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The restoration of peatland function and services on damaged peatland sites is seen as an 
increasingly important goal for ecological, environmental and societal reasons. Restoration 
monitoring often places fauna as secondary in importance to water table depth and veg-
etation, and when carried out, it often focuses on taxonomic indices. The use of functional 
traits, however, can be a complementary approach that clarifies mechanistic links between 
biodiversity and ecosystem functioning.

This study was conducted in large blanket bog site in northern Scotland, using a 
space-for-time-substitution of restoration sites from which conifer plantations had been 
removed 2–18 years previously. Carabid beetles were sampled by pitfall trapping in each 
of three treatments (undamaged bog, restored, afforested). Functional trait data were sum-
marised from available literature.

The study found that sites under forestry had different functional traits than blanket 
bog, and that restoration initially shifted the suites of functional traits away from both for-
ested and open blanket bog. However, no other change in functional traits was observed, 
and after two decades, restoration sites continue to support carabid communities with 
higher dispersal capacity and more diurnal activity than the open bog. On the other hand, 
the functional diversity measures used in this study failed to differentiate the different 
treatments and further analyses suggest that environment, rather than traits, better explain 
carabid beetle composition following restoration of formerly afforested blanket bog. In 
particular, the lack of recovery of typical blanket bog vegetation and microhabitat follow-
ing felling to waste and drain blocking appear to limit carabid functional recovery.
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INTRODUCTION

Ecological restoration has become one of the most cost-effective manage-
ment techniques for the accelerated recovery of damaged or degraded habi-
tats (Bullock et al. 2011) as society recognises the value of the goods and ser-
vices provided by undamaged ecosystems (Ghermandi et al. 2010). Whilst it 
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is implicitly acknowledged that our ability to restore functional peatlands will 
increase with understanding of key interactions and feedback mechanisms 
linking different components of the ecosystem, this is not always reflected in 
monitoring schemes (Rochefort & Andersen 2017). Indeed, the monitoring 
of peatland restoration frequently focuses on measurement of water table lev-
el, vegetation and physico-chemical elements (Haapalehto et al. 2011), with 
faunal components often being seen as of secondary importance (Ramchun-
der et al. 2012).

When carried out, faunal monitoring often relies on species diversity in-
dices (Spitzer & Danks 2006), which commonly find links with drivers of de-
cline (Desrochers & Van Duinen 2006), or are linked to particular species key 
for the ecosystem function of interest to management. In species-poor blanket 
bog assemblages, carabids are an integral element of food webs. Many are ar-
thropod predators within above-ground arthropod communities (Ekschmitt 
et al. 1997), others contribute to decomposition and nutrient cycling (Hunter 
et al. 2003), herbivory and seed dispersal (Kulkarni et al. 2015) and they, in 
turn, are prey for upland insectivorous birds (Buchanan et al. 2006).

Although there is a plethora of studies looking at the relationship be-
tween arthropods and particular ecosystem functions in a range of habitats 
(e.g. Belovsky & Slade 2017), taxonomic approaches alone have a limited 
scope as do not allow for the identification of mechanistic links between bio-
diversity and ecosystem functioning (Mouchet et al. 2010, Gagic et al. 2015)
ecosystem functioning and environmental constraints. Many indices of func-
tional diversity have been published but we lack consensus about what in-
dices quantify, how redundant they are and which ones are recommended. 
2. This study aims to build a typology of functional diversity indices from 
artificial data sets encompassing various community structures (different as-
sembly rules, various species richness levels. By contrast, functional frame-
works do, as they are based on the use of species functional traits (FTs) and 
functional diversity (FD, Petchey & Gaston 2006, Villéger et al. 2010 ), which 
is the variation in the degree of expression of functions between different in-
dividuals of a population, between populations of the same species, between 
species or between ecosystems (Garnier et al. 2016).

Functional approaches have become a useful tool to aid understanding 
of community structure and assembly rules. For instance, the use of FTs in re-
search can help visualise an organism’s response to changing environmental 
conditions (De Bello et al. 2010), potentially offering more ecologically mean-
ingful conclusions than taxonomic approaches alone (McGill et al. 2006). 
However, the application of trait-based approaches also poses limitations 
(McGill et al. 2006, Petchey & Gaston 2006), as species traits are not always 
known or readily available in the literature, particularly for those species that 
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are proven to be taxonomically challenging or difficult to sample (Gerlach 
et al. 2013). FD components (such as functional richness, functional evenness, 
functional divergence) are more sensitive to community assembly rules than 
to species richness, yet are still influenced by species richness to some extent 
(Mouchet et al. 2010). They can be useful for addressing a number of questions 
regarding ecological determinants of FD (e.g. Weiher et al. 1998), ecosystem 
processes (Díaz & Cabido 2001), and mechanistic links between species and 
ecosystems such as niche complementarity (Mason et al. 2005) and other as-
sembly processes. Consequently, using a holistic approach that incorporates 
both taxonomic and functional biodiversity approaches (Fountain-Jones et 
al. 2014), improves the understanding of how carabids respond to restoration 
in peatlands, and how this response affects other components of the ecosys-
tem. In recent years, functional approaches have been particularly useful to 
improve our understanding of carabid ecology, and have been shown to be 
especially relevant in the study of carabid distribution (Magura 2017, Gallé 
et al. 2019) and species flows (Magura & Lövei 2019) across habitat gradients, 
land use changes (Baulechner et al. 2019) and trait syndromes associated 
with forests (Nolte et al. 2017). 

