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Abstract 6 

Background: Climate change is intensifying wildfire regimes across European forests, from Mediterranean to 7 

temperate and boreal biomes, creating urgent management challenges. Fire acts as a powerful selective filter 8 

with highly variable, context-dependent effects, yet a taxonomically comprehensive synthesis quantifying 9 

fire impacts on abundance across European forests remains absent. Regional understanding is critical 10 

because European forests have distinctive ecological characteristics and management histories compared to 11 

more extensively studied fire-prone ecosystems. 12 

Results: We conducted a PRISMA-aligned systematic review and meta-analysis of 29 studies (n = 2192 effect 13 

sizes) to assess how fire characteristics (type, severity, time since fire) and environmental context (ecoregion, 14 

biome) affect taxa across European forests, focusing exclusively on abundance as a direct indicator of 15 

population response to disturbance. Taxonomic identity emerged as the strongest predictor of post-fire 16 

responses. Fire-sensitive taxa (Gastropoda, Passeriformes, bryophytes) showed severe declines, bryophytes 17 

even at low fire severity, while fire-opportunistic taxa (Hemiptera, Lepidoptera, Coleoptera, some vascular 18 

plants) showed dramatic increases, particularly after high-severity fires and during one to five years post-fire. 19 

Mediterranean forests showed less negative overall responses than temperate and boreal forests, yet fire-20 

sensitive taxa declined severely even there. Critical data gaps, especially absence of prescribed fire data for 21 

fire-sensitive taxa and limited post-fire recovery monitoring, constrain management guidance. High residual 22 

heterogeneity indicated unmeasured factors (burn frequency, fire seasonality, microhabitat complexity, 23 

refugia availability, functional traits) play significant but inconsistently reported roles. 24 

Conclusions: These findings demonstrate ecological trade-offs: fire regimes benefiting fire-opportunistic taxa 25 

devastate fire-sensitive taxa. As climate change drives novel fire regimes across Europe, evidence-based fire 26 

management requires landscape-scale strategies incorporating spatial heterogeneity, refugia conservation, 27 

and explicit consideration of taxonomic trade-offs. However, critical data limitations constrain robust 28 

management guidance. Standardized, long-term monitoring protocols across successional stages, fire events, 29 

mailto:gerber@iiasa.ac.at


2 

and taxonomic groups, functional traits, consistent reporting of fire characteristics, microhabitat complexity, 30 

refugia availability, is essential. Combined with improved data sharing, this will enable adaptive management 31 

frameworks that balance wildfire risk reduction with biodiversity conservation in an era of unprecedented 32 

fire regime change. 33 

Keywords: meta-analysis; fire ecology; European forests; abundance; biodiversity; wildfire; prescribed fire; 34 

taxonomic response  35 
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1 Background 36 

Wildfires are a fundamental ecological process, but their increasing frequency and intensity, driven by 37 

climate change and shifting land-use patterns, pose a significant threat to global biodiversity (He et al. 2019; 38 

Luo et al. 2024). Globally, annual wildfires burn an area equivalent to the size of India, releasing massive 39 

amounts of carbon and contributing to the climate feedback loop (Lucas-Borja et al. 2025; Zhao et al. 2024). 40 

The increasing frequency and intensity of wildfires poses a significant threat to biodiversity, particularly in 41 

ecosystems not adapted to frequent fire (Pausas and Lamont 2022; Shivaprasad et al. 2025).  42 

Europe provides a critical case study for understanding fire impacts across gradients of fire adaptation. The 43 

continent's diverse forest types span from fire-prone Mediterranean ecosystems to historically low-fire 44 

temperate and boreal forests, with a long history of human intervention creating complex management 45 

legacies (Aszalós et al. 2022; Mason et al. 2022; Pötzelsberger et al. 2021). Climate change is now intensifying 46 

fire regimes across this gradient: hotter, drier conditions (Giannaros and Papavasileiou 2023) are increasing 47 

wildfire frequency, intensity, and duration (Cunningham et al. 2024; Feng et al. 2025). In 2023 alone, wildfires 48 

burned over 500,000 hectares in the European Union (World Bank 2025), with 2024 showing strong regional 49 

variations (Kelley et al. 2025). Projections indicate that both Mediterranean forests and historically low-risk 50 

temperate and boreal forests will experience novel fire regimes in coming decades (Forzieri et al. 2021; 51 

Grünig et al. 2023; Miller et al. 2024; Rovithakis et al. 2022; San-Miguel-Ayanz et al. 2022). This escalating 52 

regime presents a dual management challenge: mitigating wildfire risk through fuel reduction techniques like 53 

prescribed burning (Pais et al. 2025), while conserving forest biodiversity increasingly threatened by both 54 

wildfires and fuel management practices themselves (Arrogante-Funes et al. 2024; Kelly et al. 2020). 55 

The ecological challenge lies in fire's role as a powerful selective filter with highly variable, context-dependent 56 

effects (Pausas and Lamont 2022; Sharma and Kumar 2025; Shivaprasad et al. 2025). Fire can promote 57 

biodiversity by triggering germination of fire-dependent plants (Calderisi et al. 2025; García-Duro et al. 2019), 58 

or creating habitat heterogeneity that supports biodiversity (Chard et al. 2022; Driscoll et al. 2024). 59 

Conversely, it causes severe declines in sensitive species through direct mortality (Sgardelis et al. 1995), 60 

habitat loss (Ortega et al. 2025), and resource depletion (Shivaprasad et al. 2025). For example, recent 61 

European studies document catastrophic declines in low-mobility taxa like Gastropoda even after low-62 

intensity burns (Santos et al. 2014). Climate change and land management alter fire regime characteristics 63 

(intensity, frequency, extent, seasonality), dramatically shifting ecological outcomes (Bizzarri et al. 2025; 64 

Grau-Andrés et al. 2024). This creates a fundamental management dilemma: strategies benefiting one 65 

taxonomic group (e.g., open-habitat birds exploiting post-fire resources; (Brotons et al. 2008; Versluijs et al. 66 

2020)) may harm others (e.g., forest specialists declining from mortality and habitat degradation; (Rey et al. 67 

2019)). 68 
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Despite this urgency, a comprehensive synthesis quantifying fire effects on abundance across taxonomic 69 

groups in European forests remains absent. Previous meta-analyses have focused on global scales (Mason et 70 

al. 2021; Moyo 2022) or specific taxonomic groups (Grau-Andrés et al. 2024), potentially masking the 71 

divergent responses critical for management decisions. Regional focus is essential because European forests 72 

have distinctive ecological characteristics, management histories, and biodiversity patterns compared to 73 

more extensively studied fire-prone ecosystems in Australia (Driscoll et al. 2024) or North America (Bieber et 74 

al. 2023). The fragmented evidence base prevents development of unified, continental-scale understanding 75 

necessary for evidence-based fire management. An example of overlooked taxa are those that are highly 76 

sensitive and slow-moving (e.g., Gastropoda) whose declines signal fundamental disruptions to soil health 77 

and ecosystem function (Zaitsev et al. 2016). These knowledge gaps risk underestimating biodiversity impacts 78 

and hamper identification of appropriate mitigation measures. 79 

We conducted a comprehensive meta-analysis to quantify fire impacts on terrestrial animal and plant taxa 80 

abundance across major European forest biomes (Mediterranean, temperate, and boreal). We focused 81 

exclusively on abundance as the most direct indicator of population response to disturbance, detecting 82 

demographic changes before they manifest as presence/absence or diversity shifts (Santini et al. 2017). Our 83 

objectives were to: (1) quantify overall fire effects on taxa abundance in European forests; (2) determine how 84 

fire characteristics (type, severity, time since fire) modulate taxa responses; (3) assess variation in fire 85 

responses among major taxonomic groups; and (4) evaluate the influence of environmental context (biomes, 86 

ecoregions) on post-fire abundance. We hypothesized that taxonomic identity would be the primary 87 

determinant of post-fire abundance responses, with fire characteristics and geographic context playing 88 

important modulating roles. 89 

2 Methods 90 

2.1 Literature survey and data extraction 91 

We conducted a systematic literature review following the PRISMA framework (Page et al. 2021) (Figure S1) 92 

to address: “What is the impact of fires on plant and animal abundances in European forests?”. Using the 93 

