from 1980 to 2019 from nearest distance meteorological stations to the unburned site in each desert. 
Climate data are sourced from NOAA/NCEI ISCCP H-series climate data record (Young et al., 2018) 

Background 
The seeding of arid and semiarid ecosystems following fire in the western U.S. is a central tool 
used by managers to increase soil stabilization, inhibit the spread of invasive plants, and facilitate 
the recovery of desirable vegetation (e.g., Brown and Amacher 1999). However, the need for 
seeding treatments has periodically been called into question (James and Svejcar 2010; Pyke et al. 
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2003; Ratzlaff and Anderson 1995), and there are data suggesting that under certain conditions, 
some plant communities may have equally high success if left to recover naturally from the seed 
bank (James and Svejcar 2010). This story becomes more complicated with the invasion of annual 
exotic grasses, such as Bromus spp. (Esque and Schwalbe 2002; Brooks et al. 2004), yet we know 
there is a great deal of potential for buried seeds that survive fire to germinate and set the trajectory 
of the future plant community and to have interactions with seeds added in restoration efforts. An 
improved understanding of the capacity for the seed bank to endure fire could provide useful 
information regarding how to utilize and account for this resource in the context of management 
intervention. Furthermore, increased understanding of how soil biotic and abiotic properties 
interact with wildfire to determine revegetation success would be of great value. The central 
questions surrounding this potential are: what plants have seeds that can survive the high 
temperatures accompanying fire and under what conditions will these seeds germinate?  
 
Fire maintains strong regulatory control over vegetation structure, biomass, and diversity through 
a variety of mechanisms (Pausas et al. 2004; Bond and Keeley 2005). In some ecosystems, plants 
that have evolved with fire not only endure the high temperatures fire brings, but to rely upon this 
heat as a signal for the seeds to germinate (Keeley 1987). In other ecosystems that have not evolved 
with fire, the initiation of novel fire regimes can result in unpredictable ecosystem changes and 
persistent loss of vegetation cover and diversity (McLaughlin and Bowers 1982; Brown and 
Minnich 1986; Brooks 2012; Esque et al. 2013). Fire is also suggested to have strong effects on 
seed banks (Esque, Young, and Tracy 2010), but our framework for understanding and predicting 
the effects of high temperatures on native seeds in western drylands remains notably poor. Fire in 
drylands affects soil erosion (Soulard et al. 2013; Morris and Moses 1987), the dominance of 
invasive species (Esque and Schwalbe 2002; Brooks et al. 2004; Keeley 2006; Brooks and Pyke 
2001; Pyke 1999), changes to soil nutrient availability (Esque et al. 2010; Raison 1979; Augustine 
et al. 2014; Abella and Engel 2013), and can transition systems to alternative community states 
(Davies et al. 2012). These changes highlight the importance of fire in affecting ecosystems, but 
also underscore how difficult it can be to decipher mechanistic controls over longer-term effects 
of fire on plant establishment for such dynamic settings. In this way, research that couples field 
studies of aboveground community, soil chemistry, and seed banks with controlled greenhouse 
experiments, where it is possible to minimize the many varying direct and indirect controls, can 
be quite powerful. 
 
Across the West, including in the deserts of the southwestern U.S., fire size and frequency have 
increased substantially over the last several decades because of exotic grass invasion (D'Antonio 
and Vitousek 1992; Esque, Young, and Tracy 2010; Brooks and Matchett 2003), as well as due to 
climate change and aridification (Abatzoglou and Williams 2016; Brown, Hall, and Westerling 
2004). The increase in fire and the range of ecosystems being affected suggest that understanding 
differences in how particular ecosystems and species will respond is important, as is finding an 
overarching framework that encompasses these responses and which can be used in modeling and 
decision-making tools. Fire can affect a wide range of abiotic soil conditions (Certini 2005; Raison 
1979), which could create feedbacks to future community composition through soil chemistry 
effects on plant germination. These abiotic soil characteristics – for example, pH, organic matter 
concentrations, and nutrient availability – could also help to help determine the effects of high 
temperatures on germination, but these factors have rarely been simultaneously explored in a 
manner that allows for a mechanistic understanding of the controls. 
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Another characteristic shared by dryland ecosystems across the West is the existence of biological 
soil crusts (biocrusts) – communities of cyanobacteria, mosses, and/or lichens living at the soil 
surface (Belnap 2003). Although these communities are small and often difficult to notice at first, 
they play large roles in stabilizing soil, regulating hydrology, and determining ecosystem fertility 
in the ecosystems where they are prevalent (Belnap, Prasse, and Harper 2003; Belnap 2002; Barger 
et al. 2016; Reed et al. 2016; Berdugo, Soliveres, and Maestre 2014; Belnap and Gillette 1998; 
Belnap 2006). A growing body of work focuses on the effect of fire on biocrusts (Ford and Johnson 
2006; Bowker et al. 2004) and on the potential for biocrusts to be used in post-fire restoration 
(Bowker 2007; Pyke, Brooks, and D'Antonio 2010). However, no work of which we are aware 
explores how the presence of biocrusts interacts with fire to help determine heat effects on seed 
germination. A number of studies suggest that biocrusts affect plant germination in undisturbed 
conditions (Belnap, Prasse, and Harper 2003; Li et al. 2005; Rivera-Aguilar et al. 2005; Zaady, 
Gutterman, and Boeken 1997), but whether or not biocrusts alter the soil environment such that it 
affects seed germination in the context of fire is unknown.  
 
Different plant functional groups and species would not be expected to respond to heating in the 
same way, and of particular interest is how fire will preferentially affect native versus exotic plants. 
Across many western landscapes, exotic grass invasion has promoted a positive feedback process 
known as the grass/fire cycle (D'Antonio and Vitousek 1992): Exotic grasses arrive, increase fire 
frequency, and dominate communities while native perennial species decline due to fires (Brown 
and Minnich 1986; Esque and Schwalbe 2002; Brooks and Berry 2006; Brooks et al. 2004; Brooks 
and Pyke 2001; Pyke 1999). Furthermore, invasive annual grasses can outcompete native species 
for limited resources (e.g., DeFalco, Fernandez, and Nowak 2007) and, during germination, soil 
characteristics that support exotics may represent a detriment to natives, or vice versa. 
Simultaneously assessing native and exotic species helps characterize how high temperatures 
associated with fire affect the ensuing plant community. 
 
While our understanding of the existing seed bank and its response to fire has many unknowns, 
from a range of ecosystems we know there are strong links between seed dormancy, temperature 
cues, timing of water, and seed bank persistence (Baskin and Baskin 1998; Thompson 2000; Finch-
Savage and Leubner-Metzger 2006). Seeds that survive fires in the soil can substantially contribute 
to post-fire recruitment (Lyon and Stickney 1976; Parker and Kelly 1989) and seed banks represent 
the current and future potential for plant populations to persist. After fire, the capacity of species 
to establish seedlings from the seed bank can be influenced by several factors (Baskin and Baskin 
1998; Thompson 2000), chief among them is the seed germination response to elevated 
temperatures (Carrington 2010). Nevertheless, our understanding of how native seeds in western 
drylands respond to fire’s temperatures remains quite poor.  
 
Here we addressed this important knowledge gap with a coordinated, multi-site effort that took 
advantage of laboratory, greenhouse, and field approaches to improve our understanding of how 
heat interacts with key soil characteristics to regulate the existing seed bank and the potential for 
seeds to germinate. We took advantage of the unique insight that can be gained from fire 
chronosequence studies (Pyke et al. 2013) and the ultimate goal of the research was to facilitate an 
improved ability to manage for fire in the arid and semiarid western U.S.  
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Materials and Methods 
Study Sites 

We conducted our experiment in the five deserts of North America (Figure 1). The 
Chihuahuan, Mojave, and Sonoran deserts, are all considered “hot” deserts, located at latitudes 
below 37o N, and have mean annual temperatures above 15 oC (Figure 1B). The Great Basin and 
Colorado Plateau deserts, are considered “cold” deserts, located at latitudes above 37o N, and have 
mean annual temperatures below 10 oC (Figure 1B). The five deserts are also defined by disparate 
precipitation patterns. The Chihuahuan desert’s precipitation patterns are strongly associated with 
summer monsoons that deliver rain (Figure 2, NOAA-NCEI; Young et al., 2018). The Sonoran 
desert has a bimodal precipitation pattern influenced by summer monsoons and some winter 
rainfall (Figure 2, NOAA-NCEI; Young et al., 2018). The Mojave and Great Basin receive nearly 
all their precipitation in the winter months, however, the Great Basin, being further north, receives 
most of its winter precipitation as a combination of snow and rain. (Figure 2, NOAA-NCEI; Young 
et al., 2018). The Colorado Plateau precipitation regime is more bimodal with a combination of 
snow and rain in the winter and rain in the summer. (Figure 2, NOAA-NCEI; Young et al., 2018).  

 
 

 
Figure 2. Monthly average precipitation and temperature from 1980 to 2019 from weather stations nearest the 
unburned controls sites for our five North American desert chronosequences. The horizontal axis shows month of the 
year (1 = January, 6 = June, 12 = December). The red line shows average temperature by month and the blue line 
shows average precipitation. Data are from the ISCCP H-series cloud data from NOAA/NCEI (Young et al., 2018). 

Experimental Design 
This project used a chronosequence approach to ask questions about dryland recovery in 

sites that have experienced wildfire. We selected less recently burned (~30 years old; “old fire”) 
and more recently burned (~15 years old; “new fire”) sites with paired controls in each of the five 
North American deserts: Mojave, Chihuahuan, Great Basin, Colorado Plateau, and Sonoran (Table 
1). In each site we timed sampling efforts to co-occur with peak vegetation biomass for that desert. 
In the Colorado Plateau site, the chronosequence consisted of three sites: control, younger burn, 
older burn. In the other four deserts, each chronosequence consisted of four sites: younger burn 
and the younger burn unburned control and an older burn and older burn control (this was because 
the burned sites were too far apart to maintain a single unburned control; Table 1). The Colorado 
Plateau utilized the same control for both fires due to the proximity of the two burned sites to one 
another and to analogous unburned ecosystems. Each fire age and the controls were selected to 
have a similar land use history, soil type, aspect, topography, dominant vegetation structure and 
no post fire seeding treatment. Fire perimeters for the Colorado Plateau, Mojave, and Chihuahuan 
sites were sourced from Monitoring Trends in Burn Severity (MTBS) dataset (Eidenshink et al., 
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2007) and fires in the Great Basin and Sonoran predated the MTBS program and were selected 
based on expert knowledge from local Bureau of Land Management and Forest Service offices. 
Fire severity was difficult to determine for the old fires that lacked these data; therefore, we were 
unable to explicitly select sites with similar burn intensities.  
 
Table 1. Descriptions of fire chronosequence sites for each desert. Dominant shrub was the most abundant species of 
shrub at each site. Fire return interval (FRI) is the mean interval in years between fires in a defined area: reported FRI 
were determined based on the dominant vegetation community present at our desert sites. FRI varied depending on 
fire severity as indicated in parentheses. “Replacement” signifies a fire that caused > 75 % top removal of a vegetation-
fuel type, resulting in general replacement of existing vegetation. “Mixed” signifies any fire burning more than 5 % 
of an area that did not qualify as a replacement, surface, or low-severity fire. “Surface” or “low” signifies any fire that 
causes less than 25 % upper layer replacement and/or removal in a vegetation-fuel class but burns 5% or more of the 
area (Fryer, 2012). Latitude and longitude are the general area of three sample plots within in fire site. Elevation is 
reported as a mean of sample plots (n=3) within each site. Grazing signifies if grazers (cattle or sheep) or evidence of 
grazers (cowpies or hoof prints) were present at plots and their respective controls. Three replicate plots are associated 
with each fire stie and each unburned control site

 
Desert Dominant  

Shrub 
Fire Return 
Interval1 

Sample 
Period 

Name  
of Fire 

Year 
of 
Fire 

Latitud
e 
(°) 

Longitud
e 
(°) 

Elevatio
n (m) 

Grazing 
(y/n) 

Great 
Basin  

Artemisia 
tridentada 

50 years 
(Replacement
) 
200 years 
(Mixed)¹ 

June 
2018 

Old Well  
(New Fire) 

2001 39.71 -115.20 1973 yes 

 Radio 
Tower 
(Old Fire) 

1984 38.68 -115.06 1693 yes 

Colorado 
Plateau  

Ericameria 
nauseosa, 
 

192 years 
(Replacement
) 
>1,000 years 
(Surface or 
low)¹ 

June 
2018 

Pony 
(New Fire) 

2000 37.20 -108.54 2207 no 

Purshia 
tridentate 

Long 
(Old Fire) 

1989 37.22 -108.54 2269 no 

Chihuahua
n  

Ephedra 
trifurca 

14 years 
(Replacement
) 
75 years 
(Mixed)¹ 

October 
2018 

Jackson 
(New Fire) 

2001 32.48 -108.63 1431 yes 

 Knight 
(Old Fire) 

1989 32.45 -108.63 1484 yes 

Mojave  Larrea 
tridentata 588 years 

(Replacement
) 
769 (Mixed)¹ 

April 
2019 

Goodsprin
gs  
(New Fire) 

2005 35.86 -115.46 1242 no 

 Zipper 
(Old Fire) 

1987 36.00 -115.58 1374 no 

Sonoran  Ambrosia 
deltoideae 

150 years 
(Replacement
) 
165 years 
(Mixed)¹ 

Septemb
er 2018 

Ghost 
(New Fire) 

2005 33.49 -111.48 808 no 
 

 Gate 
(Old Fire) 

1980 34.05 -112.75 673 yes 

¹ Fryer, 2012 

 



 
 

7 

Plot Design 
Three replicate plots were sampled in all burned and paired unburned areas following the 

Assessment, Inventory, and Monitoring (AIM) framework (Figure 3, Herrick et al., 2017). We 
established plots using a circular spoke design with three, 25 m long transects beginning 5 m from 
a central point and radiating from that point every 120 ° and covers ~0.3 hectares (Figure 3, Herrick 
et al., 2017). The spoke method is commonly used AIM method which allows us to capture the 
variability within the plots, including variable slopes, azimuths, and geography. The spoke method 
also allowed us to span slopes with both perpendicular and parallel assessments that are difficult 
with other approaches. 

 
Figure 3. Experimental plot design per the Burau of Land Management’s Assessment, Inventory, and Monitoring 
(AIM) framework (Herrick et al., 2017). Three replicate plots were established for each site that was burned ~15 years 
before the time of sampling (“new fire”) and for each respective unburned control (“new control”) and for each site 
that burned ~30 years from the time of sampling (“old fire”) and its respective unburned control site (“old control”). 
Within each plot are three transect lines radiating from the plot’s center at intervals of 120 ° starting from 0 ° as North.  

