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Highlights
Biocrust pigments were influenced by both increased N inputs and plant legacy.
The N-driven changes resulted in trade-offs in biocrust functioning.

Increased N inputs improved biocrust multifunctionality.



Abstract

Soil biocrusts (communities of cyanobacteria, algae, mosses, lichens, and heterotrophs
living at the soil surface) are fundamental components of dryland ecosystems worldwide.
There is increasing concern over the potential for increasing nitrogen (N) inputs to affect
biocrusts. This is of special concern in Mediterranean Basin drylands that face the threat
of increased N inputs however, the effect on biocrusts remain poorly studied. We
evaluated the potential effects of increased N inputs on biocrust structure and functioning
in surrounding Mediterranean shrublands in the seventh year of a N-manipulation field
experiment. We tracked the N-driven changes in biotope (changes in bare soil and in the
non-legume and the legume occupation areas, and the percentage of radiation intercepted
by plant canopies), evaluated biocrust functional traits (based on pigments) and measured
biocrust functioning in terms of C and N cycling, soil fertility (macro and micronutrients)
and biodiversity, and integrated these multiple soil functions simultaneously (i.e. soil
multifunctionality).

Biocrust pigment concentration was significantly influenced by both plant legacy and N
input. Biocrust pigments revealed a clear functional shift from: i) biocrusts dominated by
photosynthetically inactive cyanobacteria that fix N> and are mostly committed to
photoprotection at the expense of N-containing pigments under low N inputs; into ii)
biocrusts more evenly composed of prokaryotes and eukaryotes, which are more
photosynthetically active, but less committed to photoprotection and N> fixation under
exposure to increased N inputs. The N-driven functional and structural changes in
biocrusts resulted in trade-offs in biocrust functioning and processes (only N> fixation
was affected) and an overall improvement in biocrust multifunctionality. By itself,

biocrust pigment evenness accounted for ~50% of the observed variation in biocrust



multifunctionality. The biocrust pigment functional approach we adopted to study the
effects of increased N inputs from patchy developed anthropogenic landscapes provides
novel and critical knowledge of biocrusts community and functioning, which may be used
as a tool in biodiversity conservation strategies, ecosystem functions and ecological

modelling.
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1. Introduction

Drylands, which include dry sub-humid, semiarid, arid and hyper-arid areas, cover
roughly 41% of the Earth’s terrestrial surface (Maestre et al., 2012b). Besides hosting
38% of the global human population, drylands also host c.a. 20% of plant and 30% of
bird biodiversity hotspots, thus making these terrestrial biomes especially vulnerable to
global environmental changes (Maestre et al., 2012b). Indeed, faced with a global need
to sequester more carbon (C), drylands may store up to 25% of the world’s soil organic
C (Ferrenberg et al., 2015), further prioritising soil conservation in these areas.

Globally, drylands are also at risk of excessive nitrogen (N) inputs, and this is especially
true in N-limited drylands within the Mediterranean Basin (Galloway et al., 2004;
Phoenix et al., 2006). A major source of increased N inputs are anthropogenic demands
for food and energy. For example, global anthropogenic inputs were 16 Tg N yr'! in 1860
and reached 210 Tg N yr'! in 2005 (Galloway et al., 2008). Excessive N-inputs must
therefore be seen as one of the most important drivers of biodiversity loss and ecosystem
degradation (Bobbink et al., 2010; Sala et al., 2000; Steffen et al., 2015) affecting

ecosystem structure and functioning (Dias et al., 2017).



Current opinion is conclusive in that excessive N inputs impact a variety of organisms,
especially plants (Bobbink et al. 2010), and subsequently ecosystem functioning (Dias et
al., 2017). However, there remain large gaps regarding the effects of excessive N inputs
on other, lesser studied ecosystem components (Ochoa-Hueso et al., 2017). Biological
soil crusts (biocrusts), which are comprised of communities of cyanobacteria, algae,
lichens, mosses, and heterotrophic organisms, rank high among these understudied
ecosystem components.

Biocrusts can cover up to 70% of the soil surface in drylands (Ferrenberg et al., 2015).
They significantly influence ecosystem processes such as preventing soil erosion,
nurturing ecosystems by fixing C and N from the atmosphere, altering soil albedo,
regulating water relations, and supporting seed germination and optimum nutrient levels
in vascular plants (Concostrina-Zubiri et al., 2017; 2014). However, their extensive
coverage in the landscape, and the fact that they respond quite rapidly to changes in
resource pulses, make them potentially vulnerable to increasing N inputs. Given the
significant role biocrusts have in regulating ecosystem processes, an understanding of
how they might respond to increased N inputs is essential for predicting ecological
changes in drylands.

Increased N inputs have been shown to have significant effects on the structure and
functioning of biocrusts, including shifts in species composition (Ochoa-Hueso et al.,
2016; 2013), decrease of photosynthesis and N fixation rates (Ochoa-Hueso et al., 2016;
Sheridan, 1979), and reduction in concentrations of photosynthetic and photoprotective
pigments. However, the reported N loads triggering these responses differ greatly. For
example, Ochoa-Hueso et al. (2016) reported significant reductions in cyanobacterial
abundance within Mediterranean Basin drylands, where N inputs ranged from 4.3 to 7.3

kg N ha! yrl. In turn, Wang et al. (2015) reported increasing cyanobacteria abundance



in biocrusts in the Tengger desert (China), where the area was exposed to seven years of
30 and 70 kg N ha! yr'!. In fact, in the latter study, cyanobacteria only decreased upon
adding 140 kg N ha! yr'!. Disparities in the N load affecting biocrusts may have three
causes: 1) the most competitive biocrust groups are not adequately growing due to acute
ecosystem limitations in water and other nutrients; ii) the biocrusts are at different
successional stages (early, medium, and late successional) and/or have different
community compositions (Belnap et al., 2008); successional stage has important
consequences for determining the effects of increased N inputs (Liu et al., 2017); and iii)
a significant part of the N added is lost without locally affecting the biocrusts. Therefore,
more research is needed to understand the factors modulating biocrust responses to
increased N inputs.

