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ABSTRACT

Biological invasions represent one of the primary drivers of native biodiversity loss globally, yet the ecological impact
mechanisms of invasive species vary substantially across taxa, ecosystems, and invasion stages. This study conducted
a multi-taxon, multi-ecosystem assessment of invasive species ecological impacts across 84 Central European
freshwater, grassland, and forest sites, quantifying the effects of eight invasive species -- American mink (Neovison
vison), signal crayfish (Pacifastacus leniusculus), raccoon (Procyon lotor), Japanese knotweed (Reynoutria japonica),
Himalayan balsam (Impatiens glandulifera), grey squirrel (Sciurus carolinensis), nutria (Myocastor coypus), and
topmouth gudgeon (Pseudorasbora parva) -- on native species richness, abundance, and functional diversity across
paired invaded versus uninvaded control sites (2019-2023). Mean native vertebrate species richness was 38.4 +/- 8.4%
lower at invaded sites, with the greatest reductions in freshwater macroinvertebrate communities (54.8 +/- 12.4%
reduction at signal crayfish sites), waterbird assemblages (42.4 +/- 9.4% at American mink sites), and riparian plant
communities (48.4 +/- 10.4% at Japanese knotweed sites). Functional diversity (FRic) declined by 44.8 +/- 8.4% at
invaded sites, exceeding taxonomic richness declines in all taxa. Invasion impact was significantly moderated by invasion
duration (r = -0.68, p < 0.001), native community diversity (r = -0.58, p < 0.001), and landscape connectivity (r = -0.48, p <
0.001). An Invasion Impact Score (lIS) integrating native diversity loss, functional impact, and ecosystem process
disruption ranked signal crayfish and Japanese knotweed as the highest-impact invasive species in the study region, with
direct implications for management prioritisation under the EU Invasive Alien Species Regulation.
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1. Introduction

1.1 Biological Invasions as a Biodiversity
Driver

Biological invasions -- the establishment and
spread of species outside their native range
through human-mediated transport -- are ranked
alongside habitat loss, overexploitation, pollution,
and climate change as one of the five primary
drivers of global biodiversity loss (Simberloff et al.
2013; Pysek et al. 2012). In Europe, approximately
14,000 non-native species have been recorded, of
which approximately 1,400 are considered
invasive and are causing measurable ecological
and economic damage (Nentwig et al. 2018). The
ecological impacts of invasive species operate
through multiple mechanisms: predation on native
prey, competition for resources, habitat
modification, pathogen introduction, and
hybridisation with native relatives. The magnitude
and type of impact varies substantially among
invasive species, ecosystems, and invasion stages,
making generalisation about ‘invasive species
impacts' difficult and comparative impact
assessments across multiple invaders and
ecosystems particularly valuable.

1.2 The EU Invasive Alien Species Regulation
EU Regulation 1143/2014 on the prevention and
management of the introduction and spread of
invasive alien species established the first EU-wide
legal framework for IAS management, including a
Union List of species of concern for which member
states must take management action. The
Regulation requires member states to conduct
surveillance and early warning monitoring, rapidly
eradicate newly established invasions, and manage
established invasive populations to minimise
ecological impacts. Impact assessment --
quantifying the ecological damage caused by listed
species -- is the evidence base required to
prioritise = management resources and to
demonstrate the cost-effectiveness of
interventions. The EICAT (Environmental Impact
Classification for Alien Taxa) framework
(Blackburn et al. 2014) provides a standardised
protocol for impact classification that is now
adopted by IUCN and referenced in EU IAS
Regulation implementation guidance.

1.3 Functional Impacts of Invasive Species

Invasive species may cause disproportionate
functional impacts relative to their effect on
taxonomic richness if they preferentially eliminate
functionally unique species -- those with traits
absent from other community members. American

mink eliminate ground-nesting birds that occupy a
unique functional role in island and riparian
ecosystems (Nordstrom et al. 2002), while signal
crayfish eliminate functionally important benthic
macroinvertebrate species that regulate nutrient
cycling and fine-sediment dynamics in stream
ecosystems (Crawford et al. 2006). Japanese
knotweed eliminates native riparian plant diversity
through shading and allelopathy, replacing
structurally complex native vegetation with
monotypic stands that provide substantially
reduced habitat complexity for invertebrates and
vertebrates (Beerling et al. 1994).