Aboveground vegetation and seed bank sampling 
Aboveground vegetation and seed bank sampling took place in the field between June and 

October of 2018, with the goal of sampling each desert when most species had emerged from the 
seed bank but before current year seeds had dropped (Faist et al. 2015, Barga and Leger 2018, 
Haight et al. 2019). This targeted approach of “peak biomass” allowed us to meet our objective of 
comparing aboveground vegetation to the seed bank community across desert types, while 
accounting for the temporal and phenological variability between deserts. Seed bank and 
aboveground vegetation was sampled at the quadrat level (1 m2) within each plot and quadrats 
were placed at the 10- and 20-m points along each of the three transects. The nearest shrub to the 
10- and 20-m points was selected, and a 1 m2 quadrat was centered around the target shrub. A 
second, paired quadrat was located and placed around a nearby interspace. In each desert we chose 
our target shrub based on the prominence of that species across our study sites rather than general 
associations with each desert (Table 1). Due to the difficulty in distinguishing various sagebrush 
species in the field, we grouped all Artemisia species to the genus level for the Great Basin plots. 

Total shrub cover varied in both interspace and shrub microsites, but seed bank sampling 
cores were always taken underneath a shrub canopy (shrub microsite) or in an open interspace 
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(interspace microsite). Within each 1 m2 quadrat (both shrub and interspace), we estimated total 
plant cover by species. Plants were counted if any portion of the individual was visually present 
(rooted in or not) within the quadrat, with the goal of capturing the direct potential inputs to the 
seed bank from the aboveground vegetation. Additionally, three seed bank samples were randomly 
collected within each quadrat. Soil cores were 2 cm deep and 6 cm in diameter. Seeds may be 
present in litter, but due to the high variability across deserts, sites, and plots, any litter layer was 
carefully removed to ensure the sample consisted only of the seed bank. The three samples from 
each quadrat were homogenized to create one sample per 1 m2 quadrat (169.65 cm3 total soil). 
This resulted in two interspace and two shrub seed bank samples per transect, and a total of six 
interspace and six shrub seed bank samples per site 
 
Seed bank emergence trials  

Assessment of the seed bank was conducted using the greenhouse emergence method (e.g., 
Gross 1990). Dried seed bank samples were stored in a refrigerator for a minimum of 30 days at 
~4 °C. This acted as a cold stratification treatment to help break seed dormancy for any species 
that may need it (Baskin and Baskin 1998). Samples were then sieved through a 2 mm mesh sieve 
to remove large rocks and woody debris. We visually examined the sieve for any seeds greater 
than 2 mm that may not have passed through the sieve and returned them back to the sample when 
present. Soil bulk density was estimated for each desert by taking the total weight of the pre-sieved 
soil sample divided by the full volume of field collected soil. Soil samples were not oven dried 
and therefore bulk densities reflect a rough estimate. Mean bulk densities were 1.58 g/cm3 
(Chihuahuan), 1.21 g/cm3 (Colorado Plateau), 1.35 g/cm3 (Great Basin) and 1.41 g/cm3 (Sonoran). 
We used the entire sieved volume of each sample for greenhouse emergence trials. Seedling counts 
were converted to seeds/m2 using a conversion factor of 20,000 cm3/m2 (for a 2 cm sampling 
depth). 

To ensure the maximum number of seeds were released from the soil, our emergence trials 
included multiple sequential treatments. Following the first watering treatment, each successive 
watering treatment consisted of re-wetting the sample and briefly stirring the soil to reposition 
seeds within the sample profile thereby increasing the chances of seeds meeting any necessary 
light requirements. Prior to the final watering cycle, we applied gibberellic acid to each sample 
(50 ml of a 6.5x10-4 M solution) to elicit germination in any remaining seeds (DeFalco et al. 2009; 
Brisbin et al. 2013). We monitored until all samples were dry and no additional germination was 
observed. Identified seedlings were counted and removed to avoid competition effects within the 
sample.  
 
Vascular Plant Cover and Height along transect lines 

In addition to the seed bank vegetation cover estimates, plant cover was also measured 
using line-point intercept (Herrick et al., 2017) along each transect lines of each plot. A pin-flag 
was dropped at 0.5-meter intervals along each transect line. For each of these points, we recorded 
the species of the tallest plant hit as well as the height of this plant. Any additional plants that 
touched the pin-flag below the upper canopy were recorded to the species level as lower layer 
codes. Point-intercepts recorded all species present at the point, irrespective of position in the 
canopy, but ignored multiple encounters of the same species. Species were further binned into 
functional groups to assess changes to ecosystem structure; groups were defined as ‘total foliar 
cover’, ‘woody cover’, non-woody cover’, ‘annuals’, ‘perennials’, ‘trees’, ‘shrubs’, ‘succulents’, 
‘grass’, ‘forbs’ and ‘invasives’. ‘Total foliar cover’ represents the proportion of soil surface 
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covered by plants, ‘woody cover’ represents the cover of only trees and shrubs, ‘non-woody cover’ 
is the cover of perennial and annual graminoids and forbs, ‘perennial cover’ is the cover of all 
perennial plants, and ‘annual cover’ is the cover of all annual graminoids and forbs. 
‘Invasives’ included non-native (invasive and/or exotic) graminoids and forbs while ‘grass’ 
included only native (non-invasive, non-exotic) graminoids. ‘Shrubs’ included shrubs and sub-
shrubs. Functional group membership for each species was compiled from the USDA PLANTS 
database except for Carngegia gigantea (giant saguaro) which was assessed as a “succulent” rather 
than “tree” (USDA 2020). 
 
Biological Soil Crust Assessment 

To assess biological soil crust (biocrust) community in burned and unburned sites we 
surveyed biocrust cover using line-point intercept in a 25 x 25 cm frame for a total of 20 points 
(Jonasson, 1983). Interspace biocrust community was assessed with two frames read every 5 m 
along each of the three 25 m transect lines, totaling 24 interspace frames per plot. To determine 
biocrust communities under the dominant shrubs we selected two shrubs near 10 and 20 m on each 
transect line, totaling 24 shrub frames per plot. Under each shrub a frame was read in the dripline 
on the north, east, south, and west side.  

Biocrust cover line point data were transformed into relative percent cover: hits of ground 
cover class / total hits in frame × 100. Percent cover data were averaged to the plot level (separately 
for burned and unburned plots) to form an independent replicate (n=3) for each desert and fire age. 
Percent cover was used to calculate percent deviation from control for each ground cover class: 
burned-unburned/unburned ×100. Biocrust species were grouped into functional groups as 
follows: Lichens, Nitrogen Fixing, Lichens and Mosses. Early successional biocrust refers to 
lightly pigmented cyanobacteria and late successional biocrust refers to darkly pigmented 
cyanobacteria, mosses, nitrogen fixing lichens, and other lichens (Belnap et al., 2008).  
 
Biocrust Recovery Rates 

We used a linear regression to calculate rate of recovery for biocrusts following wildfire, 
similar to Abella (2009, 2010). The mean percent biocrust cover was averaged for each plot and 
used to calculate the mean difference in biocrust cover (%) between 15- and 30-year-old-burned 
and their respective unburned sites for each desert, biocrust functional group, and habitat 
(interspace or shrub; Abella, 2009). We used the slope of the line between the percent difference 
in biocrust cover for 15- and 30-year-old burned sites in each desert and habitat to estimate the 
number of years it would take for burned sites to return to zero (i.e. the mean biocrust coverage as 
unburned sites). Linear equations were fit to the mean percent difference in cover between 15- and 
30-year-old-burned sites over time and separated by desert and habitat (i.e., shrub versus 
interspace). The estimated recovery time (or time it took for biocrust cover to reach similar levels 
as unburned sites) was calculated by solving for x (time) when the y intercept (difference between 
burned and unburned) was equal to zero (Abella, 2010).  
 
Plot level soil biogeochemical analysis  

Soils were collected at 10 m along each transect line for interspace and under shrub, totaling 
six locations within each plot. At each location, three 0-10 cm deep soil cores were composited 
into a single bag. Litter and/or biocrust was removed prior to taking the core. In each sample, we 
measured concentrations of total carbon (organic and inorganic) and total nitrogen, extractable 
organic carbon and extractable nitrogen, inorganic nitrogen (ammonium and nitrate) and 
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orthophosphate. We measured total carbon (Soil C; %TC) and nitrogen (Soil N; %TN) in oven-
dried soils (60 ℃) using an Elementar varioMicro cube elemental analyzer (Elementar Americas, 
Mt. Laurel, NJ). Inorganic matter content (IM %) was determined as proportional mass loss on 
ignition of 1 g of ground soil heated to 550 °C for 4 h (ThermoScientific Thermolyne, Waltham, 
MA, USA). The organic soil mass (OM %) was calculated as the difference between initial and 
final inorganic material mass loss. We extracted ammonium (NH4+) and nitrate (NO3-) by shaking 
8 g of field moist soil in 30 ml of 2 M KCl for 1 hour (Robertson et al., 1999). We extracted 
orthophosphate (PO43-) by shaking 8 g of field moist soil in 30 ml of 0.5 M NaHCO3 for 16 hours 
(Olsen, 1954). We measured extractable organic carbon (Ext C) and extractable nitrogen (Ext N) 
by shaking 8 g of field moist soil in 30 ml of 0.5 K2SO4 for 1 hour. We filtered KCl and NaHCO3 
extracts prior to analysis on a Westco Smartchem 200 discrete autoanalyzer (KPM analytics, 
Milford, MA).  
 
Biocrust and heating mesocosm experiment  

We constructed 32 bare soil and 32 biocrust mesocosms (experimental units in the form of 
pots to be monitored in a controlled environment) from each desert and heated half of both 
mesocosm types to mimic the temperature effects of fire. In each desert, soils were collected from 
areas that were previously unburned. This created a full factorial design with the variables of 
collection site, cover (biocrusts vs. bare soil), and heating (heated vs. ambient). This design 
resulted in 20 treatment groups (Figure 4), four treatments for each of the five desert sites: bio- 
crusted and heated, biocrusted and unheated, bare soil and heated, and bare soil and unheated. 
Each mesocosm was an experimental unit, with 16 replicates of each treatment group (n = 320). 

To construct mesocosms, in each desert we collected mineral soil from interspaces to a 
depth of 10 cm and sieved through a 2 mm mesh screen into a common plastic bin. We 
homogenized the soil from each desert on site and filled sample pots with homogenized soil (pot 
top diameter was 8.94 cm, base diameter was 6.5 cm, and height was 12.7 cm). Half of these 
mesocosms were used as our “bare soil” group and the other half were used as our “biocrust” 
group; the difference between the two mesocosm types was that biocrust communities were placed 
atop the biocrusts group and not atop the bare soil group (Figure 4). For the biocrust mesocosms, 
biocrusts were collected at each desert site using sharp-edged trowels to match the size and shape 
of the pot surfaces, then placed intact atop the “biocrust” treatment pots following the protocol of 
Ferrenberg et al. (2018). In each desert site we located well-developed biocrusts (dominated by 
lichen and/or moss with prominent aboveground structure rather than dominated by cyanobacteria 
spp.) as close as possible at the area where mineral soil collection occurred, minimizing the 
potential for our bare soil-biocrust comparison to be affected by climatic or soil variability across 
the site.  
 

 
Figure 4. Schematic for the mesocosm treatment groups to assess the effects of heating (simulating heat with fire) 
and ambient temperatures. Heat treatments were enacted for biocrust and bare soil mesocosms collected from five 
deserts. Thus, for each desert there were four mesocosm treatments. 
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Heating methods for mesocosms 

In preparation for heating, we transferred all mesocosms to heat tolerant silicone pots with 
a similar volume as the collection pots (round with top diameter 8.9 cm, base diameter 6.4 cm, and 
height 14.7 cm (standard pint model from Silipint Co., Bend, OR), maintaining the bare soil and 
biocrust groups and the individual structure of each sample. Each silicone pot was modified with 
four drainage holes to allow drainage after watering. We placed all mesocosms in a greenhouse at 
the U.S. Geological Survey Southwest Biological Science Center Moab, UT location and watered 
them daily for two weeks. This watering reestablished biocrust metabolism, promoted a more 
continuous biocrust cover within the pots, and connected the biocrust layer to the mineral soil 
beneath. Because soil moisture can impact heat transfer as well as biogeochemical processes, we 
let the mesocosms air dry for approximately one month in preparation for the heating treatment. 
To fully equalize moisture among samples, we oven-dried mesocosms for an additional 22 h at 
40◦ C the day prior to heating. To simulate the type of heat experienced during a desert fire, we 
applied radiant heat to half of the biocrust and half of the bare soil mesocosms using a 120-volt 
infrared heat lamp (model MRM-1208 modified as described in Harte et al., 1995, KalGlo 
Electronics, Bath, PA). The distance from the tallest part of each sample to the heating element 
was standardized at 3.75 cm (±0.25 cm) to minimize variation of heat exposure across different 
surface types. Mesocosms were placed directly under the heating element and exposed to heat for 
six minutes. Based on temperatures measured during heating trials, we estimated that this duration 
would result in a total heat dosage between 35,000 and 45,000◦-seconds, or near the upper range 
of combined temperature and duration observed in shrubland fires (Bailey and Anderson, 1980; 
Brooks, 2002; Chambers et al., 2003; Fuentes-Ramirez et al., 2016; Warren et al., 2015). 

 
Greenhouse mesocosm trials 

Immediately after heating, 240 mesocosms were moved to a larger greenhouse at New 
Mexico State University in Las Cruces, NM and were seeded for plant-biocrust-fire interactions; 
the rest maintained in the Utah greenhouse for biogeochemistry-fire-biocrust interaction 
assessments (see section below). For understanding plant interactions, three seeds of a native 
perennial bunchgrass (Elymus elymoides) were inserted to a depth of 0.5 mm beneath the surface 
of each mesocosm using a scalpel and tweezers. We selected E. elymoides as our study species 
because it has a broad ecological and geographic extent and can be found in all five deserts studied; 
furthermore, it is a species of interest for restoration and seeding after fire (USDA NRCS, 2006). 
Seed material was grown at the Upper Colorado Environmental Plant Center in Meeker, CO (seed 
lot number SCO-18-UC1-MASS). After harvesting, seed was precleaned, sacked, and stored at 
ambient room temperature (20–21 °C). Pure live seed content was reported at 94% (Laboratory 
Report of Analysis, Wyoming Seed Analysis Laboratory, Powell, WY). 