Here, we used a functional trait approach in the specific case of blanket 
bog undergoing restoration following drainage and afforestation, which in-
volves mechanical tree harvesting and drain blocking. Specifically we aimed 
to investigate whether a functional approach can provide mechanistic links 
between carabid community structure and habitat use, and can be used to in-
form restoration management. We aimed to: 1) examine the restoration trajec-
tory of carabid functional traits along a restoration chronosequence of blanket 
bog; 2) evaluate the variation of FD components across the restoration matrix 
(forestry, restoration and blanket bog); and 3) assess changes in functional 
community structure across the different stages of restoration in formerly af-
forested blanket bog. Overall, we anticipate that suits of traits, or trait syn-
dromes, will be associated with different stages of the restoration process. 
More specifically, we hypothesise that: 1) carabid functional traits should 
display a non-linear restoration trajectory as species traits are intrinsic to the 
species recorded from those carabid communities. As restoration began, pri-
mary colonisers would be expected to be habitat generalists, whilst certain 
habitat structure conditions need to be achieved for specialists to return; 2) 
the disturbance created by afforestation and subsequent restoration will have 
a greater impact on habitat specialist species, because of their specific ecologi-
cal requirements and often narrow operating niches; and 3) changes in habitat 
structure should filter carabid community composition, primarily via species 
microhabitat preferences.
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MATERIALS AND METHODS

Site description & study design

The study sites were located in the RSPB Forsinard Flows National Nature Reserve 
(NNR; latitude 58.357, longitude –3.897) situated in the county of Sutherland in northern 
Scotland, and established in 1991. Following extensive plantation of non-native conifers 
Sitka spruce (Picea sitchensis) and Lodgepole pine (Pinus contorta) in the 1980s, ongoing res-
toration efforts since 1997 have created a series of restoration sites, aged 18 years (restored 
in 1997/98) to 1 year (restored 2017/2018) since tree removal. The NNR also comprises areas 
of undamaged open blanket bog and remaining conifer plantations.

For our study, we used a space-for-time substitution based on six restoration age 
classes (2, 10, 11, 12, 13 and 18 years since onset of restoration management) along with 
open blanket bog and remaining conifer plantation (Fig. 1). As restoration was spread 
across 18 years, trees were at different stages of growth at felling. A range of tree removal 
methods have been used in Forsinard over the years, but for this study we chose sites that 
had undergone similar treatments: drainage ditches that had been created at the time of 
planting were blocked, and trees were felled and left on site, largely laid along ditches. 
The exception being the most recent restoration treatment (R2). In R2 timber was removed 
but substantial quantities of brash remained on site (trees laid along ditches and brash 
scattered around the treatments), resembling the areas felled in earlier years. The same 
sites were also used in a study looking at water chemistry changes following restoration 
(Gaffney et al. 2018).

All sites sampled were considered large enough to host a characteristic carabid as-
semblage. For forest and restoration sites, we sampled within single forest blocks, defined 
as individual management units within larger forest areas that were separated by rides 
typically up to 6 m wide. Thus, whilst sample sites had a minimum extent of 113 m2 and a 
mean of 162 m2, they were surrounded by land managed in the same way. Each sample site 
was a minimum 100 m from the closest transition to a different habitat class or restoration 
age and were thus sufficiently distant to be considered independent from each other (>50 
m, Magura et al. 2003). There were four replicate sampling plots per restoration age class, 
five in open blanket bog and five in conifer plantation.

Fig. 1. Map of experimental design in Forsinard
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Carabid sampling

Carabids were sampled using pitfall trapping, which provide a measure of species 
activity-density. Each trap consisted of a plastic cup (500 ml, 95 mm diameter, 115 mm 
depth). Each pitfall trap was part-filled with propylene glycol and fitted with a wire mesh 
dome inside to aid the escape of vertebrates. A transect of 4 pitfall traps, 5 m apart, was set 
in the centre of each plot on the original surface of the peat following a random orientation. 
Pitfall traps were emptied and refilled with propylene glycol at 3-week intervals between 
mid-May and mid-September. All adult carabid specimens were identified to species (Luff 
2007), except Pterostichus nigrita and P. rhaeticus were classified as a pseudospecies and 
pooled together for analyses (Table 1).

Vegetation sampling

Abundance of dwarf shrubs (SHRB), grasses/sedges (GRSED), bare peat (BPEAT) 
and litter (LIT) were estimated from photographs covering approximately 1 mx1 m centred 
on each pitfall trap, and using cover classes (0 = absent, 1 = sparse cover, 2 = 50% coverage, 
4 ≥ 50% coverage. Abundance of Sphagnum (SPH) and other mosses (MOSS) was estimated 
in the visually in the field in a 1 mx1 m area centred on each trap, by following slightly dif-
ferent cover classes (0 = absent, 1 ≤ 10%, 2 = 10–50%, 3 = 50–75%, 4 ≥ 75%).

