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Seasonal and temporal patterns 
of rainfall shape arthropod 
community composition 
and multi‑trophic interactions 
in an arid environment
Christina Fischer1,2*, Roland Gerstmeier3 & Thomas C. Wagner2

In arid and semi‑arid ecosystems, rainfall and rainfall temporal distribution shape species communities 
and multi‑trophic interactions. Whereas the relationship between climate change‑induced decline of 
precipitation and plants is well know, there is little knowledge of these relationships with consumers, 
such as arthropods of different trophic levels. In a 6‑year period we studied precipitation effects 
and microhabitat conditions on multi‑trophic interactions of ground‑dwelling arthropods in an arid 
savannah. We analysed the effects of seasonal rainfall, plant cover and soil texture on community 
composition and activity density of arthropods of different trophic levels and investigated the 
critical window of vegetation and occurrence arthropods in relation to rainfall. Our result show, that 
arthropod community composition was determined by seasonal rainfall and plant cover. Soil texture 
did not explain arthropod response sufficiently. Especially detritivorous arthropods were strongly 
affected by precipitation and can therefore serve as indicators of droughts. Further, multi‑trophic 
interactions can better be explained by short‑term rainfall pulses, rather than by seasonal patterns, 
with a window of seven days being most suitable to explain the influence of rainfall. Plant cover 
responded immediately after the rainfall, followed by herbivorous and predatory arthropods, and 
with a lag of 23 days omnivorous arthropods. This highlights the importance of short‑term rain pulses 
for multi‑trophic interactions among arthropods and emphasized the relevance of studying detailed 
precipitation effects for the arthropod diversity and ecosystem stability in arid ecosystems.

Climate change in terms of decreasing precipitation and altered rainfall patterns is one of the main drivers of 
ecosystem state shifts, as well as decreasing productivity especially in arid and semi-arid  ecosystems1,2. Thereby, 
rainfall patterns can influence species composition and dynamics not only of producers, but also of organisms 
of higher trophic  levels3,4. As the effect on primary production is of major concern and as predictions for sessile 
organisms, such as plants seem comparatively easy, there are numerous studies on the effect of climate change and 
altered rainfall on vegetation and plant communities (reviewed  in5). In general, with reduced amounts of rain, 
perennial vegetation disappears and the amount of bare soil with ephemeral vegetation increases, disrupting the 
stability of ecosystems and leading to  desertification6. Duration and amount of rain pulses affect soil moisture and 
therewith trophic interactions and community  characteristics7. Thereby, rainfall pulses lead to plant recruitment 
and growth and increase the occurrence of organisms of higher trophic levels due to bottom-up  effects1,8. How-
ever, most studies on the impact of precipitation regimes have mainly focused on single trophic groups, with often 
contradicting, taxon-specific  results9,10, but  see11. However, to better comprehend the effects of climate change 
in terms of altered rainfall on ecosystems an overarching understanding of trophic interactions is  necessary12.

Many studies on the impacts of rainfall regimes focus on populations of larger animals, such as mammals 
and  birds1,13, but  see14,15 or species interactions between mainly mammalian herbivores or  predators4. However, 
arthropods are an abundant and species-rich organism  group16, which can make up to 90% of the animal biomass 
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in terrestrial  ecosystems17. Due to their small size and low dispersal ability, especially ground-dwelling arthropods 
respond fast and strongly to environmental changes and can therefore be used as ecological  indicators18. Further, 
arthropods can contribute to a wide variety of ecosystem functions, as e.g. herbivores, predators, pollinators, seed 
dispersers, decomposers, and are important components of food webs and nutrient  cycles16. In arid ecosystems, 
arthropods inhabit a wide range of microhabitats and are therefore important organisms stabilizing trophic 
interactions and ecosystem  stability19,20. Despite of the great importance of arthropods in arid ecosystems, lit-
tle is known about the effects of precipitation alterations on arthropod communities and related multi-trophic 
 interactions21. Thereby rainfall influences vegetation cover, flowering and seed production and therewith her-
bivorous arthropods by providing food, but also microhabitat for omnivorous and predatory  arthropods9,22. 
There are also direct, taxon-dependent effects of precipitation on arthropods across trophic  levels23. For example, 
increasing long-term rainfall (up to 3 to 14 months before sampling) positively effects mites, ants and beetles, 
but negatively effects spiders, while short-term rainfall (up to 18 days) has no effect on arthropod  abundance9. 
Additionally, arthropod community composition can be influenced by microhabitat characteristics, such as soil 
temperature, soil moisture and soil particle distribution, with arthropods being attracted by greater soil moisture, 
which can be related to lower coarse sand  content24.

To disentangle the often contradicting effects of the amount and temporal distribution of rainfall on ground-
dwelling arthropods, their different trophic levels and their multi-trophic interactions, we used pitfall trapping 
during a 6-year period in an arid savannah ecosystem. We analysed the effects of seasonal rainfall, plant cover and 
soil texture in terms of microhabitat availability on the activity density of herbivorous, omnivorous and predatory 
arthropods, detritivores and ants. Further we determined the critical window for the development of vegetation 
and the occurrence of the different arthropod groups in relation to rainfall. Hereby we hypothesise that:

1. Precipitation, plant cover and soil texture influence arthropod community composition.
2. Amount and timing of rainfall affect arthropod activity density differently according to their trophic group.
3. There is a cascading effect of precipitation on plant cover and subsequently on primary and secondary 

arthropod consumers.