Taking into consideration that N deposition in the Mediterranean Basin is expected to
increase to 15-20 kg N ha! yr'! by 2050 (Galloway et al., 2004) biocrusts structure and
functioning may be at risk. The increasing body of evidence involving biocrusts in
ecosystem functioning suggests that the mechanisms involved in their response to
increased N inputs should be considered for management and restoration of
Mediterranean Basin drylands. Using a functional traits approach to study the effects of
increased N inputs on biocrusts provides novel and critical knowledge of biocrusts
community, and a tool to be used in biodiversity conservation strategies, ecosystem
functioning or ecological modelling (Concostrina-Zubiri et al., 2014).

In the Mediterranean Basin, drylands of high conservation interest are typically patchily
distributed within commodity production landscapes (e.g. ~20% of the Portuguese
terrestrial area is conserved and patchily distributed — http://www.icnf.pt/portal/ap).
Being situated in the matrix of agricultural, industrial or urban activities often results in

heavy exposure to varying N forms. Previous studies have shown that because distinct



land uses emit different N forms (urban and industrial areas emit mostly NOx, while
agricultural areas emit mostly NHy), they pose different threats to surrounding
ecosystems: increased NHy inputs may increase the soil erosion and N leakage risks (Dias
et al., 2014; 2017), whereas increased NOx inputs may increase the fire risk (Dias et al.,
2014).

Our objective here was to assess the effects increasing N inputs from the surrounding
environment, on biocrust structure and functioning in extant patches of Mediterranean
shrubland. Whether plant legacy is an important factor determining biocrust formation is
important to know, since most studies only examine the effect of biocrusts on the different
life cycle stages of a plant, and thus not plant-specific life-history strategies (Deines et
al., 2007; Gao et al.,, 2014; Langhans et al., 2009; Pendleton et al., 2003). We
hypothesised that under Mediterranean climate conditions, where biological development
is co-limited by several factors such as water, N and phosphorus availabilities, biocrusts
developing under the influence of non-legume or legume plants could respond differently
to increased N inputs. We choose two abundant shrub species that have been shown to
respond similarly to increased N inputs (Dias et al., 2014): Genista triacanthos, a legume
plant, forming round and dense shrubs; and Cistus ladanifer, a non-legume, forming more
erect and less dense shrubs. We tracked the N-driven changes in biotope (changes in bare
soil and in the non-legume and the legume occupation areas, and the percentage of
radiation intercepted by plant canopies), evaluated biocrust functional traits (based on
pigments) and measured biocrust functioning in terms of C and N cycling (C storage and
N2 fixation, respectively), soil fertility (macro and micronutrients) and biodiversity
(pigment richness and evenness), and integrated these multiple soil functions
simultaneously (i.e. soil multifunctionality) (Delgado-Baquerizo et al., 2016; Maestre et

al., 2012a; 2012b).



2. MATERIALS AND METHODS

2.1. Study site

The study site (38°29°N - 9°1°’W) is located in a Natura 2000 site (PTCONO0010
Arrabida/Espichel) in Serra da Arrabida (Portugal), in the sub-humid
thermomediterranean bioclimatic domain (Rivas-Martinez et al., 2004). Mean annual
precipitation at the study site is 735 mm, mean maximum temperature is 30.1°C (August);
highest maximum temperature is 43.5°C (July); mean minimum temperature is 4.8°C
(January); and lowest minimum temperature is -4.8°C (January) (data recorded
between1981 and 2010; Instituto Portugués do Mar e da Atmosfera — Settbal
meteorological station), However, based on the aridity index, the climate changed from
sub-humid to semi-arid between 2000 and 2010 (Autoridade Nacional Florestal). The
skeletal soil (topsoil is c.a. 15 cm) is classified as calcic rhodo-chromic luvisols and
calcareous chromic cambisols (Specht et al., 1988), being mainly composed of silt (50%),
while sand and clay contents are 32% and 18%, respectively (silt-sand-loam texture). The
experiment is located on a southeast-facing slope (5%) at 130 m altitude, which is
protected from public access and has not been managed in recent decades. Mediterranean
magquis vegetation dominates the site, comprising dense vegetation: mainly shrubs with
some small trees, annuals and geophytes (Eunis class F5.2 — Mediterranean maquis). The
standing community developed after a fire event in the summer of 2003, four years before
the first N addition of this experiment. Cistus ladanifer L., a Cistaceae, is the dominant
plant species (Dias et al., 2014; 2011a). Other abundant plant species include Genista
triacanthos Brot. (Fabaceae), Ulex densus Welw. ex Webb (Fabaceae), Erica scoparia L.
(Ericaceae) and Calluna vulgaris (L.) Hull (Ericaceae). Herbaceous species comprise

approximately 10% of the total plant cover (Dias et al., 2011a).



