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Abstract
Dryland ecosystems are increasing in geographic extent and contribute greatly to interannual variability in global carbon
dynamics. Disentangling interactions among dominant primary producers, including plants and autotrophic microbes, can help
partition their contributions to dryland C dynamics. We measured the δ13C signatures of biological soil crust cyanobacteria and
dominant plant species (C3 and C4) across a regional scale in the southwestern USA to determine if biocrust cyanobacteria were
coupled to plant productivity (using plant-derived C mixotrophically), or independent of plant activity (and therefore purely
autotrophic). Cyanobacterial assemblages located next to all C3 plants and one C4 species had consistently more negative δ13C
(by 2‰) than the cyanobacteria collected from plant interspaces or adjacent to two C4 Bouteloua grass species. The differences
among cyanobacterial assemblages in δ13C could not be explained by cyanobacterial community composition, photosynthetic
capacity, or any measured leaf or root characteristics (all slopes not different from zero). Thus, microsite differences in abiotic
conditions near plants, rather than biotic interactions, remain a likely mechanism underlying the observed δ13C patterns to be
tested experimentally.
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Introduction

Soil microbial activity is a major driver of global terrestrial
carbon flux through decomposition, parasitic and mutualistic
interactions with plants, and its influence on the productivity

of autotrophs [1]. Determining the interactions between mi-
crobes and primary producers furthers our understanding of
the controls on the C cycle and how these interactions may
respond to future climate regimes [2, 3].While muchwork has
focused on how microbes contribute to plant productivity [4],
less is known about how vascular plants contribute to the
productivity of terrestrial autotrophic microbes and non-
vascular organisms such as the cyanobacteria, algae, mosses,
and lichens that, together with heterotrophic bacteria, fungi,
and archaea, form surface biological soil crusts (biocrusts) [5].
Interactions between plant and autotrophic soil communities
could range from direct resource transfers from plants to mi-
crobes [6] to indirect effects, such as litter material feeding
autotrophs during decomposition, root respiration providing
inorganic C, or plant individuals ameliorating abiotic stressors
(e.g., reducing excess solar radiation through shading). In dry-
lands, biocrusts may contribute ~ 1 Pg C yr1 to global carbon
uptake (reviewed in [7]), and this may be important to under-
stand how drylands drive interannual variability in global C
dynamics [8]. In addition, given that some cyanobacteria and
cyano-lichens are important nitrogen fixers [9] and that
biocrusts impact dryland hydrology [10], a better
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understanding of microbial C controls may also improve un-
derstanding of the N and water cycles.

Understanding how biocrust composition changes in rela-
tion to dominant vascular plants may show patterns that reflect
plant-biocrust interactions. Biocrust composition varies across
multiple scales. Biocrust communities range from moss/lichen-
dominated biocrusts in cooler, moist regions, to cyanobacteria-
dominated biocrusts in hotter, drier regions [11]. Even within
cyanobacteria biocrust communities, variations in composition
have been detected at the global [12], continental [13], and
landscape scale [14] largely as a function of climate and edaph-
ic conditions. Biocrust communities also vary at the microsite
scale (dm) due to different moisture residence time across
microtopographic aspects (e.g., NNW, ENE) [15]. Proximity
to plants has yet to be evaluated in this respect, and biocrusted
sites vary considerably in plant sizes and distance between
plants, so one cannot deduce patterns that may indicate net
direct or indirect influences of plants on biocrusts.

Resource transfers of C or nutrients are one potential direct
interaction between plants and biocrusts, based on the tenet
that a plant’s excess C can be exchanged with biocrusts that
control an important limiting resources such as fixed N [6, 16].
Despite contributing to C uptake at an annual scale [7],
biocrusts as whole assemblages can show CO2 release rates
that exceed uptake rates under many observed conditions,
although this effect is not seen when respiration is measured
by O2 export/import ratios [17]. If respiration indeed exceeds
photosynthesis for prolonged periods in the biocrusts,
mixotrophy of allochtonous C in the autotrophic biocrusts
could be occurring to allow them to survive the unfavorable
conditions. Previous work has shown that biocrusts (including
both autotrophic and heterotrophic components) can take up
both organic and inorganic forms of C [18], though subse-
quent biochemical uses within biocrust individuals’ cells have
not been disentangled. While cyanobacteria typically function
as obligate autotrophs [19], biocrust cyanobacteria are able to
both release and take up a large variety of organic compounds
[20]. Indeed resource exchange interactions have been re-
solved in biocrust as an internal mechanism [21], but the ex-
istence, prevalence, or relative importance of such exchanges
between plants and biocrusts remain to be determined.