We retained only the first germinated seedling in each mesocosm (of the subset that was 
inserted to 5 mm depth) to ensure that subsequent growth was not affected by competition from 
other seedlings. For retained seedlings, we recorded leaf production (total number of live leaves 
per plant) at approximately three-week intervals throughout the ninety-day greenhouse study. Due 
to the rapid growth and limited leaf mortality for the duration of the study, live leaves were chosen 
over total leaf count. Due to high site level precipitation variability complicating inference 
potential, watering was standardized across all pots and mesocosms were watered several times 
per week with 20–40 ml deionized water, with the goal of minimizing plant mortality and con- 
trolling for variation in moisture across treatments rather than a goal of simulating precipitation 
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experiences in the field. 
All mesocosms were destructively harvested and root and shoot biomass for each plant was 

separated, oven-dried for 72 h at 55- 60◦ C, and then weighed. Biocrust cover composition of each 
mesocosm was again estimated using a 25-point grid frame. To visually gauge how biocrust cover 
differed between heated and unheated treatments at the end of 90 days, lichens and mosses were 
further divided into “intact” or “degraded” categories.  
 
Biogeochemical analysis of mesocosm soils and biocrust 

Immediately after heating, the remaining 80 mesocosms not used for the plant growth study 
(4 replicates from each treatment group) were destructively harvested for biogeochemical 
analyses. For the biocrusted mesocosms, the biocrust layer was separated from the mineral soil 
and stored at 4°C. Tissue from the biocrusts was dried at 60 °C and ground for homogenization 
before being analyzed for total carbon and nitrogen using an elemental analyzer (Elementar Vario 
Micro Cube, Elementar Inc., Langenelsbold, Germany). Soil was sampled from 0 to 3 cm depth, 
which was the surface soil for the bare soil mesocosms and was immediately below the first-
removed biocrust layer for the biocrusted mesocosms. These mineral soils were then subsampled 
for further analyses. One subsample was extracted for inorganic nitrogen assessment (NH4+,NO3−) 
by shaking soils for 1 h with 2 M KCl and allowing the soil to sit overnight. A soil subsample was 
also extracted for inorganic phosphorus assessment using Olsen’s bicarbonate method and a 
shaking time of 16 h (Olsen, 1954). Total dissolved organic carbon and dissolved nitrogen were 
extracted using 0.5 M K2SO4 and a shaking time of 1 h. All extracts were filtered through Whatman 
#1 filter paper (GE Healthcare, Chicago, IL). Inorganic nitrogen (NH4+ and NO3−) and phosphorus 
(PO43-) concentrations were quantified using colorimetric methods on a discrete autoanalyzer 
(Smartchem 200, Unity Scientific, Milford, MA). Extractable dissolved organic carbon and total 
dissolved nitrogen were analyzed on a Shimadzu TOC-VCPN with the TNM-1 attachment 
(Shimadzu Corporation, Kyoto, Japan). A subsample of soil was dried at 60 °C and finely ground 
before being analyzed for total carbon and nitrogen using the elemental analyzer listed above. 
Gravimetric soil moisture was determined on a soil subsample dried at 105 °C for 48 h and used 
to assess soil carbon and nutrient concentrations on a dry soil weight basis. 
 

Results and Discussion 
Seed bank and vegetation characteristics across drylands  

Seed densities in unburned plots ranged from 437.21 seeds/m2 in the Great Basin to 
222.48.29 seeds/m2 in the Sonoran which was significantly higher than the Colorado Plateau and 
Great Basin (Figure 5). When comparing both burned and unburned seed densities across desert, 
burn status had no effect in the Chihuahuan, Colorado Plateau, and Sonoran, however, in the Great 
Basin, densities were significantly higher in burned plots (Figure 6). Species richness did not differ 
between burned and unburned samples in any desert (Figure 6). The total number of distinct taxa 
present in the seed bank of each desert, including burned plots, was highest in the Sonoran (39 
species) followed by the Chihuahuan (31 species), Colorado Plateau, and Great Basin (both 22 
species). 

When broadly comparing the seed bank functional groups across deserts with their 
aboveground functional group counterparts, shrub and interspace sites and burn status were 
separated and overall composition of the seed bank did not mirror that found in the aboveground 
vegetation (Figure 7). Annual forbs were the dominant functional group present in seed bank 
samples across all deserts (Figure 7), however, perennial grasses and forbs made up 33 - 53% of 
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the unburned cold desert seed banks compared to 0 - 10% in warm deserts. The effect of fire on 
functional group composition was evident in both the aboveground vegetation and seed bank, 
although the effect varied by desert, microsite, and functional group.  
 

Figure 5. Comparison of average seed densities across four 
deserts for unburned control plots only. Bars that share a letter 
do not differ at p > 0.05 and error bars represent ±1 SE. Results 
are based on a Kruskal-Wallis test followed by a post-hoc 
analysis, Dunn’s test, for pairwise comparisons. Density was 
averaged at the plot level and n=6 for all groups except the 
Colorado Plateau where n=3. 
 
 

 

 

 

 

Figure 6. Results of Wilcoxon rank-sum test comparing 
average soil seed densities (top) and t-tests comparing 
average species richness (bottom) between burned and 
unburned plots in each desert (n=6 for all groups except for 
Colorado Plateau control where n=3). Bars represent ± 1 SE, 
and an asterisk (*) signifies that burn/unburned means differ 
at p<0.05. 
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Figure 7. Aboveground vegetation (left) and 
soil seed bank (right) functional group 
composition in burned and unburned 
samples (n=36 for all groups except the 
Colorado Plateau where n=18 for control-
interspace and control-shrub groups), for 
shrub (S) and interspace (I) microsites. 
Desert variables are: "CP" Colorado Plateau, 
"GB" Great Basin, CH" Chihuahuan, and 
"SO" Sonoran. Functional group variables 
are AF = annual forb; AG=annual grass; 
PF=perennial forb, PG=perennial grass, 
SH=shrub, TREE=tree. Values are based on 
relative cover (aboveground) and relative 
density (seed bank). 

 
 

Community composition from seed bank 
A total of 90 unique taxa from 26 families germinated from the seed bank samples with 68 

identified to species, 19 to genus, and 3 identified to family or tribe. A list of the top five most 
abundant species within each desert is shown in Table 2 and all taxonomy follows USDA Plants 
nomenclature (USDA 2006). Results of a PERMANOVA showed that species composition was 
significantly different between burned and unburned plots for both the younger and older fire sites 
in the Colorado Plateau and Great Basin.  

 
Table 2. Top 5 most abundant plant species found in the seed banks of the Chihuahuan, Colorado Plateau, Great 
Basin, and Sonoran deserts. Shown are the total abundance of seeds for each species and desert  (seeds/m2), as well 
as the relative abundance for all seeds found within each desert.  
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Figure 8. NMDS ordination plot of all deserts and 
times-since-fire (i.e., new and old fires are called 
short TSF and long TSF, respectively). Large 
circles represent the centroid of each group. 
Smaller dots represent an individual plot and 
microsite combination. Variables include: “TSF” 
time-since-fire, "CH" Chihuahuan, "CP" Colorado 
Plateau, "GB" Great Basin, and “SO" Sonoran. 

 
 

 

Seed bank characteristics across the four desert sites in our study were differentially 
impacted by fire and woody vegetation (i.e., shrubs). Fire history in the Southwest is complex and 
not uniform across drylands. Resilience to fire depends on many factors including amount and 
timing of precipitation and dominant vegetation type (e.g., grass or shrub dominated) (Brooks & 
Chambers 2011). Our study found commonalities across deserts, though some responses were 
more similar when deserts were grouped into “warm” and “cold”, and some responses were desert 
specific. For example, across all deserts, seed bank species richness in the soil was not affected by 
fire. Species composition in warm desert communities were unaffected by fire while cold desert 
communities showed shifts in composition even 30 years after fire. In other words, the Great Basin 
and Colorado Plateau desert seed banks were much more sensitive to fire.  

It has been suggested that cold deserts tend to have lower soil seed densities than warm 
deserts due to differences in the proportion of annuals and perennials present in their flora (Kemp 
1989). In general, warm deserts contain a diverse array of summer and/or winter annuals whereas 
the cold deserts have comparably fewer species overall, including fewer species of annuals (Kemp 
1989), which is at least partially related to longer growing seasons in the warm deserts (Ludwig et 
al. 1987). Few studies have directly compared seed bank characteristics across multiple deserts 
with a common methodology (but see Guo et al. 1999), despite its importance for understanding 
what commonalities may exist across deserts. This research gap is compounded by the fact that 
mean seed density values are not always reported, are reported in different units, or are reported 
only for particular functional groups or species. Our study helps fill this research gap by using a 
standardized methodology across study sites. In contrast to the other literature, we found that seed 
densities were similar among the Great Basin, Colorado Plateau, and Chihuahuan which include 
both warm and cold deserts, but densities in the Sonoran were significantly higher. 

We also found that burned and unburned seed bank communities differed for both times-
since-fire but only in the cold desert sites. Studies looking at aboveground vegetation have shown 
that recovery following fire is variable within and across dryland systems (West and Hassan 1985; 
Abella 2009; Morris and Leger 2016). The lack of vegetation recovery after fire specifically, is at 
least in part due to the limited ability of many desert shrubs and cacti to resprout following fire 
(Abella 2009; Shryock et al. 2015), but we found comparatively few shrub seeds present in our 
seed banks suggesting that this functional group is not driving the stark differences in species 
composition we see belowground. Climate variability and other stressors such as the invasion of 
non-native species can also influence recovery in drylands, which are thought to be less resilient 
and resistant to disturbance than other more mesic systems (Hoover et al. 2020). For example, in 
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the absence of fire, invasive species can exhibit priority effects when they are able to establish 
earlier than native vegetation, which can leave legacies in the soil in the form of altered nutrient 
availability or microbial communities which can impact future native plant establishment (German 
and Suding 2010). This could be particularly important in dryland systems following fire when 
there are profound impacts on the aboveground vegetation and non-native species persist in the 
seed bank. When non-native species can capitalize on limited resources and outcompete natives 
(Esque et al. 2010b), this could lead to a feedback cycle by which native seeds in the soil cannot 
establish and recovery of the system is inhibited. 

In our Colorado Plateau sites, belowground compositional shifts between burned and 
unburned communities were due in large part to the presence of exotic Bromus sp. in all burned 
plots and an increase in Sporobolus sp. present in the longer time-since-fire burned plots. Similar 
findings existed in the Great Basin although more species were associated with either the shorter 
time-since-fire burned community (e.g., Ceratocephala testiculata) or longer time-since-fire 
burned community (e.g., Erodium cicutarium). We did not directly measure the magnitude of 
change in the seed banks for each time-since- fire, but the strong association of non-native species 
with burned sites suggest that these species may be a barrier to restoration of these sites regardless 
of how similar they become to their unburned counterparts. 

While abiotic factors may be important in mediating the effects of fire, we investigated the 
biotic role of shrub microsites in shaping seed bank communities after fire. Research has shown 
that fire can disproportionally affect seed reserves under shrub microsites, especially when these 
microsites have greater densities than nearby interspaces (Esque et al. 2010a). Therefore, 
mechanisms that allow for seeds to be trapped or retained on-site may be particularly important 
for replenishing depleted seed banks. The strength of this shrub-seed bank relationship is driven, 
in part, by seed morphology and dispersal mechanism (Chambers 2000; Giladi et al. 2013) and by 
the shrub species itself, with certain shrub species accumulating more seeds (Guo et al. 1998) or 
forming associations with native vs non- native species (Barga and Leger 2018). In dryland 
systems with multiple co-dominant shrubs, the link between seed bank communities and shrub 
architecture could be an important area of future research. For this study, we chose the most 
dominant shrub species present at our sites to prevent confounding effects of species, except for 
the Colorado Plateau, where shrub species different for each site due to high spatial heterogeneity. 
Therefore, while we are unable to disentangle the effect that specific shrub species themselves may 
have had on the Colorado Plateau seed bank communities, we do address how the physical 
presence of a shrub versus an interspace affects the seed bank. 

Studies looking directly at the impact of fire and microsite on seed banks have shown 
inconsistent patterns, and few studies have compared the entire community of species (but see 
Pekas and Schupp 2013). Previous research in the Great basin has shown that shrub species was 
more important than fire history in influencing seed densities, but shrubs and fire history 
influenced species richness (Barga and Leger 2018). We found that across all deserts and sites, 
shrub and interspace communities did not differ in community composition regardless of fire 
though certain species were strongly associated with shrub microsites in our warm deserts which 
is in contrast to the cold deserts, which lacked significant species associations with either 
microsite. However, in the Chihuahuan we found that seed densities and species richness were 
higher under shrubs compared to interspaces. This could have been partially influenced by 
Descurainia pinnata which was the only species significantly associated with shrub microsites. In 
the Sonoran, species richness was greater under shrubs than interspaces and was likely influenced 
by five species that were indicators of shrub microsites including two shrub species, Ambrosia 
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deltoidea and Encelia farinosa, both of which had greater densities in burned plots, two annual 
forbs Hydrophyllaceae (which included both Phacelia sp. and Eucrypta sp.) and Lotus 
salsuginosus which had lower densities in burned plots. 

Disentangling whether these species associations with shrub microsites are a result of 
physical trapping by the shrub itself, higher reproductive success (i.e. larger seeded species that 
can emerge from underneath litter) or secondary dispersal (i.e. movement by wind and water or 
rodent caching) is beyond the scope of this study but understanding how seed traits contribute to 
seed bank dynamics may provide insight into vegetation dynamics. However, the presence of shrub 
species in shrub microsites may indicate limited dispersal from the parent plant. Encelia farinosa, 
in particular, has been shown to increase in the aboveground vegetation in response to fire and has 
been thought to signal an alternate state in locations where keystone species cannot recover (Steers 
and Allen 2011). Additionally, we found that no species were restricted to interspaces in any desert. 
Our findings indicate that even if the overall community composition does not change, certain 
species may be winners or losers in the face of future disturbances. 

 
Fire effects on aboveground vascular plant cover  

Woody plant cover was reduced across all burned plots relative to controls, however woody 
cover showed evidence of regrowth with more time since fire (Figure 9). Woody recovery was 
slowest in the Great Basin, with only a 5.33% increase in cover after 15 years, and quickest in the 
Sonoran Desert with a 9.11% increase in woody cover in burned areas that have experienced more 
time since fire. Wildfire had minimal effects on the cover of woody plants in the Chihuahuan 
Desert. 

