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a HUN-REN-ELTE-MTM Integrative Ecology Research Group, Biological Institute, ELTE Eötvös Loránd University, Pázmány Péter sétány 1/C, 
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A B S T R A C T

Predation is one of the key ecological processes that shape animal communities and ecosystem 
functioning. However, its strength and variability across structurally heterogeneous forest habi
tats remain poorly understood, especially in ground-dwelling insects. Using 3D-printed decoys 
mimicking the large carabid beetle Carabus coriaceus, we investigated the predation pressure in a 
long-term monitored research system of managed oak-hornbeam forests in Hungary. We 
compared small-scale canopy gaps that differed in age and management history, either estab
lished in closed-canopy forest or stands after preparation cuts, and their unmanaged control plots. 
In addition, we tested whether the time of day and local microclimatic conditions (relative hu
midity, air temperature, and soil moisture) affected attack rates. Out of 2000 observations, 4.8% 
showed signs of predation in the form of turns, relocations, or broken parts of decoys. Regression 
tree analysis revealed that relative humidity was the strongest predictor of predation pressure. 
During very humid conditions, attack rates increased, particularly for gaps in preparation cuts. 
Soil moisture provided an additional effect in the other gap types and controls, while temperature 
and time of day did not affect predation events. Our results suggest that high humidity conditions 
may enhance the foraging activity of small-bodied predators, possibly due to relaxed physio
logical constraints or reduced availability of alternative prey. These findings underline the 
importance of considering management history, surrounding forest matrix, and fine-scale abiotic 
variation when assessing predator–prey interactions and the ecological consequences of silvi
cultural practices.

1. Introduction

By regulating prey abundance and mediating species interactions, predation contributes significantly to the organization of 
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communities and ecosystem functioning (Hairston et al., 1960). Predators not only reduce prey populations directly but also indirectly 
affect prey behavior and spatial distribution through the risk of predation (Sih et al., 1985; Lima and Dill, 1990). These trait-mediated 
effects can cascade across trophic levels, affecting key ecosystem functions such as herbivory, decomposition, and pest control 
(Schmitz et al., 2004). However, the strength and consequences of predation can vary considerably across ecosystems, depending on 
habitat complexity and species interactions within food webs (Tablado et al., 2014; Klecka and Boukal, 2014; Chang and Todd, 2023). 
Understanding how these dynamics in foraging activity manifest in different environments, especially those modified by land-use, is 
essential for predicting the broader ecological impacts of habitat alteration.

Forests are particularly interesting in this context because their vertically and horizontally complex structure supports the 
development of diverse microhabitats that strongly influence predator–prey dynamics (Roslin et al., 2017). Dense forest vegetation can 
decrease predation risk because it provides refuges for prey and obstacles for foraging predators (Chalfound and Martin, 2009; Šipoš 
and Kindlmann, 2013; Goßmann et al., 2023). On the other hand, such habitats may benefit ambush predators by providing cover and 
thereby increasing prey predation (Langellotto and Denno, 2004). In addition to structural complexity, forest microclimate plays a 
crucial role in shaping these interactions. Canopy openness and the arrangement of vertical layers can alter local soil and air tem
perature, air humidity, and soil moisture, thereby modifying the below-canopy microclimate within forest stands (Chen et al., 1999; 
Kovács et al., 2017; De Frenne et al., 2021; Horváth et al., 2023). Temperature changes can alter the behavior and metabolic demands 
of predators and prey independently, thereby affecting predation (Dell et al., 2011, 2014; Vucic-Pestic et al., 2011). This is particularly 
important for small-bodied animals, which are more vulnerable to thermal stress due to their high body surface area relative to volume 
(Vickery and Bider, 1981; Wróbel and Bogdziewicz, 2015). Similarly, air humidity and soil moisture can affect microhabitat use, as 
smaller prey species may aggregate in wetter patches to avoid desiccation but may face increased exposure to predators as a result 
(Verdeny-Vilalta and Moya-Laraño, 2014).