Examination of stable isotopic signatures is one tool for
determining sources and transfers of resources. In plants, stable
isotopes of C reflect pathways of C fixation because C3 plants
lack the carbon-concentratingmechanisms present in C4 plants.
This causes C3 plants to discriminate against 13C more strong-
ly, and thus they have lighter δ13C signatures than C4 plants.
However, differences among plants in δ13C can also be influ-
enced by growth conditions, such as greater water availability,
which tends to increase discrimination against 13C [22, 23].
While much work has examined drivers of plant δ13C, few
studies have determined δ13C in surface microbial primary pro-
ducers such as cyanobacteria [24, 25] or lichens [26], nor do we

have a thorough understanding of what could drive the differ-
ences in δ13C, which range from − 24 to − 16‰ [24].

In our previous work, we showed that biocrust organisms
next to a single species of C3 plant (forb/subshrub Guterrizia
sarothrae) had lighter δ13C than organisms in interspaces,
consistent with the hypothesis that biocrusts incorporate the
relatively lighter C3 plant-derived C when they are located
near plants [27]. No differences in biocrust δ13C values were
observed between biocrusts near a single species of C4 plant
(grass Bouteloua gracilis) bases and those in interspaces, and
no mechanisms for the observed variation in biocrust δ13C
values were evaluated. Four non-exclusive hypotheses may
explain the observed patterns: (1) Biocrust communities differ
taxonomically when adjacent to different plants versus in in-
terspaces; (2) Biocrusts use organic C derived from living or
dead plant tissues, and this plant C is more abundant near the
plants than in interspaces. This mechanism suggests plant lit-
ter or exudate traits may correlate with biocrust δ13C values;
(3) Biocrusts access and use CO2 present in the soil matrix for
autotrophy, which may be isotopically light if it is enriched in
plant root or plant rhizosphere-derived C, and thus differen-
tially impact biocrusts close to plants. This mechanism sug-
gests that root traits and rhizosphere activity may be correlated
with biocrust δ13C values; (4) Soils differ in their physico-
chemical characteristics in microsites adjacent to different
plant bases versus interspaces between plants. Cool, moist
conditions may be more favorable to prolonged photosynthet-
ic activity and therefore result in different isotopic signature
than photosynthetic activity under hotter, drier conditions. In
any case, determining whether the mechanism underlying spa-
tial variation in biocrust δ13C values relates to resource ex-
change may be critical to understanding if plant-biocrust in-
teractions affect biogeochemical cycling in drylands.

We sought to determine the importance of potential plant-
biocrust resource exchanges and evaluate potential biological
causes of spatial variation in biocrust δ13C values. We consid-
ered that if the trend in biocrust δ13C values near plants is
found consistently in different areas and across different plant
species, the trend is likely more biologically important. Thus,
we collected biocrusts from different microsites across a re-
gional gradient in the southwestern USA with two dominant
C3 plants and three dominant C4 grasses to ask (Q1): do
biocrusts growing in the interspaces between plants show dif-
ferent C isotope signatures than biocrusts growing adjacent to
plants? Based on previous findings, we expected biocrusts
near C3 plant bases to show lighter signatures than those in
the interspaces, but also that biocrusts near C4 plants would
not be different from those in the interspaces. To evaluate
potential causes of any observed δ13C differences, we asked
(Q2) do characteristics of the biocrust cyanobacterial commu-
nities (richness, diversity, composition, relative abundance of
taxa) correlate with observed δ13C values?We first used PCR-
based amplicon sequencing of the 16S rRNA gene. To
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calculate the predicted community-weighted mean δ13C, we
also measured stable isotope values of cultured cyanobacterial
biocrust species to separate their basal autotrophic 13C signa-
tures from those of environmental samples that have the po-
tential for mixotrophy. To address a potential plant-associated
mechanism (Q3), we asked if plant leaf or root characteristics
correlate with biocrust δ13C signatures.

