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Abstract 31 

Bioturbating animals can affect physical and chemical soil properties on near-surface soil by either 32 

foraging for food or constructing suitable habitats. Thereby, bioturbation can influence the soil texture 33 

either sorting or mixing the different grain sizes clay, silt and sand during burrowing. Additionally, 34 

bioturbating animals can increase the macronutrients carbon (C), nitrogen (N) and phosphorus (P) 35 

through the transport of  nutrients by vertically mixing the soil column and the addition of the bioturbators’ 36 

feces to the soil surface. To date, it is not clear how the effects of bioturbation on soil properties vary 37 

along an ecological gradient. Therefore, we compared the physical properties clay, silt and sand and 38 

the chemical contents of the macronutrients C, N and P for soil samples from mounds and the 39 

surrounding area as controls in three different climatic regions (arid, semi-arid and Mediterranean) of 40 

coastal Chile. To do so, we calculated the difference between the concentrations of paired mound and 41 

control samples. When comparing soil texture, we did not find significant differences between mound 42 

and control soil samples. For the macronutrient contents, the difference between mound and control C 43 

and N contents increased in the arid site and decreased in the two other research sites with increasing 44 

vegetation cover. Since we aimed to cover bioturbation patterns on a broader scale, we additionally 45 

compared our findings to other bioturbation studies performed in different biomes. Thereby, we found 46 

that other studies also show small differences in soil properties caused by bioturbation which are already 47 

sufficient to increase soil fertility. 48 

Keywords: bioturbation, soil physical and chemical properties, macronutrients, soil fertility, climate 49 

gradient 50 

 51 

1. Introduction 52 

Bioturbating animals act as ecosystem engineers, as they physically and chemically alter their 53 

environment by foraging for food or constructing suitable habitats and dens (Day et al., 2003). Thereby, 54 

bioturbators, ranging in size from beetles and lizards to gophers and badgers, create a variety of above- 55 

and belowground soil patterns, particularly an increase in the proportion of fine soil compartments and 56 

macronutrients near the surface (Eldridge and Rath, 2002; Gutterman, 1997; Mallen-Cooper et al., 2019; 57 

Zaitlin and Hayashi, 2012). 58 

Bioturbation can physically affect soil properties, mainly soil texture, through the vertical translocation of 59 

sediments (Phillips, 2001; Phillips and Lorz, 2008). Bioturbators transport the fine soil particles (< 2 mm) 60 

such as clay, silt or sand from deeper soil layers to the near-surface soil through digging along the soil 61 

column, which increases the proportion of these components in mounds created by bioturbators. This 62 

process also leads to an increased mixing of the vertical soil column (Eldridge, 2004; Hagenah and 63 

Bennett, 2013; Yurkewycz et al., 2014). In contrast and depending on body size, larger and heavier 64 

gravels cannot be vertically transported and hence, remain at the surface at the near-surface soil 65 

(Johnson, 1989; Ross et al., 1968; Wilkinson et al., 2009). Both, the sorting in fine and coarse-grained 66 

soil components, and the mixing of the fine-grained soil fraction due to bioturbation, was shown to 67 
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enhance soil quality by increasing contents of soil nutrients and water holding capacity (Clark et al., 68 

2018a; Moorhead et al., 1988; Wilkinson et al., 2009).  69 

Beside these effects, bioturbation can also affect chemical soil properties, especially the availability of 70 

macronutrients such as carbon (C), nitrogen (N) and phosphorus (P) (Bardgett, 2010; Carlson and 71 

Whitford, 1991; Contreras et al., 1993; Eldridge and Whitford, 2014). This is mainly attributed to the 72 

transport of soluble nutrients to the near-surface soil during the active mixing of the vertical soil column 73 

(Abaturov, 1972). Several studies reported a positive correlation between bioturbation activity and C 74 

content in the near-surface soil (Faiz et al., 2018; Nkem et al., 2000; Yurkewycz et al., 2014; Platt et al., 75 

2016; Frouz, 2020). Such an enrichment of C is possible since the C within the organic layer on the 76 

surface is exposed and unprotected to disturbances such as bioturbation and can easily be transported 77 

by bioturbators (Jandl et al., 2007; Zakharova et al., 2014). Consequently, bioturbation causes C fluxes 78 

between the different soil layers (Arai et al., 2007; Fröberg et al., 2005) leading to an increased C supply 79 

of the near-surface soil and accordingly to an accumulation of organic matter (OM) (Yurkewycz et al., 80 