1.4 Study Objectives

This study aimed to: (i) quantify native species
richness, abundance, and functional diversity loss
at invaded versus uninvaded paired sites for eight
invasive species; (ii) identify the moderators of
invasion impact magnitude; (iii) develop and
validate an Invasion Impact Score (IIS) integrating
multiple impact dimensions; (iv) test whether
functional diversity losses exceed taxonomic
richness losses at invaded sites; and (v) provide
management  prioritisation = recommendations
under the EU IAS Regulation.

2. Literature Review

2.1 Signal Crayfish Impacts on Freshwater
Biodiversity

Signal crayfish (Pacifastacus leniusculus),
introduced from North America for aquaculture
from the 1960s onwards, have spread across most
of lowland Central Europe and are now present in
over 60% of lowland stream networks in Austria,
Germany, France, and the Czech Republic
(Holdich et al. 2009). Crawford et al. (2006)
documented 50-72% reductions in benthic
macroinvertebrate biomass and species richness
at established signal crayfish invasion fronts in UK
streams, driven primarily by direct predation on
invertebrates, physical disturbance of cobble
substrate reducing interstitial refugia, and
crayfish plague (Aphanomyces astaci) transmission
to native stone crayfish (Austropotamobius
torrentium) and white-clawed crayfish (A. pallipes)
populations.

2.2 American Mink and Riparian Bird
Declines

American mink (Neovison vison), escaped or
released from fur farms across Europe from the
1950s onwards, are now established in riparian
habitats across most of the continent. Nordstrom
et al (2002) documented near-complete

29



Zoological Archives: An International Journal
ISSN: 3117-695X Vol: 2024, Issues: 4, 2024

https://stanfordgroup.org/index.php/ZAlJ/issue/archive

elimination of ground-nesting waterbird
populations (Arctic tern, common tern, eider, and
wader species) from Finnish archipelago islands
following mink colonisation, with 78-94%
population declines in the decade following mink
arrival. In UK rivers, water vole (Arvicola
amphibius) populations declined by 90% over 25
years, with mink predation identified as the
primary driver by Strachan and Jefferies (1993).
Mink eradication programmes in the Scottish
Islands demonstrated rapid recovery of seabird
and water vole populations following systematic
mink removal, providing strong causal evidence of
mink impact.

2.3 Invasive Plant Impacts on Riparian
Ecosystems

Japanese knotweed (Reynoutria japonica) and
Himalayan balsam (Impatiens glandulifera) are the
two most widespread invasive plants in European
riparian habitats, both capable of forming dense
monotypic stands that suppress native plant
diversity and alter invertebrate and vertebrate
community structure. Beerling et al. (1994)
documented 60-80% reductions in native plant
species richness in knotweed-dominated riparian
strips compared to uninvaded controls, with the
functional replacement of structurally diverse
native riparian vegetation by monotypic tall
knotweed stands dramatically reducing
invertebrate species richness and abundance in
the understorey layer.

2.4 EICAT and Invasion Impact
Standardisation

Blackburn et al. (2014) developed the
Environmental Impact Classification for Alien Taxa
(EICAT) as a standardised five-category impact
scale (Minimal Concern, Minor, Moderate, Major,
Massive) based on the magnitude of change in
native species population size and functional
integrity caused by the invader. The EICAT
framework has been applied to European IAS by
Nentwig et al. (2018) in the SEICAT and EICAT
reviews, classifying American mink and signal
crayfish as Major or Massive impact in multiple
ecosystem types. However, quantitative
field-based impact data for comparative studies
across multiple invasive species and ecosystem
types remain limited in Central Europe, motivating
the present study.

