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Abstract: In dryland regions, biological soil crusts (BSCs) have numerous important ecosystem functions.

Crust species and functions are, however, highly spatially heterogeneous and remain poorly understood at a

range of scales. In this study, chlorophyll fluorescence imaging was used to quantify millimeter-scale

patterns in the distribution and activity of photosynthetic organisms in BSCs of different successional

stages(cyanobacterial, lichen, moss three main successional stages and three intermix transitional stages)

from the Tengger Desert, China. Chlorophyll fluorescence images derived from the Imaging PAM (Pulse

Amplitude Modulation) showed that photosynthetic efficiency (including the maximum and effective

photosynthetic efficiency, respectively) and fluorescence coverage is significantly different (P<0.05)

between cyanobacterial, lichen and moss crusts, and that increasing photosynthetically active radiation (PAR)

reduced the effective photosynthetic efficiency (Yield). The distribution of photosynthetic organisms in

crusts determined Fv/Fm (ratio of variable fluorescence to maximum fluorescence) frequency pattern,

although the photosynthetic heterogeneity (SHI index) was not significantly different (P>0.05) between

cyanobacterial and moss crusts, and showed a unimodal pattern of Fv/Fm values. In contrast, photosynthetic

heterogeneity was significantly higher (P<0.05) in lichen, cyanobacteria-moss and lichen-moss crusts, with

a bimodal pattern of Fv/Fm values. Point pattern analysis showed that the distribution pattern of chlorophyll

fluorescence varied at different spatial scales and also among the different crust types. These new results

provide a detailed (millimeter-scale) insight into crust photosynthetic mechanisms and spatial distribution

patterns in different crust types. Collectively, this information provides an improved theoretical basis for

crust maintenance and management in dryland regions.

Keywords: Drylands; biological soil crusts; chlorophyll fluorescence; photosynthesis; heterogeneity;

Succession
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Introduction

Biological soil crusts (BSCs) are widely distributed in dryland regions, and can comprise more than 70% of

the living cover in some areas [1, 2]. Within the uppermost millimeters of the soil surface, cyanobacteria,

algae, heterotrophic bacteria and micro-fungi cement and bind soil particles to form a complex mosaic BSC

layer which exists at the interface of the soil and atmosphere, and thus regulates surface boundary conditions

in dryland regions. [3-6]. BSCs play several important roles, which include: i) facilitating soil surface

stabilization, fertility and microbial diversity [6-8]; ii) influencing porosity, infiltration and the distribution

of water in the soil profile [4, 9, 10]; iii) affecting the process of germination and growth of vascular plants

[11]; and iv) providing food and habitat for a variety of soil fauna [12].

Heterogeneity is the degree of variation and complexity of processes and patterns in time and space,

and is one of the inherent properties of many ecological phenomena [13-15]. It is, however, scale

dependent, and the same phenomenon and process when viewed at different scales, may differ significantly

[13, 16, 17]. Temporally, different dominant species of photosynthetic organisms appear at different times

in the process of BSC succession. Based on the dominant coverage of photosynthetic organisms, BSCs are

usually categorized into cyanobacterial crusts (or microalgal or algal crusts), lichen crusts and moss crusts,

representing the three main successional stages [2, 4]. Generally, cyanobacterial crusts are the first to form

due to the ability of the filamentous cyanobacteria to colonize soil, and so normally represent the early

stage of BSCs [3, 18]. Given the right conditions, these crusts can gradually develop and succeed to lichen-

and moss-dominated crusts [2, 6, 19-21]. However, in addition to the three main successional stages, there

are transitional BSC types and many alternative development scenarios such as cyanobacteria-lichen

crusts, cyanobacteria-moss crusts, and lichen-moss crusts [4].

At the largest scale, the heterogeneity of BSCs is predominantly controlled by climatic variables, such
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as temperature and precipitation [22]. At a landscape scale, for instance, climate, geomorphology and biota

interact to determine soil physiochemical characteristics, such as soil pH, trace elements and water content,

which affect the distribution and succession of BSCs [2, 23, 24]. At the finer patch scale, the characteristics

and controls of crust heterogeneity remain poorly understood, although it has been reported that there is a

small-scale vertical heterogeneity in BSCs. This vertical heterogeneity may include stratification and

physiochemical gradients through the vertical profile of BSCs, with rapid changes in light intensity, pH

and oxygen concentration occurring over the millimeter range [4, 5, 23, 25].