2014; Platt et al., 2016; Faiz et al., 2018). Further, bioturbation increases total N at the near-surface soil 81 

directly through the bioturbators’ physical digging and thereby mixing of the soil layer bringing up the N 82 

from deeper soil layers (Lara et al.,2007; Laycock and Richardson, 1975; Hagenah and Bennett, 2013). 83 

This increase of N contents due to bioturbating animals is indirectly caused through the removal of N-84 

enriched plants from the soil surface to either feed on them or to create burrows and dens (Tardiff and 85 

Stanford, 1998). At the same time, bioturbating animals regularly leave their urine and feces in the 86 

burrows (Mulder and Keall, 2001; Eldridge and Rath, 2002; Gervais et al., 2010; Whitford and 87 

Steinberger, 2010; Kurek et al., 2014; Yu et al., 2017). In that way, OM is trapped and its’ decomposition 88 

results in higher N contents in the burrows and dens and the bioturbating animals then vertically 89 

transport this soil to the near-surface (James et al., 2009, 2011). In a similar way, bioturbation leads to 90 

increased P content near the surface as the decomposition of fecal and skeletal materials in burrow 91 

systems as well as the upward transport of caliche and deep soil material promote P enrichment on the 92 

near-surface soil (Carlson and White, 1988; Kelt, 2011; Willott et al., 2000). 93 

However, while these general patterns with increasing soil nutrient contents have been observed 94 

primarily in arid climates (Nkem et al., 2000; Eldridge and Rath, 2002; Hagenah and Bennett, 2013), 95 

studies in temperate climates also showed a decrease in macronutrient contents on the near-surface 96 

soil (Sherrod and Seastedt, 2001; Eldridge and Mensinga, 2007; Lara et al., 2007; Eldridge and Koen, 97 

2008). For example, Kurek et al. (2014) found that mounds created by badgers and foxes contained 98 

significantly less total N than the surrounding soil in a temperate climate zone. Such unexpected effects 99 

may appear due to the variable bioturbation activity depending on climate: It has been shown that 100 

bioturbation decreases from  resource-limited, arid, to temperate climate regions which provide more 101 

resources such as food and habitat associated with ubiquitous vegetation (Kraus et al., 2022; Übernickel 102 

et al., 2021). This translates in animals needing to invest less energy into digging in areas with more 103 

resources, e.g. temperate regions. In turn, this means that burrowing is a beneficial strategy for animals 104 

living in resource-limited areas (Carlson and Whitford, 1991; Eldridge and Whitford, 2014; Ladegaard-105 

Pedersen et al., 2005). Here, we aim to analyze the magnitude of the impact of bioturbation on chemical 106 

soil properties may be associated with climate and the associated varying vegetation cover. We 107 
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therefore predicted that the magnitude of bioturbation on macronutrient contents is smaller in resource-108 

rich in comparison to resource-limited climate regions where bioturbation activity and its’ effects will 109 

appear on a larger scale. However, up until now, there are few analyses comparing the impact of 110 

bioturbation on soil properties comparing different climate regions.  111 

To investigate this research gap, we compared the effects of bioturbation on soil physical and chemical 112 

properties along a climate and vegetation gradient ranging from the arid desert to the Mediterranean 113 

forest with comparable topography, size and geology in Chile. More specifically, we measured clay, silt 114 

and sand as physical soil properties and the macronutrients C, N and P as chemical soil properties for 115 

soil samples taken from mounds and surrounding area as unaffected controls. We compared the 116 

presented results to other studies in a literature review including publications of the influence of 117 

bioturbation on soil properties in different climate zones. This approach allows us to test the following 118 

hypotheses:   119 

(1) Bioturbating animals affect soil texture, increasing the proportion of fine-grained soil compartments 120 

such as either clay, silt or sand at the near-surface soil, in comparison to undisturbed soil, especially in 121 

the arid research site.  122 

(2) Bioturbation increases the C, N and P contents at the near-surface soil due to the decomposition of 123 