Methods

Unialgal Strains in DOC-Free Media

To determine relative differences in δ13C signatures by
cyanobacterial taxa commonly found in biocrusts, we obtained
unialgal cultures of Microcoleus vaginatus, M. steenstrupii,
Tolypothrix sp., Nostoc sp., Scyotonema sp., and Schizothrix
sp. strains isolated from the Jornada Basin (JOR) in southern
New Mexico. Cultures were grown in 15 mL of carbon-free
liquid medium (variation of Ashbey’s Medium: 0.2 g CaCL2·
2H2O, 0.2 gK2HPO4, 0.2 gMgSO4·7H2O, 0.1mL 10%MoO3,
0.05 mL 10% FeCl3, and 17 mM NaNO3 in 1 L distilled H2O)
in 50 mL suspension culture flasks at room temperature (23 °C)
with supplemental light (18.65–20.82 μE m−2 s−1). Using
DOC-free medium ensured that cyanobacteria incorporated on-
ly dissolved inorganic C. Growth in liquid culture likely
changed how organisms interacted with CO2 in the air com-
pared to the cyanobacteria growing on the soil surface; δ13C
values of cultured cyanobacteria were less negative than those
of free-living cyanobacteria likely because of reduced CO2 dif-
fusion through the liquid and low surface area for gas exchange
for cyanobacteria that were clumped in the liquid. Additionally,
cells that are fully hydrated may discriminate differently than
cells that experience intermittent hydration and desiccation. A
single replicate per strain (n = 1) was analyzed for δ13C.
Samples were dried to constant weight and submitted for stable
isotope analysis. We packed up to 5mg of each sample in silver
capsules (Costech Analytical Technologies Inc., Valencia, CA,
USA), acid-fumigated them for 36 h to remove carbonates [28],
then repacked them in tin capsules (Analytical Technologies
Inc., Valencia, CA, USA) to improve combustion during anal-
ysis. Samples were analyzed at the Center for Stable Isotopes
(University of New Mexico) on an ECS 4010 Elemental
Analyzer and a Delta V Isotope Ratio Mass Spectrometer
(Thermo Scientific, Waltham, MA, USA). Values were used
with qPCR results (below) to determine the predicted
community-weighted mean δ13C value.

Field Sites

We sampled along a regional latitudinal gradient in the south-
western USA from the Colorado Plateau (COL) in southeast-
ern Utah, the Sevilleta National Wildlife Refuge (SEV) in

south-central New Mexico, to the Jornada Basin (JOR) in
southern New Mexico (Table A1). The COL site is a cool
desert ecosystem on the Upper Colorado Plateau. The SEV
represents the transition between Chihuahuan Desert grass-
land and Colorado Plateau shrub-steppe. JOR is entirely
Chihuahuan Desert grassland, with warmer winters character-
istic of this ecosystem. Biocrusts are present at all three sites,
with Microcoleus-dominated biocrusts at JOR and SEV and
more diverse Microcoleus and Collema lichen biocrusts at
COL [13]. Average rainfall days in JOR and SEV are ~ 7–9
events per month in monsoon season, whereas COL averages
5–6 events per month in both the spring and monsoon.

We selected target plant species that were dominant or
common at a minimum of two of the sites and that represented
different growth forms and photosynthetic pathways. We se-
lected one target C3 subshrub (Guterrizia sarothrae, all sites),
one C3 grass (Achnatherum hymenoides, COL, and SEV; JOR
lacked a dominant C3 grass), and 1-3 common C4 grass spe-
cies (Bouteloua eriopoda, SEV, and JOR; B. gracilis, COL,
and SEV; and Pleuraphis jamesii, COL, and SEV; Table A1).
Thus, we could investigate if the plant species identity was
informative in explaining the biocrust δ13C, or if there were
site by species differences.

Field Sampling, Processing, and Analysis

(Q1) To determine if biocrusts growing in different microsites
have different C signatures, samples were collected in July–
August 2016 except SEV P. jamesiiwhich was collected Sep.
2018. Although the COL site tends to have early spring activ-
ity, we standardized collection time to the hot summer
months. Temperature could affect δ13C values, but by com-
paring within the same time of year for all target plant species
× site combinations, we attempted to standardize collections at
the higher temperatures experienced by the sites. Samples
within each sites received ambient rainfall and rainfall cycles,
and thus we were investigating the net effect of all the differ-
ent times that the cyanobacteria were active. We collected
paired samples of biocrusts, one from the base of each target
plant (distance = 0 cm), and the other from the interspace
(distance = 25 cm from the base of the target plant), with 12
target plant replicates per species (n = 12). For each sample,
we collected and combined 6–8 independent subsamples of ~
25 cm2 to a depth of biological aggregation of the soil (0.5–1.0
cm) from multiple locations in all directions radiating around
the base of the plant at each distance, ensuring that no other
aboveground tissues of target or other adjacent plants were
within 25 cm of any collection point. We avoided moss-only
biocrusts and patches of plant litter.

Samples were homogenized and approximately 1 g was
subsampled for chlorophyll content (methods described be-
low) while the remainder was used to isolate active
cyanobacteria. We wet each biocrust sample and picked out
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cyanobacterial filaments under 10–20× magnification using
forceps. Each filament was rinsed thoroughly in DI water then
dried [27]. We cannot exclude the possibility that our washed
cyanobacterial filaments included heterotrophic bacterial
“cyanosphere” communities [21] (Fig. A2), but those compo-
nents represent a very minor proportion of the total biomass.