In temperate deciduous forests, predation studies have predominantly focused on herbivorous insects, often using plasticine cat
erpillars as artificial prey to quantify attack rates (Lövei and Ferrante, 2017; Roslin et al., 2017; Ferrante and Lövei, 2025). Several 
factors have been shown to affect predation pressure in these systems, including forest fragmentation (Maguire et al., 2015), ur
banization (Ferrante et al., 2014), topography (Nakatsuji et al., 2024), and forest edges (Drozdová et al., 2013). Tree species (Nakatsuji 
et al., 2024), canopy height (Aikens et al., 2013), canopy openness (Šipoš et al., 2011), and the type of tree-related microhabitats (Šipoš 
et al., 2013; Gossner et al., 2020) have also been linked to variation in predation pressure on herbivorous insects. While these studies 
emphasize forest structure as a key driver of predator–prey dynamics on herbivorous insects, much less is known about how natural 
disturbances and forest management shape predation risk (Goßmann et al., 2023).

The majority of published research also focuses on a narrow group of predators, primarily birds and ants, which are abundant and 
highly active in temperate forests, and on a single prey type, typically caterpillars. This bias likely reflects the long-standing focus on 
the gypsy moth, one of the most intensively monitored forest pests after bark beetles (Liebhold, 2012). As a result, the role of other 
insect groups as prey remains relatively poorly understood (Goßmann et al., 2023). Ground beetles (Coleoptera: Carabidae), for 
example, are key components of temperate forest ecosystems (Lövei and Sunderland, 1996; Rainio and Niemelä, 2003). Although they 
are well studied as predators and contributors to pest control (Kotze et al., 2011; Schowalter et al., 2018), their role as prey is often 
overlooked, despite being targeted by a wide range of vertebrate predators (e.g., Graclik and Wasielewski, 2012; Fukuda and Konuma, 
2019). As mesopredators, carabids occupy an intermediate trophic position, and changes in their predation risk may have cascading 
effects both upward to vertebrate predators and downward to lower trophic levels. Evidence from forested islands and vertebrate 
exclusions in woodlands shows that predation by small-bodied mammals, such as rodents, can substantially suppress carabid pop
ulations, with rapid recovery following predator removal or exclusion (Marris, 2000; Watts et al., 2020; Vergara et al., 2021). 
Consequently, variation in predation pressure can influence carabid abundance and alter their regulatory role within insect com
munities. Forest management practices that modify habitat structure and microclimate may therefore affect ecosystem functioning not 
only directly, but also indirectly, by increasing the exposure and vulnerability of carabids to predation (Růžičková and Elek, 2021).

In this study, we used 3D-printed decoys mimicking the largest local carabid beetle, Carabus coriaceus L., 1758, to investigate 
predation pressure across artificial canopy gaps in a managed temperate forest in Hungary. These gaps were created as part of 
continuous cover forestry, a silvicultural system that seeks to emulate natural disturbance regimes in temperate deciduous forests 
through low-intensity interventions, including small-scale gap cutting (single-tree and group selection) or aggregated upper canopy 
thinning (Pommerening and Murphy, 2004; Raymond et al., 2009). Such management results in uneven-aged, vertically multi-layered, 
and horizontally heterogeneous stands (Nagel et al., 2014; Aszalós et al., 2022). In contrast, rotation forestry systems, such as 
clear-cutting or regular shelterwood systems, substantially reduce structural heterogeneity and create even-aged stands with simplified 
canopy structure (Matthews, 1991).

We selected artificial canopy gaps created by group selection, which is the primary tool of continuous cover forestry in this region. 
These gaps modify forest structure and microclimate by locally increasing canopy openness, altering vertical layering, and promoting 
understory development, while on the stand scale, they maintain the abiotic conditions of a closed forest matrix (Kovács et al., 2020; 
Horváth et al., 2023). By mimicking the natural disturbance dynamics of Central European temperate forests (i.e., gap dynamics), they 
are expected to support ecosystem services and biodiversity more effectively than large-scale rotation forestry practices (Bengtsson 
et al., 2000; Pommerening and Murphy, 2004; Mason et al., 2022). We examined artificial gaps of different ages (new vs. 10 years old) 
and formation histories, created either in closed-canopy forests or more open forest matrix formed by upper canopy thinning (prep
aration cutting). Our previous research showed that gap shape (circular vs. elongated) and size (~150 m2 vs. ~300 m2) did not 
significantly affect predation pressure, likely because vertebrate predators of large carabids did not perceive these small-scale openings 
as distinct habitats, resulting in relatively uniform foraging behavior (Růžičková et al., 2024). Similarly, local microhabitat charac
teristics at the ground level, such as the cover of bare soil, leaf litter, or the herb layer, did not affect attack rates. In contrast, 
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coarse-scale forestry treatments, particularly (micro)clear-cuts and preparation cuts, significantly increased predation pressure, 
suggesting negative effects on the forest food web (Růžičková and Elek, 2021). Thus, the adjacent forest matrix and management 
history, rather than gap geometry alone, could be important determinants of predation risk in small canopy openings. Finally, pre
dation pressure may also vary over the diel cycle, as many vertebrate predators exhibit distinct diurnal or nocturnal foraging patterns 
constrained by temperature, humidity, and light conditions (e.g., Dell et al., 2011; Wróbel and Bogdziewicz, 2015). Diurnal variation 
in microclimate may therefore interact with forest structure to further modulate predation pressure on carabids.