2.2. Experimental design and N additions

Since the beginning of the experiment, the estimated background N deposition is
<4 kg N ha! yr!, and in 2013 it was 2.8 kg ha! yr! (1.6 kg NOyx + 1.2 kg NHy) according
to the model used by the European Monitoring and Evaluation Programme (grid location:

x = 53 and y = 4 - http://www.emep.int/mscw/index_mscw.html). The N doses were

designed to simulate ‘worst case’ scenarios of increased N inputs, but were lower than
the values reported for Mediterranean-type areas with excessive N inputs (Fenn et al.,
2003). The N forms applied mimicked the most likely scenarios of increased N inputs
from developed patchy anthropogenic landscapes within the Mediterranean Basin:
agricultural sources (NHy); or agricultural and urban/industrial sources (NHy and NOx).
Three N addition treatments were tested: 40 kg NH4*-N ha! yr'!, as NH4Cl and (NH4)2SO4
(1:1) (designated 40A); 20 kg NH4+-N and 20 kg NO3-N ha'! yr!, as NH4sNO3
(designated 40AN); and 40 kg NH4*-N and 40 kg NO3;-N ha! yr!, as NH4sNO3
(designated 80AN). 40A and 40AN therefore provided the same N dose, whereas 40A
and 80AN provided the same NH4;" dose. N was added as dry N salts sprinkled
homogenously over the soil surface, by hand. The total N was split into three equal
applications, performed in the spring, summer and mid-autumn/winter, beginning in
January 2007. Control plots received no added N, being subjected only to background N
deposition (low N input). Each treatment was replicated three times (3 plots of 400 m?
each). The experimental plots were randomly distributed in three rows across the slope.
The control plots were placed in the uppermost row to prevent N ‘contamination’ due to
runoff from the N-plots. All measurements, analyses and sample collection were
performed in the central 100 m? square, in order to limit boundary effects and dilution

processes (Fig. S1).



2.3. Assessing changes in biotope and biocrust sampling

The perennial shrubs Cistus ladanifer L. (non-legume) and Genista triacanthos Brot.
(legume) were selected for this study due to their abundance under low N inputs (25-45%
and 20-35% respectively), distinct traits (C. ladanifer is a summer semi-deciduous while
G. triacanthos is a legume), and similar responses to the applied N treatments (Dias et
al., 2014). The non-legume and the legume occupation area, and that of bare soil were
assessed within one 5x5 m square per experimental plot (within the internal 100 m?) in
June 2007 and 2013. The legume and the non-legume occupation areas (%) were
calculated from the recorded total projected crown areas.

Changes in bare soil and in the non-legume and the legume occupation areas between
2007 (the first spring of N additions) and 2013 (the seventh spring of N additions) were
calculated as positive (an increase) or negative (a decrease) as follows (Dias et al., 2014):

. . _ (area 2013 — area 2007)
Changes in bare soil or occupation area (%) = (area 2013 + area 2007),2 x 100

Solar radiation was measured in October 2012 (seventh autumn of N additions), on the
same day that the biocrusts were sampled. Radiation was measured between 10:00 and
11:00 using a radiometer (LICOR, Inc, model LI-185B). Ten paired radiation readings
were performed in each experimental plot: ambient radiation (above plant canopies)
followed by ground radiation (below plant canopies, at ground level). The radiation
intercepted by plant canopies is the percentage of total ambient radiation that reaches the

ground/biocrusts, and was calculated as follows:

(Ground radiation x 100)
(Ambient radiation)

Radiation intercepeted by plant canopies (%) = 100 —

Biocrust sampling consisted of collecting one soil sample (0-1 cm depth) underneath five

C. ladanifer plants and five G. triacanthos plants, at 20 cm from the main stem, in all



experimental plots (Fig. S1). Bulk samples (equal mixtures of the five soil samples
collected underneath each plant species per experimental plot) and stored at 4°C until
arrival at the laboratory. Upon arrival at the laboratory, each sample was subdivided into
3 sub-samples for determining: i) biocrust pigment composition and abundance, with the
sub-sample being frozen at -20°C until analyses; ii) biocrust N fixation, with the sub-
sample being kept at 4°C until analysis; and iii) biocrust C storage and fertility, with the

sub-sample being oven-dried at 60°C until constant weight.

2.4. Biocrust pigment composition and abundance

As richness and evenness are main components of biodiversity (Wilsey and Potvin, 2000),
we used the number of pigments as a proxy for biocrust richness, and the relative
abundance of pigments as a proxy for biocrust evenness. By focusing on biocrust
pigments, we adopted a functional approach (Concostrina-Zubiri et al., 2014).

Biocrust pigments were determined by HPLC, using acetone-extraction (Ochoa-Hueso
and Manrique, 2011). Chlorophylls (a and b), B-carotene, neoxanthin, lutein, and VAZ
cycle pigments (violaxathin, anteraxanthin, and zeaxanthin) were separated by HPLC
(Waters, U.S.A.), according to Martinez-Ferri et al. (2000): 1 g of soil was thawed, ground
with 0.5 mL of deionised water; then another 4 mL of HPLC-acetone was added and the
grinding was repeated. The samples were then transferred to test tubes and the final
volume was brought to 10 mL (final concentration of 95% acetone). The head-space of
each tube was filled with helium, sealed with Parafilm, and kept at 8°C overnight.
Following 24 h, samples were filtered through GF/F filter paper and condensed to a 3 mL
volume using helium. Soil pigments were separated by HPLC according to the method of
Val et al. (1994) with slight modifications (Martinez-Ferri et al., 2000). After passing

through a 0.45 pm nylon filter, 25 pL of the extract was injected into a C18 column (ACE

10



5 C18- AR, ACE, Scotland). The mobile phase rate was 1.2 mL min ' and the elution
time lasted 30 min. Solvents for HPLC analysis were degassed before use by bubbling
helium. The Waters HPLC system was equipped with a Waters 996 photodiode array
detector (Waters, USA). Peak identification and quantification were performed using pure
commercial standards (VKI, Hersholm, Denmark) of chlorophylls a and b, B-carotene,
echinenone, lutein, neoxanthin, violaxanthin and zeaxanthin and were used. Because
scytonemin was not commercially available, it was estimated from its peak area at 436
nm (Bowker et al., 2002). Pigment concentrations were expressed as pug C in the pigment
per g'! of dry soil.