Table 1. Carabid species included in the study.
Species Code
Carabus glabratus Paykull, 1790 CGLA
Carabus problematicus Herbst, 1786 CPRO
Cychrus caraboides Linne, 1748 CYCA
Dyschirius globosus Herbst, 1784 DGLO
Pterostichus adstrictus Eschscholtz, 1823 PAD
Pterostichus niger Schaller, 1783 PNIGE
Pterostichus diligens Sturm, 1824 PDIL
Notiophilus biguttatus Fabricius, 1779 NBIG
Notiophilus germinyi Fauvel in Grenier, 1863 NGER
Leistus terminatus Panzer, 1793 LTE
Loricera pilicornis Fabricius, 1775 LPIL
Nebria salina Fairmaire & Laboulbene, 1854 NSAL
Patrobus assimilis Chaudoir, 1844 PASS
Pterostichus nigrita Paykull, 1790 PNIGR
Trechus obtusus Erichson, 1837 TOB
Agonum fuliginosum Panzer, 1809 AFU
Agonum ericeti Panzer, 1809 AER
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Soil variables

Soil moisture (Mmv) and soil temperature (TA) were measured by inserting the sen-
sor (Hanna moisture meter and thermometer respectively) on the ground at a random 
point within 30 cm of the pitfall trap on each collection occasion and values were averaged 
per transect. Soil water pH (PH) was measured only once during the season on a 1:5 soil/
deionised water suspension (McLean 1982).

Landscape variables

Transect coordinates (NOR, EAST) were recorded with a handheld Garmin GPS. Plot 
perimeter (PPER) and plot area (PAR) along with distance to undamaged bog (DBOG), 
forestry (DFOR), forestry tracks (DROAD) and bog pools (DPOOL) were estimated from 
Google Earth Pro maps. The degree of isolation between open blanket bog habitat patches 
and restoration areas (fCDEX) was assessed on a scale from 1, a sampled polygon with all 
sides surrounded by blanket bog, to 4, a sampled polygon with all sides surrounded by 
forestry or restoration areas.

Selection of carabid functional traits (FTs)

Carabid FTs selected for this experiment were those thought to be sensitive to land-
scape changes and to play a role in the regulation of ecological functions in the ecosystem 
(Gerisch et al. 2012, Gerisch 2014) still little is known about the functional consequences of 
such changes. Functional diversity can be used to revealing more mechanistically the dis-
turbance effects on communities by considering the richness and the distribution of traits 
among the species. Here we analyzed the response of functional and species diversity of 
ground beetles to flood disturbance to better understand the functioning of alluvial inverte-
brate communities. Ground beetles were sampled in periodically flooded grasslands along 
the Elbe River in Germany. We used generalized linear mixed effects models to unveil 
the relationships between flood disturbance, species and functional diversity, respectively. 
We measured different components of functional diversity (functional richness, evenness, 
dispersion, and divergence. For species displaying polymorphism for some traits, infor-
mation relating to Scottish or British populations was used whenever possible. In total, 
17 traits were selected: six morphological traits, six physiological traits, four phenological 
traits and one ecological performance trait (Table 2). Morphological traits and wing devel-
opment were measured from specimens collected during the sampling campaign in 2016 
(wing development was coded following Ribera et al. 2001), and other traits were obtained 
from literature. For the PNIGR complex (P. nigrita and P. rhaeticus), both species shared the 
same trait values for all FTs considered, and thus they were treated as one group. Singleton 
species for which a large number of trait values were not available (T. rubens, A. lunicollis, 
B. quadripustulatum) were excluded from the analysis. In the single case of A. fuliginosum, 
where a FT was unknown, it was assumed to be similar to the most closely related spe-
cies (as in Ribera et al. 2001 and habitat adversity or stress as characterized by elevation 
and vegetation structure. The underlying environmental axes and the relationships of the 
morphology and life traits of the species with them were investigated using RLQ analysis, 
a multivariate ordination method able to relate a species trait table to a site characteristics 
table by way of a species abundance table. The first environmental axis was highly statisti-



Acta Zool. Acad. Sci. Hung. 65, 2019

39RESTORATION TRAJECTORY OF CARABID FUNCTIONAL TRAITS

cally significant and explained most of the variability. It was strongly negatively related 
to the intensity of land management, and positively related to increasing elevation and a 
set of variables reflecting vegetation stress. Two predictions were tested and found to be 
valid in the studied system: in highly managed lowland sites species were smaller, and the 
frequency of macropterous species (with better dispersal abilities).

Table 2. Carabid functional traits. Morphological traits were measured from specimens 
collected at Forsinard. Traits were available in the literature: 1) Ribera et al. 1999, 2001; 
2) Cole et al. 2002; 3) Turin & Den Boer 1988, De Vries & Den Boer 1989, New 2004, 
Noordijk et al. 2008; 4) Ings & Hartley 1999, Forsythe 2000, Stockan I. 2014, Bargmann 
I. 2016; 5) Thiele 2012, Stockan et al. 2014, Brigić et al. 2014a; 6) Turin & Den Boer 
1988, Koivula et al. 2002, Koivula & Vermeulen 2005 and Brigić et al. 2014b. Attributes 

marked with a * were the fuzzy-coded carabid traits used in the final RLQ analysis.
Code Type Trait
BAV Morphological Body length (head length + pronotum length + elytra 

length)
HEAD.W Head width from eye to eye at mid-eye length
HEAD.L Head length from behind the eyes to the mandibles
PRONO.L Pronotum length along the middle line
ELYTRA.L Elytra length from scutellum to the largest elytron tip
LEG Tibia (from bottom to coxa) + Femur (from bottom of 

tibia to top of tarsi) + Tarsi (no claws)
FPREF1,2 Physiological Food preference: (1) specialist feeder*; (2) general preda-

tor; (3) mixed diet
WDEV1,2 Wing development: (1) apterous/brachypterous*; (2) 

dimorphic*; (3) macropterous*
LOCO2 Type of locomotion: (1) runner*; (2) pusher; (3) digger
POD3 Power of dispersal: (1) low*; (2) intermediate*; (3) high
MOIST4 Moisture preference: (1) hygrophilous; (2) mesophilous; 

