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Abstract

1. Dryland communities may mitigate the loss of limited resources by exchang-

ing nutrients through subterranean fungal connections, termed fungal loops. In
arid grasslands, fungal loops can influence community composition and primary
productivity, yet their ecological significance across dryland systems remains
unexplored. We investigated the functional role of fungal loops in nutrient trans-

location in a North American shrubland ecosystem.

. We traced the movement of >N from moss-dominated biocrusts to the dominant

xeric shrub Larrea tridentata, and the movement of °C from L. tridentata to bi-
ocrusts in plots established in situ in the Sonoran Desert. Measurements occurred
at three time points spanning 1 week following a simulated 2.5 mm rainfall event,
and at distances up to 1 m from tracer application. We also used ITS sequencing
to investigate changes in fungal community composition in soils over the 1-week

period.

. We discovered movement of *°N from biocrusts into L. tridentata foliage as well

as >N movement to other spatially isolated moss-dominated biocrust patches,
yet this movement did not occur until 4-6 days post-rainfall, when significantly
higher 5'°N was observed in L. tridentata and biocrusts compared to previous
days. We did not observe consistent patterns of **C movement from L. tridentata
into neighbouring shrubs or biocrusts, suggesting differential environmental driv-
ers for carbon movement in this system. Fungal communities exhibited a decrease
in alpha diversity on the last day of the study, indicative of a delayed community
response to rainfall concomitant with nutrient translocation. Fungal endophyte
orders Pleosporales and Pezizales dominated all plot soils, and order Pleosporales
was significantly more abundant in *°N enriched plots, suggesting that dark sep-
tate endophytic fungi were involved in nitrogen translocation. The delay in nutri-
ent translocation may reflect a rainfall-triggered rebuilding of mycelial networks

between community members following drought.

. Synthesis. Our results point to fungal-mediated nutrient exchange pathways in a

previously uninvestigated vegetation type, shrublands, where nutrients are trans-
located between moss-dominated biocrusts and nearby shrubs. We provide the
first evidence that nutrient transfer may be delayed up to 6 days following rainfall,
consistent with pulse-dynamic responses in drylands, and that moss-dominated

biocrusts play a role in fungal loops.
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1 | INTRODUCTION

Biological networks that enable resource exchange between
plants and microbes are important drivers of primary produc-
tion (Klironomos et al., 2000; Vogt et al., 1982), trophic dynamics
(Averill et al., 2014) and biogeochemical cycling (Fogel & Hunt, 1983;
Phillips et al., 2013) in nearly all terrestrial ecosystems. Endophytic
fungi often act as the conduits for these relationships, connecting
spatially or temporally isolated community members (and their re-
spective metabolic processes) through the exchange of nutrients,
water and secondary metabolites via fungal hyphae (Hattenschwiler
et al., 2011; He et al., 2003). In dryland systems (e.g. deserts, semi
deserts, savannas, and shrublands), similar mycelial networks,
termed fungal loops, may enable nutrient exchange between the
two dominant producer communities: biological soil crusts (bio-
crusts) and vascular plants (Green et al., 2008; Rudgers et al., 2018).

Biocrusts are diverse communities of cyanobacteria, mosses,
lichens and microbes living in the top several centimetres of soils
that fix carbon (C) (Belnap et al., 2016; Chilton et al., 2018), in-
crease water retention (Chamizo et al., 2016; Xiao et al., 2019), sta-
bilize soil (Belnap & Biidel, 2016; Chamizo et al., 2017) and often
act as a primary source of nitrogen (N) in the ecosystems they in-
habit (Evans & Ehleringer, 1993; Evans & Lange, 2001). Biocrusts
can dominate the groundcover of many dryland systems and con-
sidering that they can be active following rain events as small as
1.25 mm (Coe et al., 2012), often play a significant role in dryland
resource dynamics (Blidel et al., 2009; Elbert et al., 2012; Lenhart
et al., 2015; Pointing & Belnap, 2012; Porada et al., 2013, 2014).
Vascular plants generate the majority of organic matter in drylands
(Aguiar & Sala, 1999), yet often appear in patchy ‘resource islands’
of biological activity across dryland landscapes (Belsky et al., 1989;
Dunkerley, 2014; Garcia-Moya & McKell, 1970; Schlesinger &
Pilmanis, 1998; Tiedemann & Klemmedson, 1986; van der Valk
& Warner, 2009; Zhang et al., 2016). Dryland vascular plants are
primarily limited by water (and secondarily N), and in contrast to
biocrusts, usually require rainfall events >5 mm to activate metab-
olism (Collins et al., 2014; Lauenroth & Bradford, 2012). The spatial
separation between dryland vascular plant rooting depth and bio-
crusts, along with the decoupled nature of their metabolic activities
in response to rainfall thresholds, suggests that these communities
may operate using relatively isolated nutrient pools (Collins et al.,
2014; Dettweiler-Robinson et al., 2020). If present, a fungal loop
between biocrusts and vascular plants would enable the retention
and exchange of limiting nutrients (such as N and C) that would
otherwise be isolated or lost from the system through processes
such as volatilization and photodegradation (Adair et al., 2017;
Austin & Vivanco, 2006), as well as leaching and erosion (Peterjohn
& Schlesinger, 1990; Throop & Archer, 2009). In this way, fungal

loops may mediate community responses to pulsed precipitation
events in dryland systems, coupling temporally isolated C and N
cycling, net primary production and decomposition processes
between spatially isolated organisms (Collins et al., 2008, 2014;
Dijkstra et al., 2012).

Evidence for the existence and functional role of fungal loops in
dryland systems derives primarily from studies conducted in grass-
lands in North America and Asia (Aanderud et al., 2018; Dettweiler-
Robinson et al., 2018, 2019; Green et al., 2008; Hawkes, 2003;
Lingfei et al., 2005; Lutgen et al., 2003; Rudgers et al., 2018; Zhuang
et al., 2015). These studies have documented the biologically medi-
ated (Collins et al., 2014) movement of the stable isotope 5N from
cyanobacterial biocrusts to nearby grasses and forbs (with one study
showing the reciprocal movement of 3¢ from grasses to biocrusts;
Green et al., 2008), and have found that dark septate fungal endo-
phytes in orders such as Pleosporales and Pezizales routinely dom-
inate the microbial communities in both biocrust and plant tissues
(Allen, 2007; Apple, 2010; Barrow, 2003; Bates et al., 2012; Maier
et al., 2016; Massimo et al., 2015), as well as the rhizosphere soils
and soil interspaces in these experiments (Aanderud et al., 2018; de
Mesquita et al., 2018; Green et al., 2008; Porras-Alfaro & Bayman,
2011; She et al., 2018). Dark septate endophyte (DSE) taxa in the soil
can increase in community dominance and abundance in response
to the moving concentration gradient of >N through soil interspaces
(Dean et al., 2014; She et al., 2018), and their presence in the soil
correlates with improved plant and biocrust fitness (reviewed by
Newsham, 2011). Considering current literature relating N translo-
cation through dark septate fungal bodies (Collins et al., 2014; de
Mesquita et al., 2018; Green et al., 2008; Rudgers et al., 2018; She
et al., 2018; Zhuang et al., 2015), the direct role of DSEs in the ex-
change of nutrients across drylands is likely. In grasslands, the direct
or indirect severing of fungal connections has resulted in decreased
primary production in vascular plant communities (Dettweiler-
Robinson et al., 2018, 2020), and even changes in plant community
composition (reviewed by Zhang et al., 2016), indicating that the
presence of fungal networks directly impacted these two phenom-
ena. Evidence suggests the presence of fungal nutrient exchange
networks between biocrust and plant communities in grasslands.
However, nutrient exchange rate, directionality of nutrient exchange
and the community impact of fungal loops likely depend greatly on
the climate, precipitation regime and functional group of the organ-
isms involved (Rudgers et al., 2018; Zhang et al., 2016).

One biocrust functional type that may play a particularly im-
portant role in nutrient exchange dynamics and fungal loops in
drylands are moss-dominated biocrusts. Mosses often dominate
mature, late successional crusts (vs. early successional crusts dom-
inated by certain species of cyanobacteria), and biocrust matu-

rity is often correlated with ecological function in biocrusts, most
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notably nutrient cycling (Barger et al., 2016; Chamizo et al., 2012).
While mosses do not fix N themselves, they often form symbiotic
associations with N-fixing cyanobacteria (Adams & Duggan, 2008),
whereby providing a habitat for these organisms as well as a direct
conduit via their rhizoids for N movement to associated soil dwelling
organisms. As such, moss-dominated biocrusts have been shown to
increase N availability (specifically in the form of NH4+) in soils (Hu
et al., 2020), and contain substantially varying microbial communi-
ties than cyanobacteria-dominated crusts from similar regions (Xiao
& Veste, 2017). Therefore, dryland mosses within biocrusts may act
as key hubs for N fixation (Su et al., 2011) as well as translocation in
dryland systems.

Fungal loops appear to play an important role in the ecology
in some dryland systems (Collins et al., 2008, 2014), and are also
likely to become increasingly important as conduits for nutrient
exchange under climate change-induced fluctuations in precipita-
tion (Gherardi & Sala, 2019) in these already water-limited environ-
ments. In spite of their ecological significance, the functional role
of fungal loops across dryland systems remains unexplored or in-
completely captured. First, the presence and role of fungal loops
in shrublands remains undocumented, even though shrublands
are rapidly replacing grasslands world-wide due to shifting climate
regimes (Van Auken, 2000), and already account for over half of
drylands globally (Giri et al., 2005). Second, moss-dominated bio-
crusts have structural, functional and nutrient cycling roles unique
from cyanobacteria-dominated biocrusts (Chen et al., 2019; Reed
et al., 2012; Zhao et al,, 2010), yet remain largely absent from our
understanding of fungal loops (Aanderud et al., 2018). Finally,
fungal loops, like other biological processes in drylands, require
water inputs from precipitation to operate (Collins et al., 2014),
yet the role of rainfall in fungal-mediated resource translocation
has yet to be fully represented in fungal loop studies. Field sim-
ulation experiments to date have seldom hydrated more than the
site of tracer application (Aanderud et al., 2018; Green et al., 2008;
Zhuang et al., 2015), and have thus not hydrated the greater sur-
face community likely to be linked by fungal connections following
an actual rainfall event. Additionally, nutrient dynamics in drylands
are proposed to follow a pulsed and rainfall-mediated Threshold
Delay Nutrient Dynamics (TDND) model (Collins et al., 2008, 2014;
Goldberg & Novoplansky, 1997; Noy-Meir, 1973), where rainfall
events activate different primary producers and heterotrophs
depending on timing and volume. However, the impact of TDND
characteristics on the functional ecology of fungal loops, includ-
ing temporal delays in biological activity in response to rainfall,
remain incompletely addressed (Collins et al., 2014). To illustrate,
the fungal loop study of longest duration spanned 4 days follow-
ing a single precipitation event (Rudgers et al., 2018). Considering
that endophytic connections have been shown to both break down
and re-form in less than four days (Jacobson et al., 2015; Staddon
et al., 2003), and that these rates can be affected by water availabil-
ity (Apple, 2010; Apple et al., 2005), previous methodologies could
have missed relationships that would occur following an actual rain-

fall event, or that occur over longer time-scales.

Guided by the patterns of nutrient exchange shown to exist in
grasslands, this study sought to determine the existence and func-
tional significance of a fungal loop in a North American shrubland
system dominated by creosote bush (Larrea tridentata) and moss-
dominated biocrusts. L. tridentata is estimated to occur over 330
million ha across the arid and semi-arid United States (Gibbens
et al., 2005; Kim et al., 2017; Knapp et al., 2008), where it represents
the dominant vegetation across 19 million ha of previous grassland
(Van Auken, 2000). Centring on these two ecologically important
functional types, moss-dominated crusts and L. tridentata shrubs, we
investigated three related hypotheses: Given a common rainfall event
for the season, (a) N will move from patches of moss-dominated bio-
crusts to L. tridentata tissue, (b) C will move from L. tridentata shrubs to
biocrust tissue and (c) fungal taxa known to contain DSEs will increase
in both relative abundance and community dominance in soil inter-
spaces, mirroring the moving concentration of nutrients between the
two community members. Finally, while the aforementioned direc-
tions of nutrient translocation were the primary target of our study,
we also sought to investigate two additional nutrient translocation
pathways. First, as nutrients have long been shown to move between
spatially isolated vascular plants (Bethlenfalvay et al., 1991; Frey &
Schiiepp, 1992; Simard et al., 1997; Van der Heijden & Horton, 2009),
we examined potential movement of C between L. tridentata shrubs.
Second, as fungal-mediated nutrient translocation between mosses
(including mosses within biocrusts) has never been identified, we also
investigated the potential movement of N between spatially isolated

moss-dominated biocrust patches.

