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Summary

 

1.

 

Aridland ecosystems cover about one-third of terrestrial environments globally, yet the extent to
which models of  carbon (C) and nitrogen (N) cycling, developed largely from studies of  mesic
ecosystems, apply to aridland systems remains unclear.

 

2.

 

Within aridland ecosystems, C and N dynamics are often described by a pulse-reserve model in
which episodic precipitation events stimulate biological activity that generate reserves of biomass,
propagules and organic matter that prime the ecosystem to respond rapidly to subsequent pre-
cipitation events.

 

3.

 

The role of microbial C and N processing within the pulse-reserve paradigm has not received
much study. We present evidence suggesting that fungi play a critical and underappreciated role in
aridland soils, including efficient decomposition of recalcitrant C compounds, N-transformations
such as nitrification, and nutrient storage and translocation of C and N between plants and biotic
soil crusts. While fungi may perform some of these functions in other ecosystems, this ‘fungal loop’
assumes particular importance in the N cycle in aridlands because water availability imposes even
greater restrictions on bacterial activity and physicochemical processes limit accumulation of soil
organic matter (SOM).

 

4.

 

We incorporate these findings into a Threshold-Delay Nutrient Dynamics (TDND) model for arid-
land ecosystems in which plant responses to pulsed precipitation events are mediated by a fungal
loop that links C and N cycling, net primary production (NPP) and decomposition in aridland soils.

 

5.

 

Synthesis

 

. Arid ecosystems are highly sensitive to global environmental change including N
deposition and altered precipitation patterns; yet, models from mesic ecosystems do not adequately
apply to aridland environments. Our ‘fungal loop’ N cycle model integrates spatial structure with
pulse dynamics and extends the pulse-reserve paradigm to include the key role of  microbial
processes in aridland ecosystem dynamics.
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Introduction

 

Much is known about the carbon (C) and nitrogen (N) cycles
of mesic environments (Schlesinger 1997; Bardgett 2005). In
general, the hydrologic cycle integrates C and N dynamics by
transporting nutrients, sustaining biotic activity, and controlling
the magnitude and spatial distribution of anaerobic processes,
thereby linking the production, decomposition and storage of
organic matter, and controlling the rates of reactions that
drive the C and N cycles. In mesic environments organic nutrient

pools often accumulate over long time periods and most of
the N required for primary production is supplied by the
mineralization of stored organic matter rather than external
inputs. Where moisture is predictable and sufficient, the C
and N cycles are more or less closed and tightly coupled
through the production and decomposition of organic matter
(Asner 

 

et al

 

. 1997).
How well does this basic model apply to the arid and semi-arid

ecosystems that cover nearly one-third of continental land
area (UNESCO 1977), and are expanding as the result of
climate change and population pressures? Like mesic
environments, water controls biological processes in arid
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ecosystems, but high temperatures and erratic moisture
inputs impose a pulsed pattern on biological activities
(Noy-Meir 1973; Belnap 

 

et al

 

. 2004, 2005b; Loik 

 

et al

 

. 2004).
Because most rainfall events are small (< 2 mm) water
availability is spatially heterogeneous as well as sporadic, so
nutrients tend to accumulate during extended dry periods
when plant and microbial growth are restricted (White 

 

et al

 

.
2004; Welter 

 

et al

 

. 2005). Depending on magnitude and season,
the rainfall events that punctuate these dry periods selectively
trigger temperature-dependent biological activities, including
plant and microbial nutrient uptake, respiration and growth,
as well as biogeochemical processes such as decomposition
and denitrification. Large rare events can lead to nutrient
translocation through percolation and runoff as a function of
landscape position, topography and soil texture (Schlesinger

 

et al

 

. 1999; Walvoord 

 

et al

 

. 2003; Ludwig 

 

et al

 

. 2005; Welter

 

et al

 

. 2005). This pattern not only restricts biotic activities to
episodic pulses, but also leaves net primary production (NPP)
and decomposition processes uncoupled much of the time.