OM at the surface plus the accumulation of bioturbators’ excrements, especially in the arid research 124 

site. 125 

(3) The magnitude of bioturbation impacting the macronutrient contents (C, N, P) is greater in the 126 

resource-limited arid region than in the more humid regions harboring denser vegetation due to the food 127 

and shelter need of the bioturbating animals.  128 

 129 

2. Materials and methods 130 

2.1 Study area 131 

Our study was performed within the EarthShape project investigating the effect of biota shaping Earth 132 

surface (https://esdynamics.geo.uni-tuebingen.de/earthshape/index.php?id=129). The study was 133 

conducted at three research sites along the Chilean Coastal Cordillera which were chosen due to their 134 

comparability in topography, size and geology since we aim to focus on the climatic influences on 135 

bioturbating animals (Table 1). All research sites (NP Pan de Azúcar, private reserve Santa Gracia , NP 136 

La Campana) are situated at a distance < 80 km of the coast and offer opposite north- and south-facing 137 

hillslopes. The general lithological compositions of the sites are similar, located in Cretaceous, Jurassic, 138 

and Permo-Carboniferous granitoid lithologies (Oeser et al., 2018). The vegetation cover is lowest in 139 

the arid desert (8.3%), followed by 34% in the semi-arid site, while in the Mediterranean site the cover 140 

is highest with up to 83.8% (Grigusova et al., 2022).  In the semi-arid research site there were goats and 141 

in the Mediterranean research site there were cows acting as disturbances of this ecosystem (Armesto 142 

et al., 2007; Rundel and Weisser, 1975). However, these disturbances should not affect our analyses 143 

since we considered conducting our plots in areas not frequently visited by these animals (Table S1). 144 
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 145 

2.2 Study design 146 

In the first field campaign, conducted in autumn of the southern hemisphere (March to April 2019), we 147 

established twelve 10 m x 10 m plots at each research site with a distance of at least 30 m between 148 

plots. In a second field campaign, conducted in spring of the southern hemisphere (September to 149 

November 2019), we complemented eight additional plots at each site, resulting in a total of 20 plots per 150 

site. The plots were evenly distributed across two opposing hillsides, 10 on the north- and 10 on the 151 

south-facing hillslope, but randomly distributed on each of the hillslopes.  152 

All plots were examined for visible excavated mounds created through bioturbation. We applied a 153 

pairwise design: if multiple mounds occurred in one plot, a maximum of six soil samples were taken from 154 

randomly selected mounds, and the same amount of soil samples was taken from the surrounding, 155 

visually undisturbed soil as controls. If there was no mound detected within a plot, this plot was not 156 

included in our analysis.  157 

2.3 Data collection 158 

The soil samples were taken via an equal volume cylinder (100 cm³ volume) with a height of 5.1 cm. We 159 

drove the cylinder from the surface into the soil until we reached the appropriate depth when the upper 160 

part of the cylinder was in line with the soil surface. We collected 306 paired soil samples in total: 134 161 

samples in 15 plots in Pan de Azúcar, 126 samples in twelve plots in Santa Gracia, 46 samples in nine 162 

plots in La Campana (Table 1). 163 

We used mound density as a proxy for bioturbation activity (Nkem et al., 2000; Clark et al., 2018). 164 

Therefore, we counted the number of visible mounds in each plot by identifying excavated soil next to 165 

burrows, which appeared darker in colour than the surrounding soil.  166 

To examine bioturbation in relation to climate and vegetation, we included additional characteristic 167 

features of each climate zone (arid, semi-arid, Mediterranean) such as hillside elevation, hillslope, and 168 

vegetation cover in our study. The variables elevation and hillslope were derived from high resolution 169 

Lidar data (Kügler et al., 2022). Vegetation cover was estimated at the plot level using unmanned aerial 170 

vehicle which created red-green-blue images on which land cover was classified (Grigusova et al., 171 

2021). We calculated the ratio of pixels classified as any plant type (herbs, shrubs, cacti, trees) to the 172 

total amount of all pixels per plot. 173 

2.4 Laboratory methods for soil properties 174 

All soil samples were analyzed in the laboratory for soil analysis at the Department of Geography at the 175 