(3) xerophilous*
LIGHT5 Light preference: (1) shaded (canopy) habitats*; (2) light 

(open) habitats
OVW1 Phenological Overwintering stage: (1) only adults; (2) adults & larvae*; 

only larvae
CYCLE1 Duration of life cycle: (1) one year; (2) two years
DIEL1 Diel activity: (1) only diurnal*; (2) diurnal & nocturnal*; 

(3) nocturnal*
BRE1 Breeding season: (1) spring; (2) summer; (3) autumn/

winter*
HPREF6 Ecological 

performance
Habitat preference: (1) generalist/eurytopic; (2) forest; (3) 
specialist/stenotopic*
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Functional indices

The FD facets used in this study were aimed at weighting the intrinsic effect of each 
species according to its abundance in order to reflect its contribution to ecosystem func-
tioning (Grime 1998). We partitioned FD into four primary components: functional rich-
ness, functional evenness, functional divergence (Mason et al. 2005; Villéger et al. 2010), 
and functional dispersion (Laliberté & Legendre 2010).

Statistical analyses

All statistical analyses were performed with R v3.4.1 (R Core Team 2017).
Pitfall trap collections were standardised by pooling species/taxa abundance in all 

4 transect-traps and obtaining an average activity/density. Count data were transformed 
using Hellinger (Legendre & Gallagher 2001).

Principal response curve (PRC), a form of redundancy analysis focusing on the inter-
action between time and treatment performed with the prc function in the vegan package 
(Oksanen et al. 2018), was used in a space-for-time substitution approach to evaluate the 
restoration trajectory of carabid functional traits. We used community weighted means 
(CWMs) as response variables (Petchey & Gaston 2006) created with the package FD (La-
liberté et al. 2015), and these were log and total transformed with the decostand function 
in vegan. PRC requires the use of a control defined a priori, to which treatments are com-
pared. In this case, open blanket bog was used as a control, whilst forestry was used as the 
first stage of restoration (R0), and all other restoration age classes where the response treat-
ments over time (R2-R18, signifying years since onset of restoration management). The 
significance of the results were tested by in a  Monte Carlo test with 999 permutations (Ter 
Braak & Šmilauer 2002). The functional trait scores allow the interpretation of the PRC at 
the trait level, showing the influence of certain functional traits on the overall carabid trait 
response between the control and the treatments. 

FD facets were calculated with the FD package. In order to evaluate if FD compo-
nents differed between treatments, a null distribution model (Gotelli & Graves 1996) was 
used to compare each FD facet in communities with different species richness and differ-
ent species pools. We generated 999 random assemblage matrices for each FD facet using 
a matrix swap randomisation null model (Manly 1995), where all data matrix values are 
randomised but row and column sums are fixed. Standardised effect sizes (SES) were used 
to assess the direction and magnitude of the deviations from null model expectations, and 
were calculated by the formula: SES = Meanobserved-Meanexpected/SDexpected. In order 
to compare SES between treatments, p-values were calculated from quantile scores with a 
two-tailed test where α=0.05 indicates that observed p-values must be equal/less than 0.025 
for a lower than expected FD, but equal/greater than 0.975 for higher than expected FD 
(Swenson 2014). Larger observed values than expected usually indicate competitive rela-
tionships whereas smaller observed values than expected by the null distribution indicate 
environmental filtering. 

The three-table ordination analysis RLQ was used to tease out functional trait-en-
vironment relationships in peatland carabids with package ade4. An iterative RLQ  was 
carried out before the final RLQ analysis in order to identify the most parsimonious trait-
environment model and avoid an over-fitted model (Bernhardt-Römermann et al. 2008) 
by following Pakeman (2011). The traits detected by the iterative RLQ were considered 
optimal for describing the response of the carabid community and traits to the given envi-
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ronmental conditions in the restoration of afforested bog. RLQ and fourth corner analysis 
(Dray et al. 2014) were then applied to carabid traits, carabid abundances and environ-
mental variables. As variables were measured with different statistical units (species and 
samples), randomisation procedures were applied for fourth corner analysis (Dray  & 
Legendre 2008).  A sequential approach with low Type I error (model 6, Ter Braak et al. 
2012) tested for significance in the global relationship between traits and environment. An 
adjusted p-value procedure followed (false discovery rate method, Benjamini & HOCH-
BERG 1995), and a significant association was found if the largest of the two p-values ob-
tained was lower than α = 0.05.