Methods
Study area and environmental variables. The study was carried out between 2013 and 2018 in an 
arid savannah ecosystem on the farm Rooiklip (S 23°24′23.29’’, E 016°03′37.35’’), which is situated 1000 m a.s.l. 
within Namibia’s great escarpment. The climate is hot-arid, with generally erratic rainfalls, that occur highly 
seasonally between October and April with a distinct maximum in February and  March25, that defines the main 
growing season. However, precipitation within the rainy season can also be very variable with dry spells between 
rainfall  events26. Mean annual rainfall is 120  mm27. The decade before our study (2003–2012) was characterized 
by above-average annual rainfall of 208 ± 57 mm (mean ± SE) and 118 ± 39 mm during the main growing season. 
However, from 2013 to 2018 annual rainfall decreased by 40% at 132 ± 23 mm, while February to March rainfall 
decreased by 50% at 56 ± 24 mm (Supplementary Fig. S1). Mean daily air temperature was with 27.2 ± 1.2 °C 
in February and 27.0 ± 0.8 °C in March relatively constant over the study period (Station ID: 103—Rooisand; 
SASSCAL WeatherNet 2020, www. sassc alwea thern et. org.). The vegetation is dominated by tussocks of perennial 
grasses, whose cover ranges between 1 and 50% depending on the respective  precipitation28. This arid savannah 
ecosystem is sparsely interspersed with trees and small  shrubs28 and becomes supplemented by annual grasses 
and herbs during the main growing season after sufficient rainfall. The soil is nutrient-poor, consists of the 
degradation products of the underlying schist, and has a high percentage of sand and gravel without an organic 
layer.

For our study, we randomly selected 30 plots of 2 m × 2 m with a distance of 111 ± 4 m (mean ± SE) between 
each other covering a total area of 1.1 ha. As soil surface texture can strongly influence soil moisture and there-
with arthropod community composition, we used sieve analysis up to a depth of 4 cm for an area of 40 cm × 40 
 cm24 once at each plot before we studied vegetation density and arthropod activity density. In particular, we 
measured the amount of sand (< 0.5 cm), gravel (0.5– < 5.0 cm), cobble (5– < 15 cm), boulder (15– < 60 cm), and 
large boulder (≥ 60 cm) and extrapolated each gradation per plot.

Rainfall was measured on a daily base with 0.5 mm accuracy using a standard rain gauge close to the study 
sites (min. = 360 m, max. = 600 m apart). From the precipitation data, we calculated seasonal rainfall as the 
cumulative rainfall for the main growing season between February and March.

Vegetation density was characterized twice each year between March and beginning of April simultaneously to 
arthropod sampling by estimating the total plant cover and cover of herbs and grasses (in %), as well as counting 
the total number of plant species per plot. The maximum values of the respective vegetation parameter per plot 
per year was then used for further analysis to remove intra-seasonal variability.

Arthropod sampling. Arthropods were sampled twice per year between March and beginning of April for 
one week,  respectively11. The minimum interval between both sampling rounds was 14 days. During this time 
of the year, after the dry period, vegetation development is at its peak and therefore affects the development of 
herbivorous arthropods, but also of arthropods of all other trophic  levels26. Arthropods were sampled using 
pitfall traps with a volume of 650 ml and a diameter of 90 mm, filled with 250 ml of a 50:50% ethylene glycol–
water mixture and a drop detergent to reduce surface tension. Traps were buried flush with the soil surface in 
the centre of each plot. To prevent overflowing of traps during rainfall events plastic roofs were used. After each 
sampling round, arthropods were transferred into 70% ethanol. The different taxa were identified to order or 
family level using standardized protocols and classified according to their trophic level into herbivores, omni-
vores, predators and detritivores  (following29,30, http:// biodi versi ty. org. na/ taxon displ ay. php? nr=8, downloaded: 

http://www.sasscalweathernet.org
http://biodiversity.org.na/taxondisplay.php?nr=8
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04.07.2017). Even though this very broad classification may limit informative value about community composi-
tion, a more detailed determination is often not possible, as many arthropod species have not been described 
 taxonomically18. However, the use of those taxonomic levels has been successfully applied studying effects of 
environmental changes on arthropod communities in arid and semi-arid  areas31,32. In case a taxon consisted of 
species with either herbivorous, omnivorous and/ or predatory feeding preference, such as beetles or true bugs 
the group was assigned to  omnivores33. Ants were considered separately due to their behaviour as predators, 
scavengers, and indirect  herbivores18. For calculations, only predominantly ground-dwelling arthropods were 
analysed (excluding wasps, bees, flies, midges, butterflies and moth). Larvae which were not further determina-
ble and taxa with an overall activity density < 50 individuals over the whole 6-year study period were excluded 
from analysis. Activity densities of remaining taxa were calculated as the sum of activity densities per plot and 
year to remove intra-seasonal variability. All research activities, including arthropod sampling, were approved 
by the Ministry of Environment and Tourism Namibia (Permit number 1783/2013).

Statistics. To test for multicollinearity between variables characterizing precipitation, vegetation and soil 
texture we performed correlation analysis (Spearman’s rank correlation according to non-normality of most 
variables; Supplementary Table S1 online). From variable pairs with a within-group correlation coefficient of 
|rs|> 0.734 only the environmental variable was used which covered a longer gradient length and which showed 
a better data distribution (amount of sand, boulder, large boulder, and number plant species, cover of herbs and 
grasses were excluded). For all analyses, R version 3.5.335 was used.