Based on pigment abundance, we determined indicators based on: i) classes — total
chlorophylls (Chl a+b), xantophylls (VAZ), N-containing pigments (+N pig), pigments
without N (-N pig), photoprotective (pro), photosynthetic (syn), exclusive to prokaryotes
(prok), exclusive to eukaryotes (euk) and occurring in both superdomains (both); and ii)
on ratios — chlorophyll a to » (Chl a/Chl b), xantophylls to chlorophylls (VAZ/Chl a+b),
[-carotene to chlorophylls (Car/Chl a+b), lutein to chlorophylls (Lut/Chl a+b) and N-
containing to pigments without N (+N pig/-N pig), photoprotective to photosynthetic

(prot/syn), and prokaryotic exclusive to eukaryotic exclusive and both (prok/others).

2.5. Biocrust functioning

We used two different approaches to assess biocrust functioning: i) assessed separately
biocrust C storage and N fixation rates as proxies of C and N cycling; concentrations of
macro and micronutrients as proxies of fertility; and pigment richness and evenness as
proxies of biodiversity; and ii) multifunctionality based on the average approach (Maestre
etal., 2012a). Average multifunctionality, is being increasingly used (Delgado-Baquerizo

et al., 2016). It consists in calculating the average of the previously standardized multiple
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functions measured, thus providing a straightforward and easily interpretable measure of
multifunctionality (Byrnes et al., 2014). To obtain the average multifunctionality index
(from herein multifunctionality) for each biocrust (from underneath the non-legume and
the legume species and receiving the different N treatments), we first standardized each
of our six variables to a 0—1 scale by dividing each value by the maximum value for that
particular variable. The standardized variables were then averaged to obtain the
multifunctionality values.

Biocrusts were dried at 60°C until constant weight, and the following were determined:
1) C storage, by measuring C concentrations; and iii) macro- (N, potassium, calcium and
magnesium) and micro-nutrient (copper, iron, manganese and zinc) fertility. C and N
concentrations were determined using an elemental analyser (Carlo Erba model 1108EA,
Milan, IT), and the remaining nutrients were determined by Inductively Coupled Plasma
- Optical Emission Spectroscopy (ICP-OES — Spectro Ciros CCD, Spectro, Germany).
Biocrust N, fixation was estimated using the acetylene reduction assay, according to
Ochoa-Hueso and Manrique (2013). Pigment richness and evenness were calculated

based on the pigment composition and abundance, obtained by HPLC.

2.6. Statistics

We correlated the N input treatments with key environmental conditions per plot, these
being the percentage of radiation intercepted by plant canopies, and the changes in bare
soil and in the non-legume and the legume occupation areas (C. ladanifer and G.
triacanthos) over a 7-year period. This was done using a principle component analysis
(PCA), in CANOCO 5. Response data were centered and standardized.

To determine whether N input treatments and plant species legacy (non-legume or

legume) influence biocrust pigment composition and abundance, we performed a
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redundancy analysis (RDA) using CANOCO 5. The forward selection procedure in the
CANOCO software, using a permutation test with 9999 permutations, was used to
identify the strongest categories that could help explain soil-pigment variation. Variance
partitioning (testing conditional effects using 9999 permutations) was then performed to
determine the unique and combined contribution of each significant variable group in
explaining soil pigment variation: an abiotic, N input treatment group vs. a biotic, plant
species legacy (Borcard et al., 1992). Covariates that were linearly dependent were
ignored in these analyses (in this case the non-legume and low N input treatment —
Control), but included in the final ordination scheme (Leps et al., 2003). In all cases we
used the adjusted R? variation to account for sample size and the number of exploratory
variables included (Peres-Neto et al., 2006). Response data were centered.

The effect of the N input treatments on plant and biocrust parameters was tested
separately using a two-way ANOVA, with N input treatment and plant species as fixed
factors. Bonferroni post-hoc multiple comparisons tested for differences (P < 0.05) in
plant and biocrust parameters between N input treatments. In all cases, preliminary
analyses were performed to ensure that there was no violation of statistical assumptions
(including the Levene’s test of homogeneity of variances). SPSS (version 23.0, IBM, Inc.)
was used for these analyses.

We tested the association between N input treatments and functional indicators derived
from biocrust pigments, by performing another RDA (in CANOCO 5) followed by the
forward selection procedure. For this RDA, data were centred and standardized due to
differences in measuring units.

Finally, we tested if our biocrust data could support a correlation between biodiversity
and multifunctionality as shown by Maestre et al. (2012b) using dryland plant species.

For that, the relationship between biocrust pigment evenness and multifunctionality was
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modelled using a quadratic regression, using SPSS (version 23.0, IBM, Inc.). Because
pigment evenness was one of the components used to calculate multifunctionality, we

repeated the quadratic regression without pigment evenness.