RESULTS

Restoration trajectory

There was an initial difference in carabid FTs between forestry and blan-
ket bog (Fig. 2). FTs shifted away from the bog reference immediately after 
tree felling (between age 0 and 1), and remained different from the bog refer-
ence without any apparent changeover time along the chronosequence (PRC 
1 = 11%; F = 20.29; p-value = 0.001). The second axis of the PRC was not signifi-
cant (PRC 2 = 1.12%, F = 2.07, p = 0.078), suggesting that there were no other 
significant temporal patterns separating FTs between the treatments and the 
blanket bog reference. The FTs associated with a positive score along the ver-
tical axis in Figure 2 consistently have higher frequency in restoration treat-

Fig. 2. PRC for the restoration trajectory of carabid FTs. The Y axis represents the PRC 
scores at each restoration age class; the X axis is the time since restoration began (t in years). 
Open blanket bog (control) is the grey line; the restoration trend is the solid black line, with 
forestry (unfelled conifer plantations) acting as the first point of restoration (t = 0). Func-

tional trait codes are found in Table 2. Only best fitting FTs are shown
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ments compared with the bog control (18.4% of the traits used), whilst FTs 
with negative scores had lower frequency in restoration treatments (5.2% of 
the traits) compared with the bog control. Hence, species with limited disper-
sal capability (POD1) and nocturnal diel activity (DIEL3) dominated in open 
blanket bog compared with restoration areas. In contrast, diurnal (DIEL1), or 
both nocturnal and diurnal species (DIEL2) were favoured during restoration. 
Intermediate dispersal power (POD2) showed a higher frequency in restora-
tion treatments than in open bog (Fig. 2), but the proportion of each attribute 
was highly variable across restoration treatments.

Functional diversity measures

When looking at treatments (p-values averaged per treatment), none of the 
functional components of FD indicated significant modification in functional 
structure for carabid communities (Table 3). For individual sites, significant re-
sults (p > 0.975 or p < 0.025) were observed at a similar rate to that of expected 
stochasticity. Thus these particular functional traits may be of limited use for ex-
plaining assembly rules of carabid communities in open blanket bog restoration.

Carabids, functional traits and environmental variables

The iterative RLQ process selected fifteen explanatory fuzzy coded traits 
for the final RLQ analysis: nine physiological traits and six morpho/pheno/
ecological performance traits (Table 3).

The global test for trait-environment relationships was not significant 
(model 2, p < 0.01; model 4, p = 0.79), suggesting that environment alone 
drives carabid beetle composition in the restoration of formerly afforested 

Table 3. Standardised effect sizes (SES) for FD values per site. FRic – functional richness; 
FDiv – functional divergence; FEve – functional evenness; FDis – functional dispersion. 
Bold values indicate significant p-values for a two-tailed test testing for SES values larger 
(above 0.975) or lower (below 0.025) than expected when comparing our observed values 

with the values obtained with the null distribution.
Site FD Indices (SES) p-values

FRic FDiv FEve FDis FRic FDiv FEve FDis
B2 0.50 2.38 –1.12 –0.92 0.318 0.976 0.010 0.891
B5 0.21 1.88 –0.63 –0.84 0.360 0.885 0.030 0.676
B6 –0.74 0.42 –0.27 0.51 0.693 0.181 0.317 0.589
B7 2.73 2.75 –0.37 –1.04 0.014 0.967 0.006 0.622
B8 1.68 –0.26 0.47 –0.36 0.060 0.562 0.588 0.309
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blanket bog. In addition, measured FTs are not a driver of differences in spe-
cies affinities with present environmental conditions. Most of the RLQ varia-
tion was explained by the first axis (76%), whilst the second axis contributed 
9%. Within the first axis, most of the variation is explained by environmental 
variables (R ratio, 94%), whilst FTs explain a lesser proportion (Q ratio, 50%). 

Table 3 (continued)
Site FD Indices (SES) p-values
TA98-1 –0.51 –0.21 –0.84 –0.04 0.660 0.404 0.560 0.813
TA98-2 0.14 –0.43 –0.32 0.82 0.445 0.173 0.640 0.566
TA98-3 –0.86 0.46 –1.09 –0.45 0.751 0.619 0.314 0.916
TA98-4 –0.92 –0.64 –0.51 –0.35 0.814 0.571 0.728 0.663
IM03 2.58 –0.51 –0.25 –0.05 0.015 0.396 0.675 0.531
RA03-1 –0.91 0.32 –0.17 0.15 0.824 0.386 0.394 0.522
RA03-2 –0.78 –0.13 –0.41 –0.86 0.805 0.970 0.598 0.701
RA03-3 –0.89 0.43 –0.16 –0.88 0.751 0.859 0.343 0.488
CL04-1 1.83 –0.72 0.01 1.88 0.077 0.060 0.766 0.393
CL04-2 –1.07 0.46 –1.02 –0.83 0.858 0.859 0.318 0.862
IM04 0.36 –0.50 0.72 –0.10 0.282 0.351 0.677 0.202
TA04 –0.98 –0.61 –0.41 –0.49 0.825 0.596 0.726 0.608
CL05-1 –1.21 2.45 –0.16 1.54 0.857 0.054 0.007 0.544
CL05-2 –0.72 0.36 0.08 –0.45 0.914 0.535 0.372 0.453
LE05 –0.06 0.56 0.16 –0.30 0.407 0.455 0.282 0.383
TA05 –1.03 –0.14 0.12 –0.62 0.892 0.740 0.553 0.411
LE06 –1.22 –0.05 –0.68 –0.23 0.883 0.525 0.538 0.756
RA06-1 –0.10 0.66 –0.59 –0.35 0.482 0.516 0.257 0.727
RA06-2 –1.29 –0.25 –0.16 0.20 0.892 0.287 0.571 0.490
RA06-3 0.10 –0.27 –0.79 0.32 0.336 0.226 0.591 0.825
DK1 0.91 –1.12 –0.68 0.52 0.214 0.196 0.876 0.758
DK2 0.78 0.43 –0.21 –0.25 0.258 0.504 0.355 0.505
DK6 1.05 –0.84 –0.76 –0.52 0.146 0.653 0.786 0.753
DK7 1.21 –1.11 0.45 –0.62 0.133 0.759 0.875 0.238
F3 1.29 0.42 –1.32 –0.54 0.084 0.653 0.346 0.961
F5 0.67 –1.25 –0.74 –0.36 0.245 0.584 0.891 0.756
F6 1.30 –0.61 –1.22 –0.31 0.096 0.549 0.712 0.907
F7 1.02 –0.42 0.70 1.50 0.125 0.093 0.607 0.270
F8 0.88 –1.62 –1.16 1.89 0.177 0.041 0.968 0.895
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The new set of sites-species scores had a correlation of 60% along Axis 1 (Cor-
relation L), with a forestry-restoration-bog control gradient.