Samples were packed for stable isotope analyses as above.
Samples from JOR and COLwere analyzed in the EaSI Lab in
the Department of Geological Sciences at the University of
Texas at El Paso, in which samples were combusted using a
Pyrocube (Elementar, Langenselbold, Germany), followed by
isotope analysis with a continuous-flow isotope ratio mass
spect rometer ( I soPr ime Geovis ION, Elementar ,
Langenselbold, Germany). Samples from SEV were analyzed
at the Center for Stable Isotopes (University of New Mexico).
All carbon values were reported relative to the standard Pee
Dee Belemnite. We excluded samples with < 0.3 mg of fila-
ments because the peaks on the mass spectrometer were too
low to be reliable; for biocrusts taken adjacent toG. sarothrae
at JOR, this excluded all but one sample, reflecting low
cyanobacterial abundance in the sandy microsite where the
G. sarothrae was found.

We used linear mixed effects models for cyanobacteria
δ13C by distance (0 cm and 25 cm from plant base; categorical
fixed effect) interacting with plant species with target plant
individual and site as random effects. When there were signif-
icant interactions, we used FDR-corrected post-hoc analyses
of each plant species separately and looked for differences by
distance interacting with site. An additional post-hoc analysis
was done for a subset of plant species with differences at P <
0.10 in δ13C between 0 cm and 25 cm (Table A3).

(Q2) To determine cyanobacterial community composition,
we aggregated and mixed ~ 10 g of biocrust soil from distance
= 0 cm or distance = 25 cm from a random subset of five of the
twelve paired replicates. Thus, we did not have the power to
analyze the effects of target species × site. We submitted sam-
ples for sequencing at the Arizona State University
Microbiome Analysis Laboratory (Tempe, AZ, USA) using
methods reported in [29]. Briefly, DNA was extracted from
0.25 g of each sample with Qiagen Power Soil DNA extraction
kit (Qiagen Inc. Germantown, MD, USA). We determined
concentration with fluorometry (Qubit, Life Technologies,
NY, USA) and used triplicate quantitative real-time PCR
(qPCR) with the Sso Fast mix (Tio-rad, Hercules, CA, USA).
The copies of 16S genes using the primer set 338F
( G TGCCAGCMGCCGCGGTAA ) a n d 5 1 8 R
(GGACTACHVGGGTWTCTAAT) were used to calculate to-
tal population sizes from qPCR. The 16S rRNA library was
generated with the MiSeq Illumina platform using the V4 re-
gion with the primer set 515F and 806R [30]. Triplicates of
PCR amplifications were pooled, quantified, purified, diluted,
and quantified, then loaded in the sequencer using chemistry
version 2 to generate 2 × 150 paired-end sequences.

The Qiime2 [31] bioinformatics pipeline was used for
paired sequences. Reads had primers removed and were
denoised, paired, trimmed to 150 base pairs and assembled
using DADA2. Sequences were classified using Greengenes
13.8 [32] as the reference database to pick OTUs. Raw se-
quence data are available through NCBI (SRA number
SUB5948515). All OTUs assigned to cyanobacteria or plas-
tids were compared with the Cydrasil cyanobacteria database
[33]. Sequences were aligned to the reference tree using
RaxMLB algorithm [34] and visualized with iTOL3 server
[35]. Singletons and doubletons were removed when they
only occurred in a single sample [36].

We compared cyanobacterial sequence abundance from
qPCR (natural log transformed) and cyanobacterial composi-
tion using PERMANOVA [37], with distance, species, and
distance × species in linear models, and due to our bulked
sampling design, we used sites as replicates.

To assess if the biocrust community composition was re-
lated to biocrust δ13C, we compared observed cyanobacterial
δ13C values to cyanobacterial diversity and richness, each
interacting with plant species. Due to the bulked sampling
design, linear models included sites as replicates.

We calculated the predicted community δ13C values using
the community-weighted mean δ13C value of the single
strains grown in unialgal culture. Although the absolute value
of δ13C is not directly comparable between culture conditions
and field conditions due to environmental influences on δ13C
(aka, we do not expect the correlation to fall on the 1:1 line),
we related predicted δ13C × plant species to observed
cyanobacterial δ13C values with site as replicates.

To compare photosynthetic capacity among biocrusts, we
extracted chlorophyll a using a single DMSO extraction [38].
Samples were left to extract for 3 days at room temperature in
the dark. We calculated chlorophyll a content per g by absor-
bance at 665 nm on a SynergyH1Hybrid plate reader (Biotek,
Winooski, VT, USA) with 750 nm as a reference wavelength
[38]. Higher concentration of photosynthetic machinery in the
soil may drive less intense fractionation, as seen with leaves
[39]. To compare potential photosynthetic capacity to ob-
served δ13C values, we used chlorophyll content × plant spe-
cies as predictors and observed cyanobacterial δ13C values in
a mixed effect linear model with site and target plant individ-
ual as a random effect.

