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Abstract  31 

Biological soil crusts (biocrusts) form a regular and relevant feature in drylands, as they 32 

stabilize the soil, fix nutrients, and influence water cycling. However, biocrust forming 33 

organisms have been shown to be dramatically vulnerable to climate and land use 34 

change occurring in these regions. 35 

In this study, we used Normalized Difference Vegetation Index (NDVI) data of 36 

biocrust-dominated pixels (NDVIbiocrust) obtained from hyperspectral and LANDSAT-7 37 

data to analyse biocrust development over time and to forecast future NDVIbiocrust 38 

development under different climate change and livestock density scenarios in Southern 39 

Africa. We validated these results by analysing the occurrence and composition of 40 

biocrusts along a mesoclimatic gradient within the study region.  41 

Our results show that NDVIbiocrust, which reached maximum values of 0.2 and 0.4 in 42 

drier and wetter years, respectively, mainly depended on water availability. A predicted 43 

decrease in rainfall events according to all future climate scenarios combined with 44 

increased temperatures suggested a pronounced decrease in NDVIbiocrust by the end of 45 

the 21st century caused by reduced biocrust coverage. Livestock trampling had similar 46 

effects and exacerbated the negative impacts of climate change on biocrust coverage 47 

and composition. Data assessed in the field concurred with these results, as reduced 48 

biocrust cover and a shift from well-developed to early stages of biocrust development 49 

were observed along a gradient of decreasing precipitation and increasing temperatures 50 

and livestock density.  51 
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Our study demonstrates the suitability of multi-temporal series of historical satellite 52 

images combined with high-resolution mapping data and Earth system models to 53 

identify climate change patterns and their effects on biocrust and vegetation patterns at 54 

regional scales.  55 

 56 

1. Introduction 57 

Earth’s drylands (mainly dominated by sensitive forests, steppes and deserts) occupy 58 

nearly half of the Earth´s terrestrial surface, and their coverage is expected to increase 59 

by the end of the century (Feng and Fu, 2013). Global climate models predict more 60 

frequent long-lasting droughts and increased warming within these ecosystems (Wang 61 

et al., 2016). This, as well as land use intensification has the potential to produce abrupt 62 

changes in multiple ecosystem attributes, thus affecting ecosystem functions, global 63 

Earth system functioning and human livelihood (Maestre et al., 2016; Berdugo et al., 64 

2020).  65 

One of the most representative biotic components of dryland regions around the world 66 

are biological soil crusts (abbreviated as biocrusts), which are complex communities of 67 

photosynthetic organisms, such as cyanobacteria, algae, lichens, and bryophytes, 68 

growing together with heterotrophic bacteria, fungi, and archaea within the uppermost 69 

millimeters of the soil (Weber et al., 2016). These diminutive communities are 70 

estimated to cover ~12 % of the terrestrial soils (Rodriguez-Caballero et al., 2018a), 71 

influencing energy (Couradeau et al., 2016; Rutherford et al., 2017), water (Chamizo et 72 

al., 2016, Eldridge et al., 2020), C and N fluxes between the soil and atmosphere (Elbert 73 

et al., 2012; Porada et al., 2013, 2014, 2017; Weber et al., 2015; Lenhart et al., 2015). 74 

Moreover, they affect biogeochemical cycling within the soil (Delgado-Baquerizo et al., 75 

2013; Maestre et al., 2013), with important effects on soil fertility (Chamizo et al., 76 
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2012a), local hydrology (Chamizo et al., 2016; Eldridge et al., 2020), and soil resistance 77 

to erosive forces (Belnap et al., 2014). Thus, they provide stable environments and 78 

additional resources for vascular vegetation (Luzuriaga et al., 2012; Rodriguez-79 

Caballero et al., 2018b; Havrilla et al., 2019) and the soil fauna (Bamforth, 2008).  80 

Although biocrusts are adapted to aridity, surviving extreme environmental conditions 81 

(Pointing and Belnap, 2012), biocrust forming organisms have been shown to be 82 

dramatically vulnerable to subtle changes of climatic parameters (Reed et al., 2012; 83 

Maestre et al., 2013; Darrouzet-Nardi et al., 2015). According to global change 84 

scenarios, their global coverage is expected to decrease dramatically by the end of this 85 

century (Rodriguez-Caballero et al., 2018a). Besides this overall reduction in biocrust 86 

coverage, climate manipulation experiments also showed that warming, and changes in 87 

precipitation patterns (i.e. an increase in the frequency of small water pulses during 88 

warm periods) will cause changes in cyanobacteria composition and a reduction of 89 

lichen or bryophyte coverage (Maphangwa et al., 2012; Reed et al., 2012; Escolar et al., 90 

2012; Garcia-Pichel et al., 2013; Maestre et al., 2013; Ladrón de Guevara et al., 2014 91 

and 2018), with important implications for ecosystem functioning (Escolar et al., 2012; 92 

Maphangwa et al., 2012; Delgado-Baquerizo et al., 2013; Couradeau et al., 2016; 93 