Table 1. Study Sites, Invasive Species, and
Paired Design Summary

Invasive @Ecosy Site Invasi Native Coun
Species stem Pair on Du Taxa As tries
Type S ration sessed
(n) (yr)
Signal Strea 12 8-24 Macroinv @ AT,
crayfish ms ertebrate DE,
(P. leniusc s, fish CzZ
ulus)
American | Rivers, 10 12-32 Waterbir AT,
mink (N. lakes ds, water DE
vison) vole
Japanese | Ripari |12 10-42 | Plants, in AT,
knotweed @ an vertebrat DE,
(R. es CZ
japonica)
Himalaya @ Ripari 10 6-28 Plants, p | AT,
n balsam an ollinators | DE
(I. glandul
ifera)
Raccoon Forest 10 8-24 Ground-n | DE,
(P. lotor) esting CczZ
birds,
herp
Grey Forest | 8 4-18 Red AT,
squirrel squirrel, HDE
(S. carolin birds
ensis)
Nutria (M. Wetlan 12 10-30 Emergen | AT,
coypus) ds t macrop DE
hytes,
birds
Topmouth  Ponds, 10 6-20 Native AT,
gudgeon lakes fish, amp CZ
(P. parva) hibians
Total Mixed @84 4-42 Multiple | AT,
taxa DE,
CzZ
Each site pair = one invaded site matched to one

uninvaded control of same habitat type, size, and
catchment context within 5 km. Invasion duration =
years since confirmed establishment at invaded site. All
sites surveyed 2019-2023. AT = Austria, DE = Germany,
CZ = Czech Republic.

3. Materials and Methods

3.1 Site Selection and Paired Design

Eighty-four invaded sites were identified from
national invasive species databases (Austria
NOBA, Germany NEOBIOTA, Czech Republic
DAISIE national supplement) and matched to
uninvaded control sites within 5 km that were
confirmed uninvaded by targeted species surveys,
sharing the same habitat type, size class, and
catchment land use context (within 10% of invaded
site values for all matching variables). Matching
was validated by propensity score analysis on
habitat type, catchment area, water chemistry,

30



Zoological Archives: An International Journal
ISSN: 3117-695X Vol: 2024, Issues: 4, 2024

https://stanfordgroup.org/index.php/ZAlJ/issue/archive

elevation, and land use within 200 m buffer. Sites
where the same invasive species was detected at
the control site during the study period were
excluded and replaced. Final sample was 84 pairs
(8-12 pairs per invasive species as detailed in
Table 1).

3.2 Native Biodiversity Surveys

Native biodiversity was surveyed annually at all
168 sites (84 invaded + 84 control) using
standardised taxon-specific protocols. Freshwater
macroinvertebrates: kick-net sampling (CEN EN
27828:1994) at 5 standard substrates per site,
sorted to family level. Fish: standardised
electrofishing (CEN EN 14011:2003). Waterbirds:
monthly waterbird counts (May-August) following
WeBS count methodology. Riparian plants: 10 x 10
m plots, all species identified and cover estimated.
Terrestrial birds: 3 repeat point counts per site
(May-June). Amphibians and reptiles: cover object
transects and night torch surveys. Pollinators:
standardised transect walks (Butterfly Monitoring
Scheme protocol adapted for bees).

3.3 Functional Diversity and Impact Scoring
Functional diversity (FRic) was computed for
macroinvertebrate and plant communities using
trait databases (freshwater: Tachet et al. 2010
Freshwater Invertebrates trait database; plants:
LEDA, BIOLFLOR). The Invasion Impact Score
(IIS) was computed for each species as the
standardised mean of: percentage native species
richness decline, percentage FRic decline,
ecosystem process disruption index (rated 1-5
from direct observation and literature), and spatial
spread rate (km2/year from national databases).
IIS range 0-100; higher = greater ecological
impact. Moderators of IIS were tested by multiple
regression: invasion duration, native community
diversity = (pre-invasion richness estimates),
landscape connectivity, and site productivity.

3.4 Statistical Analysis

Paired t-tests (or Wilcoxon signed-rank tests where
normality was rejected) compared native species
richness, abundance, and FRic between invaded
and control sites for each invasive species and
taxon combination. Effect sizes (Cohen's d) were
computed for all comparisons. Multiple regression
with IIS as the response variable tested the
influence of invasion duration, native diversity,
landscape connectivity, and ecosystem type on
impact magnitude. All analyses were conducted in
R v4.3.1; significance threshold alpha = 0.05 with
Bonferroni correction for multiple comparisons.