Annual plant cover increased with fire across most deserts. Annual cover was most affected 
by fire in the Great Basin and plots that had a longer recovery time since fire had nearly 40% 
greater annual cover compared to their unburned controls, mainly attributed to cheatgrass (Bromus 
tectorum) (Figures 9). Annual cover in the Sonoran was least affected by fire, which may be related 
to low annual cover overall at our Sonoran sites (Figures 9).  

The Great Basin Desert showed the slowest recovery of woody plants as well as a large 
increase and long-lasting presence of annuals, even with a longer recovery time since fire. The 
Colorado Plateau site was the only tree-dominated site and the fires caused dramatic shifts in 
woody cover and slow recovery of woody plants with overall increases in herbaceous heights. The 
Mojave Desert site showed increases in annual and non woody plant cover with smaller increases 
with more time since fire. These increases occurred with decreases in perennial and woody plant 
cover and showed similar smaller decreases with more time since fire. The Chihuahuan Desert site 
saw large increases in annual cover in the more recent fire while the older fire had annual cover 
that decreased to near-control levels. Overall, of all the sites, woody cover was the least affected 
in the Chihuahuan, because the controls had little cover to begin with. The Sonoran sites 
experienced nearly no annual or non-woody plant cover changes with fire, likely because these 
vegetation types were not abundant in the controls. Additionally, the fires in the Sonoran sites had 
a relatively small effect on woody cover and woody cover increased relative to the control with a 
longer recovery time since fire. 

The five deserts of the Southwest United States show differences in their response and 
recovery to wildfire in the absence of active management. The hypothesis that higher precipitation 
would aid in quicker recovery does not reflect the results from vegetation surveys. For example, 
the Great Basin site saw little recovery by most categories and appeared to be hindered by high 
annual cover. Yet, the dryer and hotter Sonoran Desert showed surprising recovery of the 
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categories shown considering its low precipitation. These results highlight how, without active 
management such as seeding, certain vegetation categories within a desert may recover to levels 
seen in nearby unburned areas, while some characteristics may lag or be restricted from recovery. 
 

 
Figure 9. Results from Line Point Intercept surveys of each fire or unburned control type in each desert. Values show 
the departure of plot level percent cover means from the percent cover means of the paired-control plots. Positive 
values (to the right of the center vertical line) indicate increases in vegetative cover relative to unburned controls and 
negative values indicate decreases in vegetative cover relative to unburned controls. “Less Time Since Fire” represents 
the most recent “young” fire and “More Time Since Fire” represents the older fire in each desert. Five vegetation 
categories are represented, the total foliar cover (proportion of soil surface covered by plants), woody cover (only 
trees and shrubs), non-woody cover (graminoids and forbs), perennial cover (all perennial plants), and annual cover 
(all annual graminoids and forbs). 
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Figure 10. Percent cover of six plant functional groups summarized from point-intercept transects (n = 99 species) in 
five North American deserts (n = 57 plots). Each fire treatment has a paired unburned control group represented 
immediately adjacent to it with the exception of the Colorado Plateau, for which only one unburned control was 
necessary. Recent fire represents the sites where fires burned ~ 15-years prior to this study’s sampling and Old fire 
represents the sites where fires burned ~ 30-years prior. Bar segments are means of 3 plot values for each cover 
category. 

Response of biocrust community to fire 
The community composition of biocrust in all five deserts was significantly influenced by 

the legacy of both newer (~15 years) and older (~30 years) wildfire disturbances in both shrub and 
interspace habitats. Apart from the Chihuahuan sites, biocrust communities in control plots hosted 
greater abundances of mosses from Syntrichia spp. and lichen from Collema spp. The biocrust 
communities in the control plots were highly dissimilar from those in both 15- and 30-year-old 
burned plots. The 15-year-old-burned plots overall had higher abundances of early successional 
biocrust compared to their relative controls (Figure 11). In the two cold deserts, the Great Basin 
and the Colorado Plateau, early successional biocrust became the most dominant biocrust group 
in the 15-year-old-burned plots, reaching over 60 % of ground cover in the interspaces. In the 
Colorado Plateau, early successional cover was over 160 % higher in 15-year-old-burned plots 
compared unburned controls. Similarly, early successional biocrust was 90 % higher in 15-year-
old-burned plots compared to controls in the interspace habitat of the Mojave. Burning 
significantly reduced late successional biocrust cover (i.e., darkly-pigmented cyanobacteria, 
nitrogen fixing lichens, lichens, and mosses). This pattern was strongest in both cold deserts (Great 
Basin and Colorado Plateau) and in the Mojave where late successional cover made up 5-10% of 
the ground cover and was reduced to a fraction of a percent in both burned plots. 

Fire had variable effects on non-biocrust cover (litter, bare ground, and small plant bases, 
Figure 11), which mainly was dependent on the habitat (shrub vs. interspace) and desert site. In 
the cold deserts, litter became more common in the interspaces of the 15- and 30-year-old burned 
plots compared to their controls (Figure 11). This effect was strongest in the Great Basin where 
litter (mainly from the invasive annual grass Bromus tectorum) cover was significantly higher in 
30-year-old burned plots compared to its relative control. The Sonoran showed strong patterns 
between interspace and shrub microhabitats, where litter cover increased by more than 40% under 
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the shrub canopies following fire but decreased by over 60% in the interspaces. In the Chihuahuan 
and Mojave deserts, bare ground and plant bases were stimulated by fire. In this Chihuahuan the 
stimulation of bare ground following fire was most pronounced in the interspace which resulted in 
over a 100% increase of bare ground compared to its relative control. 

 
Figure 11. Mean percent deviation (±1 standard error) in ground cover of the 15-year-old (n=3) and 30-year-old (n=3) 
burned plots compared to their paired unburned plots (n=6, 3 plots for each fire age except for the Colorado Plateau 
n=3). Data shown are the mean for the combined interspace and shrub ground cover classes: late biocrust signifies 
late successional, well-developed crust (darkly pigmented cyanobacteria, nitrogen fixing lichens, lichens, and mosses), 
early biocrust signifies biocrust that is an early successional state (lightly pigmented cyanobacteria), bare ground, 
plant (small plant bases), and plant litter cover. 

Our results highlight that biocrust communities and biocrust cover vary across deserts 
regardless of fire history. The Great Basin, Colorado Plateau, and Mojave deserts contained the 
highest ground cover of biocrust with the highest proportions of late successional biocrust (i.e., 
lichen and moss), whereas the Sonoran and Chihuahuan deserts contained mainly earlier-
successional biocrust (i.e., lightly- and darkly-pigmented cyanobacteria). In instances when 
biocrust recovered following wildfire, we predicted that shrubs would facilitate quicker recovery 
and/or aid in survival following wildfire disturbance because of their nutrient rich and protective 
habitat (Rosentreter & Belnap, 2001; Schlesinger et al., 1996; Schlesinger & Pilmanis, 1998). 
Across all unburned plots, the biocrust community composition did not differ significantly 
between shrubs and interspaces, however total biocrust cover in the interspace was greater 
compared to underneath shrubs habitats. Following wildfire, different patterns emerge between 
shrub and interspace communities for different deserts. In the Great Basin, Colorado Plateau, and 
Sonoran deserts the shrub community facilitated a quicker recovery for biocrust types, notably for 



 
 

21 

two nitrogen-fixing groups: lichens and darkly pigmented cyanobacteria. In the Mojave and 
Chihuahuan, recovery primarily occurred in the interspace. Shrubs are often considered to be 
especially important in water and nutrient limited ecosystems because of their role in increasing 
soil moisture and fertility and thereby facilitating survival and growth of other plants by 
ameliorating the extreme environmental conditions of desert climates (Padilla & Pugnaire, 2006; 
Schlesinger et al., 1996; Walker et al., 2001). These results underscore that, in addition to the 
compounding disturbances and increasing cover of non-biocrust components, the canopy of target 
shrub species may also strongly influence recovery rates of biocrust groups in certain deserts. 
 
Wildfire effects on soil biogeochemistry  

Overall, soil nutrients were higher under shrubs compared to interspaces, consistent with 
fertile island framework we often use to understand dryland nutrient cycling (Schlesinger et al., 
1996). Beyond differences between microhabitats, biggest changes in pools of soil carbon (both 
Ext C and Soil %C) were observed in the Great Basin and Colorado Plateau (Figure 12A&I). The 
Colorado Plateau more recent fire had the highest extractable carbon relative to control 
plots (Figure 12A). The Great Basin old fire showed increases in total and extractable nitrogen and 
phosphorus (Figure 12B&H). The biggest differences in NO3 soil pools were observed in the 
Sonoran (Figure 18E). Overall PO43- was highest across all sites in the Chihuahuan (Figure 12H). 

 
Figure 12(A-K). Mean (±1 standard 
error) biogeochemical differences 
across burned and unburned soils for 
five deserts. Soils collected from the 
interspace are solidly filled and those 
collected from underneath the 
driplines of shrubs are hatched. A) 
“Ext C” and B) “Ext N” refers to 
extractable organic carbon and 
nitrogen, which are often more labile 
pools of carbon and nitrogen in soils, 
C) IM refers to the percent inorganic 
material (mainly % inorganic carbon), 
D) NH4+ and E) NO3- refer to 
inorganic forms of nitrogen 
(ammonium and nitrate, 
respectively) which are essential 
nutrients and readily taken up by 

plants and microbes, F) OM refers to 
the percent organic matter, G) pH 
reflects the acidity or alkalinity of the 

soil, H) PO43- refers to the concentration of orthophosphate, which is the primary form that phosphorus is taken up by 
plants, I) Soil %C and K) Soil %N are the concentrations of carbon and nitrogen, and their ratio (J). 

 
Discussion of wildfire effects on biocrust recovery, plant cover, and biogeochemistry 

Recovery of biocrusts following fire is often thought to be inversely related to cover of 
exotic annual cover (Ponzetti et al., 2007). Litter from invasive grasses can suffocate biocrusts and 
perpetuate their decomposition (Serpe et al., 2013). Our Great Basin sites had the highest 
abundance of B. tectorum, and the old fire site (c.a. 30 years) experienced a 200% increase in litter 
(mainly from B. tectorum) relative to its control. Litter and annual plant cover increased as well in 
Chihuahuan, Mojave, and Colorado Plateau sites as well. Bromus tectorum, specifically, has been 
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shown to outcompete biocrust in interspace communities due to its high-density growth patterns 
(Rosentreter & Belnap, 2001). Another testament to this interaction between annual plant and 
biocrust cover, is the lack of effect wildfire had on the biocrust community and cover of annual 
plants across the Sonoran sites. In the Sonoran, biocrust were not significantly affected by wildfire 
and in fact the shrub habitat of the 30-year-burned plots hosted the highest cover of early and 
intermediate biocrust types for that site. Annual cover was lowest (both for burned and unburned) 
in the Sonoran compared to all the other desert sites (burned and unburned) and thereby might help 
explain why fire did not spread to biocrust communities nor influence their succession following 
wildfire. Together these results underscore the important relationships between soil 
microorganisms, plants, and biogeochemical cycles through legacies of wildfire.  
 
Heating effects on biocrust in mesocosm experiment 

Heated biocrust from the mesocosm experiment exhibited more structural degradation and 
discoloration than unheated biocrust at the end of the 90-day greenhouse period. Heating was 
associated with a higher proportion of lichens that were bleached, discolored, or structurally 
degraded, and a higher proportion of mosses that were blackened or failed to green up when misted 
with water. The percent cover of bare soil was also higher in heated samples. While not a direct 
measure of mortality, these visual estimates indicate a negative impact of heating on biocrust cover 
and differences between heated and unheated samples that persisted for at least 90 days post-
heating.  

 
Heating and site influences on E. elymoides in mesocosms 
 When looking at leaf count over the observation period, leaf production continued to 
increase over time, with leaf counts on each observation date showing a significant increase from 
the previous observation date. At the conclusion of the study, mean number of leaves (±1 standard 
error) was highest in samples from the Great Basin (38.4 ± 2.6) followed by Colorado Plateau 
(35.2 ± 1.8), Mojave (32.3 ± 4.3), Sonoran (27.9 ± 1.7), and lowest in the Chihuahuan (14.2 ± 2.9), 
providing evidence that the original desert site soil source influenced leaf production. When 
comparing across all treatment groups, observed plant biomass (roots and shoots) showed a general 
increase in the presence of biocrusts, when bare soil had been heated, and when biocrusts had been 
heated (Table 3). The mixed-effect model (including the fixed effects of cover type and heating 
treatment and the random effect of desert) demonstrated that biocrusts, bare soil, and their 
interaction with heating significantly affected shoot biomass production. E. elymoides shoot 
biomass production was significantly different by soil cover type; biocrusts and bare soil and 
addition of heat had significant differences, although bare soil and ambient treatments 
demonstrated an interaction. Biomass allocation between root and shoot material varied across 
desert sites. The mean root:shoot ratio was highest in samples from the Chihuahuan desert, 
followed by the Sonoran, Mojave, Great Basin, and Colorado Plateau. The high root:shoot value 
for the Chihuahuan was driven by a single sample with a ratio of 36 due to minimal aboveground 
growth. 

While the combination of soil cover type and heating treatment had a consistent influence 
on mean biomass across desert sites, the magnitude of the effect varied by desert and between root 
and shoot measures (Table 3). In Chihuahuan samples, the effects of heat and biocrusts were only 
significant in combination with one another. Colorado Plateau samples were less affected by heat 
and biocrusts, although shoot biomass in ambient biocrust samples was significantly greater than 
shoot biomass is ambient bare soil. In Great Basin samples, both heated and ambient biocrust 
mesocosms had increased shoot biomass relative to bare soil, with more subtle differences 
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belowground. In Mojave soils, the combination of biocrusts and heat had a strong positive effect 
on both root and shoot biomass. Finally, plants in Sonoran site soils were strongly affected by the 
combination of heat and biocrusts, with positive responses for both root and shoot biomass. 
 
Table 3. Percent change in mean shoot and root biomass (g) with heating, biocrust, and biocrust + heating. Change 
represents increases (+) or decreases (-) in biomass relative to ambient bare soil conditions. 