Based on these findings, we hypothesized that small-scale canopy gaps differ in predation pressure depending on their formation 
history in the surrounding forest matrix compared to control plots. Gaps created within former preparation cuts (more open/less closed 
stands) are expected to exhibit higher predation pressure because their structurally complex understory and modified microclimate 
may facilitate predator activity and alter prey accessibility. In contrast, newly created gaps in closed-canopy forests mostly retain 
characteristics of the original forest, including lower light availability and weaker structural contrast (compared to preparation cuts), 
making them less distinct to predators and resulting in lower predation rates. Old gaps in closed-canopy forests may partially deviate 
from these conditions as vegetation regeneration alters local structure and microclimate, potentially leading to modest increases in 
predation pressure. Additionally, we examined the role of time of day and microclimate, including soil moisture, air temperature, and 
relative humidity, as these factors can constrain predator foraging activity through physiological and behavioral mechanisms. Spe
cifically, we tested: (1) whether predation pressure on large carabids varies among canopy gaps of different ages and management 
histories, and (2) whether diurnal foraging patterns of predators and microclimatic conditions contribute to variability in predation 
pressure.

2. Material and methods

2.1. Study site and forestry treatments

The experimental site is located near the village of Pilisszántó on the northern slope of Hosszú-hegy in the Pilis Mountains, Hungary 
(47.6747◦N, 18.9094◦E; Figs. 1a and 1b), and it is a part of the Pilis Forestry Systems Experiment (project website: https://piliskiserlet. 
ecolres.hu/en). This project aims to examine how various forestry treatments affect forest site conditions (including soil and litter 
characteristics and microclimate), multi-taxon biodiversity, and natural regeneration (Elek et al., 2018; 2022; Boros et al., 2019; Tinya 
et al., 2019; Kovács et al., 2020; Samu et al., 2021; Aszalós et al., 2023). The site is an approximately 90-year-old managed 
oak-hornbeam forest, with sessile oak (Quercus petraea (Matt.) Liebl., 1784) dominating the canopy layer and hornbeam (Carpinus 
betulus L., 1753) forming the secondary canopy layer. Other admixed tree species include Turkey oak (Quercus cerris L., 1753), beech 
(Fagus sylvatica L., 1753), wild cherry (Prunus avium L., 1755), and manna ash (Fraxinus ornus L., 1753). The sparse shrub layer consists 

Fig. 1. (a) Location of the study area in the Pilis Mountains in northern Hungary (red square); countries are Hungary (HU), Slovakia (SK), Ukraine 
(UA), Romania (RO), Serbia (RS), Croatia (HR), Slovenia (SI), and Austria (AT). (b) The overview of the Pilis Forestry Systems Experiment design. 
(c) Photos of small-scale forestry treatments included in the study, with detailed views of ground vegetation showing a decoy placed at the center of 
each plot: control closed-canopy forest stand (CO); newly created gap in a closed-canopy forest (GN); 10-year-old gap in a closed-canopy forest (GO); 
and gap created in a preparation cut following upper canopy thinning (GP).
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primarily of hornbeam and manna ash seedlings, along with mesic forest herbaceous species, such as Carex pilosa Scopoli, 1772, and 
Melica uniflora Retz, 1779.