PICO (Population, Intervention, Control, Outcome) framework (Mattos and Ruellas 2015), we developed 94 

eligibility criteria for studies that: (1) Reported in situ organism responses to fire (no simulation or models), 95 

in European forests (Population), (2) Reported mean abundances, sample sizes, and preferably variability 96 

measures (standard deviation SD, standard error SE) for burned treatments (Intervention), (3) Compared the 97 

intervention to control conditions (Control) (Mason et al. 2021), including before/after a fire in the same 98 

patch; unburned/burned areas with similar vegetation and initial taxa composition; unburned/ repeated 99 

burns in the same location, but different patch; and unburned/once burned in the same location, but 100 
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different spatial patch, (4) Measured abundance as the response variable (Outcome), (5) Ensured 101 

comparability between treatment and control sites, such as similar vegetation and land management (e.g., 102 

mowing, trimming, grazing (Mason et al. 2021)), (6) Were published in English or rapidly translatable, (7) no 103 

publication year limitation, (8) Included grey literature to avoid publication bias. 104 

We developed a comprehensive search string based on our eligibility criteria: ( TITLE-ABS-KEY ( species OR 105 

biota OR organism* AND fauna OR *organism* OR animal* OR mammal* OR bird* OR avi* OR reptil* OR 106 

amphib* OR frog OR vertebrat* OR chordat* OR invertebrat* OR insect* OR beetl* OR butterfl* OR pollinat* 107 

OR plant* OR flora OR vegetation ) AND TITLE-ABS-KEY ( ( fire* OR *burn* OR wildfire* OR megafire* ) ) AND 108 

TITLE-ABS-KEY ( ( control* OR treatment* OR prescrib* OR unburn* OR meta-analys* ) ) AND TITLE-ABS-KEY 109 

( ( intens* OR sever* OR frequen* OR extent ) ) AND TITLE-ABS-KEY ( *diversity OR abundance* OR richness 110 

OR composition* OR distribution* OR occup* OR occur* OR presen* ) AND NOT TITLE-ABS-KEY ( *bacteri* 111 

OR protozoa OR chromista OR archaea OR microbiota OR *microb* OR *algae OR *pathogen* ) ) AND ( LIMIT-112 

TO ( SUBJAREA , "AGRI" ) OR LIMIT-TO ( SUBJAREA , "ENVI" ) OR LIMIT-TO ( SUBJAREA , "EART" ) OR LIMIT-TO 113 

( SUBJAREA , "MULT" ) ). 114 

Using this search string, we searched the Scopus database on June 19, 2024 retrieving 3,762 documents. We 115 

intentionally kept the search broad to potentially include any articles that related to our study but may not 116 

be included in such tight search criteria. We collated these with additional reference articles from previous 117 

meta analyses (n = 1439), for a total of 5201 studies (Figure S1). From the total set of studies, we removed 118 

retracted articles (n = 1) and duplicates (n = 520) using litsearchr (Grames et al. 2019), and manually 119 

screened titles, and abstracts for eligibility. Of the articles with relevant titles and abstracts, we downloaded 120 

and manually screened the full texts for eligibility, retaining only articles that met all eight eligibility criteria. 121 

Twenty-nine articles met all criteria (Table S1), yielding 2,192 paired observation records. From each article, 122 

we extracted site and fire characteristics known to significantly influence abundance (severity: 123 

high/medium/low; type: prescribed/wildfire; time since fire: <1 year, 1–5 years, 5–10 years, >10 years) 124 

(Bieber et al. 2023; Mason et al. 2021), and taxa abundances (at species-specific or nearest taxonomic rank) 125 

from reported results, supplementary material, or figures digitized using PlotDigitizer (Huwaldt 2020) 126 

(Table S2). We converted standard error (SE) to standard deviation (SD) using SD = SE × √n where needed and 127 

categorized taxa into 22 major groups (e.g., Moyo, 2022) to facilitate balanced taxonomic comparisons with 128 

sufficient sample sizes following (Table S3). Based on the study site coordinates, we assigned biome and 129 

ecoregion categories (Olson et al. 2001) to each study to facilitate standardized geographic comparisons. 130 
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2.2 Effect size calculation 131 

We calculated effect sizes using the log response ratio (lnRR) (Hedges et al. 1999) modified by second-order 132 

Taylor expansion to reduce sample size biases (Lajeunesse 2015). As the calculation of lnRR require no zero-133 

events (both control and treatment means must be > 0) (Xiao et al. 2021), we added an adjustment factor of 134 

0.001 to zero mean values to prevent undefined logarithms (Schwarzer 2007; Weber et al. 2020). For studies 135 

reporting mean and SD, we calculated lnRR as: 136 
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where m1 and m2 are the means of groups 1 (treatment) and 2 (control), v is the sampling variance, sd, and 139 

n are the corresponding SDs and sample sizes, and CV (sd/m) is the coefficient of variation. For studies 140 

without reported SDs, we estimated lnRR using pooled CVs from studies with SDs and applied the 'missing 141 

cases' method (Nakagawa et al. 2023): 142 
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Where K is the number of studies with available SDs for pooling. 145 

2.3 Meta-analysis 146 

2.3.1 Base model 147 

We employed multivariate mixed-effect linear models using restricted maximum likelihood (REML) with 148 

metafor (v4.8-0) (Viechtbauer 2010) in R v4.3.3 (R Core Team 2023). We fitted a base intercept-only model 149 

to estimate overall effect size, with effect sizes nested within studies as random factors to account for non-150 
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independence (Giorgis et al. 2021; Nakagawa et al. 2023). We assessed three-level heterogeneity (level 1: 151 

sampling error; level 2: within-study; level 3: between-study) using omnibus tests (Cheung 2014; Harrer et 152 

al. 2019), calculating 𝐼2 statistics for each level to derive the percentage of total variation attributable to each 153 

level. We validated the three-level structure against a two-level model using likelihood ratio tests. 154 

2.3.2 Publication bias and sensitivity analysis 155 

We assessed publication bias and sensitivity using funnel plots, Egger's regression, and trim-and-fill methods 156 

(detailed in Supplementary Material) (Gurevitch et al. 2018; Rothstein et al. 2005; Viechtbauer and Cheung 157 

2010). Because no single test is definitive, especially for multilevel meta-analytical models, using a suite of 158 

complementary approaches is necessary to provide a more comprehensive and reliable assessment of 159 

potential bias. 160 

2.3.3 Moderator analysis 161 

We tested moderators (fire type, fire severity, time since fire, biome, ecoregion, taxonomic group) by fitting 162 

two REML models for each moderator via rma.mv with nested random effects: (1) an intercept model to 163 

estimate the overall mean effect and test moderator significance, and (2) a no-intercept model to estimate 164 

significance from zero for each moderator level. For each, we evaluated model fit using delta Akaike 165 

Information Criterion ΔAIC, pseudo-𝑅2 to measure the proportion of explained variance by the moderator 166 