University of Marburg (Germany). This study comprises 302 soil samples since for four out of 306 176 

samples (two samples from Pan de Azúcar and two samples from La Campana) we had no data due to 177 

failed measurements. 178 

Soil texture data was produced using the standard procedure DIN ISO 11277:2002 with the goal to 179 

differentiate course from fine grained sediment (determine the proportions of clay, silt and sand in %). 180 

First, we detected and excluded particles larger than 2 mm. Then, the Pario device (Soil Particle 181 
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Analyzer PARIO, METER Group, Germany) was used to further differentiate the grain size distribution 182 

of the fine-grained soil < 2 mm. This allows the determination of the proportion of clay and silt. We used 183 

25 g of the soil sample for this analysis adding hydrogen peroxide and heating the sample afterwards 184 

to remove organic material. Then we added sodium pyrophosphate as a dispersant and afterwards 185 

transferred the suspension to a measuring cylinder to fill it up with distilled water to receive an overall 186 

volume of one liter. We stirred the suspension and inserted the Pario sensor into the liquid. After the 187 

Pario measurement, we determined the sand proportion by wet-sieving manually. We then incorporated 188 

the determined weight of the sand into the Pario program. As a final step, we calculated the percentages 189 

of clay, silt and sand and identified texture classes. Our sample size was reduced to n = 300 due to 190 

measurement failure in two samples. 191 

To determine the concentrations of C and N (in %), we used a C/N analyzer (Vario El cube elemental 192 

analyzer, Elementar, Germany). For this analysis, we used 5 mg of the fine-grained portion of each soil 193 

sample. We transferred this sample into a tin ship and weighted the sample as well as the tin ship to 194 

enter the correct sample volume into the C/N analyzer. We then folded, closed and placed the tin ship 195 

into the C/N analyzer. We extrapolated the amount of C and N to a 5 mg soil sample considering the 196 

measurement deviations.  197 

To quantify the concentration of P (in ppm), we used inductively coupled plasma mass spectrometry 198 

(ICP-MS), an elemental analysis technology capable of detecting most of the periodic table of elements 199 

at milligram to nanogram levels (Amman, 2007). Following the procedure DIN EN 16174, the fine-200 

grained soil of each sample was first digested with aqua regia.  For this, we mixed 1 g of soil sample 201 

with 15 ml of 37% hydrochloric acid and 65% nitric acid and cooked the sample for two hours for 202 

digestion. Afterwards, we filtered the cooled mixture and diluted it to a ratio of 1:50. Prior measurement, 203 

we again diluted the sample to a ratio of 1:50 and then measured with the ICP-MS (XSeriesII, 204 

ThermoFisher, Germany) following DIN EN ISO 17294-2: 2017-01 and DIN EN ISO 17294-2: 2005-02.  205 

2.5 Statistical analyses 206 

We used generalized linear mixed effect models (GLMMs) to analyze the effect of bioturbation on 207 

physical and chemical soil properties along the climate gradient. For that reason, we used physical soil 208 

properties (clay, silt and sand content) and chemical soil properties (C, N, P) as response variables. To 209 

compare properties between mounds and control, we calculated the difference between the content in 210 

physical (clay, silt, sand) and chemical properties (C, N, P) in mound and control soil samples which 211 

resulted in a variable characterizing the difference of the two samples. We used site, mound density, 212 

hillslope, hillside elevation, season and vegetation cover as fixed predictors while we used the study 213 

plots as a random factor (Table 2). Since we aim to understand the effect of bioturbation along our 214 

climate gradient, we included interaction terms between site and all other fixed predictor variables. We 215 

standardized the fixed predictor hillside elevation since it could not be assigned to each site separately 216 

without standardization. In order to approximate normality, we log10-transformed the fixed predictor 217 

variable mound density. This analysis includes 36 plots in which we could obtain soil samples (134 218 

samples in 15 plots in Pan de Azúcar, 126 samples in twelve plots in Santa Gracia, 46 samples in nine 219 

plots in La Campana) from our both field campaigns (the first conducted in the southern-hemispheric 220 
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autumn, the second conducted in the southern-hemispheric spring). We additionally checked for 221 

possible correlations by depicting all possible combinations between the response variables using the 222 