 
 

Despite variability in the relative size and vigor of plants across our five study desert sites, 
we found that biocrusts had a consistent positive influence on E. elymoides root biomass, shoot 
biomass, and leaf production. Studies focused on the later stages of plant development have largely 
shown biocrusts to be beneficial for plant growth, including studies that have shown increased 
plant biomass in association with biocrusts (Belnap et al., 2001; Ferrenberg et al., 2018; Havrilla 
et al., 2019b; Li et al., 2005; Song et al., 2017). Biocrusts can reduce soil erosion (Chamizo et al., 
2017; Eldridge et al., 2020; Faist et al., 2017, 2020; Fick et al., 2020; Young et al., 2019) and retain 
water just below the soil surface (Eldridge et al., 2020), which may increase plant- available 
moisture and limit desiccation (Ferrenberg et al., 2018; Havrilla et al., 2019a). Additionally, 
biocrusts can increase soil fertility by increasing organic matter, nitrogen, and other mineral 
nutrients (Ferrenberg et al., 2018; Havrilla et al., 2019a) and studies have found that plants grown 
in association with biocrusts can have higher nutrient concentrations in their tissues than plants 
grown in bare soils (Ferrenberg et al., 2018; Havrilla et al., 2019b). 

The potential for fire to alter biocrust-plant dynamics has been less studied, although some 
efforts have begun incorporating biocrusts into our understanding of biotic resistance and 
resilience (Bowker et al., 2004; Root et al., 2017) and the cheatgrass-fire cycle (Condon and Pyke, 
2018; Ponzetti et al., 2007; Slate et al., 2019). Fire can have complex effects on plant communities 
(Engel and Abella, 2011) and on ecosystem dynamics through changes in soil moisture, 
temperature, and nutrient cycling (Augustine et al., 2014). During wildfires, heat exposure under 
shrubs can be significantly greater than in interspaces because shrubs act as a fuel source that burns 
hotter and for longer durations (Brooks, 2002; Fuentes-Ramirez et al., 2016; Patten and Cave, 
1984). The heat dosage we applied in our study was based on the upper range of temperature and 
duration documented in hot undershrub fires (Bailey and Anderson, 1980; Brooks, 2002; 
Chambers et al., 2003; Fuentes-Ramirez et al., 2016; Warren et al., 2015). In addition to this being 
a simulated study under controlled conditions, not all fires would expose biocrusts to this level of 
heat, but we might expect these results to represent the upper end of exposure and impact for 
dryland systems. In dryland environments where reestablishment of biocrusts into burned areas is 
slow, these fire-caused changes could persist for longer periods of time (Johansen, 2001, Palmer 
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et al., 2020) thus potentially demonstrating the plant-biocrust-fire interactions over time as shown 
by the short-term responses of our current study. 

In our study, we found that the heating treatment applied had a positive impact on E. 
elymoides growth, although the effects of heating were only significant in mesocosms with 
biocrust cover. Heating also resulted in degradation and deterioration of lichen and moss biocrusts, 
and an increase in bare soil that persisted for at least 90 days post-heating. A previous study found 
that fire-killed lichens gradually deteriorated over time as weathering eroded their physical 
structure (Schulten, 1985). This degradation could aid in the plant growth by releasing nutrients 
from the biocrusts and increasing the availability of nutrients for plants to uptake. The lack of 
growth response in bare soil mesocosms may indicate that biocrusts and heat-induced mortality 
were driving these dynamics; however, the exact mechanisms have yet to be determined. We also 
acknowledge that greenhouse conditions in which the study was conducted are not an exact 
replication of field conditions and the health of the biocrust over time in the greenhouse had the 
potential to influence our observed outcomes. Lichen degradation was observed at the end of the 
study in both ambient and heated biocrusts. However, ambient samples had significantly higher 
levels of intact lichen and, when present, heated treatments had no intact lichens. Furthermore, 
some of the stronger effects of heating on plant biomass were in the soils with higher lichen 
presence (e.g., Chihuahuan and Mojave sites). Increasing our understanding how the nutrient pools 
associated with biocrusts may change with heating through time—and how first-order fire effects 
such as biocrust mortality may further shape these dynamics—could be useful in interpreting 
second order effects to the vascular plant community. Overall, a better understanding of these 
dynamics could help explain fire effects as well as responses to fire in dryland systems. 
 

Conclusions (Key Findings) and Implications for Management/Policy and 
Future Research 

 
With the introduction of the grass-fire cycle, the threat of increasing fire frequency is especially 
challenging for land managers. Because seed bank communities represent the future potential of a 
site, our study focused on quantifying the changes in seed bank characteristics following a single 
burn in multiple desert systems. Our findings suggest that all deserts exhibit some vulnerability to 
future fire disturbance because relatively low soil seed densities may not provide enough 
propagules for restoration and therefore, seeding of these communities may be especially 
important. In the cold deserts, this susceptibility is further evidenced by the fact that aboveground 
community composition in fire-affected areas was significantly different from the nearby unburned 
community even 30 years after fire and burned communities were associated with non-native 
species. That said, native species do exist in seed banks of burned sites and some taxa, like 
Sporobolus sp., occur in high densities. Therefore, caution may be needed when using herbicide 
treatments to control exotic species as there may be unintended consequences of decreasing 
desirable species. In contrast, our warm desert sites exhibited little change in terms of seed 
densities, species richness and community composition following fire. The degree to which abiotic 
factors and fire severity mediate these responses is of great interest. It is also possible that the 
diversity of annuals found in the seed bank contributed to this response, highlighting the need to 
investigate the role of maintaining biological diversity in these systems. In the face of more 
frequent fires, the lack of shrub seeds in the seed bank of all deserts is notable and we found no 
evidence of greater seed densities or unique species assemblages associated with shrub microsites. 
Special management of shrub populations may be needed to ensure these species remain available 
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as forage, habitat and seed sources following future disturbance. 
Drylands in the American Southwest follow different trajectories after fire disturbance, with 

cold deserts (Great Basin and Colorado Plateau) showing less relative recovery 
following fire compared to unburned controls (Pausas, 2015; Pausas & Dantas, 2017). 
Additionally, both the Colorado Plateau and the Great Basin have increased in Bromus 
tectorum abundance following time since fire. This response is similar to Mediterranean systems 
(D’Antonio & Vitousek, 1992) and other studies in the Great Basin (Barker et al., 2019; Shinneman 
& McIlroy, 2016), suggesting a potential shift to an alternative stable state (Beisner et al., 2003). 
The pinyon-juniper woodlands on the Colorado Plateau showed no signs of regeneration post-fire. 
This is significant for land-managers and policymakers as old growth pinyon-juniper woodlands 
are critically important ecosystems in many parts of the western United States (Hartsell et al., 
2020; Romme et al., 2009). Contrarily, the hot deserts (Mojave, Chihuahuan, and Sonoran) were 
more resilient to fire disturbance as we did not observe as strong of difference between controls 
and burned treatments.   

Biocrusts are important desert communities – regulating core ecosystem attributes, such as soil 
stability, fertility, and moisture. As seen in Australia (Bradstock, 2010; Pitman et al., 2007) and 
California (Westerling et al., 2011; Westerling & Bryant, 2008; Williams et al., 2019), widespread 
wildfire is increasing in extent and magnitude as a major driver of ecosystem change at regional, 
continental, and global scales (Liu et al., 2009). Due to increased aridity and invasion by exotic 
annual grasses that carry fire in the interspaces between perennial plants, many of these fire-
induced changes are occurring in drier ecosystems, such as the deserts that dominate western 
portions of North America (Abatzoglou & Williams, 2016). Although a range of research has 
explored the consequences of desert wildfire on wildlife and vascular plants (Abella, 2009; 
DeFalco et al., 2010; Dragt & Provencher, 2005; Engel & Abella, 2011; Esque et al., 2004), much 
less is known about how fire affects another class of foundational desert community, biocrusts, 
and particularly over a longer time frame such as 15 and 30 years. Our fire chronosequence study 
spanning the five major deserts of North America shows that fire reduces cover and significantly 
changes community composition of biocrusts, with critical implications for ecosystem function. 
Further, our exploration of biocrust recovery in the decades following fire showed large variability 
in the pace of biocrust recovery, with some sites showing a lack of recovery even after thirty years 
since burning. Our results also underscore the importance shrub canopies for reestablishing or 
protecting biocrusts following fire. We also found that fire strongly influenced the community 
composition of the moss and lichen biocrust communities. Unlike climate and physical 
disturbances, the legacy of wildfire even several decades following fire may create dryland 
ecosystems without either early or late successional biocrusts. Such dramatic ecological transitions 
are of exceptional concern Lastly, observed changes to biogeochemical cycles indicate that legacy 
effects of fire are not limited to effects on plant and biocrust community structure.  This work 
highlights that desert responses to fire are not uniform and underscores the significant and lasting 
effects that wildfires have on desert ecosystems, which account for over 45 % of Earth’s land 
surface and are home to more than 2 billion people.  

 
 
 
 
 
 



 
 

26 

 
Literature Cited 

Abatzoglou, John T., and A. Park Williams. 2016. Impact of Anthropogenic Climate Change 
on Wildfire across Western US Forests. Proceedings of the National Academy of 
Sciences of the United States of America 113 (42): 11770–75. 
https://doi.org/10.1073/pnas.1607171113. 

Abella, Scott R, and E Engel. 2013. Influences of wildfires on organic carbon, total nitrogen, 
and other properties of desert soils, Soil Science Society of America Journal, 77: 1806-
17. 

Abella, Scott R. 2009. Post-Fire Plant Recovery in the Mojave and Sonoran Deserts of 
Western North America. Journal of Arid Environments 73 (8): 699–707. 
https://doi.org/10.1016/j.jaridenv.2009.03.003. 

Abella, Scott R. 2010. Disturbance and Plant Succession in the Mojave and Sonoran Deserts of 
the American Southwest. International Journal of Environmental Research and Public 
Health 7 (4): 1248–84. https://doi.org/10.3390/ijerph7041248. 

Allen, E.A. and Nowak, R.S. 2008. Effect of Pinyon-Juniper Tree Cover on the Seed bank. 
Rangeland Ecology and Management 61: 63-73. 

Allen, E.B., Steers, R.J., Dickens, S.J., 2011. Impacts of fire and invasive species on desert 
soil ecology. Rangeland Ecology and Management. 64, 450–462. 

Augustine, David J, Paul Brewer, Dana M Blumenthal, Justin D Derner, and Joseph C von 
Fischer. 2014. Prescribed fire, soil inorganic nitrogen dynamics, and plant responses in 
a semiarid grassland, Journal of Arid Environments, 104: 59-66. 

Bailey, A.W., Anderson, M.L., 1980. Fire temperatures in grass, shrub and aspen forest 
communities of central Alberta. J. of Range Management. 33, 37–40. 

Barga, S. and Leger, E. 2018. Shrub Cover and fire history predict seed bank composition in 
Great Basin shrublands. Journal of Arid Environments. 154: 40-50. 

Barger, Nichole N, Bettina Weber, Ferran Garcia-Pichel, Eli Zaady, and Jayne Belnap. 2016. 
Patterns and Controls on Nitrogen Cycling of Biological Soil Crusts. in, Biological Soil 
Crusts: An Organizing Principle in Drylands (Springer). 

Barker, Brittany S., David S. Pilliod, Matthew Rigge, and Collin G. Homer. 2019. Pre‐fire 
Vegetation Drives Post‐fire Outcomes in Sagebrush Ecosystems: Evidence from Field 
and Remote Sensing Data. Ecosphere 10 (11). https://doi.org/10.1002/ecs2.2929. 

Baskin, C.C., and Baskin, J.M. 1998. Seeds: Ecology, Biogeography, and Evolution of 
Dormancy and Germination. Academic Press: San Diego, CA. 

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models using 
lme4. Journal of Statistical Software. 10.18637/jss.v067.i01. 

Bates, J.D., Miller, R.F. and Svejcar, T.J. 2000. Understory dynamics in cut and uncut western 
juniper woodlands. Journal of Range Management 53(1): 119-126. 

Beckstead, J., Street, L.E., Meyer, S.E., Allen, P.S., 2011. Fire effects on the cheatgrass seed 
bank pathogen Pyrenophora semeniperda. Range Ecology and Management. 64, 148–
157. 

Beisner, BE, DT Haydon, and K Cuddington. 2003. Alternative Stable States in Ecology. 
Frontiers in Ecology and the Environment. 

Belnap, J., Prasse, R., Harper, K.T., 2001. Influence of biological soil crusts on soil 
environments and vascular plants. In: Belnap, J., Lange, O.L. (Eds.), Biological Soil 
Crusts: Structure, Function, and Management. Springer-Verlag, Berlin, pp. 281–300. 



 
 

27 

Belnap, J., Weber, B., Büdel, B., 2016. Biological Soil Crusts as an Organizing Principle in 
Drylands. Springer, Switzerland. 

Belnap, Jayne, and Dale A Gillette. 1998. Vulnerability of desert biological soil crusts to wind 
erosion: the influences of crust development, soil texture, and disturbance, Journal of 
Arid Environments, 39: 133-42. 

Belnap, Jayne, S. L. Phillips, D. L. Witwicki, and M. E. Miller. 2008. Visually Assessing the 
Level of Development and Soil Surface Stability of Cyanobacterially Dominated 
Biological Soil Crusts. Journal of Arid Environments 72 (7): 1257–64. 
https://doi.org/10.1016/j.jaridenv.2008.02.019. 

Belnap, Jayne. 2002. Nitrogen fixation in biological soil crust from southeast Utah, USA, 
Biology and Fertility of Soils, 35: 128–35. 

Belnap, Jayne. 2003. The world at your feet: desert biological soil crusts, Frontiers in Ecology 
and the Environment, 1: 181-89. 

Belnap, Jayne. 2006. The potential roles of biological soil crusts in dryland hydrologic cycles, 
Hydrological Processes, 20: 3159-78. 

Belnap, R Prasse, and KT Harper. 2003. Influence of biological soil crusts on soil 
environments and vascular plants. in J Belnap and O. L. Lange (eds.), Biological Soil 
Crusts: Structure, Function, and Management (Springer-Verlag, : Berlin). 

Berdugo, M, S Soliveres, and FT Maestre. 2014. Vascular plants and biocrusts modulate how 
abiotic factors affect wetting and drying events in drylands, Ecosystems. 

Bond, W.J., and J.E. Keeley. 2005. Fire as a global ‘herbivore’—The ecology and evolution of 
flammable ecosystems, Trends in Ecology and Evolution: 387–94. 

Bowker, M.A., Belnap, J., Rosentreter, R., Graham, B., 2004. Wildfire-resistant biological soil 
crusts and fire-induced loss of soil stability in the Palouse prairies, USA. Applied Soil 
Ecology. 26, 41–52. 

Bowker, Matthew A. 2007. Biological soil crust rehabilitation in theory and practice: an 
underexploited opportunity, Restoration Ecology, 15: 13-23. 

Braak, Cajo J.F. Ter. 1986. Canonical Correspondence Analysis : A New Eigenvector 
Technique for Multivariate Direct Gradient Analysis. Ecology 67 (5): 1167–79. 
https://www.jstor.org/stable/1938672?seq=1#metadata_info_tab_contents. 