We focused on small, circular canopy gaps (~300 m²) with a 1:1 ratio of gap diameter to surrounding canopy height (approximately 
10 m in radius), created within both closed and partially open stands (Fig. 1c). Unmanaged closed-canopy forest stands served as 
controls (CO). The applied gap types included new gaps in closed stands (GN), old gaps in closed stands (GO), and new gaps in 
preparation cuts (GP). New gaps were established in the winter of 2023/2024 (one year before this investigation), while old gaps were 
created in the winter of 2014/2015 (ten years before this investigation). The preparation cuts were originally implemented in the 
winter of 2014/2015 by removing approximately 30% of the upper canopy and the entire secondary canopy layer within circular areas 
of 0.5 ha with a radius of 40 m (Elek et al., 2018). This partial cutting increased canopy openness, promoting the development of a 
dense and structurally complex understory. Similarly, old gaps (GO) now contain a well-developed understory and regeneration layer 
(Aszalós et al., 2023). In contrast, newly created gaps (GN) in closed-canopy forests retain the original sparse herbaceous layer and are 
bordered by a dense canopy, creating pronounced light contrasts. All treatments and controls were replicated across five blocks to 
ensure robust comparisons, resulting in 20 sampling plots in total (Fig. 1b).

2.2. 3D-printed decoys and data sampling

As a model species for the predation pressure experiment, we selected the largest ground beetle species in the area, the approxi
mately 4-cm long, black-colored Carabus coriaceus without iridescence (Fig. 2). The 3D model of the species was printed as a single 
piece using black polylactic acid (PLA) filament (for the technical details about 3D printing, see Růžičková and Elek, 2021). While the 
use of artificial decoys inevitably cannot reproduce the full range of cues provided by the living prey, they remain a useful tool for 
assessing relative patterns of predation pressure, providing standardized and comparable estimates that are well suited for detecting 
treatment effects (Ferrante et al., 2024; Ferrante and Lövei, 2025).

In each sampling plot, we installed 10 decoys approximately in a circular arrangement to ensure that all decoys had the same 
distance from the plot center. Each decoy was positioned in the center of the green heavy paper sheet (density 200 g/m²), at the 
intersection of two perpendicular lines (Figs. 2a and 2b). To prevent unwanted movement from wind or rain, the decoys were secured 
in the intersection using a very small amount of moisture- and UV-resistant glue (UHU Patafix glue pads; UHU GmbH, Bühl/Baden, 
Germany) applied at one point on the ventral side of the decoy’s abdomen. The paper sheets were fixed to the ground by branches or 
stones. This arrangement allowed us to record even the subtle movements of the decoy made by small predators when investigating the 
decoy’s edibility under changing weather conditions. In total, we installed 200 decoys. They were installed in October 2024 and 
checked twice a day, in the morning (around 7:00) and evening (around 19:00) for five consecutive days (10 observation events), 
leading to a total of 2000 observations during the experiment. If the decoy was turned (Fig. 2c), damaged (Fig. 2d), or relocated 

Fig. 2. 3D-printed decoys resembling Carabus coriaceus installed on a green heavy paper sheet (a) at the intersection of two perpendicular lines (b). 
The decoys were regularly monitored for signs of turning (c, here also with the droppings of a small mammalian predator, probably a rodent or a 
bat), damage or broken parts (d, e), and relocation (e, f, g). The length of each decoy was approximately 4 cm, measured from the top of the head to 
the end of the abdomen, see scale in panel c).
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(Fig. 2e, f, g), this was considered to be a result of a predation attempt. After measurements, decoys were placed in their original 
position or replaced if damaged. The same applies to paper sheets. Moreover, for a qualitative assessment of predator species identity 
foraging in the area and interacting with the decoys, we deployed one camera trap per treatment in a single block (EVOLVEO 
StrongVision Mini, Abacus Electric Ltd., Czech Republic), resulting in four camera traps in total. The camera traps were active 
throughout the entire experiment.

2.3. Microclimate and variable selection

Microclimate variables were measured in the centers of each plot using Voltcraft DL-210TH loggers (Conrad Electronic SE, Ger
many) and TMS-4 dataloggers (TOMST Ltd., Czech Republic), operated simultaneously. Temperature (◦C) was recorded at four levels: 
130 cm and 15 cm above the ground layer, directly on the soil surface, and 8 cm below ground. Relative humidity (RH, %) was 
measured at 130 cm. Soil moisture was recorded as volumetric water content (VWC, %) in the upper soil layer at a depth of 8–14 cm 
(for technical details, see Wild et al., 2019). During the experimental period (October 9–13, 2024), these variables were recorded at 
15-minute intervals. For each day, we calculated mean values for each microclimate variable separately for daytime (07:00–18:45 
local time) and nighttime (19:00–06:45 local time) to match the temporal resolution of our predation data sampling and subsequent 
analyses.

