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Abstract
Aims In deserts, moss-dominated crusts may play an
important role in terrestrial-aquatic and aboveground-
belowground connections. Despite its importance, very
little is known about moss’s role in biogeochemical
cycles and how nutrient pulses (e.g., from N deposition
in air pollution) will affect their functional significance
as an integrator of nutrient cycling in deserts.
Methods Moss and soil were sampled from 15 sites in
the Sonoran Desert in and around Phoenix, covering the
city core subject to N deposition and rural areas to the
east and west. Samples were analyzed for C, N, P and
micronutrient content to compare moss stoichiometry
over a gradient of soil resource availability.
Results Moss %N and %P were positively correlated
with soil N and P. Thus, sites in the city core subject to N
deposition tended to have higher soil N and therefore
higher moss N than the sites outside the city core.
Micronutrient content varied with sampling region but
was not related to soil content.
Conclusions Results suggest that moss can take up
excess N,, but overall coverage of moss is lower in
the city, limiting its ability to act as a N sink.

Keywords Aboveground-belowground interactions .

Terrestrial-aquatic interface .Moss . Desert soils .
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Introduction

Moss-dominated soil crusts are a ubiquitous riparian
ground cover in the Sonoran Desert. Mosses are able
to withstand the harsh desert environment with a high
tolerance for heat stress and lack of water (Proctor et al.
2007; Stark et al. 2009), and following even small
precipitation pulses they are quickly activated (Lange
2001; Cable and Huxman 2004). Once metabolically
activated, moss can take up nutrients directly from the
soil, wet deposition, or dry deposition on its outer sur-
face by passive sorption of mineral ions and metals
(Bates 2000). Thus, moss nutrient assimilation and tis-
sue content have been shown to reflect nutrient supply
from soil and stream (Solga 2007; Phuyal et al. 2008;
Ball and Virginia 2014), though the relationship can be
highly variable (Ball and Virginia 2014).

In the urban Sonoran Desert in Phoenix, AZ, the city
core receives higher levels of nitrogen (N) deposition
than the surrounding rural areas (Lohse et al. 2008;
Cook 2014), and commensurate with that, urban soils
contain greater levels of soil mineral N than rural soils
(Hall et al. 2011). Previous research in this area has
shown that excess soil nutrients may be assimilated to a
limited extent by vascular plants, via increased growth
and modest increases in foliar nutrient content in certain
plant species (Hall et al. 2011). However, these responses
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were largely only observed during periods of prolonged
water availability, being limited to the winter rainy sea-
son or “wet years” with ample precipitation. Overall
vascular uptake of nutrients appears limited, and the
ultimate fate of much of the excess N from air pollution
is uncertain. It is possible that moss can assimilate some
of the excess N, given its ability to becomemetabolically
active shortly after an individual rain event. Because they
can take up nutrients from both precipitation and dry
deposition, even before nutrient uptake by higher plants,
and decompose more slowly than other plants, they may
have a very important role in ecosystem nutrient reten-
tion (Bates 2000). However, to date, there are no pub-
lished measurements of moss nutrient content or their
potential tolerance of N pollution in this area of the
Sonoran Desert.

Desert soil crusts, such as those containing moss, are
subject to human disturbance (Belnap and Eldridge
2001). In particular, moss can be sensitive to N deposi-
tion in air pollution, and excess N has been shown to
decrease moss growth and coverage in some ecosystems
(Schröder et al. 2010; Stark et al. 2011; Song et al.
2012). Cities, including Phoenix, are also subject to
heavy metal deposition (Zschau et al. 2003), and metals
from pollution can become concentrated in moss to
negatively affect moss growth (Gerdol et al. 2000;
Salemaa et al. 2004). Declines in moss production from
human disturbance would limit the capacity of moss to
serve as a sink of excess N and trace elements.

