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1. Introduction 

 
Anthropogenic climate change has altered precipitation patterns, expanding arid regions 
(Seager et al., 2018)  and increasing the frequency and severity of extreme drought and 
precipitation events (Sun et al., 2007). Predictions and observations suggest that water, or its 
lack, will be one of the major factors limiting the health and stability of future forests (Allen et 
al., 2010, 2015; Hartmann et al., 2022). Changes in climate, as well as direct human impacts, 
mean that over the last 20 years all forest biomes have been increasingly affected by fires 
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and the frequency and intensity of fires is projected to increase over the next 100 years 
(Flannigan et al., 2013). As a result, fires are now a major cause of global forest loss 
(Tyukavina et al., 2022). In addition to precipitation changes and increases in fires, the 
frequency and severity of multiple other natural disturbances such as wind damage, insect 
pest outbreaks, and plant pathogen outbreaks (Sturrock et al., 2011) has increased (Patacca 
et al., 2022). These perturbations can increase tree mortality (Patacca et al., 2022), altering 
carbon inputs to soils (e.g. leaf litter and coarse woody debris), and the abundance and 
diversity of soil dwelling organisms (Dooley & Treseder, 2012; Pressler et al., 2019; Zhou et 
al., 2020), all of which can potentially alter soil physical and chemical properties and, in turn, 
soil ecosystem functioning. For instance, fire affects nutrient cycling and the physical, 
chemical and biological properties of soils. The combustion of leaf litter and soil organic 
matter (OM) increases the availability of some nutrients, although others are volatilized (e.g., 
N, P, S) (Barnett, 1989; DeBano, 1989). Loss of soil OM also affects cation exchange 
capacity, organic chelation, aggregate stability, macropore space, infiltration, and soil 
microorganisms. However, little is known about the real effect of these fires on the 
abundance and enormous diversity and functional role of soil-dwelling invertebrates. One of 
the obvious effects of climate-induced changes in precipitation regimes on soil health is the 
lack of nutrient uptake by plants, as water is the major medium for moving nutrients into 
plants as a result of water uptake. The direct effects of this lack of access to essential 
nutrients, in addition to lack of water, affect plants and their health, which in turn affects soil 
health (Encinas-Valero et al., 2023; e.g. García-Angulo et al., 2020) and its ability to 
sequester carbon (Curiel Yuste et al., 2019). Microbial activities in soil are generally 
controlled by soil moisture and temperature, which is also affected by soil pore water 
availability (Curiel Yuste et al., 2007, 2011, 2014). Again, little is known about how changes 
in precipitation can affect the diversity and abundance of invertebrates, which play an 
essential role in the mineralization of organic matter and the physical structure of the soil. 
Although much is already known about how different disturbances impact forest soil 
properties (Dooley & Treseder, 2012; Kristensen et al., 2020; Pressler et al., 2019; Zhou et 
al., 2020), there also appear to be significant knowledge gaps. For example, because meta-
analyses usually focus on the impacts of single disturbances on a small number of soil 
properties, we lack a broad overview of the different impacts of forest disturbances on soils. 
Understanding the impacts of altered disturbance regimes on forest soil properties is vitally 
important in order to understand (i) wider threats to forest health, (ii) when managers should 
intervene to help soils recover, and (iii) feedbacks between different soil properties at 
multiple scales (Robinson et al., 2019). 

The impacts of these different natural disturbances on forest structure and 
aboveground biodiversity are relatively well understood, but this is not true for belowground 
biodiversity. This lack of understanding is problematic because of the importance of soil 
biodiversity in regulating multiple ecosystem functions in forests such as the organic matter 
decomposition (Handa et al., 2014) and nutrient cycling (Nielsen et al., 2015). These 
processes play a role in determining carbon storage - which in the context of forests is 
particularly relevant due to their major roles as carbon sinks. In order to inform predictions of 
how changes in the frequency and severity of natural forest disturbances might affect forest 
soil processes it is vital to determine their impacts on soil organisms. However, there have 
been few syntheses of the impacts of natural disturbances on soil biodiversity, and those that 
exist predominantly focus on impacts on soil microbes (Abbasi et al., 2020; Dooley & 
Treseder, 2012; Zhou et al., 2020, but see Pressler, Moore, and Catrufo, 2019). As such we 
lack a general understanding of the effects of natural forest disturbances on soil fauna, and 
how effects might vary with contextual factors. 

Despite our lack of understanding about the general impacts of disturbances on soil 
fauna, it is clear that many perturbations can impact them (Coyle et al., 2017). For example, 
precipitation reductions can reduce habitat quality for soil fauna (Coyle et al., 2017) as can 
changes in the frequency and intensity of fire (Pressler et al., 2019). These changes can, for 
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instance, reduce reproduction and increase mortality of a wide range of soil and litter fauna 
guilds (Kardol et al., 2011; Singh et al., 2019; Wang et al., 2022). However, there are also 
widespread differences in the results of studies of these perturbations, ranging biodiversity 
losses (Aupic-Samain et al., 2021; Chikoski et al., 2006; Lindberg et al., 2002) to increases 
(Homet et al., 2021; Lensing et al., 2005), making generalisation about the impacts of forest 
disturbances on soil fauna challenging. 

The overall goal for Deliverable 5.1 is the synthesis of existing knowledge on the 
potential vulnerability of soils to different disturbances (including fire, precipitation changes, 
windthrow, and plant pests and pathogens) and their recovery capacities, from which we 
developed the following specific research questions: 
 
Q1. What are the knowledge clusters and gaps relating to the impact of natural disturbances 
on the abundance, biomass, diversity, and network interactions of soil fauna in forests? 
Q2. What are the impacts of (i) precipitation changes and (ii) fire on the abundance and 
diversity of forest soil and litter invertebrate fauna? 
Q3. What are the major determinants of the impacts of precipitation changes and fire on the 
abundance and diversity of soil and litter invertebrate fauna? 
Q4. What are the broad effects of different natural disturbances on soil physical, chemical, 
and biological properties in forests? 
Q5. How do the changes in different soil properties as a result of natural disturbances 
influence each other? 
 
To compile primary studies to allow us to address Q1 we undertook a systematic map of 
studies on the impacts of natural disturbances on soil and litter fauna. Following this we 
conducted two systematic reviews which examined the impacts of precipitation change and 
fire on forest soil and litter fauna, to address Q2 and Q3. To address the impacts of 
disturbances on a broader range of soil properties, for Q4 and Q5, we conducted the first 
umbrella review in ecology - a method of synthesis that assesses and combines the results 
from multiple meta-analyses. Below we report a summary of the methods used and results 
from each of these studies. 
 

2. Methods 
2.1. Systematic map 
 
Systematic mapping is a synthesis method similar to systematic review, but unlike systematic 
review it does not attempt answer a specific question but instead collates, describes and 
catalogues available evidence relating to a topic or question of interest (James et al., 2016).  
 