In dryland regions, BSCs are dry most of the time and therefore they are not metabolically active [21,

26]. For instance, in the Tengger desert, it has been found the dominant photosynthetic species

(cyanobacteria) are mainly distributed inside the early successional cyanobacterial crust substrate, while in

later successional BSCs, the dominant lichens and mosses are directly distributed on the soil surface [26].

Consequently, the later successional BSCs are more readily able to use water, even during very small

precipitation events [27, 28]. In addition, it has been found that later successional crusts have higher

carbon fixation efficiency than early successional ones [26]. In drylands research more generally, there

has been increasing interest in photosynthesis and the relative ecological functions of BSCs, but so far

most crust samples have been studied in bulk at a relatively coarse (centimeter and upwards) scale.

Research is needed at a finer (mm) scale to evaluate the photosynthetic heterogeneity in BSCs and to

investigate variations in photosynthetic mechanisms and responses associated with BSC succession.

In short, while there has been considerable work in drylands to investigat the influence of

heterogeneity and associated resource gradients at large spatial scales (e.g. [29]) and at plant-patch scales

(e.g. [30]), there has been limited investigation into variations within small BSC patches. Studying

heterogeneity at this spatial scale is important because the distribution pattern of photosynthetic organisms



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

in BSCs provides greater insight into crust photosynthetic mechanisms, improves the accuracy of

discriminating crust successional stages, and provides an opportunity to establish links between spatial

heterogeneity and ecological relevance at a fine scale. Against this backdrop, the overall aim of this study

was to use chlorophyll (Chl) fluorescence imaging to visually quantify differences in a range of

photosynthetic parameters in BSCs from the Shapotou region of the Tengger Desert, China. The objectives

were to: i) investigate how photosynthetic efficiency, coverage and frequency varies with light and crust

types; ii) characterise the relationship between photosynthetic spatial heterogeneity and distribution

patterns of crust photosynthetic organisms at fine spatial scales; and iii) evaluate the links between

photosynthetic heterogeneity and BSC succession.

Materials and methods

Study region and sampling

In this study, BSCs were collected from the Shapotou region of Ningxia Hui Autonomous Region, located

on the southeastern edge of the Tengger Desert (37°32'N and 105°02'E; Fig. 1). The study region has a

typical continental monsoon climate, and an average elevation of 1339 m. The annual average air

temperature is 10.0 °C and the annual average rainfall is approximately 180 mm, falling mainly from June

to September, while the annual potential evapotranspiration is more than 2000 mm. The region has large

and dense barchan dune chains and reticulate sand dunes. The soil is mainly unconsolidated and nutrient-

poor sand that supports a sparse, patchy cover of vascular plants (eg. Artemisia ordosica and Caragana

korshinskii) and with BSCs covering more than 80% of soil surface (Fig. 1) [2, 10, 11].

Samples were collected from shrub interspaces (at least 0.2 m away from the shrub canopies) with a

trowel, and each type of BSCs (including the main successional stages and transitional types; Table 1) was
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collected from three randomly selected sites. The minimum distance between these sites was over 50 m. At
each site, all six types of BSCs were collected at least 5 m apart from each other. Care was taken to ensure
the entire thickness of crusts (typically <15 mm) was sampled. All the BSCs were placed into sterilized
Petri dishes, and the subsequent analysis was conducted within one month. The main dominant species in
BSCs were identified under a microscope according to reference guides [31, 32], and all the analyses were

repeated three times.