Pearson test. 223 

All statistical analyses were performed using the R statistical environment (version 1.3.1093). We 224 

employed the buildmer (Voeten, 2019) function for the GLMMs to perform backward stepwise selection 225 

and additionally calculated the AIC. To determine the proportion of variation explained by the model in 226 

total including fixed and random effects, we calculated R-squared for the fitted models using the rsq 227 

command from the rsq package (Zhang, 2020). 228 

2.6 Literature review  229 

To compare the input of physical (clay, silt, sand) and chemical (C, N, P) soil properties and its’ effect 230 

on ecosystem functioning, we screened papers from different climate settings which performed similar 231 

analysis to ours quantifying the effects of bioturbation. Out of these papers, we filtered the amount of 232 

clay, silt, sand, C, N, P for mound and control soil, calculated the percentual input and listed the impacts 233 

of bioturbation mentioned in the studies (Table S10) for comparison to our study.  234 

3. Results 235 

The proportions of the physical soil properties clay, silt and sand did not vary significantly between 236 

mound and control soil samples in all three research sites, as well as across sites (Fig. 1,Table S2). The 237 

content of the chemical soil properties C and N increased along the climate gradient from Pan de Azúcar 238 

to La Campana both in mound and control samples while P content remained constant across all three 239 

research sites (Fig. 2,Table S2). Mound samples showed higher contents in C, N and P than control 240 

samples across all research sites: Considering just the mean of the macronutrient samples from mound 241 

and control, the C content was 20% higher in Pan de Azúcar, 28% higher in Santa Gracia and 52% 242 

higher in La Campana for mound than control samples. Mound samples contained 25% more N in Pan 243 

de Azúcar, 10% more N in Santa Gracia and 44% more N in La Campana than control samples. The P 244 

content was 12% higher in Pan de Azúcar, 14% higher in Santa Gracia and 21% higher in La Campana 245 

for mound than control soil samples (Table S2).  246 

It is important to note that similar patterns may be observed because some of the dependent variables 247 

show correlations among each other. This is why we calculated all possible combinations between the 248 

response variables and since some of these variables are correlated (Table S3), we present just silt, C 249 

and N here. 250 

When fitting GLMMs for the physical soil properties, only the model for silt contained significant 251 

predictors with the fixed predictor hillslope and the interaction between mound density and the site Pan 252 

de Azúcar explaining 5% of the model variation (AIC = -79.7, p < 0.1, Supplementary Table S5). The silt 253 

content increased in Pan de Azúcar with increasing mound density while it decreased in Santa Gracia 254 

and La Campana (Fig. 3A). In all research sites, the silt content increased with increasing hillslope (Fig. 255 

S1A). 256 

Out of the GLMMs for the chemical soil properties, the models for C and N contained significant 257 

predictors with the fixed predictors mound density, vegetation cover and hillslope explaining 31% of the 258 
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variation in the response variable (AIC = 730.6, p < 0.001, Supplementary Table S7) within the fitted 259 

model for the chemical soil property C content. Within the fitted GLMM for N, the fixed predictors 260 

vegetation cover and hillside elevation explained 6% of the model variation (AIC = 148.2, p < 0.01, 261 

Supplementary Table S8). The C content decreased in Pan de Azúcar and La Campana and remained 262 

constant in Santa Gracia (Fig. 3B) due to bioturbation. For both macronutrients, C and N, the same 263 

trends occurred in the fitted models (Fig. 4): C and N contents were positively associated with increasing 264 

vegetation cover in Pan de Azúcar but negatively associated in Santa Gracia and La Campana. C 265 

content was positively associated with hillslope in La Campana but remained constant in Pan de Azúcar 266 

and Santa Gracia (Fig. S1B). N content decreased with increasing hillside elevation in La Campana but 267 

remained constant in the two northern research sites (Fig. S2). When considering the relationship 268 

between soil properties and mound density, the physical soil property silt did not change with increasing 269 

mound density (Fig. 5A) whereas the chemical C content decreased with increasing mound density 270 

across all research sites (Fig. 5B).  271 

4. Discussion 272 

In our study, bioturbation increased the contents of C and N with increasing vegetation cover on the 273 

near-surface soil in the arid research site. In contrast, C and N contents decreased with increasing 274 

vegetation cover in the two other research sites. Neither the macronutrient P content nor the physical 275 

soil properties of the near-surface soil were related to bioturbation activity. Additionally, we found that 276 

near-surface soil contents of all investigated properties affected by the bioturbators did not increase with 277 

increasing mound density which we interpreted as a proxy for bioturbation activity (see section “2.3 data 278 

collection” in methods). This finding clearly shows that bioturbation did not always lead to an input but 279 

had only small effects on soil properties. 280 

Overall, we observed similar patterns for C and N contents in our study when comparing the difference 281 

in absolute concentration between mound and control samples in comparison to other studies (see 282 