To get an overview of the effects of precipitation (seasonal rainfall), plant cover and soil texture (amount of 
gravel and cobble) in terms of microhabitat availability on arthropod community composition, we first applied 
non-metric multidimensional scaling (NMDS) using the R package vegan36. From arthropod activity densities a 
site-taxa-matrix was calculated using Bray–Curtis dissimilarity with two dimensions. Due to varying magnitude 
of the occurrence of the different taxa, activity densities were normalized by the means of each column (taxa 
in a normal data set) making margin sum of squares equal to  one37. Then environmental variables were fitted 
onto the ordination and the respective significance was assessed using 1000 permutations of variables. Stress 
values, squared correlation coefficient (r2) and P-values are given. Additionally, we performed a permutational 
multivariate analysis of variance (PERMANOVA) using the adonis function (R package vegan36) with the same 
data and explanatory variables used for NMDS to analyse to what extent these factors explain the variance of 
the respective arthropod  communities38,39.

To investigate the critical window of the development of vegetation and the activity density of the different 
taxa and trophic levels after rainfalls we used a simple moving window  approach40, summing up the rainfall of 
7 days, 14 days and 30 days from 0 to 30 days before the start of the pitfall trapping. To obtain the highest pos-
sible resolution, each sampling round per plot and year was considered separately for this analysis. We applied 
generalized linear mixed-effect models  (GLMM41) using negative binomial family (glmer, R package lme442) to 
model the activity density of each trophic level and its determinant taxa in dependence of the respective rainfall 
captured by each window position. To account for the temporal structure and autocorrelation (repeated sampling 
of the same plot every year) we included year as fixed covariate and the factor study plot (n = 30) as a random 
 effect43. For each resulting model, an adjusted R2-value explaining the proportion of variation by the fixed-effects 
factors was calculated using the R package rsq44. The resulting R2-values for each trophic level or taxa were plot-
ted against the respective window position in days. A high R2-value, tantamount to a good correlation between 
the rainfall captured by the window and arthropod activity density was used as an indicator for the time frame 
where precipitation explained arthropod activity density best.

Lastly, the effects of seasonal rainfall and soil texture, as well as bottom-up effects along the trophic cascade on 
plant cover and the activity densities of herbivores, omnivores, predators, detritivores, and ants were investigated 
with GLMMs using the negative binomial family. Model structure and random effects were adopted from the 
moving window approach. According to a classical bottom-up approach, models for herbivores and detritivores 
contained plant cover. Models for omnivores contained plant cover and the activity density of herbivores and 
detritivores. Models for predators contained the activity density of herbivores, omnivores and detritivores, and 
models for ants contained plant cover and the activity density of herbivores and  detritivores45. All models were 
checked for their goodness-of-fit. Parameter estimates, standard errors, z- and P-values for all GLMMs were 
derived from the summary table of the models. In the text and figures means and standard errors are given.

Results
Seasonal rainfall was highly variable and ranged from 4–162 mm between February and March per year. Plant 
cover ranged from 0.1 to 50% per plot and was highest in the years with highest seasonal rainfall (Table 1). Soil 
texture consisted mainly of sand, followed by gravel, cobble, boulder, and large boulder (Supplementary Table S2 
online).

In total, we collected 36,227 predominantly ground-dwelling arthropod individuals. Ants (Formicidae) were 
the taxa with the highest activity density with 19,139 individuals. We sampled 5536 herbivores including: cicadas 
(Cicadina), short-horned grasshoppers (Caelifera), and aphids and scale insects (Sternorrhyncha), 6141 omni-
vores including: beetles (Coleoptera), cockroaches (Blattodea), true bugs (Heteroptera), long-horned grasshop-
pers (Ensifera), and psocids or booklice (Psocoptera), 1790 predators including: spiders (Araneae), ticks and 
mites (Acarina), centipedes (Chilopoda), scorpions (Scorpiones), and false scorpions (Pseudoscorpiones) and 
3621 detritivores comprising springtails (Collembola). The activity density of arthropods varied from year to 
year, and depended on the trophic level (Table 1, Supplementary Table S3 online).

NMDS fit (stress = 0.12, two convergent solutions found after 20 tries) revealed that seasonal rainfall (r2 = 0.23, 
P < 0.001) and plant cover (r2 = 0.23, P < 0.001) explained arthropod community composition significantly. Soil 
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texture (gravel: r2 = 0.01, P = 0.45, cobble: r2 = 0.00, P = 0.99) had no impact on arthropod community com-
position. Seasonal rainfall mainly determined centipedes and detritivores in terms of springtails. Plant cover 
determined herbivores cicadas, as well as beetles and true bugs, which include herbivorous or predatory species. 
Predators including spiders, scorpions, ticks and mites, and false scorpions were not influenced by any of our 
measured environmental variable (Fig. 1). The PERMANOVA confirmed the influence of seasonal rainfall and 
plant cover on arthropod community composition, whereas the influence of soil texture components was not 
significant. However, rainfall and plant cover together only explain 15% of the observed differences while almost 
22% could be explained by inter-annual variations (Supplementary Table S4 online).

Table 1.  Annual and seasonal rainfall (in mm) for our study period, as well as distribution of plant cover and 
the activity density of arthropods of the different trophic levels. Values for plant cover and arthropod activity 
densities were calculated for the different study plots and years.