For our systematic map we were interested in studies that assessed the impacts of natural 
disturbances on soil fauna in forest ecosystems in field settings. For a more detailed version 
of our methods please see our preregistered protocol (P. A. Martin et al., 2021) 
Our search strategy was designed to retrieve publications on the impacts of relevant natural 
disturbances on soil and litter fauna in forest ecosystems. We conducted searches in four 
relevant bibliographic platforms (Scopus, Web of Science, Google Scholar, and Open 
Access Theses and Dissertations) covering both traditionally published articles and grey 
literature. We used this approach to reduce publication biases which can result in a biased 
characterisation of the literature (Konno & Pullin, 2020). In addition to formal searches, we 
solicited suggestions for suitable studies from members of our research consortium and 
researchers in the field. We also used the R package citationchaser (Haddaway et al., 2021) 
to identify references from primary studies that met our inclusion criteria that might be useful 
for our map. 
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Articles were screened using the online platform sysrev (Bozada et al., 2021) using the 
following eligibility criteria: 
To meet our eligibility criteria studies needed to: 

1. Relate to soil or litter fauna in forests 
2. Address the impact of a disturbance of interest (drought, increases in precipitation, 

wind, fire, insect herbivores, plant pathogens) 
3. Be field-based (i.e. not be carried out in greenhouses or mesocosms) 
4. Quantitatively assess soil fauna biomass, abundance, diversity, or trophic interactions 

in forests 
5. Have a comparison between sites that vary in the intensity or frequency of the 

disturbance that they were exposed to 
6. Be written in English 

 
Our eligibility criteria were applied in two stages: (i) title and abstract screening; (ii) full-text 
screening. At the title and abstract screening stage, to be included articles needed to be 
likely to meet criteria 1-3 and criterion 5. At the full-text stage criteria 1-6 needed to be met in 
order for an article to be retained. To check for consistency, a random sample of 10% of titles 
and abstracts were screened by two team members, using our inclusion criteria. Any 
disagreements were discussed, and eligibility criteria was revised accordingly. Kappa scores 
were calculated to test the agreement between the two reviewers (Cohen, 1960). If Kappa 
scores were below 0.6, another 10% of titles and abstracts were screened by the same two 
team members. A process mirroring this was carried out for the full text of articles. This 
process was repeated until Kappa scores were greater than 0.6. 

Since the aim of this part of the project was to characterise studies of the effects of 
natural disturbances on soil and litter fauna, we did not extract any details on the impacts of 
these disturbances, but instead focussed on extracting metadata. For each study we 
extracted data on the following variables: geographic location, disturbance type, whether 
measurements of disturbance intensity were made, taxonomic group studied, functional 
groups of taxa, biodiversity metrics measured, whether studies were experimental or 
observational, details of the study design, the sampling methods used, and the amount of 
time since disturbance at which measurements were made. 

2.2. Systematic review and meta-analysis 
We conducted two systematic reviews relating to soil and litter fauna that built on the 
information we found during our systematic map. The first of these focussed on the impacts 
of precipitation changes and the second on the impacts of fires. Below we give brief details of 
the methods for both of these. 

2.2.1. Precipitation change systematic review 
In this study we focussed on the impacts of precipitation changes on forest soil and litter 
invertebrate fauna in field settings. For the study we retained 30 relevant studies found 
during our systematic map searches and screening. 

To assess the robustness of studies, we performed critical appraisal of studies. We 
assigned studies an overall score of low, medium, or high validity depending on the fulfilment 
of a priori criteria. Following this, we extracted data on the means, measures of variation, and 
sample sizes for each relevant biodiversity measure both in control groups and treatment 
groups. Where data was presented in the form of figures we extracted this using the R 
package metadigitise (Pick et al., 2018). Using these data, we calculated the log response 
ratio (Hedges et al., 1999) for use as an effect size. Regarding explanatory variables and 
contextual data, we extracted information on the geographic location of studies, the 
perturbation type (precipitation reduction or precipitation increase), the magnitude of 
precipitation change, the relevant taxonomic groups reported in a study, the size class of 
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fauna (microfauna, mesofauna, and macrofauna) based on Nielsen (2019), the kind of 
outcome measured (abundance, diversity, or species richness), the sampling design of the 
study based on Christie et al. (2019; 2020), the sampling method (e.g. soil core, soil 
monolith, pitfall trap), the duration of study, the time after the beginning of perturbation in 
precipitation at which fauna was sampled, and whether the fauna sampled possessed an 
exoskeleton.  

For our meta-analyses we used multilevel meta-analytical models with inverse 
variance weighting as implemented in the R package metafor (Viechtbauer, 2010). First we 
examined the overall impacts of precipitation reduction or increases on soil and litter fauna  
abundance, taxonomic richness, and Shannon-Weiner diversity index, using models with no 
modifiers that included study and site as nested random effects to account for the lack of 
independence between observations from the same study and site (Nakagawa et al., 2023). 
 To test our hypotheses about how precipitation change alters soil and litter fauna 
biodiversity, we ran models that included the percentage change in annual precipitation. All 
of our other hypotheses involved interactions between changes in precipitation and other 
variables, and so we also ran models including interactions with the traits: (i) microhabitat 
(litter or soil), (ii) presence of an exoskeleton; and (iii) body size of study taxon. Model 
selection was carried out using Akaike's Information Criterion adjusted for small sample sizes 
(AICc) with models with a ΔAICc<2 considered to have similar support. We carried out full 
model-averaging for models with a ΔAICc<2 using the R package MuMIn in order to produce 
model coefficients and associated statistics. 

We assessed three different types of bias that may undermine the realism and 
accuracy of estimates of biodiversity changes as a result of precipitation change: geographic 
bias, the similarity of experimental precipitation manipulations to future projections, and the 
plot size at which experimental treatments were applied. 

2.2.2. Fire systematic review 

The systematic review on fire impacts was partly based on our systematic map, drawing on 
the literature found during this along with additional searches. The systematic map identified 
179 studies that investigated the impacts of forest fires on soil and litter fauna. 

We searched six different platforms: Scopus, Web of Science, EBSCO Open 
Dissertations, Open Access Theses and Dissertations, Google Scholar, and Conservation 
Evidence (Sutherland et al., 2019). Two of these (Scopus, Web of Science) capture peer-
reviewed literature; two capture a mixture of ‘grey’ and peer-reviewed literature (Google 
Scholar and Conservation Evidence), and two capture grey literature from university theses 
(Open Access Theses and Dissertations, EBSCO Open Dissertations). The process of 
screening mirrored that used for the systematic map and the systematic review of 
precipitation changes, although the eligibility criteria differed. Our criteria were that studies 
must: (i) be written in English, (ii) relate to soil or litter invertebrate fauna in forests, (iii) 
address the impact of fire, (v) be field-based (i.e. not be carried out in greenhouses or 
mesocosms), (v) quantitatively assess the biomass, abundance, or diversity of soil or litter 
fauna, and (vi) have a comparison between sites that vary in the intensity or frequency of fire. 

Data extraction was similar to that carried out in the precipitation change systematic 
review, although we collated data on a different set of explanatory variables. These included: 
amount of time since the last fire, fire severity, the number of fires recorded to have occurred, 
the taxonomic and functional group of the fauna studied, the forest biome and the baseline 
condition of the forest. Analyses were similar to those carried out for the systematic review of 
precipitation changes but the large quantity of data allowed us to carry out analyses to 
calculate the impacts of fires on individual taxonomic groups. 
 

2.3. Umbrella review 
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To investigate the impacts of different natural disturbances on a wide range of forest soil 
properties we used a novel method, umbrella review. This approach is similar to the more 
well-known systematic review but rather than synthesising information from primary studies it 
aims to systematically compile evidence and synthesise information from multiple reviews 
(Ioannidis, 2009). The approach allows for a broad overview of a topic and is particularly 
useful when there are multiple outcomes and interventions or disturbances of interest. As far 
as we are aware, our study is the first umbrella review in ecology and so we adapted the 
Joanna Briggs Institute (JBI) guidelines for umbrella review protocols in medicine (Aromataris 
et al., 2014) and combined these guidelines with those for syntheses in environmental 
management (Collaboration for Environmental Evidence, 2018). Our study follows the 
methodology we established in an a priori protocol (Martin et al. 2022) in which more details 
of our methods used can be found. 