Chlorophyll (Chl) fluorescence imaging

To initiate photosynthetic activity all crust samples (4-5 cm?) were rehydrated with distilled water to
saturation, and then placed into a greenhouse (25 + 2 °C) with light intensity set at 40 uE m2 s [33].
After 24 hours of photosynthetic recovery, Chl fluorescence parameters of the BSCs were imaged using an
Imaging PAM (Pulse Amplitude Modulation; Mini version, Walz, Germany). Before the measurements, all
BSCs were dark adapted for at least 10 minutes, then a saturating pulse (approximately 3000 uE m2s1)
was supplied by the Imaging PAM to excite the crust samples. Fluorescence parameters Fo (original
fluorescence) and Fm (maximal fluorescence) were automatically recorded, and Fv/Fm (the ratio of
variable fluorescence to maximal fluorescence) was also calculated by the Imaging PAM. After
measurement of Fv/Fm, the BSCs were illuminated with actinic light at 41, 103 and 249 uE m2 s™%. Under
each light condition, BSCs were illuminated for at least 3 minutes, and then the saturating pulse was
supplied again. During this procedure, fluorescence parameters including Yield (effective quantum yield),
gP (photochemical quenching) and gN (non-photochemical quenching) were automatically recorded by the
Imaging PAM. Finally, all fluorescence parameters of the different micro-regions of each BSCs were

imaged and assigned different colors based on their values to facilitate effective visualization [34].
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Photosynthetic coverage and frequency analysis
As an indicator of the photosynthetic activity of photosystem 11 (PS I1), Fv/Fm represents the maximum
quantum yield at which light absorbed by PS |1 is used for reduction of QA (primary quinone acceptor)
[34-36]. In this study, crust Fv/Fm was chosen for photosynthetic coverage and frequency analysis, and
was also used for the later photosynthetic spatial heterogeneity and point pattern analysis.

For photosynthetic coverage and frequency analysis, ten horizontal, equidistant parallel lines were
selected from each Fv/Fm image. The coverage of excited Chl fluorescence (Fv/Fm >0.2) [28, 37] and a
frequency histogram of the Fv/Fm values were calculated for each selected line. Crust photosynthetic

coverage and frequency were then calculated using the selected 10 lines in the Fv/Fm image.

Photosynthetic spatial heterogeneity analysis
On each selected line on the Fv/Fm image, the photosynthetic heterogeneity index (PHI) was calculated
using the following formula, modified according to the description in Hu and Wang [38]:
BolZiolf2L)) = MI/(n+1)] /(m + 1) j+2'<N

where f(2!, j) is the mean of 2! Fv/Fm values after the ji Fv/Fm value, M is the mean of all the Fv/Fm
values on the selected line, N is the number of Fv/Fm values on the line, and m and n are the maximum
values of i and j.

For the whole crust spatial heterogeneity analysis, ten equidistant parallel lines were selected from the
Fv/Fm image in the horizontal and vertical directions, respectively. Then the whole crust PHI index was
calculated according to the PHI indices from each of the selected twenty lines in the Fv/Fm image. The

larger the PHI index, the greater the photosynthetic heterogeneity of the BSCs.
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Point pattern analysis
In each crust Fv/Fm image, a 10x10 mm area of Fv/Fm values was selected to carry out the point pattern
analysis. All the Fv/Fm values in the two-dimensional crust image constitute a series of point events, and
Ripley's K(r) function was used to reflect the dependency of the point events in spatial pattern [39, 40]:
K(r) = A1 E[#(ri<r)]
where 4 is the density of the point events in the research area, E is the expectation of the point events
under a certain spatial scale, # is the number of point events, i and j are the two point events with the same
characteristics in the research area, rj; represents the distance from a point to another, and r is the spatial
scale.
In this study, the function L(r) was used to estimate the distribution pattern of the point events under a
certain spatial scale, and was defined as follows [14, 41]:
L) =K@m/m —r
At the given spatial scale r, if L(r) > 0, the distribution of the point events represents an aggregation
pattern; the greater the deviation value, the higher the aggregation intensity. If L(r) = 0, the pattern of the
point events represents a random distribution, but if L(r) is <0, a uniform distribution would be expected

[14, 42].