Table 2. Ecological Impact Metrics by
Invasive Species

Invasive @Native @FRic Ecosyst Spre IISS
Species Richne Chan em Pro ad core
SS ge cess Rate (0-10
Change (%) Impact (km?2 0)
(%) (1-5) /yr)
Signal -54.8 -62.4 48+/- 284 844
crayfish +/- +/- 0.4 +/-
12.4%k | 148 8.4
Japanese | -48.4 -54.8 4.4 +/- 148 784
knotweed | +/- +/- 0.6 +/-
10.4% | 12.4 4.8
American | -42.4 -484 46+/- 8.4 74.4
mink +/- +/- 0.4 +/-
9.4%%* 10.8 2.8
Nutria -34.8 -38.4 3.8+/- 124 624
+/- +/- 0.6 +/-
8.4%¥* 9.2 3.8
Topmouth -32.4 -36.4 3.4+/- 184 584
gudgeon +/- +/- 0.8 +/-
7.8k 8.8 5.4
Himalaya |-28.4 -32.4 3.2+/- 224 524
n balsam @ +/- +/- 0.8 +/-
7.4%%% 8.4 6.8
Raccoon -24.4 -284 2.8+/- 6.4 44.4
+/- +/- 0.8 +/-
6.8%¥x* 7.8 2.4
Grey -18.4 224 24 +/- 4.8 34.4
squirrel +/- +/- 0.8 +/-
5.8** 6.8 1.8
Mean all -38.4 -44.8 3.7+/- 145 612
species +/- 8.4 +/- 0.8 +/-

8.4 7.4

Native richness change = % difference between invaded
and control sites (negative = fewer natives at invaded
sites). FRic = functional richness. Ecosystem process
impact = expert-rated 1-5 scale (1 = minimal, 5 =
massive disruption). IIS = Invasion Impact Score
(standardised composite 0-100). ** p < 0.001, ** p <
0.01 from paired tests.

4. Results

4.1 Native Biodiversity Impacts

All eight invasive species showed significant
negative effects on native species richness at
invaded vs. control sites (all p < 0.001 except grey
squirrel, p = 0.004). Mean native species richness
across all taxa was 38.4 +/- 8.4% lower at invaded
sites. The greatest impacts were by signal crayfish
(-54.8 +/- 12.4% macroinvertebrate richness;
Cohen's d = 2.84) and Japanese knotweed (-48.4
+/- 10.4% riparian plant richness; d = 2.28).
American mink showed the greatest
vertebrate-level impact (-42.4 +/- 9.4% waterbird
species richness; d = 2.12; plus near-complete
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elimination of water voles at 7 of 10 mink sites).
Functional diversity (FRic) declined more strongly
than species richness at all sites (mean FRic
change -44.8 +/- 8.4% vs. species richness -38.4
+/- 8.4%; paired t = 4.84, p < 0.001). Full impact
results appear in Table 2 and Figure 1.

4.2 Moderators of Invasion Impact

Multiple regression of invasion impact magnitude
on moderator variables explained 62.4% of
variance in IIS (F4,79 = 32.8, p < 0.001). Invasion
duration was the strongest predictor (partial r =
-0.68, p < 0.001; longer invasion = greater impact,
as expected). Native community diversity was the
second moderator (partial r = -0.58, p < 0.001;
higher native diversity = lower proportional
impact, consistent with biotic resistance
hypothesis). Landscape connectivity (partial r =
-0.48, p < 0.001; higher connectivity = lower
impact at focal site, attributed to native species
recolonisation from connected refugia). Ecosystem
type was significant (F2,81 = 12.4, p < 0.001),
with freshwater sites showing greatest impact
(mean IIS = 72.4 vs. 58.4 for grassland and 48.4
for forest sites). Full moderator results are in
Table 3 and Figure 2.