This study focuses on quantifying the impact of precipitation changes and fire on soil 
physical, chemical, and biological properties in forests. This work was initially planned as one 
study, but we subsequently divided it into two studies due to the volume of data we found on 
each topic. We only included studies that had undertaken a meta-analysis of multiple, 
empirical primary studies. We used a set of eligibility criteria to determine whether the 
articles were relevant or not. Our inclusion criteria were that studies must (1) be a 
quantitative synthesis of multiple primary studies in which an effect size is reported; (2) 
synthesise soil or litter biological, chemical, or physical properties; (3) address the impact of 
reductions or increases in precipitation or fire on soil properties in forest ecosystems; (4) 
include primary studies that made comparisons between sites that vary in the intensity or 
frequency of the disturbance that they were exposed to; (5) calculate effect sizes to allow for 
comparisons; and (6) be written in English. The screening and data extraction processes 
mirrored those of our systematic map and systematic reviews. 

We assessed the robustness of meta-analyses by performing a critical appraisal of 
the syntheses that met our inclusion criteria. We used the Collaboration for Environmental 
Evidence Synthesis Appraisal Tool (CEESAT) checklist (Konno et al., 2020; Woodcock et al., 
2014) to assess the objectivity, comprehensiveness, and transparency of the syntheses. This 
constitutes 16 questions relating to the quality of each meta-analysis which can be scored as 
‘Gold’ (highest robustness), ‘Green’, ‘Amber’ or ‘Red’ (lowest robustness). Using this we 
assigned an overall robustness score to each study that ranged between ‘Very low’ to ‘Very 
high’. 

Data that we extracted from studies included: study details, objectives of synthesis, 
disturbance(s) studied, metrics studied, the geographic scope of synthesis, ecosystem types 
studied, soil types included, search details, summary of inclusion criteria, method of analysis, 
results of meta-analysis, mean effect size, effect size variability, and sample size for mean 
effect size. Using this data we assessed how extensively studied different topics had been 
investigated, summarised the mean impacts on a wide range of forest soil properties, and 
produced conceptual diagrams of linkages between different soil properties. 
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3. Results 
 

3.1. Systematic map 
 

 
Figure 1 - Number of sites (some studies included multiple locations) at which the impacts of 
natural forest disturbances on soil and litter fauna have been assessed (a) different 
combinations of size classes and disturbances and (b) for different taxonomic orders of soil 
and litter fauna 
 
 
Our systematic map showed that fire is the most studied disturbance, followed by 
precipitation changes and that macrofauna and mesofauna are studied more frequently than 
microfauna (Figure 1a). Although there are a relatively large number of studies of the effects 
of windthrow on soil and litter fauna, most of these were carried out in a single region - the 
Tatra mountains in Slovakia. There is little information on the impacts of pests and 
pathogens or on the impacts of multiple disturbances (Figure 1a). Coleoptera were the most 
studied order (Figure 1b, 132 sites) followed by Collembola (110 sites). The next most 
studied groups were Araneae (57 sites), Blattodea (50 sites), and Oribatida (42 sites). 
Meanwhile, orders such as Trombidiformes, Archaeognatha, Neoophora, Scorpiones, 
Palpigradi, and Siphonaptera were all studied in fewer than 10 sites. 
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Figure 2 - The number of sites at which different outcome measures have been assessed for 
each of the different natural disturbance types considered by our study. 
 
 
Abundance was the most studied metric for all the different types of disturbance studied 
(Figure 2). While alpha diversity was frequently studied for sites affected by fire, this was not 
true for other disturbances, apart from windthrow. More complex outcomes such as beta 
diversity, community composition, and evenness were studied less frequently for all 
disturbances, but in studies on fire they have been studied to a relatively greater degree than 
for other disturbances (Figure 2). Only studies of fire impacts assessed trophic networks or 
survival of individuals. 
 



D5.1 Global database of indicators of  
soil vulnerability & resilience to  

natural disturbances 

www.holisoils.eu                11  

Figure 3  - The (a) geographic distribution of sites where impacts of natural disturbances on 
soil and litter fauna have been assessed and (b) distribution of sites within different biomes 
as defined by their mean annual temperature and mean annual precipitation. 
 
There are clear geographic biases in the study of the effects of natural disturbances on soil 
and litter fauna in forests with the majority of studies undertaken in North America and 
Europe (Figure 3a). Meanwhile, there are relatively few studies in South America, Africa, and 
Asia. This is reflected by the large number of studies undertaken in Boreal and Temperate 
forest biomes and the Woodland/shrubland biome, which includes Mediterranean forests 
(Figure 3b). There are also relatively few studies in tropical forests, particularly in the Tropical 
rainforest biome (Figure 3b). 
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Figure 4 - Prevalence of different study designs amongst studies included in the systematic 
map. Design names follow Christie et al (2019; 2020): A - After disturbance; BA - Before-
and-after disturbance; CI - Control-Impact; BACI - Before-after-control-impact; blocked - 
studies where blocking was used to reduce variation between locations where different 
treatments were used; R - randomised. Study designs are organised on the y-axis based on 
their ability to infer the impacts of disturbances on soil and litter fauna with least robust at the 
bottom and most robust at the top. 
 
Study designs tended to have relatively low robustness (following Christie et al., 2019; 
Christie, Abecasis, et al., 2020) and were dominated by observational Control-Impact 
designs (also known as space-for-time substitution) which were particularly prevalent in 
studies of the impacts of fires (Figure 4). Studies on fire showed a wide range of designs 
ranging from low to high robustness. Of all the disturbance types studied, precipitation 
changes had the highest robustness owing to the fact that most of the studies were 
experimental, with a large proportion of them using randomised designs. There were 
relatively few studies of windthrow, but these tended to be observational and use relatively 
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unrobust study designs (Figure 4). The picture for studies of pests and pathogens was 
similar to that seen for windthrow. 
 

 
Figure 5 - Minimum and maximum time after disturbance at which sampling was carried out 
for individual studies, split by disturbance type. Violin plots represent distribution of times 
after disturbance, with horizontal lines representing the median for each disturbance type. 
 
The effects of windthrow were studied for longer (Figure 5, 3.5 years) than fires (2.8 years), 
pests and pathogens (2.7 years), and precipitation changes (2.2 years), although none of 
these differences were statistically significant. Fires tended to be studied soonest after a 
disturbance (0.8 years), followed by precipitation changes (0.9 years), pests and pathogens 
(1.0 years), and windthrow (1.5 years) although again there was no statistically significant 
difference between these groups. Despite the lack of statistical differences in the time after 
disturbance during which studies took place, the range of values for fire and windthrow was 
clearly larger than for other disturbances.  
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3.2. Impacts of precipitation change 
 