Statistical Analysis and Software
In this study, all the Fv/Fm values in a selected line from the crust Fv/Fm images were acquired using
Imaging Win software (Walz, Germany). Among the different developmental and successional BSCs, the

variations of each fluorescence parameter, coverage of the excited Chl fluorescence, and PHI index were
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analyzed by One-Way ANOVA using SPSS 13.0 software (SPSS Inc., USA). In each crust type, the upper
and lower envelopes in a random distribution pattern of the function L(r) were calculated by the Monte
Carlo simulations of the null model at 99% confidence level using Programita software [14, 41]. The
Monte Carlo simulation was conducted 100 times, and if the actual observed point events were higher than
the upper envelope, the distribution of the point events was regarded as an aggregation pattern; on the
contrary, if the actual observed point events were lower than the lower envelope, the pattern was

considered to be a uniform distribution.

Results
Photosynthetic efficiency in BSCs

In this study, three main successional stages of BSCs were sampled, including cyanobacterial crusts,
lichen crusts and moss crusts (Table 1). The dominant species in cyanobacterial crusts were Microcoleus
vaginatus, while Collema sp. and Bryum sp. dominated in lichen and moss crusts, respectively (Table 1).
Microcoleus vaginatus was found in substrate soils, and few other photosynthetic organisms were found on
the surface of cyanobacterial crusts (Fig. 2A). The coverage of Collema sp. occupied more than 70% of the
surface area of lichen crusts during dry periods, increasing up to 100% when the crust surface was
moistened (Fig. 2B). Bryum sp. almost completely covered the surface area of moss crusts even during dry
periods (Fig. 2C). Consequently, there was clear photosynthetic variation between the different
successional stages of BSCs. Although the Fv/Fm values appear as blue fluorescence images in all three
main successional stages (Fig. 2D, E, F), Fv/Fm increased significantly from cyanobacterial crusts to
lichen crusts and to moss crusts (P<0.05).

Under different PAR conditions (41, 103 and 249 pE m2 s™%), fluorescence parameters including
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Yield, gP and gN were displayed in the form of false color images (Fig. 3). With the increase in PAR, both
crust Yield and gP decreased, indicated by the color changing from blue to green and purple to blue-purple,
respectively. By contrast, with the increase in PAR, the color of gN changed from orange to yellow-green
or yellow-green to blue-violet, although there was no statistically significant increase in the parameter
value (P>0.05; Fig. S1). In addition, fluorescence parameters Yield and gP were significantly different on
the different successional BSCs (P<0.05), but no significant difference was found in the fluorescence
parameter gN (P>0.05; Fig. 3).

In addition to the main successional stages of BSCs, three transitional crust types were also sampled,
including cyanobacteria-lichen crusts, cyanobacteria-moss crusts, and lichen-moss crusts (Fig. 4; Table 1).
In cyanobacteria-lichen and cyanobacteria-moss crusts, the coverage of lichens and mosses were all <30%,
while in lichen-moss crusts, the coverage of lichens and mosses was >40%, respectively (Table 1). All the
transitional stage BSC Fv/Fm values were not significantly different (between 0.68 and 0.71; P>0.05; Fig.
S2), and presented blue false color fluorescence images (Fig. 4), . False color images of Yield, gP and gN
of the three transitional BSCs under PAR conditions of 41uE m2 s~ were also produced (Fig. 4). The
color of Yield was blue (although numerically less than Fv/Fm), gP was purple, and gN was yellow-green
(Fig. 4). There were no significant differences among the different transitional stages of BSCs (P>0.05);

values were 0.63-0.66 for Yield, 0.77-0.81 for gP, and 0.19-0.36 for gN (Fig. S2).