Moss has been demonstrated to contribute signifi-
cantly to aboveground-belowground interactions and
stimulate N cycling (Lindo and Gonzalez 2010; Hu
et al. 2014), giving moss a potentially significant role
in desert biogeochemistry. In fact, such soil crusts play a
very important role in global biogeochemistry, account-
ing for 46 % of biological N fixation and 7 % of
terrestrial net primary production (Elbert et al. 2012).
Despite its importance, very little is known about moss’s
role in biogeochemical cycles, such as the plasticity of
their nutrient uptake and stoichiometry, and how urban
pollution will affect their functional significance as an
integrator of nutrient cycling in deserts. It is important
to understand the biogeochemical role of moss to
predict the consequences of human disturbance. To
begin describing the basic biogeochemical significance
of moss in the urbanized Sonoran Desert, we sampled
moss from within urban Phoenix, subject to N depo-
sition pollution, and moss from outside the city core.
We asked: (1) Does moss macro- and micronutrient

content reflect differences in soil resource availability?
and (2) Is moss capable of being a sink for excess
nutrients deposited from air pollution? We predicted
that moss N, phosphorus (P), and micronutrient con-
tent would reflect differences in soil content, particu-
larly with higher moss N inside the city core where N
deposition increases soil N. We further predict that this
uptake will allow moss to act as a sink for excess N
from air pollution.

Methods

Study site

Moss and soil were sampled from 15 native desert sites
in the Sonoran Desert in and around the city of Phoenix,
Arizona (Fig. 1) over 2011–2013. Selected sites were
located either within the city core, to the west of the city
and east of the city (n=5 sites per region, with a mix of
sites from each region sampled in each year), and all are
located within the Central Arizona-Phoenix Long-Term
Ecological Research (CAP-LTER) project. These 15
sites have been consistently monitored by the CAP-
LTER for N deposition for 15 years. The sites inside
the city core receive 5–7 kg N ha−1 year−1 compared to
only 4 kg N ha−1 year−1 at the sites east and west of the
city (Lohse et al. 2008). These sites also lie along a
precipitation gradient, with mean annual precipitation
(MAP; averaged over the sampling period of 2011–
2013) lowest in western sites (125±9 mm), followed
by the city core (144±11mm), and highest in the eastern
sites (197±12mm; Table 1) (FCDMC 2009). Soils at all
sites are Aridisols, with Typic Haplargids occurring
across the gradient and additional Typic Camborthids
to the west, Typic Paleorthids and Durorthids in the city
core, and Typic Calciargids to the east (Table 1).

Three discrete moss patches were sampled at each
site (n=3 per site, so n=15 per region). Moss-dominated
crusts tend to be found in discrete patches along the edge
of washes, often under the shade of plants (most often
creosote (Larrea tridentata) or bursage (Ambrosia spp.),
but occasionally palo verdes (Cercidium floridum)), as
well as under the shade of rocks. Only a few samples
were taken from under legumes such as palo verdes,
making it unlikely that leguminous N-fixation would
contribute to the average soil N content measured at
any given site. While moss is occasionally found
away from washes, we focused our sampling there
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for consistency. Moss frequently co-occurs with
cyanobacteria in cryptobiotic crusts, but we intention-
ally selected moss patches occurring without a visible
lichen or cyanobacterial component. Though some
cryptic associations were likely present, they were a
minor, rather than dominant, component of the crust.
Therefore, N-fixation is probably not a significant
source of N in these mosses, though it certainly can
be in other situations (Gavazov et al. 2010).

Sample collection and processing

Percent cover of moss was measured in the field using
the quadrat method (Rosentreter et al. 2001), where ten
25 × 25 cm quadrats were constructed using a wire
frame. Fishing line was spaced at 5 cm intervals in order
to create a 5×5 grid within each wire frame quadrat.
Washes were identified as any gullied path that had
signs of ephemeral water flow, and a representative
selection of both shallow and deeply cut washes were
sampled. At each site, ten 10-m transects were placed on
the edges of the washes, parallel to the direction of flow,
and the ten quadrats were placed at 1 m intervals along
each transect. The total percent coverage of each indi-
vidual quadrat was calculated by summing the coverage
in individual sections of the frame. Percent coverage for

each site was determined by averaging the 100 frame
measurements at each site.