(Nakagawa and Schielzeth 2013), and 𝑄𝑀 omnibus tests to assess if the moderator explains significant 167 

variation (p < 0.05). For pairwise interactions between fire characteristics, geographic variables, and 168 

taxonomic groups, we first filtered data to include only combinations with n ≥ 3 effect sizes to ensure reliable 169 

estimates. We fitted two REML models with nested random effects to filtered subsets: (1) a filtered base 170 

model with main effects only, and (2) a no-intercept interaction model estimating effects for each specific 171 

combination, comparing them using ΔAIC, pseudo-𝑅2, and 𝑄𝑀. 172 

For interpretability, we calculated change in abundance following fire as: 𝐶ℎ𝑎𝑛𝑔𝑒 (%) = (𝑒𝑙𝑛𝑅𝑅 − 1) ×173 

100. We note that extremely large percentage changes may reflect very low baseline (control) abundances, 174 

high variability, or data limitations.  175 
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3 Results 176 

3.1 Literature survey results 177 

Our final database consisted of 2192 paired observations, for which we calculated effect sizes, from 29 178 

studies published between 1998 and 2024, spanning 10 European countries (Figure 1). The largest 179 

contributions came from Spain (n = 624, 28.47 %), Czech Republic (n = 623, 28.42 %), Sweden (n = 310, 14.14 180 

%), and Switzerland (n = 224, 10.22 %). Our dataset covers 13 ecoregions, with the most effect sizes from 181 

Central European mixed forests (n = 621, 28.33 %), Northeastern Spain and Southern France Mediterranean 182 

forests (n = 573, 26.14 %), and Scandinavian and Russian taiga (n = 265, 12.09 %). Four major biomes are 183 

represented, with temperate broadleaf and mixed forests (n = 805, 36.72 %) and Mediterranean forests, 184 

woodlands, and scrubs (n = 774, 35.31 %) comprising most observations. 185 

We included 819 unique taxa grouped into 22 broader taxonomic groups. Insects were especially well 186 

represented, with Coleoptera (n = 415, 18.93 %), Hymenoptera (n = 185, 8.44 %), and Dicot Herbs (n = 228, 187 

10.40 %). Non-Vascular Plants (n = 187, 8.53 %), Passeriformes birds (n = 142, 6.48 %), and Arachnida (n = 188 

167, 7.62 %) were also prominent. 189 

Most observations reflect responses 1–5 years after fire (n = 1,107, 50.50 %), with additional data for longer-190 

term (>10 years, n = 628, 28.65 %) and short-term (<1 year, n = 270, 12.32 %) intervals. Wildfire events 191 

accounted for most effect sizes (n = 1,932, 88.14 %), while prescribed fire comprised 11.86 % (n = 260). High 192 

severity fires were most frequently studied (n = 999, 45.57 %), followed by medium severity (n = 964, 43.98 193 

%) and low severity events (n = 229, 10.45 %). 194 
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 195 

Figure 1: Number of effect sizes (n = 2192) for each response or moderator variable used in our analysis. These 196 

include ecoregion (top panel), country, taxonomic group, biome, fire type (W = wildfire, P = prescribed fire), 197 

time since fire, and fire severity (H = high, M = moderate, L = low). Ecoregions defined as per Olson et al. 198 

(2001).  199 
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3.2 Base model results and heterogeneity 200 

Our multilevel meta-analysis base model revealed on average a small positive, but non-significant overall 201 

effect of fire on abundance (lnRR = 0.1856, 95% CI [-0.4241, 0.7952], p = 0.55; Table S4). Yet, we found high 202 

heterogeneity in effect sizes (I² = 99.29%), suggesting substantial variation in how taxa abundances respond 203 

to fire (Figure S2; Table S4). Most variation (93.49 %) was attributed to differences within studies, and less to 204 

between-study heterogeneity (5.81 %). The significant test for heterogeneity (Q = 230997.04, p < 0.001) 205 

confirms that responses to fire vary substantially, and that moderator analyses are warranted to identify 206 

factors explaining this variation. This was confirmed by a comparison between our three-level model and a 207 

simpler two-level model, which demonstrated that accounting for the hierarchical structure of effect sizes 208 

nested within studies significantly improved model fit (LRT = 60.82, p < 0.001).  209 

3.3 Publication bias and sensitivity analysis 210 

We assessed potential publication bias and sensitivity using multiple approaches (Table S5). These tests differ 211 

in their statistical assumptions and sensitivity to bias, so using multiple methods provides a more robust 212 

assessment. The modified Egger's test for multilevel models suggested no clear relationship between effect 213 

size and precision (p = 0.19). Both the standard Egger’s regression and Begg & Mazumdar's rank correlation 214 

tests were non-significant (p = 0.867 and p = 0.70, respectively). Visual inspection of funnel and precision 215 

plots (Figures S3-S5) did not reveal clear asymmetry. 216 

Trim-and-fill analysis estimated six potentially missing studies, suggesting possible underrepresentation of 217 

positive effects. After adjustment, the overall effect size increased, indicating that if publication bias exists, 218 

it may be due to “negative results bias.” This discrepancy highlights the need for cautious interpretation of 219 

the overall effect. The leave-one-out analysis sensitivity analysis (Figure S6; Table S6) showed that no single 220 

study unduly influenced the results; removal of any individual study did not alter the statistical significance 221 

of the overall effect (p > 0.23). 222 

Taken together, these analyses indicate that our meta-analytic findings are not substantially affected by 223 

publication bias or by the influence of any single study. While trim-and-fill analysis suggests some 224 

underrepresentation of positive effects, the overall pattern across multiple tests and sensitivity analyses 225 

supports the reliability of our conclusions regarding fire effects on abundance. 226 
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3.4 Moderator analysis 227 

3.4.1 Moderator significance and heterogeneity 228 

Our meta-analysis revealed substantial heterogeneity in abundance responses to fire, with clear differences 229 

in the explanatory power of each moderator (Taxonomic group was the strongest moderator, explaining 5.20 230 

% of the observed heterogeneity (QM = 172.37, p < 0.001), and resulting in the lowest AIC (13197.30) and 231 

delta AIC (ΔAIC = -238.73), indicating a substantially better fit compared to the base model (AIC = 13436.03). 232 

Time since fire also moderated fire effects (QM = 19.21, p = 0.0007), though it explained a smaller proportion 233 

of heterogeneity (Pseudo-R² = 0.62 %) and had a higher AIC than taxonomic group (13405.75, ΔAIC = -30.28). 234 

Fire type, biome, fire severity, and ecoregion did not explain variation in fire effects on abundance compared 235 

to the base model (p > 0.1, Pseudo−R2 ≤0.92, ΔAIC > -60). 236 

Interaction analysis revealed that models including taxonomic group in combination with other moderators 237 

provided the greatest explanatory power compared to base models (of the filtered datasets). Interactions of 238 

taxonomic group with biome (QM = 218.44, p < 0.001, Pseudo-R² = 4.81 %), ecoregion (QM = 212.61, p < 239 

0.001, Pseudo-R² = 2.85 %), and time since fire (QM = 223.93, p < 0.001, Pseudo-R² = 1.77 %) explained 240 

variations in the effects of fire on abundance, improved model fit, and explained additional heterogeneity. 241 

Notably, interactions of taxonomic group with fire type (QM = 190.36, p < 0.001) and fire severity (QM = 242 

194.75, p < 0.001) yielded significant moderator effects and improved model fit but explained no additional 243 

heterogeneity (Pseudo-R² = 0 %). This indicates that, while these moderators are statistically detectable 244 

(significant QM), their contribution to reducing overall variance is minimal.  245 
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Table 1). Taxonomic group was the strongest moderator, explaining 5.20 % of the observed heterogeneity 246 