The production and decomposition of organic matter are
not only decoupled in time via pulsed precipitation, but they
are also spatially heterogeneous (Schlesinger 

 

et al

 

. 1996; Kieft

 

et al

 

. 1998; Ravi 

 

et al

 

. 2007). Unlike mesic ecosystems where
canopy cover is typically continuous, plant communities in
aridland environments are often spatially discontinuous with
patches of vegetation (Schlesinger 

 

et al

 

. 1990; Kéfi 

 

et al

 

. 2007;
Scanlon 

 

et al

 

. 2007) interspersed with patches of soil that are
often colonized by biological crusts (Belnap 

 

et al

 

. 2005a,b).
Biocrust soils, variously dominated by lichens, mosses and
cyanobacteria, are widely distributed in arid regions (Belnap
& Lange 2003) and serve as the interface for exchanges
between the soil and atmosphere (Belnap 

 

et al

 

. 2003). They
have been described as a mantle of fertility because they fix
varying amounts of both C and N (Garcia-Pichel 

 

et al

 

. 2003),
depending on the relative abundance of lichens, mosses and
cyanobacteria (Belnap 2002). Historically, processes within
vegetated patches and crust soils were assumed to be relatively
independent (Schlesinger 

 

et al

 

. 1990), yet evidence is now
accumulating to suggest that these patches may be inter-
connected by networks of fungal hyphae.

In mesic systems, decomposition processes are over-
whelmingly biological. The bulk of NPP is metabolized as
detritus through soil-based decomposer food webs, and the
rates of these processes relative to NPP affect soil formation,
C storage and N dynamics. Under these conditions, measures
of climate (evapotranspiration) or litter chemistry (lignin,
C : N) can be used as surrogates for biotic activity in decom-
position models (Meetemeyer 1978; Sinsabaugh & Moorhead
1996; Moorhead & Sinsabaugh 2006). These empirical
relationships generally do not extend to arid systems
(Whitford 

 

et al

 

. 1982, 1986, 1988; Schaefer 

 

et al

 

. 1985; Parton

 

et al

 

. 2007; Vanderbilt 

 

et al

 

. 2007) because physicochemical
processes contribute to organic matter breakdown even when
microbial activity is constrained. On the surface, solar radiation
and wind degrade, fragment, and redistribute litter (Pauli
1964; Moorhead & Reynolds 1989; Gallo 

 

et al

 

. 2006; Austin
& Vivanco 2006). These conditions, combined with limited

activities of  soil fauna (Belnap 

 

et al

 

. 2005a), reduce the
incorporation of foliar litter into soil, thereby slowing the
accumulation of soil organic C and N, and accentuating the
relative contributions of rhizodeposition and biological crust
production to soil C and N pools.

Physicochemical decomposition may also be important
below-ground. Most aridland soils have alkaline pH, which
supports high oxidative enzyme potentials (Stursova 

 

et al

 

.
2006). These conditions favour the breakdown of recalcitrant
organic compounds, which may further limit soil organic matter
(SOM) accumulation (Stursova & Sinsabaugh 2008), even as
microbes compete for labile C inputs (Sponseller 2007).

Recently, a number of authors have called for a greater
understanding of microbial processes in below-ground eco-
systems (Bardgett 

 

et al

 

. 2005; Fitter 2005; Harrison 

 

et al

 

.
2007; Jackson 

 

et al

 

. 2007). Here we argue that the C and N
cycles in aridland soils differ substantially from those in mesic
systems. First, while precipitation patterns constrain both
NPP and decomposition in aridland ecosystems (Noy-Meir
1973), decomposition potential may exceed annual NPP
because of contributions from abiotic processes (Austin &
Vivanco 2006). Consequently, breakdown of organic matter
may be less water limited than NPP, and less related to eco-
logical constraints such as litter quality (C : N ratio, lignin
content; Austin & Vivanco 2006; Parton 

 

et al

 

. 2007; Vander-
bilt 

 

et al

 

. 2007). To the extent that decomposition potentials
exceed NPP, arid ecosystems may be functionally analogous
to wet tropical forests in that nutrient cycling is more directly
linked to primary production than to the mineralization of
stored SOM. Because aridland soils are chronically dry and
contain little organic matter, fungi rather than bacteria may
dominate decomposition and N transformation processes
through symbiotic associations with primary producers
(States & Christensen 2001; States 

 

et al

 

. 2003; Allen 2007;
Porras-Alfaro 

 

et al

 

. 2007). Our hypothesis is that fungal
networks link plants and biological soil crusts. Supported by
biotrophic carbon, these networks control nutrient trans-
formation and translocation, and functionally integrate plant
and biocrust metabolism (Fig. 1).