Moss was identified to species using Rosentreter
et al. (2007), then analyzed for nutrient content.
Several species of moss were sampled ubiquitously
across all of the sites (Encalypta vulgaris, Ceratodon
purpureus, and Funaria hygrometrica; Table 1). We
also sampled two other species of moss: Syntrichia
ruralis was only found in the eastern sites, where it
was dominant. Bryum caespiticum was less common
and only found in the core and western areas. Most
moss samples collected were monocultures, but approx-
imately one fifth of the samples were mixtures of two
species.

Following Ball and Virginia (2014), when moss
patches were located, a moss sample of approx. 3 cm
in diameter was collected to a depth that included the
entire moss carpet (usually ~1 cm) using a clean plastic
spoon and placed in a sterile whirl-pack bag. The soil
immediately beneath the moss was collected to approx-
imately 7 cm using a clean plastic scoop and placed in a
separate sterile whirl-pack bag. Both moss and soil were
transported to the laboratory in a cooler, where they
were both stored at 4 °C until processing.

Soil samples were sieved to 2 mm prior to chemical
analysis. Gravimetric soil water content (SWC) was
estimated by drying 20 g of soil at 105 °C for 24 h.

Fig. 1 Map of the 15 sites from which moss and soil samples were collected inside the urban core (circles) of Phoenix, AZ and the
surrounding areas west (squares) and east (triangles). See Table 1 for expanded site names
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For measurements of extractable phosphate (PO4-P),
10±0.5 g soil were extracted in 50 ml 0.5 M NaHCO3

at pH 8.5. Samples were centrifuged at 17,555×g for
10 min to remove soil, then 3 ml of 6 N HCl were
added to the supernatant. Samples were allowed to
degas prior to being frozen until run on a flow injec-
tion autoanalyzer (Lachat QC8000, Loveland CO). For
extractable inorganic N (NO3 + NO2-N and NH4-N),
20±0.5 g soil was extracted in 50 ml 2 M KCl,
centrifuged at 17,555×g for 10 min, then the superna-
tant frozen until run on the autoanalyzer. Total and
inorganic C and N were measured on soils ground
using a sapphire mortar and pestle that were either left
unacidified or acidified with HCl respectively.
Samples were analyzed on an elemental analyzer
(Perkin Elmer PE2400, Wattham MA). Cation
micronutrients (K, Ca, Na, Zn, Mg, Mn, and Fe) were
measured on 10±0.5 g soil extracted in 50 ml di-H2O.
Samples were centrifuged at 17,555×g for 10 min then

filtered to 0.45 μm to remove soil, then acidified to 5
% HNO3 prior to being analyzed using inductively
coupled plasma optical emissions spectroscopy (ICP-
OES; Thermo iCAP6300, Hudson NH).

Given the amount of sedimentation, moss samples
were washed free of as much soil as possible under a
dissecting stereomicroscope (Ball and Virginia 2014).
Moss samples were then dried at 60 °C before being
ground to a fine powder using a mortar and pestle. Total
C and N were measured on a subsample of moss on the
elemental analyzer. Total P, as well as other cations
micronutrients, were measured using a dry ash acid
digestion method in which a moss subsample was ashed
in a muffle oven that was gradually brought to 475 °C
over 1.5 h, held at 475 °C for 4 h, then dropped to 105
°C until digested. Moss ash was then digested in 5 ml of
35 % HNO3. Samples were then centrifuged at 25,250×
g for 10 min, and the supernatant diluted to 5 % HNO3

for measurement on the ICP-OES.