Table S10 “% input (mound-control)”). For instance, the C input in our study was 20% in the arid zone 283 

(and 28 % in the semi-arid zone) which is concomitant to findings of Nkem et al. (2000) with 18% C input 284 

due to bioturbation within the arid climate zone. In contrast, in the Mediterranean climate zone C input 285 

was 52% while another study showed a lower C input of 9% (Yurkewycz et al., 2014). The N input in the 286 

arid climate zone contained 25% (and 21% in the semi-arid zone) in our study in contrast to another 287 

finding of Eldridge and Koen (2008) showing a decrease in N of 45%. Within the Mediterranean climate 288 

zone, N input of our study with 21% was similar compared to 8% N input found by Yurkewycz et al. 289 

(2014). In summary, even though the input of C and N contents caused by bioturbation in previous 290 

studies and our study is small, it can be significant: already low N input stimulates plant growth while C 291 

input leads to an increased C uptake by the plants which can contribute to the mitigation of climate 292 

change (Ciais et al., 2008; Pregitzer et al., 2008; Reay et al., 2008; Thomas, 2010). Consequently, the 293 

observed C and N input associated with vegetation cover in the desert due to bioturbation in our study 294 

might improve soil fertility and through this enhance plant growth in near-surface soils (Mulder and Keall, 295 

2001; Eldridge and Rath, 2002; Gervais et al., 2010; Whitford and Steinberger, 2010; Kurek et al., 2014; 296 

Yu et al., 2017). 297 
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In contrast to our first hypothesis we found no enrichment of clay, silt or sand particles in mound 298 

samples. One possible explanation for this observation is that over a longer time period, the small, and 299 

easily erodible clay, silt or sand particles were transported (eroded) by water (Simkin et al., 2004) or 300 

wind (Ravi et al., 2007) from the exposed soil in animal mounds, and subsequently redistributed on 301 

surfaces nearby, which will be in a later time subject to burrowing. This process would reduce differences 302 

between mounds and controls, and lead to an equalization of fine soil particles on the hillslope. This 303 

would mean that, if bioturbation occurs to a greater extend, the near-surface soil becomes in time so 304 

homogenized through the burrowing process that differences minimalize (Dostál et al., 2005; Johnson, 305 

1989). Such patterns have been found elsewhere, e.g. in temperate Slovakia where ant bioturbation led 306 

to the homogenization of the soil (Dostál et al., 2005).  307 

With regards to the macronutrients, our second hypothesis stating that bioturbation increases C, N and 308 

P contents was not supported for the whole climate gradient since C and N contents did not increase in 309 

the semi-arid and Mediterranean research sites. However, within the arid research site, C and N 310 

contents were higher for mound than for control samples. This small scale heterogeneity is in line with 311 

many other studies, which argue that animals incorporate plant derived C, and N from feces through 312 

burrowing activity. This process is commonly associated with improvement of soil fertility through 313 

macronutrient input, and an increase in soil and vegetation heterogeneity at small scales (Jouquet et 314 

al., 2017; Yurkewycz et al., 2014b). This has been found to lead to a positive influence of bioturbation 315 

on plant growth, establishing indigenous plant species, and even sometimes protecting semi-arid 316 

ecosystems from disturbance events such as fire or erosion (Dostál et al., 2005; Eldridge and Koen, 317 

2008; Clark et al., 2018). In contrast to the macronutrients C and N, the P content in all three research 318 

sites did not change due to bioturbation (Garkaklis et al., 2003; Hagenah and Bennett, 2013). This is 319 

surprising, as most previous studies revealed an increased P content with bioturbation, which has been 320 

shown to increase plant abundance and diversity (Carlson and Whitford, 1991; Dostál et al., 2005; Nkem 321 

et al., 2000). A possible explanation for the steady P content in our study is that higher bioturbation 322 

activity might speed up leaching of susceptible macronutrients such as P in contrast to the more resistant 323 