2 | MATERIALS AND METHODS
2.1 | Site description

This study took place in Estrella Mountain Regional Park, located
in the Sonoran Desert in south-central Arizona, USA (33°21'50.0”"N
112°18'37.9"W, 3 m), between 25 July and 1 August 2019.
Temperatures reached mid-day highs between 36.1 and 45°C and
nightly lows between 24.4 and 33.8°C (NOAA, 2020). This site
received ~200 mm of rainfall in 2019, and 17 mm of rainfall in the
month of July (NOAA, 2020). No precipitation occurred at the field
site during the experiment, with the last rain event of 2.5 mm oc-
curring 21 days prior to the start of the experiment (NOAA, 2020).
Soil in the region is an Ebon-Pinamt complex, with an A horizon
of gravelly loam (Natural Resources Conservation Service, 2020;
USGS, 2019) and pH of 6.8 (Allen et al., 2018). Dominant plant flora
included the shrub Creosote Bush L. tridentata, as well as Palo Verde
Parkinsonia aculeata and Saguaro Cactus Carnegiea gigantea. Biocrust
communities contained mosses (Encalypta, Ceratodon, Funaria,
Bryum and Syntrichia), lichens (Collema and Peltula) and cyanobac-
teria (Microcoleus, Scytonema and Nostoc) in varying proportions de-
pending on microhabitat. Moss-dominated biocrusts were defined
as a biocrust surface with >60% moss cover, and only patches >3 cm

in diameter were sampled in this study.
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2.2 | Establishment of study plots and isotopic
tracer application

To investigate the unidirectional movement of N from moss-
dominated biocrust patches into the surrounding community, three
2 m diameter plots were each centred on a patch of moss-dominated
biocrust (represented as a red star in Figure 1), where *N-labelled
ammonium sulphate was eventually applied. These plots contained
three L. tridentata shrubs at varying distances from the central moss-
dominated biocrust patch, as well as other isolated moss-dominated
biocrust patches (accounting for >10% of each plot surface), and suf-
ficient bare soil to collect soil samples for fungal community analysis
along three transects from the centre of the plot (Figure 1). Each
plot was at least 10 m away from other plots, and each plot did not
include substantial variances in microtopography or slope. To in-
vestigate the unidirectional movement of C from L. tridentata into
the surrounding community, three plots were each centred on a L
tridentata shrub (also represented as a red star in Figure 1), where
13C-labelled glutamic acid was eventually applied. These plots con-
tained the same vegetation cover criteria as the 15N-enriched plots.
Three control plots were established to observe naturally occurring
concentrations of each stable isotope throughout the experimental
period as well as the fungal community response to rainfall without
stable isotope enrichment. These control plots received a simulated
rainfall event but no isotope enrichment. Control plots were not cen-
tred on any particular vegetation; however, they contained the same

vegetation cover criteria as the other plots.

* 5N or 3C application
point

@ biocrust

# L. tridentata

/\ Day 1 samples
@ Day3 samples
[ Day6 samples

--- Soil sampling
transect

Stable isotope application occurred on 26 July 2019 between
10 a.m. and 1 p.m. An atomizer with a 5 cm diameter area of appli-
cation was used to apply 0.5 g of 99 atom % (15NH4)2504, dissolved
in 5 ml of filter-sterilized water, to the biocrust at the centre of each
15N enriched plot. Ammonium was chosen as a tracer due to its nat-
ural presence in Sonoran Desert soil (Hall et al., 2011)—primarily
due to N, fixation by biocrust cyanobacteria (Belnap, 2003; Welter
et al.,, 2005)—as well as its repeated use in fungal loop studies
(Reviewed by Rudgers et al., 2018). 15NH4 can be preferentially se-
questered by both biocrust constituents such as mosses and lichens,
and also by fungal endophytes over *°N H, or other organic N forms
(Aanderud et al., 2018; Collins et al., 2014). Ammonium was also
chosen due to its aptitude to bond to negatively charged colloids
in the soil, thus being less prone to infiltration compared to other
commonly used tracers in fungal loop studies (Zhuang et al., 2015).
Each 3C enriched plot received 150 mg of 13CS, 15N-glutamic acid
(99 atom % 3C, 99 atom % *°N) dissolved in 5 ml of filter-sterilized
water, which was applied to a 5 cm diameter clump of leaflets on the
central L. tridentata plant **C, ">N-glutamic acid was chosen due to
its ease of procurement over 13C5 glutamic acid, and its use in the
only other study documenting C translocation in a fungal loop (Green
et al., 2008). Glutamic acid was used solely to track the movement
of C from plant to biocrust, and N movement from L. tridentata to
biocrusts was not investigated in this study. Approximately 7.85 L of
filter-sterilized water was then distributed evenly across each plot
to complete the simulated rainfall event, which in total was equiva-

lent to a 2.5 mm rainfall event per plot. A 2.5 mm rainfall event was

wg

FIGURE 1 Representative treatment and sampling pattern of a plot, where isotope tracers were used to track the movement of N or C
from the central cover type into the surrounding community. The red star represents the central cover type (moss-dominated biocrust or
Larreatridentata) receiving tracer application (*°>N applied to moss-dominated biocrust, *3C applied to L. tridentata). Control plots received
no isotope application. Each plot received a single treatment and 2.5 mm rainfall event on Day O, and there were three plots per treatment
(for a total of nine plots in the study). On each sampling day (represented by triangles, circles and squares) three samples were taken from
L. tridentata plants and moss-dominated biocrust patches within each plot. Three soil samples for fungal community analysis were collected
each day along a transect originating from the plot centre
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chosen due to small (<5 mm) rainfall events being the most com-
mon in the Sonoran Desert (Cable & Huxman, 2004). Approximately
3-5 hr following the simulated rainfall events, biocrust mosses that
had received water had returned to a visually desiccated state, and
the visible soil surface was dry. To ensure sufficient tracer was ap-
plied to track movement over the entire 2 m diameter plot, we used
slightly larger amounts compared to previous studies. Specifically,
the concentration of >N tracer applied to biocrust-centred plots
was 1.7 times greater than a previous study which suggested that
a higher concentration of label may allow for detection of *°N in
neighbouring plants, even if some >N was retained in N deficient
moss-dominated biocrust tissue (Aanderud et al., 2018). Similarly,
the concentration of glutamic acid applied to L. tridentata-centred
plots was 1.2 times greater than a previous display of this relation-
ship in grasses (Green et al., 2008).

2.3 | Stable isotope sample collection and analysis

On day 1 (27 July), day 3 (29 July) and day 6 (1 August) following
the simulated rain event, samples from three L. tridentata shrubs and
three moss-dominated biocrusts were collected from each of the
nine plots, ensuring that each sample in each plot was a unique dis-
tance (between 20 and 100 cm) from the centre of the plot (the cen-
tral shrub/biocrust patch in the case of tracer-enriched plots, or bare
soil in control plots; Figure 1). Samples were not taken within 20 cm
from the site of tracer application in order to avoid sampling poten-
tial abiotic infiltration of tracers through the soil immediately adja-
cent to the site of tracer application. For each L. tridentata sample, 24
living leaflets were randomly sampled from among three branches
of each shrub. For each biocrust sample, 2.5 cm? of material was
collected to a depth of 1 cm. No root tissue was present in biocrust
samples. All samples were dried in an oven at 60°C, for 24 hr fol-
lowing collection. To prepare L. tridentata and biocrust samples for
elemental analysis, each sample was immersed in liquid nitrogen for
10 s, then pulverized using a mortar and pestle until samples were a
homogeneous powder. Samples were then aliquoted into 10 mg sub-
samples for moss-dominated biocrust tissue and a 3 mg subsamples
for L. tridentata tissue and analysed for N and *3C concentrations as
well as %N and %C at the Cornell Stable Isotope Laboratory (Cornell
University) using a Finnigan MAT Delta Plus isotope ratio mass spec-
trometer (IRMS) plumbed to a Carlo Erba NC2500 elemental ana-
lyser through a Conflo Il open split interface. The resulting isotope
ratios were expressed in  notation as parts per thousand:

(%0): 8N or 8"3C = (Rgampie/Rstandara) X 1,000,

where R is the molar ratio of the common and uncommon isotope
(**N/¥N or 12C/*3C) for the standard or sample. The standard for 5'°N
was atmospheric air (0.0036764 *°N abundance), and the standard for
513C was the Vienna Pee Dee Belemnite (0.0112372 1°C abundance).
To examine how tracer concentration in samples varied between

treatment and control plots, time since application/rainfall event,

and distance of sample from plot centre, we used nested two-way
analysis of variance (ANOVA) tests with treatment as the main factor
and distance nested within day as an interaction term. We conducted
individual ANOVAs both for >N movement from biocrusts to shrubs
and from biocrusts to biocrusts, and **C movement from shrubs to
shrubs and shrubs to biocrusts. Tukey post-hoc tests were used to
identify differences in means across treatment combinations. To
meet standards of homoscedasticity and linearity, three sigma out-
lier removal was conducted on all treatments (Pukelsheim, 1994),
and nitrogen isotope data were log transformed. To examine re-
lationships between distance, sample day and treatment, multiple
linear regressions were run for each sample type within each day,
within each treatment. ANOVAs and linear regressions were com-
pleted using RStudio version 1.1.463 (R Core Team, 2013) using base
R as well as tidyverse v1.3.0, stringr v1.4.0, knitr v1.28, kableExtra
v1.1.0 and gridExtra v2.3. Holm's correction (Holm, 1979) and the

base R p.adjust function were used to address false discovery rates.

2.4 | Soil fungal community sampling,
sequencing and statistical analysis

We collected three soil samples from each plot on each day of
sampling to investigate potential fluctuations in fungal community
composition over distance, and over time (Figure 1). Each day, soil
samples (2.5 cm? to a depth of 1 cm) were collected along a transect
originating from the plot centre. Each transect began at 20 cm from
the centre of each plot. No root tissue was present in soil samples.
Immediately following collection, soil samples were stored in a port-
able liquid nitrogen cooler at -29°C before being transported and
moved to a -29°C freezer at Middlebury College.

To prepare samples for sequencing, DNA was extracted from
250 mg of homogenized soil using a Quick-DNA™ Fecal/Soil
Microbe Miniprep Kit, following manufacturer's instructions (Zymo
Research). A Nanodrop was used to assess the DNA concentration
(25-195 ng/ul) and purity (A, o/Asg0 < 1.9, Ay /A5 < 0.5) of sam-
ples. Ten microlitre of each sample's extracted DNA was sent to the
Integrated Microbiome Resource (IMR Bio) sequencing facility at
Dalhousie University for amplification, library preparation, sequenc-
ing and bioinformatics analysis. Amplicon libraries were prepared by
amplifying the ITS2 region of fungal DNA using the universal primer
pair ITS86 and ITS4R (Comeau et al., 2017; op de Beeck et al., 2014).
Samples were sequenced using an lllumina MiSeq with paired-end
300 bp reads and at least 50 K raw reads per sample. Reads that
had a quality score of less than 30 at more than 10% of positions
were removed, and remaining reads were screened of chimeras and
assigned into amplicon sequence variants (ASVs) following deblur
methods (Amir et al., 2017; Edgar, 2010, 2015). Taxonomy was as-
signed using the UNITE database version 8.0. For additional details
on the bioinformatics workflow used, including PCR thermocycling
settings, refer to Comeau et al. (2017). Order-level alpha diversity
(Shannon Index, and Simpson Index), was compared between sam-

ples using a two-way ANOVA with treatment as the main factor and
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sample day as an interaction term. In a separate ANOVA, distance
from the centre of the plot, included as a binned categorical vari-
able, was not shown to significantly influence diversity (data not
shown), so this covariate was removed from subsequent analyses.
ANOVAs and post-hoc analyses were generated using the PHyLOSEQ
v1.32.0, cAReT v6.0-86 and TIDYVERSE packages in Rr, along with base
R functions. Two-way ANOVAs comparing changes in taxon relative
abundance as a function of treatment and distance (represented as
a continuous variable) nested within sample day were run at the tax-
onomic levels of phylum, order and family. P values were adjusted
using the Benjamini-Hochberg procedure to avoid false discovery
(Benjamini & Hochberg, 1995). Indicator species analysis was con-
ducted for the three treatments—*3C enrichment, *°N enrichment
and control—using the muLTipATT v1.7.9 package in r. Relative abun-
dance was measured as the normalized proportion of reads of each
ASV in the sample.