Photosynthetic coverage and frequency in BSCs

Although all BSCs were rich in photosynthetic organisms, there were significant differences in
fluorescence within the crusts (Figs. 2 and 3). The Chl fluorescence coverage was low in cyanobacterial
crusts and lichen crusts, but covered almost the entire moss crusts (Figs. 3F and 5A). With the succession
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of BSCs, the proportion of lichens and mosses increased gradually, and Chl fluorescence responses

increased correspondingly (P<0.05; Fig. 5A). In cyanobacterial crusts, the frequency of Fv/Fm showed a

unimodal pattern, and could be roughly divided into three groups: i) a no fluorescence signal group where

Fv/Fm = 0 over much of the crusts; ii) a Fv/Fm value greater than 0.7 group over only a small part of the

crusts; and iii) a group where the frequency of Fv/Fm values over the crust fluctuated within a small range

(Fig. 6A). In lichen crusts, the frequency of Fv/Fm values showed a bimodal pattern, with peaks at Fv/Fm

=0and 0.6-0.7 (Fig. 6B). In moss crusts, the frequency of Fv/Fm values showed a unimodal pattern with a

peak of Fv/Fm greater than 0.7 (Fig. 6C). In the three transitional BSCs, the frequency of Fv/Fm values

showed a similar bimodal pattern to that in lichen crusts (Fig. 6D, E, F).

Photosynthetic spatial heterogeneity and distribution pattern in BSCs

The heterogeneity of Chl fluorescence (SHI index) was not significantly different (P>0.05) between

cyanobacterial crusts and moss crusts, but it was significantly lower in cyanobacterial and moss crusts

compared to lichen crusts (P<0.05; Fig. 5B). Among the three transitional stages of BSCs, the SHI index of

Chl fluorescence was the lowest in the cyanobacteria-lichen crusts, and similar to the indices in

cyanobacterial crusts and moss crusts (P>0.05; Fig. 5B). In contrast, the spatial heterogeneity of Chl

fluorescence was significantly higher in cyanobacteria-moss and lichen-moss crusts compared to the other

crust types (P<0.05; Fig. 5B).

According to the observed Fv/Fm point events relative to the upper and lower envelopes of the

function L(r), the distribution pattern of Chl fluorescence can be clearly determined. The point pattern

analysis showed that the distribution pattern of Chl fluorescence changed at different spatial scales, and

also between the different crust types (Fig. 7). In cyanobacterial crusts, Chl fluorescence showed an
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aggregation pattern at a spatial scale of 0-1.7 mm but a random distribution at a scale of 1.7-2.5 mm. In the

other crust types, all Chl fluorescence showed an aggregation pattern at a spatial scale of 0-2.5 mm, but a

tendency for a change from an aggregation to a more random distribution appeared in cyanobacteria-lichen

and lichen crusts (Fig. 7).

Discussion

Light energy absorbed by Chl molecules can be used to drive photochemical reactions but alternatively can

be lost as Chl fluorescence or dissipated as heat [36]. A change in Chl fluorescence is likely related to a

variation of photochemical efficiency in photosynthetic organisms [26, 36]. Therefore,Chl fluorescence

technology has been widely used in physiological and ecological research into cyanobacteria [33], lichens

[34], higher plants [35], and also BSCs [26]. In this study, we used a Chl fluorescence imaging technique

to investigate fine-scale photosynthetic spatial heterogeneity in different BSCs types, in order to provide

more information on crust photosynthetic mechanisms.

Imaging photosynthetic efficiency variation in BSCs

Imaging PAM presents Chl fluorescence signals in the form of a false color image, which reflects the

photosynthetic heterogeneity and distribution pattern in BSCs. The composition of photosynthetic

organisms changes with the succession of BSCs [8, 43], thus leading to distinctive imaging of Chl

fluorescence signals excited from different crust types (Figs. 2 and 4). Compared with other Chl

fluorescence detectors (such as Plant Efficiency Analyzer; PEA), imaging Chl fluorescence using Imaging

PAM can show photosynthetic activity in BSCs in greater detail at finer scales. This helps improve our

understanding of the fine scale distribution and functions of BSCs. In our study region the basic spatial
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elements (photoautotrophic organisms) are cyanobacteria, lichens and mosses. Therefore, we can regard
the whole region BSCs as comprising three different types, dominated by cyanobacteria, lichens or mosses,
respectively.