Below, we review recent research from the Sevilleta LTER
site in central New Mexico, USA, and elsewhere, that supports
the existence of a ‘fungal loop’ that dominates soil N trans-
formation and dynamically links the metabolism of plants
and biological soil crusts. We then present a conceptual
model, the Threshold-Delay Nutrient Dynamics (TDND)
model (Fig. 2) that builds upon an earlier formulation
(Reynolds 

 

et al

 

. 2004) in which we explicitly incorporate
microbial functional types, soil resources and the fungal loop
into the traditional pulse-reserve paradigm.

 

A case study in the northern Chihuahuan Desert: 
evidence for a fungal loop

 

STUDY

 

 

 

S ITE

 

The Sevilleta LTER site in central New Mexico, USA, con-
tains extensive areas of semi-arid grassland dominated by
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long-lived C

 

4

 

 species, 

 

Bouteloua eriopoda

 

 and 

 

B. gracilis

 

.
Annual precipitation is 

 

c.

 

 250 mm of  which 60% falls in
episodic monsoon events from July through September (Gosz

 

et al

 

. 1995; Pennington & Collins 2007). The average annual
temperature is 13.2 

 

°

 

C (average low 1.6 

 

°

 

C in January, average
high 33.4 

 

°

 

C in July). Soils are classified as Typic Haplargids
with a lithology of piedmont alluvium, and are < 2 million-

years-old (Buxbaum & Vanderbilt 2007). From 1999–2004,
above-ground net primary productivity in 

 

B. eriopoda

 

-
dominated grassland (ANPP) averaged 51.0 g m

 

–2

 

 (Muldavin

 

et al

 

. 2008). Atmospheric N deposition is 0.2 g m

 

–2

 

 year

 

–1

 

(Báez 

 

et al

 

. 2007). The site was moderately grazed from the
late 1800s until 1973 when the site became part of the US
National Wildlife Refuge System.

Fig. 1. Environmental conditions that favour a ‘fungal loop’ in aridland ecosystems. In aridland ecosystems, soil temperatures are often high
while soil organic matter (SOM), C and N are generally quite low, and soil moisture frequently occurs in pulses of short duration. Low nutrient
and SOM content results from an interaction between abiotic and biotic drivers. Decomposition of above-ground litter is driven primarily by
abiotic factors including UV radiation, high temperatures and wind. Rates of below-ground decomposition are high because of the high rates
of oxidative enzyme activity, which breaks down recalcitrant C compounds and limits SOM formation. High soil temperatures and low
precipitation favour fungi over bacteria. As a consequence, fungi drive below-ground decomposition and form a complex hyphal network, or
loop, that integrates biotic crusts on soil surfaces with patches of vegetation. C and N move bidirectionally in this loop depending on the nutrient
demands of the fungi. Positive (+) and negative (–) effects are indicated.

Fig. 2. The threshold-delay nutrient dynamics (TDND) model for aridland ecosystems (modified from Ogle & Reynolds 2004 and Reynolds
et al. 2004). The TDND model retains the key features from the original model (in black), including the role of pulse precipitation events,
antecedent soil moisture, time lags and primary producer functional types (e.g. annuals, C4 grasses, shrubs, succulents, along with crust
components, such as lichens and mosses). Our revised model (in blue) adds microbial functional types (e.g. AM fungi, saprophytes, dark septate
endophytes, prokaryotic N fixers, cyanobacteria) to highlight the key role that microbial composition and processes play, particularly through
the fungal loop, in mediating the C and N cycles, net primary production and potential feedbacks by consumers. At (A) the effect of the moisture
pulse is regulated by the size of the precipitation event plus antecedent soil moisture. At (B), the moisture pulse is sufficient to drive microbial
processes (decomposition, C-fixation by cyanobacteria, denitrification) but it is not plant sufficient for uptake by higher plants. At (C), moisture
is sufficient for plant growth, and potentially soil leaching. Both (A) and (B) occur with small rain events but (C) may only occur following a large
rain event or multiple small events. FT, functional type.
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EXTRACELLULAR