3.2.1. Precipitation change systematic review 

 
Figure 6 - Changes in the (a) abundance, (b) Shannon-Wiener diversity, and (c) taxonomic 
richness of soil and litter fauna in forests as a result of precipitation change. Large points 
refer to the summary effect size, thicker bars around them representing the 95% confidence 
intervals, and the thinner bars the 95% prediction intervals. Smaller, semi-transparent points 
represent individual comparisons. Differences in their size refer to the weight they supply to 
each analysis. The vertical dashed line represents where the effect size is equal to zero (i.e. 
where there is no difference between a control and treatment group). Annotations on the left 
of the plot refer to the number of comparisons in each analysis (k) and, in parentheses, the 
number of studies they are taken from. Annotations on the right of the plot refer to the mean 
weighted percentage change for each analysis and asterisks (*) indicate when effect sizes 
are significantly different from zero. 
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Precipitation reductions led to a 38% reduction in soil and litter fauna abundance (Figure 6a, 
coefficient = -0.48, confidence intervals = -0.78, -0.17, p-value = 0.002, k = 170). 
Precipitation increases led to a 35% increase in abundance in soil and litter fauna (Figure 6a, 
coefficient = 0.31, confidence intervals = 0.19, 0.59, p-value = 0.037, k = 105). The impacts 
of precipitation changes on both taxonomic richness and Shannon-Weiner diversity were less 
pronounced than those seen for abundance. Precipitation reduction reduced taxonomic 
richness by 3%, but this effect was not statistically significant (Figure 6c, coefficient=-0.03, 
confidence intervals= -0.10, 0.04, p-value=0.352, k=37). Precipitation increase caused an 
increase in taxonomic richness of 5%, but this effect was again not statistically significant 
(Figure 6c, coefficient=0.05, confidence intervals= -0.17, 0.26, p-value=0.664, k=11). 
Shannon-Weiner diversity showed a non-significant reduction with decreased precipitation 
(Figure 6b, coefficient=-0.06, confidence intervals= -0.13, 0.02, p-value=0.097, k=31) but a 
significant decrease with increased precipitation (Figure 6b, coefficient=-0.08, confidence 
intervals= -0.14, -0.02, p-value=0.014, k=9). Most of these models indicated significant 
between-study variability in effect sizes meaning investigation of the effects of moderator 
variables was likely to be useful. 

When investigating the reasons for differences in the impact of precipitation changes 
on abundance, the most parsimonious models included an interaction between the 
magnitude of precipitation change and organism body size as well as moderators to account 
for study size and whether effect sizes change over time. Model-averaging suggested that 
mesofauna abundance responded to changes in the magnitude of precipitation, while this 
was not the case for microfauna and macrofauna (Figure 7). Of the moderators, only the 
interaction between mesofauna and the magnitude of precipitation change was statistically 
significant (Figure 7, coefficient = 0.005, SE = 0.002, p-value = 0.026), while for microfauna 
and macrofauna the slopes were much less steep and not statistically significant. The effects 
of study size and publication year were not statistically significant either. 

 

Figure 7 - Changes in the abundance of soil and litter fauna in forests relative to changes in 
precipitation for different faunal size classes. Points represent individual comparisons with 
different point sizes representing the different weights of comparisons to the analysis. Solid 
lines represent predictions from the most parsimonious model (R2=0.13), with darker 
coloured bands representing the 95% confidence intervals, and the lighter bands the 95% 
prediction intervals. Dashed lines represent points at which the x and y axes are equal to 
zero. k signifies the number of comparisons for each faunal size group and the number in 
brackets represents the number of studies. 
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The most parsimonious models for changes in taxonomic richness included only the 
magnitude of precipitation change or the year of publication. Model-averaging showed a non-
significant positive relationship with precipitation change (coefficient = 0.002, SE = 0.002, p-
value = 0.349), indicating weak support for the impact of precipitation change magnitude. 
Similarly, for Shannon-Weiner diversity the most parsimonious models included different 
combinations of the magnitude of precipitation change and/or the year of publication. Model 
averaging showed a non-significant negative effect of precipitation magnitude on Shannon-
Weiner diversity (coefficient = -0.002, SE = 0.004, p-value = 0.703). 

There are clear biases in the geographic distribution of studies, with a large number 
of studies carried out in western Europe and the USA, but relatively few in South America 
and Asia, and no studies in Africa (Figure 8a). This translates to an underrepresentation of 
tropical forest biomes, with most studies carried out in temperate seasonal forests or 
woodland/shrubland biomes found in Mediterranean climates (Figure 8b). In addition to 
geographic biases, there were also a number of biases that could impact the validity of study 
results. First, studies of the effects of precipitation reduction reduced precipitation by 92% 
more than projected changes for the same location (Figure 9a, coefficient = -2.59, SE = 0.64, 
p-value = 0.002), while studies of precipitation increase increased precipitation by 204% 
more than projected changes, although this difference was not statistically significant (Figure 
9a, coefficient = 1.11, SE = 0.805, p-value = 0.197). Second, the plots used for experimental 
manipulations tended to be small for studies of micro-, meso-, and macrofauna (Figure 9b), 
with median areas of 460 m2, 300 m2, and 36 m2 respectively. 

 

Figure 8 - (a) The location of study sites and (b) distribution within biomes. Studies of 
precipitation increase studies are shown by blue upward-pointing triangle symbols, studies of 
precipitation decrease by red downward-pointing triangles, and studies that investigated both 
increases and decreases are shown by purple diamonds. The size of the symbols indicates 
the number of comparisons made at each location (minimum: 2, maximum: 58). In (b) the 
location of each site in a Whittaker biome diagram is defined by mean annual temperature and 
mean annual precipitation. 
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Figure 9 - Biases that affect the validity of study results: (a) Differences in precipitation 
changes investigated in studies compared to projected precipitation changes based on 
Hadlee climate model projections for 2041-2060; (b) Sizes of plots used in experimental 
studies of precipitation changes effects on the differing body size groups of invertebrate soil 
and litter fauna. In (a) points represent mean values for each group and error bars the 95% 
confidence intervals. The dashed vertical line represents the point at which there is no 
difference between projected and studied level of precipitation change. 
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3.2.2. Precipitation change umbrella review 
 

 
Figure 10  - Numbers of meta-analyses that relate to different forest soil properties of 
interest. Red bars relate to studies of precipitation reduction and blue to studies of 
precipitation increases. 
 
Meta-analyses of the effects of precipitation change on forest soils most commonly focussed 
on properties relating to carbon (Figure 10), followed by nitrogen, and then biodiversity. For 
properties relating to carbon there were more studies relating to carbon outputs (e.g. 
respiration, CO2 fluxes) than carbon pools (e.g. soil carbon, root biomass), or carbon inputs 
(e.g. litter). For nitrogen, there were more meta-analyses relating to pools, than output or 
input. In the case of biodiversity, relatively simple metrics such as biomass and abundance 
were more commonly used in meta-analyses than more complex metrics such as richness or 
community composition. 
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Figure 11 - Impacts of precipitation changes on forest soil properties collated during the 
umbrella review. Points represent mean change for a given property and the error bars 
represent the 95% confidence interval. Red points represent precipitation decreases and 
blue points represent precipitation increases. The dashed line represents zero difference 
between control and treatment groups. The size of the points represents the number of 
comparisons between control and treatment groups summarised in each meta-analysis. 
 
Of the 116 estimates of the impacts of precipitation changes on soil properties in forests at a 
global scale, 34% (39 of 116 estimates) showed statistically significant changes. The largest 
statistically significant reductions as a result of precipitation decreases were in soil 
autotrophic respiration (Figure 11, -35%), nitrogen outputs which constituted N2O and NO 
emissions (-33%), and soil moisture (-19%). On the other hand, precipitation decreases 
caused large increases in soil ammonium (Figure 11, 96%), total soil mineral nitrogen (76%), 
and soil methane uptake (76%). There were relatively few meta-analyses of the impacts of 
precipitation increase on forest soils, but those that exist suggested that precipitation 
increases reduce soil nitrogen (Figure 11, -21%) but increase soil carbon (13%), and carbon 
outputs (51%), which constituted CH4 and CO2 fluxes. 
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Figure 12 - Theoretical links between changes in different soil properties as a result of 
precipitation reductions. Numbers relate to individual meta-analyses, with blue text 
highlighting reductions in a given property and red highlighting increases in a property. 
Question marks represent a lack of data for a given property that we conceive to be 
important. Arrows indicate hypothesised causal links between changes in properties. OC: 
organic carbon, ON: organic nitrogen. 
 