Bogs were often surrounded by other bogs and located further away from 
forestry than any restoration or forestry treatments (Fig. 3), with high cover of 
Sphagnum mosses. They were primarily characterised by carabid species with 
dimorphic wing forms, such as A. ericeti, although weaker associations with 
bog were found for P. nigrita/rhaeticus, A. fuliginosum and P. diligens. Thus, 
open blanket bog is best described by tyrphobionts (peatland specialist spe-
cies) and some tyrphophiles (species with affinity for wet upland or open 
habitats), all of which are dimorphic wing form species.

In contrast to bog, restoration and forestry sites tended to be surrounded 
by other damaged habitats (Figs 3a, c). There was significant overlap in mid- 
to late restoration treatments, supporting the PRC results showing non-con-
vergence with the bog reference target. R18 samples are not particularly as-
sociated with any carabid species, but are somewhat characterised by greater 

Fig. 3. Graphical summary of the RLQ analysis. a) site scores; b) carabid species scores; c) 
environmental variable loadings; d) carabid FT loadings. Site scores indicate restoration 
age class (R2–R18). Codes for carabid species are found in Table 1; codes for FTs are found 
in Table 2; codes for environmental variables are found in Methods. d indicates grid size.
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presence of grasses and sedges. R13–R10 exhibit increasing moss cover (not 
restricted to Sphagnum), associated with a small group of carabids (P. niger, C. 
glabratus, L. pilicornis) that tend to prefer drier conditions and overwinter as 
both adults or larvae in warmer pockets of microhabitat, and which display 
intermediate power of dispersion via ground locomotion. A wide array of 
predatory carabids (P. adstrictus, C. problematicus, N. germinyi, N. biguttatus, 
P. assimilis), appear to be habitat generalists. Two R12 replicates are charac-
terised by high coverage of bare peat and presence of forest associated spe-
cies, such as C. caraboides and L. terminatus, which are autumn/winter breeders 
with intermediate dispersal capabilities via ground locomotion. Early resto-
ration (R2) and forestry do not show any particular association with carabid 
species (Figs 3a, b).

Fourth-corner tests between the first two RLQ axes for trait syndromes 
and environmental variables found six significant relationships. The first trait 
axis was significantly positively correlated with the presence of bog pools 
(padj = 0.022) and litter (padj = 0.021), but negatively correlated with plot pe-
rimeter (padj = 0.006), plot area (padj = 0.046), shrubs (padj = 0.002) and Sphag-
num cover (padj = 0.002) (Fig. 3c). No significant relationships were found for 
the second trait axis, or between functional traits and environmental variables 
axes were found.

DISCUSSION

Displacement of blanket bog carabid functional traits  
in afforested bog communities

In restoration ecology, evidence suggests that restoration usually achieves 
lower diversity levels and different species composition than those found in 
reference sites in a wide type of habitats (Moreno-Mateos et al. 2015), and 
that time to functional equivalency might far exceed the usual and relatively 
short monitoring periods (Temperton et al. 2004). For peatland insects, the 
type of peatland and extent of damage can influence restoration speed and 
local species pool, and thus different systems can show a wide range of recov-
ery rates. For instance, whilst ant assemblage composition can be significantly 
different from that at bog reference sites after a decade in Australian mined 
bogs (Andersen et al. 2003), beetle assemblage convergence in New Zealand 
can be remarkably fast (2–3 years), even when low cost restoration approach-
es are applied (Watts et al. 2008) despite the importance of invertebrates in 
ecosystem dynamics. In experimental trials in a mined peat bog in New Zea-
land, we compared the short-term rate of beetle community re-assembly at 
sites restored using management techniques varying in cost and effort to im-
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plement, and subsequently examined the long-term rate of beetle community 
convergence towards the ‘target’ community structure of an undisturbed peat 
bog. There was a direct relationship between the rate of beetle community 
re-assembly and the cost and effort applied to plant community restoration 
treatments (processed peat with no seed, processed peat with seed, and direct 
habitat translocation. Our results show that blanket bog restoration manage-
ment alters carabid assemblages found in forestry plantations, but following 
this initial change, the difference in FTs between restoration and blanket bog 
carabid assemblages remains consistently different throughout the 18 year 
restoration chronosequence studied. This, together with the wide variation 
in recovery times across all these peatland studies, suggests that the conver-
gence towards bog FTs of carabid assemblages might not be primarily dic-
tated by time since onset of restoration, that is, it might not be a linear process 
in the case of carabid FTs.