Bradstock, R A. 2010. A Biogeographic Model of Fire Regimes in Australia: Current and 
Future Implications. Global Ecology and Biogeography, 145–58. 
https://doi.org/10.1111/j.1466-8238.2009.00512.x. 

Brisbin, H., Thode, A., Brooks, M., Weber, K. 2013. Seed bank Responses to Postfire 
Herbicide and Native Seeding Treatments Designed to Control Bromus tectorum in 
Pinyon-Juniper Woodland at Zion National Park, USA. Invasive Plant Science and 
Management 6: 118-129. 

Brooks, M. L. 2002. Peak Fire Temperatures and Effects on Annual Plants in the Mojave 
Desert. Ecological Applications. 12(4): 1088-1102. 

Brooks, M. L. and Chambers, J.C. 2011. Resistance to Invasion and Resilience to Fire in 
Desert Shrublands of North America. Rangeland Ecology and Management 64(5) 431-
438. 

Brooks, M.L. 2012. Effects of high fire frequency in creosote bush scrub vegetation of the 
Mojave Desert, International Journal of Wildland Fire, 21: 61–68. 

Brooks, M.L., 2002. Peak fire temperatures and effects on annual plants in the Mojave Desert. 
Ecological Applications. 12, 1088–1102. 



 
 

28 

Brooks, M.L., and J.R. Matchett. 2003. Plant community patterns in unburned and burned 
blackbrush (Coleogyne ramosissima torr.) shrublands in the Mojave Desert, Western 
North American Naturalist,, 63: 283–98. 

Brooks, M.L., and K.H. Berry. 2006. Dominance and environmental correlates of alien annual 
plants in the Mojave Desert, USA, Journal of Arid Environments: 100e24. 

Brooks, M.L., D’Antonio, C.M., Richardson, D.M., Grace, J.B., Keeley, J.E., DiTomaso, J.M., 
Hobbs, R.J., Pellant, M., Pyke, D. 2004. Effects of Invasive Alien Plants on Fire 
Regimes. Bioscience. 54(7):677- 688. 

Brooks, Matthew L, and David A Pyke. 2001. Invasive plants and fire in the deserts of North 
America. In The First National Congress on Fire Ecology, Prevention, and 
Management, San Diego, CA, Tall Timbers Research Station, Tallahassee, FL. 

Brown, D.E., and R.A. Minnich. 1986. Fire and changes in creosote bush scrub of the western 
Sonoran Desert, California, American Midland Naturalist, 116: 411–22. 

Brown, Ray W, and Michael C Amacher. 1999. Selecting plant species for ecological 
restoration: a perspective for land managers, Proceedings: Revegetation with native 
species. Ogden, UT, USA: US Department of Agriculture Forest Service, Rocky 
Mountain Research Station: 1-16. 

Brown, Timothy J, Beth L Hall, and Anthony L Westerling. 2004. The impact of twenty-first 
century climate change on wildland fire danger in the western United States: an 
applications perspective, Climatic Change, 62: 365-88. 

Caldwell, M., 1985. Cold Desert. In: Chabot, B.F., Mooney, H.A. (Eds.), Physiological 
Ecology of North American Plant Communities. Chapman and Hall, New York, pp. 
198–212. 

Carrington, Mary E. 2010. Effects of soil temperature during fire on seed survival in Florida 
Sand Pine Scrub, International Journal of Forestry Research, 2010. 

Certini, Giacomo. 2005. Effects of fire on properties of forest soils: a review, Oecologia, 143: 
1-10. 

Chamber, J.C. 2000. Seed movements and seedling fates in disturbed sagebrush steppe 
ecosystems: Implications for restoration. Ecological Applications 10(5): 1400-1413. 

Chambers, J.C., Tausch, R.J., Roundy, B.A., Bruce, A., Meyer, S.E., 2003. Technical Note: A 
technique for conducting small-plot burn treatments. J. of Range Management. 56, 
251–254. 

Chamizo, S., Rodriguez-Caballero, E., Roman, J.R., Canton, Y., 2017. Effects of biocrust on 
soil erosion and organic carbon losses under natural rainfall. Catena. 148, 117–125. 

Chick, M.P., Cohn, J.S., Nitschke, C.R., and York, A. 2016. Lack of soil seed bank change 
with time since fire: relevance to seed supply after prescribed burns. International 
Journal of Wildland Fire 25(8): 849-860. 

Condon, L.A., Pyke, D.A., 2018. Fire and grazing influence site resistance to Bromus tectorum 
through their effects on shrub, bunchgrass and biocrust communities in the Great Basin 
(USA). Ecosystems. 21, 1416–1431. 

D’Antonio, C.M. and Vitousek, P.M. 1992. Biological Invasions by Exotic Grasses, the 
Grass/Fire Cycle, and Global Change. Annual Review of Ecology and Systematics. 
23:63-87. 

D’Antonio, Carla M., and Peter M. Vitousek. 1992. Biological Invasions by Exotic Grasses, 
the Grass/Fire Cycle, and Global Change. Annual Review of Ecology and Systematics 
23 (1): 63–87. https://doi.org/10.1146/annurev.es.23.110192.000431. 



 
 

29 

Darrouzet-Nardi, Anthony, Sasha C. Reed, Edmund E. Grote, and Jayne Belnap. 2015. 
Observations of Net Soil Exchange of CO2 in a Dryland Show Experimental Warming 
Increases Carbon Losses in Biocrust Soils. Biogeochemistry 126 (3): 363–78. 
https://doi.org/10.1007/s10533-015-0163-7. 

Davies, G.M., J.D. Bakker, E. Dettweiler-Robinson, P.W. Dunwiddie, S.A. Hall, J. Downs, 
and J. Evans. 2012. Trajectories of change in sagebrush steppe vegetation communities 
in relation to multiple wildfires, Ecological Applications, 22: 1562–77. 

Davies, K.W. and Bates, J.D. 2017. Restoring big sagebrush after controlling encroaching 
western juniper with fire: aspect and subspecies effects. Restoration Ecology. 25(1): 
33-41. 

De Caceres, M., Legendre, P. 2009. Associations between species and groups of sites: indices 
and statistical inference. Ecology, URL http://sites.google.com/site/miqueldecaceres/ 

DeFalco, L.A., Esque, T.C., Kane, J.M., Nicklas, M.B. 2009. Seed banks in a degraded desert 
shrubland: Influence of soil surface condition and harvester ant activity on seed 
abundance. Journal of Arid Environments 73: 885-893. 

DeFalco, L.A., G.C.J. Fernandez, and R.S. Nowak. 2007. Variation in the establishment of a 
non-native annual grass influences competitive interactions with Mojave Desert 
perennials, Biological Invasions, 9: 293e307. 

DeFalco, Lesley A., Todd C. Esque, Sara J. Scoles-Sciulla, and Jane Rodgers. 2010. Desert 
Wildfire and Severe Drought Diminish Survivorship of the Long-Lived Joshua Tree 
(Yucca Brevifolia; Agavaceae). American Journal of Botany 97 (2): 243–50. 
https://doi.org/10.3732/ajb.0900032. 

Dragt, William, and Louis Provencher. 2005. Rapid Assessment Reference Condition Model: 
Salt Desert Shrub (R2SDSH). Landfire, 7. 

Duniway, M.C., Nauman, T.W., Johanson, J.K., Green, S. Miller, M.E., Williamson, J.C., 
Bestelmeyer, B.T. 2016. Generalizing Ecological Site Concepts of the Colorado 
Plateau for Landscape-Level Applications. Rangelands. 38(6): 342-349. 

Eidenshink, Jeff, Brian Schwind, Ken Brewer, Zhi-liang Zhu, Brad Quayle, and Stephen 
Howard. 2007. A Project for Monitoring Trends in Burn Severity. Fire Ecology 3 (1): 
3–21. https://doi.org/10.4996/fireecology.0301003. 

Eldridge, D.J., Reed, S., Travers, S.K., Bowker, M.A., Maestre, F.T., Ding, J., Havrilla, C., 
Rodriguez-Caballero, E., Barger, N., Weber, B., Antoninka, A., Belnap, J., Chaudhary, 
B., Faist, A.M., Ferrenberg, S., Huber-Sannwald, E., Malam Issa, O., Zhao, Y., 2020. 
The pervasive and multifaceted influence of biocrusts on water in the world’s drylands. 
Global Change Biology. 26, 6003–6014. https://doi.org/10.1111/ gcb.15232. 

Engel, E. Cayenne, and Scott R. Abella. 2011. Vegetation Recovery in a Desert Landscape 
after Wildfires: Influences of Community Type, Time since Fire and Contingency 
Effects. Journal of Applied Ecology 48 (6): 1401–10. https://doi.org/10.1111/j.1365-
2664.2011.02057.x. 

Engel, E.C. and Abella, S.R. 2011. Vegetation recovery in a desert landscape after wildfires: 
influences of community type, time-since-fire and contingency effects. Journal of 
Applied Ecology. 48: 1401-1410. 

Engel, E.C., Abella, S.R., 2011. Vegetation recovery in a desert landscape after wildfires: 
influences of community type, time since fire and contingency effects. J. of Appl. 
Ecology. 48, 1401–1410. https://doi.org/10.1111/j.1365-2664.2011.02057.x. 



 
 

30 

Esque, T.C., and C.R.  Schwalbe. 2002. Alien annual plants and their relationships to fire and 
biotic change in Sonoran Desert scrub. in B. Tellman (ed.), Invasive exotic species in 
the Sonoran region (Sonora Desert Museum and The University of Arizona Press: 
Tucson, Arizona). 

Esque, T.C., C.R. Schwalbe, D.F. Haines, and W.L. Halvorson. 2004. Saguaros Under Siege: 
Invasive Species and Fire. Desert Plants 20: 49–55. 

Esque, T.C., J.A. Young, and C.R. Tracy. 2010. Short-term effects of experimental fires on a 
Mojave Desert seed bank, Journal of Arid Environments, 74: 1, 302–1,08. 

Esque, T.C., Kaye, J.P., Eckert, S.E., DeFalco, L.A., and Tracy, C.R. 2010b. Short-term soil 
inorganic N pulse after experimental fires alters invasive and native annual plant 
production in a Mojave Desert shrubland. Oecologia. 164: 253-263. 

Esque, T.C., Webb, R.H., Wallace, C.S.A., van Ripper III, C., McCreedy C., Smythe, L. 2013. 
Desert fires fueled by native annual forbs: Effects of fire on communities of plants and 
birds in the lower Sonoran Desert of Arizona. The Southwestern Naturalist 58: 223-
233. 

Esque, T.C., Young, J.A., Tracy, C.R. 2010a. Short-term effects of experimental fires on a 
Mojave Desert seed bank. Journal of Arid Environments. 72:1304-1308. 

Facelli, J.M. and Temby, A. M. 2002. Multiple effects of shrubs on annual plant communities 
in arid lands of South Australia. Austral Ecology. 27: 422-432. 

Faist, A.M., Antoninka, A.J., Belnap, J., Bowker, M.A., Duniway, M.C., Garcia-Pichel, F., 
Nelson, C., Reed, S.C., Giraldo-Silva, A., Velasco-Ayuso, S., Barger, N.N., 2020. 
Inoculation and habitat amelioration efforts in biological soil crust recovery vary by 
desert and soil texture. Restor. Ecology. 28, S96–S105. 

Faist, A.M., Ferrenberg, S., Collinge, S.K. 2013. Banking on the past: seed banks as reservoir 
for rare and native species in restored vernal pools. AoB Plants. 5: 1-11. 

Faist, A.M., Herrick, J.E., Belnap, J., Van Zee, J.W., Barger, N.N., 2017. Biological soil crust 
and disturbance controls on surface hydrology in a semi-arid ecosystem. Ecosphere. 8, 
n/a-n/a. https://doi.org/10.1002/ecs2.1691. 

Faist, A.M., Stone, H., Tripp, E., 2015. Impacts of mastication: Soil seed bank responses to a 
forest thinning treatment in three Colorado (USA) conifer forest types. Forests. 6, 
3060–3074. 

Fenner, M. and K. Thompson. 2005. The Ecology of Seeds. Cambridge University Press: 
Cambridge, United Kingdom. 

Ferrenberg, S., Faist, A.M., Howell, A., Reed, S.C., 2018. Biocrusts enhance soil fertility and 
Bromus tectorum growth, and interact with warming to influence germination. Plant 
and Soil. 429, 77-90. 

Ferrenberg, S., Reed, S.C., Belnap, J., 2015. Climate change and physical disturbance cause 
similar community shifts in biological soil crusts. PNAS. 39, 12116–12121. 

Fick, S.E., Belnap, J., Duniway, M.C., 2020. Grazing-induced changes to biological soil crust 
cover mediate hillslope erosion in long-term exclosure experiment. Rangeland Ecology 
& Management. 73, 61–72. 

Fick, Stephen E, Natalie Day, Michael C Duniway, Sean Hoy-Skubik, and Nichole N Barger. 
2020. Microsite Enhancements for Soil Stabilization and Rapid Biocrust Colonization 
in Degraded Drylands. Restoration Ecology 28 (S2): S139–49. 
https://doi.org/10.1111/rec.13071. 



 
 

31 

Filazzola, A., Liczner, A.R., Westphal, M., and Lortie, C.J. 2019. Shrubs indirectly increase 
desert seed banks through facilitation of the plant community. PLOS One 14(4): 1-15. 

Finch-Savage, W.E., and G. Leubner-Metzger. 2006. Seed dormancy and the control of 
germination, New Phytologist, 171: 501-23. 

Ford, PL, and GV Johnson. 2006. Effects of dormant-vs. growing-season fire in shortgrass 
steppe: biological soil crust and perennial grass responses, Journal of Arid 
Environments, 67: 1-14. 

Franco, A.C. and Nobel, P.S. 1989. Effect of Nurse Plants on the Microhabitat and Growth of 
Cacti. Journal of Ecology. 77:870-886. 

Fryer, Janet L. 2012. Fire Regimes of the Conterminous United States. Fire Effects 
Information System (FEIS). Missoula, MT: U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research Station, Fire Sciences Laboratory. 2012. 

Fuentes-Ramirez, A., Veldman, J.W., Holzapfel, C., Moloney K.A. 2016. Spreaders, igniters, 
and burning shrubs: plant flammability explains novel fire dynamics in grass-invaded 
deserts. Ecological Applications. 26(7): 2311-2322. 