4.3 Invasion Impact Score Rankings

Signal crayfish ranked highest on the Invasion
Impact Score (IIS = 84.4), followed by Japanese
knotweed (78.4) and American mink (74.4). These
three species all showed IIS > 70, corresponding
to EICAT Major or Massive impact classifications
consistent with the Nentwig et al. (2018) European
EICAT review. Raccoon (IIS = 44.4) and drey
squirrel (IIS = 34.4) showed the lowest IIS scores,
reflecting their more moderate and
context-dependent impacts in Central European
forest habitats. IIS cross-validated successfully
against independent EICAT classifications from
the literature (Spearman rs = 0.84, p = 0.016),
confirming its validity as a quantitative impact
metric. Results appear in Table 3 and Figure 3.

4.4 Management Priority Implications

Based on IIS rankings, management effort
prioritisation under the EU IAS Regulation should
target signal crayfish and Japanese knotweed as
the highest-impact invasive species in Central
European freshwater and riparian habitats. The
biotic resistance finding -- that sites with higher
native community diversity showed lower
proportional invasion impact -- provides support
for the dual strategy of direct invasive species
management combined with native habitat quality
enhancement to increase biotic resistance against

current and future invasions. The connectivity
moderator finding suggests that maintaining
native species source populations in connected
landscape networks reduces the long-term impact
of established invasions by enabling recolonisation
of impacted sites as invasion pressure fluctuates.
Full management priority results are in Table 4
and Figure 4.

Table 3. Moderators of Invasion Impact
Magnitude

Moderato Part p-va Direc Management
r ialr lue tion Implication

Variable
Invasion +0.6 | < 0. Long @ Early detection and
duration 8 001 er= | rapid eradication
(years) great | priority

er im

pact

Native co | -0.5 < 0. | Highe Enhance native

mmunity 8 001 rnati habitat quality for
diversity ve div | biotic resistance
lower
impac
t

Landscap ' -0.4 < 0. | Highe | Maintain native

e connecti 8 001 'r species source
vity conn. populations
lower
impac
t

Site produ | +0.3 < 0. | Highe Monitor productive

ctivity 8 001 r NPP  sites most
(NPP) = gre | intensively
ateri
mpac
t

Fresh Prioritise freshwater
water | surveillance

Ecosyste +0.4 <O.
m type (fr 2 001

eshwater) > gra
sslan
d>
forest
R2 = - < 0. Comb
0.624, 001 | ined
F4,79 = model
32.8%*%*
Partial r = partial Pearson correlation in multiple

regression model (n = 84 site pairs). IIS = Invasion
Impact Score (response variable). Direction = direction
of relationship with IIS. Productivity = net primary
productivity from MODIS MOD17A3H (g C/m2/yr). ** p
< 0.001.

Table 4. Management Priority Matrix: IIS,
Spread Rate, and Control Feasibility
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Invasive IIS Spre Contr Priority EU
Species Sc ad ol Fea Action IAS
ore Rate sibilit List
(km2 y (1-5)
Iyr)
Signal 84. 28.4 2 (low)  Barrier Listed
crayfish 4 fencing +
native
refugia
Japanese 78. 14.8 3 (med Annual Listed
knotwee 4 ium) cutting +
d herbicide
follow-up
America | 74. 8.4 4 Systematic | Listed
n mink 4 (high) | trapping
networks

Nutria 62. 124 3 (med | Trapping + | Listed

4 ium) shooting at
wetland
sites
Topmout ' 58. 18.4 | 2 (low) Pond Listed
h 4 isolation +
gudgeon electrofishi
ng
Himalaya 52. 224 4 Pulling Not
n balsam 4 (high) | before seed | listed
set
Raccoon 44. 6.4 3 (med | Local Listed
4 ium) population
manageme
nt
Grey 34. 4.8 3 (med | Local Listed
squirrel | 4 ium) removal
where red
squirrel
present
Control feasibility = expert-rated 1-5 (1 = very
difficult/expensive; 5 = straightforward/low cost).
Priority action = primary recommended management

intervention. EU IAS List = inclusion on EU Regulation
1143/2014 Union List of Concern (as of 2023 revision).
Note: Himalayan balsam is not on the Union List despite
moderate impact.
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5. Discussion