To reduce multicollinearity among the seven measured microclimate variables, we combined random forest variable importance 
and Spearman correlation analysis. We applied a conditional random forest using the cforest function from the ‘party’ package 
(Hothorn et al., 2006; Strobl et al., 2007) to assess the relative importance of each microclimate variable in relation to the predation 
pressure. We also calculated Spearman pairwise correlations via the corr_coef function from the ‘metan’ package (Olivoto and Lúcio, 
2020). Based on these combined results (see Supplementary Figure A1), we selected three uncorrelated microclimate variables for 
further analysis: relative humidity, soil moisture, and air temperature at 15 cm above the ground. Although surface temperature 
showed a slightly higher importance, we chose the 15 cm temperature because it better represents the thermal conditions experienced 
by larger, ground-active predators of carabids that move slightly above the soil surface. An overview of the dynamics in these 
microclimatic conditions during the experimental period is shown in Supplementary Figure A2.

2.4. Data analysis

To assess overall differences in predation attempts among treatments, we analyzed the cumulative counts of different predation 
signs (turns, relocations, and damages) per treatment across the entire experimental period. We used a generalized linear model with a 
Poisson distribution and log link function (the glm function from the ‘stats’ package, R Core Team, 2023), treating the total number of 
observed signs as the response variable. Treatment, sign type, and their interaction were included as predictors. Model significance was 
assessed using the Anova function with type III estimates from the ‘car’ package (Fox and Weisberg, 2018).

For further analysis, predation pressure was quantified as the proportion of attacked decoys out of the total number of decoys 
(attack / [attack + no attack]) within each sampling plot and measurement session and was used as a response variable. The observed 
complexity in the data suggested the presence of nonlinearity and interaction between explanatory variables, and potential threshold 
responses that standard generalized linear mixed models are not well-suited to capture (De’ath and Fabricius, 2000). Therefore, we 
applied univariate regression tree analysis, which is more effective in handling ecological datasets with complex response patterns 
(De’ath and Fabricius, 2000; Zuur et al., 2007).

The regression tree analysis included the following explanatory variables: forestry treatment (four-level factor), time of the day 
(two-level factor: nighttime and daytime), relative humidity (continuous), temperature at 15 cm above ground (continuous), and soil 
moisture, measured as volumetric water content (continuous). Trees were fitted using the rpart function from the ‘rpart’ package 
(Therneau et al., 2025), applying the “anova” method. To control model complexity, we set the minimum complexity parameter to 
0.01, required at least 20 observations to attempt a split, and set a minimum of 7 observations per terminal node. Model performance 
was internally validated using 10-fold cross-validation to estimate the cross-validated error. Because regression trees are sensitive to 
random data partitioning during cross-validation, we assessed model stability by generating 1000 trees using varying random seeds. 
For each tree, we selected the complexity parameter that minimized cross-validated error and pruned the tree accordingly to prevent 
overfitting.

Although Breiman et al. (1984) recommend selecting the smallest tree within one standard error of the minimum cross-validated 
error (the “1-SE rule”) to prioritize parsimony, we found that applying this rule consistently resulted in trees that were too simplistic to 
capture the ecological patterns of interest (De’ath and Fabricius, 2000). Therefore, we selected the best tree as the one with the ab
solute lowest cross-validated error across all iterations to prioritize predictive performance over tree simplicity. We evaluated model 
stability by examining the distribution of variable importance scores, tree sizes, and cross-validated errors across all trees (see Sup
plementary Figure A3). To further interpret the marginal effects of individual predictors on predation pressure, we generated partial 
dependence plots using the ‘pdp’ package (Greenwell, 2017). All statistical analyses were performed in R version 4.3.2 (R Core Team, 
2023).