3 | RESULTS

3.1 | Translocation of °N
Differences in 8'°N between the control and biocrust-centred

plots (where §'°N tracer was applied to a central moss-dominated
biocrust), were observed in both moss-dominated biocrust and

L. tridentata samples (p < 0.001, Table 1; Figure 2). There was a
significant effect of sampling day, and the interaction of treatment
and sampling day on 8*°N in moss-dominated biocrust and L. tri-
dentata samples (p < 0.05 for all; Table 1). Specifically, an increase
in 8'°N was not observed at the first two sampling times (t = 1
and 3 days respectively), but was observed at the third sampling
time, 6 days after the simulated precipitation event. At t = 6 days,
both moss-dominated biocrust and L. tridentata samples in the
biocrust-centred plots had §'°N signatures that were higher than
the previous 5 days (Figure 2). The resulting 8*°N signatures in the
biocrust and shrub samples on day 6 were significantly higher than
naturally occurring concentrations for the region (Figure 2; Baez
et al., 2007). We also observed a significant increase in §°N in L.
tridentata control samples on the last day of sampling, however,
this movement fell within typically occurring >N concentrations
for the region (Baez et al., 2007; Figure 2). In biocrust samples from
biocrust-centred plots on the sixth day of the study, there was a
significant effect of distance from central site of tracer application
on >N concentration (p < 0.001, Table 1), and a positive relation-
ship between the °N concentration and distance from the site of
tracer application (p < 0.001, R? = 0.51). Otherwise, 8'°N concen-
tration did not vary significantly over distance in the control plots
or the biocrust-centred plots. Although the 10 m separation of
plots removes the likelihood of tracer movement between plots,
pseudo replication could have been introduced by the potential

TABLE 1 Results of nested two-way analysis of variance (ANOVA) tests with treatment as the main factor and distance nested within day
as an interaction term. Individual ANOVAs were conducted for *°N translocation from moss-dominated biocrusts to Larrea tridentata shrubs
and between moss-dominated biocrusts, as well as *3C translocation between L. tridentata shrubs and from L. tridentata shrubs to moss-
dominated biocrusts. Significant (p < 0.05) relationships are indicated in bold

15N translocation

Biocrust to biocrust

Biocrust to L. tridentata

df SS MS F p df SS MS F p
Treatment 1 31.847 31.847 49.017 <0.001 Treatment 1 21975 21975 37.787  <0.001
Sample day 2 44459  22.229 34.214 <0.001 Sample day 2 108.913 54457 93.642 <0.001
Sample day/distance 3 10.894 3.631 5.589 0.003 Sample day/distance 3 0.918 0.306 0.526 0.667
Treatment x sample 2 7.236 3.618 5.569 0.008 Treatment x sample 2 12.461 6.231 10.714 <0.001
day day
Treatment x sample 3 4934 1.645 2.532 0.072 Treatment x sample 3 0.128 0.043 0.074 0.974
day/distance day/distance
13C translocation
L. tridentata to L. tridentata L. tridentata to Biocrust
df SS MS F p df SS MS F p
Treatment 1 4.420 4.420 5.170 0.028 Treatment 1 10.493 10.493  0.819 0.371
Sample day 2 3.717 1.859 2.174 0.127 Sample day 2 2.096 1.048 0.082 0.922
Sample day/distance 3 2.930 0.977 1.143 0.344 Sample day/distance 3 21.328 7109 0.555 0.648
Treatment x sample 2 0.139 0.070 0.081 0.922 Treatment x sample 2 26.777 13.389 1.045 0.361
day day
Treatment x sample 3 2.199 0.733 0.857 0.471 Treatment x sample 3 129.895  43.298 3.379 0.028

day/distance

day/distance
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FIGURE 2 &N in moss-dominated biocrust and Larreatridentata samples over the course of the study. Shared letters indicate no
significant (p > 0.05) differences between sample means resulting from a three-way ANOVA and separate Tukey post-hoc tests for moss-
dominated biocrust (a-d) and L. tridentata samples (e-g). The bold line in the centre of each boxplot indicates the median value for the group,
the bounds of the boxes represent the interquartile range, and the bounds of the whiskers represent the range of the dataset (excluding
outliers, which, if present, are indicated by dots above or below each boxplot)

for shared root systems between L. tridentata shrubs within plots
(King & Woodell, 1984). To address this, all significant results re-
ported above were rerun after averaging the three 15N concentra-
tions of shrubs within each plot, on each day of sampling. These
tests did not change the directionality or overall significance of any

result reported above.

3.2 | Translocation of 3C

We found a significant difference in 8*°C between L. tridentata
shrubs sampled from L. tridentata-centred plots and control plots
(p = 0.028), however, 8'3C in both L. tridentata and moss-dominated
biocrusts did not differ significantly between L. tridentata-centred
and control plots on any given sampling day (Figure S1; Table 1).
Additionally, 5'3Cin both L. tridentata-centred plots and control plots
never surpassed naturally occurring concentrations for the region
(Throop et al., 2013). However, both the control and L. tridentata-
centred plots saw consistently higher §'°C in moss-dominated bi-
ocrust samples over L. tridentata samples (F1,106 =67.916,p < 0.001).
For translocation of §'°C from L. tridentata to moss-dominated bi-
ocrusts, we observed a significant interaction between treatment
and distance nested within sample day (F1,106 = 3.379, p = 0.028).
This was due to an overall negative relationship between §'°C and
distance from L. tridentata at the centre of plots and the biocrusts

sampled (data not shown).

3.3 | %N and %C

Percent N in samples was higher in L. tridentata than in biocrust
(Fme = 2070.453, p < 0.001) and did not differ significantly be-
tween control and biocrust-centred plots, or between sample days
(F2,15 =0.189, p = 0.828). Overall %C in samples was higher in L. tri-
dentata than in biocrust (F1,106 =46,532.517, p < 0.001) and did not
change significantly between control and L. tridentata-centred plots,

or between sample days.

3.4 | Fungal community analysis

Comparing the relative abundances of soil fungal communities
among samples indicated that the most abundant phylum was
Ascomycota accounting for 60%-70% of all reads, the most abun-
dant orders were Pleosporales (~35% of all reads) and Pezizales
(~10% of all reads), and the most abundant family was Didymellaceae
(~19% of all reads). There was a significantly higher relative abun-
dance of order Pleosporales in biocrust-centred plots over both
other treatments irrespective of sample day (Fz,zs =6.376,p < 0.01;
Figure 3b), and no other significant changes in fungal taxon relative
abundance as a function of treatment, sample day, distance or their
interaction. There was a significant reduction in Shannon diversity
of fungal orders among all treatment types between days 1 and 6
(Fzy42 = 3.140, p < 0.05; Figure 3a), and a similar trend was observed



CARVAJAL JANKE ano COE Journal of Ecology 1849
@ 13C enriched 5N enriched Control
2.0
2 | | |
[ ——
0~ 1.51 T . | .
- o
c 2 == , |
e |
c 1.0
©
£ °
wn T
0.5+ o
(b)
100% A
8
& 75%-+
©
5
ST 50%-
0l
2
o 25%f
[hd
0%+
Day 1 Day 3 Day 6 Day 1 Day 3 Day 6 Day 1 Day 3 Day 6

B Dothideales [l Xylariales
[ Atheliales [ Verrucariales

M unidentified [ Tubeufiales [l Pezizales
¥ Hypocreales [ Sordariales [l Pleosporales

B Capnodiales[] Chaetothyrialesll Filobasidialeslll Agaricales

[ Lichinales

[ Cantharellales [ Corticiales

B Rare (<5%)

FIGURE 3 (a) Comparison of order-level Shannon diversity in 13¢C enriched, N enriched and Control plots as a function of time since
tracer and rainfall event application (Days 1, 3 and 6), and (b) Relative abundances (percentage of total ITS2 reads) of soil fungal orders per
sample day per treatment. Taxa with relative abundances of <5% of total reads per sample day per treatment were pooled into the 'Rare
(<5%)' category. n = 6 for all sampling days within each treatment. Note: Simpson Diversity followed a similar trend to Shannon Diversity.
The graphical features of the boxplots in panel (a) are the same as reported in Figure 2

in Simpson diversity (Fzy42 =2.559, p =0.09). However, no significant
changes in Shannon or Simpson diversity were observed in response
to treatment. No indicator taxa were found that accounted for more
than 1% of ASV reads in a sample (data not shown).

4 | DISCUSSION

4.1 | Translocation of nitrogen

Building upon previous evidence for fungal loops in grasslands (Collins
et al., 2014; Rudgers et al., 2018), we provide evidence for a fungal loop
in a North American shrubland, where nutrients were translocated be-
tween moss-dominated soil biocrust communities and the dominant
shrub species, L. tridentata. In support of our hypothesis, N was trans-
located from central patches of moss-dominated biocrusts to shrubs up
to 1 maway. However, we did not observe consistent patterns of move-
ment of C in the opposite direction (from central patches of L. tridentata

shrubs to biocrusts). We also investigated the potential for additional

nutrient exchange pathways between community members of the
same cover type in this system, and discovered that N was translocated
from moss-dominated biocrusts to other moss-dominated biocrust
patches within plots. Given the dominance of known DSE fungal taxa
in plot soils, the nutrient dispersion patterns of *°N, and the multi-day
delay in *>N movement following a rainfall event, our evidence suggests
that fungal networks are the most probable conduits for the observed
translocation.

Many biological processes in drylands, including nutrient cycling,
have been shown to operate in a pulse-dynamic fashion following
rainfall events that temporarily stimulate physiological activity (Collins
et al., 2014; Loik et al., 2004), and we explicitly addressed this by mea-
suring tracer movement over a 6-day period following rainfall and
isotope application. Accordingly, we provide the first evidence that
fungal loops can translocate resources following a multi-day delay,
where N only moved from biocrusts to the other dominant community
members (other biocrusts and shrubs) 4 to 6 days after a precipitation
event. No previous work has observed a delay in nutrient transloca-

tion that spanned more than a few hours following enrichment.
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4.2 | Evidence for fungi as conduits for
nutrient exchange

Dark septate endophyte orders Pleosporales and Pezizales were
found to dominate soil samples from all plots throughout the week
following tracer application, and Pleosporales was observed to be in
higher relative abundance throughout the plot when N tracer was
introduced. This evidence coupled with similar studies in the region
suggest that DSEs were responsible for the nutrient translocation ob-
served in our study. DSE taxa, specifically the order Pleosporales, are
most commonly hypothesized to be the vehicle for nutrient transloca-
tion in fungal loops due to their dominant role as opportunistic plant
endophytes in deserts (Barrow, 2003; Khidir et al., 2010; Jumpponen
et al., 2017; Mandyam & Jumpponen, 2005; Porras-Alfaro & Bayman,
2011; She et al.,, 2018; Usuki & Narisawa, 2007; Valenzuela-Lopez
et al., 2018), and their increase in abundance and community domi-
nance in correlation with the distribution of N tracer in desert soils
(Aanderud et al., 2018; de Mesquita et al., 2018; Li et al., 2015; She
et al,, 2018; Upson et al., 2009; Zhuang et al., 2015). We observed
an increase in relative abundance of order Pleosporales throughout
the plot soil in response to *°N enrichment, which suggests that this
fungal order was directly responding to the presence of N as it moved
throughout the plots—A phenomenon which has been previously ob-
served in fungal loops (Aanderud et al., 2018; Rudgers et al., 2018;
She et al., 2018; Xie et al., 2017). DSE fungi have been shown to colo-
nize roots and vascular tissues of dryland vascular plants in south-
ern North America (Apple, 2010; Massimo et al., 2015) including
L. tridentata (Apple et al., 2005; Valencia Ontiveros, 2009), as well as
bryophyte tissue (Maier et al., 2016; Wang et al., 2011), and can take
up and transfer 15NH4 given rain events in quantities similar to our
study (Aanderud et al., 2018; Green et al., 2008). While we did ob-
serve higher relative abundances of DSEs in N-enriched (i.e. biocrust-
centred) plots, these taxa did not emerge as indicator species for
N-enriched soil samples, likely because of their high abundance in
all plots. Therefore, the dominance of Pleosporales and Pezizales
throughout plot soils, and the increase in relative abundance of
Pleosporales in correlation with N enrichment supports the uptake
and subsequent translocation of N through DSE mycelia before its
dissemination into other fungal loop community members.

While we observed that DSEs were the most abundant fungal
taxa in our plot soils, it is worth noting that not all fungal loop studies
have observed an increase in relative abundance of DSEs in response
to N enrichment as we have (Kwiecinski et al., 2020). To this end,
the Shannon diversity of fungal orders in our plots did not change in
response to treatment. Instead, Shannon diversity decreased among
all treatments in samples between days 1 and 6, likely indicating a
lagged change in community composition in response to the simu-
lated rainfall event (Belnap et al., 2005; Meisner et al., 2013, 2015),
and potentially also indicating that the selective forces of water lim-
itation are stronger than N limitation in this soil community. Dryland
soil fungal communities have been shown to remain metabolically
active in dryland soils for over a week following wetting events,
(Blazewicz et al., 2014; Saetre & Stark, 2005; Zeglin et al., 2013),

and fungal diversity can remain relatively preserved over periods of
desiccation and dormancy (Armstrong et al., 2016). Therefore, it is
possible that fungal community composition was in flux up until day
6 of sampling, or that the fungal community stabilized following dry
down at some point between days 3 and 6 in our study.

While our results implicate DSE fungi as the primary means of N
movement observed between community members, other biotic and
abiotic methods of nutrient translocation may also occur in this sys-
tem. One biotic factor could be absorption and transfer of N through
lateral root structures. The below-ground root architecture of L. tri-
dentata includes lateral root systems which begin to appear at depth
of 10-15 cm (Apple et al., 2005; Brisson & Reynolds, 1994; Gile
et al., 1998; Guo & Ogle, 2019; Kemp et al., 1997; Marshall, 1995;
Nellessen, 2004; Ogle & Reynolds, 2004), and these lateral roots
have been observed to enter the upper 10 cm of soil during mon-
soon seasons (Ogle & Reynolds, 2004). However, small (<5 mm) rain
events such as the one we applied rarely lead to sufficient water
uptake in L. tridentata to trigger increases in plant water poten-
tial, or the activation of metabolic activity (Guo & Ogle, 2019; Yan
et al., 2000). Additionally, a relatively simultaneous movement of
15N to both L. tridentata and biocrusts following a 4-6-day delay in
movement suggests that L. tridentata root systems could not have
been exclusively responsible for the movement of N tracer, since
distinct biocrust patches likely cannot take advantage of nutrients
found in nearby roots without the mediation of fungal endophytes
(suggested by Green et al., 2008). Another potential contributor to
the biotic translocation of >N is the release of nutrients from tis-
sues upon desiccation and rehydration in biocrust mosses. However,
as this process occurs on the order of minutes to hours (Slate
et al., 2019), not days, nutrient seepage from moss tissues following
desiccation is likely to have been limited to time periods on the same
scale as the enrichment period—immediately following the rainfall
event. Finally, we cannot rule out the possibility that soil-dwelling
microfauna played some role in N movement in this study, poten-
tially through the consumption, translocation and/or excretion of
N-containing compounds. Microarthropods and nematodes often
migrate in response to rainfall in drylands (Whitford et al., 1981), and
bacterially sourced N can be incorporated into tissues of Collembola
and other motile microflora following feeding (Murray et al., 2009).