Table 1 Site characteristics and moss species identified at each of the 15 sites sampled from the urban core of Phoenix and the rural areas
west and east

Site MAP Soil type Moss species % cover

West:

EME: Estrella Mountain East 124±15 Typic Haplargids Encalypta vulgaris, Ceratodon purpureus,
Funaria hygrometrica

2.07±0.73

EMW: Estrella Mountain West 136±14 Typic Haplardigs Ceratodon purpureus 0.69±0.41

SNE: Sonoran National Monument East 105±19 Typic Camborthids Encalypta vulgaris, Funaria hygrometrica 1.15±0.53

SNW: Sonoran NationalMonumentWest 135±28 Typic Camborthids Encalypta vulgaris, Funaria hygrometrica 1.95±0.62

WTM: White Tank Mountains 126±34 Typic Haplargids Encalypta vulgaris, Bryum caespiticium,
Ceratodon purpureus

1.60±0.26

Core:

DBG: Desert Botanical Gardens 151±30 Typic Paleorthids Ceratodon purpureus, Funaria hygrometrica 0.57±0.23

MVP: Mountain View Park 134±21 Typic Haplargids Encalypta vulgaris, Bryum caespiticium,
Ceratodon purpureus

1.08±0.46

PWP: Piestewa Peak 142±33 Typic Haplargids Encalypta vulgaris, Ceratodon purpureus 0.49±0.10

SME: South Mountain East 129±25 Typic Haplargids Ceratodon purpureus, Funaria hygrometrica 1.01±0.32

SMW: South Mountain West 166±21 Typic Durorthids Ceratodon purpureus, Encalypta vulgaris 0.47±0.31

East:

LDP: Lost Dutchman Park 206±26 Typic Haplargids Syntrichia ruralis, Ceratodon purpureus 1.46±0.60

MCN: McDowell Mountain North 224±33 Typic Calciargids Encalypta vulgaris, Syntrichia ruralis 2.95±1.34

MCS: McDowell Mountain South 178±35 Typic Haplargids Syntrichia ruralis 0.10±0.05

SRR: Salt River Recreation Area 208±26 Typic Calciargids Syntrichia ruralis, Ceratodon purpureus, Funaria
hygrometrica

0.53±0.22

UMP: Usery Mountain Regional Park 171±14 Typic Haplargids Syntrichia ruralis, Ceratodon purpureus, Funaria
hygrometrica

1.59±0.61

Mean annual precipitation (MAP) is the 2011–13 average ( ± standard error). Soil types are from Hall et al. (2011). Moss % cover are means
of the 10 transects ± standard error
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Data analyses

Nutrient content data were analyzed using Analysis
of Covariance (ANCOVA) in R 2.7.2 (The R
Foundation). A 3-way ANCOVA was used to test
for an effect of region (3 levels: core, east, and
west), species (6 levels: 5 species and one “uniden-
tified” category), and soil mineral N content on moss
%N. Further 3-way ANCOVAs were run for moss
%P and all micronutrients, replacing the respective
soil nutrient content for mineral N. Moss micronu-
trient data were sqrt-transformed to meet the assump-
tions of normality. Given that the 2- and 3-way
interactions were not significant, the model was simpli-
fied to include only the 3 main effects. If significant, a
post-hoc Tukey test determined which regions differed
from one another. Similarly, two-way Analysis of
Variance (ANOVA) was used to determine whether soil
nutrient and micronutrient content differed among the
three regions or six moss species, followed by a post-hoc
Tukey test if significant. A one-way ANOVAwas used
to determine whether percent cover (log-transformed to
meet the assumptions of normality) differed among re-
gions. A principal components analysis (PCA) was con-
ducted using all moss nutrient data (C, N, P) and all
cation micronutrient data from the soil and moss
(untransformed) using indirect gradient analysis, focus-
ing scaling on inter-species correlations with species
scores divided by standard deviation, and centering by
species (Canoco for Windows 4.5). Additionally, to
explore the multivariate relationship between nutrient
content of moss and soil nutrient resources, a canonical
correspondence analysis (CCA) was conducted using all
moss nutrient species and all soil and water nutrient
environmental parameters (untransformed) using direct
gradient analysis, again focusing scaling on inter-species
correlations and biplot scaling, with no forward selection
or permutation test (Canoco for Windows 4.5). Further,
regression analysis was used to compare moss nutrient
content with individual environmental nutrient sources
from soil (Microsoft Excel 2010).