Year

Seasonal 
rainfall (Feb.–
Mar.) N

Total plant 
cover (%) Herbivores Omnivores Predators Detritivores Ants

2013 30.5 28

Mean ± SE 0.90 ± 0.08 6.21 ± 1.26 13.25 ± 1.81 8.79 ± 0.94 5.00 ± 1.61 147.79 ± 10.98

Minimum 0.12 0 2 1 0 46

Maximum 2.01 24 39 20 38 276

2014 161.5 29

Mean ± SE 24.40 ± 1.41 2.03 ± 0.32 54.55 ± 3.96 11.66 ± 0.76 34.14 ± 5.40 116.28 ± 17.06

Minimum 13.01 0 28 3 1 23

Maximum 45.01 8 113 19 119 375

2015 4.0 20

Mean ± SE 2.34 ± 0.34 65.90 ± 11.31 30.85 ± 5.36 10.65 ± 1.14 0.70 ± 0.23 263.30 ± 31.05

Minimum 1.01 13 5 3 0 54

Maximum 6.62 201 98 25 4 641

2016 48.0 25

Mean ± SE 17.70 ± 1.53 34.04 ± 3.67 38.92 ± 2.64 9.04 ± 0.90 3.64 ± 0.81 86.16 ± 13.22

Minimum 7.11 13 19 0 0 15

Maximum 34.20 99 69 16 19 341

2017 85.8 27

Mean ± SE 18.23 ± 1.63 81.70 ± 4.68 71.48 ± 6.25 18.48 ± 2.33 76.48 ± 10.01 49.59 ± 5.65

Minimum 4.12 38 17 3 13 7

Maximum 50.01 139 142 49 200 134

2018 6.0 28

Mean ± SE 0.92 ± 0.07 9.14 ± 0.92 5.11 ± 0.56 5.07 ± 0.63 8.25 ± 3.02 32.43 ± 2.98

Minimum 0.20 3 1 0 0 15

Maximum 2.00 25 12 13 85 82

Total 56.0 ± 24.5 157

Mean ± SE 11.08 ± 0.90 30.98 ± 3.02 5.11 ± 0.56 10.60 ± 0.60 22.49 ± 2.99 109.41 ± 8.13

Minimum 0.12 0 1 0 0 7

Maximum 50.01 201 142 49 200 641

Figure 1.  Graphical interpretation of arthropod community composition (black: herbivores; grey, dotted line: 
omnivores; grey: predators; black, dotted line: detritivores—springtails; black dot-dashed line: ants) by plotting 
site scores (light grey points) with NMDS. Only the displayed environmental variables (black arrows) influenced 
community composition significantly (P < 0.05).



5

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3742  | https://doi.org/10.1038/s41598-022-07716-0

www.nature.com/scientificreports/

In general, rainfall captured by a 7-days-width window explained plant cover and arthropod activity density 
best (Supplementary Table S5, S6 online), followed by the 14-days-width window (Supplementary Table S7, S8 
online), while the 30-days window had practically no explanatory power (Supplementary Table S9, S10 online). 
The period where rainfall determined plant cover best was between 0 and 16 days, with a second peak between 
24 and 27 days after the rainfall. For both herbivores and predators, highest R2-values were found between day 
12 and day 19 after the rainfall, whereas the R2-values for omnivores were highest 23 to 25 days after the rain-
falls (Fig. 2a). The determinative group that contributed most to the resulting R2-values were cicadas for the 
herbivores (Fig. 2b), beetles and long-horned grasshoppers for the omnivores (Fig. 2c), and ticks and mites for 
the predators (Fig. 2d). For detritivores in terms of springtails highest R2-values were found for precipitation 
occurring 15 days before the trapping (Fig. 2e), whereas our moving window approach did not show a response 
of ant activity density to any of the tested rainfall events (Fig. 2f).

Generalized linear mixed effect models analysing multi-trophic interactions revealed that seasonal rainfall 
increased plant cover, as well as the activity density of omnivorous arthropods and detritivores, whereas herbi-
vores and ants decreased with seasonal rainfall. Considering the soil texture, there was a negative effect of the 
amount of gravel on plant cover and a positive effect on the activity density of herbivorous, omnivores and detri-
tivores, whereas there was no further effect of soil texture on any of the other tested arthropod groups. Looking 
at the bottom-up effects along the food chain, we could show that plant cover increased the activity density of 
herbivores. Further plant cover and herbivores enhanced the activity density of omnivores. The activity density 
of predators was enhanced by herbivores, omnivores, as well as detritivores and ants were also enhanced by 
herbivores (Table 2, Supplementary Table S3 online). 

Discussion
Our study corroborates the important role of seasonal rainfall and its timing for arthropod communities and their 
multi-trophic interactions in an arid African savannah  see9. Looking at the arthropod community composition, 
we could show that especially centipedes and springtails were related to seasonal rainfall. These soft-bodied soil 
organisms are vulnerable to evaporation and can therefore be strongly influenced by reduced rainfall, but on 
the other hand, they are able to avoid negative drought effects by moving into deeper soil layers (reviewed  in21). 
By contrast hard-bodied arthropods such as beetles, cicadas and true bugs where more related to increasing 
plant cover.