Abiotic diffusion of nutrients can also occur through desert soils,
yet this process is unlikely to have acted as the primary method of
15N distribution in our study. For one, the abiotic diffusion of ammo-
nium sulphate through gravelly loam soil following a 2.5 mm rainfall
event has not previously exceeded 3-5 cm from the site of application
in similar studies (Aanderud et al., 2018; lvans et al., 2003; Zhuang
et al., 2015), and moss-dominated biocrusts have been shown to
have water holding capacities that exceed 21% (gravimetric) soil
moisture, retaining the penetration of isolated rainfall events smaller
than 9 mm in the top 5 cm of dryland soil (Aanderud et al., 2018;
Canton et al., 2020; Chamizo et al., 2016; Xiao & Hu, 2017; Zhang
et al., 2016; Zhuang et al., 2015). Secondarily, the lack of immediate
15N movement in the first 3 days immediately following treatment

rules out abiotic capillary dispersion as a potential explanation for
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the degree of horizontal nutrient transfer observed between days
1 and 6. The positive relationship between °N concentration and
distance from site of application observed between biocrust patches
indicates that the highest concentration of N was farthest from
the site of application. Osmotic nutrient distribution through soils

would present the opposite spatial pattern.

4.3 | Translocation of carbon

In contrast to N, 1°C was likely not translocated from L. triden-
tata to biocrusts or nearby L. tridentata shrubs, suggesting that
either this direction of nutrient exchange does not readily occur,
or that the size of the rainfall event, the length of the study or
the quantity and form of the isotopic compound added did not en-
able the biotic movement of C from L. tridentata leaves into the
surrounding rhizosphere. One relationship we did observe was a
significant negative relationship between §'3C and distance from L.
tridentata and moss-dominated biocrusts (Table 1), indicating that,
when treatment and sample day were considered, §'°C was highest
in moss tissues closest to isotope-enriched shrubs and lowest in
those furthest away. This may indicate that §'3C was being trans-
located in the direction we hypothesized (from shrubs to moss) but
was occurring on much slower time-scales than in the reciprocal
translocation of N, however, the lack of an overall treatment ef-
fect suggests this relationship may not be occurring consistently
in this system.

One potential reason for the lack of translocation of §°C from
shrubs to biocrusts is the possibility that shrubs such as L. triden-
tata require higher moisture thresholds to enable the reciprocal
input of photosynthates into fungal networks (Guo & Ogle, 2019;
Yan et al., 2000), and that these thresholds are often unmet fol-
lowing rainfall events of less than 5 mm (Collins et al., 2014; lvans
et al., 2003; Zhuang et al., 2015). Given that our study limited pre-
cipitation to 2.5 mm to simulate a common rain event for the season,
it is likely that this rainfall event was not suitable to fully reinstate
metabolic activity in the L. tridentata found in our study plots and
therefore led to the lack of bidirectional nutrient exchange in this
system. Similar to the lack of translocation from plants to biocrusts
observed in our study, Dettweiler-Robinson et al. (2020) found
that some North American grasses benefitted from a fungal loop
connection to cyanobacterial biocrusts, while this relationship had
neutral to negative effects on the biocrust communities depend-
ing on precipitation regime. Considering that C movement from
grasses to cyanobacterial biocrusts has been shown to occur (Green
et al., 2008), our results suggest that the drivers for or mechanisms
involving C exchange in previous studies were not present in this
shrubland system or under these moisture conditions. Reciprocal
exchange of nutrients is often observed in fungal mediated connec-
tions between primary producers in other terrestrial ecosystems,
and our results add to the possibility of more complex systems driv-
ing the multidirectionality of nutrient exchange, particularly involv-

ing C, in fungal loops.

4.4 | Evidence for pulse-delay responses in
fungal loops

The most probable explanation for the observed delay in nutrient
translocation we observed is the gradual improvement of mycelial
connectivity between community members following breakdown
due to drought conditions. Regarding nutrient uptake in L. tridentata,
delayed resource acquisition following a rain event has been linked
to the slow recolonization of root tissue by fungal endophytes after
droughts (Guo & Ogle, 2019; Yan et al., 2000), which eventually en-
able plant access to nutrients and water stored in mycelial reservoirs
and soil micropores (Allen, 2007, 2011). Access to these resources
then enables the repairing of xylem cavitation and hydraulic conduct-
ance within first order plant roots and higher vasculature which were
damaged due to the desiccation of plant tissues during drought (Guo
& Ogle, 2019; Yan et al., 2000). This process has been recorded to
occur in L. tridentata following small (~5 mm) rain events preceded by
droughts of more than 2 weeks, such as the one (21 days) preced-
ing this study. Both the slow colonization rates of fungal endophytes
following drought periods and the subsequent repairing of vascular
tissues in L. tridentata are thought to each contribute to the lagged
nutrient uptake response to small rain events by the order of days
(Guo & Ogle, 2019; Yan et al., 2000), suggesting that root recoloniza-
tion and vascular repair may have both played a role in the transloca-
tion delay observed between biocrusts and L. tridentata. Considering
that fungal symbionts are often part of biocrust communities (Kim &
Or, 2017), and that moss rhizoids and other gametophytic tissue can
be similarly colonized by endophytic fungi (Kim & Or, 2017; Maier
et al.,, 2016; Wang et al., 2011), it is possible that a similar delay in
the colonization of biocrust tissues could lead to the delay in nutrient
acquisition we observed between discrete biocrust patches.

In addition to delays in host recolonization, it is also possible that
the breakdown and subsequent reestablishment of fungal bodies in
soil interspaces of our plots led to the delays in translocation we ob-
served. Following droughts, wherein mycelial structures in the soil can
break down rapidly (Andreo-Jimenez et al., 2019; Ghimire et al., 2011;
Miller et al., 1995; Staddon et al., 2003; Taniguchi et al., 2018; Yang
et al., 2014), hyphal turnover and root recolonization by DSE fungi
can occur on the order of days after the initial rainfall event (<6 mm/
day in one study Jacobson et al., 2015; Staddon et al., 2003; Taniguchi
et al., 2018). Month long droughts have also been shown to explicitly
lead to delays in the growth response of soil fungal communities that
last up to a week from rainfall events, potentially due to the repairing
and reanimation of damaged cells that occurred during desiccation,
radiation damage or osmolysis during rehydration (Belnap et al., 2005;
Meisner et al., 2013, 2015). Both the breakdown of soil fungal struc-
tures before the simulated rainfall event, and their subsequent re-
growth and reestablishment, fit the time-scales observed in our study.
In support of these hypotheses, previous work on fungal loops has
shown that nutrient translocation rates increased between initial (Day 1)
and secondary (Day 4) sampling days (Green et al., 2008; Rudgers
et al., 2018), suggesting that biological connections enabling nutrient

uptake and/or translocation improved within that time period. In our
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study, we observed a decrease in fungal community Shannon diver-
sity 6 days following rainfall, irrespective of treatment, suggesting
that fungal community composition in plot soils had a delayed re-
sponse to the rainfall event. It is therefore probable that either the
fungal associations within biocrusts and L. tridentata, or the mycelial
structures connecting them, required time to improve connectivity

before translocating nutrients at significant concentrations.

4.5 | Moss-dominated biocrusts in fungal loops

Biocrusts, particularly those with a moss component, play an array
of ecological roles in dryland systems (Collins et al., 2014; Reed
et al., 2016) and our study presents evidence that moss-dominated
biocrusts can also be implicated in fungal loops. Mosses are in-
volved in nutrient cycling through their ability to form symbiotic
associations with N-fixing cyanobacteria (Adams & Duggan, 2008),
and their presence in biocrusts influences N availability and form
in dryland soils (Reed et al., 2012; Hu et al., 2020). As an extension
of this knowledge, we show that moss-dominated biocrusts can
act as N hubs for subsequent translocation to nearby shrubs, and
that these processes can occur even following very small precipita-
tion events to which other, vascular, community members cannot
fully respond. A recent study (Aanderud et al., 2018) was not able
to capture the presence of fungal loops between moss-dominated
biocrusts and grasses, and it was suggested that this was due to
the small rainfall size (2.5 mm) applied only to the site of stable iso-
tope addition, or due to the short time-scale (24 hr) of the tracer
study. These authors proposed that N deficient mosses may hold
on to greater concentrations of N than cyanobacteria-dominated
biocrusts, and that the release of N into the surrounding soil may
require larger rainfall events or longer time-scales than cyanobac-
teria dominated biocrusts. Our study utilized a higher concentra-
tion of the same N tracer and applied our 2.5 mm rainfall event
over the entire plot area, which may have allowed us to capture N
translocation dynamics more completely.

In addition to observing movement of N from moss-dominated
biocrusts to L. tridentata, we also observed the movement of N be-
tween spatially separated moss-dominated biocrust patches over
distances up to 1 m. While it has been widely documented that
vascular plants can be involved in fungal-mediated nutrient ex-
change (Bethlenfalvay et al., 1991; Frey & Schiepp, 1992; Simard
et al., 1997; Van der Heijden & Horton, 2009), this study provides
the first evidence of such pathways between isolated patches of
moss-dominated biocrusts. This suggests the potential for recip-
rocal N exchange between disparate biocrusts based on supply
and demand, which has not been previously demonstrated. While
there is substantial evidence suggesting that active biocrusts
represent a net source of N to their surrounding plant and soil
communities, it has also been shown that this fixed N released
as NH‘:r can be taken up by nearby soil-dwelling mosses or sub-
sequently taken up (re-uptake) by nearby crusts (Stewart, 1967;

Johnson et al.,, 2007), supporting our observation of N transfer

between moss-dominated biocrust patches. This novel biocrust
moss uptake pathway also suggests that mosses may represent an
additional sink for N once it is taken up by DSE fungi, potentially
competing with vascular vegetation based on metabolic demands.
To our knowledge, such competition for nutrients has only been
demonstrated on a seasonal basis in Antarctic moss and vascular

plant communities (Hill et al., 2011).

5 | CONCLUSIONS

Our findings support the hypothesis that fungal loops can enable
the exchange of N between biocrusts and vascular plants in dry-
lands, and expand upon previous findings to suggest that: (a) fungal
loops also operate in shrubland ecosystems, which are increasing in
prevalence globally; (b) moss-dominated biocrusts may play impor-
tant and understudied ecological roles in fungal loops, especially
following small rainfall events; and (c) nutrient transfer through fun-
gal loops may follow a pulse-delay model, where the rebuilding of
fungal networks between community members following a rainfall
event causes a multi-day delay in translocation. Given the previ-
ous experimental support for the existence of fungal loops in grass-
land systems, and our current findings supporting their presence
in shrublands, it is possible that fungal loops play roles in nutrient
cycling across many dryland systems, and future work should exam-
ine their ecological importance across ecosystem types. Based on
their roles connecting plants and biocrusts in nutrient-limited (and
water limited) systems, fungal loops may be an important stabilizing
force in the face of climate change and future fluctuating precipita-

tion regimes.

ACKNOWLEDGEMENTS

This research was supported by the NSF Dimensions of Biodiversity
Award #1840931 (to KKC, Middlebury College). We also wish to
thank Quinn Brencher for assistance with field work, Erin Eggleston
for assistance with fungal DNA extraction and purification, and
Jennifer Johnston and Don Harris for park access and permission
to conduct research in the Maricopa County parks system. Mandy
Slate, Anita Antonika and Matt Bowker provided valuable feedback

on previous drafts of this manuscript.

AUTHORS' CONTRIBUTIONS
N.C.J. came up with the concept for the study and conducted the
statistical analyses; N.C.J. and K.K.C. designed and executed plot

set-up and data collection, and wrote the manuscript.

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1111/1365-2745.13610.