Photosynthetic performance at fine scales is reflected by the adaptation of PS |1 of the photosynthetic
organisms residing in BSCs. The Fv/Fm ratio reflects the largest solar energy conversion efficiency in the
PS Il reaction center, and is expected to decrease under environmental stresses such as dessication [26, 34].
However, in unstressed conditions (e.g. when crusts are hydrated), Fv/Fm is maintained at a relatively
stable level. Furthermore, our results reveal that the Fv/Fm gradually increased with the succession from
cyanobacterial crusts to lichen crusts and to moss crusts (P<0.05), which indicates that the maximum
photosynthetic efficiency is higher in the later successional BSCs. Under a given light condition, Yield
reflects the effective photosynthetic efficiency (quantum yield) of PS Il when parts of the PS Il reaction
centers are closed [34, 36]. Therefore, Yield was lower than Fv/Fm, and decreased gradually with
increasing PAR (Fig. 3). Similarly, gP also decreased with increasing PAR (although the decrease in
cyanobacterial crusts was not statistically significant; P>0.05), reflecting a decrease in the ratio of open PS
Il centers. With decreases of Yield and gP, the non-photochemical quenching parameter gN was expected
to increase, so that more light energy could be quenched in non-photochemical form. This is because when
PAR is within a certain range, BSCs can maintain the stability of gP by increasing qN [36, 45]. However,
in our study, as PAR increased from 41 to 249 uE m2 s 1, the increase of gN was still limited. Similar to
Fv/Fm, Yield and gP also gradually increased with the crust succession, although no significant difference
was found in the fluorescence parameter gN. This is further evidence that photosynthetic efficiency is

stronger in the later successional BSCs.
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Photosynthetic spatial heterogeneity in BSCs

Although a variety of fluorescence parameters were measured in our study, in reality all the fluorescence

parameters were excited from the same photosynthetic organisms in each BSCs, so that all the fluorescence

parameters exhibited the same spatial distribution characteristics. In the present study, Fv/Fm was used to

characterise the photosynthetic heterogeneity and spatial distribution pattern. In cyanobacterial crusts,

photosynthetic spatial heterogeneity may be affected by the uneven distribution of cyanobacterial filaments

not only on the surface but also at depth because most cyanobacteria reside in the surface substrate (the

exception being some species with strong radiation-protective ability, such as Scytonema and Nostoc) [4,

5]. The incident light in such crusts is rapidly attenuated by the soil particles and exopolymeric matrix

before it excites the cyanobacteria [23, 44]; in turn, the excited fluorescence signals are similarly

attenuated before they can be detected by the Imaging PAM, which eventually leads to the low

photosynthetic fluorescence coverage and unimodal pattern of Fv/Fm = 0 in cyanobacterial crusts (Figs.

5A and 6A).

As BSCs succeed, the position of dominant photosynthetic organisms changes from the substrate to

the surface. Lichens are the symbionts of cyanobacteria (or algae in some lichens) and fungi, so the Chl

fluorescence signals of lichen crusts in reality were excited from the symbiotic cyanobacteria. These

cyanobacteria are covered by fungi and also large quantities of exopolymeric matrix, so most symbiotic

cyanobacteria in the lichen crusts are not directly exposed to the air [46], which leads to significant

attenuation of incident light. Similarly, the fluorescence signals excited from the symbiotic cyanobacteria

by the attenuated incident light are further attenuated before the Imaging PAM can detect them. In our

study, no fluorescence signal was excited in most micro-regions of lichen crusts (Fig. 5A). However, the

frequency of Fv/Fm with high values (>0.6) was significantly higher than the frequency with other values
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(except Fv/Fm = 0) in lichen crusts, and thus the frequency of Fv/Fm was bimodal (Fig. 6B).

In moss crusts, mosses are not only directly distributed on the crust surface, but also directly accept

incident light and the excited fluorescence signals could be directly detected by the Imaging PAM.

Therefore, the excited fluorescence covered almost the entire moss crusts, and most of the Fv/Fm values

were high (>0.6) and unimodal (Fig. 6C).

In summary, the heterogeneity of Chl fluorescence can be attributed to the heterogeneous distribution

of photosynthetic organisms in BSCs, which also reflects differences in successional stage of BSCs in

different micro-regions. In the present study, the photosynthetic heterogeneity index PHI ranged from 0.02

to 0.17 among the different BSC types, with the highest values in cyanobacteria-moss and lichen-moss

crusts (Fig. 5B).