(QM = 172.37, p < 0.001), and resulting in the lowest AIC (13197.30) and delta AIC (ΔAIC = -238.73), indicating 247 

a substantially better fit compared to the base model (AIC = 13436.03). Time since fire also moderated fire 248 

effects (QM = 19.21, p = 0.0007), though it explained a smaller proportion of heterogeneity (Pseudo-R² = 0.62 249 

%) and had a higher AIC than taxonomic group (13405.75, ΔAIC = -30.28). Fire type, biome, fire severity, and 250 

ecoregion did not explain variation in fire effects on abundance compared to the base model (p > 0.1, 251 

Pseudo−R2 ≤0.92, ΔAIC > -60). 252 

Interaction analysis revealed that models including taxonomic group in combination with other moderators 253 

provided the greatest explanatory power compared to base models (of the filtered datasets). Interactions of 254 

taxonomic group with biome (QM = 218.44, p < 0.001, Pseudo-R² = 4.81 %), ecoregion (QM = 212.61, p < 255 

0.001, Pseudo-R² = 2.85 %), and time since fire (QM = 223.93, p < 0.001, Pseudo-R² = 1.77 %) explained 256 

variations in the effects of fire on abundance, improved model fit, and explained additional heterogeneity. 257 

Notably, interactions of taxonomic group with fire type (QM = 190.36, p < 0.001) and fire severity (QM = 258 

194.75, p < 0.001) yielded significant moderator effects and improved model fit but explained no additional 259 

heterogeneity (Pseudo-R² = 0 %). This indicates that, while these moderators are statistically detectable 260 

(significant QM), their contribution to reducing overall variance is minimal.  261 



13 

Table 1: Heterogeneity analysis for different moderators explaining variation in fire effects. Models fit using 262 

REML. Significant moderators indicated with an asterisk (*). QM = omnibus test statistic for moderators 263 

(Viechtbauer 2010), QMp = significance of QM test statistic, df = degrees of freedom, k = number of effect 264 

sizes,Pseudo-R² = proportion of heterogeneity explained, AIC = Akaike Information Criterion, ΔAIC = Delta AIC, 265 

the difference between the moderator model and the base model, where a negative value implies an 266 

improvement over the base model. 267 

Moderator Levels k QM QMp Pseudo-R² (%) AIC ΔAIC 

Taxonomic group 22 2192 172.37 <0.001* 5.20 13197.3 -238.73 

Time since fire 4 2192 18.86 <0.001* 0.62 13405.75 -30.28 

Fire type 2 2192 3.74 0.05 0.92 13427.8 -8.23 

Biome 4 2192 3.34 0.34 0.33 13417.55 -18.48 

Fire severity 3 2192 0.47 0.79 0 13425.81 -10.22 

Ecoregion 13 2192 4.78 0.97 0 13377.53 -58.5 

Base Model (No Moderator) 1 2192 NA 0.55 NA0 13436.03 0 

Interaction Combinations k QM QMp Pseudo-R² (%) AIC ΔAIC 

Taxonomic Group * Biome 44 2185 218.44 <0.001* 4.81 13044.96 -101.71 

Taxonomic Group * Ecoregion 54 2182 212.61 <0.001* 2.85 12987.06 -104.86 

Taxonomic Group * Time Since Fire 58 2176 223.93 <0.001* 1.77 12936.44 -152.73 

Taxonomic Group * Fire Type 33 2192 190.36 <0.001* 0 13141.46 -48.74 

Taxonomic Group * Fire Severity 45 2178 194.75 <0.001* 0 13022.19 -95.94 

3.4.2 Effects of specific moderator levels 268 

Ecologically, the most striking pattern was the strong divergence in fire responses among taxa (Figure 2). 269 

Passeriformes, aggregated from 22 families including Paridae, Muscicapidae, and Fringillidae, exhibited 270 

significant declines in abundance post-fire (lnRR = -2.10, 95 % CI [-3.41, -0.80], p < 0.01), corresponding to an 271 

87.80 % decrease. Gastropoda (land snails) were also highly fire-sensitive, with abundance reduced by 97.54 272 

% compared to controls (lnRR = -3.71, 95 % CI [-5.36, -2.05], p < 0.001). In contrast, plant groups of dicot 273 

herbs (lnRR = 2.96, 95 % CI [1.38, 4.53], p < 0.001) and ferns & horsetails (lnRR = 5.52, 95 % CI [3.15, 7.89], p 274 

< 0.001) showed remarkable increases in abundance after fire, with dicot herbs increasing by 1,825.54 % and 275 

ferns & horsetails by 24,883.81 %. Hemiptera (true bugs) were the only invertebrate group to show a 276 

significant increase in abundance after fire (lnRR = 2.76, 95 % CI [1.22, 4.29], p < 0.001; 1,473.02 % increase). 277 

Other groups, including non-passerine birds, mammals, most insect orders, and reptiles, did not show 278 

statistically significant responses. 279 

For time since fire, the 5–10 year post-fire interval showed a significant positive effect (lnRR = 1.54, 95 % CI 280 

[0.37, 2.72], p < 0.01), corresponding to a 368.11 % increase in abundance. Short-term (<1 year, 1–5 years) 281 
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and long-term (10+ years) effects were not significant. Neither prescribed nor wildfire types had significant 282 

effects on abundance, although wildfires tended to promote abundance (lnRR = 0.46, 95 % CI [-0.18, 1.09]), 283 

equivalent to a 57.89 % increase, while prescribed fires trended negative (lnRR = -0.99, 95 % CI [-2.31, 0.33]), 284 

corresponding to a 62.89 % reduction.  285 

Fire severity, biome, and ecoregion did not significantly explain variation in fire effects (all p > 0.2, Pseudo-R² 286 

≤ 0.92%). Among fire severity levels (low, medium, high), all effects were non-significant, with medium 287 

severity showing the most positive trend (lnRR = 0.49, 95 % CI [-0.63, 1.62], p = 0.39; 63% increase). 288 

Geographic context (ecoregion, biome) did not significantly explain variation, suggesting that ecological 289 

responses to fire are more strongly shaped by biological and temporal factors than by spatial setting.  290 
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 291 

Figure 2: Mean sdjusted log response ratio (lnRR) effect sizes of the effect of fire on taxa abundances, per 292 

moderator variable. Error bars represent 95 % confidence intervals. Positive values (red) indicate increased 293 

abundance following fire, while negative values (blue) indicate decreased abundance. Significance levels are 294 

indicated by asterisks (* p<0.05, ** p<0.01, *** p<0.001). Sample sizes (n) represent the number of 295 

observations for each level.  296 
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The interaction analyses provide further detail on how abundances of different taxonomic groups are shaped 297 

by specific fire characteristics (fire type, time since fire, and fire severity; Figure 3). In the main moderator 298 

analysis, Hemiptera was the only insect group showing significant increases in abundance (Figure 2), while 299 

the interaction analysis revealed context-dependent responses within insect groups. Hemiptera showed 300 

significant positive responses to wildfire (lnRR = 3.99, 95 % CI: [2.20, 5.78], p < 0.001; 5,306.45 % increase), 301 

1–5 years post-fire (lnRR = 3.27, 95 % CI: [1.49, 5.06], p < 0.001; 2,541.54 % increase), and high-severity fire 302 

(lnRR = 3.10, 95 % CI: [1.15, 5.05], p < 0.01; 2,117.94 % increase). Data were missing for low-severity fire and 303 

the 5–10 years post-fire window. Lepidoptera showed significant increases in abundance after prescribed fire 304 

(lnRR = 5.92, 95 % CI: [0.01, 11.83], p < 0.05; 37,225.12 % increase), high-severity fire (lnRR = 7.58, 95 % CI: 305 

[1.76, 13.40], p < 0.05; 195,207.39 % increase), and 1–5 years post-fire (lnRR = 7.24, 95 % CI: [1.51, 12.97], p 306 