A number of drivers are expected to contribute to the restoration of car-
abid communities and their FTs, such as habitat structure, and this is sup-
ported by RLQ results together with other variables such as distance to bog 
pools and plot perimeter. There are indeed examples of restoration by tree 
felling and ditch blocking leading to remarkably fast (1-3 years) recovery of 
arthropods in drained Finnish mires, particularly for tyrphobiont (bog spe-
cialist) carabids (Noreika et al. 2015). Such results provide some evidence that 
animal assemblages, and the ecosystem functions they provide (Sudduth et al. 
2011), could be naturally re-established once the vegetation structure required 
is in place (Palmer et al. 1997) but basic research in community ecology will 
also benefit. We pose several major thematic questions that are relevant to res-
toration from the perspective of community ecological theory and, for each, 
identify specific areas that are in critical need of further research to advance 
the science of restoration ecology. We ask, what are appropriate restoration 
endpoints from a community ecology perspective? The problem of measur-
ing restoration at the community level, particularly given the high amount of 
variability inherent in most natural communities, is not easy, and may require 
a focus on restoration of community function (e.g., trophic structure. In our 
case, and despite of nearly two decades of restoration, habitat structure might 
not have reached the stage in which typical blanket bog trait syndromes can 
occur and persist. Our findings suggest that the restoration trend observed 
reflects the limitations of the felling to waste and ditch blocking approach to 
emulate the conditions required by tyrphobiont carabids. Other studies con-
ducted in the same site clearly support this hypothesis, whereby a forestry 
“legacy” effect can be observed on water table depth (WTD) and water quality 
(Gaffney et al. 2018), vegetation communities (Hancock et al. 2018), and a net 
sink carbon budget (Hambley 2016), which remain different to those found in 
undamaged open blanket bog.
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In a complementary study we have observed that, similar to carabid FTs, 
the species composition of carabid communities remained different between 
restoration areas and open blanket bog over the same chronosequence, with 
communities in restoration dominated by carabid habitat generalists whilst 
bog communities were dominated by habitat specialists (or typrhobionts), 
likely linked to the provision of microhabitat via bog vegetation (Pravia 
2018). For the trajectory observed in carabid FTs though, there seems to be 
a combination of factors at play. At a local scale, the acidic and waterlogged 
conditions found in blanket bog, coupled with a fluctuating WTD, are likely 
to attract tyrphobionts. In general, specialist species tend to be late colonisers 
and functionally less similar to habitat generalists (Li et al. 2015), but in blan-
ket bog specialisation is also connected to blanket bog microhabitats created 
by peatland microforms (Lindsay et al. 1988). These vegetation microforms 
are thought to provide refuge from the variable moisture gradients linked to 
acute changes in WTD (e.g. Främbs et al. 1994). These particular conditions 
seem to favour tyrphobionts and filter out habitat generalists, whereby Sphag-
num mosses primarily act as microhabitat engineers for tyrphobiont carabids 
(Noreika et al. 2015).

At a larger scale, variables such as habitat fragmentation and distance be-
tween restoration and undamaged bogs, may restrict species to certain micro-
patches of bog (Noreika et al. 2015), and increase the extinction risk of remain-
ing populations (De Vries & Den Boer 1989). Although habitat specialisation 
is not the only driver of species distribution in ecosystems, there is evidence 
across vertebrate and invertebrate taxa that specialisation increases species 
vulnerability to habitat changes (De Vries & Den Boer 1989, Drees et al. 2007)
and therefore cannot bridge distances that exceed 200 meters between sites 
suitable for reproduction. At present in Drenthe (The Netherlands, including 
edge effects related to habitat quality (e.g. birds, Wilson et al. 2014, Magura 
et al. 2017). This can be directly linked to species FTs via dispersal and recolo-
nisation ability, as well as wing development or aptitude for physical move-
ment (e.g. Rink & Sinsch 2007); which seems to be the case for a range of 
further arthropods in addition to carabids (e.g. spiders, Bonte et al. 2003).

The identification of trait syndromes filtered by environmental condi-
tions via RLQ analysis reinforces the hypothesis that microhabitat conditions 
are key for the distribution of carabid species. Factors such as species spillover 
and edge effects, whereby assemblages are influenced by incoming species 
from adjacent areas of different habitats, may play an important role in the 
distribution of some carabid species (Magura et al. 2017, Pravia 2018). How-
ever, this does not seem to be the case for the restoration trajectory of species 
FTs in blanket bog, which appear from our results to be largely shaped by 
legacy effects.
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Functional diversity

The FTs used in this study did not identify microstructural differences 
between treatments, although distinct trait syndromes were identified for 
each treatment. There are four potential explanations: (1) the FTs used did not 
contain information regarding species microhabitat preferences because they 
are not widely available in the literature, thus being unable to discern spe-
cies habitat preferences at the microhabitat scale; (2) singleton carabids were 
excluded from the analyses as their FTs contained many missing values that 
can affect the results (Májeková et al. 2016). However these species present 
unique FTs in the carabid assemblage that could be of high importance in the 
restoration process, and removing them from the analyses may also affect 
our results (Pakeman 2014); (3) multiple interactions may influence combina-
tions of traits that are not really reflected by the indices used to illustrate the 
functional structure of the community, where constraints in trait availability 
and confounding factors in trait analyses can be difficult to overcome with-
out larger sample sizes; and (4) species turnover between sites had no influ-
ence on the functional structure of the carabid community (Villéger et al. 
2010). Finally, the proximity of treatments and the relatively small size of the 
carabid species pool might have limited the statistical power of the analyses 
performed.