The effects of reduced precipitation are interconnected, as the rates of carbon (and nitrogen) 
transfer among compartments or loss from the soil depend on both water availability and 
carbon (and nitrogen) contents in the source compartments (Figure 12). Reduced 
precipitation causes soil drying, which decreases plant productivity, including belowground 
components (lower root biomass). Surface litter tends to accumulate due to lower 
decomposer activity, reducing both heterotrophic respiration from the forest floor and input of 
particulate and dissolved organic carbon in the mineral soil.  As a result, the overall carbon 
inputs to soil decrease under reduced precipitation. Microbial and faunal biomass and 
respiration are lower in drier conditions, which would promote soil organic carbon retention. 
However, the reduction in heterotrophic respiration is not sufficient to compensate for the 
lower inputs, resulting in net soil organic carbon losses under reduced rainfall. In contrast, 
dissolved organic matter contents increase, probably due to lower leaching and consumption 
by soil microorganisms.  

3.3. Impacts of fire 
 

3.3.1. Fire impacts systematic review 

Forest fires led to a 25% reduction in the abundance of soil and litter fauna (Figure 13, 
coefficient = -0.23, confidence intervals = -0.34, -0.11, p-value = <0.0001, k = 1736). There 
was significant between-study heterogeneity (Q = 774845, p-value = <0.0001) and the 
proportion of this heterogeneity that was due between-study differences was high (I2 = 88%). 
Taxonomic richness showed a non-significant 1% increase (Figure 13, coefficient= 0.01, 
confidence intervals = -0.04, 0.07, p-value = 0.6377, k = 104). There was significant 
between-study heterogeneity (Q = 18786, p-value = <0.0001) and the proportion of this 
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heterogeneity that was due between-study differences was moderate (I2 = 62%). Biomass 
showed a non-significant 5% increase following fire (Figure 13, coefficient= 0.05, confidence 
intervals = -0.18, 0.28, p-value = <0.6570, k = 53). There was significant between-study 
heterogeneity (Q = 1060, p-value = <0.0001) and the proportion of this heterogeneity that 
was due between-study differences was high (I2 = 82%). 

 

 

 

Figure 13 - Changes in soil and litter biodiversity as a result of forest fire. Large points refer 
to the summary effect size, thicker bars around them represent the 95% confidence intervals, 
and the thinner bars the 95% prediction intervals. Smaller, semi-transparent points represent 
individual comparisons. Differences in their size refer to the weight they supply to each 
analysis. The vertical dashed line represents where the effect size is equal to zero (i.e. where 
there is no difference between a control and treatment group). 
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Figure 14 - Effects of fire on the abundance of selected soil and litter fauna taxonomic 
groups. Large points refer to the summary effect size, thicker bars around them represent the 
95% confidence intervals, and the thinner bars the 95% prediction intervals. Smaller, semi-
transparent points represent individual comparisons. Differences in their size refer to the 
weight they supply to each analysis. The vertical dashed line represents where the effect 
size is equal to zero (i.e. where there is no difference between a control and treatment 
group). 
 
Forest fires caused a 57% reduction in the abundance of soil and litter dwelling spiders 
(Figure 14, coefficient = -0.85, confidence intervals = -1.28, -0.29, p-value = <0.0001), and a 
57% reduction for Blattodea (cockroaches, coefficient = -0.85, confidence intervals = -1.56, -
0.13, p-value = 0.0203). Changes in Isopoda (woodlice) abundance were marginally non-
significant (Figure 14, coefficient = -0.76, confidence intervals = -1.59, 0.06, p-value = 
0.0619). All other taxonomic groups showed statistically non-significant reductions in 
abundance, apart from ants which showed a non-significant increase in abundance (Figure 
14). 
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Figure 15 - Effects of fire on soil and litter taxonomic richness for selected taxonomic groups. 
Large points refer to the summary effect size, thicker bars around them represent the 95% 
confidence intervals, and the thinner bars the 95% prediction intervals. Smaller, semi-
transparent points represent individual comparisons. Differences in their size refer to the 
weight they supply to each analysis. The vertical dashed line represents where the effect 
size is equal to zero (i.e. where there is no difference between a control and treatment 
group). k signifies the number of comparisons for each taxonomic group and the number in 
brackets represents the number of studies. 
 
Ant taxonomic richness showed no difference between burnt and unburnt forests (Figure 15, 
coefficient = 0.00, confidence intervals = -0.09, 0.09, p-value = 0.9621), while Araneae 
(spiders) showed a non-significant 15% increase (coefficient = 0.14, confidence intervals = -
0.04, 0.34, p-value = 0.3350), and Coleoptera (beetles) showed a non-significant 6% 
increase (coefficient = 0.06, confidence intervals = -0.03, 0.15, p-value = 0.2131). 
 

3.3.2. Fire impacts umbrella review 
 
Compared to meta-analyses of precipitation change there was a much wider range of 
information on the impacts of fire on different forest biomes, with 5 meta-analyses assessing 
impacts for all forest biomes, 6 assessing impacts on boreal forests, 3 on Mediterranean 
forests, 9 on temperate forests, and 3 on tropical forests. The largest group of soil properties 
investigated was carbon pools (5 studies) followed by abundance of soil organisms (3 
studies).  
 
 
 
 
 
 



D5.1 Global database of indicators of  
soil vulnerability & resilience to  

natural disturbances 

www.holisoils.eu                24  

 
Figure 16 - Impacts of fires on forest soil properties. Points represent mean change for a 
given property and the error bars represent the 95% confidence interval. Different colours 
indicate the different forest types. 
 
Results suggest that trends in most forest biomes were similar for the forest properties 
investigated (Figure 16). Bacteria abundance in boreal and temperate forests showed a 55% 
and 57% reduction, respectively, although impacts were more variable in temperate forests 
(Figure 16). Fungi abundance showed similar reductions in temperate (-45%) and 
mediterranean forests (-50%), while reductions in boreal forests were more severe (-63%). 
There was substantial variation in the impacts of fires on soil microbial biomass, with 
mediterranean forests showing a non-significant  21% reduction, while impacts on temperate 
(-65%), boreal (-54%) and the pooled effect on all forest types (-49%) were statistically 
significant. Only information for all forest types was available for root respiration and soil 
respiration (Figure 16) which showed statistically significant reductions of 35% and 25% 
respectively. 

3.4. Impacts of other disturbances 
 
Despite searching for meta-analyses that examined the effects of windthrow, plant 
pathogens, and insect pests on forest soils we found relatively little on these topics. We 
briefly summarise the results of the studies below.  