< 0.05; 139,684.15 % increase). Data for this group were missing for low-severity fire and the 5–10 and 10+ 307 

years post-fire windows. Coleoptera showed significant positive abundance responses to wildfire (lnRR = 308 

1.47, 95 % CI: [0.36, 2.58], p < 0.01; 335.89 % increase) and 1–5 years post-fire (lnRR = 1.17, 95 % CI: [0.16, 309 

2.19], p = 0.023; 223.22 % increase). Other insect groups (Orthoptera, Diptera, Hymenoptera, and Insecta: 310 

Other which include Neuroptera and Thysanoptera) showed no significant responses. These groups were 311 

characterized by substantial data gaps, including missing data for prescribed fire (Orthoptera, Hymenoptera), 312 

low-severity fire (Orthoptera, Diptera, Insecta: Other), and multiple time-since-fire windows (e.g., Orthoptera 313 

was missing all windows except 1–5 years). 314 

Passeriformes birds consistently showed significant declines following wildfire (lnRR = -1.76, 95 % CI: [-3.18, 315 

-0.35], p < 0.05; 82.85 % decrease), 1–5 years post-fire (lnRR = -2.15, 95 % CI: [-3.45, -0.84], p < 0.01; 88.32 % 316 

decrease), and high-severity fire (lnRR = -2.04, 95 % CI: [-3.60, -0.49], p < 0.01; 87.05 % decrease). Data for 317 

this group were missing for moderate fire severity and the critical <1 year and 5–10 years post-fire windows. 318 

Non-Passeriformes showed negative but non-significant responses. Like Passeriformes, data were missing for 319 

moderate fire severity and the <1 year and 5–10 years post-fire windows. 320 

Gastropoda (land snails) were highly sensitive to fire, with strong negative effects after wildfire (lnRR = -3.31, 321 

95 % CI: [-5.05, -1.57], p < 0.001; 96.35 % decrease), 1–5 years post-fire (lnRR = -3.66, 95 % CI: [-5.37, -1.96], 322 

p < 0.001; 97.44 % decrease), and high-severity fire (lnRR = -3.67, 95 % CI: [-5.55, -1.79], p < 0.001; 97.46 % 323 

decrease). This group was missing data for low and moderate fire severity, prescribed fire, and the <1 year, 324 

5–10 years, and 10+ years post-fire windows. 325 

Plants showed mixed responses, with Dicot Herbs and Ferns & Horsetails responding positively to wildfire 326 

(Dicot Herbs: lnRR = 3.00, 95 % CI: [1.36, 4.64], p < 0.001; 1,905.61 % increase; Ferns & Horsetails: lnRR = 327 

5.56, 95 % CI: [3.15, 7.97], p < 0.001; 25,869.16 % increase), 1–5 years post-fire (Ferns & Horsetails: lnRR = 328 

6.41, 95 % CI: [1.84, 10.98], p = 0.006; 60,671.42 % increase), and 5–10 years post-fire (Dicot Herbs: lnRR = 329 
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4.64, 9 5% CI: [2.36, 6.92], p < 0.001; 10,271.63 % increase; Ferns & Horsetails: lnRR = 5.79, 95 % CI: [1.41, 330 

10.16], p = 0.010; 32,484.53 % increase). Data for high fire severity were missing for both groups. 331 

Broadleaved Trees (5 families, including Betulaceae, Fagaceae, and Salicaceae) showed a significant increase 332 

in abundance < 1 year after fire (lnRR = 4.21, 95 % CI: [0.44, 7.99], p < 0.05; 6668.08 % increase), and 333 

Monocots (4 families, including Poaceae, Cyperaceae, and Asparagaceae) significantly increased 5-10 years 334 

post-fire (lnRR = 3.14, 95 % CI: [0.15, 6.13], p < 0.05; 2201.63 % increase). Monocots were missing data for 335 

high severity fire, and prescribed fire. Non-vascular plants (Bryophyta) showed significant negative effects at 336 

low-severity fire (lnRR = -5.10, 95 % CI: [-9.29, -0.90], p = 0.017; 99.39 % decrease). Data were missing for 337 

high fire severity, the <1 year post-fire window, and prescribed fire.  338 

Other taxonomic groups (Arachnida, Entognatha, Isopoda, Mammals, Reptiles, Conifers, and Plants: Other) 339 

showed no significant response to fire type, severity, or time since fire, with estimates close to zero and wide 340 

confidence intervals, suggesting a lack of effect at the broad taxonomic level for some taxonomic groups, 341 

which however, exhibited distinct responses in some biomes or ecoregions (see below), or insufficient data. 342 
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 343 

Figure 3: Interactive effects of fire characteristics on taxonomic group abundance compared to zero. Abundance responses (log response ratios lnRR ± 95% CI) vary 344 

across (A) fire severity levels, (B) time since fire, and (C) fire type. Significance levels are indicated by asterisks (* p<0.05, ** p<0.01, *** p<0.001). Interaction analysis 345 

could not be conducted for some levels due to low observations per group (n < 3).346 
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Geographic context further shaped taxonomic responses to fire (Figure 4). At the biome level, in 347 

Mediterranean forests, woodlands, and scrubs, insects showed particularly strong positive responses, with 348 

Hemiptera (lnRR = 4.72, 95 % CI: [2.53, 6.90], p < 0.001; 11,061.60 % increase) and Coleoptera (lnRR = 1.47, 349 

95 % CI: [0.23, 2.71], p < 0.05; 333.69 % increase) exhibiting significant abundance increases. Both 350 

Passeriformes (lnRR = -1.66, 95 % CI: [-2.92, -0.40], p < 0.01; 80.98 % decrease) and Gastropoda declined 351 

significantly (lnRR = -3.35, 95 % CI: [-5.13, -1.57], p < 0.001; 96.49 % decrease).  352 

In temperate broadleaf and mixed forests, plant responses were particularly pronounced, with Dicot Herbs 353 

(lnRR = 1.79, 95 % CI: [0.37, 3.21], p < 0.05; 497.69 % increase) and Ferns & Horsetails (lnRR = 4.36, 95 % CI: 354 

[2.11, 6.62], p < 0.001; 7,739.90 % increase) responding positively, while Conifers (lnRR = -2.39, 95 % CI: [-355 

4.09, -0.69], p < 0.01; 90.82 % decrease) and Non-vascular plants (lnRR = -2.04, 95 % CI: [-3.51, -0.57], p < 356 

0.01; 87.01 % decrease) declined significantly. Coleoptera showed their strongest positive response in 357 

temperate broadleaf forests (lnRR = 3.60, 95 % CI: [1.50, 5.69], p < 0.001; 3,544.76 % increase). In temperate 358 

coniferous forests, Broadleaved Trees showed a strong positive response (lnRR = 3.94, 95 % CI: [1.31, 6.57], 359 

p < 0.01; 5,029.60 % increase). Boreal forests and taiga showed few significant taxonomic responses, 360 

suggesting that fire effects in these biomes may be less differentiated by taxonomic group or that sample 361 

sizes were insufficient to detect biome-specific patterns.  362 

At the ecoregion level, patterns were largely consistent with their parent biomes but revealed additional fine-363 

scale variation. Within Mediterranean ecoregions, Northeastern Spain and Southern France Mediterranean 364 

forests showed particularly strong effects for Hemiptera (lnRR = 4.91, 95 % CI: [2.21, 7.62], p < 0.001; 365 

13,506.96 % increase) and Gastropoda (lnRR = -3.15, 95 % CI: [-5.54, -0.76], p < 0.01; 95.72 % decrease). 366 

Within temperate broadleaf ecoregions, Sarmatic mixed forests showed strong positive responses for 367 