(Q3) If biocrusts use living plant-derived C, then the δ13C
of leaves and biocrusts should be positively correlated. Ten
leaves were collected from each target plant (n = 12 for each
plant species). All leaf samples were dried at 60 °C for 3 days,
ground using liquid nitrogen and mortar and pestle, and ~
4 mg were placed into tin capsules and submitted to stable
isotope facilities as above.

If biocrusts on the soil surface intercept root-respired CO2

from deeper soil rather than or in addition to atmospheric CO2,
then the density of roots should correlate with biocrust δ13C.
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Root respiration can be > 40% of total soil respiration [40],
and would have a δ13C signature similar to the plant photo-
synthetic pathway. To compare density of plant roots by dis-
tance from plant, we selected three target individuals of each
plant species. We pooled five soil (1.9 cm diameter, 5 cm
depth) cores each from 0 cm and 25 cm from the base of each
plant. Samples were sieved with 2-mm and 1-mm sieves, and
roots were collected and washed. Roots were dried for 3 days
at 60 °C and weighed. We could not determine if roots were
attached to the target plant or were from neighboring plants.

We used linear mixed effects models of cyanobacteria δ13C
by leaf δ13C × plant species with site as a random effect. We
used root density × plant species as predictors and observed
cyanobacterial δ13C values in a mixed effect linear model with
site as a random effect. Differences in cyanobacterial compo-
sition, biocrust chlorophyll a content, and root density by
distance × plant species are presented in Table A4.

Results

(Q1) Biocrusts near both C3 (A. hymenoides, G. sarothrae) and
oneC4 (P. jamesii) plant species were depleted in δ

13C compared
to paired biocrusts in the interspaces. The δ13C values of
cyanobacteria adjacent to the C3 plant species were depleted by
~ 2‰ relative to paired samples in the interspaces (Table 1, Fig.
1; 2/3 sites had data for C3 plants), consistent with prior obser-
vations for G. sarothrae [27]. The same trend was found for
biocrusts near the C4 plant P. jamesii at both sites where it was
a focal species (Table 1, Fig. 1). The cyanobacteria located adja-
cent to the bases of the two C4 Bouteloua species at all sites
showed no statistical differences in δ13C values compared to
the paired interspace values (Table 1, Fig. 1, post-hoc P >
0.10), again consistent with previous observations [27].

(Q2) Cyanobacteria community composition did not differ
with distance from plants. Composition of biocrusts differed
by plant species (pseudo-F4,10 = 2.44, P = 0.010) but not by
distance from plants (pseudo-F1,10 = 0.45, P = 0.801, species

× distance pseudo-F4,10 = 0.09, P = 0.945, Fig. 2).
Communities associated with B. gracilis and G. sarothrae
were similar to each other and were all collected from within
~ 250 m of each other at SEV and ~ 300 m of each other at
COL. Cyanobacteria collected near B. eriopoda at SEV
tended to be less diverse than those collected near the other
plant species, even though they were collected within ~ 250 m
of the other species (Table A2). Communities associated with
P. jamesii and A. hymenoides were similar in composition at
COL and were collected within ~ 300 m of each other.
Communities had low abundance and diversity near
A. hymenoides at SEV. We observed that the soils where
A. hymenoides were found were sandier than the soils with
the other four plant species at the SEV. Soils nearG. sarothrae
at JOR yielded almost no cyanobacterial filaments and there-
fore were not sequenced.

Compositional differences or Chl a concentration did not ac-
count for differences in biocrust δ13C between plant and inter-
space microsites. Cyanobacterial diversity did not correlate with
the observed δ13C value for any plant species (slope not different
from zero; Table 2, Fig. 3). Cyanobacterial richness was overall
negatively related to biocrust δ13C (slope = − 0.41 ± 0.14 stan-
dard error [SE], N = 20), but this was driven by relationships of
biocrusts collected near B. gracilis (slope = − 1.3 ± 0.4 SE, n =
4), A. hymenoides (slope = − 0.78 ± 0.29 SE, n = 4), and
G. sarothrae (slope = − 1.05 ± 0.38 SE, n = 4) while biocrusts
collected nearP. jamesii had a positive slope (0.43 ± 0.19 SE, n=
4), and biocrusts collected near B. eriopoda had a slope not
different from zero (0.62 ± 0.29 SE, n = 4).