Results

Species identity did not significantly influence moss
%N or %P (Table 2; Fig. 2a). As a result, moss data
are presented for the entire functional group, rather than
by species. There was a significant relationship between

soil and moss content for both N and P (Table 2), where
moss %N and %P increased as soil content increases
(Fig. 3). However, the relationship between soil and
moss P was not as strong as it was for N, with a slope
only slightly above 0, partially driven by one moss
sample high in P (Fig. 3b).

Sampling region significantly influenced moss and
soil N. The core sites had higher concentrations of both
soil and moss N than the sites to the east and west
(Table 2, Fig. 2b and c), which drovemuch of the pattern
in the regression. However, core sites contained less
moss cover (F2,147=3.32, P=0.039, Fig. 4). Sampling
region did not influence moss %P or soil P (Table 2;
Fig. 2b and c). MAP also varied across the three regions
(Table 1), but MAPwas not significantly correlated with
percent cover or moss N and P content (Appendix 1).

PCA revealed that moss from the different regions
also differed in their micronutrient content (Fig. 5a).
Specifically, moss from the western sites contained
higher percentages of most micronutrients (Ca, Cu, Fe,
Mg, Na, and Zn) than the core and eastern sites. The
exceptions to this were the moss from the White Tank
Mountains (WTM) that were much lower in micronu-
trient content than the other western moss and grouped
with the core and eastern sites, which did not differen-
tiate in their micronutrient content. Unlike with N and P,
the variations in moss micronutrient content did not
reflect differences in soil content. The PCA of soil
micronutrients showed that western sites tended to differ
from the other two sites, but western sites were not
greater in soil micronutrient content than core and east-
ern sites (Fig. 5b). In fact, K is the only micronutrient in
moss that was significantly related to soil content, and
the regression revealed that this is very weak (Table 2;
R2=0.0084, slope 0.0006, not shown). Soil micronutrients
often differed significantly among regions (Table 2), but
the patterns varied (Appendix 2).

Discussion

Our prediction that moss nutrient content would reflect
differences in soil content was supported for N and P.
Moss uptake of both macronutrients appears plastic, in
that it takes up more N and P when soil resources are
available. Such plasticity has been found in other studies
as well (reviewed by Bates 2000; Waite and Sack 2011).
Notably, soil P did not vary as much as soil N, so the
relationship with moss P identified in the regression is
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Table 2 Results from 3-way ANCOVAs comparing effect of
Region (3 levels), Species (6 levels), and soil mineral nutrient
content on moss nutrient content (top half), as well as the 2-way

ANOVA comparing effects of Region (3 levels) and Species
(6 levels) on soil nutrient content (bottom half)

Region Species Soil nutrient content

Fdf P Fdf P Fdf P

Moss %N 3.932,34 0.029 0.985,34 0.444 5.491,34 0.025

Moss %P 0.512,33 0.608 0.365,33 0.873 6.531,33 0.015

Moss %Ca 4.472,34 0.019 1.815,34 0.138 3.741,34 0.062

Moss %Cu 14.262,34 <0.001 0.485,34 0.789 1.811,34 0.285

Moss %Fe 34.532,34 <0.001 1.215,34 0.326 0.051,34 0.823

Moss %K 3.682,34 0.036 0.715,34 0.621 5.331,34 0.027

Moss %Mg 38.142,34 <0.001 2.395,34 0.059 1.491,34 0.231

Moss %Mn 2.042,34 0.145 0.485,34 0.792 2.991,34 0.093

Moss %Na 15.392,34 <0.001 1.745,34 0.153 0.771,34 0.386

Moss %Zn 11.652,34 <0.001 3.435,34 0.013 1.031,34 0.318

Soil N 9.692,35 <0.001 0.785,35 0.570 – –

Soil P 1.512,35 0.236 0.685,35 0.644 – –

Soil Ca 6.682,35 0.003 1.345,35 0.271 – –

Soil Cu 2.222,35 0.124 0.865,35 0.519 – –

Soil Fe 9.152,35 0.001 2.245,35 0.072 – –

Soil K 9.332,35 0.001 0.675,35 0.651 – –

Soil Mg 3.992,35 0.027 3.005,35 0.024 – –

Soil Mn 0.182,35 0.836 2.025,35 0.100 – –

Soil Na 7.832,35 0.002 1.565,35 0.196 – –

Soil Zn 1.182,35 0.318 1.175,35 0.341 – –

For the ANCOVAs, the covarying nutrient in the third column is the same as the one being analyzed in moss reported in each row (i.e., moss
%N is compared with soil N, moss %Fe with soil Fe, etc.)