Photosynthetic spatial scale associated with crust succession

Our results confirm that crust heterogeneity is a common phenomenon, and that it varies with spatial scale.

In cyanobacterial crusts, the results suggested cyanobacterial distribution changed from aggregation to

random with the increasing spatial scale; while in lichen and moss crusts, all the photosynthetic organisms

aggregated throughout the experimental spatial scale (0-2.5 mm), although there was a tendency for a

change to a more random distribution pattern in lichen crusts (Fig. 7B). However, due to the size

limitations of the mini Imaging PAM used in this study, the spatial scale was limited in 2.5 mm, so it is not

clear if the tendency towards a random distribution persisted as spatial scale increased. Using the Max

version of Imaging PAM or other equipment will help us understand the heterogeneous distribution of

BSCs in even greater detail and provide more direct evidence of the heterogeneous distribution of BSCs at

larger scales.
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There are parallels between the controls over small-scale photosynthetic heterogeneity within BSCs

and variations in BSCs cover over larger regions where water availability, effective incidence of light

under micro-topography and other physicochemical conditions affect crust distribution [6, 19-21].

Together, variations at all scales add spatial heterogeneity and ecological diversity to the landscape. Chl

fluorescence technology can not only detect the landscape-scale distribution of photosynthetic organisms

and the associated spatial heterogeneity, but also provides a useful approach for monitoring environmental

conditions and diagnosing photosynthetic change [47], which ultimately may inform the maintenance and

management of healthy BSCs. Using Chl fluorescence technology in field settings removes the need for

crust destruction, and also provides a good proxy for Chl-a content [26]. Furthermore, the present study

reveals that Chl fluorescence imaging can clearly provide a more accurate indication about crust

succession at a fine scale.

The results presented in this study and published elsewhere (e.g. [26, 48]) all support the idea that

later successional BSCs have higher photosynthetic efficiency than earlier stages, and are likely to have a

greater range of ecological functions (e.g. carbon and nitrogen fixation). Various techniques could

therefore be used to accelerate the succession of BSCs in a bid to mitigate against a range of land

degradation processes [3, 18, 49, 50]. For example, a large scale, straw checkerboard technique was used

successfully in the study region from 1956 to promote the development and succession of BSCs [51].

Measures are also needed to ensure that BSCs are not overly disturbed (e.g. by maintaining well managed

grazing regimes) [52], because disturbance could convert later to early successional BSCs, thus

representing a significant loss of photosynthetic carbon fixation and other relevant ecological functions

[22, 48].
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Conclusion

In this study, a novel Chl fluorescence imaging technique was used to investigate the photosynthetic

heterogeneity of different crust types found in the Tengger Desert, China. The results show that with crust

succession, maximum photosynthetic efficiency (Fv/Fm after dark adaptation) gradually increased, and

fluorescence coverage also increased correspondingly. Under light conditions, although effective

photosynthetic efficiency decreased with the increasing PAR, it increased with crust succession.

Cyanobacterial crusts and moss crusts showed the two extremes of photosynthetic coverage, being mostly

low and mostly high, respectively, but both displayed the same unimodal Fv/Fm frequency. The

heterogeneity (SHI index) was not significantly different (P> 0.05) between cyanobacterial and moss crusts

but was higher in lichen crusts (P <0.05), which had a bimodal pattern of Fv/Fm frequency. Point pattern

analysis showed that distribution patterns of Chl fluorescence varied at different spatial scales and among

the different crust types. This implies that when assessing crust photosynthetic performance, such as its role

in carbon fixation and storage, in addition to consideration of BSC succession, it is still necessary to consider

the impact of scale, particularly the heterogeneity of BSCs. In-depth understanding of the characteristics of

photosynthetic heterogeneity and the complexity of landscapes at different scales will provide further

insights into crust development and succession, and enable more accurate assessment of photosynthetic

carbon fixation, storage and other ecological functions through the up-scaling of heterogeneous ground-

based data.
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Figure captions:

Fig. 1 Location of the study region (left) and example of the characteristic patches of vascular plants and
BSCs on the Tengger Desert margins in the Shapotou region (right).