3. Results

Out of 2000 observations, we have recorded 96 predation events and thus an overall predation rate of 4.8%. The three types of 
predation differed significantly in overall counts (χ² = 12.23, df = 2, p < 0.002), with turnings observed most often (61 cases), 
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followed by relocations (23) and damages, such as missing legs and/or antennae (12). Predation attempts only marginally varied 
across treatments (χ² = 7.40, df = 3, p = 0.060). Although signs of damage were not recorded in control plots (CO, Fig. 3), the relative 
proportions of sign types did not differ significantly among treatments (interaction term: χ² = 8.76, df = 6, p = 0.187). In two relo
cation cases, missing legs were additionally observed. Relocation distances ranged from 1 to 100 cm, with a mean of 12.6 cm. 
Regarding predator species identity, the camera traps did not capture any large-bodied predators interacting with the decoys, indi
cating that the predation events may have been caused primarily by small animals below the detection threshold of the camera traps. 
On one occasion, the decoy was found with the droppings of a small mammalian predator, probably a rodent or bat (Fig. 2c).

Across 1000 regression trees generated using varying random seeds, the most frequent tree structure involved sequential splits on 
relative humidity, treatment, and soil moisture (42% of runs), followed by trees splitting on relative humidity and treatment (30%), 
single-node trees with no splits (27%), and simple trees splitting only on relative humidity (1%). The best-performing model had four 
terminal nodes (Fig. 4a) with a cross-validated error of 0.895 (SE = 0.120). For the additional diagnostics, see Supplementary Figure
A3. Relative humidity was the most important predictor of predation pressure (importance score: 40), followed by forestry treatment 
(27) and soil moisture (21). Time of the day and temperature at 15 cm above ground showed no detectable effect on predation pressure 
and were not included in the final regression tree.

In this tree, the primary split occurred at a relative humidity threshold of 96%. When relative humidity was below 96% (78% of 
observations, Fig. 4a), predation pressure remained uniformly low (mean = 0.038). In contrast, under conditions close to the dew point 
(RH ≥ 96%), the model further divided responses based on forestry treatment. Specifically, canopy gaps created in preparation cuts 
(GP) were associated with the highest attack rates (mean = 0.120). In other gap treatments (GN and GO) and control plots, attack rates 
were moderate (mean = 0.052) and further affected by soil volumetric water content. Partial dependence plots, which illustrate the 
marginal effect of each predictor while averaging the effects of all other variables in the model, reflect the same structure; they show an 
increase in predation pressure above the 96% humidity threshold (Fig. 4b), forestry treatment differences between GP and other 
treatments (Fig. 4c), and the effect of soil moisture (Fig. 4d).

4. Discussion

Using 3D-printed decoys, we found that predation pressure on large carabids varied, depending locally on the forest matrix. 
Although only short-term, our results support the first hypothesis that predation risk differs among canopy gaps: the highest attack 
rates occurred in gaps created in preparation cuts (GP), whereas other gap types (GN and GO) and control plots exhibited lower and 
more variable predation risks. We also found partial support for the second hypothesis regarding diurnal patterns and microclimatic 
conditions. While temperature and time of day had no detectable effect, high relative humidity strongly increased predation pressure, 
and soil moisture further modulated risk within certain forestry treatments. These findings highlight the combined effects of gap 
formation history and local abiotic variation in shaping predator–prey interactions on the forest floor.

Increased predation pressure during periods of very high humidity may result from altered prey availability and changes in 
predator behavior. Rain and elevated moisture levels often reduce the activity of many insect species, leading to a temporary decline in 
available prey for generalist predators (Bider, 1968). In response, predators may switch to alternative food sources (Murdoch, 1969; 
Van Baalen et al., 2001). Our decoys, positioned in relatively exposed locations on paper sheets on the ground, may have appeared as 
easy targets under such conditions. As no large-bodied predators (e.g., wild boars) were captured by camera traps, we assume that the 
majority of attacks were carried out by small predators, such as hedgehogs, shrews, some other rodents, frogs, or birds. These 
small-bodied animals are often sensitive to environmental conditions and adjust their foraging behavior accordingly (Wróbel and 
Bogdziewicz, 2015). Previous research showed that predation pressure on small mammals decreases during rainy nights (Vickery and 
Bider, 1981; Orrock et al., 2004), suggesting that their increased activity during rainfall can be a strategy to avoid predation them
selves while foraging, since the sound of rainfall masks movement and olfactory cues are rapidly diluted or washed away (Vickery and 
Bider, 1981; Vickery and Rivest, 1992). Some forest-dwelling rodents, such as Apodemus spp., are primarily granivorous but increase 
their intake of animal prey, including large beetles, when seeds become scarce in autumn (Rogers and Gorman, 1995). Similarly, 