Fig. 2 Nitrogen and phosphorus content of moss organized by (a)
the different species of moss collected across the sites and (b) in
the three regions of sample collection. Also shown is (c) soil
nutrient content across the three regions of sample collection.

Values are means ± standard error. Moss %N and soil N were
significantly influenced by region, and letters above the bars
denote differences identified by a post-hoc Tukey HSD test
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not as strong (i.e., the slope is much lower). It is possible
that moss and soil N are correlated as a result of the moss
leaching nutrients into the soil, rather than moss uptake
of soil nutrients. However, soil nutrient content mea-
sured below the moss reflects pattrens measured in soils

from the same sites not directly under moss (Hall et al.
2011), suggesting moss leachates are not driving these
patterns.

The city core had greater soil N content than outside
the city, likely associated with higher levels of N depo-
sition from air pollution (Lohse et al. 2008). Given that
moss N is positively correlated with the higher levels of
soil N inside the city, it appears to be capable of biolog-
ically assimilating N deposited by air pollution. Because
moss and other soil crust organisms are quickly activat-
ed by precipitation events, and can also take up nutrients
from wet and dry deposition, they are more efficient at
absorbing nutrients than higher plants (Bates 2000).
This may explain why these moss-dominated crusts
are more effective at taking up added N than the vascular
plants at these sites, which have been shown to be
limited in their abilities to take up excess N and P
(Hall et al. 2011). However, moss cover along the edges
of washes is relatively low, limiting its ability to act as a

Fig. 3 Regressions comparing
moss nutrient content with soil
mineral nutrient availability for
(a) nitrogen and (b) phosphorus
across 15 sites in the urban core of
Phoenix and the surrounding sites
to the east and west of the city

Fig. 4 Percent coverage of moss along washes in the urban core
of Phoenix and the surrounding areas east and west of the city.
Values are means ± standard error. Letters above the bars denote
differences identified by a post-hoc Tukey HSD test
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net sink for that excess N. Particularly, moss is least
abundant in the riparian areas of the city core where soil
N is higher. This could be due to the fact that moss is
sensitive to human disturbance and pollution, including
N deposition itself (Song et al. 2012). For example, N
deposition can increase tissue N but decrease growth in
moss in Europe (Pitcairn et al. 1995; Mitchell et al.
2004). Notably, the washes along which moss-
dominated soil crusts grow drain a much larger area,
with potentially high levels of N in runoff during pre-
cipitation events (Gallo et al. 2013; Hale et al. 2014) that
can become concentrated in the tissue of riparian moss-
dominated crusts. In this way, moss growing on the
terrestrial-aquatic interface may connect soil and stream
nutrient cycling, where nutrients in storm runoff are
assimilated by riparian moss, which later becomes an
organic-matter source for the soil. Such input constitutes
a potentially important resource in these carbon-limited
soils with limited vascular plant production (Lange
2001). Therefore, their role as an integrator may be
larger than their abundance would suggest, but future
work would need to estimate their role at this scale.