3. RESULTS

3.1. Biotope changes after 7 years of increased N inputs

Although initially the occupation areas of the non-legume (C. ladanifer) and the legume
(G. triacanthos) plants differed within the experimental plots, after seven years of
increased N inputs the changes in their occupation areas followed the same pattern (Fig.
S2). Under low N inputs (control plots) and up to 40AN the occupation area of both plant
species expanded after the fire disturbance previous to the experiment set up. In turn,
exposure to 80AN markedly decreased the occupation area of both species. Exposure to
40A tended to decrease the two plant species’ occupation area, but not significantly.
Addition of 40 kg NH4* ha'! yr'!, alone or together with nitrate (40A and 80AN) increased
the area of bare soil (Dias et al., 2017), and decreased the percentage of radiation
intercepted by plant canopies by 15-30% (Fig. 1). Therefore, biocrusts exposed to 40A
and 80AN were less protected from ambient radiation (1372444 pE m s™') and wind and

rain erosion than those under low N inputs (control and 40AN).

3.2. Biocrust pigment composition and abundance

Nine pigments were detected and quantified in the biocrusts (Table 1). From these, only
three (chlorophylls a and b, and scytonemin) contained N. Except for the chlorophylls,
all the pigments were photoprotective, with scytonemin and echinenone being exclusively

produced by prokaryotes (cyanobacteria).
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Under low N inputs (control), composition and abundance of biocrust pigments were
similar under the legacy of both plant species (Table S1). However, increasing the N
inputs reduced the total abundance of biocrust pigments below those of the control
treatment, however the reduction of the biocrust pigments underneath the legume exposed
to 40AN was not significant (Table S1). No pigment disappeared and no pigment
appeared in the biocrusts in response to increased N inputs. Therefore, N input treatments
had no effect on pigment richness (Table S2).

In relation to low N inputs (control), most pigments showed no difference in their
abundance upon increased N inputs (e.g. echinenone), some increased (e.g. chlorophyll
a), while scytonemin decreased (Table S1). Scytonemin was the dominant biocrust
pigment under low N inputs (accounting for >80% of the pigments). However, with
increased N inputs scytonemin’s abundance dropped more than 8-fold and chlorophylls
become the most abundant pigments, except in biocrusts underneath the legume exposed
to 40AN, where scytonemin was only reduced by 30%. As a result of both scytonemin
decreasing and other pigments increasing, the relative proportion of the pigments within
the biocrusts became much more even following increased N inputs (Table S2).
Biocrust pigments were significantly influenced by both the plant legacy (non-legume or
legume) and N input treatment (Fig. 2). In total, these two groups of variables explained
83.7% of the observed variation in biocrust pigments. However, N input treatment, the
abiotic factor, had a much stronger influence on pigments’ abundance than the plant
species legacy, the biotic factor. Specifically, N input treatment explained 84.4% of the
variation (F = 39.0, P < 0.001), and plant species legacy 3.4% (F = 5.2, P = 0.026).
Nevertheless, both groups were important to determine pigments composition and
abundance in these Mediterranean shrublands biocrusts (tested fraction at+b+c: F = 30.6,

P <0.001). Furthermore, the negative value of the shared fraction confirms that both plant
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species legacy and N input treatment had marked yet opposite effects on biocrust pigment
abundance (Peres-Neto et al., 2006). This means, for example, that exposure to 40AN
underneath the legume had a smaller effect than underneath the non-legume.

Biocrust pigments were grouped into classes according to the following criteria: (i)
pigment contains N or not; ii) pigment is photosynthetic or photoprotective; and iii)
pigment can be found in prokaryotic or eukaryotic organisms or in both. Both N input
treatment and plant species legacy affected the abundance of each class of pigments in
the biocrusts (Fig. 3). Under low N inputs, ~90% of the pigments contained N, were
photoprotective and exclusively found in prokaryotic organisms. Following increased N
inputs, the proportion of: i) N-containing pigments dropped from >90% to 80% of the
pigments; ii) photoprotective pigments dropped from 90% to 30-50% of the pigments;
ii1) and of pigments exclusively found in prokaryotic organisms dropped from 85% to
20-30% of the pigments. Again, the legume legacy buffered the effects of exposure to
40AN, with pigment partitioning (and proportion) showing an intermediate response
between the low N input and 40A and 80AN treatments.

Several indicators based on biocrust pigments (Table S1) were significantly influenced
(at the 5% level) by N input treatments (Fig. 4). In the PCA Axis 1, which explained most
of the variance, was mostly associated with pigments evenness and ratios between
pigments with N and without N (+N/-N), photoprotective and photosynthetic (pro/syn),
and those exclusive to prokaryotes and the others (prok/others). Although there was a
strong positive association for most indicators with low N input, some pigments were
positively associated with increased N inputs, particularly total chlorophylls (Chl,+Chls)
and total xanthophylles (VAZ). Interestingly, biocrust diversity, as indicated by pigment

richness and evenness, increased with increased N inputs.
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3.3. Biocrust functioning