Fig. 3. Different types of recorded predation attempts in the studied forestry treatments. Treatment abbreviations: CO = control, GN = new gap, GO 
= old gap, GP = gap in a preparation cut.
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shrews (Sorex spp.) preferentially consume larger beetles, with a positive correlation between beetle availability and consumption rate 
(Churchfield, 1982). The observed signs of predation on the decoys, including broken legs and antennae, can be consistent with bites 
from rodents or insectivores, supporting the clue that predation was predominantly carried out by small predators targeting easily 
accessible, though suboptimal, food sources. Taken together, high humidity may act as an ecological trigger, altering predator foraging 
behavior and increasing predation pressure on otherwise well-defended prey, such as large carabids.

Forestry treatments emerged as the second most important variable explaining predation pressure, with clear differences among 
gap types. The highest attack rates occurred in newly established gaps created in preparation cuts, whereas new and old gaps in closed- 
canopy stands, as well as closed-canopy controls, showed lower and more uniform predation levels. This suggests that the surrounding 
forest matrix, and not just the current stand structure, can leave a lasting imprint on trophic interactions. Gaps created in preparation 
cuts resemble the already thinned surrounding forest in terms of habitat structure. Increased canopy openness compared to closed- 
canopy stands promotes dense understory vegetation and microhabitat heterogeneity (Aszalós et al., 2023). Such conditions sup
port oak regeneration, which benefits from increased light availability and growth while maintaining acorn production through the 
presence of mature trees in the surrounding forest matrix. The existing understory also contributes to a buffered microclimate that is 
similar to the below-canopy conditions in closed forests, even with increased solar radiation. This combination of higher structural 
heterogeneity, ongoing tree regeneration, and reduced canopy cover may cause predators to perceive these areas as distinct habitats 
offering different foraging opportunities (Lloyd, 1980; Riber, 2006). However, dense understory layers may restrict predator move
ment and reduce foraging efficiency on the soil surface, limiting access to otherwise abundant prey such as earthworms (Kowalczyk 
et al., 2003; Boros et al., 2019). When preferred prey becomes less accessible, predators may switch to more exposed and easily 
detected alternatives, such as the carabid decoys used in this study. In addition, improved light conditions in these thinned stands could 
indirectly affect foraging activity, especially under low-light conditions such as dusk or dawn. Together, these changes in habitat 

Fig. 4. Summary of the regression tree analysis predicting predation pressure on large carabids. The best regression tree (a) was selected from 1000 
competing trees based on minimal cross-validated error. Each node shows the mean predation pressure, sample size, and the proportion of ob
servations. Partial dependence plots illustrate the marginal effects of relative humidity (b), forestry treatment (c), and soil moisture (volumetric 
water content, d) on predation pressure while accounting for the effects of other predictors. Treatment abbreviations: CO = control, GN = new gap, 
GO = old gap, GP = gap in a preparation cut.
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structure and foraging behavior likely lead to higher predation pressure, supporting our previous findings from preparation cuts 
(Růžičková and Elek, 2021). In contrast, old gaps created in closed-canopy stands also had a well-developed understory layer compared 
to new gaps. However, despite their more complex structure, predation pressure remained low and similar to that observed in new gaps 
and controls. It seems that gaps originating from closed-canopy forests are not perceived by predators as distinct habitats, likely due to 
their relatively small size and limited light conditions. Our findings are consistent with previous work showing that predators of large 
carabids may not recognize small canopy openings as separate habitat types within a forest matrix, resulting in uniform predation 
pressure (Růžičková et al., 2024).