DATA AVAILABILITY STATEMENT
Data available from the Dryad Digital Repository https://doi.org/
10.5061/dryad.Ocfxpnwi1k (Carvajal Janke & Kirsten, 2021).


https://publons.com/publon/10.1111/1365-2745.13610
https://publons.com/publon/10.1111/1365-2745.13610
https://doi.org/10.5061/dryad.0cfxpnw1k
https://doi.org/10.5061/dryad.0cfxpnw1k

CARVAJAL JANKE anp COE Journal of Ecology | 1853
ORCID Barger, N. N., Weber, B., Garcia-Pichel, F., Zaady, E., & Belnap, J. (2016).
Niko Carvajal Janke https://orcid.org/0000-0002-6059-5785 Patterns and controls on nitrogen cycling of biological soil crusts. In

Kirsten K. Coe https://orcid.org/0000-0002-1560-8022

REFERENCES

Aanderud, Z. T., Smart, T. B.,, Wu, N., Taylor, A. S., Zhang, Y., & Belnap, J.
(2018). Fungal loop transfer of nitrogen depends on biocrust constit-
uents and nitrogen form. Biogeosciences, 15(12), 3831. https://doi.
org/10.5194/bg-15-3831-2018

Adair, E. C., Parton, W. J,, King, J. Y., Brandt, L. A., & Lin, Y. (2017).
Accounting for photodegradation dramatically improves prediction
of carbon losses in dryland systems. Ecosphere, 8(7), e01892. https://
doi.org/10.1002/ecs2.1892

Adams, D. G., & Duggan, P. S. (2008). Cyanobacteria-bryophyte symbi-
oses. Journal of Experimental Botany, 59(5), 1047-1058. https://doi.
org/10.1093/jxb/ern005

Aguiar, M. R., & Sala, O. E. (1999). Patch structure, dynamics and im-
plications for the functioning of arid ecosystems. Trends in Ecology
& Evolution, 14(7), 273-277. https://doi.org/10.1016/50169-5347
(99)01612-2

Allen, J., Grimm, N., Hall, S., & Kaye, J. (2018). Desert Fertilization
Experiment: Soil pH in study plots within desert preserves in and around
the greater Phoenix metropolitan area, 2010 and 2011. Retrieved
from http://agris.fao.org/agris-search/search.do?recordID=QN201
9001897511

Allen, M. F. (2007). Mycorrhizal fungi: Highways for water and nutri-
ents in arid soils. Vadose Zone Journal, 6(2), 291-297. https://doi.
org/10.2136/vzj2006.0068

Allen, M. F. (2011). Linking water and nutrients through the vadose zone:
A fungal interface between the soil and plant systems. Journal of Arid
Land, 3(3), 155-163.

Amir, A., McDonald, D., Navas-Molina, J. A, Kopylova, E., Morton, J. T.,
Zech Xu, Z., Kightley, E. P,, Thompson, L. R., Hyde, E. R., Gonzalez, A.,
& Knight, R. (2017). Deblur rapidly resolves single-nucleotide com-
munity sequence patterns. mSystems, 2(2). https://doi.org/10.1128/
msystems.00191-16

Andreo-Jimenez, B., Vandenkoornhuyse, P., Lé Van, A. Heutinck,
A., Duhamel, M., Kadam, N., Jagadish, K., Ruyter-Spira, C., &
Bouwmeester, H. (2019). Plant host and drought shape the root
associated fungal microbiota in rice. Peer), 7, €7463. https://doi.
org/10.7717/peerj. 7463

Apple, M. E. (2010). Aspects of Mycorrhizae in desert plants. In Desert
plants: Biology and biotechnology (pp. 121-134). Retrieved from
https://link.springer.com/chapter/10.1007/978-3-642-02550-1_6

Apple, M. E., Thee, C. I., Smith-Longozo, V. L., Cogar, C. R., Wells, C. E.,
& Nowak, R. S. (2005). Arbuscular mycorrhizal colonization of Larrea
tridentata and Ambrosia dumosa roots varies with precipitation and
season in the Mojave Desert. Symbiosis, 39(3), 131-135.

Armstrong, A., Valverde, A., Ramond, J.-B., Makhalanyane, T. P., Jansson,
J.K., Hopkins, D. W., Aspray, T. J., Seely, M., Trindade, M. 1., & Cowan,
D. A.(2016). Temporal dynamics of hot desert microbial communities
reveal structural and functional responses to water input. Scientific
Reports, 6, 34434., https://doi.org/10.1038/srep34434

Austin, A. T., & Vivanco, L. (2006). Plant litter decomposition in a semi-
arid ecosystem controlled by photodegradation. Nature, 442(7102),
555-558.

Averill, C., Turner, B. L., & Finzi, A. C. (2014). Mycorrhiza-mediated com-
petition between plants and decomposers drives soil carbon storage.
Nature, 505(7484), 543-545.

Baez, S., Fargione, J., Moore, D. I, Collins, S. L., & Gosz, J. R. (2007).
Atmospheric nitrogen deposition in the northern Chihuahuan des-
ert: Temporal trends and potential consequences. Journal of Arid
Environments, 68(4), 640-651. https://doi.org/10.1016/j.jaridenv.
2006.06.011

Biological soil crusts: An organizing principle in drylands (pp. 257-285).
Retrieved from https://link.springer.com/chapter/10.1007/978-3-
319-30214-0_14

Barrow, J. R. (2003). Atypical morphology of dark septate fungal root en-
dophytes of Bouteloua in southwestern USA rangelands. Mycorrhiza,
13, 239-247.

Bates, S. T., Nash Ill, T. H., & Garcia-Pichel, F. (2012). Patterns of diver-
sity for fungal assemblages of biological soil crusts from the south-
western United States. Mycologia, 104(2), 353-361. https://doi.
org/10.3852/11-232

Belnap, J. (2003). The world at your feet: Desert biological soil crusts.
Frontiers in Ecology and the Environment, 1(4), 181-189.

Belnap, J., & Bidel, B. (2016). Biological soil crusts as soil stabilizers. In
Biological soil crusts: An organizing principle in drylands (pp. 305-320).
Retrieved from https://link.springer.com/chapter/10.1007/978-3-
319-30214-0_16

Belnap, J., Weber, B., & Bidel, B. (2016). Biological soil crusts as an or-
ganizing principle in drylands. In Biological soil crusts: An organizing
principle in drylands (pp. 3-13). Retrieved from https://link.springer.
com/book/10.1007/978-3-319-30214-0

Belnap, J., Welter, J. R., Grimm, N. B., Barger, N., & Ludwig, J. A.
(2005). Linkages between microbial and hydrologic processes in
arid and semiarid watersheds. Ecology, 86(2), 298-307. https://doi.
org/10.1890/03-0567

Belsky, A. J., Amundson, R. G., Duxbury, J. M, Riha, S. J, Ali, A. R, &
Mwonga, S. M. (1989). The effects of trees on their physical, chemical
and biological environments in a semi-arid savanna in Kenya. Journal
of Applied Ecology, 26(3), 1005-1024. https://doi.org/10.2307/2403708

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate:
A practical and powerful approach to multiple testing. Journal of the
Royal Statistical Society, 57(1), 289-300.

Bethlenfalvay, G. J., Reyes-Solis, M. G., Camel, S. B., & Ferrera-Cerrato,
R. (1991). Nutrient transfer between the root zones of soybean
and maize plants connected by a common mycorrhizal mycelium.
Physiologia Plantarum, 82(3), 423-432. https://doi.org/10.1111/
j.1399-3054.1991.tb02928.x

Blazewicz, S. J., Schwartz, E., & Firestone, M. K. (2014). Growth and
death of bacteria and fungi underlie rainfall-induced carbon dioxide
pulses from seasonally dried soil. Ecology, 95(5), 1162-1172. https://
doi.org/10.1890/13-1031.1

Brisson, J., & Reynolds, J. F. (1994). The effect of neighbors on root distri-
bution in a creosotebush (Larrea tridentata) population. Ecology, 75(6),
1693-1702. https://doi.org/10.2307/1939629

Bidel, B., Darienko, T., Deutschewitz, K., Dojani, S., Friedl, T., Mohr, K.
1., Salisch, M., Reisser, W., & Weber, B. (2009). Southern African bio-
logical soil crusts are ubiquitous and highly diverse in drylands, being
restricted by rainfall frequency. Microbial Ecology, 57(2), 229-247.
https://doi.org/10.1007/s00248-008-9449-9

Cable, J. M., & Huxman, T. E. (2004). Precipitation pulse size effects on
Sonoran Desert soil microbial crusts. Oecologia, 141(2), 317-324.
https://doi.org/10.1007/s00442-003-1461-7

Cantén, Y., Chamizo, S., Rodriguez-Caballero, E., Lazaro, R., Roncero-
Ramos, B., Roman, J. R., & SoléBenet, A. (2020). Water regulation
in cyanobacterial biocrusts from drylands: Negative impacts of an-
thropogenic disturbance. Water, 12(3), 720. https://doi.org/10.3390/
w12030720

Carvajal Janke, N., & Kirsten, C. (2021). Data from: Evidence for a fungal
loop in shrublands. Dryad Digital Repository, https://doi.org/10.5061/
dryad.Ocfxpnw1k

Chamizo, S., Cantdn, Y., Miralles, I., & Domingo, F. (2012). Biological soil
crust development affects physicochemical characteristics of soil
surface in semiarid ecosystems. Soil Biology and Biochemistry, 49, 96-
105. https://doi.org/10.1016/j.s0ilbio.2012.02.017


https://orcid.org/0000-0002-6059-5785
https://orcid.org/0000-0002-6059-5785
https://orcid.org/0000-0002-1560-8022
https://orcid.org/0000-0002-1560-8022
https://doi.org/10.5194/bg-15-3831-2018
https://doi.org/10.5194/bg-15-3831-2018
https://doi.org/10.1002/ecs2.1892
https://doi.org/10.1002/ecs2.1892
https://doi.org/10.1093/jxb/ern005
https://doi.org/10.1093/jxb/ern005
https://doi.org/10.1016/S0169-5347(99)01612-2
https://doi.org/10.1016/S0169-5347(99)01612-2
http://agris.fao.org/agris-search/search.do?recordID=QN2019001897511
http://agris.fao.org/agris-search/search.do?recordID=QN2019001897511
https://doi.org/10.2136/vzj2006.0068
https://doi.org/10.2136/vzj2006.0068
https://doi.org/10.1128/msystems.00191-16
https://doi.org/10.1128/msystems.00191-16
https://doi.org/10.7717/peerj.7463
https://doi.org/10.7717/peerj.7463
https://link.springer.com/chapter/10.1007/978-3-642-02550-1_6
https://doi.org/10.1038/srep34434
https://doi.org/10.1016/j.jaridenv.2006.06.011
https://doi.org/10.1016/j.jaridenv.2006.06.011
https://link.springer.com/chapter/10.1007/978-3-319-30214-0_14
https://link.springer.com/chapter/10.1007/978-3-319-30214-0_14
https://doi.org/10.3852/11-232
https://doi.org/10.3852/11-232
https://link.springer.com/chapter/10.1007/978-3-319-30214-0_16
https://link.springer.com/chapter/10.1007/978-3-319-30214-0_16
https://link.springer.com/book/10.1007/978-3-319-30214-0
https://link.springer.com/book/10.1007/978-3-319-30214-0
https://doi.org/10.1890/03-0567
https://doi.org/10.1890/03-0567
https://doi.org/10.2307/2403708
https://doi.org/10.1111/j.1399-3054.1991.tb02928.x
https://doi.org/10.1111/j.1399-3054.1991.tb02928.x
https://doi.org/10.1890/13-1031.1
https://doi.org/10.1890/13-1031.1
https://doi.org/10.2307/1939629
https://doi.org/10.1007/s00248-008-9449-9
https://doi.org/10.1007/s00442-003-1461-7
https://doi.org/10.3390/w12030720
https://doi.org/10.3390/w12030720
https://doi.org/10.5061/dryad.0cfxpnw1k
https://doi.org/10.5061/dryad.0cfxpnw1k
https://doi.org/10.1016/j.soilbio.2012.02.017

1854 Journal of Ecology

CARVAJAL JANKE ano COE

Chamizo, S., Cantén, Y., Rodriguez-Caballero, E., & Domingo, F. (2016).
Biocrusts positively affect the soil water balance in semiarid eco-
systems. Ecohydrology, 9(7), 1208-1221. https://doi.org/10.1002/
eco.1719

Chamizo, S., Rodriguez-Caballero, E., Roman, J. R., & Cantén, Y. (2017).
Effects of biocrust on soil erosion and organic carbon losses under
natural rainfall. Catena, 148, 117-125. https://doi.org/10.1016/j.
catena.2016.06.017

Chen, N., Liu, X., Zheng, K., Zhang, C., Liu, Y., Lu, K., Jia, R., & Zhao, C.
(2019). Ecohydrological effects of biocrust type on restoration dy-
namics in drylands. Science of the Total Environment, 687, 527-534.
https://doi.org/10.1016/j.scitotenv.2019.06.007

Chilton, A. M., Neilan, B. A., & Eldridge, D. J. (2018). Biocrust morphol-
ogy is linked to marked differences in microbial community compo-
sition. Plant and Soil, 429(1-2), 65-75. https://doi.org/10.1007/s1110
4-017-3442-3

Coe, K. K., Belnap, J., & Sparks, J. P. (2012). Precipitation-driven carbon
balance controls survivorship of desert biocrust mosses. Ecology,
93(7), 1626-1636. https://doi.org/10.1890/11-2247.1

Collins, S. L., Belnap, J., Grimm, N. B., Rudgers, J. A., Dahm, C. N.,
D'Odorico, P., Litvak, M., Natvig, D. O., Peters, D. C., Pockman, W.
T., Sinsabaugh, R. L., & Wolf, B. O. (2014). A multiscale, hierarchi-
cal model of pulse dynamics in arid-land ecosystems. Annual Review
of Ecology, Evolution, and Systematics, 45, 397-419. https://doi.
org/10.1146/annurev-ecolsys-120213-091650

Collins, S. L., Sinsabaugh, R. L., Crenshaw, C., Green, L., Porras-Alfaro,
A., Stursova, M., & Zeglin, L. H. (2008). Pulse dynamics and microbial
processes in aridland ecosystems. Journal of Ecology, 96(3), 413-420.
https://doi.org/10.1111/j.1365-2745.2008.01362.x

Comeau, A. M., Douglas, G. M., & Langille, M. G. I. (2017). Microbiome
helper: A custom and streamlined workflow for microbiome re-
search. mSystems, 2(1). https://doi.org/10.1128/mSystems.00127-16

de Mesquita, C. P. B,, Sartwell, S. A., Ordemann, E. V., Porazinska, D.
L., Farrer, E. C., King, A. J., & Schmidt, S. K. (2018). Patterns of root
colonization by arbuscular mycorrhizal fungi and dark septate en-
dophytes across a mostly-unvegetated, high-elevation landscape.
Fungal Ecology, 36, 63-74.