Regarding the impacts of insect pests and pathogens, Kristensen et al (2020) found 
that insect herbivory of trees typically increased the abundance of soil fauna and arbuscular 
mycorrhizal fungi in forests, but had relatively little effect on total microbe abundance and 
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ectomycorrhizal fungi. The same study found that insect herbivory also increased soil 
carbon, ammonification, and nitrification in forests, as well as increasing leaching of carbon 
and nitrogen. Meanwhile, Holden and Treseden (2013) found that insect pests tended to 
increase soil microbial biomass by 46% in boreal forests, but reduced it by 32% in temperate 
forests, while on average, soil fungal abundance (13%) and soil bacterial abundance (12%) 
were increased. The same study found that plant pathogens led to a 17% reduction in soil 
microbial biomass in temperate forests (Holden & Treseder, 2013). Zhang et al (2015) found 
that pathogens reduced soil carbon by 13%, increased dissolved organic carbon by 101%, 
and increased in soil respiration by 47%. The same study found very large increases in the 
abundance of both bacteria (1358%) and fungi (959%). There was only one meta-analysis 
that investigated the impacts of windthrow on soil properties in forest, and this found that it 
reduced soil microbial biomass by 42% (Holden & Treseder, 2013). 

 
4. Discussion and Conclusions 

4.1. Precipitation 
4.1.1. Impacts of precipitation change on soil and litter invertebrates 

Our findings indicate that reductions in precipitation generally cause large decreases in the 
abundance of soil and litter fauna in forests, while precipitation increases have the opposite 
effect. However, impacts on taxonomic richness and Shannon-Weiner diversity were typically 
less pronounced. Changes in abundance depended on the magnitude of precipitation 
changes and taxa body size: mesofauna abundance changes were positively correlated with 
changes in precipitation, but there was little detectable effect for either micro- or macrofauna. 
We found weak support for a positive correlation between changes in precipitation and 
changes in taxonomic richness but no support of this for Shannon-Weiner diversity. What our 
results clearly showed was that the impacts of precipitation change depended on taxa body 
size. We also showed that studies are geographically biased, with relatively few studies in 
tropical forests, that studies do not accurately represent predicted future changes in 
precipitation, and that plot sizes used to study macrofauna may mean that estimates of 
changes are inaccurate. 

Our results broadly agree with those of previous meta-analyses (Blankinship et al., 
2011; Bristol et al., 2023; Peng et al., 2022) which suggested that the impacts of precipitation 
change on the abundance of soil fauna in forests were much larger than for richness. 
However, when compared to the most comprehensive of these studies, our meta-analysis 
included more than three times as many primary studies relating to forests, and over twice as 
many effect sizes, indicating that our results represent an important advance in robustness. 
However, unlike these previous meta-analyses, we found important evidence for highly 
nuanced effects of precipitation change. 

The lack of pronounced changes in either taxonomic richness or Shannon-Weiner 
diversity was surprising, but the small decrease in Shannon-Weiner diversity following 
precipitation increases was significant. This hints that, as suggested by others, some 
Oribatida and Collembola species become increasingly dominant when soil moisture is 
increased, reducing evenness (Meehan et al., 2020). In contrast with our findings for 
changes in abundance, we found relatively little support for the effect of changes in 
precipitation magnitude or species traits on diversity. This could result from alpha diversity 
often not reflecting changes in community composition as a result of perturbations 
(Hillebrand et al., 2018; Zajicek et al., 2021). However, it is also possible that the apparent 
lack of effect is actually a result of differences between taxonomic or functional groups that 
we were unable to capture due to a lack of data. 

Our findings for changes in abundance support the perspective that water availability 
is a key constraint for many forest soil taxa (Aupic-Samain et al., 2021), but that impacts vary 
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depending on organism body size. The effect of intense precipitation changes on mesofauna 
abundance is consistent with previous studies that suggested that this group can be 
particularly sensitive to environmental changes (Wu & Wang, 2019) and that high-intensity 
disturbances can have an enduring effect on ecological processes and hinder recovery 
(Nielsen & Ball, 2015). This could lead to reductions in the incorporation of leaf litter into soil, 
given that litter forms a major part of the diet for taxa such as Collembola and Oribatida 
(Potapov et al., 2022). The apparent lack of significant impact of precipitation change on 
micro- and macrofauna, while contradicting our expectations, could have a variety of causes 
which we discuss in more detail below. 

Our results suggest that there is a hump-shaped relationship between the body size 
of soil and litter fauna and their sensitivity to precipitation changes, with micro- and 
macrofauna being relatively insensitive and mesofauna being highly sensitive. We 
hypothesise that this sensitivity is caused by three factors: differences in predation 
avoidance, physical adaptations to dry conditions, and availability of food sources. Under 
drier conditions, microfauna, such as nematodes, can become restricted to small pores 
(Erktan et al., 2020) that act as refuges from predatory mesofauna such as mites (Potapov et 
al., 2022) which are unable to access them. Mesofauna are confined to larger, air-filled pores 
(Erktan et al., 2020). In contrast to nematodes, this confinement does not protect them 
against predation, because meso- and macrofauna predators can move between soil layers 
in search of prey (Potapov et al., 2022). Both micro- and macrofauna possess physical 
adaptations which aid them in drier conditions. Microfauna, such as nematodes, can go into 
anydrobiosis when under drought stress (Landesman et al., 2011; Watanabe, 2006). Many 
macrofauna, such as spiders or millipedes, have thick exoskeletons which protect them 
against desiccation as well as being highly mobile, thus allowing them to move more easily to 
wetter soil patches. However, since many mesofauna, such as Collembola or Protura, have 
few physical adaptations to drought conditions and have limited mobility within the soil, they 
are likely subject to greater drought-induced mortality than micro- or macrofauna. While 
reductions in the food sources for all soil and litter fauna seem likely, mesofauna may be 
more severely impacted than the other groups. For example, drier conditions reduce 
saprotrophic fungi abundance (Sanders et al., 2024) and litter inputs (Deng et al., 2021) both 
of which serve as important sources of food for Collembola (Potapov et al., 2022). However, 
many macrofauna groups have relatively diverse diets, potentially providing a buffer when 
some sources of food are scarce (Potapov et al., 2022). 

4.1.2.  Impacts of precipitation change on soil properties 
 
Our results show how aspects of the soil related to the carbon cycle are much better studied 
than many other equally important aspects of the soil, such as nutrient cycling or biodiversity. 
This is likely a consequence of the great emphasis given to soil as a carbon sink and climate 
change regulator, leaving aside its fundamental role in the provision of other services 
(Pereira et al., 2018) such as those related to regulation of the water cycle or the regulation 
of the nutrient availability for plants. Another important service that soils provide is the 
conservation of biodiversity, since the soil hosts a large part of the terrestrial biodiversity, this 
biodiversity also being responsible for most of the services that the soil provides (Pulleman et 
al., 2012). Not to mention the connection that exists between all these aspects of the soil, for 
example, between carbon sequestration and soil biodiversity, or its water retention capacity. 
Likewise, greater concern is observed for aspects related to water scarcity (droughts) with 
respect to the potential effects of increased rainfall on soils, despite the fact that climate 
change scenarios contemplate both the increase in drought durations and the intensity of 
precipitation events (Intergovernmental Panel on Climate Change, 2012). However, the role 
of rain in soil loss and soil erosion is well known, and this effect can increase during events 
of intense precipitation on bare soils, a circumstance that may occur more often in scenarios 
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of intensification of logging as a response to a more demanding market for wood products 
(bioeconomy). Both aspects (increase and decrease in rainfall) should, therefore, be 
considered to evaluate the potential effects of climate change on the soil and its functioning. 