 

 

 

ENZYME

 

 

 

ACTIV ITY

 

 

 

(EEA)

 

 

 

AND

 

 

 

DECOMPOSIT ION

 

 

 

IN

 

 

 

ARID

 

 

 

ECOSYSTEMS

 

The low rates of organic matter accumulation in aridland
soils are likely a result of  multiple factors, including micro-
climate, low NPP, microbial and abiotic degradation, and
possibly invertebrates (Whitford 2002). Another contributing
factor may be the presence of a stabilized pool of soil enzymes,
particularly oxidative enzymes, whose activity is less restricted
by moisture than that of the decomposers themselves.

The extracellular enzymes expressed by bacteria and fungi
are the proximate agents of organic matter decomposition
(Sinsabaugh 

 

et al

 

. 2002). EEA, in turn, reflects the effort by
microbes to acquire limiting nutrients including C, N and P.
The distribution of EEA within the alkaline soils of aridlands
is distinct from that of  mesic soils, which are generally
acidic (Stursova 

 

et al

 

. 2006; Zeglin 

 

et al

 

. 2007). Potentials for
enzymes that decompose proteins (e.g. aminopeptidase)
and recalcitrant C compounds such as lignin and humic
substances (e.g. peroxidase) exceed those of mesic soils by
more than an order of  magnitude in both absolute terms
and in relation to the activities of enzymes that break down
cellulose, which generally dominate the EEA of  mesic soils
(Stursova 

 

et al

 

. 2006; Zeglin 

 

et al

 

. 2007; Stursova & Sinsabaugh
2008).

The EEA distribution in aridland soils is partly a direct
result of soil pH, which has been shown to be a controlling
variable for microbial diversity and function (Fierer & Jackson
2006; Schimel 

 

et al

 

. 2007). In the Southwestern United States,
soil pH often ranges from 7.5 to 8.5 partly in response to high
rates of atmospheric calcium deposition (Chadwick 

 

et al

 

.
1994; Monger 2006). The pH optima of  glycosidases (e.g.
cellulase, chitinase) generally range from 4 to 6 while those of
proteolytic and oxidative enzymes generally range from 7 to 9
(Sinsabaugh 

 

et al

 

. 2002). In addition, it is also likely that soil
pH affects EEA indirectly by altering microbial community
composition and selecting for microbial populations that can
acquire nutrients from an alkaline environment.

Soil N availability interacts with soil pH to affect microbial
community structure and EEA in Sevilleta soils (Corkidi

 

et al

 

. 2002; Johnson 

 

et al

 

. 2003; Stursova 

 

et al

 

. 2006; Zeglin

 

et al

 

. 2007). In a long-term N-amendment experiment at the
Sevilleta, potential glycosidase activity in rhizosphere soils
was twice that of control plots while in biocrust soils, ami-
nopeptidase activity was lower by half. The magnitude of the
EEA responses is directly related to inorganic N concentra-
tions (Stursova 

 

et al

 

. 2006). Thus, under ambient conditions
soil C and N are limiting and enzymatic degradation of
proteins may be a major source for microbial C and N.

In their response to N deposition, arid grassland soils at the
Sevilleta are similar to temperate forest soils in that cellu-
lolytic and other glycosidase activities, as well as phosphatase,
increase. Arid grasslands are conspicuously different from
mesic systems in that oxidative activities show no response
to N fertilization (Stursova 

 

et al

 

. 2006; Zeglin 

 

et al

 

. 2007),
whereas these activities generally decline with N addition in
mesic systems, resulting in lower rates of lignin and humus

degradation and accumulation of SOM (Sinsabaugh 

 

et al

 

.
2002; Frey 

 

et al

 

. 2004; Gallo 

 

et al

 

. 2004; Waldrop 

 

et al

 

. 2006).
This difference implies that the controls on expression of
oxidative enzymes differ between the two systems, potentially
because of differences in community composition (e.g. Asco-
mycetes vs. Basidiomycetes dominance). Thus, as found in
many plant communities (e.g. Suding 

 

et al

 

. 2005), microbial
communities in mesic and arid environments vary in their
responses to N addition.