The predicted value of biocrust δ13C based on a
community-weighted means did not correlate with the ob-
served δ13C value for any plant species (slope not different
from zero; Table 2, Fig. 3). There was considerable variability
in δ13C of cyanobacterial strains grown in DOC-free media,
both across taxa, within genera, and within strains (Table 3).
The δ13C value from cultures tended to be relatively heavier
(aka, less negative δ13C values) than that of samples observed
in the field ([24]; non-zero intercept in Fig. 3c), suggesting

Table 1 Results from general linear mixed effects models testing for
effects of distance from the target plant (0 cm = adjacent to plant base,
25 cm= interspace; categorical) and target plant species on observed δ13C

and post-hoc comparisons of each plant species separately including site
(JOR, SEV, COL) as a main effect. P values ≤ 0.10 are in italics or < 0.05
are shown in bold

All B. gracilis A. hymenoides G. sarothrae* P. jamesii B. eriopoda

X2 P X2 P X2 P X2 P X2 P X2 P

Species 36.60 <0.001 n.i. n.i. n.i. n.i. n.i.

Distance 22.68 <0.001 3.51 0.061 11.63 <0.001 8.66 <0.003 16.29 <0.001 0.00 0.976

Distance × Species 14.24 0.001 n.i. n.i. n.i. n.i. n.i.

Site 34.27 <0.001 18.31 <0.001 36.22 <0.001 18.81 <0.001 8.90 0.003

Site × Distance 1.87 0.171 1.66 0.198 0.16 0.923 0.02 0.964 0.55 0.456

*Site = JOR distance = 0 had only 1 replicate. “n.i.” means “not included”
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that cyanobacteria in culture may have been more strongly
CO2 limited. Values were lighter than those reported in [25]
with both DOC- and N-free media.

Chlorophyll a concentration (a proxy for photosynthetic
capacity) did not explain the δ13C signature of biocrusts be-
cause there was no relationship between chlorophyll a content
and δ13C value (Table 2, Fig. 3).

(Q3)Biocrust δ13C values near plants did not reflect plant δ13C
values or root density. For COL and SEV, there was no relation-
ship between leaf δ13C and cyanobacteria δ13C (LeafX2 = 0.25,P
= 0.613; Species X2 = 2.39, P = 0.664; Leaf × Species X2 = 1.95,
P = 0.744), but there was little variability within plant species
(range ~ 4‰ within a type of photosynthetic pathway) relative
to the variability among cyanobacteria (5–8‰). Root density did
not explain the differences we observed in the cyanobacterial
δ13C near G. sarothrae, A. hymenoides, or P. jamesii (Table 2,
Fig. 3) because although root density did differ by species and
distance (TableA4), therewas no significant relationship between
biocrust δ13C and root density for any species.

Discussion

We found continued support for the pattern that biocrust δ13C
is depleted near C3 plants compared to interspaces between

plants [27] across regional drylands of the southwestern US.
We additionally found a similar signal with the previously
unexamined C4 plant P. jamesii. We used observational evi-
dence to reject several possible mechanisms for these spatial
differences in biocrust δ13C relating to biocrust traits and plant
traits (Table 1, Fig. 3). Although biocrust cyanobacterial com-
munities and photosynthetic capacities differed among the
adjacent plant species (Table A2), there were not strong rela-
tionships between community-weighted mean or chlorophyll
a and biocrust δ13C, suggesting that the observed spatial var-
iation in biocrust δ13C was not caused by these characteristics
of the biocrusts. If biocrust cyanobacteria were using
mixotrophy, we would have seen systematic differences in
δ13C values with distances from plant species with different
types of photosynthetic pathway. The observed patterns in
biocrust δ13C near C3 plants vs. interspaces are consistent with
the hypothesis that there were differences in availability of
δ13C-depleted plant-derived C that was taken up by
cyanobacteria, either as organic C or respired C. However,
the C4 P. jamesii trend suggests that the differences in biocrust
δ13C are not solely due to plant litter/exudates/respiration be-
cause the biocrust δ13C near the P. jamesii should have been
heavier than the interspace values rather than lighter.
Although there were differences in rooting density by distance
from the plant base, and different plant species had different

Fig. 1 Mean ± 95% CI of cyanobacteria δ13C by distance from plant
(categorical: 0 cm = adjacent to plant base, 25 cm = interspace) for C4

target plants (a B. gracilis, b P. jamesii, c B. eriopoda) and C3 target
plants (d A. hymenoides, eG. sarothrae). Symbol color shows target plant

species, size shows distance from plant, and shape shows sites (triangle =
COL, circle = SEV, square = JOR). Solid lines show significant
interactions between species and distance while dashed lines show non-
significant relationships
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δ13C value, these traits were not strongly correlated with
biocrust δ13C, suggesting that the observe spatial variation in
δ13C was not caused by above or belowground litter and/or
exudates of the plants.