Coleoptera (lnRR = 3.60, 95 % CI: [0.56, 6.63], p < 0.05; 3,544.78 % increase) and Ferns & Horsetails (lnRR = 368 

6.43, 95 % CI: [2.07, 10.78], p < 0.01; 61,685.93 % increase), while Non-vascular plants declined sharply (lnRR 369 

= -4.49, 95 % CI: [-8.18, -0.81], p < 0.05; 98.88 % decrease). Central European mixed forests showed similar 370 

but less pronounced patterns. Within temperate coniferous ecoregions, Alps conifer and mixed forests 371 

mirrored the biome-level pattern for Broadleaved Trees (lnRR = 3.94, 95 % CI: [0.51, 7.36], p < 0.05; 5,029.59 372 

% increase). Scandinavian and Russian taiga showed few significant ecoregion-level effects, consistent with 373 

the broader boreal biome pattern. As noted previously, conclusions for many taxonomic groups are limited 374 

by the absence of data in specific biome or ecoregion combinations, especially for fire-sensitive taxa.375 
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 376 

Figure 4:Interactive effects of taxonomic group and geographic characteristics on abundance response to fire. Each cell shows the effect size (lnRR) for a given 377 

taxonomic group (y-axis) and geographic characteristic (x-axis: Country, Ecoregion, or Biome). Effect sizes are colored by magnitude and direction (red = negative, 378 

white = neutral, green = positive). Cells outlined in black indicate statistically significant difference from zero, with significance denoted by asterisks (p < 0.05*, p < 379 

0.01**, p < 0.001***) below the effect size. Some combinations are missing due to insufficient data (< 3 effect sizes per combination). 380 
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4 Discussion 381 

Our meta-analysis, the first synthesizing fire effects on taxa abundance across European forests, addresses a 382 

critical need as climate change intensifies Europe’s fire regimes (El Garroussi et al. 2024; Kelley et al. 2025), 383 

directly threatening the continents forest ecosystems. Our central finding is the profound divergence in post-384 

fire outcomes, creating fundamental management dilemmas. Fire acts as a powerful, highly selective 385 

ecological filter (Driscoll et al. 2024; Giorgis et al. 2021; González et al. 2022; Mason et al. 2021), and without 386 

a comprehensive understanding of these opposing responses, management actions intended to promote 387 

recovery or reduce fuel loads could inadvertently harm sensitive forest biodiversity components. 388 

4.1 Taxonomic identity as primary determinant of post-fire abundance responses 389 

Taxonomic identity was the strongest predictor of post-fire abundance responses, with fire regime 390 

characteristics and geographic context playing important modulating roles. The lack of an overall effect 391 

across combined taxa underscores that fire impacts are highly context-dependent and cannot be generalized 392 

(Pausas and Lamont 2022). Pronounced divergence among groups confirms fire's role as a selective ecological 393 

filter where outcomes depend on taxonomic identity and associated traits (Santos et al. 2014; Moyo 2022; 394 

Bieber et al. 2023), fire characteristics (Grau-Andrés et al. 2024), and environmental context (Giorgis et al. 395 

2021; Moyo 2022). 396 

4.1.1 Fire-sensitive taxa: Gastropoda, Passeriformes, and Non-vascular plants 397 

The most significant finding for conservation is the severe decline observed in several key forest-dwelling 398 

groups. Gastropoda (land snails) showed declined across all contexts, reflecting dependence on humid 399 

microhabitats and organic substrates (Hylander 2011; Santos et al. 2014). Fire removes the moisture-400 

retaining litter layer and bryophyte cover essential for survival (Brugués et al. 2025; Hylander 2011; Puig-401 

Gironès et al. 2023), while limited mobility prevents rapid recolonization from unburned refugia (Hylander 402 

2011; Santos et al. 2014). Severity-dependent gastropod responses suggests that increasing wildfire severity 403 

could disproportionately threaten these taxa (Brugués et al. 2025; Decker et al. 2023), with implications for 404 

broader ecosystem functioning through potential cascading effects on decomposition and trophic dynamics 405 

(De Oliveira et al. 2010; Rosin et al. 2011). 406 

Passeriformes (aggregated from 22 families including Paridae, Muscicapidae, Fringillidae) showed significant 407 

negative responses to wildfires and at high severity, consistent with fire-induced simplification of vegetation 408 

structure reducing foraging substrates and nesting sites (Herrando et al. 2003; Versluijs et al. 2020). However, 409 

absence of data for the critical less than one year post-fire period means that the observed decline in the one 410 
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to five year window may represent the most severe impact captured by available data, rather than temporal 411 

lags in habitat complexity and prey availability (Herrando et al. 2003; Ukmar et al. 2007).  412 

Non-vascular plants (bryophytes: 47 species across 24 families) showed catastrophic declines even at low 413 

severity, reflecting dependence on stable microclimatic conditions and inability to recover quickly from minor 414 

heat exposure and desiccation (Cooper et al. 2025). This finding is particularly policy-relevant: even low-415 

intensity fires devastate fire-sensitive bryophytes, challenging assumptions that low-intensity prescribed 416 

burns are an ecologically sustainable or benign fuel management practices for all taxa (Gamba et al. 2025).  417 

4.1.2 Fire-opportunistic taxa: Hemiptera, Lepidoptera, Coleoptera, and plant groups 418 

In stark contrast, several groups showed dramatic increases, capitalizing on post-fire environments. 419 

Hemiptera (true bugs) showed the strongest overall positive insect response, thriving after wildfires, at high 420 

severity, and during one to five years post-fire, consistent with previous meta-analyses (Bieber et al. 2023). 421 

The mechanisms driving post-fire Hemiptera abundance increases remain understudied in European contexts 422 

(Zumr et al. 2025), but likely involve rapid regeneration of host plants and increased insolation (Plumanns‐423 

Pouton et al. 2025), and fire-induced predator reduction (Puga et al. 2024), though ant predators also benefit 424 

from fire (Bishop et al. 2021), suggesting complex, species-specific interactions. 425 

Lepidoptera (butterflies and moths) showed extreme increases under specific contexts: prescribed fire, high-426 

severity fire, and one to five years post-fire, consistent with rapid colonization tracking floral resources in 427 

post-fire herbaceous layers (Mason et al. 2021; Zumr et al. 2025). Fire increases insolation and flowering 428 

plant availability (Mason et al. 2021; Passovoy and Fulé 2006; Swengel and Swengel 2007). For example, the 429 

Common Blue butterfly (Polyommatus icarus Rottemburg, 1775), included in this analysis, relies on Bird's-430 

foot Trefoil (Lotus corniculatus L.) as a primary larval host plant (Piszter et al. 2023). This nitrogen-fixing 431 

pioneer species thrives in bare mineral soil and high-insolation post-fire conditions (Parmentier et al. 2024). 432 

Fire-induced increases in host plants and insolation, creates ephemeral but vital habitat patches (Zumr et al. 433 

2025). The extreme magnitude may reflect genuine rapid colonization dynamics, though wide confidence 434 

intervals suggest data limitations. 435 

Coleoptera (aggregated from 35 families including Carabidae, Staphylinidae, Curculionidae, Cerambycidae) 436 

increased significantly after wildfires, and during one to five years post-fire, with positive trends at high 437 

severity, likely reflecting exploitation of newly available resources (Zumr et al. 2025), saproxylic beetles 438 

(Cerambycidae, Buprestidae, Scolytinae) benefitting from fire-weakened or dying trees (Moretti et al. 2006; 439 