In arid regions the amount and distribution of rainfall typically varies greatly, leading to strong fluctuations 
in plant cover and plant species  composition28. This, as well as population  fluctuations46 and diapause of indi-
vidual arthropod  species47,48 also result in annually changing arthropod communities, whose composition can be 
explained to a limited extent by the amount of precipitation. Thus, in our study rainfall and plant cover explain 
only 15% of the observed differences in the community, while over 20% are due to annual differences independent 
of rainfall. Thereby in the long run changes in the precipitation regime can lead to changes in arthropod com-
munity composition, via changes of plant production and  diversity49 or to lower arthropod activity and reduced 
recruitment and therewith to fluctuating arthropod  populations9,50. In contrast to previous studies, where soil 
properties influence arthropod  communities11,24 here we found no effects on arthropod community composition 
and only little effect on their activity density. In general soil texture can directly influence arthropod behaviour 
in terms of e.g. moving or hiding in areas with higher soil moisture during times of decreased  precipitation13,21 
but also indirectly via vegetation  changes24. Here, the very low annual rainfall of 132 mm in comparison with 
other studies (73–397  mm11; 72–690  mm9; 292  mm24; 334  mm14) may have stronger direct impact on vegetation 
and subsequent arthropod occurrence, than microhabitat conditions in terms of soil texture. In addition, the 
ordination analysis, together with our moving-window approach and linear models, show that multi-trophic 
interactions along the food chain were also more important for predators than direct influences by the environ-
mental variables we measured.

Generally, effects of rainfall and rainfall temporal distribution can influence various kinds of (multi-trophic) 
species interactions, such as facilitation, herbivory, predation, but also competition or mutualism, which still 
can impact community  response4,32. Thereby, the breaking of arthropod dormancy, larval development and 
reproductive rates, as well as adult activity of different trophic levels in arid ecosystems are dependent on rainfall, 
associated with soil  moisture51 and linked to the density of  vegetation11. Increased soil humidity and the nutrients 
released by the microbial mineralization processes form the basis for the development of annual  vegetation22. As 
also shown by our study, precipitation is related to increased vegetation cover and can thereby enhance above-
ground primary production, plant diversity, species richness and protein content and provide habitat and food 
for arthropods (reviewed  in21). Our moving window approach shows, that the critical windows of rainfall for veg-
etation and the different groups of arthropods are clearly different and their timing reflects the trophic cascade. 
In our study, plant cover showed a first pronounced response 0–16 days after rainfall and a second response to 
rainfall more than 24 days ago, that suggest a shift in plant community compositions probably due to facilitation 
among plants when water availability is  intermediate4. Arthropods responded markedly later, when the vegetation 
was already developed and provides food but probably also various microhabitats due to increased structural 
complexity (cf.8,9, but  see22). The first groups of arthropods, which simultaneously responded to rainfall in our 
study, were herbivores, predators and detritivores, while omnivorous arthropods responded considerably later 
with a time lag of about three weeks after rainfall. As omnivores in our study include true omnivorous species, 
but also species groups with either herbivorous or predatory feeding preference, it is likely that their activity 
density is mainly determined by direct effects of precipitation rather than food supply. However, omnivores may 
feed on plant species, which occur for the first time during the second peak of vegetation development or prey 
on the previously occurring herbivores and predatory arthropods. This precipitation effect, which can be used 
to explain multi-trophic interactions between arthropods is only to a lesser extent supported by our analysis of 
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Figure 2.  Result of the moving window approach showing adjusted R2-values to explain the proportion of 
variation by the fixed-effects factors from generalized linear mixed effects models. We studied the effects of the 
period of rainfall before pitfall trapping summed up over 7 days on (a) the different trophic levels of ground-
dwelling arthropods, as well as plant cover, and the determinative groups that contributed most to the resulting 
R2-values for (b) herbivorous arthropods, (c) omnivorous arthropods, and (d) predatory arthropods, as well as 
(e) springtails and (f) ants.
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seasonal rainfall, as well as bottom-up effects. Our models showed strong direct effects of seasonal rainfalls not 
only on plants, but also on herbivores, omnivores and detritivores arthropods, as well as ants (cf.11,45). Thereby 
our moving window approach reveals, that short-term rainfall pulses (up to max. 30 days prior to survey) have 
shaped multi-trophic interactions among arthropods more strongly and may have outweighed seasonal patterns 
(cf.14; but  see9). Here, bottom-up effects along the food chain could be shown for primary, as well as secondary 
consumers. In contrast to e.g. species-rich tropical or temperate ecosystems, where top-down effects can deter-
mine trophic  interactions52,53, in low-productivity arid ecosystems with erratic precipitation bottom-up effects 
are the main driver of the trophic  cascade54,55. Therefore, our study suggests, that the co-occurrence of espe-
cially arthropods of higher trophic levels in our study system are shaped by both, the resource pulses triggered 
by  precipitation7, as well direct precipitation  effects11. Even though our results clearly confirm the importance 
of rainfall on the timing of arthropod occurrence, a more detailed taxonomic classification would potentially 
provide more accurate results in terms of feeding adaptions and specific species interactions. This is especially 
critical for very diverse species groups such as beetles, where a morphological approach examining the mouth-
parts would better shed the light on arthropod feeding  behaviour56,57. Here we decided to assign arthropod taxa 
including species with different feeding behaviour (herbivores, omnivores and predators) to omnivores (cf. 33) 
due to limitations in (taxonomic)  knowledge18 and logistic constrains.

For detritivores, our study showed positive effects of seasonal rainfall (peaking at 15 days after rainfall) on 
their activity density, as well as on their position within the arthropod community  (springtails58; but  see9). In 
general springtails are restricted to moist, sheltered  habitats29. However, they show a variety of adaptions to arid 
environments, such as dormancy stages, which can be rapidly broken by increasing  moisture58, which clearly 
explains the short-term precipitation effects 15 days after rainfall, as well as positive effects of seasonal rainfall 
on detritivores. As detritivores enhance and alter soil nutrient content by converting plant material into energy 
and resources they are crucial for food web  stability16. Besides the often proposed group of darkling beetles 
(Tenebrionidae) as indicators for environmental changes in arid  ecosystems31,46,59, springtails can serve as good 
indicators of climate change due to their marked response to precipitation (c.f.18). Such indicators which are easy 
to sample and  quantify18 are especially needed, as it is predicted that in arid and semi-arid savannah ecosystems 
extreme climate events will become more frequently in the  future2.