Rutherford at al., 2017). Disturbance derived from land use intensification (e.g., 94 

trampling) has also been demonstrated to be a relevant threat for biocrusts. In fact, it has 95 

similar negative effects as climate change on their coverage and composition 96 

(Ferrenberg et al., 2015), causing an increase of soil erosion (Chamizo et al., 2012) and 97 

modifications of water (Chamizo et al., 2016) and nutrient (Belnap 1996) cycling in the 98 

soil. Thus, both climate change and disturbance caused by land use intensification have 99 

major effects on the composition, survival, and distribution of biocrusts. However, 100 

especially field experiments on climate change have been limited to very few sites (e.g., 101 
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Mojave Desert, Colorado Plateau, Iberian Peninsula), that only represent a small 102 

fraction of the whole range of ecosystems and climatic conditions under which biocrusts 103 

occur. These experimental studies are time-consuming, expensive, and often involve 104 

interfering side effects. Passive open-top chambers not only cause a warming inside the 105 

chambers, but also cut down the impact of dew and fog (Maphangwa et al., 2012), and 106 

warming lamps only heat the uppermost soil region with a downward gradient (Kimball 107 

2005). Such negative side-effects of field experiments can be avoided by combining 108 

experimental results with direct observations in the field or by applying remote sensing 109 

technologies (Palmer et al., 2002).  110 

Space-for-time (SFT) substitutions, where spatial climatic and disturbance gradients are 111 

used to investigate the response of biocrusts to anticipated future conditions, form one 112 

of these options. This method has been frequently applied to analyse plant succession 113 

and to model climate change effects on biodiversity and species richness (Blois et al., 114 

2013). In a recent study, it provided valuable data on the long-term effects of 115 

temperature and precipitation on the composition and coverage of biocrust communities 116 

(Garcia-Pichel et al., 2013). Another methodology is the use of historical and open 117 

access high temporal resolution satellite images combined with coverage and 118 

composition data along climatic gradients. Such multi-temporal series of satellite 119 

images could provide crucial information on biocrust dynamics and response to 120 

environmental factors, such as temperature, precipitation, and disturbance (Karnieli et 121 

al., 1996; Karnieli 2003; Burgheimer et al., 2006; Rodriguez-Caballero et al., 2015; 122 

Panigada et al., 2019). 123 

 124 

The main objective of this paper is to investigate the long-term response of biocrusts to 125 

warming, livestock trampling, and changes in precipitation amount and frequency 126 
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predicted for the Succulent Karoo. The study region is located within an arid winter 127 

rainfall biome of southern Africa (Mucina et al. 2006; Figure 1) that comprises a great 128 

diversity and unique flora of succulent plants (Mucina et al., 2006; Schmiedel and 129 

Jürgens 1999). It also harbours a variety of different biocrust types that are considered 130 

as a critical component of the ecosystem (Büdel et al., 2009). To achieve the objective, 131 

we apply a multidisciplinary approach, in which we first utilize climate data and 132 

satellite imagery, covering a time-span of 10 years, to analyse the seasonal response of 133 

biocrusts to climate fluctuations, identified as variations in the Normalized Difference 134 

Vegetation Index (NDVI) values in biocrust-dominated pixels (NDVIbiocrust). We then 135 

apply three different climate change scenarios (RCP 2.6, 4.5, and 8.5) in two general 136 

circulation models to predict changes in biocrust development and cover, expressed as 137 

NDVIbiocrust under future climatic conditions and different livestock densities until 2100. 138 

Finally, we validate our results by investigating biocrust cover, composition, and NDVI 139 

values along a climatic and disturbance gradient, which reflects precipitation and 140 

temperature changes expected for this region under different livestock pressure. 141 

We hypothesize that i) NDVI will reflect the rapid response of biocrusts to variations in climatic 142 

factors, and ii) as a consequence, the NDVIbiocrust will be reduced in the future due to a 143 

predicted increase in aridity according to the IPCC predictions for the region (Weber et 144 

al., 2018). We further suggest that iii) the reduced NDVIbiocrust will be the result of 145 

changes in both biocrust coverage and composition. 146 

 147 

2. Material and methods 148 

This study was conducted in a semi-arid ecosystem in the Succulent Karoo, South 149 

Africa, near the BIOTA biodiversity observatory Soebatsfontein S22 (Supplementary 150 
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Fig. S1). More detailed information on the study site is provided in section 1 of the 151 

supplementary material and in Schmiedel et al., (2016).  152 

To obtain information on the seasonal patterns of NDVIbiocrust, we used an already 153 

existing biocrust map of the study area obtained from a hyperspectral Compact 154 

Airborne Spectrographic Imager (CASI 2) (see Weber et al. 2008, for further details). 155 

This biocrust distribution map with a spatial resolution of 1 m was used to identify all 156 

pixels in LANDSAT ETM+ 7 images (hereafter Landsat images; spatial res. 30 m) with 157 

a biocrust coverage above 80 % (i.e., with more than 80 % of the 1 m-pixels herein 158 

classified as biocrusts). Ninety-three biocrust-dominated pixels were identified in the 159 