C and N (Garkaklis et al., 2003; Mohr et al., 2005). Like already mentioned for the soil texture, the soil 324 

P content might also remain constant since the near-surface soil becomes homogenized if bioturbation 325 

occurs to a greater extent (Dostál et al., 2005; Johnson, 1989).  326 

Our observation of different C and N patterns along the climate gradient due to bioturbation is 327 

concomitant with our third hypothesis stating that the influence of bioturbating animals on the 328 

macronutrient inputs differs depending on the climate region and the concomitant available resources. 329 

Previous studies confirmed that bioturbation activity depends on the different climate concomitant with 330 

varying vegetation patterns (Don et al., 2019; Eldridge and Whitford, 2014; Jouquet et al., 2017; Kraus 331 

et al., 2022; Wilkinson et al., 2009; Yu et al., 2017). One reason therefore is that in arid climate regions 332 

bioturbation occurs due to the loss of shelter like plants protecting the animals from the sun or predation 333 

which explains that burrowing animals in the desert prefer digging next to the occurring sparse 334 

vegetation and during this process, they bury plants or plant parts resulting in higher C and N contents 335 

within bioturbated soils (Raymond P. Yurkewycz et al., 2014; Platt et al., 2016; Faiz et al., 2018). In 336 

contrast, C and N contents in this and other studies did not significantly change in bioturbated compared 337 
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to unaffected soils in climate regions providing more resources where digging is not as necessary 338 

(Dostál et al., 2005; Eldridge and Koen, 2008; Clark et al., 2018). In a previous study, we showed that 339 

bioturbation patterns are distributed more patchy in the arid research site than in the two other ones 340 

which might additionally explain why the macronutrients are distributed more homogeneously in the 341 

semi-arid and Mediterranean sites (Grigusova et al., 2021). An additional explanation for the differing 342 

macronutrients patters along the climate gradient is that the macronutrient content largely depends on 343 

the occurring vegetation (Carlson and Whitford, 1991; Eldridge and Whitford, 2014). Thereby, in regions 344 

with greater vegetation cover than in deserts, bioturbating animals can cause the destruction of plants 345 

or plant parts while burrowing (Contreras et al., 1993) which could also explain the observed decrease 346 

in C and N contents in the semi-arid and Mediterranean regions in our study. This is supported by 347 

previous research which showed that tunneling through bioturbation reduces 20 – 50% of vegetation 348 

cover over active burrows (Contreras et al., 1993). Another reason for the deficiency of C and N contents 349 

in the climate regions with denser vegetation than the arid climate zone is the C and N uptake by plants: 350 

both macronutrients, C and N, are crucial for several cellular plant functions (Zheng, 2009). Hence, C is 351 

used as an energy source for photosynthesis or assimilated by vegetation and later transferred as plant 352 

litter to the soil as soil OM (Bassham and Calvin, 1960). N is an important component of chlorophyll 353 

involved in photosynthesis as well as a major component of amino acids for protein building (Evans, 354 

1989; Stocking and Ongun, 1962). Therefore, the depletion of C and N in the research sites with more 355 

vegetation cover such as semi-arid and Mediterranean might occur due to the uptake of these 356 

macronutrients by plants. In our study, we saw similar effects of bioturbation for both, C and N, since 357 

these two macronutrients are often intertwined because C and N immobilization by plants controls soil 358 

development (Walker and Moral, 2003).  359 

5. Conclusion 360 

Our study revealed that the effects of bioturbation on soil macronutrient contents of C and N vary with 361 

climate. While bioturbation leads to an increase of C and N contents associated with increasing 362 

vegetation cover in the arid zone, it leads to a decrease of C and N contents in the semi-arid and 363 

Mediterranean zones. This is likely because animals depend heavily on the resources they gain from 364 

the occurring vegetation such as food and shelter. Because of the observed C and N inputs due to 365 

burrowing animals we support that bioturbation impacts ecosystem functioning by improving soil fertility 366 

as well as mitigating climate change by contributing to C increase and thereby C uptake by plants. For 367 

an overarching understanding of the effects of bioturbation on soil properties, further studies should 368 

explore all existing climate regions as well as further exploring the various effects of bioturbation on 369 

ecosystem functions.  370 
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 616 