Looking at the occurrence of ants, we only could show direct effects of seasonal precipitation but no short-
term precipitation effects (critical window) on their activity density. This is in line with the often contradicting 
results in response of ants to climate variables (no effect of precipitation on ant activity  density11; postive effect of 
annual precipitation on ant activity  density14; increasing species richness with increasing summer  precipitation60). 
Maybe other climatic factors, such as even longer periods of observed rainfall prior to the sampling or the tem-
perature regime are more important to predict ant activity density than our tested  intervals9,14.

In conclusion, we could show that in our arid savannah ecosystem it is important to consider short-term 
rainfall pulses (up to max. 30 days prior to survey) to describe the activity density of ground-dwelling arthropods 
and which can be used to explain multi-trophic interactions. The temporal occurrence (development) of the 
different arthropod groups clearly reflects the bottom-up effects. Herbivores, predators and detritivores occurred 
immediately after the vegetation was already developed, followed by omnivorous arthropods. Both, the activity 
density of detritivores and their position in the arthropod community were also strongly influences by seasonal 
rainfall, so they can serve as good indicator for droughts and therewith climate change. Further, seasonal pre-
cipitation had also a direct effect on the activity density of herbivorous and omnivorous arthropods, ants and 
also on plant cover. As precipitation strongly alters between years, also due to extreme climatic events such as El 
Niño Southern  Oscillation1 even longer studies on trophic interactions but also multiple climate factors, such as 
rainfall magnitude and  frequency14,21, as well as studies along larger spatial precipitation gradients are necessary 
to detect timescale over which rainfall and droughts affect multi-trophic interactions and ecosystem functional-
ity. Together with changes of other climatic variables and land use changes, monitoring of arthropods across 
trophic levels enables to detect changes in arthropod community composition, their multi-trophic interactions 
and therewith ecosystem stability in time.

Table 2.  Effects of seasonal rainfall (Feb.–Mar.; in mm), as well as soil texture (amount of gravel and cobble 
in %) and bottom-up effects among plants and ground-dwelling arthropods on plant cover and arthropods’ 
activity density. Summarized results giving estimates of generalized linear mixed-effects models: ‘n.s.‘ not 
significant; *P<0.05, **P < 0.01, ***P < 0.001); bold: positive effect on response variable, italic: negative effect on 
response variable; ‘NT’ indicates variables not tested in the respective model. For detailed model results, see 
Supplementary Table S3.

Plants Herbivores Omnivores Predators Detritivores Ants

Seasonal rainfall 0.17*** -5.76*** 3.61*** n.s 6.78*** -2.64**

Gravel -0.13* n.s 2.40* n.s 1.98* n.s

Cobble n.s n.s n.s n.s n.s n.s

Plants NT 3.40*** 4.65*** NT n.s n.s

Herbivores NT NT 9.75*** 3.23** NT 3.63***

Omnivores NT NT NT 2.01* NT NT

Detritivores NT NT n.s 3.73*** NT n.s



8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:3742  | https://doi.org/10.1038/s41598-022-07716-0

www.nature.com/scientificreports/

Data availability
All data are available from the corresponding author on reasonable request.

Received: 3 September 2021; Accepted: 23 February 2022

References
 1. Holmgren, M. et al. Extreme climatic events shape arid and semiarid ecosystems. Front. Ecol. Environ. 4, 87–95 (2006).
 2. Ummenhofer, C. C. & Meehl, G. A. Extreme weather and climate events with ecological relevance: a review. Philos. Trans. R. Soc. 

B-Biol. Sci. 372, 20160135. https:// doi. org/ 10. 1098/ rstb. 2016. 0135 (2017).
 3. Chesson, P. et al. Resource pulses, species interactions, and diversity maintenance in arid and semi-arid environments. Oecologia 

141, 236–253 (2004).
 4. McCluney, K. E. et al. Shifting species interactions in terrestrial dryland ecosystems under altered water availability and climate 

change. Biol. Rev. 87, 563–582 (2012).
 5. Reyer, C. P. O. et al. A plant’s perspective of extremes: Terrestrial plant responses to changing climatic variability. Glob. Change 

Biol. 19, 75–89 (2013).
 6. Scheffer, M., Carpenter, S., Foley, J. A., Folke, C. & Walker, B. Catastrophic shifts in ecosystems. Nature 413, 591–596 (2001).
 7. Schwinning, S. & Sala, O. E. Hierarchy of responses to resource pulses in and and semi-arid ecosystems. Oecologia 141, 211–220 

(2004).
 8. Borer, E. T., Seabloom, E. W. & Tilman, D. Plant diversity controls arthropod biomass and temporal stability. Ecol. Lett. 15, 

1457–1464 (2012).
 9. Kwok, A. B. C., Wardle, G. M., Greenville, A. C. & Dickman, C. R. Long-term patterns of invertebrate abundance and relationships 

to environmental factors in arid Australia. Austral Ecol. 41, 480–491 (2016).
 10. Prugh, L. R. et al. Ecological winners and losers of extreme drought in California. Nat. Climate Change 8, 819–824 (2018).
 11. Deguines, N., Brashares, J. S. & Prugh, L. R. Precipitation alters interactions in a grassland ecological community. J. Anim. Ecol. 