Landsat images. A series of 44 Landsat images covering the biocrust map region, which 160 

had been acquired during the period between 2001 and 2010 (see Supplementary Table 161 

2 for a detailed description of all images), were obtained from Earth Explorer 162 

(https://earthexplorer.usgs.gov/). All Landsat images were converted into reflectance 163 

data using gain and offset values, and image gaps, caused by mirror failure on March 164 

31, 2003, were masked before subsequent analyses. The final images were checked for 165 

clouds, and scenes with cloud presence in the study region were excluded from the 166 

analyses. Subsequently, we estimated the Normalized Difference Vegetation Index 167 

(NDVI; Rouse et al., 1973) within the 93 biocrust-dominated pixels (hereafter 168 

“NDVIbiocrust”). We used the NDVIbiocrust as a proxy of biocrust dynamics, because it has 169 

been demonstrated to be directly related to the chlorophyll concentration of different 170 

biocrusts types over a wide range of soil conditions (Roman et al., 2019), thus being a 171 

good index to monitor biocrust biomass, development, cover, and physiological 172 

conditions (Karnieli, 2003; Burgheimer et al., 2006; Fischer et al., 2012; Rodriguez-173 

Caballero et al., 2015; Young and Reed, 2017; Panigada et al., 2019). Image 174 
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preprocessing and calculations were performed in ENVI 4.7 software (ITT VIS, 175 

Boulder, CO, USA); see section 2.1 in the supplement for more detailed information.  176 

Then, we investigated the parameters potentially influencing the NDVIbiocrust. 177 

Specifically, we analysed if and to what extent the NDVIbiocrust is influenced by the soil 178 

water content (SWC, as a proxy for the short-term response of biocrusts to water 179 

availability), water deficit (WD; as a proxy for the response of biocrusts to long periods 180 

of limited water availability), solar radiation, and by the grazing intensity (detailed 181 

information on the calculation of these parameters is provided in section 2.2 of the 182 

supplement). Subsequently, we analysed the influence of the environmental factors and 183 

land use intensity on NDVIbiocrust values by fitting General Linear Mixed Models 184 

(LMMs) with repeated measures using the “lme4” package (Bates et al., 2015) in R (R 185 

Core Team 2013).  For that, pixel “ID” was considered as a fixed factor, and incoming 186 

solar radiation, WD and SWC on the image acquisition day, recent land use intensity, as 187 

well as the interaction between land use intensity and the other variables were 188 

considered as independent continuous predictors.  189 

In a next step, we combined the LMM with a climate prediction obtained from the two 190 

different Earth system models (ESM) to forecast future trends in daily NDVIbiocrust 191 

values for the biocrust-dominated pixels within the Succulent Karoo for the period 192 

between 2010 and 2100 under different management scenarios. For this, we assumed 193 

two different livestock density levels: i) sustainable management with 50 % of the 194 

recommended livestock density and ii) overgrazing with 200 % of the recommended 195 

livestock density. We focussed on three different Representative Concentration 196 

Pathways (RCPs) defined in the Fifth Assessment Report of the Intergovernmental 197 

Panel on Climate Change (IPCC 2014), i.e., RCP2.6, 4.5, and 8.5 (more details are 198 

given in section 2.3 of the supplement). 199 
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Finally, we analyzed the environmental factors to identify potential monotonic temporal 200 

trends and predicted the mean annual NDVIbiocrust and maximum annual NDVI values of 201 

biocrust-dominated areas for the whole period using the Mann–Kendall trend test and 202 

Kendall’s tau statistics (Hirsch and Slack, 1984) using the “trend” package (Pohlert 203 

2015) in R. The confidence level for the test was set to 0.05, and slopes with a p-value 204 

<0.05 were considered significant. 205 

To validate our predictions, we conducted a space-for-time (SFT) study along a regional 206 

climate and disturbance gradient, reflecting long-term effects of changes in temperature, 207 

precipitation, and livestock density (Supplementary Figure S1) on biocrust coverage and 208 

composition (see section 2.4 of the supplement for further details). For that, biocrust 209 

coverage and composition was determined in four 100 m x 100 m field sites within the 210 

same macroclimatic and pedological region with a maximum distance of 12 km between 211 

the sites and subjected to different livestock densities. The mesoclimate at the four sites 212 

has been characterized by continuous measurements over a whole year as described in 213 

section 2.4.2 in the supplement. Basic soil parameters (i.e., pH, total carbon and 214 

nitrogen content and soil texture) have also been also determined (see section 2.4.3 of 215 

the supplement for a detailed description). Additionally, the spectral response of bare 216 

soils and soils covered by the different biocrust communities was measured in the field 217 

under dry conditions. We used field spectra to model the mean NDVIbiocrust value per 218 

study site as a linear mixture of the different components weighted by their relative 219 

coverage within the pixel (Hill et al., 1999; Rodriguez-Caballero et al., 2014; Panigada 220 

et al. 2019;  for details, see section 2.4.4 in supplement).  221 

To compare the community composition between the study sites and to investigate 222 

potential long-term effects of climate factors (mean daily air temperature, total annual 223 

precipitation, number of rainfall events, and mean annual photosynthetic active 224 
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radiation [PAR]), land use intensity, and soil properties (pH, particle size, C, N content) 225 

on biocrust composition and distribution, we performed a Non-Metric Multidimensional 226 