Giladi, I., Segoli, M., Ungar, E.D. 2013. Shrubs and herbaceous seed flow in a semi-arid 
landscape: dual functioning of shrubs as trap and barrier. Journal of Ecology. 101: 97-
106. 

Greene, R.S.B., Chartres, C.J., Hodgkinson, K.C., 1990. The effects of fire on the soil in a 
degraded semi-arid woodland. I. Cryptogam cover and physical and 
micromorphological properties. Australian J. of Soil Res. 28, 755–777. 

Grman, E. and Suding, K.N. 2010. Within-Year Soil Legacies Contribute to Strong Priority 
Effects of Exotics on Native California Grassland Communities. Restoration Ecology 
18(5): 664-670. 

Gross, K., 1990. A Comparison of Methods for Estimating Seed Numbers in the Soil. Journal 
of Ecology. 78(4): 1079-1093. 

Grover, H.S., Bowker, M.A., Fule, P.Z., Doherty, K.D., Sieg, C.H., Antoninka, A.J., 2020. 
Post-wildfire moss colonization and soil functional enhancement in forests of the 
southwestern USA. International Journal of Wildland Fire. 29, 530–540. 

Guo, Q., Rundel, P.W., Goodall, D.W. 1998. Horizontal and vertical distribution of desert seed 
banks: patterns, causes, and implications. Journal of Arid Environments. 38: 465-478. 

Guo, Q., Rundel, P.W., Goodall, D.W. 1999. Structure of desert seed banks: comparison 
across four North American desert sites. Journal of Arid Environments. 42: 1-14. 

Haight, J., S.C. Reed, A.M., Faist. 2019. Seed bank community and soil texture relationships 
in a cold desert. Journal of Arid Environments. 164:46-52 

Harper, Kimball T., and James R. Marble. 1988. A Role for Nonvascular Plants in 
Management of Arid and Semiarid Rangelands. In Vegetation Science Applications for 
Rangeland Analysis and Management, 135–69. Dordrecht: Springer Netherlands. 
https://doi.org/10.1007/978-94-009-3085-8_7. 

Harte, J., Torn, M.S., Chang, F.R., Feifarek, B., Kinzig, A.P., Shaw, R., ShenSource, K., 1995. 
Global warming and soil microclimate: results from a meadow-warming experiment. 
Ecological Applications. 5, 132–150. 

Hartsell, Jessica A., Stella M. Copeland, Seth M. Munson, Bradley J. Butterfield, and John B. 
Bradford. 2020. Gaps and Hotspots in the State of Knowledge of Pinyon-Juniper 
Communities. Forest Ecology and Management 455 (September 2019): 117628. 
https://doi.org/10.1016/j.foreco.2019.117628. 



 
 

32 

Havrilla, C., A.M. Faist, and N.N. Barger. 2017. Understory plant community responses to 
fuel-reduction treatments in an upland Piñon-Juniper woodland. Rangeland Ecology 
and Management 5:609-620. 

Havrilla, C.A., Chaudhary, V.B., Ferrenberg, S., Antoninka, A.J., Belnap, J., Bowker, M. A., 
Eldridge, D.J., Faist, A.M., Huber-Sannwald, E., Leslie, A.D., Rodriguez- Caballero, 
E., Zhang, Y., Barger, N.N., 2019a. Towards a predictive framework for biocrust 
mediation of plant performance: a meta-analysis. J. of Ecology. 107, 2789–2807. 

Havrilla, C.A., Leslie, A.D., Di Biase, J.L., Barger, N.N., 2019b. Biocrusts are associated with 
increased plant biomass and nutrition at seedling stage independently of root- 
associated fungal colonization. Plant and Soil. 446, 331–342. 

Helsen K., Hermy, M., Honnay, O. 2015. Changes in the species and functional trait 
composition of the seed bank during semi-natural grassland assembly: seed bank 
disassembly or ecological palimpsest? Journal of Vegetation Science. 26: 58-67. 

Herrick, J.E., Van Zee, J.W., McCord, S.E., Courtright, E.R., Karl, J.W., Burkett, L.M. 2017. 
Monitoring Manual for Grassland, Shrubland, and Savanna Ecosystems, Second 
Edition, Volume 1: Core Methods. USDA-ARS Jornada Experimental Range. 

Hilty, J.H., Eldridge, D.J., Rosentreter, R., Wicklow-Howard, M.C., Pellant, M., 2004. 
Recovery of biological soil crusts following wildfire in Idaho. J. of Range 
Management. 57, 89–96. 

Holzapfel, C. and Mahall, B.E. 1999. Bidirectional facilitation and interference between 
shrubs and annuals in the Mojave Desert. Ecology. 80(5): 1747-1761. 

Hoover, D.L., Bestelmeyer, B., Grimm, N.B., Huxman, T.E., Reed, S.C., Sala, O., Seastedt, 
T.R., Wilmer, H., Ferrenberg, S. 2020. Traversing the Wasteland: A Framework for 
Assessing Ecological Threats to Drylands. BioScience 70: 35-47. 

Hopfensberger, K. N. 2007. A review of similarity between seed bank and standing vegetation 
across ecosystems. Oikos. 116: 1438-1448. 

James, Jeremy J, and Tony Svejcar. 2010. Limitations to postfire seedling establishment: the 
role of seeding technology, water availability, and invasive plant abundance, Rangeland 
Ecology & Management, 63: 491-95. 

Johansen, J.R., 2001. Impacts of fire on biological soil crusts. In: Belnap, J., Lange, O.L. 
(Eds.), Biological Soil Crusts: Structure, Function, and Management. Springer-Verlag, 
Berlin, pp. 385–397. 

Johansen, J.R., St. Clair, L., Webb, B.L., Nebeker, G.T., 1984. Recovery patterns of 
cryptogamic soil crusts in desert rangelands following fire disturbance. The Bryologist. 
87, 238–243. 

Johansen, Jeffrey R. 1993. Cryptogamic Crusts of Semiarid and Arid Lands of North America. 
Journal of Phycology 29: 140–47. 

Jonasson, S. 1983. The Point Intercept Method for Non-Destructive Estimation of Biomass. 
Phytocoenologia 11 (3): 385–88. https://doi.org/10.1127/phyto/11/1983/385. 

Jurand, B.J. and Abella, S.R. 2013. Seed banks of the Exotic Annual Grass Bromus rubens on 
a Burned Desert Landscape. Rangeland Ecology and Management. 66:157-163. 

Keeley, J. E. 1987. Role of fire in seed germination of woody taxa in California chaparral, 
Ecology, 68. 

Keeley, Jon E. 2006. Fire management impacts on invasive plants in the western United 
States, Conservation Biology, 20: 375-84. 



 
 

33 

Kemp, P. K. 1989. Seed Banks and Vegetation Processes in Deserts. Pages 257-281 in Leck, 
M. A., Parker, V.T., and Simpson, R. L. (eds.). Ecology of Seed banks. Academic 
Press, Inc.: San Diego, California. 

Klimesova, J. and Klimes L. 2007. Bud banks and their role in vegetative regeneration – A 
literature review and proposal for simple classification and assessment. Perspectives in 
Plant Ecology, Evolution and Systematics.8: 115-129. 

Klinger, R. and Brooks, M. 2017. Alternative pathways to landscape transformation: invasive 
grasses, burn severity and fire frequency in arid systems. Journal of Ecology 105: 1521-
1533. 

Kruse, W.H. 1970. Temperature and moisture stress affect germination of Gutierrezia 
sarothrae, Journal of Range Management Archives, 23: 143-44. 

Legendre, Pierre, Jari Oksanen, and Cajo J.F. Ter Braak. 2011. Testing the Significance of 
Canonical Axes in Redundancy Analysis. Methods in Ecology and Evolution 2 (3): 
269–77. https://doi.org/10.1111/j.2041-210X.2010.00078.x. 

Li, Feng-Rui. 2008. Presence of shrubs influences the spatial pattern of seed banks in desert 
herbaceous vegetation. Journal of Vegetation Science. 19: 537-548. 

Li, X., Jia, X., Long, L., Zerbe, S., 2005. Effects of biological soil crusts on seed bank, 
germination and establishment of two annual plant species in the Tengger Desert (N 
China). Plant and Soil. 277, 375–385. 

Lipoma, M.L., Funes, G., Diaz, S. 2017. Fire Effects on the seed bank and post-fire resilience 
of a semi- arid shrubland in central Argentina. Austral Ecology. 43(1): 46-55. 

Liu, Yongqiang, John Stanturf, and Scott Goodrick. 2009. Forest Ecology and Management 
Trends in Global Wildfire Potential in a Changing Climate. Forest Ecology and 
Management 259: 685–97. https://doi.org/10.1016/j.foreco.2009.09.002. 

Ludwig, J.A., Cunningham, G.L., Whitson, P.D. 1988. Distribution of annual plants in North 
American deserts. Journal of Arid Environments 15(3): 221-227. 

Lyon, L. J., and P. F. Stickney. 1976. Early vegetal succession following large northern Rocky 
Mountain wildfires. In Proceedings of the Montana Tall Timbers Fire Ecology 
Conference and Fire and Land Management Symposium, 355–75. Tall Timbers 
Research Station. 

MacMahon, J.A. 1988. Warm Deserts. Pages 231-264 in M.G. Barbour and W.D. Billings 
(eds.). North American Terrestrial Vegetation. Cambridge University Press, 
Cambridge, United Kingdom. 

Mallen-Cooper, Max, David J Eldridge, and Manuel Delgado-Baquerizo. 2018. Livestock 
Grazing and Aridity Reduce the Functional Diversity of Biocrusts. Plant and Soil 429 
(1–2): 175–85. https://doi.org/10.1007/s11104-017-3388-5. 

Marone, L., Cueto V. R., Milesi, F.A., Lopez de Casenave, J. 2004. Seed bank composition 
over desert microhabitats: patterns and plausible mechanisms. Canadian Journal of 
Botany. 82: 1809-1816. 

McCune, Bruce, J. B. Grace, and D. L. Urban. 2002. Analysis of Ecological Communities. 
Illustrate. MjM Software Design. 

McLaughlin, S.P., and J.E.  Bowers. 1982. Effects of wildfire on a Sonoran Desert plant 
community, Ecology,, 63: 246–48. 

Morris, L.R. and Leger, E.A. 2016. Secondary Succession in the Sagebrush Semidesert 66 
Years After Fire in the Great Basin, USA. Natural Areas Journal. 36(2): 187-193. 



 
 

34 

Morris, Scott E, and Todd A Moses. 1987. Forest fire and the natural soil erosion regime in the 
Colorado Front Range, Annals of the Association of American Geographers, 77: 245-
54. 

MTBS Data Access: Fire Level Geospatial Data. (2017, July - last revised). MTBS Project 
(USDA Forest Service/U.S. Geological Survey). Available online: 
http://mtbs.gov/direct-download [April 8, 2020]. 

Nelle, P.J., Reese, K.P., Connelly, J.W. 2000. Long-term effects of fire on sage grouse habitat. 
Journal of Range Management 53: 586-591. 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, R. McGlinn, D., Minchin, P. 
R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner, 
H., 2020. Community Ecology Package. R package version.2.5-7. 2020. https://cran.r- 
project.org, https://github.com/vegandevs/vegan. 

Olsen, S., 1954. Estimation of available phosphorus in soils by extraction with sodium 
bicarbonate. USDA Circ. 1–19. 

Padilla, Francisco M., and Francisco I. Pugnaire. 2006. The Role of Nurse Plants in the 
Restoration of Degraded Environments. Frontiers in Ecology and the Environment 4 
(4): 196–202. https://doi.org/10.1890/1540-9295(2006)004[0196:TRONPI]2.0.CO;2. 

Palmer, B., Hernandez, R., Lipson, D., 2020. The fate of biological soil crusts after fire: a 
meta-analysis. Global Ecology and Conservation., e01380 

Parker, V. T., and V. R. Kelly. 1989. Seed banks in Californian chaparral and other 
Mediterranean climate shrublands. in Academic Press (ed.), Ecology of Soil Seed 
Banks (San Diego, CA). 

Patten, D.T., Cave, G.H., 1984. Fire temperature and physical characteristics of a controlled 
burn in the upper Sonoran Desert. J. of Range Management. 37, 277–280. 

Pausas, J.G., R.A. Bradstock, D.A. Keith, and J.E. Keeley. 2004. GCTE Fire Network, 85: 
1,085–1,100. 

Pausas, Juli G. 2015. Alternative Fire-Driven Vegetation States. Journal of Vegetation Science 
26 (1): 4–6. https://doi.org/10.1111/jvs.12237. 

Pausas, Juli G., and Vinícius de L. Dantas. 2017. Scale Matters: Fire-Vegetation Feedbacks 
Are Needed to Explain Tropical Tree Cover at the Local Scale. Global Ecology and 
Biogeography 26 (4): 395–99. https://doi.org/10.1111/geb.12562. 

Pekas, K.M. and Schupp, E.W. 2013. Influence of aboveground vegetation on seed bank 
composition and distribution in a Great Basin Desert sagebrush community. Journal of 
Arid Environments 88: 113-120. 

Pilliod, D.S., Welty, J.L., 2013, Land Treatment Digital Library: U.S. Geological Survey Data 
Series 806. Online at http://pubs.er.usgs.gov/publication/ds806 (April 8, 2020). 

Pilliod, D.S., Welty, J.L., Arkle, R.S., 2017. Refining the cheatgrass–fire cycle in the Great 
Basin: precipitation timing and fine fuel composition predict wildfire trends. Ecology 
and Evolution. 7, 8126–8151. 

Pitman, A J, G T Narisma, and J. McAneney. 2007. The Impact of Climate Change on the 
Risk of Forest and Grassland Fires in Australia. Climatic Change 84 (3–4): 383–401. 
https://doi.org/10.1007/s10584-007-9243-6. 

Polley, H.W., Briske, D.D., Morgan, J.A., Wolter, K., Bailey, D.W., Brown, J.R., 2013. 
Climate Change and North American Rangelands: Trends, Projections, and 
Implications. Rangeland Ecology and Management. 66, 493–511. 



 
 

35 

Ponzetti, J.M., McCune, B., Pyke, D.A., 2007. Biotic soil crusts in relation to topography, 
cheatgrass and fire in the Colombia Basin, Washington. The Bryologist. 110, 706–722. 

PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, created March 
13, 2019. 

Pyke, D.A., Brooks, M.L., D’Antonio, C., 2010. Fire as a Restoration Tool: A Decision 
Framework for Predicting the Control or Enhancement of Plants Using Fire. 
Restoration Ecology. 18(3): 274-284. 