86, 262–272 (2017).
 12. Ripple, W. J. et al. What is a trophic cascade?. Trends Ecol. Evol. 31, 842–849 (2016).
 13. Greenville, A. C., Wardle, G. M. & Dickman, C. R. Extreme climatic events drive mammal irruptions: regression analysis of 100-

year trends in desert rainfall and temperature. Ecol. Evol. 2, 2645–2658 (2012).
 14. Molyneux, J., Pavey, C. R., James, A. I. & Carthew, S. M. Persistence of ground-dwelling invertebrates in desert grasslands during 

a period of low rainfall—Part 2. J. Arid. Environ. 157, 39–47 (2018).
 15. Seymour, C. L., Simmons, R. E., Joseph, G. S. & Slingsby, J. A. On bird functional diversity: Species richness and functional dif-

ferentiation show contrasting responses to rainfall and vegetation structure in an arid landscape. Ecosystems 18, 971–984 (2015).
 16. Prather, C. M. et al. Invertebrates, ecosystem services and climate change. Biol. Rev. 88, 327–348 (2013).
 17. Del Toro, I., Ribbons, R. R. & Pelini, S. L. The little things that run the world revisited: a review of ant-mediated ecosystem services 

and disservices (Hymenoptera: Formicidae). Myrmecol. News 17, 133–146 (2012).
 18. Gerlach, J., Samways, M. & Pryke, J. Terrestrial invertebrates as bioindicators: an overview of available taxonomic groups. J. Insect 

Conserv. 17, 831–850 (2013).
 19. Doblas-Miranda, E., Sanchez-Pinero, F. & Gonzalez-Megias, A. Different microhabitats affect soil macroinvertebrate assemblages 

in a Mediterranean arid ecosystem. Appl. Soil Ecol. 41, 329–335 (2009).
 20. Hadley, N. F. & Szarek, S. R. Productivity of desert ecosystems. Bioscience 31, 747–753 (1981).
 21. Barnett, K. L. & Facey, S. L. Grasslands, invertebrates, and precipitation: A review of the effects of climate change. Front. Plant Sci. 

7, 1196 (2016).
 22. Zhu, H. et al. Effects of altered precipitation on insect community composition and structure in a meadow steppe. Ecol. Entomol. 

39, 453–461 (2014).
 23. Palmer, C. M. Chronological changes in terrestrial insect assemblages in the arid zone of Australia. Environ. Entomol. 39, 1775–1787 

(2010).
 24. Liu, R. T., Zhu, F. & Steinberger, Y. Ground-active arthropod responses to rainfall-induced dune microhabitats in a desertified 

steppe ecosystem, China. J. Arid Land 8, 632–646 (2016).
 25. Mendelsohn, J., Jarvis, A., Roberts, C. & Robertson, T. Atlas of Namibia: A portrait of the land and its people. 3rd edn, (Sunbird 

Publishers, 2009).
 26. Theron, L. Temporal and spatial composition of arboreal insects along the Omaruru river, Namibia Magister scientiae thesis, Uni-

versity of the Free State Bloemfontein, (2010).
 27. Wagner, T. C., Richter, J., Joubert, D. F. & Fischer, C. A dominance shift in arid savanna: An herbaceous legume outcompetes local 

 C4 grasses. Ecol. Evol. 8, 6779–6787 (2018).
 28. Wagner, T. C., Hane, S., Joubert, D. F. & Fischer, C. Herbaceous legume encroachment reduces grass productivity and density in 

arid rangelands. PLoS ONE 11, e0166743; https:// doi. org/ 10. 1371/ journ al. pone. 01667 43 (2016).
 29. Picker, M., Griffiths, C. & Weaving, A. Field Guide to Insects of Southern Africa. (Struik Nature, 2004).
 30. Scholtz, C. H. & Holm, E. Insects of Southern Africa. 2nd edn, (Protea Book House, 2008).
 31. Blaum, N., Seymour, C., Rossmanith, E., Schwager, M. & Jeltsch, F. Changes in arthropod diversity along a land use driven gradient 

of shrub cover in savanna rangelands: identification of suitable indicators. Biodivers. Conserv. 18, 1187–1199 (2009).
 32. Franca, L. F., Figueiredo-Paixao, V. H., Duarte-Silva, T. A. & dos Santos, K. B. The effects of rainfall and arthropod abundance on 

breeding season of insectivorous birds, in a semi-arid neotropical environment. Zoologia-Curitiba. https:// doi. org/ 10. 3897/ zoolo 
gia. 37. e37716 (2020).

 33. Wagner, T. C., Uiseb, K. & Fischer, C. Rolling pits of Hartmann’s mountain zebra (Zebra equus hartmannae) increase vegetation 
diversity and landscape heterogeneity in the Pre-Namib. Ecol. Evol. 11, 13036–13051 (2021).

 34. Dormann, C. F. et al. Collinearity: A review of methods to deal with it and a simulation study evaluating their performance. 
Ecography 36, 27–46 (2013).