Despite seven years of increased N inputs, biocrust macronutrient concentration did not
change (Table S2 and Fig. 5). However, with increased N inputs we did observe changes
in biocrust C storage, N> fixation, micronutrients fertility and pigments evenness.
Biocrust C storage, micronutrients fertility and pigments evenness were promoted when
biocrusts were exposed to increased N inputs, while N, fixation was affected when
biocrusts were exposed to 40A and 80AN. Furthermore, the relative positive effect of
increased N inputs on biocrust pigments evenness and micronutrients fertility was greater
than the relative negative effect it had on N> fixation. Consequently, when the six proxies
for biocrust functioning were averaged, the N input treatments did not affect biocrust
multifunctionality (Fig. 6). Instead, increasing N inputs (irrespective of dose and form)
promoted multifunctionality in relation to low N inputs (control), with exposure to 40AN
promoting the highest multifunctionality. Biocrust multifunctionality was highly
dependent on pigments evenness as the best fitting model, quadratic regression including
biocrust pigment evenness as a predictor, accounted for ~50% of the variation in
multifunctionality. Even when we removed pigment evenness from multifunctionality
calculations, the quadratic regression was still highly significant (F = 5.572; P = 0.011)
and the coefficients were similar (Multifunctionality without pigments evenness = - 2.9
evenness” + 3.4 evenness — 0.2; R? = 0.333). Maximum values of multifunctionality were
therefore observed when biocrust pigment evenness was ~0.7, whereas decreased biocrust
multifunctionality was expected with lower and higher pigment evenness, as observed for

the low N input biocrusts.

4. DISCUSSION
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Our study shows that seven years of increased N inputs to a low N input shrubland
resulted in trade-offs in biocrust functioning; cyanobacteria lowered their N fixation rates
while biocrust communities improved other functions. As a result, our data suggest that
increased N inputs may promote biocrusts multifunctionality, which may help
counterbalance the negative effects of climate change and desertification in drylands
(Maestre et al., 2012b). Furthermore, biocrust pigment evenness, as sole predictor,
accounted for ~50% of the variation in biocrust multifunctionality. The use of the biocrust
pigment functional approach to study the effects of increased N inputs provides insights
into biocrust community and functioning, which may be used as a tool in biodiversity

conservation strategies, ecosystem functioning and ecological modelling.

4.1. Increased N inputs changed the biotope

Increasing N inputs can positively stimulate plant productivity, resulting in shading out
of certain species (Bobbink et al., 2010; Ceulemans et al., 2017; Hautier et al., 2009;
Vojtech et al., 2007), as observed for the 40AN treatment (Fig. 1). But depending on the
form and dose, N may also have negative effects on plant productivity (Dias et al., 2015).
For example, some Mediterranean maquis vegetation tend to be more sensitive to NH4"
than to NO3™ (Cruz et al., 2008; Dias et al., 2015; 2011b). NH4+" might have played an
important role in changing the plant-soil cover (Figs S2 and 1), biocrust pigments (Table
S1 and Figs 2 and 3) and functioning (Table S2 and Fig. 5). In fact, the higher NH4" inputs
(40A and 80AN) did not contribute to increase soil shading. Instead, it may have
contributed to enhance the risk of biocrust photodamage due to excessive radiation, and
of biocrust drought due to higher temperatures. These changes in the biotope appear to

have reduced biological activity and increased mortality (Housman et al., 2006) as shown
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by the reduction in N fixation (Table S2 and Fig. 5) and the decline in biocrust total

pigments (Table S1 and Fig. 3).

4.2. Increased N inputs changed biocrust pigments

The legume (G. triacanthos) ‘buffered’ more the effects of increased N inputs on biocrust
pigments (Table S1 and Figs 2 and 3) than the non-legume (C. ladanifer). This may be
related to the rounder shape and denser canopy of the legume, which may lead to higher
interception of N when compared to the non-legume canopy. The biocrusts underneath
the legume may also have been adapted to higher N inputs, and thus been less susceptible
to the increased N inputs. Despite being significant, the influence of the plant species
legacy on biocrust pigments was much weaker than that of the N input treatments.

The effects of the N input treatments explained most of the observed biocrust pigments
variability (Table S1 and Figs 2 and 3). Similarly to other studies (Belnap et al., 2008;
Ochoa-Hueso et al., 2016), the dominance of scytonemin (a small sunscreen molecule
synthesized by cyanobacteria in response to UV exposure — Balskus et al., 2011; Table
S1) points to its dominance in these early stage biocrusts under low N inputs (control).
The sharp decrease in scytomenin concentration in response to increased N inputs, in spite
of the higher UV exposure under higher NH4" input (40A and 80AN — Fig. 1), suggests a
drastic N-driven mortality of cyanobacteria, as reported for other studies of increased N
inputs (Ochoa-Hueso et al., 2016; Wang et al., 2015). However, because the biocrusts
exposed to the higher NH4" input (40A and 80AN) most likely dried faster, cyanobacteria
may have escaped the increased UV radiation by downward vertical migration in
microbial mats (Kruschel and Castenholz, 1998; Nadeau et al., 1999). Not exclusively,
since cyanobacteria synthesize scytonemin mainly or solely when metabolically inactive

(Fleming and Castenholz, 2008), they would still have been abundant in our biocrusts
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under increased N inputs, but were still metabolically active and using the applied
inorganic N instead of fixing N> (Table S2 and Fig. 5). Indeed, Fleming and Castenholz
(2008) showed that the cyanobacteria Nostoc synthesized 3-7 times more scytonemin
when fixing N> than when using NO3™ or NH4", and vice versa when inorganic N became
depleted and Nostoc switched to diazotrophic metabolism. Although the mechanism is
unclear, it seems that the greater the N limitation, the more scytonemin is synthesized.
Further, the fact that echinenone (another photoprotective pigment synthetized
exclusively by cyanobacteria — Table 1) did not disappear from the biocrusts exposed to
increased N inputs (Table S1), and the relatively constant abundance of cyanobacterial
OTU’s (pyrosequencing — unpublished) further indicate that cyanobacteria did not suffer
such a drastic mortality as suggested by the decrease in scytonemin.