Scaling (NMDS) as described in section 2.4.5 of the supplement.  227 

3. Results  228 

3.1 Analysis of biocrust NDVI response to water pulses under different levels 229 

of disturbance 230 

During the period from 2001 to 2010, biocrust-dominated areas within the Succulent 231 

Karoo had a mean daily NDVI value of 0.19, that varied strongly between seasons and 232 

years (Figure 2). About 74 % of the variation in NDVIbiocrust could be explained by WD, 233 

SWC and incoming solar radiation (Supplementary Table S3). Water deficit, which is 234 

strongly influenced by temperature and precipitation, was the factor that exerted the 235 

largest effect on daily NDVI values, controlling its annual seasonality (Figure 2, 236 

Supplementary Table S3). As general pattern, we observed that daily NDVIbiocrust values 237 

were very low during the dry periods of the year (with daily values about 0.10), when 238 

WD was high, and increased during the rainy season, with maximum daily NDVI values 239 

reaching 0.44 during periods with low WD (Figure 2). At the end of the year, when WD 240 

increased again, NDVIbiocrust decreased to similar values as those observed before the 241 

rainy season (Figure 2). SWC had the opposite effect on NDVI, as NDVI increased with 242 

increasing SWC. For solar radiation, the maxima were reached when the NDVI declined 243 

strongly again and the NDVI maximum was reached when the solar radiation was 244 

strongly rising. However, the effects of SWC and solar radiation were less important 245 

than those of WD (Supplementary Table S3), as SWC only controlled the small 246 

NDVIbiocrust peaks that occurred after rainfalls (Figure 2).  247 

The magnitude of NDVIbiocrust response to changes in WD, SWC, and solar radiation 248 

was also affected by the livestock density, as demonstrated by a significant interaction 249 
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between these factors (Supplementary Table S3). Thus, although minimum annual 250 

NDVIbiocrust values were similar in all biocrust-dominated pixels, the increase of 251 

NDVIbiocrust during the rainy season of wet years was less pronounced in pixels under 252 

intense land use pressure compared to pixels from camps characterized by low livestock 253 

density, reaching maximum NDVI values of ~0.38 and ~0.44, respectively (Figure 2).  254 

3.2 Predicted changes in temperature, precipitation, and biocrust response  255 

Based on MIROC and ECHAM models we obtained results on the RCPs 2.6, 4.5, and 256 

8.5, indicating an increase in temperature by ~0.002 - 0.046 degrees per year for the 257 

Succulent Karoo during the next ~80 years (Supplementary Figure S3). Annual 258 

precipitation and the number of rainfall events are expected to be reduced under most of 259 

the different climate change scenarios and Earth system models (Supplementary Figure 260 

S3c, d). These changes are expected to be especially relevant during the wet season 261 

(April to September), as shown in both models and by all RCPs (Supplementary Figure 262 

S4).  263 

Under these conditions of climate change, SWC values are expected to decrease while 264 

WD will be more pronounced (Supplementary Figure S5), causing a decrease of mean 265 

biocrust NDVI, maximum biocrust NDVI as well as minimum biocrust NDVI values by 266 

the end of the century (Figure 3). The largest changes are expected for maximum annual 267 

peaks of biocrust NDVI, showing a significant negative trend according to the Mann-268 

Kendall test (p<0.05; Supplementary Figure S6). According to our calculations, the 269 

predicted altered climatic conditions will cause an average reduction of NDVIbiocrust of 270 

~25 % of their current value by the end of the century (Figure 3). These effects are 271 

consistent in all RCPs and model simulations, although the decreases in NDVIbiocrust are 272 

most dramatic in the most severe scenario (RCP8.5) and under the highest livestock 273 

density (Figure 3). 274 
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3.3 Space-for-time study  275 

3.3.1 Biocrust occurrence and distribution  276 

Biocrusts occurred at all four sites with overall cover values being significantly higher 277 

at sites 3 and 4 compared to site 1 and 2 (Figure 4). Light cyanobacteria-dominated 278 

biocrusts reached high cover values at sites 1, 2 and 4 and significantly lower values at 279 

site 3. Dark cyanobacteria-dominated biocrusts covered significantly larger areas at site 280 

4 as compared to site 1. The sum of dark cyanobacteria- and cyanolichen-dominated 281 

biocrusts was higher at site 3 when compared to sites 1 and 2, whereas site 4 showed 282 

intermediate values. Cyanolichen-dominated biocrusts had significantly higher cover 283 

values at site 3 compared to all other sites, and chlorolichen-dominated biocrusts 284 

reached higher cover values at site 3 compared to site 1 (Figure 4b). Mean cover values 285 

of bryophyte-dominated biocrusts tended to be higher at sites 3 and 4, but due to large 286 

standard deviations, the differences were not significant.   287 

Differences in biocrust coverage and composition caused significant differences in 288 