Environment but not traits drive carabid species composition 
in peatland restoration

The traits measured in this study were not a driver of differences in spe-
cies affinities with current environmental conditions in restored blanket bog. 
This finding suggests that unmeasured traits may drive carabid composition. 
There are, however, key environmental variables that act as ecological filters 
of the taxonomic composition of carabid communities, though these do not 
affect the community’s functional components. A clear separation in FTs com-
position, from generalist to specialised, was observed from forestry to open 
blanket bog, indicating that the restoration trajectory of carabid beetles might 
not be moving towards an open blanket bog habitat. Thus, further manage-
ment interventions might be required to correct the restoration trajectory 
towards blanket bog and to move away from the legacy effects of forestry. 
Specifically, the habitat structure engineered by vegetation seems to have a 
strong effect on carabid community composition, and management that pro-
motes quick recolonisation of blanket bog plant species is likely to benefit 
typical bog carabids. Additionally, the distance to forestry habitats was found 
to be a filter for carabid species, pointing to the need for blanket bog to be in 
close proximity to restoration sites in order to act as recolonisation sources.
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The significance of the global RLQ test, however, does not deem the 
aforementioned results significant, which could be due to the relatively small 
species pool of carabids available. This testing approach controls well for 
Type I errors, it has reduced power (>0.40) for datasets with less than 30 spe-
cies (Ter Braak et al. 2012). However, bogs are typically species poor in com-
parison with other types of peatlands (Batzer & Boix 2016), and Forsinard 
seems to also display lower carabid diversity than other European bogs (e.g. 
Brigić et al. 2017). This could be due to Britain’s generally low diversity, or 
it could also be a reflection of more widespread declines in carabid species 
composition and abundance across the UK, which includes bogs seemingly 
unaffected by changes in land use (Brooks et al. 2012). Widespread declines 
could be acting in conjunction with the habitat matrix created by restoration, 
in which patches of blanket bog are mixed with restoration and forestry, pos-
ing a barrier for the recolonisation of carabid species affine to blanket bog that 
may be restricted by their FTs (e.g. low dispersal ability).

Even though this study did not find any filtering traits in the restoration 
of formerly afforested blanket bog for carabid communities, FTs can be a useful 
addition to restoration monitoring schemes, which can be exemplified by the 
wing development. We physically measured wing dimorphism for all carabid 
species in a small number of individuals, and we found that, of the six species 
Ribera et al. (2001) considered dimorphic, in our study four were observed to be 
brachypterous and two macropterous. If such values had been used for analysis 
it would mean that apterous rather than macropterous carabid species would 
be the least represented group (25%) in the community. Wing development is a 
very plastic trait in carabids (Lövei & Sunderland 1996) that can expressed as 
phenotypic plasticity between long and short-winged individuals of evolution-
ary importance, because it results in temporal and spatial differences in disper-
sal ability and even different dispersal strategies (Aukema 1990). This would 
be particularly relevant for tyrphobiont and tyrphophile carabid species, espe-
cially if their dispersal potential is environmentally controlled, that is, dictated 
by habitat quality (Aukema 1995), or in the case of blanket bog, habitat struc-
ture (e.g. Främbs 1994). Aukema (1990) suggests that, under comparable stable 
conditions, genetically inherited wing development (fixed system) will lead to 
a rapid decrease of macropterous genotypes and dispersal potential, although 
contiguous habitat is available for colonisation between occupied parts of a site. 
When wing development is controlled by the environment (dynamic system), 
there is more flexibility for developing long-term within-site colonisation strat-
egies (Aukema 1990). Following Aukema’s hypotheses, tyrphobiont carabids in 
Forsinard tend to be brachypterous, suggesting that we have a dynamic sys-
tem where certain environmental factors might control wing development. 
Conversely, the presence of macropterous species in restoration may indicate a 
fixed system where wing development is inherited, but changing environmen-
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tal conditions (forest-to-bog restoration) offer the possibility of colonising new 
niches in a less fixed system. In addition, an increasing availability of resources 
might in turn influence wing development, flight ability and dispersal. The fact 
that tyrphobionts tend to be either apterous or short-winged species reinforces 
the idea that microhabitat structure is likely to be of great importance for car-
abids. Since seasonal within-patch movement seem to be favoured by some tyr-
phobionts, their average dispersal distance will be considerably reduced and 
thus there might not be a need for wings at all once new patches are recolonised 
and new populations are established. What this example shows is that species 
FTs are very plastic and influenced by both biotic and abiotic factors, but they 
can also provide substantial insight into community structure, the recolonisa-
tion process and assembly rules during restoration management.

CONCLUSION

This study offers some evidence that for the recovery of arthropod com-
munities in open blanket bog that has been converted to forestry, restoration 
needs to bring back key habitat characteristics partly due to the association of 
some specific species traits with bog habitats. Although generally trait-based 
approaches have proven to be a useful tool to better understand community 
assembly rules and the species role in ecosystem functioning, the traits meas-
ured in this study failed to show any linkages between carabids and the res-
toration chronosquence. This is likely due to scarcity of information available 
on functional traits of carabid beetles in blanket bogs, despite this being a rela-
tively well-known taxa. Our functional approach has, nevertheless, provided 
an indication of what type of trait syndromes might be relevant for carabid 
bog assemblages, mainly driven by wing development, habitat specialisation 
and diel activity. Further research involving carabid microhabitat preferences 
and bog habitat use should further clarify the functional trait information re-
quired for a better understanding of how restoration influences carabid com-
munities. Similar approaches could be used for sites where novel manage-
ment methods are implemented to accelerate the recovery of vegetation and/
or habitat structure typical of blanket bog.
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