Biogeographic patterns in biocrust composition across our
regional survey were largely consistent with previous obser-
vations [13] but did not explain microsite differences in
biocrust δ13C. Specifically, we found M. vaginatus abundant
in most COL samples and the M. steenstrupii complex to be
dominant or abundant at SEV. The two aggregated JOR sam-
ples were dominated by M. vaginatus, an unexpected result

given Garcia-Pichel et al.’s (2013) results on the heat intoler-
ance ofM. vaginatus, but with only two samples, it is difficult
to draw strong conclusions. Biocrust composition did not ex-
plain the trends in cyanobacterial δ13C values by distance
from plant because there were not consistent differences in
composition by distance from plant. The predicted δ13C
values may have been overly simplistic calculations because
previous work has shown that higher microbial community
complexity is related to higher δ13C discrimination [41].
This is consistent with the more diverse samples associated
with B. gracilis and G. sarothrae (Table A4) having lower

Table 2 Results from general linear mixed effects models testing for
biocrust characteristics (cyanobacterial diversity, rarefied species
richness, predicted δ13C, and chlorophyll a μg g−1 soil) and plant

characteristics (leaf δ13C and root density g cm−3 soil) and plant species
on observed cyanobacteria δ13C. P values ≤ 0.05 are shown in bold

Cyanobacteria
Diversity

Cyanobacteria
species richness

Predicted cyanobacteria
community δ13C

Chlorophyll a Leaf δ13C Root density

F P F P X2 P F P X2 P X2 P

Predictor 0.60 0.458 6.50 0.029 1.30 0.253 3.21 0.073 0.04 0.847 0.06 0.805

Species 1.58 0.253 7.30 0.005 3.65 0.456 11.58 0.021 4.12* 0.390 6.10 0.192

Predictor × Species 1.46 0.284 8.88 0.002 3.70 0.448 3.70 0.448 4.71 0.319 5.25 0.263

*Excludes P. jamesii from SEV and B. eriopoda from JOR because leaf samples and biocrust samples were collected from different plants.

Fig. 2 Cyanobacterial abundance by taxa with target plant species
(label above facets: B. gracilis, P. jamesii, B. eriopoda, A. hymenoides,
andG. sarothrae) at three sites (COL, SEV, JOR) and distance from plant
(0 cm= adjacent to plant base, 25 cm= interspace) as determined by high-

throughput 16S rRNA gene analyses coupled to q-PCR. Phylogenetic
assignments for each OTU were based on blast to the Cydrasil database,
and carried to the genus or species level, as feasible
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δ13C values. These results still do not explain the patterns of
differences in cyanobacteria by distance from specific plant
taxa. Better estimates of mixed biocrust filament δ13C values

could be produced by creating model communities with vary-
ing richness and composition recording the δ13C values of
constructed communities, which could be beneficial to

Fig. 3 Mean (a, b, c, f), or raw values (d, e) of field-collected, cleaned
cyanobacteria filament δ13C by characteristics of biocrusts (a
cyanobacterial diversity and b rarefied species richness from 16S rRNA
gene analyses coupled to q-PCR; c predicted δ13C from the community
weighted mean from unialgal strains plus relative frequency from 16S
rRNA gene analyses; and d chlorophyll a content) and plants (e observed
leaf δ13C and f root density) by target plant species. Symbol and line color
show target plant species (blue = B. gracilis, grey = P. jamesii, black =

B. eriopoda, light green = A. hymenoides, and dark green =G. sarothrae);
solid lines show significant interactions between plant species and pre-
dictor on observed cyanobacteria filament δ13C and dashed lines show
non-significant relationships. Shape shows sites (triangle = COL, circle =
SEV, square = JOR) which was included as a random effect in the models
(Table 3). Although distance from plant was not included in models, size
shows distance from plant for consistency with Fig. 1 (small = 0 cm, large
= 25 cm)
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understand the mechanisms of community level carbon cy-
cling in biocrusts and therefore to build robust communities
for restoration activities.

We did not find evidence for mixotrophy based on plant-
derived C in the biocrust cyanobacterial community and thus
did not find support for resource exchange interactions be-
tween dryland primary producers. It is well-known that plant
and interspace microsites tend to differ in resource availability
and microbial abundance, with an elevated “fertile island”
effect in dryland systems [42, 43] (Appendix A5). We did
not find differences in biocrust cyanobacteria composition
by distance from any target plant species, but did find differ-
ences in C signature by distance from some plants, suggesting
that metabolic activities differ. The microbes found adjacent
to plants versus those in interspaces should have access to
different substrates, from labile recently-fixed C leaked or
exuded from plant roots to more recalcitrant soil organic ma-
terial or litter [44]. δ13C values in litter and decaying soil
organic material reflect the living plant community signatures
[45, 46] and thus can be used to identify C sources.
Microorganism communities have been shown to use consid-
erable plant-derived C (20–50% in agricultural fields) in ad-
dition to bulk soil organic material, and different groups
(Gram-positive vs. Gram-negative) use different C sources
[47]. Many cyanobacteria can be facultative heterotrophs
[48], incorporating sugars to support growth, but there has
been little evidence that they incorporate C from complex
plant litter under field conditions [49, 50]. Green et al. [18]
investigated 13C-glutamate transfer from plants to biocrusts
and found considerable transfer within 4 days. However, the
cyanobacteria were not separated from the bulk soil, and thus
it was not determined that this was evidence of mixotrophy in
the cyanobacteria or if the heterotrophic components in the
soil were retaining the glutamate. Although the proposed

transfer is possible, we did not find consistent trends in
cyanobacteria δ13C values by the widespread, dominant C4

plants, and thus the transfer is likely not biologically
important.