NDVI values derived from composite dry field spectra between all sites (Figure 4). The 289 

highest values were found for site 3 (0.19) and site 4 (0.18), coinciding with the highest 290 

coverage of well-developed biocrust communities, and progressively decreased to study 291 

sites 2 and 1 (Figure 4). 292 

3.3.2 Mesoclimatic conditions and soil properties  293 

Our mesoclimate measurements over one full year revealed a north-south gradient of 294 

increasing temperature and decreasing precipitation for the four study sites located 295 

within the same macroclimatic region (Figure 4c). As shown in Figure 5, sites 1 and 2 296 

showed higher mean monthly temperatures (with mean annual values, MAT: 19.4 and 297 

19.1 °C, respectively) as compared to sites 3 and 4 (18.2 and 18.9 °C, respectively), 298 

which are located south to southwest of the first two sites (Supplementary Figure S.1). 299 
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This temperature increase corresponds to the warming predicted by the most 300 

conservative scenario (RCP2.6) for the next 95 or 478 years according to the MIROC 301 

and ECHAM models, respectively (Supplementary Figure S3). Mesoclimate 302 

measurements for the observation period of 12 months also revealed a decrease in total 303 

precipitation and in the number of precipitation events from site 3 and 4 to site 1 and 2 . 304 

This difference is within the same range as the climate predictions of rainfall decrease 305 

by the MIROC and ECHAM models according to RCP2.6 for the next 123 or 216 years, 306 

respectively. Harsher climatic predictions are obtained by the other two scenarios, 307 

especially for RCP8.5, which predicts an increase in temperature and a decrease in 308 

precipitation as observed along our sampling gradient within less than 50 years for both 309 

models (Supplementary Table S4). 310 

A detailed analysis of the seasonal variation (Figure 5) showed that the four different 311 

study sites are characterized by similar air temperature patterns with high values from 312 

October to April (southern hemisphere summer) and lower temperatures between May 313 

and September (southern hemisphere winter). Mean monthly temperatures were always 314 

between 1 and 1.5 degrees higher at site 1 compared to site 3, whereas temperatures of 315 

site 4 were closer to those of site 3 during summer and nearly identical to these of site 1 316 

during the winter months (Figure 5a). Monthly means of daily maxima also showed a 317 

clear pattern throughout the year with the highest values at site 1, followed by site 2, 4, 318 

and 3 (Figure 5a), whereas for monthly means of daily minima, the pattern was less 319 

clear. Precipitation showed an opposite pattern, with most rainfall events between May 320 

and September and almost no rain between November and January (Figure 5b). During 321 

most of the wet season (March-September), precipitation amounts were higher at sites 3 322 

and 4 compared to sites 1 and 2 and only in February, at the end of the dry season, 323 

precipitation amounts were higher at sites 1 and 2. Also, the number of precipitation 324 
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events differed between sites with a higher number of events from June to September 325 

(site 3) and in September (site 4).  326 

3.3.3 Land use intensity  327 

Land use intensity showed a similar gradient, with sites 3 and 4 being characterized by a 328 

low livestock density (25 and 23 % of their recommended stoking density) whereas sites 329 

2 and 3 are characterized by medium grazing pressure (Supplementary Figure S1).  330 

Differences in soil properties were less clear, as all sites were dominated by the same 331 

soil type (Supplementary Figure S1) and we only found slight differences in some soil 332 

properties between sites. The organic C and total N contents of site 3 were significantly 333 

higher compared to most (C) or some of the measurements (N) at the other sites, which 334 

showed no significant differences between them (Figure 6). In addition, soil texture was 335 

similar at study sites 1, 2 and 4 (sandy loam), whereas site 3 showed significantly lower 336 

sand contents and higher proportions of clay (Supplementary Table S5).  337 

3.3.4 Effect of climatic conditions and livestock density on biocrust occurrence 338 

and distribution  339 

Differences in biocrust coverage and composition were mainly driven by differences in 340 

livestock density, precipitation, and temperature along the observed disturbance and 341 

mesoclimate gradient. As shown in Figure 7, an NMDS ordination of all field plots 342 

illustrates a climate and livestock density (disturbance) gradient along axis 1, with the 343 

main constituents of the biocrust and the NDVI aligning along this axis. Light 344 

cyanobacteria-dominated biocrusts characterize one end with the highest values of 345 

temperature, PAR, and livestock density. Well-developed chlorolichen- and bryophyte-346 

dominated biocrusts occur at the opposite end of the axis with low values of livestock 347 

density, higher C, N and clay contents, the highest numbers of precipitation events, and 348 

highest overall precipitation amounts.  349 
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An effect of temperature and precipitation on biocrust composition was also elucidated 350 

by linear regression analysis between these and the coverage of the different biocrust 351 

constituents. The coverage of light cyanobacteria-dominated biocrusts showed a strong 352 

positive correlation with daily temperature and PAR and a strong negative one with the 353 

number of precipitation events and the amount of rain (Supplementary Figure S7). The 354 

coverage values of dark cyanobacteria-dominated biocrust were more affected by 355 

incoming solar radiation, but not very much by temperature and precipitation 356 

(Supplementary Figure S8). Cyanolichen-dominated biocrust coverage increased with 357 

decreasing temperature and PAR amounts and increasing numbers of precipitation 358 

events, whereas the precipitation amount played only a minor role (Supplementary 359 