 

THE

 

 

 

ROLE

 

 

 

OF

 

 

 

FUNGI

 

 

 

IN

 

 

 

THE

 

 

 

N

 

 

 

CYCLE

 

Both bacteria and fungi have pathways for transforming N. In
mesic systems, the bacterial processes of  dissimilatory
denitrification and autotrophic nitrification dominate redox
reactions, while fungi are generally considered to dominate N
mineralization and translocation within the litter and upper
mineral soil horizon. Emerging evidence from the Sevilleta
and elsewhere suggests, however, that fungi may control all
these processes in some aridland soils (McLain & Martens
2005, 2006; Crenshaw 

 

et al

 

. 2008) principally because they can
metabolize at higher temperatures and lower water potentials
than either plants or bacteria (Griffin 1972; Allen 2007). Con-
sequently, the N cycle of arid ecosystems may be distinct from
that of wetter systems in that prokaryotic processes make a
more modest contribution to annual N fluxes than do fungi.

In arid ecosystems, as in other ecosystems, primary
producers (grasses, biological soil crusts) have extensive
symbioses with fungi (States 1978; Barrow 2003; Johnson 

 

et al

 

.
2006). These symbioses may enhance desiccation resistance
during dry periods and act as networks for water and nutrient
transport during pulses of water availability (Allen 2007). At
the Sevilleta, as in other arid areas, the fungal components
of  this symbiotic network include arbuscular mycorrhizal
fungi (Glomeromycota), dark-septate endophytes, and a
variety of  saprotrophic and parasitic fungi (Barrow & Osuna
2002; Corkidi 

 

et al

 

. 2002; Porras-Alfaro 

 

et al

 

. 2007, 2008), all
of  which are supported to varying degrees by carbon
obtained through close association with primary producers.
In the desert grassland at Sevilleta, for example, the relative
abundance of arbuscular mycorrhizae has declined as aridity
has increased. The dominant fungal group in foliage, roots,
bulk soil and biocrusts are members of  the Pleosporales
(dark septate ascomycetes), many of  which form endo-
phytic associations with plants that may function similarly
to mycorrhizae (Porras-Alfaro 

 

et al

 

. 2007). Conspicuously
rare are filamentous Basidiomycetes that are prominent in
mesic soils and considered to be the most efficient degraders of
lignocellulose.

Within this fungal network, assimilatory denitrification
and heterotrophic nitrification are supported by biotro-
phic carbon flow from plants and cyanobacteria (Green &
Sinsabaugh 2008) and saprotrophic mineralization of protein
(Stursova 

 

et al

 

. 2006). When water is available, rates of N

 

2

 

O
production from Sevilleta grassland soils are comparable to
those of mesic ecosystems (Crenshaw 

 

et al

 

. 2008). When
amended with cycloheximide, a fungal biocide, N

 

2

 

O production
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declined by 80–95%. Inhibition of nitrous oxide reductase
with acetylene had only marginal effects, presumably because
most fungi lack this enzyme, making N

 

2

 

O the principal product
of heterotrophic denitrification.

The Sevilleta findings are consistent with those reported
for Sonoran Desert soils. Using microcosms to manipulate
labelled C and N sources in combination with water potential
and antibiotics, McLain & Martens (2005, 2006) concluded
that denitrification and nitrification in Sonoran Desert soils
were predominantly fungal processes, and that most N

 

2

 

O
was generated by fungal nitrification pathways that are
supported by the mineralization of protein. Indeed, EEA results
(described above) confirm that both Chihuahuan and Sonoran
desert soils have high proteolysis potentials. The dominant
contribution of fungi, in general, and heterotrophic nitrifica-
tion, in particular, to N

 

2

 

O generation is consistent with the
hypothesis that fungi in close association with primary
producers are the locus for N cycling in arid ecosystems.