Dean, S. L., Farrer, E. C., Taylor, D. L., Porras-Alfaro, A., Suding, K. N,
& Sinsabaugh, R. L. (2014). Nitrogen deposition alters plant-fungal
relationships: Linking belowground dynamics to aboveground veg-
etation change. Molecular Ecology, 23(6), 1364-1378. https://doi.
org/10.1111/mec.12541

Dettweiler-Robinson, E., Sinsabaugh, R. L., & Rudgers, J. A. (2018).
Biocrusts benefit from plant removal. American Journal of Botany,
105(7), 1133-1141. https://doi.org/10.1002/ajb2.1120

Dettweiler-Robinson, E., Sinsabaugh, R. L., & Rudgers, J. A. (2020). Fungal
connections between plants and biocrusts facilitate plants but have
little effect on biocrusts. Journal of Ecology, 108(3), 894-907. https://
doi.org/10.1111/1365-2745.13310

Dijkstra, F. A., Augustine, D. J., Brewer, P., & von Fischer, J. C. (2012).
Nitrogen cycling and water pulses in semiarid grasslands: Are micro-
bial and plant processes temporally asynchronous? Oecologia, 170(3),
799-808. https://doi.org/10.1007/s00442-012-2336-6

Dunkerley, D. L. (2014). Vegetation mosaics of arid Western New South
Wales, Australia: Considerations of their origin and persistence. In
Patterns of land degradation in Drylands (pp. 315-345). Retrieved from
https://link.springer.com/chapter/10.1007/978-94-007-5727-1_12

Edgar, R. (2010). Search and clustering orders of magnitude faster
than BLAST. Bioinformatics, 26(19), 2460-2461.Retrieved from
https://academic.oup.com/bioinformatics/article-abstract/26/19/
2460/230188

Edgar, R.C., & Flyvbjerg, H.(2015). Error filtering, pair assembly and error
correction for next-generation sequencing reads. Bioinformatics,
31(21), 3476-3482.Retrieved from https://academic.oup.com/bioin
formatics/article-abstract/31/21/3476/194979

Elbert, W., Weber, B., Burrows, S., Steinkamp, J., Budel, B., Andreae, M.
QO., & Poéschl, U. (2012). Contribution of cryptogamic covers to the
global cycles of carbon and nitrogen. Nature Geoscience, 5(7), 459-
462. https://doi.org/10.1038/ngeo01486

Evans, R. D., & Ehleringer, J. R. (1993). A break in the nitrogen cycle in
aridlands? Evidence from & p15 N of soils. Oecologia, 94(3), 314-317.

Evans, R. D., & Lange, O. L. (2001). Biological soil crusts and ecosys-
tem nitrogen and carbon dynamics. In J. Belnap & O. Lange (Eds.),
Biological soil crusts: Structure, function, and management (pp. 263-
279). Springer. Retrieved from https://link.springer.com/book/10.
1007/978-3-642-56475-8

Fogel, R., & Hunt, G. (1983). Contribution of mycorrhizae and soil fungi
to nutrient cycling in a Douglas-fir ecosystem. Canadian Journal of
Forest Research, 13(2), 219-232. https://doi.org/10.1139/x83-031

Frey, B., & Schiiepp, H. (1992). Transfer of symbiotically fixed nitrogen
from berseem (Trifolium alexandrinum L.) to maize via vesicular—
arbuscular mycorrhizal hyphae. New Phytologist, 122(3), 447-454.

Garcia-Moya, E., & McKell, C. M. (1970). Contribution of shrubs to the
nitrogen economy of a desert-wash plant community. Ecology, 51(1),
81-88. https://doi.org/10.2307/1933601

Gherardi, L. A., & Sala, O. E. (2019). Effect of interannual precipitation
variability on dryland productivity: A global synthesis. Global Change
Biology, 25(1), 269-276. https://doi.org/10.1111/gcb.14480

Ghimire, S. R., Charlton, N. D., Bell, J. D., Krishnamurthy, Y. L., & Craven,
K. D. (2011). Biodiversity of fungal endophyte communities inhabit-
ing switchgrass (Panicum virgatum L.) growing in the native tallgrass
prairie of northern Oklahoma. Fungal Diversity, 47(1), 19-27.

Gibbens, R. P., McNeely, R. P,, Havstad, K. M., Beck, R. F., & Nolen, B.
(2005). Vegetation changes in the Jornada Basin from 1858 to
1998. Journal of Arid Environments, 61(4), 651-668. https://doi.
org/10.1016/j.jaridenv.2004.10.001

Gile, L. H., Gibbens, R. P., & Lenz, J. M. (1998). Soil-induced variabil-
ity in root systems of creosotebush (Larrea tridentata) and tarbush
(Flourensia cernua). Journal of Arid Environments, 39(1), 57-78. https://
doi.org/10.1006/jare.1998.0377

Giri, C., Zhu, Z., & Reed, B. (2005). A comparative analysis of the
Global Land Cover 2000 and MODIS land cover data sets. Remote
Sensing of Environment, 94(1), 123-132. https://doi.org/10.1016/j.
rse.2004.09.005

Goldberg, D., & Novoplansky, A. (1997). On the relative importance of
competition in unproductive environments. Journal of Ecology, 85(4),
409-418. https://doi.org/10.2307/2960565

Green, L. E., Porras-Alfaro, A., & Sinsabaugh, R. L. (2008). Translocation
of nitrogen and carbon integrates biotic crust and grass production
in desert grassland. Journal of Ecology, 96(5), 1076-1085. https://doi.
org/10.1111/j.1365-2745.2008.01388.x

Guo, J. S., & Ogle, K. (2019). Antecedent soil water content and vapor pres-
sure deficit interactively control water potential in Larrea tridentata.
New Phytologist, 221(1), 218-232. https://doi.org/10.1111/nph.15374

Hall, S. J.,, Sponseller, R. A., Grimm, N. B., Huber, D., Kaye, J. P., Clark,
C., & Collins, S. L. (2011). Ecosystem response to nutrient enrich-
ment across an urban airshed in the Sonoran Desert. Ecological
Applications, 21(3), 640-660. https://doi.org/10.1890/10-0758.1

Hattenschwiler, S., Coq, S., Barantal, S., & Handa, I. T. (2011). Leaf traits
and decomposition in tropical rainforests: Revisiting some commonly
held views and towards a new hypothesis. New Phytologist, 189(4),
950-965. https://doi.org/10.1111/j.1469-8137.2010.03483.x

Hawkes, C. V. (2003). Nitrogen cycling mediated by biological soil crusts
and arbuscular mycorrhizal fungi. Ecology, 84(6), 1553-1562.

He, X.-H., Critchley, C., & Bledsoe, C. (2003). Nitrogen transfer within
and between plants through common mycorrhizal networks
(CMNs). Critical Reviews in Plant Sciences, 22(6), 531-567. https://doi.
org/10.1080/713608315

Hill, P. W., Farrar, J., Roberts, P., Farrell, M., Grant, H., Newsham, K. K.,
Hopkins, D. W., Bardgett, R. D., & Jones, D. L. (2011). Vascular plant


https://doi.org/10.1002/eco.1719
https://doi.org/10.1002/eco.1719
https://doi.org/10.1016/j.catena.2016.06.017
https://doi.org/10.1016/j.catena.2016.06.017
https://doi.org/10.1016/j.scitotenv.2019.06.007
https://doi.org/10.1007/s11104-017-3442-3
https://doi.org/10.1007/s11104-017-3442-3
https://doi.org/10.1890/11-2247.1
https://doi.org/10.1146/annurev-ecolsys-120213-091650
https://doi.org/10.1146/annurev-ecolsys-120213-091650
https://doi.org/10.1111/j.1365-2745.2008.01362.x
https://doi.org/10.1128/mSystems.00127-16
https://doi.org/10.1111/mec.12541
https://doi.org/10.1111/mec.12541
https://doi.org/10.1002/ajb2.1120
https://doi.org/10.1111/1365-2745.13310
https://doi.org/10.1111/1365-2745.13310
https://doi.org/10.1007/s00442-012-2336-6
https://link.springer.com/chapter/10.1007/978-94-007-5727-1_12
https://academic.oup.com/bioinformatics/article-abstract/26/19/2460/230188
https://academic.oup.com/bioinformatics/article-abstract/26/19/2460/230188
https://academic.oup.com/bioinformatics/article-abstract/31/21/3476/194979
https://academic.oup.com/bioinformatics/article-abstract/31/21/3476/194979
https://doi.org/10.1038/ngeo1486
https://link.springer.com/book/10.1007/978-3-642-56475-8
https://link.springer.com/book/10.1007/978-3-642-56475-8
https://doi.org/10.1139/x83-031
https://doi.org/10.2307/1933601
https://doi.org/10.1111/gcb.14480
https://doi.org/10.1016/j.jaridenv.2004.10.001
https://doi.org/10.1016/j.jaridenv.2004.10.001
https://doi.org/10.1006/jare.1998.0377
https://doi.org/10.1006/jare.1998.0377
https://doi.org/10.1016/j.rse.2004.09.005
https://doi.org/10.1016/j.rse.2004.09.005
https://doi.org/10.2307/2960565
https://doi.org/10.1111/j.1365-2745.2008.01388.x
https://doi.org/10.1111/j.1365-2745.2008.01388.x
https://doi.org/10.1111/nph.15374
https://doi.org/10.1890/10-0758.1
https://doi.org/10.1111/j.1469-8137.2010.03483.x
https://doi.org/10.1080/713608315
https://doi.org/10.1080/713608315

CARVAJAL JANKE ano COE

Journal of Ecology 1855

success in a warming Antarctic may be due to efficient nitrogen
acquisition. Nature Climate Change, 1(1), 50-53.

Holm, S. (1979). A simple sequentially rejective multiple test procedure.
Scandinavian Journal of Statistics, 6(2), 65-70.

Hu, R., Wang, X. P, Xu, J. S., Zhang, Y. F.,, Pan, Y. X, & Su, X. (2020).
The mechanism of soil nitrogen transformation under different bi-
ocrusts to warming and reduced precipitation: From microbial func-
tional genes to enzyme activity. Science of the Total Environment, 722,
137849. https://www.sciencedirect.com/science/article/abs/pii/SO0
16706119304434

Ivans, C. Y., Leffler, A. J., Spaulding, U., Stark, J. M., Ryel, R. J., & Caldwell,
M. M. (2003). Root responses and nitrogen acquisition by Artemisia
tridentata and Agropyron desertorum following small summer rainfall
events. Oecologia, 134(3), 317-324. https://doi.org/10.1007/s0044
2-002-1089-z

Jacobson, K., van Diepeningen, A., Evans, S., Fritts, R., Gemmel, P,
Marsho, C., Seely, M., Wenndt, A., Yang, X., & Jacobson, P. (2015).
Non-rainfall moisture activates fungal decomposition of surface
litter in the Namib Sand Sea. PLoS ONE, 10(5), 126977. https://doi.
org/10.1371/journal.pone.0126977

Johnson, S. L., Neuer, S., & Garcia-Pichel, F. (2007). Export of nitrogenous
compounds due to incomplete cycling within biological soil crusts of
arid lands. Environmental Microbiology, 9(3), 680-689.