Figure S9). The coverage of chlorolichen- and bryophyte-dominated biocrusts 360 

correlated positively with the precipitation amount and the number of precipitation 361 

events, but showed a strong negative correlation with temperature (Supplementary 362 

Figure S10 and S11). 363 

4. Discussion 364 

This study shows that water deficit is the environmental factor most relevant for the 365 

occurrence and composition of biocrusts, which is reflected by both satellite 366 

(NDVIbiocrust) and field mapping data. Predicted increasing temperatures and decreasing 367 

rainfall amounts and numbers suggest a decrease in biocrust coverage and diversity 368 

during the next decades, which is aggravated by high livestock density.  369 

Biocrusts NDVI dynamics  370 

Currently, biocrusts cover more than 25 % of the soil surface in the Succulent Karoo 371 

with cyanobacteria-dominated biocrusts forming the main crust type in areas where 372 

environmental conditions limit the establishment of more developed communities 373 

(Weber et al., 2018). Under good environmental conditions, light cyanobacteria- are 374 
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quickly replaced by dark cyanobacteria-dominated biocrusts and at a later stage also the 375 

more developed lichen- and bryophyte-dominated biocrusts are formed (Büdel et al., 376 

2009). This development affects the soil surface reflectance, as the different biocrust 377 

types have a specific spectral signature that clearly differs from the underlying soil 378 

(Weber et al., 2008; Rodriguez-Caballero et al., 2017a). With increasing biocrust 379 

development and chlorophyll content, the spectral absorption in the red region of the 380 

spectrum also increases (see Hill et al., 1999; Weber et al., 2008; Chamizo et al., 2012b; 381 

Young and Reed, 2017; Weber and Hill, 2016 among many others). This results in an 382 

increase of the values of the most widely used vegetation indices, such as the NDVI 383 

(Rodriguez-Caballero et al., 2015; Roman et al., 2019). In the current study we 384 

calculated NDVIbiocrust, which appeared to be driven by land use intensity and by 385 

environmental factors that controlled frequency and duration of water pulses and 386 

droughts, such as temperature, precipitation, and solar radiation (Supplementary table 387 

S3). 388 

As expected, during most of the year, when the soil was dry, biocrust-dominated areas 389 

within the Succulent Karoo reached minimum NDVIbiocrust values around 0.1, increasing 390 

quite rapidly after the first wetting events (Figure 2). This fast response of biocrusts has 391 

previously been described to result both from the nearly instantaneous darkening of 392 

biocrusts upon water pulses and from metabolic activity and quick regrowth after 393 

wetting (Karnieli et al., 1996; Weber et al., 2008; Rodriguez-Caballero et al., 2015; 394 

Panigada et al., 2019). Under favorable environmental conditions with high soil 395 

moisture contents over prolonged time-spans, NDVIbiocrust reached the highest values 396 

and the largest differences between areas under different livestock density, suggesting 397 

that biocrust growth and net C gain were strongly affected by the disturbance regime. 398 

During dry years, as e.g., in 2004 and 2005, NDVIbiocrust values remained low, 399 
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indicating only a minor growth or even a carbon deficit, which may slow down biocrust 400 

succession and reduce overall biomass in a similar way as disturbance does (Dojani et 401 

al., 2011, Figure 2). Given the spatial heterogeneity of dryland regions, we might expect 402 

some plants within these pixels, whose response might slightly overlap with biocrust 403 

greening. However, it can be reasonably assumed that this signal is very low compared 404 

to the biocrust signal, as biocrusts represent at least 80 % of the total cover. Indeed, as 405 

shown in supplementary Table S1, the response of these pixels to the different 406 

environmental factors analyzed in this study differs significantly from the vegetation 407 

response.  408 

 409 

Biocrust response to climate change and land use intensity 410 

The modelling results on future climatic conditions obtained from three different RCPs 411 

in two different models suggest a decrease in annual rainfall, mainly winter rainfall, 412 

coupled with increased mean annual temperature and aridity during the next decades 413 

(Supplementary Figure S3 and S4). These climatic changes as well as high livestock 414 

densities will result in a decrease of the mean and maximum annual NDVI values of 415 

biocrust-dominated areas (Figure 3), most probably due to a decrease of the overall 416 

biocrust coverage and a shift from well-developed to early stages of biocrust 417 

communities, mainly dominated by cyanobacteria. . This is in line with the results of 418 

previous climate and disturbance manipulation studies within South Africa (Maphanwa 419 

et al., 2012) and in other desert regions around the world (Reed et al., 2012; Maestre et 420 

al., 2013; Ferrenberg et al., 2015; Ladrón de Guevara et al., 2014). Most of these studies 421 

described changes from well-developed biocrusts to earlier stages of development (Reed 422 

et al., 2015). Livestock has previously been demonstrated to affect biocrust 423 

communities both directly by trampling and indirectly thorough the alteration of 424 
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vascular plants and by the addition of nutrients into the soil (Mallen-Cooper et al., 425 