Soil moisture also contributed to predation risk, but only under humid conditions and within certain treatments. Moist soil patches 
may attract both predators and prey, as smaller prey, including insects, often aggregate in such microhabitats to avoid desiccation, 
creating predictable prey hotspots (Tauber et al., 1998; Verdeny-Vilalta and Moya-Laraño, 2014). Predators may exploit these patches, 
particularly if prey trade off safety for hydration. Such microhabitat-level processes likely explain why specific combinations of hu
midity and soil moisture were associated with higher attack rates. By contrast, the temperature measured 15 cm above the ground had 
no detectable effect. Although temperature is generally an important factor influencing insect activity and their predators (Bider, 1968; 
Dowding et al., 2010), the lack of effect in our study may reflect the narrow thermal range during the short-term experiment or the 
thermal buffering provided by forest vegetation and leaf litter (Kovács et al., 2020; De Frenne et al., 2021; Verdonck et al., 2025). 
Similarly, the lack of a day–night effect could be explained by overlapping activity patterns of different predators and their high, 
continuous energy demands, likely due to the accumulation of fat reserves for the winter.

Finally, we recognize some limitations of using artificial 3D-printed decoys to quantify predation pressure. Decoy-based ap
proaches cannot provide precise information on the identity of predator species, but only major taxonomic categories, such as birds, 
rodents, and large mammals. Signs in the form of displacement, turning, or damage indicate predation attempts but cannot be 
unambiguously assigned to a specific species, especially if multiple predator groups are present at a site. These limitations could 
theoretically be addressed by placing a camera trap at each decoy to capture the full range of predators, but in our case, this was not 
feasible due to logistical constraints. Since camera traps are primarily designed to detect moderate-sized or large-bodied animals, 
micro and mesopredators can be on the edge or under the detection range of these devices, or can be detected by a very high number of 
erroneous video captures. Detection sensitivity can also be constrained by vegetation structure and by the number of devices that can 
be feasibly installed, taking into account lighting conditions and the field of view of the lenses and sensors. Moreover, artificial decoys 
cannot fully mimic the behavioral, chemical, or thermal signals of the living prey, which can influence predator responses and lead to 
conservative estimates of predation rates. Despite these limitations, this method remains a valuable and widely used tool for stan
dardized comparisons of relative predation pressure across different treatments (Ferrante et al., 2024; Ferrante and Lövei, 2025).

5. Conclusions

Small canopy gaps are widely promoted as biodiversity-friendly alternatives to large-scale logging, as they mimic natural dis
turbances and can maintain structural complexity in uneven-aged forests. This study highlights that the ecological consequences of 
such gaps also depend on the surrounding forest matrix and microhabitat complexity. Even subtle differences in canopy openness, 
understory structure, and microclimatic buffering can influence predator–prey interactions and the accessibility of prey resources, 
shaping the spatial distribution of predation pressure. While moderate predation is a natural component of ecosystem functioning, 
increased and spatially predictable risk could contribute to ecological traps, creating habitats that appear suitable but reduce survival 
or reproduction.
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Růžičková, J., Harnos, A., Elek, Z., 2024. Small canopy gaps do not affect the predation pressure on large ground beetles (Coleoptera: Carabidae) in a managed forest. 

Eur. J. Entomol. 121, 369–373.
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J. Růžičková et al.                                                                                                                                                                                                     Global Ecology and Conservation 67 (2026) e04153 

10 

http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref35
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref35
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref36
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref36
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref37
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref38
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref39
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref40
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref41
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref42
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref43
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref43
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref44
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref44
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref45
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref45
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref46
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref47
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref48
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref48
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref49
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref50
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref51
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref52
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref52
https://www.R-project.org/
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref54
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref55
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref55
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref56
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref57
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref57
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref58
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref58
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref58
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref58
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref59
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref60
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref60
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref61
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref61
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref62
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref63
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref64
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref64
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref65
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref65
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref66
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref66
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref67
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref68
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref68
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref69
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref70
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref70
http://CRAN.R-project.org/package=rpart
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref72
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref72
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref73
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref73
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref74
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref74
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref75
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref75
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref76
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref77
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref78
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref79
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref79
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref80
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref80
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref81
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref81
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref82
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref82
http://refhub.elsevier.com/S2351-9894(26)00102-2/sbref83

	Humidity and gap history drive predation pressure on large carabids in a managed temperate forest
	1 Introduction
	2 Material and methods
	2.1 Study site and forestry treatments
	2.2 3D-printed decoys and data sampling
	2.3 Microclimate and variable selection
	2.4 Data analysis

	3 Results
	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data Availability
	References