Jumpponen, A. (2001). Dark septate endophytes - Are they mycorrhi-
zal? Mycorrhiza, 11(4), 207-211. https://doi.org/10.1007/s0057
20100112

Jumpponen, A., Herrera, J., Porras-Alfaro, A., & Rudgers, J. (2017).
Biogeography of root-associated fungal endophytes. Biogeography of
Mycorrhizal Symbiosis, 230, 195-222. https://doi.org/10.1007/978-3-
319-56363-3_10

Kemp, P. R., Reynolds, J. F., Pachepsky, Y., & Chen, J.-L. (1997). A com-
parative modeling study of soil water dynamics in a desert ecosys-
tem. Water Resources Research, 33(1), 73-90. https://doi.org/10.
1029/96WR03015

Khidir, H. H., Eudy, D. M., Porras-Alfaro, A., Herrera, J., Natvig, D. O,
& Sinsabaugh, R. L. (2010). A general suite of fungal endophytes
dominate the roots of two dominant grasses in a semiarid grassland.
Journal of Arid Environments, 74(1), 35-42. https://doi.org/10.1016/
j.jaridenv.2009.07.014

Kim, S., Kiniry, J. R., & Loomis, L. (2017). Creosote bush, an arid zone sur-
vivor in Southwestern US: 1. Identification of morphological and en-
vironmental factors that affect its growth and development. Journal
of Agriculture and Ecology Research International, 14(4), 1-14. https://
www.journaljaeri.com/index.php/JAERI/article/view/3446

Kim, M., & Or, D. (2017). Hydration status and diurnal trophic inter-
actions shape microbial community function in desert biocrusts.
Biogeosciences, 14(23), 5403-5424. https://doi.org/10.5194/bg-14-
5403-2017

King, T.J., & Woodell, S. R. J. (1984). Are regular patterns in desert shrubs
artefacts of sampling? The Journal of Ecology, 72(1), 295. https://doi.
org/10.2307/2260021

Klironomos, J. N., McCune, J.,, Hart, M., & Neville, J. (2000). The influ-
ence of arbuscular mycorrhizae on the relationship between plant
diversity and productivity. Ecology Letters, 3(2), 137-141. https://doi.
org/10.1046/j.1461-0248.2000.00131.x

Knapp, A. K., Beier, C., Briske, D. D., Classen, A. T., Luo, Y., Reichstein, M.,
Smith, M. D., Smith, S. D., Bell, J. E., Fay, P. A., Heisler, J. L., Leavitt, S.
W., Sherry, R., Smith, B., & Weng, E. (2008). Consequences of more
extreme precipitation regimes for terrestrial ecosystems. BioScience,
58(9), 811-821. https://doi.org/10.1641/B580908

Kwiecinski, J. V., Stricker, E., Sinsabaugh, R. L., & Collins, S. L. (2020).
Rainfall pulses increased short-term biocrust chlorophyll but not
fungal abundance or N availability in a long-term dryland rainfall
manipulation experiment. Soil Biology and Biochemistry, 142, 107693.
https://doi.org/10.1016/j.s0ilbi0.2019.107693

Lauenroth, W. K., & Bradford, J. B. (2012). Ecohydrology of dry regions
of the United States: Water balance consequences of small precipi-
tation events. Ecohydrology, 5(1), 46-53. https://doi.org/10.1002/
eco.195

Lenhart, K., Weber, B., Elbert, W., Steinkamp, J., Clough, T., Crutzen, P.,
Poschl, U., & Keppler, F. (2015). Nitrous oxide and methane emissions
from cryptogamic covers. Global Change Biology, 21(10), 3889-3900.
https://doi.org/10.1111/gcb.12995

Li, B., He, X., He, C., Chen, Y., & Wang, X. (2015). Spatial dynamics of
dark septate endophytes and soil factors in the rhizosphere of
Ammopiptanthus mongolicus in Inner Mongolia, China. Symbiosis,
65(2), 75-84. https://doi.org/10.1007/513199-015-0322-6

Lingfei, L. ., Anna, Y., & Zhiwei, Z. (2005). Seasonality of arbuscular my-
corrhizal symbiosis and dark septate endophytes in a grassland site in
southwest China. FEMS Microbiology Ecology, 54(3), 367-373. https://
doi.org/10.1016/j.femsec.2005.04.011

Loik, M. E., Breshears, D. D., Lauenroth, W. K., & Belnap, J. (2004). A
multi-scale perspective of water pulses in dryland ecosystems:
Climatology and ecohydrology of the western USA. Oecologia, 141(2),
269-281. https://doi.org/10.1007/s00442-004-1570-y

Lutgen, E. R., Muir-Clairmont, D., Graham, J., & Rillig, M. C. (2003).
Seasonality of arbuscular mycorrhizal hyphae and glomalin in a west-
ern Montana grassland. Plant and Soil, 257(1), 71-83. https://doi.
org/10.1023/A:1026224209597

Maier, S., Muggia, L., Kuske, C. R., & Grube, M. (2016). Bacteria and
non-lichenized fungi within biological soil crusts. Biological Soil
Crusts: An Organizing Principle in Drylands, 226, 81-100. https://doi.
org/10.1007/978-3-319-30214-0_5

Mandyam, K., & Jumpponen, A. (2005). Seeking the elusive function
of the root-colonising dark septate endophytic fungi. Studies in
Mycology, 53, 173-189. https://doi.org/10.3114/sim.53.1.173

Marshall, A.. (1995). Larrea tridentata. In Fire effects information system.
U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station. Retrieved from https://www.fs.fed.us/database/
feis/plants/shrub/lartri/all.html

Massimo, N. C., Nandi Devan, M. M., Arendt, K. R., Wilch, M. H., Riddle, J. M.,
Furr, S. H., Steen, C., U'Ren, J. M., Sandberg, D. C., & Arnold, A. E. (2015).
Fungal endophytes in aboveground tissues of desert plants: Infrequent
in culture, but highly diverse and distinctive symbionts. Microbial Ecology,
70(1), 61-76. https://doi.org/10.1007/s00248-014-0563-6

Meisner, A., Baath, E., & Rousk, J. (2013). Microbial growth responses
upon rewetting soil dried for four days or one year. Soil Biology and
Biochemistry, 66, 188-192. https://doi.org/10.1016/j.s0ilbio.2013.
07.014

Meisner, A., Rousk, J., & Baath, E. (2015). Prolonged drought changes the
bacterial growth response to rewetting. Soil Biology and Biochemistry,
88, 314-322.

Miller, R. M., Jastrow, J. D., & Reinhardt, D. R. (1995). External hyphal
production of vesicular-arbuscular mycorrhizal fungi in pasture and
tallgrass prairie communities. Oecologia, 103(1), 17-23. https://doi.
org/10.1007/BF00328420

Murray, P. J., Clegg, C. D., Crotty, F. V., de la Fuente Martinez, N.,
Williams, J. K., & Blackshaw, R. P. (2009). Dissipation of bacterially
derived C and N through the meso-and macrofauna of a grassland
soil. Soil Biology and Biochemistry, 41(6), 1146-1150. https://doi.
org/10.1016/j.s0ilbio.2009.02.021

Natural Resources Conservation Service. (2020). Web soil survey. United
States Department of Agriculture. Retrieved from https://websoilsur
vey.sc.egov.usda.gov/

Nellessen, J. E. V.(2004). Larrea tridentata (Sesse'and Moc. ex DC.) Coville
creosote bush. Wildland Shrubs of the United States and Its Territories:
Thamnic Descriptions, 2004, 419-424.

Newsham, K. K. (2011). A meta-analysis of plant responses to dark sep-
tate root endophytes. New Phytologist, 190(3), 783-793. https://doi.
org/10.1111/j.1469-8137.2010.03611.x


https://www.sciencedirect.com/science/article/abs/pii/S0016706119304434
https://www.sciencedirect.com/science/article/abs/pii/S0016706119304434
https://doi.org/10.1007/s00442-002-1089-z
https://doi.org/10.1007/s00442-002-1089-z
https://doi.org/10.1371/journal.pone.0126977
https://doi.org/10.1371/journal.pone.0126977
https://doi.org/10.1007/s005720100112
https://doi.org/10.1007/s005720100112
https://doi.org/10.1007/978-3-319-56363-3_10
https://doi.org/10.1007/978-3-319-56363-3_10
https://doi.org/10.1029/96WR03015
https://doi.org/10.1029/96WR03015
https://doi.org/10.1016/j.jaridenv.2009.07.014
https://doi.org/10.1016/j.jaridenv.2009.07.014
https://www.journaljaeri.com/index.php/JAERI/article/view/3446
https://www.journaljaeri.com/index.php/JAERI/article/view/3446
https://doi.org/10.5194/bg-14-5403-2017
https://doi.org/10.5194/bg-14-5403-2017
https://doi.org/10.2307/2260021
https://doi.org/10.2307/2260021
https://doi.org/10.1046/j.1461-0248.2000.00131.x
https://doi.org/10.1046/j.1461-0248.2000.00131.x
https://doi.org/10.1641/B580908
https://doi.org/10.1016/j.soilbio.2019.107693
https://doi.org/10.1002/eco.195
https://doi.org/10.1002/eco.195
https://doi.org/10.1111/gcb.12995
https://doi.org/10.1007/s13199-015-0322-6
https://doi.org/10.1016/j.femsec.2005.04.011
https://doi.org/10.1016/j.femsec.2005.04.011
https://doi.org/10.1007/s00442-004-1570-y
https://doi.org/10.1023/A:1026224209597
https://doi.org/10.1023/A:1026224209597
https://doi.org/10.1007/978-3-319-30214-0_5
https://doi.org/10.1007/978-3-319-30214-0_5
https://doi.org/10.3114/sim.53.1.173
https://www.fs.fed.us/database/feis/plants/shrub/lartri/all.html
https://www.fs.fed.us/database/feis/plants/shrub/lartri/all.html
https://doi.org/10.1007/s00248-014-0563-6
https://doi.org/10.1016/j.soilbio.2013.07.014
https://doi.org/10.1016/j.soilbio.2013.07.014
https://doi.org/10.1007/BF00328420
https://doi.org/10.1007/BF00328420
https://doi.org/10.1016/j.soilbio.2009.02.021
https://doi.org/10.1016/j.soilbio.2009.02.021
https://websoilsurvey.sc.egov.usda.gov/
https://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1111/j.1469-8137.2010.03611.x
https://doi.org/10.1111/j.1469-8137.2010.03611.x

1856 Journal of Ecology

CARVAJAL JANKE ano COE

NOAA. (2020). Daily Summaries Station Details: PHOENIX AIRPORT, AZ
US, GHCND:USW00023183. National Climatic Data Center (NCDC).
Retrieved from https://www.ncdc.noaa.gov/cdoweb/datasets/GHC
ND/stations/GHCND:USW00023183/detail

Noy-Meir, . (1973). Desert ecosystems: Environment and producers.
Annual Review of Ecology and Systematics, 4(1), 25-51. https://doi.
org/10.1146/annurev.es.04.110173.000325

Ogle, K., & Reynolds, J. F. (2004). Plant responses to precipitation in des-
ert ecosystems: Integrating functional types, pulses, thresholds, and
delays. Oecologia, 141(2), 282-294. https://doi.org/10.1007/s0044
2-004-1507-5

op de Beeck, M., Lievens, B., Busschaert, P., Declerck, S., Vangronsveld,
J., & Colpaert, J. V. (2014). Comparison and validation of some ITS
primer pairs useful for fungal metabarcoding studies. PLoS ONE, 9(6),
€97629. https://doi.org/10.1371/journal.pone.0097629

Peterjohn, W. T., & Schlesinger, W. H. (1990). Nitrogen loss from deserts
in the southwestern United States. Biogeochemistry, 10(1), 67-79.
https://doi.org/10.1007/BFO0000893

Phillips, R. P., Brzostek, E., & Midgley, M. G. (2013). The mycorrhizal-
associated nutrient economy: A new framework for predicting
carbon-nutrient couplings in temperate forests. New Phytologist,
199(1), 41-51. https://doi.org/10.1111/nph.12221

Pointing, S. B., & Belnap, J. (2012). Microbial colonization and controls
in dryland systems. Nature Reviews Microbiology, 10(8), 551-562.
https://doi.org/10.1038/nrmicro2831

Porada, P., Weber, B., Elbert, W., Pdschl, U., & Kleidon, A. (2013).
Estimating global carbon uptake by lichens and bryophytes with a
process-based model. Biogeosciences, 10, 6989. https://doi.org/10.
5194/bg-10-6989-2013

Porada, P., Weber, B., Elbert, W., Péschl, U., & Kleidon, A. (2014).
Estimating impacts of lichens and bryophytes on global biogeochem-
ical cycles. Global Biogeochemical Cycles, 28(2), 71-85. https://doi.
org/10.1002/2013GB004705

Porras-Alfaro, A., & Bayman, P. (2011). Hidden fungi, emergent properties:
Endophytes and microbiomes. Annual Review of Phytopathology, 49,
291-315. https://doi.org/10.1146/annurev-phyto-080508-081831

Pukelsheim, F. (1994). The three sigma rule. The American Statistician,
48(2), 88-91.

R Core Team. (2013). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from http://
www.R-project.org/

Reed, S. C., Coe, K. K., Sparks, J. P, Housman, D. C., Zelikova, T. J., &
Belnap, J. (2012). Changes to dryland rainfall result in rapid moss
mortality and altered soil fertility. Nature Climate Change, 2(10), 752-
755. https://doi.org/10.1038/nclimate1596

Reed, S. C., Maestre, F. T., Ochoa-Hueso, R., Kuske, C. R., Darrouzet-
Nardi, A., Oliver, M., Darby, B., Leopoldo, S., Sinsabaugh, R., & Belnap,
J. (2016). Biocrusts in the context of global change. In B. Weber, B.
Budel, & J. Belnap (Eds.), Biological soil crusts: An organizing principle
in drylands (pp. 451-476). Springer. https://doi.org/10.1007/978-3-
319-30214-0_22

Rudgers, J. A., Dettweiler-Robinson, E., Belnap, J., Green, L. E,
Sinsabaugh, R. L., Young, K. E., Cort, C. E., & Darrouzet-Nardi, A.
(2018). Are fungal networks key to dryland primary production?
American Journal of Botany, 105(11), 1783-1787. https://doi.org/10.
1002/ajb2.1184

Saetre, P., & Stark, J. M. (2005). Microbial dynamics and carbon and ni-
trogen cycling following re-wetting of soils beneath two semi-arid
plant species. Oecologia, 142(2), 247-260. https://doi.org/10.1007/
s00442-004-1718-9

Schlesinger, W. H., & Pilmanis, A. M. (1998). Plant-soil interactions in des-
erts. Biogeochemistry, 42(1-2), 169-187.