Zumr et al. 2025), and post-fire microhabitat changes in patch moisture (Toivanen 2014) and vegetation 440 

structure (Santos et al. 2014).  441 
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Vascular plant groups showed strongly positive responses with temporal variation. Dicot Herbs responded 442 

positively to wildfires and at medium severity, peaking during five to ten years post-fire. Monocots showed 443 

significant increases at five to ten years post-fire, suggesting they capitalize on intermediate conditions after 444 

pioneer establishment but before canopy closure (Tangney et al. 2022). Ferns & Horsetails showed extreme 445 

increases, consistent with pioneer species having spore dispersal facilitating rapid colonization (Thomas and 446 

Cleal 2022). Broadleaved Trees showed a strong, rapid positive response less than one year post-fire, a classic 447 

ecological pattern explained by their primary fire-survival mechanism: sprouting (Camarero et al. 2024). 448 

Pioneer broadleaves like European aspen (Populus tremula L.) and goat willow (Salix caprea L.) thrive in post-449 

fire conditions of high-light and bare-soil (Mantero et al. 2024), and can rapidly regenerate from dormant 450 

buds on root systems or stumps, leading to a massive abundance increases (Schüle et al. 2023). This 451 

mechanism is particularly evident in conifer-dominated forests (Temperate Coniferous Forests and Alps 452 

Conifers and Mixed Forest), where fire creates canopy gaps in typically dense, dark stands. Fire removal of 453 

the conifer canopy creates high-light environments favoring rapid sprouting and colonization of shade-454 

intolerant pioneer broadleaves like Populus spp. L. and Salix spp. L. (Lanta et al. 2025), temporarily shifting 455 

competitive advantage from slow-growing, shade-tolerant conifers to fast-growing, light-demanding 456 

broadleaves (Yao et al. 2025). 457 

4.1.3 Taxa with complex, or non-significant responses 458 

Arachnida (48 taxa, including spiders and mites), Hymenoptera (ants from Formicidae, plus bees from 459 

Andrenidae, Apidae, Halictidae, Colletidae), Entognatha, Isopoda, Mammals, and Reptiles showed non-460 

significant abundance responses to fire, potentially reflecting true resilience, high variability, insufficient 461 

data, or aggregation masking opposing responses. For Arachnida, Puga et al. (2024) found that after fire and 462 

initial high mortality, ground-dwelling spiders persisted using stone refuges, while vegetation-associated 463 

families disappeared. Species-specific reptile abundance increases after fire have been linked to thermal 464 

preferences and habitat homogenization (Ferreira et al. 2017; 2016). For Hymenoptera, the lack of significant 465 

response reflects aggregation of taxa with opposing responses: ants have been shown to decline post-fire 466 

due to nest destruction and loss of forest-floor habitat (Puga et al. 2024), but also increase in abundance in 467 

post-fire open habitats (Bishop et al. 2021). Further, bees increase in response to enhanced floral resources, 468 

increased insolation, and bare soil nesting sites (Moretti et al. 2006; Zumr et al. 2025). This highlights how 469 

combining taxa with divergent ecological strategies can mask meaningful patterns. 470 

Conifers, broadly, showed no significant response to fire characteristics, yet declined significantly in 471 

temperate broadleaf and mixed forests. This reflects species-specific traits: fire-intolerant Norway spruce 472 

(Picea abies (L.) H. Karst.) and European silver fir (Abies alba Mill.) with thin bark, shallow roots, and ladder 473 

fuels (Bizzarri et al. 2025; Bledý et al. 2024; Caudullo et al. 2016) drive declines, while fire-resilient European 474 
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larch (Larix decidua Mill.) and Scots pine (Pinus sylvestris L.) in other biomes mask the overall effect (Niccoli 475 

et al. 2025). The non-significant increase <1 year post-fire likely reflects pioneer sapling establishment via 476 

heat-triggered seed release (serotiny) or ideal seedbeds (bare mineral soil), plus physiological release of 477 

surviving understory trees from competition (Ibáñez et al. 2025), counterbalanced by established tree 478 

mortality. 479 

4.2 Modulating factors and management trade-offs 480 

Temporal patterns revealed striking trade-offs, though full comparison is constrained by uneven data 481 

availability (see Section 4.3). Vascular plants (e.g., Ferns & Horsetails) showed increasingly positive responses 482 

peaking at 5–10 years, while Passeriformes showed negative responses at one to five years post-fire, 483 

suggesting structural complexity and microhabitat conditions (litter depth, bryophyte cover, humidity 484 

gradients, snag availability) recover more slowly than plant cover (Herrando et al. 2003; Malmström et al. 485 

2009). Conversely, insects (Hemiptera, Lepidoptera) showed strongest increases at one to five years post-486 

fire. This creates a dilemma: fire return intervals optimizing plant diversity may perpetuate habitat deficits 487 

for sensitive fauna by preventing late-successional conditions. This challenge necessitates fire management 488 

mimicking natural patch dynamics (Holík et al. 2025). By creating mosaics of burned and unburned patches, 489 

e.g., using small, targeted prescribed fires to create open glades while leaving adjacent, structurally complex 490 

forest undisturbed (Niccoli et al. 2025), managers can simultaneously support fire-adapted species, provide 491 

essential refugia for fire-sensitive fauna, and provide benefits to species requiring both open and closed 492 

habitats, such as the European Nightjar (Caprimulgus europaeus L.) (Pradervand et al. 2025). 493 

Our results highlight the critical distinction between fire intensity (energy released during combustion, 494 

kW/m²) and fire severity (ecological impact on vegetation, soils, ecosystem structure) (Hardy 2005; Rossi et 495 

al. 2020). Although related, their relationship is context-dependent, influenced by fuel structure, vegetation 496 

type, soil moisture, and seasonal timing (Pais et al. 2025). Wildfires (usually high intensity, larger extent) 497 

caused severe declines in Passeriformes and Gastropoda but dramatic increases in Hemiptera, Coleoptera, 498 

Dicot Herbs, and Ferns & Horsetails. Prescribed fires (usually low intensity, interpreted as "low severity" 499 

(Hochkirch and Adorf 2007; Zumr et al. 2025)) showed different signatures with extreme Lepidoptera 500 

increases. However, catastrophic bryophyte decline even at low intensity demonstrates ecological impacts 501 

cannot be predicted from intensity alone, challenging assumptions that low-intensity prescribed burns are 502 

universally benign (Fernández-Guisuraga and Fernandes 2024; Pais et al. 2025; Viegas et al. 2024). This 503 

complexity means fire management strategies are not regionally transferable. Mediterranean ecosystems 504 

showed less negative responses than temperate and boreal forests, with extreme positive insect responses, 505 

potentially reflecting evolutionary adaptation (Calderisi et al. 2025; Schwörer et al. 2024). However, even 506 

Mediterranean fire-sensitive taxa (Gastropoda, Passeriformes) declined severely, indicating limits to 507 
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adaptation for taxa with narrow microhabitat requirements. Biome-specific Conifer responses further 508 

illustrate this: declines in Temperate Broadleaf and Mixed Forests (n = 81) reflect dominance of fire-intolerant 509 

species (P. abies, A. alba) (Bizzarri et al. 2025; Bledý et al. 2024; Caudullo et al. 2016), while non-significant 510 

effects in Temperate Coniferous Forests (n = 18) reflect smaller sample size and fire-resilient species (L. 511 

decidua, P. sylvestris) partially masking negative responses (Holík et al. 2025; Niccoli et al. 2025). 512 