The N-driven increase in the concentration of pigments occurring in both superdomains,
and especially those exclusive to eukaryotes (Tables 1 and S1 and Fig. 3-e, f), suggests
that increased N inputs favoured green microalgae. This potential promotion of green
microalgae by increased N inputs is in line with previous reports (Ochoa-Hueso et al.,
2016; Poikolainen et al., 1998) and further supports green algae as indicators of

ecosystems being exposed to increased N inputs.

4.3. Pigment functional traits as ecological indicators of increased N inputs

All tested biocrust indicators (Table S1) were significantly influenced by long-term
increased N inputs (Fig. 4). However, the biocrust pigments studied here revealed a clear
functional community shift from: i) biocrusts dominated by inactive cyanobacteria that
fix N2 and are mostly committed to photoprotection at the expense of N-containing
molecules; into ii) biocrusts more evenly composed of prokaryotes and eukaryotes, which

are more actively photosynthesising, but less committed to photoprotection and fix less
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N> (Figs 3 and 5). As a result, the indicators we propose based on functional traits
(pigments evenness and the ratios between pigments with N and without, between
photoprotective and photosynthetic and those exclusively found in prokaryotes and the
others), displayed higher resolution and sensitivity to increased N inputs (Fig. 4),
reinforcing the use of functional traits as accurate and robust indicators of the effects of

increased N inputs.

4.4. Implications of increased N inputs on biocrust functioning

Unlike most published studies, we saw little negative effect of increased N inputs on
nitrogenase activity (i.e. N> fixation rates — Table S3 and Fig. 5), despite the long-term
exposure of the biocrusts to relatively high N levels. Two factors may contribute to
explain the persistence of N fixation in our biocrusts: 1) larger fractions of phosphorus
are being turned into bio-available phosphate (Ulm et al., 2017), which may stimulate N>
fixation inputs (Reed et al., 2011) and counter-balance the negative effects of increased
N inputs; and ii) the population of N fixing bacteria (including cyanobacteria) may still
be present in the plots exposed to increased N inputs (Dias et al., 2017). Further, increased
N inputs mimicking combined inputs from agricultural and urban/industrial areas (40AN
and 80AN) improved biocrust C storage (Table S2 and Fig. 5) as shown in previous
studies (Maestre et al., 2016). In the same N-manipulation experiment, it was also shown
that exposure to the high N input (§0AN) increased soil organic matter (Dias et al., 2014),
most likely reflecting a decrease in decomposition (Dias et al., 2013). This is of particular
importance for Mediterranean Basin soils due to their naturally low organic matter
concentrations and hence higher risk of soil erosion and desertification (Jones et al.,
2012). Unlike previous studies (Ochoa-Hueso et al. 2013a), our data suggest that low-

productivity Mediterranean systems might be able to store extra C in soil as part of
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organic matter (living and/or dead) under increased N inputs, as soil C storage and
productivity are N-limited in these ecosystems.

Contrary to our expectations, macronutrients availability did not increase despite adding
N along seven years. Instead, increased N inputs enhanced micronutrients fertility 1-4-
fold (Table S2 and Fig. 5), which was mainly driven by a >10-fold increase in manganese
(Mn) concentration (data not shown). Even though the mechanism is unknown, high Mn
concentrations have been shown to decrease scytonemin’s synthesis in Collema (Bowker
et al., 2008), which further supports that the observed decrease in scytonemin (Table S1)
was not attributable to cyanobacteria’s mortality. Because carotene synthesis is Mn
dependent (Blaya and Garcia, 2003), the enhanced Mn concentration may reflect
accumulation mechanisms by both photosynthetic microorganisms, which, particularly
cyanobacteria, which depend on Mn for their photosynthetic activity (Salomon and
Keren, 2011). Indeed, as positively charged nutrients bind to negatively charged clay
particles and the cyanobacterial sheath materials, cyanobacteria may accumulate nutrients
by forming connections with soil particles (Belnap and Gardner, 1993).

Nine pigments characteristic of photosynthetic microorganisms were detected in the
biocrusts, highlighting the biocrust role as a highly valuable and often neglected natural
capital reservoir (Dominati et al., 2010). High biodiversity can stabilize ecosystems
through functional complementarities, and thus buffer environmental change impacts
(Hooper et al., 2012; MacDougall et al., 2013). In our study, biocrust pigment richness
was not affected by increased N inputs, whereas evenness increased (Table S2 and Fig.
5), highlighting that different and independent ecological processes determine the
response of richness and evenness to edaphic drivers (Dias et al., 2011a; Ma, 2005). The
N limitation under low N inputs constitutes a disturbance factor that naturally drives

communities into becoming uneven (Naeem, 2009; Wilsey and Potvin, 2000) as
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previously shown for the plant community (Dias et al., 2014; 2011a). According to the
revised Grime’s humped-back model (Grime, 1973; Michalet et al., 2006), alleviating the
N limitation by adding readily available N forms (NH4" and/or NOs") enabled the co-
existence of diazotrophic, NOs-preferring and NHs"-tolerant species as previously
observed in plant communities (Dias et al., 2014; 2011a). Although anthropogenic
environmental changes are predicted to reduce regional coexistence (regional dominance
and low beta diversity) (Hillebrand et al., 2008), our data suggest that increased N inputs
may actually promote coexistence and make these more even biocrust communities more
resistant to environmental changes (Wittebolle et al., 2009).