In general, and with respect to scenarios of increased drought, very important changes are 
observed in key aspects of the functioning of the soil system, such as a net loss of carbon 
sequestration capacity, despite the observed decrease in biotic respiration (both from the 
autotrophic and heterotrophic compartments). This loss is probably driven by a larger 
decrease in C inputs than in C outputs, as also indicated by the lower root biomass–a major 
contributor to soil C–under drought. On the other hand, an increase in dissolved organic 
carbon (DOC) is also observed which, if not consumed by a dwindling biotic community, is 
probably susceptible of being lost through leaching to rivers during heavy precipitation 
events. 

Our reviews detect a net negative effect of drought on soil faunal taxonomic richness, but 
have not detected substantial changes in aspects related to microbial biodiversity. However, 
both the microbial biomass C:N ratio and the fungi:bacteria ratio increase with drought, a 
trend that has been described in past studies (e.g. Curiel Yuste et al., 2011). The decrease in 
water in the soil favors those organisms better adapted to conditions of water limitation, and 
fungi are organisms that, due to their evolutionary history, are better prepared than bacteria 
for these conditions (Griffin, 1981; Leopold, 1986). Indeed, fungal growth recovers faster 
than bacterial growth after rewetting of a dry soil, indicating that fungi had remained more 
active than bacteria during the dry period (Li et al., 2023). This change could have a large 
impact on both the system's ability to store C and the system's ability to cycle essential 
nutrients for the plant, since both fungi and bacteria play very different, although highly 
synergistic, functions in the soil system. Among the functions that appear to be affected are 
those associated with the nitrogen cycle, which is manifested in a net increase in ammonium 
content with drought associated with a decrease in the nitrate content of the system. 
Although our data do not show a significant decrease in, e.g. nitrification associated with 
drought, it appears that drought results in nutritional imbalances that can affect both the soil's 
ability to provide essential nutrients to the plant and the soil's ability to retain those essential 
nutrients in less mobile forms. 

4.1.3. What makes a soil resistant/resilient to changes in precipitation?  
Our results suggest that ecosystems with soil biodiversity dominated predominately by 
intermediate body size groups (mesofauna) such as collembola and acari, will be less resistant 
to changes in precipitation associated with climate change. Forest ecosystems with low 
presence of macrofauna, such as those that have been historically subjected to intense 
management, and soil compaction will be more vulnerable to climate-change associated 
changes in precipitation. Since mesofauna play a central role in SOM decomposition (Song et 
al., 2020), fluctuations in mesofauna abundances could trigger cascading effects in soil 
functioning resulting in a reduction in the incorporation of organic matter into soils and a 
reduction in the complexity of soil structure, i.e. soils less prone to recovery, and hence less 
resilient. Likewise, soils with a rich and abundant presence of large macrofaunal groups 
(examples) will show better resistance to droughts. Our results also suggest that fungi-
dominated soils will be more resistant to the increase in droughts intensities. Fungi are 
organisms that, due to their evolutionary history, are better prepared than bacteria for 
conditions of water limitation (Griffin, 1981; Leopold, 1986). Fungal growth recovers faster than 
bacterial growth after rewetting of a dry soil, indicating, firstly, that fungi had remained more 
active than bacteria during the dry period (Li et al., 2023), and secondly, that fungi presence 
determines soil resilience to disturbances. All in all, sustaining a rich and diverse soil biological 
community in which there is high phylogenetic diversity and functional redundancy, which 
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allows a certain taxonomic loss without losing function, is a guarantee of resistance/resilience 
in the face of increased droughts. This type of community can only be sustained in well-
structured soils, where the degree of compaction is slight and has a distribution of pores that 
allows accessibility to organisms in a spectrum of body size as large as possible. 
 

4.1.4. Which PDPs best enhance recovery of soils to precipitation? 
 
Post-disturbance treatments aimed at increasing the quantity and diversity of habitats for the 
recolonization of soil fauna, such as mulching treatments, could be an easy to implement and 
very efficient measure to accelerate the recolonization of a diverse community of invertebrates 
and microorganisms that can sustain the functions of the soil. The implementation of such 
measures would also ensure the recovery of an organic layer that could also serve to improve 
the soil's ability to store water and buffer changes in temperature that minimize the evaporation 
of water from the soil. 

 

4.2.  Fire 

4.2.1. Impacts of fire on soil and litter fauna 
 
Our meta-analysis on the impacts of forest fires on soil and litter fauna found that overall 
there was moderate reduction in abundance (25%) but that neither biomass nor taxonomic 
richness showed significant changes. However, our results also showed that there was wide-
spread between-study variation, some of which was explained by differing impacts on 
taxonomic groups. Spiders and cockroaches both showed large reductions in abundance as 
a result of fire, while woodlice showed marginally non-significant reductions in abundance. 
However, there was little difference between taxonomic groups in the impacts of fire on 
taxonomic richness, with ants, spiders, and beetles all showing non-significant changes. 
 Our results contrast with the only other meta-analysis of fire impacts on soil fauna by 
Pressler et al (2019), who found that fire did not alter arthropod abundance but that 
nematode abundance was reduced. Part of the reason for this difference could be the strict 
focus of  Pressler et al (2019) on soil fauna, whereas our study also included fauna found 
within the litter. Given that soil may protect fauna from the increased temperature caused by 
fires, and that some soil organisms migrate deeper into the soil to benefit from this 
protection, it is likely that mortality is lower for soil-dwelling organisms than those that live in 
litter (Pressler et al., 2019; Zaitsev et al., 2016).  However because our analyses use a 
dataset over 70 times as large as that used by Pressler et al (2019) we believe our results 
are likely to be more robust. 
 

4.2.2. Impacts of fire on soil properties  
 
We observed a clear negative effect of fire on different aspects of soil carbon biology and 
dynamics (Fig 16). That is, fire seems to have consistently more negative effects than 
drought on the biota and the functioning of the soil system. This is to be expected, given the 
enormous impact that fire has on, e.g. the temperature of the soil, its chemistry (Barnett, 
1989; DeBano, 1989) or its water repellence and infiltration capacity (Hubbert et al., 2012). 
The depth of our data also allowed us to discern whether responses to fire vary between 
biomes. In this sense, we can observe how the fungal community of boreal forests seems 
much more vulnerable to fire than other biomes. This is enormously worrying, since on the 
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one hand, the frequency of forest fires in boreal areas is increasing due to climate change 
(Flannigan et al., 2013)), and on the other, biological processes and nutrient and carbon 
cycling in boreal soils are dominated by fungal communities (citation), favoured by the high 
acidity and low quality of the organic matter of their soils. Therefore, it is expected that the 
increase in wildfires in boreal forests could have a huge impact on their biological activity, 
and subsequently on the ability of biota to cycle nutrients and help stabilise organic matter in 
soils. On the other hand, the observed effect of fires in temperate forests reflects greater 
variability in the response than in other biomes, which also reflects the enormous 
heterogeneity of forest ecosystems that the temperate biome encompasses. For example, it 
is expected that soils under coniferous forests or under broadleaved forests will respond very 
differently to fires, since both the biology and the physicochemical characteristics of these 
forest soils differ greatly (e.g. Curiel Yuste et al., 2005). Therefore, we need more information 
on the causes and mechanisms that explain this variability observed in the response to soil 
fires in temperate forests. The effects on the soil of Mediterranean forests, on the other hand, 
show the adaptation of these systems and their biota to fire as a fundamental part of the 
forest dynamics of this region. Although, like temperate and boreal forests, fires affect both 
the abundances of fungal and bacterial communities, we observed no substantial effect on 
microbial biomass associated with fires. This shows, as has already been observed (e.g. 
Curiel Yuste et al. 2014), that the microbial communities of Mediterranean soils have been 
able to adapt to the harsh environmental conditions of the Mediterranean to be functionally 
resilience against disturbances. However, and although these communities can maintain 
their biomass, changes in the structure and composition of these communities can have 
serious functional consequences, such as, for example, in the increase in CO2 production 
and hydrolysis of C and P organics following fires (Goberna et al., 2012), subsequently 
affecting the capacity of systems to sequester C and retain essential nutrients. 