To understand moss’s overall biogeochemical signifi-
cance, we also investigated micronutrient biogeochemis-
try in moss. Interestingly, moss from the western areas
was higher in micronutrients than the other areas. The
only exception was the western site that is not isolated
from the city by mountains (WTM). Notably, micronu-
trient content in the moss does not reflect that of the soil,
as is the case with N and P.Whilemoss fromwestern sites
was higher in most micronutrients, soil micronutrient

content was often highest in the core or east, suggesting
that soil is not the main supplier of micronutrient re-
sources for moss at these sites. Soil is only one potential
nutrient source for moss, in addition to wet or dry depo-
sition (Bates 2000), and it is possible that the higher
micronutrient content in the moss from west of the city
core is the result of elevated amounts in precipitation or
dry deposition. However, most of these cations are not an
abundant atmospheric component, though they may be
present in aeolian dust that lands on soil biological crusts
(Reynolds et al. 2006; Beraldi-Campesi et al. 2009). It is
possible that the western sites receive a different compo-
sition of dust, given their geographic position, to influ-
ence moss micronutrient uptake without influencing bulk
soil concentrations. Though a western site, WTM is not
separated from the core and eastern sites by mountains,
which is why it may resemble these sites in cation content
rather than the other western sites. Alternatively, rehydra-
tion cycles cause moss to leak cations (Brown and Buck
1979; Coxson 1991), and it is possible that moss from the
drier western sites have experienced fewer such rehydra-
tion events to retain more of these elements. WTM is
comparable to the other western sites in MAP over the
3 years of sample collection, but longer-termMAP values
suggest WTM receives precipitation amounts compara-
ble to core sites (Hall et al. 2011). Notably, the lack of
relationship between soil and moss micronutrient content
provides further evidence that moss nutrient leachate is
not driving soil nutrient content.

Probably due to the high pH of these soils, soil base
cation content (e.g., Ca, K, Mg, Na) is not lower in the

PCA 1

PC
A 

2

PC
A 

2

PCA 1

a b

Fig. 5 Principal components analysis (PCA) of micronutrient content in (a) moss and (b) soil collected from the urban core of Phoenix and
the surrounding areas east and west of the city
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core sites where nitrogen deposition is greater, suggest-
ing that base cation depletion is not a consequence of N
pollution in this urban area of the Sonoran Desert as it is
for other areas subject to N deposition (Matson et al.
2002; Horswill et al. 2008). In fact, core soil is
higher in some of these cations. Further, there is
no evidence of heavy metal pollution depositing
excess amounts of certain micronutrients (Cu, Fe,
Mn, Zn) in soils inside the city core compared to
outside, as most of these trace elements do not differ
across the regions. Therefore, micronutrient loss or
addition are not impacted by urban pollution in this
region, suggesting that moss-dominated crusts will
have the largest role in N dynamics.

The sites we sampled were along a precipitation
gradient (increasing from west to east). The western
and eastern regions receive ambient levels of N deposi-
tion with different levels of precipitation, but there are
no significant differences identified for moss or soil N
and P between the two sites. The slightly more frequent
and larger precipitation events east of the city do not
influence moss abundance or its uptake of N or P. This is
contrary to many studies that demonstrate that precipi-
tation size and timing influences moss crust biomass and
mortality (Coe et al. 2012; Reed et al. 2012; Zelikova
et al. 2012), and the associated N dynamics in which
they play a role (Reed et al. 2012; Hu et al. 2014). Future
climate projections for the southwest are to receive less
frequent but more intense precipitation pulses (Seager
et al. 2007; Solomon et al. 2007), and the impact of
these on moss nutrient dynamics are not predictable
from our results.

Overall, moss is able to take up more N where it is
more abundant in the urban core soils, but percent cover
is lower, which limits its ability to act as a net sink for
excess N from air pollution. Given that moss cover in
the city core is approximately 50 % lower than the rural
areas, the core moss would need to be able to take up
enough excess N to compensate for its lower abundance.
However, while city core soils contain 2-4× greater soil
N than the rural soils, the core moss only contains about
1.2× more N. Therefore, moss have the potential to
assimilate nutrient pollution, but the negative impacts
on percent cover prevent them from acting as a net sink.
Without preservation of moss-dominated soil crusts in
urbanized areas to maintain a commensurate biomass,
moss will not serve as a significant sink for excess N.
Many arguments have been made in favor of preserving
fragile soil biocrusts (Belnap and Eldridge 2001; Evans

et al. 2001), and we add to that the potential for moss to
assimilate and store excess nutrients from pollution.
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