 35. R Core Team. R: A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria, 
2019).

 36. Oksanen, J., et al. vegan: Community Ecology Package. R package version 2.5-7. (2020).
 37. Legendre, P. & Gallagher, E. D. Ecologically meaningful transformations for ordination of species data. Oecologia 129, 271–280 

(2001).
 38. Anderson, M. J. & Walsh, D. C. I. PERMANOVA, ANOSIM, and the Mantel test in the face of heterogeneous dispersions: What 

null hypothesis are you testing?. Ecol. Monogr. 83, 557–574 (2013).
 39. Anderson, M. J. in Wiley StatsRef: Statistics Reference Online (eds N. Balakrishnan et al.) (2017).
 40. Stopher, K. V., Bento, A. I., Clutton-Brock, T. H., Pemberton, J. M. & Kruuk, L. E. B. Multiple pathways mediate the effects of 

climate change on maternal reproductive traits in a red deer population. Ecology 95, 3124–3138 (2014).

https://doi.org/10.1098/rstb.2016.0135
https://doi.org/10.1371/journal.pone.0166743
https://doi.org/10.3897/zoologia.37.e37716
https://doi.org/10.3897/zoologia.37.e37716


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:3742  | https://doi.org/10.1038/s41598-022-07716-0

www.nature.com/scientificreports/

 41. Bolker, B. M. et al. Generalized linear mixed models: A practical guide for ecology and evolution. Trends Ecol. Evol. 24, 127–135 
(2009).

 42. Bates, D., Mächler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48 (2015).
 43. Pinheiro, J. C. & Bates, D. M. Mixed-Effects Models in S and S-PLUS. (Springer Verlag, 2000).
 44. Zhang, D. rsq: R-Squared and related measures. R package version 2.2. (2021).
 45. Barnes, A. D. et al. Direct and cascading impacts of tropical land-use change on multi-trophic biodiversity. Nat. Ecol. Evol. 1, 

1511–1519 (2017).
 46. Henschel, J. R. Long-term population dynamics of Namib desert Tenebrionid beetles reveal complex relationships to pulse-reserve 

conditions. Insects 12, 804. https:// doi. org/ 10. 3390/ insec ts120 90804 (2021).
 47. Cloudsley-Thompson, J. L. The adaptational diversity of desert biota. Environ. Conserv. 20, 227–231 (1993).
 48. Sømme, L. in Invertebrates in Hot and Cold Arid Environments 135–157 (Springer, 1995).
 49. Suttle, K. B., Thomsen, M. A. & Power, M. E. Species interactions reverse grassland responses to changing climate. Science 315, 

640–642 (2007).
 50. Henschel, J., Klintenberg, P., Roberts, C. & Seely, M. Long-term ecological research from an arid, variable, drought-prone environ-

ment. Sécheresse 18, 342–347 (2007).
 51. Cloudsley-Thompson, J. L. Adaptations of arthropoda to arid environments. Annu. Rev. Entomol. 20, 261–283 (1975).
 52. Schuldt, A. et al. Belowground top-down and aboveground bottom-up effects structure multitrophic community relationships in 

a biodiverse forest. Sci. Rep. 7 (2017).
 53. Vidal, M. C. & Murphy, S. M. Bottom-up vs. top-down effects on terrestrial insect herbivores: a meta-analysis. Ecol. Lett. 21, 

138–150 (2018).
 54. Báez, S., Collins, S. L., Lightfoot, D. & Koontz, T. L. Bottom-up regulation of plant community structure in an aridland ecosystem. 

Ecology 87, 2746–2754 (2006).
 55. Gibb, H. et al. Testing top-down and bottom-up effects on arid zone beetle assemblages following mammal reintroduction. Austral 

Ecol. 43, 288–300 (2018).
 56. Coll, M. & Guershon, M. Omnivory in terrestrial arthropods: Mixing plant and prey diets. Annu. Rev. Entomol. 47, 267–297 (2002).
 57. Karolyi, F., Hansal, T., Krenn, H. W. & Colville, J. F. Comparative morphology of the mouthparts of the megadiverse South African 

monkey beetles (Scarabaeidae: Hopliini): feeding adaptations and guild structure. PeerJ 4, e1597; https:// doi. org/ 10. 7717/ peerj. 
1597 (2016).

 58. Greenslade, P. Survival of Collembola in arid environments: Observations in South Australia and the Sudan. J. Arid. Environ. 4, 
219–228 (1981).

 59. Fattorini, S. Effects of fire on tenebrionid communities of a Pinus pinea plantation: A case study in a Mediterranean site. Biodivers. 
Conserv. 19, 1237–1250 (2009).

 60. Sanders, N. J., Moss, J. & Wagner, D. Patterns of ant species richness along elevational gradients in an arid ecosystem. Glob. Ecol. 
Biogeogr. 12, 93–102 (2003).

Acknowledgements
We thank S. Rost, S. Hane, L. Miller and numerous students for their help with the fieldwork. Landowners H. 
Neuffer and F. van Biljon allowed us to carry out our work on their farm. This work was supported by the TUM 
Global & Alumni Office for academic activities in developing countries.

Author contributions
C.F. and T.C.W. designed the study and analysed the data; C.F. has drafted the work. C.F., R.G., T.C.W. collected 
the data, have substantively revised the work, and have approved the submitted version.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 07716-0.

Correspondence and requests for materials should be addressed to C.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.3390/insects12090804
https://doi.org/10.7717/peerj.1597
https://doi.org/10.7717/peerj.1597
https://doi.org/10.1038/s41598-022-07716-0
https://doi.org/10.1038/s41598-022-07716-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Seasonal and temporal patterns of rainfall shape arthropod community composition and multi-trophic interactions in an arid environment
	Methods
	Study area and environmental variables. 
	Arthropod sampling. 
	Statistics. 

	Results
	Discussion
	References
	Acknowledgements