Growing evidence from fungal community and biogeo-
chemical studies supports the hypothesis that the patch
mosaic of cyanobacterial crusts and grass tussocks in semi-arid
grasslands are functionally integrated by a fungal network.
At Sevilleta, tracer studies using 

 

15N-NO3- and 13C, 15N-
labeled glutamate showed that 15N can be translocated from
both biocrusts and foliage of a dominant perennial C4 grass,
blue grama (B. gracilis), at rates up to 40 cm day–1, a distance
equivalent to two–four patch lengths, in quantities comparable
to rates of  N deposition and denitrification (Green &
Sinsabaugh 2008). In contrast, 13C from glutamate moved from
foliage to crust, and between crust patches, but was not trans-
ferred from plant to plant, suggesting that glutamate was not
necessarily translocated intact and that plant photosynthate
may support biocrust metabolism during periods of active
growth. This pattern is consistent with nutrient translocation
by arbuscular mycorrhizal fungi, but molecular and micro-
scopic analyses of the fungal communities indicate that dark
septate fungi dominate root-fungal symbioses (Porras-Alfaro
et al. 2008). At the Sevilleta, grass roots generally do not extend
into the open soil patches where cyanobacteria-dominated
crusts occur (Bhark & Small 2003), which provides circum-
stantial evidence that a fungal network may spatially integrate
resource availability.

Our case for the importance of a biotrophic fungal network
at the Sevilleta is based on the convergence of several envi-
ronmental characteristics that collectively limit accumulation
of SOM, sustain high phenol oxidative, and proteolytic
enzyme potentials and encourage development of drought
tolerant symbioses between primary producers and fungi
(Fig. 1). At present, evidence for the fungal loop is fragmentary
and its relative importance to ecosystem function is likely to
vary in relation to plant community composition, climate
and edaphic variables, such as soil texture and pH. However,
our studies at Sevilleta suggest that soil enzymes, fungi and
cyanobacteria may be considered functional reserves in the
context of  the traditional pulse-reserve model for arid eco-
system function. These reserves have activation thresholds in
relation to water availability that are lower than those of

plants, creating nonlinear and, at times, decoupled interactions
among ecosystem components in relation to precipitation
patterns.

The TDND model

The marked differences in moisture availability and temper-
ature between mesic and arid environments alter the relative
importance of various biogeochemical processes to the extent
that many models of  C and N cycling developed for mesic
systems cannot be readily applied to arid environments. The
growing season in many aridland ecosystems is characterized
by low, variable and unpredictable precipitation regimes
(Noy-Meir 1973; Rodriguez-Iturbe et al. 1999; Whitford 2002;
Pennington & Collins 2007). The pulse-reserve paradigm, the
key organizing principle in aridland ecosystems (Noy-Meir
1973), was developed to describe ecosystem responses to
individual precipitation pulses. Specifically, biologically
significant rainfall events trigger a pulse of growth that yields
reserves (e.g. seeds, NPP) that accumulate until moisture from
a rainfall event is depleted. Reynolds et al. (2004) and Ogle &
Reynolds (2004) criticized the original pulse-reserve model
because it does not effectively incorporate time lags (e.g. Hux-
man et al. 2004), thresholds (e.g. Ogle & Reynolds 2004) and
prior state conditions, nor does it account for interactions
among multiple precipitation events (e.g. Schwinning & Sala
2004). Indeed, water pulses occur at a variety of spatial and
temporal scales in aridland ecosystems (Knapp et al. 2002;
Porporato et al. 2003; Loik et al. 2004; Swemmer et al.
2007; Muldavin et al. 2008) confounding the link between
individual rainfall events and system response. Thus, in
aridland ecosystems, the response to seasonal, annual and
interannual rainfall patterns is complex and nonlinear (Brown
& Ernest 2002).

Reynolds et al. (2004) modified the original pulse-reserve
model to account for its deficiencies. In their revised model
(Fig. 2, in black), pulses of precipitation generate and/or add
to existing soil moisture leading to production responses that
may vary among plant functional types depending on species
abundances, antecedent conditions (recent rain events) and
seasonality (e.g. cool or warm season). The direct linkage
between antecedent soil moisture and plant functional types
also allows for variable production responses to occur as a
consequence of variation in rainfall event sizes and intervals
(Schwinning et al. 2003; Muldavin et al. 2008).