She, W.,, Bai, Y., Zhang, Y., Qin, S., Feng, W.,, Sun, Y., Zheng, J., & Wu, B.
(2018). Resource availability drives responses of soil microbial com-
munities to short-term precipitation and nitrogen addition in a desert

shrubland. Frontiers in Microbiology, 9, 186. https://doi.org/10.3389/
fmich.2018.00186

Simard, S. W., Perry, D. A., Jones, M. D., Myrold, D. D., Durall, D. M., &
Molina, R. (1997). Net transfer of carbon between ectomycorrhizal
tree species in the field. Nature, 388(6642), 579-582.

Slate, M. L., Sullivan, B. W., & Callaway, R. M. (2019). Desiccation and
rehydration of mosses greatly increases resource fluxes that alter soil
carbon and nitrogen cycling. Journal of Ecology, 107(4), 1767-1778.
https://doi.org/10.1111/1365-2745.13162

Staddon, P. L., Ramsey, C. B., Ostle, N., Ineson, P., & Fitter, A. H. (2003).
Rapid turnover of hyphae of mycorrhizal fungi determined by AMS
microanalysis of 14C. Science, 300(5622), 1138-1140. https://doi.
org/10.1126/science.1084269

Stewart, W. D. P. (1967). Transfer of biologically fixed nitrogen in a sand
dune slack region. Nature, 214(5088), 603-604.

Su, Y. G., Zhao, X, Li, A. X,, Li, X. R., & Huang, G. (2011). Nitrogen fix-
ation in biological soil crusts from the Tengger desert, northern
China. European Journal of Soil Biology, 47(3), 182-187. https://doi.
org/10.1016/j.ejsobi.2011.04.001

Taniguchi, T., Kitajima, K., Douhan, G. W., Yamanaka, N., & Allen, M. F.
(2018). A pulse of summer precipitation after the dry season trig-
gers changes in ectomycorrhizal formation, diversity, and community
composition in a Mediterranean forest in California, USA. Mycorrhiza,
28(7), 665-677. https://doi.org/10.1007/s00572-018-0859-3

Throop, H. L., & Archer, S. R. (2009). Resolving the dryland decompo-
sition conundrum: Some new perspectives on potential drivers.
Progress in Botany, 70, 171-194. https://doi.org/10.1007/978-3-
540-68421-3_8

Throop, H. L., Lajtha, K., & Kramer, M. (2013). Density fractionation and
13C reveal changes in soil carbon following woody encroachment in
a desert ecosystem. Biogeochemistry, 112(1-3), 409-422. https://doi.
org/10.1007/s10533-012-9735-y

Tiedemann, A. R., & Klemmedson, J. O. (1986). Long-term effects of
mesquite removal on soil characteristics: I. Nutrients and bulk
density. Soil Science Society of America, 50(2), 472-475. https://doi.
org/10.2136/5s52j1986.03615995005000020044x

Upson, R., Read, D. J., & Newsham, K. K. (2009). Nitrogen form influ-
ences the response of Deschampsia antarctica to dark septate root
endophytes. Mycorrhiza, 20, 1-11. https://doi.org/10.1007/s0057
2-009-0260-3

USGS. (2019). The national map - advanced viewer. Nationalmap.Gov.
Retrieved from https://viewer.nationalmap.gov/advanced-viewer/

Usuki, F., & Narisawa, K. (2007). A mutualistic symbiosis between a dark
septate endophytic fungus, Heteroconium chaetospira, and a non-
mycorrhizal plant, Chinese Cabbage. Mycologia, 99(2), 175-184.

Valencia Ontiveros, A. (2009). Arbuscular mycorrhizal and dark septate
endophytic fungi in urban preserves and surrounding sonoran desert.
Arizona State University.

Valenzuela-Lopez, N., Cano-Lira, J. F., Guarro, J.,, Sutton, D. A.,
Wiederhold, N., Crous, P. W., & Stchigel, A. M. (2018). Coelomycetous
Dothideomycetes with emphasis on the families Cucurbitariaceae
and Didymellaceae. Studies in Mycology, 90, 1-69. https://doi.
org/10.1016/j.simyco0.2017.11.003

Van Auken, O. W. (2000). Shrub invasions of North American semiarid
grasslands. Annual Review of Ecology and Systematics, 31(1), 197-215.
https://doi.org/10.1146/annurev.ecolsys.31.1.197

Van Der Heijden, M. G., & Horton, T. R. (2009). Socialism in soil? The
importance of mycorrhizal fungal networks for facilitation in nat-
ural ecosystems. Journal of Ecology, 97(6), 1139-1150. https://doi.
org/10.1111/j.1365-2745.2009.01570.x

van der Valk, A. G., & Warner, B. G. (2009). The development of pat-
terned mosaic landscapes: An overview. Plant Ecology, 200(1), 1-7.
https://doi.org/10.1007/s11258-008-9469-z

Vogt, K. A., Grier, C. C., Meier, C. E., & Edmonds, R. L. (1982). Mycorrhizal
role in net primary priduction and nutrient cytcling in Abies amabilis


https://www.ncdc.noaa.gov/cdoweb/datasets/GHCND/stations/GHCND:USW00023183/detail
https://www.ncdc.noaa.gov/cdoweb/datasets/GHCND/stations/GHCND:USW00023183/detail
https://doi.org/10.1146/annurev.es.04.110173.000325
https://doi.org/10.1146/annurev.es.04.110173.000325
https://doi.org/10.1007/s00442-004-1507-5
https://doi.org/10.1007/s00442-004-1507-5
https://doi.org/10.1371/journal.pone.0097629
https://doi.org/10.1007/BF00000893
https://doi.org/10.1111/nph.12221
https://doi.org/10.1038/nrmicro2831
https://doi.org/10.5194/bg-10-6989-2013
https://doi.org/10.5194/bg-10-6989-2013
https://doi.org/10.1002/2013GB004705
https://doi.org/10.1002/2013GB004705
https://doi.org/10.1146/annurev-phyto-080508-081831
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1038/nclimate1596
https://doi.org/10.1007/978-3-319-30214-0_22
https://doi.org/10.1007/978-3-319-30214-0_22
https://doi.org/10.1002/ajb2.1184
https://doi.org/10.1002/ajb2.1184
https://doi.org/10.1007/s00442-004-1718-9
https://doi.org/10.1007/s00442-004-1718-9
https://doi.org/10.3389/fmicb.2018.00186
https://doi.org/10.3389/fmicb.2018.00186
https://doi.org/10.1111/1365-2745.13162
https://doi.org/10.1126/science.1084269
https://doi.org/10.1126/science.1084269
https://doi.org/10.1016/j.ejsobi.2011.04.001
https://doi.org/10.1016/j.ejsobi.2011.04.001
https://doi.org/10.1007/s00572-018-0859-3
https://doi.org/10.1007/978-3-540-68421-3_8
https://doi.org/10.1007/978-3-540-68421-3_8
https://doi.org/10.1007/s10533-012-9735-y
https://doi.org/10.1007/s10533-012-9735-y
https://doi.org/10.2136/sssaj1986.03615995005000020044x
https://doi.org/10.2136/sssaj1986.03615995005000020044x
https://doi.org/10.1007/s00572-009-0260-3
https://doi.org/10.1007/s00572-009-0260-3
https://viewer.nationalmap.gov/advanced-viewer/
https://doi.org/10.1016/j.simyco.2017.11.003
https://doi.org/10.1016/j.simyco.2017.11.003
https://doi.org/10.1146/annurev.ecolsys.31.1.197
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1111/j.1365-2745.2009.01570.x
https://doi.org/10.1007/s11258-008-9469-z

CARVAJAL JANKE ano COE

Journal of Ecology 1857

ecosystems in Western Washington. Ecology, 63(2), 370-380.
https://doi.org/10.2307/1938955

Wang, X. N., Bashyal, B. P., Wijeratne, E. M. K., U'Ren, J. M., Liu, M.
X., Gunatilaka, M. K., Arnold, A. E., & Gunatilaka, A. A. L. (2011).
Smardaesidins -G, isopimarane and 20 nor-isopimarane diterpenoids
from Smardaea sp., a fungal endophyte of the moss Ceratodon pur-
pureus. Journal of Natural Products, 74(10), 2052-2061.

Welter, J. R., Fisher, S. G., & Grimm, N. B. (2005). Nitrogen transport and
retention in an arid land watershed: Influence of storm characteris-
tics on terrestrial-aquatic linkages. Biogeochemistry, 76(3), 421-440.
https://doi.org/10.1007/s10533-005-6997-7

Whitford, W. G., Freckman, D. W., Elkins, N. Z., Parker, L. W., Parmalee,
R., Phillips, J., & Tucker, S. (1981). Diurnal migration and responses
to simulated rainfall in desert soil microarthropods and nema-
todes. Soil Biology and Biochemistry, 13(5), 417-425. https://doi.
org/10.1016/0038-0717(81)90087-0

Xiao, B., & Hu, K. (2017). Moss-dominated biocrusts decrease soil mois-
ture and result in the degradation of artificially planted shrubs under
semiarid climate. Geoderma, 291, 47-54. https://doi.org/10.1016/
j.geoderma.2017.01.009

Xiao, B., Sun, F., Hu, K., & Kidron, G. J. (2019). Biocrusts reduce surface
soil infiltrability and impede soil water infiltration under tension and
ponding conditions in dryland ecosystem. Journal of Hydrology, 568,
792-802. https://doi.org/10.1016/j.jhydrol.2018.11.051

Xiao, B., & Veste, M. (2017). Moss-dominated biocrusts increase
soil microbial abundance and community diversity and improve
soil fertility in semi-arid climates on the Loess Plateau of China.
Applied Soil Ecology, 117-118, 165-177. https://doi.org/10.1016/j.
apsoil.2017.05.005

Xie, L., He, X., Wang, K., Hou, L., & Sun, Q. (2017). Spatial dynamics of
dark septate endophytes in the roots and rhizospheres of Hedysarum
scoparium in northwest China and the influence of edaphic vari-
ables. Fungal Ecology, 26, 135-143. https://doi.org/10.1016/j.funeco.
2017.01.007

Yan, S., Wan, C., Sosebee, R. E., Wester, D. B., Fish, E. B., & Zartman, R. E.
(2000). Responses of photosynthesis and water relations to rainfall

in the desert shrub creosote bush (Larrea tridentata) as influenced
by municipal biosolids. Journal of Arid Environments, 46(4), 397-412.
https://doi.org/10.1006/jare.2000.0682

Yang, T., Ma, S., & Dai, C. C. (2014). Drought degree constrains the ben-
eficial effects of a fungal endophyte on A tractylodes lancea. Journal
of Applied Microbiology, 117(5), 1435-1449.

Zeglin, L. H., Bottomley, P. J., Jumpponen, A., Rice, C. W., Arango, M.,
Lindsley, A., McGowan, A., Mfombep, P., & Myrold, D. D. (2013).
Altered precipitation regime affects the function and composition
of soil microbial communities on multiple time scales. Ecology, 94(10),
2334-2345. https://doi.org/10.1890/12-2018.1

Zhang, Y., Aradottir, A. L., Serpe, M., & Boeken, B. (2016). Interactions
of biological soil crusts with vascular plants. Biological soil crusts:
An organizing principle in Drylands (pp. 385-406). https://doi.
org/10.1007/978-3-319-30214-0_19

Zhao, Y., Xu, M., & Belnap, J. (2010). Potential nitrogen fixation activity
of different aged biological soil crusts from rehabilitated grasslands
of the hilly Loess Plateau, China. Journal of Arid Environments, 74(10),
1186-1191. https://doi.org/10.1016/j.jaridenv.2010.04.006

Zhuang, W., Downing, A., & Zhang, Y. (2015). The influence of biological
soil crusts on 15N translocation in soil and vascular plant in a tem-
perate desert of Northwestern China. Journal of Plant Ecology, 8(4),
420-428.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Carvajal Janke N, Coe KK. Evidence
for a fungal loop in shrublands. J Ecol. 2021;109:1842-1857.
https://doi.org/10.1111/1365-2745.13610



https://doi.org/10.2307/1938955
https://doi.org/10.1007/s10533-005-6997-7
https://doi.org/10.1016/0038-0717(81)90087-0
https://doi.org/10.1016/0038-0717(81)90087-0
https://doi.org/10.1016/j.geoderma.2017.01.009
https://doi.org/10.1016/j.geoderma.2017.01.009
https://doi.org/10.1016/j.jhydrol.2018.11.051
https://doi.org/10.1016/j.apsoil.2017.05.005
https://doi.org/10.1016/j.apsoil.2017.05.005
https://doi.org/10.1016/j.funeco.2017.01.007
https://doi.org/10.1016/j.funeco.2017.01.007
https://doi.org/10.1006/jare.2000.0682
https://doi.org/10.1890/12-2018.1
https://doi.org/10.1007/978-3-319-30214-0_19
https://doi.org/10.1007/978-3-319-30214-0_19
https://doi.org/10.1016/j.jaridenv.2010.04.006
https://doi.org/10.1111/1365-2745.13610