Fig. 2 The three main successional stages of BSCs in the Shapotou region, including cyanobacterial crusts
(A), lichen crusts (B) and moss crusts (C), and their fluorescence images (Fv/Fm) in (D), (E), (F),
respectively. The images are in false color, and the color scale on each Fv/Fm image represents the values
from 0 (red) to 1 (purple).

Fig. 3 Comparison of fluorescence parameters Yield, gP and gN in the three main successional stages of
BSCs. (A), (B) and (C) show the comparison of the values of three parameters under different PAR
conditions; for a given PAR condition, values with different letters indicate that the difference is significant
at the 0.05 level (P<0.05). Cyanobacterial crusts (D), lichen crusts (E) and moss crusts (F) show the
fluorescence images of three parameters under different PAR conditions (from left to right, 41, 103 and 249
UE m2 s1). The images in (D), (E) and (F) are in false color, and the color scale on each image represents
the values from 0 (red) to 1 (purple).

Fig. 4 Three transitional stages of BSCs in the Shapotou region, including cyanobacteria-lichen crusts (A),
cyanobacteria-moss crusts (B) and lichen-moss crusts (C), and their fluorescence images including Fv/Fm,
Yield, gP and gN. The Yield, gP and gN were determined under the PAR condition of 41 pE m2 s, The
images are in false color, and the color scale on each image represents the values from 0 (red) to 1 (purple).
Fig. 5 Box and whisker plots of fluorescence coverage (A) and spatial heterogeneity index (B) in the different
successional stages of BSCs (see Table 1 for the definition of abbreviations). For each parameter, the values
with different letters indicate that the difference is significant at the 0.05 level (P<0.05).

Fig. 6 Frequency histogram of Fv/Fm intervals in the different successional stages of BSCs, including
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cyanobacterial crusts (A), lichen crusts (B), moss crusts (C), cyanobacteria-lichen crusts (D), cyanobacteria-

moss crusts (E) and lichen-moss crusts (F).

Fig. 7 Point pattern analysis of Chl fluorescence in the different successional stages of BSCs, including

cyanobacterial crusts (A), lichen crusts (B), moss crusts (C), cyanobacteria-lichen crusts (D), cyanobacteria-

moss crusts (E) and lichen-moss crusts (F). The solid and dotted lines in the figure show the envelopes in

the random distribution pattern of the function L(r) and the observed fluorescence values, respectively.
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Table 1 Characteristics of the different successional stages of BSCs in the Shapotou region

Abbreviations  Crust Dominant Crust Crust Cyanobacterial ~ Lichen Moss
successional organisms color thickness coverage (%) coverage coverage
stages (mm) (%) (%)

CSCs Cyanobacterial Microcoleus Gray 293+0.13 >97 0 <3
(soil) crusts vaginatus

LSCs Lichen (soil) Collema sp. Black 744 +151 <27 >70 <3
crusts (cyanolichen)

MSCs Moss (soil)  Bryum sp. Brown 1462+1.77 O 0 100
crusts

CLSCs Cyanobacteria- M. vaginatus Gray and 5.72 + >67 <30 <3
lichen (soil) and Collema black 1.24
crusts sp.

CMSCs Cyanobacteria- M. vaginatus Gray and 6.18+0.93 >70 0 <30
moss (soil) and Bryumsp. brown
crusts

LMSCs Lichen-moss Collema sp. Black and 1054+1.18 <10 >40 <50
(soil) crusts and Bryum sp.  brown
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704  Fig. S1 Comparison of three fluorescence parameters Yield (A), gP (B) and gN (C) under different actinic
705 light conditions. For a crust sample, the values with different letters indicate the difference is significant at

706  0.05 level (P<0.05).
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710  Fig. S2 Comparison of fluorescence parameters Fv/Fm after dark adaptation and Yield, gP, gN under the
711 light condition of 41uE m2 s™L. For each parameter, the values with same letters indicate the difference is

712 notsignificant at 0.05 level (P>0.05).
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