Pyke, DA, TO McArthur, KS Harrison, and M Pellant. 2003. COORDINATED 
INTERMOUNTAIN RESTORATION PROJECT œ FIRE, DECOMPOSITION AND 
RESTORATION. 

Pyke, David A, David S Pilliod, Jeanne C Chambers, Matthew L Brooks, and James Grace. 
2013. Fire rehabilitation effectiveness: a chronosequence approach for the Great Basin. 

Pyke, David A, Matthew L Brooks, and Carla DAntonio. 2010. Fire as a restoration tool: a 
decision framework for predicting the control or enhancement of plants using fire, 
Restoration Ecology, 18: 274-84. 

Pyke, David A. 1999. Invasive exotic plants in sagebrush ecosystems of the intermountain 
west. In Proceedings: sagebrush steppe ecosystems symposium: 2000, 43-54. 

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R Foundation 
for Statistical Computing, Vienna, Austria. Rodríguez-Caballero, E., Belnap, J., Büdel, 
B., Crutzen, P.J., Andreae, M.O., P¨oschl, U., Weber, B., 2018. Dryland 
photoautotrophic soil surface communities endangered by global change. Nature 
Geoscience. 11, 185–189. 

R Core Team. 2017. R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria, https://www.R-project.org/. 

Raffaele, E., and Veblen, T.T. 1998. Facilitation by nurse shrubs of resprouting behavior in a 
post-fire shrubland in northern Patagonia, Argentina. Journal of Vegetation Science. 9: 
693-698. 

Raison, Robert John. 1979. Modification of the soil environment by vegetation fires, with 
particular reference to nitrogen transformations: a review, Plant and Soil, 51: 73-108. 

Ratzlaff, Teresa D, and Jay E Anderson. 1995. Vegetal recovery following wildfire in seeded 
and unseeded sagebrush steppe, Journal of Range Management: 386-91. 

Reed, Sasha C, Fernando T Maestre, Raúl Ochoa-Hueso, Cheryl R Kuske, Anthony Darrouzet-
Nardi, Mel Oliver, Brian Darby, Leopoldo G Sancho, Robert L Sinsabaugh, and Jayne 
Belnap. 2016. Biocrusts in the Context of Global Change. in, Biological Soil Crusts: 
An Organizing Principle in Drylands (Springer). 

Rivera-Aguilar, V, H Godinez-Alvarez, I Manuell-Cacheux, and S Rodríguez-Zaragoza. 2005. 
Physical effects of biological soil crusts on seed germination of two desert plants under 
laboratory conditions, Journal of Arid Environments, 63: 344-52. 

Robertson, G. P., D. A. Wedin, P. M. Groffman, J. M. Blair, E. M. Holland, K. J. Nadelhoffer, 
and D. Harris. 1999. Soil Carbon and Nitrogen Availability: Nitrogen Mineralization 
and Soil Respiration Potentials. Standard Methods of Long-Term Ecological Research, 
258–271. 

Romme, William H., Craig D. Allen, John D. Bailey, William L. Baker, Brandon T. 
Bestelmeyer, Peter M. Brown, Karen S. Eisenhart, et al. 2009. Historical and Modern 
Disturbance Regimes, Stand Structures, and Landscape Dynamics in Piñon–Juniper 



 
 

36 

Vegetation of the Western United States. Rangeland Ecology & Management 62 (3): 
203–22. https://doi.org/10.2111/08-188R1.1. 

Root, H.T., Brinda, J.C., Dodson, E.K., 2017. Recovery of biological soil crust richness and 
cover 12–16 years after wildfires in Idaho. USA. Biogeosciences. 14, 3957–3969. 

Root, Heather T., Jesse E.D. Miller, and Roger Rosentreter. 2020. Grazing Disturbance 
Promotes Exotic Annual Grasses by Degrading Soil Biocrust Communities. Ecological 
Applications 30 (1): 1–10. https://doi.org/10.1002/eap.2016. 

Rosentreter, Roger, and Jayne Belnap. 2001. Biological Soil Crusts of North America. In , 31–
50. https://doi.org/10.1007/978-3-642-56475-8_2. 

Schlesinger, W.H. and Pilmanis, A.M. 1998. Plant-soil interactions in deserts. 
Biogeochemistry. 42: 168- 187. 

Schlesinger, William H., Jane A. Raikks, Anne E. Hartley, and Anne F. Cross. 1996. On the 
Spatial Pattern of Soil Nutrients in Desert Ecosystems. Ecology 77 (2): 364–74. 
https://doi.org/10.2307/2265615. 

Schulten, J.A., 1985. The effects of burning on the soil lichen community of a sand prairie. 
The Bryologist. 88, 110–114. 

Seneviratne, Sonia I, Thierry Corti, Edouard L Davin, Martin Hirschi, Eric B Jaeger, Irene 
Lehner, Boris Orlowsky, and Adriaan J Teuling. 2010. Earth-Science Reviews 
Investigating Soil Moisture – Climate Interactions in a Changing Climate : A Review. 
Earth Science Reviews 99 (3–4): 125–61. 
https://doi.org/10.1016/j.earscirev.2010.02.004. 

Serpe, Marcelo D., Eric Roberts, David J. Eldridge, and Roger Rosentreter. 2013. Bromus 
Tectorum Litter Alters Photosynthetic Characteristics of Biological Soil Crusts from a 
Semiarid Shrubland. Soil Biology and Biochemistry 60: 220–30. 
https://doi.org/10.1016/j.soilbio.2013.01.030. 

Shinneman, Douglas J., and Susan K. McIlroy. 2016. Identifying Key Climate and 
Environmental Factors Affecting Rates of Post-Fire Big Sagebrush (Artemisia 
Tridentata) Recovery in the Northern Columbia Basin, USA. International Journal of 
Wildland Fire 25 (9): 933. https://doi.org/10.1071/WF16013. 

Shryock, D. F., Esque, T. C., Chen, F. C. 2015. Topography and climate are more important 
drivers of long-term, post-fire vegetation assembly than time-since-fire in the Sonoran 
Desert, US. Journal of Vegetation Science. 26: 1134-1147. 

Slate, M., Callaway, R.M., Pearson, D.E., 2019. Life in interstitial space: biocrusts inhibit 
exotic but not native plant establishment in semi-arid grasslands. J. of Ecology. 107, 
1317–1327. 

Song, G., Li, X., Hui, R., 2017. Biological soil crusts determine the germination and growth of 
two exotic plants. Ecology and Evolution. 7, 9441–9450. 

Soulard, Christopher E, Todd C Esque, David R Bedford, and Sandra Bond. 2013. The role of 
fire on soil mounds and surface roughness in the Mojave Desert, Earth Surface 
Processes and Landforms, 38: 111-21. 

Steers, R.J., and Allen, E.B. 2011. Fire Effects on Perennial Vegetation in the Western 
Colorado Desert, USA. Fire Ecology. 7(3): 59-74. 

Thompson, Ken. 2000. The functional ecology of soil seed banks, Seeds: the ecology of 
regeneration in plant communities, 2: 215-35. 

Toevs, G.R., Karl, J.W., Taylor, J.J., Spurrier, C.S., Karl, M.S., Bobo, M.R. and Herrick, J.E. 
2011. Consistent Indicators and Methods and a Scalable Sample Design to Meet 



 
 

37 

Assessment, Inventory, and Monitoring Information Needs Across Scales. Rangelands 
33(4): 14-20. 

USDA, NRCS. Plant Guide: Bottlebrush Squirreltail and Big Squirreltail 2006 Accessed 23 
November 2019. 

USDA, NRCS. 2006. The PLANTS Database, 6 March 2006 (http://plants.usda.gov). National 
Plant Data Center, Baton Rouge, LA 70874-4490 USA. 

Vallejo, V.R., Smanis, A., Chirino, E., Fuentes, D., Valdecantos, A., Vilagraso, A. 2012. 
Perspectives in dryland restoration: approaches for climate change adaptation. 43, 561-
579. 

Vandvik, V., Klanderud, K., Meineri, E., Maren, I.E., Topper, J. 2015. Seed banks are 
biodiversity reservoirs: species-area relationships above versus below ground. Oikos. 
125: 218-228. 

Walker, L. R., D. B. Thompson, and F. H. Landau. 2001. Experimental Manipulations of 
Fertile Islands and Nurse Plant Effects in the Mojave Desert, USA. Western North 
American Naturalist 61 (1): 25–35. 

Warren, S.D., St., L.L., Clair, Johansen, J.R., Kugrens, P., Baggett, L.S., Bird, B.J., 2015. 
Biological soil crust response to late season prescribed fire in a Great Basin juniper 
woodland. Rangeland Ecology & Management. 68, 241–247. 

Weber, B., Bowker, M., Zhang, Y., Belnap, J., 2016. Natural Recovery of Biological Soil 
Crusts After Disturbance, in Weber, B., Büdel B., Belnap J. (Eds.). Biological Soil 
Crusts: An Organizing Principle in Drylands. Ecological Studies (Analysis and 
Synthesis), vol 226. Springer, Cham. https://doi.org/10.1007/978-3-319-30214-0_ 23. 

West, N. E. 1988. Intermountain Deserts, Shrub Steppes, and Woodlands. Pages 209-230 in 
M.G. Barbour and W.D. Billings (eds.). North American Terrestrial Vegetation. 
Cambridge University Press: Cambridge, United Kingdom. 

West, N.E. and Hassan, M.A. 1985. Recover of Sagebrush-Grass Vegetation Following Fire. 
Journal of Range Management 38(2): 131-134. 

Westerling, A L, and B P Bryant. 2008. Climate Change and Wildfire in California. Climatic 
Change 87 (October 2007). https://doi.org/https://doi.org/10.1007/s10584-011-0329-9. 

Westerling, A L, B P Bryant, H K Preisler, T P Holmes, H G Hidalgo, T Das, and S R 
Shrestha. 2011. Climate Change and Growth Scenarios for California Wildfire. 
Climatic Change 109 (S1): 445–63. https://doi.org/10.1007/s10584-011-0329-9. 

Westerling, A.L., Hidalgo, H.G., Swetnam, T.W. 2006. Warming and Earlier Spring Increase 
Western U.S. Forest Wildfire Activity. Science. 313(5789): 940-943. 

Williams, A Park, John T Abatzoglou, and Alexander Gershunov. 2019. Observed Impacts of 
Anthropogenic Climate Change on Wildfire in California. Earth’s Future. 
https://doi.org/10.1029/2019EF001210. 

Winkler, D.E., Backer, D.M., Belnap, J., Bradford, J.B., Butterfield, B.J., Copeland, S.M., 
Duniway, M.C., Faist, A.M., Fick, S.E., Jensen, S.L., Kramer, A.T., Mann, R., 
Massatti, R.T., McCormick, M.L., Munson, S.M., Olwell, P., Parr, S.D., 
Pfenningwerth, A.A., Pilmanis, A.M., Richardson, B.A., Samuel, E., See, K., Young, 
K.E., Reed, S.C. 2018. Beyond traditional ecological restoration on the Colorado 
Plateau. Restoration Ecology. 26(6): 1055-1060. 

Wright, H.A., Bailey, A.W., 1982. Fire Ecology. United States and Southern Canada, Wiley, 
New York. 



 
 

38 

Young, Alisa H., Kenneth R. Knapp, Anand Inamdar, William Hankins, and William B. 
Rossow. 2018. The International Satellite Cloud Climatology Project H-Series Climate 
Data Record Product. Earth System Science Data 10 (1): 583–93. 
https://doi.org/10.5194/essd-10-583-2018. 

Young, K.E., Bowker, M.A., Reed, S.C., Duniway, M.C., Belnap, J., 2019. Temporal and 
abiotic fluctuations may be preventing successful rehabilitation of soil-stabilizing 
biocrust communities. Ecological Applications. 29, e01908. 

Zaady, Eli, Yitzchak Gutterman, and Bertrand Boeken. 1997. The germination of 
mucilaginous seeds of t Plantago coronopus, Reboudia pinnata, and t Carrichtera annua 
on cyanobacterial soil crust from the Negev Desert, Plant and Soil, 190: 247-52 

Zhang, Y, Aradottir, A.L., Serp, M, Boeken, B., 2016. Interactions of biological soil crust with 
vascular plants. In: Weber, B., Büdel B., Belnap J. (Eds.). Biological Soil Crusts: An 
Organizing Principle in Drylands. Ecological Studies (Analysis and Synthesis), vol 
226. Springer, Cham. https://doi.org/10.1007/978-3-319-30214-0_19. 

Zhang, Y., Belnap, J., 2015. Growth responses of five desert plants as influenced by biological 
soil crusts from a temperate desert. Ecological Res. 30, 1037–1045. 

 
Appendix A: Contact Information for Key Project Personnel 

 
Sasha Reed (screed@usgs.gov) 
Akasha Faist (afaist@nmsu.edu) 
 

Appendix B: List of Completed/Planned Scientific/Technical 
Publications/Science Delivery 

1. McCann, E., Reed, S. C., Saud, P., Reibold, R. H., Howell, A., & Faist, A. M. (2021). 
Plant growth and biocrust-fire interactions across five North American 
deserts. Geoderma, 401, 115325. 

2. Lauria, Cara; Faist, Akasha; Hosna, Rachel; McCann, Ellie; Howell, Armin; Melone, 
Nick; Robin, Reibold; Shostrand, Jenny; Starbuck, Megan; Reed, Sasha (2020) Assessing 
biological soil crust recovery from wildfires across the five deserts of North America. 
Oral presentation: Ecologial Soceity of America Conference August 3-6; Salt Lake City, 
UT (conference held online due to COVID-19).  

3. Melone, Nick; Faist, Akasha; Howell, Armin; Lauria, Cara; McCann, Ellie; Reibold, 
Robin; Shostrand, Jennifer; Starbuck, Megan; Reed, Sasha. Desert Fire: Assessing 
Vegetation Recovery Using Fire Chronosequences from Five Deserts of Southwestern 
United States. Poster session presented at: Biennial Conference of Science & 
Management September 9-12; Northern Arizona University, Flagstaff AZ. 

4. Hosna, Rachel Kathryn. Legacies of Fire and Presence of Woody Vegetation on Soil 
Seed Banks of Four North American Desert Systems. Diss. New Mexico State 
University, 2020. 

 
Appendix C: Metadata 

The process of finalizing all datasets and associated metadata has been begun using data.gov and 
public access will be allowed after 2 years or when publications are completed (we have multiple 
publications in preparation and are hoping to finish these papers prior to releasing the data, but if 



 
 

39 

we can cannot release the data within 2 years via these publications we will make them all available 
with data.gov and with the Forest Service Research and Development Data Archive). 
 