Collectively, the N-driven trade-offs in biocrust functioning (Fig. 5) resulted in improved
biocrust multifunctionality (Fig. 6-a). Although 40AN was the treatment that promoted
biocrusts multifunctionality the most, N-driven increases in biocrust multifunctionality in
response to 40A and 80AN are especially important in biotopes exposed to high NH4"
inputs (40A and 80AN) due to the smaller vascular plant cover (Fig. 1). Our results
therefore suggest that increased N inputs may promote biocrusts multifunctionality,
which may help counterbalance the negative effects of climate change and desertification
in drylands (Maestre et al., 2012b).

The fact that biocrust pigment evenness accounted for ~50% of the observed variation in
biocrust multifunctionality (Fig. 6-b), suports the hypothesis that the correlation shown
by Maestre et al. (2012b), between biodiversity and multifunctionality in drylands may
be a general pattern in nature, reflecting a cause-and-effect link. The biocrust pigment
functional approach we adopted to study the effects of increased N inputs from patchy
developed anthropogenic landscapes provided novel and critical knowledge regarding
biocrust community and functioning, which may be used as a tool in biodiversity

conservation strategies, ecosystem functioning and ecological modelling.
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Tables

Table 1 — Main characteristics of the detected biocrust pigments.

Pigment Molecular N containing Function Superdomain®
composition pigment

Echinenone CaoHs40 No Photoprotective Prokaryotes
Scytonemin Ca6H20N204 Yes Photoprotective Prokaryotes
Chla Cs5H7205NsMg Yes Photosynthetic Both
Chl b Cs5H7008NsMg Yes Photosynthetic Both
B-carotene CaoHss No Photoprotective Both
Zeaxanthin Ca0Hs602 No Photoprotective Both
Lutein Ca0Hs602 No Photoprotective Eukaryotes
Neoxanthin Ca0Hs604 No Photoprotective Eukaryotes
Violaxanthin Ca0Hs604 No Photoprotective Eukaryotes

*Pigments’ occurrence across superdomains was done according to Takaichi (2011;

2013).
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Figure 1 — Principal component analysis (PCA) depicting changes in biotope associated
with each N input treatment in 12 Mediterranean shrubland plots. Response variables per
plot were the percentage of radiation intercepted by plant canopies and the changes in the
non-legume and legume (shrub) occupation areas and in bare soil. Symbols represent the
explanatory variables (i.e. the N input treatments). Total variation is 36, and N input

treatments explain 48.4% of the variation (adjusted).
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Figure 2 — Redundancy analysis (RDA) with variance partitioning, showing that both the

N input treatments over 7 years and sampling underneath the non-legume (C. ladanifer)

or the legume (G. triacanthos) plants significantly changed biocrust pigment composition

and abundance (Chl a — chlorophyll a; Chl b — chlorophyll b; B-car — -carotene; Ech —

echinenone; Lut — lutein; Neo — neoxanthin; Scy — scytonemin; Vio — violaxanthin; and

Zea — zeaxanthin) in 12 Mediterranean shrubland plots. Total adjusted variation was

83.7%. Tested fraction a+b+c: F=30.6, P <0.001; Tested fraction a: F=39.0, P <0.001;

Tested fraction b: F = 5.2, P = 0.026. Note the negative value of shared fraction c,

confirming the opposite effect that groups a and b had on soil pigment abundance and

distribution (Peres-Neto et al. 2006). Response data were centered.
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Figure 3 — Effects of both the N input treatments and plant species legacy (the non-
legume C. ladanifer or the legume G. triacanthos) on pigments functional partitioning
according to: a and b) pigments with or without N; ¢ and d) photosynthetic or
photoprotective pigments; and e and f) pigments can be found in prokaryotic or eukaryotic

organisms or in both. Different letters show significant effects at the 5% level. Bars are

the mean + 1SE (n = 3).
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Figure 4 — Redundancy analysis (RDA) showing how the N input treatments significantly

influenced biocrust ecological indicators (Table S1) in 12 Mediterranean shrubland plots.

Total variation was 264, and explanatory variables accounted for 61.7% of the variation

(adjusted variation). Forward-selection of variables rendered Control: pseudo-F =22.0, P

< 0.001; 40A: pseudo-F = 4.3, P = 0.003; 80AN: pseudo-F = 4.9, P < 0.001; and 40AN:

unnecessary to calculate due to linear combinations (Leps and Smilauer 2003).
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Figure 5 — Effects of both the level of the N input treatments and plant species legacy
(the non-legume C. ladanifer or the legume G. triacanthos) on biocrust functioning
relative to the treatment with low N input (control). Biocrust functioning included C and
N cycling (C storage and N> fixation), fertility (concentration of macro and
micronutrients) and biodiversity (pigment richness and evenness). Biocrust functioning
were first normalized to its value under low N input (control). ‘-, ‘+’ and ‘++’ show
significant negative and positive effects in relation to low N at the 5% level. Bars are the

mean £ 1SE (n = 3).
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Figure 6 — Effects of both the level of the N input treatments and plant species legacy
(the non-legume C. ladanifer or the legume G. triacanthos) on biocrust multifunctionality
(a). Different letters show significant effects at the 5% level. Bars are the mean + 1SE (n
= 3). Quadratic regression analysis showing how biocrust multifunctionality is related

with pigments evenness in 12 Mediterranean shrubland plots (pigments evenness explains

Pigments evenness (unitiess)

48.4% of the adjusted variation — b).
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