2018). As a result, the magnitude of the negative impact of climate change on biocrusts 426 

will increase under high livestock density scenarios (Figure 3). 427 

 428 

Changes in biocrust composition and coverage along a disturbance and 429 

mesoclimate gradient 430 

Expected regional changes upon climate change and land use intensification are 431 

analogous to changes in biocrust coverage and composition observed along our SFT 432 

disturbance and mesoclimate gradient. As shown in Figure 4, biocrusts were not evenly 433 

distributed along the study sites, but overall biocrust coverage was significantly higher 434 

at sites 3 and 4 as compared to sites 1 and 2. Dark cyanobacteria-dominated biocrusts 435 

occurred more frequently at site 4 compared to site 1, and cyanolichen- and 436 

chlorolichen-dominated biocrusts were mapped more frequently at site 3 compared to 437 

all other sites and site 1, respectively. These differences in biocrust coverage and 438 

composition between sites and the lower NDVI at site 1 compared to site 3 439 

(Supplementary Figure S2) may well be caused by differences in the observed climatic 440 

properties and livestock density.  441 

As shown in Figure 5, the annual precipitation was higher at site 3 and 4, while 442 

temperature was lower during the observation period of 12 months. This likely caused 443 

sites 3 and 4 to be wet over longer time spans. As all photoautotrophic organisms within 444 

biocrusts are poikilohydric, meaning that their activity is governed by water, our data 445 

suggest that at sites 3 and 4 biocrust organisms remained wet and photosynthetically 446 

active over longer time spans. Higher water availability and the low livestock density at 447 

these sites likely explain the higher overall biocrust cover values, and the higher cover 448 

values of cyanolichen- and chlorolichen-dominated biocrusts at site 3, as lichens are 449 
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very sensitive to disturbance and need to be photosynthetically active over longer time 450 

spans throughout the year to sustain their larger biomass (Figure 4, 7; Belnap et al., 451 

2004 and 2006; Maestre et al., 2013; Ladrón de Guevara et al., 2014). 452 

It has been shown, that short hydration periods can be detrimental for bryophytes if the 453 

time-span of positive net photosynthesis is too short to compensate for C losses invested 454 

into maintenance and repair functions (Belnap et al., 2004; Reed et al., 2012). Thus, not 455 

only the overall amount of annual rainfall, but also the quantity and timing of individual 456 

rainfall events are relevant in determining biocrust response to climate change. As the 457 

mesoclimatic dataset covers only one year and one microclimate station per site, these 458 

data need to be interpreted with caution. Nevertheless, it seems reasonable to assume 459 

that they describe an overall pattern mainly determined by landscape topography and 460 

distance to the coast, which previously has been described along larger spatial scales in 461 

the region (Büdel et al., 2009).  462 

Although temperature and precipitation followed the overall gradient, site 3 had 463 

elevated nutrient and organic carbon, lower sand and higher clay contents than the other 464 

sites. This may be caused by the fact that site 3 is located at a SW inclined slope 465 

oriented towards the Atlantic coast, which may cause larger inputs of dew and fog, 466 

supporting the growth of well-developed lichen- and bryophyte-dominated biocrusts 467 

(Ladron de Guevara et al. 2014; McHugh et al. 2015).  468 

 469 

Ecological implications of biocrust response to climate change and disturbance 470 

In a similar way as shown for the Succulent Karoo (Büdel et al., 2009), biocrusts have 471 

been described as one of the most important biotic components within many other 472 

dryland ecosystems (Weber et al., 2016; Rodriguez-Caballero et al., 2018). A reduction 473 

in overall biocrust coverage is expected to negatively affect C and N uptake and input 474 



20 

 

into the ecosystem (Zhao et al., 2010; Ladron de Guevara et al., 2014; Sancho et al., 475 

2016). This, together with the expected increase in CO2 release as a consequence of the 476 

decomposition of dead biomass (Maestre et al., 2013), and the reduction of 477 

photosynthetic efficiency of well-developed lichens (Maphanwa et al., 2012) will likely 478 

promote a depletion of already low soil C and N pools (Haarmeyer et al., 2010).  479 

Besides these direct biogeochemical effects, biocrust cover loss and changes in 480 

community composition towards earlier successional stages will reduce soil stability 481 

(Chamizo et al., 2012b; Belnap et al., 2014) and modify soil surface albedo (Couradeau 482 

et al., 2017; Rutherford et al., 2017), with potential effects on water erosion, dust 483 

emission, and the solar radiation budget. Thus, further analyses are needed in order to 484 

conduct an upscaling of already existing experimental data to regional and ecosystem 485 

scales.  486 

Here, we present a new replicable methodology to analyze the biocrust response upon 487 

climate change and disturbance that complements ongoing manipulative experiments. 488 