Table 1 617 

Coordinates and characteristics of the research sites arranged by latitude (from north to south). Depicted are the 618 

coordinates, elevation, mean annual temperature, mean annual precipitation, number of plots with mounds (out of 619 

20 randomly-selected plots) and the number of paired samples per research site (Pan de Azúcar, Santa Gracia, La 620 

Campana). The mean temperature and annual precipitation of the year 2019 was obtained from weather stations 621 

created within the EarthShape project (Übernickel et al., 2020). We chose to show the temperature and precipitation 622 

for 2019 since the study was conducted during this year. 623 

 Pan de Azúcar Santa Gracia La Campana 

Center coordinate lat 

Center coordinate long 

S26° 10.749 

W70° 34.782 

S29° 22.878 

W71° 9.516 

S32° 41.202 

W70° 50.346 

Elevation [m. a. s. l.] 667 - 795 637 - 742 441 - 740 

Annual temperature [°C] 14.6 14.4 14.9 

Annual precipitation [mm]  9.4 20.8 63.8 

Sampled plots 15 12 9 

Total number of samples 134 126 46 

 624 

Table 2 625 

Summary of physical and chemical response variables as well as the fixed predictors site, mound density, hillslope, 626 

hillside elevation, season and vegetation cover used in all GLMMs.  Depicted are the minimum and maximum values 627 

for all predictors except for site (Pan de Azúcar, Santa Gracia, La Campana) and season (autumn and spring) since 628 

there are no minimum and maximum values. The response variables were the difference of the particular 629 

characteristic between mound and control. As a random factor we used 59 plots. 630 

Response variables Minimum  Maximum Mean 

Clay content (mound - control) [%]  -0.73   0.38  -0.0021 

Silt content (mound - control) [%]  -0.53   0.55  -0.016 

Sand content (mound - control) [%]  -0.57   0.62   0.019 

C content (mound - control) [%]  -4.75  13.68   0.95 

N content (mound - control) [%]  -0.64   2.55   0.087 

P content (mound - control) [ppm]  -1.94   2.04   0.1 

Fixed predictors    
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Site no ranking: Pan de Azúcar, Santa Gracia, La Campana 

Mound density [No/ 100 m²]   1  44   8.56 

Hillslope [°]   8.35  41.08  22.59 

Hillside elevation [m a. s. l.] 441.3 795.4 688.3 

Season no ranking: autumn, spring  

Vegetation cover [%]   0.18  96.65  22.27 

 631 

 632 

 633 

Fig. 1. Physical soil properties of mound (orange) and control (grey) soil samples in the research sites Pan de 634 
Azúcar (arid), Santa Gracia (semi-arid) and La Campana (Mediterranean). A): median clay [%], B):  median silt [%], 635 
C): median sand [%].  636 
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 637 

Fig. 2. Chemical soil properties of mound (orange) and control (grey) soil samples in the research sites Pan de 638 
Azúcar (arid), Santa Gracia (semi-arid) and La Campana (Mediterranean). A): median C [%], B): median N [%], 639 
C): median P [ppm]. Note that the x-axis in B) was log10-scaled for illustrative reasons. 640 

 641 

Fig. 3. Effect plots for the fixed effect mound density at each research site (arid Pan de Azúcar, semi-arid Santa 642 
Gracia, Mediterranean La Campana). A) Fitted relationships between mound density [No/ 100 m²] and silt content 643 
[%], B) fitted relationship between mound density [No/ 100 m²] and C content [%]. Note that the x-axis for A) and B) 644 
was log10-transformed.  645 
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 649 

Fig. 4. Effect plots for the fixed effect vegetation cover at each research site (arid Pan de Azúcar, semi-arid Santa 650 
Gracia, Mediterranean La Campana). A) Fitted relationships between vegetation cover [%] and C content [%], B) 651 
fitted relationship between vegetation cover [%] and N content [%].  652 

 653 

Fig. 5. Relationship between the physical soil property silt and the macronutrient C and mound density in the three 654 
research sites Pan de Azúcar (arid), Santa Gracia (semi-arid) and La Campana (Mediterranean). A) Relationship 655 
between silt content and mound density. B) Relationship between C content and mound density. For illustrative 656 
reasons we included the coefficient of determination R². Note that the x-axes in A) and B) were log10-transformed. 657 

 658 

 659 
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