The Reynolds et al. (2004) model is a significant improvement
over the original version, but we believe it is still insufficient
because of its focus only on soil water content and its lack of
attention to other limiting soil resources, such as C and N. Nor
does their model, developed to describe plant community
dynamics, explicitly include microbial processes, particularly
those from biotic crusts, which fix both C and N. As noted
above, both abiotic and microbial processes influence C and
N cycles in aridland ecosystems. Moreover, N fertilization
experiments suggest that aridland ecosystems are likely to be
co-limited by water, C and N (Austin et al. 2004; Welter et al.
2005; Báez et al. 2007; Sponseller 2007). Thus, a more complete
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pulse-reserve model for aridland ecosystems must include
C and N dynamics, along with microbial functional types,
processes and interactions.

Here we modify the Reynolds et al. (2004) model (Fig. 1, in
blue) to include linkages between rainfall pulses, microbial
functional types and processes, soil nutrient dynamics, plant
production and consumers (including feedbacks), as well as
important temporal discontinuities in nutrient availability
and uptake kinetics. For example, small rainfall events (e.g.
50% of precipitation events are < 2 mm at Sevilleta, 90% are
< 10 mm) do not initiate plant growth responses but they do
initiate enzymatic and microbial processes (C and N fixation
and mineralization) on soil surfaces, particularly biocrusts,
leading to large CO2 effluxes (Kurc & Small 2007) and
increases in plant available N (Kieft et al. 1998; White et al.
2004; Belnap et al. 2005b; Stursova et al. 2006). Thus, during
small rainfall events microbial processes are decoupled from
plant production. Infiltration following larger rainfall events
or a series of smaller events extends the zone for enzymatic
and microbial activity and, depending on season, temporarily
couples microbial and plant metabolism, including uptake,
translocation and transformation. After rainfall, soil moisture
is not depleted uniformly across the soil profile. Biocrust surfaces
will dry rapidly, shutting down microbial C and N fixation,
while subsurface soil moisture sustains nutrient mineralization,
translocation and plant growth. Eventually soil moisture will
fall below thresholds for plant metabolism while fungi may
continue to translocate nutrients and produce biomass.

Variation in the frequency and intensity of precipitation
will control the spatiotemporal extent of plant, crust, fungal
and bacterial activities. Nutrient cycling and production of
biotic reserves are maximized when sources and sinks of
carbon and nutrients are effectively coupled by moisture avail-
ability. Conversely, loss of moisture coupling spatiotemporally
isolates biogeochemical processes, creating nonlinearities in
precipitation–response relationships.

Considerable observational and experimental work is
needed to refine many aspects of the TDND model, and evaluate
its utility for describing processes in aridland ecosystems,
especially in an era of  rapid environmental change. The
products of such research will likely be a better understanding
of the effects of precipitation variability and N deposition on
soil N and C dynamics and storage in the context of  plant
and biocrust responses in aridland ecosystems worldwide.
Like other regions, the arid Southwestern United States is
experiencing climatic change (Cook et al. 2004; Leung et al.
2004; Meehl & Tibaldi 2004; Seager et al. 2007) and increasing
rates of atmospheric N deposition (Fenn et al. 2003; Báez
et al. 2007). The consequences of increased N loading, more
intense droughts, and greater climatic extremes for primary
production, decomposition and biogeochemical cycles in arid
ecosystems are poorly known. Our hypothesis – that the N
and C cycles in semi-arid environments are frequently decoupled
and dominated by a fungal loop linked to symbiotic carbon
flow from both plants and biological soil crusts – is an attempt
to spatially and temporally integrate the principal structural
and functional elements of arid ecosystems. Indeed, temporally

decoupled processes may occur in other extreme environ-
ments, such as alpine tundra (Schmidt et al. 2007), thus this
model may have implications beyond aridland ecosystems.
Nevertheless, a better mechanistic link between pulse dynamics,
microbial composition and function, and below-ground
ecosystem dynamics is vital to understand how aridland
ecosystems will respond to interactions among multiple
global change phenomena.
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