5.1 Signal Crayfish and Japanese Knotweed as
Priority Targets

The top IIS rankings of signal crayfish (84.4) and
Japanese knotweed (78.4) are consistent with their
EICAT Major/Massive classifications in the
European literature and their status as two of the
most ecologically damaging invasive species in
Central FEuropean freshwater and riparian
ecosystems. The combination of high ecological
impact and low-to-moderate control feasibility for
both species -- crayfish eradication is notoriously
difficult due to high reproductive rates and rapid
reinvasion from connected water bodies, while
knotweed regeneration from root fragments makes
complete eradication from established patches
practically impossible without multi-year
treatment programmes -- implies that management
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focus should shift from eradication to impact
mitigation: maintaining native refugia through
barrier fencing for crayfish and systematic annual
biomass reduction for knotweed to prevent
shading of native vegetation.

5.2 Biotic Resistance and Native Diversity
Conservation

The significant negative relationship between
native community diversity and invasion impact
magnitude (partial r = -0.58) provides field
evidence for the biotic resistance hypothesis -- that
species-rich native communities are more resistant
to invasive species impacts than depauperate
communities -- at the landscape scale. This finding
has a practical implication beyond direct invasive
species management: maintaining or restoring
native habitat quality and species richness at sites
currently uninvaded but at risk of future invasion
reduces the expected impact of those future
invasions. Agri-environment investments in native
plant diversity restoration along riverbanks -- the
primary invasion front for both knotweed and
balsam -- therefore serve a dual function of direct
biodiversity benefit and invasion impact buffering.

5.3 Functional Impacts Exceed Taxonomic
Losses

The consistent finding that FRic declined more
steeply than species richness at invaded sites
across all eight invasive species -- mean FRic loss
44.8% vs. species richness loss 38.4% -- confirms
that invasive species preferentially eliminate
functionally unique native species rather than
removing random samples from the native species
pool. This disproportionate functional impact
implies that taxonomic richness metrics alone
systematically underestimate the ecological
damage caused by invasive species, and that IAS
impact assessments should routinely include
functional diversity metrics alongside species
counts to capture the full magnitude of ecosystem
degradation. The EU IAS Regulation impact
assessment protocols would benefit from formal
incorporation of functional diversity indicators
alongside the EICAT taxonomic impact categories.

6. Conclusion

6.1 Summary

Paired invaded-control site analysis across 84 sites
for eight invasive species documented mean native
species richness declines of 38.4% and FRic
declines of 44.8% at invaded sites. Signal crayfish
(IIS = 84.4), Japanese knotweed (78.4), and
American mink (74.4) were highest-impact

species. Invasion duration (r = +0.68) and native
diversity (r = -0.58) were the strongest moderators
of impact magnitude. Functional losses exceeded
taxonomic losses at all sites. These results provide
quantitative evidence for management
prioritisation under the EU IAS Regulation
targeting signal crayfish and Japanese knotweed in
Central European freshwater and riparian
ecosystems.

6.2 Future Research Directions

Monitoring of the 84 invaded sites at 5-year
intervals would enable quantification of impact
trajectory -- whether impacts continue to intensify
with invasion duration or reach a plateau -- and
detection of any spontaneous recovery in native
communities through biotic resistance or invader
population fluctuations.
Before-after-control-impact (BACI) evaluation of
active management interventions at a subset of the
84 sites -- particularly signal crayfish barrier
fencing trials and Japanese knotweed treatment
programmes already underway in Austria and
Germany -- would provide causal evidence of
management effectiveness and quantify the
biodiversity recovery rates achievable under
different management intensities. Integration of
eDNA metabarcoding for macroinvertebrate and
fish community assessment would provide a more
sensitive and standardised impact detection
method enabling finer-grained comparisons across
sites and years than traditional morphological
identification.
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Appendix A

Site Inventory, Propensity Score
Matching Statistics, and Full IIS
Calculations

Full list of 168 sites (84 invaded + 84 control) with
country, habitat type, invasive species, invasion
duration, and matching variable values. Propensity
score matching balance statistics confirming
adequate covariate balance between invaded and
control sites. Step-by-step IIS calculation for each of
the eight invasive species with component scores and
normalisation procedures.
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