Although our measurements cannot be used to identify the mechanisms underlying the 489 

observed changes in biocrusts coverage and composition and they neglect the potential 490 

acclimation of some biocrust forming organisms, they can be used as an initial 491 

approximation in areas without information and to upscale existing local results from 492 

manipulative experiments to the entire region or ecosystem.  493 

Conclusions 494 

Our results demonstrate that the combination of multi-temporal series of historical 495 

satellite images and Earth system models is well suited to identify climate change 496 

patterns and effects on biocrust cover and composition at regional scales. Doing this, we 497 

found that biocrust distribution within southwestern African drylands is governed by the 498 

interplay of climatic factors that determine whether biocrusts are active, the duration of 499 
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activity periods and droughts, and by land use intensity. This is also corroborated by 500 

field data, showing that well-developed lichen- and bryophyte-dominated biocrusts 501 

preferably occurred at the wetter and cooler sites of low livestock density, whereas their 502 

coverage declined as conditions became warmer and drier and land use increased, which 503 

also affected local NDVI biocrust values.  504 

Climate change scenarios predict a decrease in amount and frequency of precipitation 505 

and an increase in temperature and aridity in southwestern African deserts, similar to 506 

these observed along our SFT substitution study. These changes may result in a 507 

reduction of NDVIbiocrust values that is caused by a decrease in total biocrust coverage 508 

and a shift in biocrust communities towards early cyanobacteria-doiminated crusts. This 509 

pattern can be exacerbated by increased land use intensity, and it should be considered 510 

when designing future land use in the region. Overall, our study shows that the 511 

combined effect of climate change and land use intensification will affect biocrust cover 512 

and composition, which may have strong negative impacts on biogeochemical cycles, 513 

water availability, soil stability and the solar radiation budget with potential feedbacks 514 

to future climate. 515 
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Figure 1: Flow chart describing the experimental approach to understand the effect of climatic factors and land use intensification on biocrust 

coverage and composition within the South African Karoo. We combine climate data and satellite imagery to analyze the seasonal biocrust 

response to climate fluctuations, identified as variation in the Normalized Difference Vegetation Index values in biocrust-dominated pixels 

(NDVIbiocrust). Then we apply three different climate change scenarios (RCP 2.6, 4.5, and 8.5) in two general circulation models to predict the 

changes of biocrust development and cover under future climatic conditions and different livestock densities until the year 2100. Finally, we 

validate our results by investigating biocrust cover and composition along a climatic and disturbance gradient. 
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Figure 2: Seasonal patterns of Normalized Difference Vegetation Index values of 

biocrust dominated pixels (NDVIbiocrust; shown as crosses), and modelled NDVIbiocrust 

using a general linear model (lines) under low (green) medium (purple) and high (red) 

grazing pressure, as well as soil water content (SWC), water deficit (WD) and solar 

radiation for the period 2001-2010 (a) and detailed variation of the modelled biocrust 

NDVI and SWC and WD during the year 2006 (b).  

  



 

 

Figure 3: Comparison between predictions of mean, maximum and minimum annual NDVI for the period 2005-2015 (grey) and 2090-2100 

(yellow) according to RCP2.6 and RCP8.5 for ECHAM and MIROC climate predictions at 200% (left) and 50% of livestock density (right). Box-

plots show median (line) ± 25-75% intervals (box) and maximum and minimum values (whiskers) of NDVI values of biocrust dominated pixels. 

Outliers are marked by dots. Complete annual time series are shown in Supplementary figure S6 



 

 

Figure 4: Biological soil crust coverage, composition, and NDVI values calculated from 

field spectra at the four study sites. NDVI of each study site shown as line and Box plots 

showing mean (dot) ± standard error (box) and standard deviation (whiskers) of mean 

biocrust, light cyanobacteria-, dark cyanobacteria-, and cyanolichen-dominated 

biocrust coverage (a), as well as chlorolichen- and bryophyte-dominated biocrust 

coverage (b). Mean annual precipitation (blue bars) and box plots showing mean (dot) 

± standard error (box) and standard deviation (whiskers) of monthly temperature (red) 

at the four different study sites- Different letters indicate significant differences of 

each factor at p < 0.05 between sites and * indicates significant differences at p < 0.01. 
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Figure 5: Monthly mean values of daily mean (solid line), maximum (dotted line), and 

minimum temperatures (dashed line) (a), as well as monthly precipitation amount 

(bars) and number of precipitation events (lines) at the four different study sites (b). 

  



 

Figure 6: Soil C and N content at 7-9cm depth (b) at the four different study sites. 

Different letters indicate significant differences of each factor at p < 0.05 between 

sites. 
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Figure 7: Non-Metric Multidimensional Scaling (NMDS) plot of Bray–Curtis similarities 

of different biocrust types (light cyanobacteria-, dark cyanobacteria-, cyanolichen-, 

chlorolichen-, and bryophyte-dominated biocrusts) along the four study sites in the 

Succulent Karoo, South Africa. Arrows indicate the direction of increase along a 

gradient of the corresponding variable (normalized difference vegetation index (NDVI; 

green) and temperature, photosynthetically active radiation (PAR), mean annual 

precipitation (Precipitation), number of precipitation events (Events), and livestock 

density. Length is proportional to the correlation between the predictor variable and 

the ordination. Crosses represent different plots and colors indicate different 

mesoclimate stations. 
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