4.3 Method considerations and future research 513 

Our focus on abundance as the primary response metric was deliberate given its sensitivity as an early 514 

indicator of ecological change (Santini et al. 2017) and cross-study compatibility. However, extreme 515 

magnitude of some increases warrants careful interpretation, as these may reflect genuine responses, 516 

transient pulses, edge effects, or methodological artifacts. Future meta-analyses integrating multiple 517 

biodiversity metrics will provide more comprehensive understanding. 518 

Our analysis revealed critical data limitations that constrain management guidance. The substantial data 519 

gaps, particularly the absence of data for the critical less than one year post-fire window for many groups, 520 

limits the scope of our conclusions. This uneven sampling prevents direct comparison of recovery rates and 521 

underscores the need for standardized, long-term monitoring. Furthermore, the complete absence of 522 

prescribed fire data for certain groups represents a key knowledge gap, preventing robust assessment of 523 

whether prescribed burns offer lower-impact alternatives for vulnerable taxa (Brugués et al. 2025).  524 

Additionally, high residual heterogeneity (Table 1) suggests unmeasured factors play significant roles but are 525 

inconsistently reported: burn frequency (Brugués et al. 2025), fire seasonality, environmental context 526 

including vegetation cover (Brugués et al. 2025), microhabitat complexity (Puig-Gironès et al. 2023), 527 

microclimate and soil moisture (Puga et al. 2024), and taxa functional roles and traits including feeding 528 

specialization (Santos et al. 2014), body size (Puga et al. 2024), and mobility (Santos et al. 2014). Furthermore, 529 

aggregation of taxa at coarse levels is problematic because it obscures declines of fire-sensitive taxa within 530 

broadly positive or neutral groups. This suggests that while scientists may be tempted to work with grand 531 

averages for ecological modeling, practitioners already understand that taxa-specific understanding is key 532 

(Bieber et al. 2023; Puga et al. 2024; Schüle et al. 2023). 533 

To address these gaps, we recommend an integrative, coordinated approach to biodiversity monitoring and 534 

reporting in fire-affected ecosystems, including: (1) long-term, multi-taxa monitoring across successional 535 

stages and fire events, prioritizing underrepresented taxa and regions; (2) standardized reporting of fire 536 

intensity versus severity, microhabitat characteristics, refugia availability, functional traits; (3) include 537 

experimental prescribed fire studies in meta analyses, to explicitly measuring effects on fire-sensitive taxa to 538 

fill the critical knowledge gaps in effects on fire-sensitive taxa; (4) finer taxonomic resolution to understand 539 
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which species drive group patterns; (5) mechanistic studies linking fire characteristics to demographic 540 

processes for key indicator taxa. Collaborative data sharing, coordinated monitoring, and improved 541 

measurements linking fire intensity to ecological severity are urgently needed to support evidence-based fire 542 

management in an era of accelerating climate change and altered fire regimes. 543 

4.4 Management implications 544 

Our meta-analysis demonstrates fundamental ecological trade-offs in post-fire European forests. Fire-545 

sensitive taxa (Gastropoda, Passeriformes, bryophytes) experience severe to catastrophic declines, while fire-546 

opportunistic taxa (Hemiptera, Lepidoptera, Coleoptera, vascular plants) show dramatic increases. These 547 

findings are particularly relevant to two management challenges facing European forests: (1) biodiversity 548 

conservation amid increasing wildfire risk and (2) ecological sustainability of fuel load reduction strategies. 549 

With climate change projected to increase wildfire frequency and severity, bolstering ecosystem resilience is 550 

critical. The profound taxonomic divergence provides an evidence-based foundation for post-wildfire 551 

conservation planning. Severe declines in forest specialists are notable, but coarse aggregation masks 552 

massive declines of fire-sensitive species within broadly positive or neutral groups (e.g., Hymenoptera). 553 

Species-specific understanding is essential for effective conservation, practitioners already recognize and 554 

apply this to local assemblages, while scientists may rely on grand averages that obscure critical declines. 555 

This necessitates shifting post-fire management from generalized restoration to targeted conservation of fire 556 

refugia (areas unburned or burning at lower severity) (Andrus et al. 2021; Meddens et al. 2018). Extreme 557 

vulnerability of certain taxa, even to low-severity fire, makes survival contingent on refugia. For low-mobility 558 

or highly sensitive taxa, unburned patches are essential source populations for landscape recolonization 559 

(Kolden et al. 2017). A primary implication is proactively identifying and protecting potential refugia (e.g., 560 

moist valley bottoms, north-facing slopes, low fuel load areas) before fires occur, then prioritizing post-fire 561 

protection from disturbance to serve as ecological lifeboats (Cervelli et al. 2022). 562 

Our findings challenge using prescribed fire as a primary tool for fuel load reduction, particularly in temperate 563 

and boreal European forests where many species lack strong fire-adaptation. While fuel reduction is a critical 564 

goal for protecting human communities, severe impacts on fire-sensitive taxa, coupled with critical lack of 565 

prescribed fire data for some taxonomic groups, mean the full ecological cost is unknown. For example, 566 

Gastropoda serve as prey for birds and mammals (Rosin et al. 2011), and their decline may compound 567 

Passeriformes decline, potentially affecting broader ecosystem functioning. Managers employing prescribed 568 

fire must transparently acknowledge potential for severe, localized, long-lasting negative impacts on fire-569 

sensitive biodiversity. For the most sensitive taxa, fire may simply be inappropriate where their conservation 570 

is prioritized. Hylander (2011) found even clear-cutting caused lower Gastropoda mortality than burning, 571 
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suggesting alternative approaches in gastropod-rich forests. Where fuel reduction is necessary, our findings 572 

support that a mosaic of approaches, including alternative or complementary methods like mechanical 573 

removal, may minimize impacts on sensitive ground layers, though these have their own trade-offs (Stephens 574 

et al. 2021; Stevens et al. 2016).No single management tool is universally appropriate. Fuel reduction method 575 

choices should be tailored to specific ecological contexts with explicit consideration of taxonomic trade-offs. 576 

Adaptive management frameworks should incorporate monitoring of fire-sensitive taxa, establishing 577 

thresholds for acceptable impacts beyond which prescribed fire should be reconsidered. 578 

5 Conclusions 579 

This meta-analysis provides a comprehensive, taxonomically broad synthesis of fire effects on abundance 580 

across European forests, revealing that taxonomic identity is the primary determinant of post-fire responses. 581 

Fire acts as a powerful selective ecological filter, creating stark divergences: fire-sensitive taxa (Gastropoda, 582 

Passeriformes, bryophytes) experience declines, while fire-opportunistic taxa (Hemiptera, Lepidoptera, 583 

Coleoptera, vascular plants) show dramatic increases. This fundamental ecological trade-off challenges 584 

simplistic assumptions about fire management and demonstrates that no single strategy can simultaneously 585 

benefit all forest biodiversity components. These findings are critically relevant as climate change drives 586 

novel fire regimes across European forests. The absence of an overall effect across combined taxa 587 

underscores that fire impacts depend on taxonomic identity, fire characteristics, and environmental context. 588 

Catastrophic bryophyte declines even at low fire severity challenge assumptions that low-intensity prescribed 589 

burns are universally benign, while complete absence of prescribed fire data for many fire-sensitive taxa 590 

prevents robust assessment of whether managed burns offer lower-impact alternatives. For fire 591 

management and conservation, our synthesis demonstrates that evidence-based decision-making requires 592 

explicit recognition of unavoidable taxonomic trade-offs. Landscape-scale approaches incorporating spatial 593 

heterogeneity, proactive refugia conservation before fires occur, and targeted protection of fire-sensitive 594 

taxa are essential. Critical data gaps, particularly absence of early post-fire (less than one year) monitoring 595 

and prescribed fire studies for sensitive taxa, severely constrain management guidance. Standardized, long-596 

term, multi-taxa monitoring across successional stages, combined with experimental prescribed fire studies 597 

explicitly measuring effects on fire-sensitive taxa, are urgently needed to support adaptive management in 598 

an era of accelerating fire regime change across Europe.  599 
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