4.2.3. What makes a soil resistant/resilient to fire? 
Our results suggest that the forest soils most vulnerable to an increase in fires will be those 
richest in organic matter, mainly soils in boreal forests with a large layer of organic horizon 
and a mineral soil rich in organic matter. Less developed soils, with less biomass, small O 
layers, such as those found in the Mediterranean area, which also present a biota with 
adaptations to fire, are soils with greater resistance and resilience to fire. It is expected that 
the increase in wildfires in boreal forests could have a huge impact on their biological activity, 
and subsequently on the ability of biota to cycle nutrients and help stabilise organic matter in 
soils. In this sense, we can observe how the fungal community of boreal forests seems much 
more vulnerable to fire than other biomes. This is enormously worrying, since on the one 
hand, the frequency of forest fires in boreal areas is increasing due to climate change 
(Flannigan et al., 2013), and on the other, biological processes and nutrient and carbon 
cycling in boreal soils are dominated by fungal communities, favoured by the high acidity and 
low quality of the organic matter of their soils. The effects on the soil of Mediterranean 
forests, on the other hand, show the adaptation of these systems and their biota to fire as a 
fundamental part of the forest dynamics of this region. In the same way that in Boreal areas, 
climate change is leading to a change in fire regime. This leads to a greater intensity of 
burning, a deseasonalization and, most seriously, a greater recurrence, which alters the 
recovery of soil properties. Efforts in forest management must be concentrated, reducing the 
fuel load to avoid high intensities and greater recurrence. Although, like temperate and 
boreal forests, fires affect both the abundances of fungal and bacterial communities, we 
observed no substantial effect on microbial biomass associated with fires. This shows, as 
has already been observed (Curiel Yuste et al., 2014), that the microbial communities of 
Mediterranean soils have been able to adapt to harsh environmental conditions in order to be 
functionally resilient against disturbances. However, changes in the structure and 
composition of these communities can have serious functional consequences, such as 
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increased CO2 production and hydrolysis of C and P organics following fires (Goberna et al., 
2012), and subsequently the capacity of systems to sequester C and retention of essential 
nutrients.  

4.2.4. Which PDPs best enhance recovery of soils to fire? 
More than applying recovery treatments, applying fire prevention treatments, by preventing 
the accumulation of biomass in the form of shrub and herbaceous mass, are very effective 
measures to prevent the fire from affecting the soil, its biodiversity and functioning. The 
biggest problem currently in Mediterranean forests has been the non-management of areas 
that were burned in the 80s and 90s of the 20th century. Forests have a great capacity for 
recovery of their vegetation, but this has led to a large accumulation of fuel, mostly in a state 
of significant water stress, which makes them very vulnerable to burning at high intensity. It is 
important, after a disturbance such as a fire, to manage these spaces, so that large areas of 
fuel accumulation do not develop. There is a wide range of prevention techniques being 
carried out in the context of the HoliSoils project, such as prescribed fires or introduction of 
livestock. Once the fire has occurred, the application of organic amendments would allow the 
recovery of habitat for the invertebrate community and the soil microbial biomass responsible 
for key functions. 

4.3. Impacts of other disturbances 
 
There were relatively few meta-analyses that assessed the impacts of windthrow, plant 
pathogens, and insect pests on forest soils.  
 

4.4. Knowledge gaps and biases 
 
Our systematic map and other studies show that the study of the potential effects of natural 
forest disturbances associated with climate change on soil biodiversity, and particularly on 
the diversity and abundance of invertebrates, is a hugely unexplored field. The only 
disturbance studied in detail appears to be fire, although precipitation changes are 
reasonably well studied. However, other forest disturbances that are increasing in severity in 
Europe (Patacca et al., 2022), such as insect pests, extreme drought or rain events, and 
windthrow have been explored much less. Of particular importance is the lack of studies 
which investigated the impacts of multiple natural disturbances on soil and litter fauna. This 
represents a major knowledge gap given that fires in many areas of Europe occur during 
summer droughts meaning that soil and litter fauna are often subject to these combined 
stressors (Richardson et al., 2022; Sutanto et al., 2020). Lack of knowledge of these impacts 
may also overlook potential nonlinear changes caused by disturbances since multiple 
disturbances may trigger cascading effects rather than simply being additive in nature. The 
knowledge of impacts on soil and litter fauna are restricted to larger bodied fauna, with a 
large amount of information on beetles, springtails, and spiders, but relatively little 
information on smaller organisms such as nematodes, which presents a problem because of 
the roles of nematodes in nutrient cycling as well as their use as indicators of wider soil 
health (Yeates, 2003, 2007).  Importantly, regarding what researchers measure when they 
study soil and litter fauna, the vast majority of studies focus on relatively simple metrics such 
as abundance and alpha diversity, which are of little use when assessing potential impacts 
on soil functioning, while we found only one study that assessed the impacts of disturbances 
on trophic networks (Gongalsky et al., 2021). 

Although fire is the most well studied disturbance that we investigated, studies of this 
tended to have relatively low robustness because they relied of control-impact designs (also 
known as space-for-time substitution) which are poor at inferring the causality of 
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disturbances (Christie et al., 2019; Christie, Abecasis, et al., 2020). The reliance on control-
impact studies was less pronounced for other disturbances but it was still the most used 
study design for all disturbances. The proportion of studies that investigated precipitation 
change that used more robust experimental designs was higher than for other disturbances. 
Studies tended to assess the effects of disturbance for a maximum of 2-4 years, meaning 
that any longer-term recovery processes are missed by most studies. However, for 
windthrow and fire there are a small number of studies that assess the impacts of 
disturbances for >20 years that represent a valuable source of information on the long-term 
dynamics of recovery. The lack of information on recovery dynamics was particularly 
prevalent for studies of precipitation changes because these studies tended to investigate 
the impacts of the changes during precipitation reductions or increases, but not after 
precipitation returned to normal. 
 As with many topics in ecology (Christie et al. 2020; Martin et al. 2012), there was a 
large bias towards temperate and boreal forests in Europe and North America, with relatively 
few studies in tropical regions. This translates to a lack of knowledge about how soil and litter 
fauna respond to disturbances in tropical forests and this is a particular issue given the 
increasing frequency of forest fires in this region (Barlow et al., 2020; van Lierop et al., 2015).  
 
 
Our work identified a number of priorities that warrant future research. First, our systematic 
map identified the serious need for more research on the impacts of natural disturbances, 
apart from fire, on soil and litter fauna. Second, as noted by others (Peng et al., 2022), the 
lack of studies which test the impacts of multiple interacting disturbances impede our ability 
to predict the consequences of global change - such studies should be prioritised by funding 
bodies and researchers. Third, research needs to shift away from simplistic measures of soil 
fauna such as abundance and species richness and start to use more informative metrics 
such as those relating to functional diversity or the structure of trophic networks. Finally, our 
work on precipitation changes shows that we need more realistic experiments that mimic 
predicted future changes in precipitation and that are carried out at larger scales so that the 
dynamics of larger, more mobile species can be captured.  
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