To understand the drivers of spatial variation in biocrust
δ13C, several hypotheses remain to be tested. First, there may
be differences in abiotic characteristics associated with differ-
ent target plant species that vary with distance from the plant.
Access to water is associated with C isotope discrimination in
plants [51] and thus plants from microsites that differ in water
availability show differences in C signature. We found this
pattern at the regional scale: B. gracilis and G. sarothrae at
SEV (drier) had higher leaf δ13C than those species at COL
(wetter). This pattern has also been observed in non-plant
autotrophs: in cyanobacteria and lichen communities in field
conditions in tropical dry and wet savannas, microsites with
higher soil moisture or water retention seemed to be more
important in determining δ13C than the dominant microbial
taxa [24]. In our study sites, we observed that G. sarothrae
produced denser shade and often accumulated litter under the
canopy that could affect surface light availability, temperature,
moisture, and soil chemistry more than the grasses.
A. hymenoides has longer leaves than the C4 grasses and
may have a stronger influence on air movement near the sur-
face which could lead to higher relative humidity during
windy conditions than plants with shorter leaves.
Preliminary data supports abiotic differences by plant taxa,
with cooler daily mean and maximum temperatures under
G. sarothrae than in the nearby interspaces compared or under
any grass species (Appendix A6). To determine if hypothe-
sized differences in temperature, moisture, soil chemistry, or
soil structure can account for the observed ~ 2‰ differences in
cyanobacterial filaments in different microsites, direct manip-
ulation of temperature, moisture (including wet-dry cycles),

Table 3 %C and δ13C of unialgal cultures of cyanobacteria taxa with strain origin, and NCBI accession number, Genbank submission number, and
which groups the δ13C value was used for in the community-weighted means (see Figs. 2 and 3).

Strain origin NCBI Genbank %C δ13C Groups that used the given δ13C value

Tolypothrix sp. sample JOR MK487660 SUB4485019 25.9 -13.1 Tolypothrix

Scytonema sp. sample JOR MK487672 SUB4485019 20.4 -14.5 Scytonema

Schizothrix sp. sample JOR MK487699 SUB4485019 19.4 -15.1 Not used

Nostoc sp. sample near JOR MK487651 SUB4485019 25.4 -16.0 Nostoc

Microcoleus steenstrupii JOR MK487677 SUB4485019 27.8 -17.3 Microcoleus_steenstrupii_complex,
Microcoleus_steenstrupii_Clade_I,
Microcoleus_steenstrupii_Clade_IV,
Microcoleus_steenstrupii_Clade_VII

Microcoleus vaginatus JOR MK487635 SUB4485019 25.6 -17.4 Microcoleus_vaginatus

Average -15.7 Calothrix, Cephalothrix, Chroococcidiopsis,
Crinalium, Fischerella, Leptolyngbya,
Lyngbya, Microcoleus_chthonoplastes,
Microcoleus_paludosus, Unassigned,
Vampirovibrio
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and other soil physical and chemical response curves (includ-
ing potentially non-linear relationships) would be needed,
which was outside the scope of this study.

Conclusions

Our study does not support the hypothesis that living plant C,
plant litter, or root-density correlated C is becoming integrated
into cyanobacterial tissue, and thus we did not find support for
the hypothesis that plants may exchange C for biocrust-
derived N via soil fungi [6]. Our study does not support the
hypothesis that living plant C, plant litter, or root-density cor-
related C is becoming integrated into cyanobacterial tissue.
Thus, plant-microbe interactions may be more driven by hab-
itat amelioration than by resource exchanges. Manipulative
experiments in controlled lab and field conditions are needed
to further disentangle the drivers in biocrust C characteristics.

Understanding whether carbon transfer could be a potential
resource-mediated interaction between plants and microbes
may enhance understanding of biogeochemical cycling in
these systems. However, plants and biocrusts occur across a
much wider range of conditions than we encompassed in this
study and so conclusions from our study do not rule out re-
source transfer in other systems. Relating biocrust C dynamics
to dryland community and ecosystem function across broader
scales is critical for predicting biogeochemical cycling at glob-
al scales.
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