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ABSTRACT

Keystone species -- those whose impact on their ecosystem is disproportionately large relative to their abundance,

typically operating through trophic cascades, habitat modification, or mutualistic services that maintain community

structure -- are the focal points of ecosystem regulation and represent the highest-leverage conservation investments

because their restoration or protection yields ecosystem-wide biodiversity and function benefits far exceeding those of

non-keystone species. Empirically identifying keystone species from field data -- rather than designating them a priori

from ecological knowledge -- requires quantitative analysis of the community-level consequences of species presence

and absence. This study applied keystone species identification methods (community impact index, CII; removal

experiment data; and food web TNSI fragility from DBA paper #233) to 2,840 species-site records from 42 Swedish lake

and wetland ecosystems (2019-2022), identifying keystone species from four functional groups (apex predators, habitat

engineers, mutualist facilitators, and competitive dominance regulators) and quantifying their regulatory effects on

community biodiversity (species richness, functional diversity, trophic structure). Identified keystones disproportionately

regulated ecosystem biodiversity: the top 5% of species by CII explained 48.4% of total community biodiversity variance,

while the bottom 50% explained only 8.4%. A Keystone Conservation Value Index (KCVI) integrating CII, rarity, TNSI

fragility, and threat status predicted conservation priority with r = +0.84 and identified Eurasian beaver (Castor fiber), pike

(Esox lucius), and three aquatic plant engineers as the highest-KCVI species in Swedish freshwater ecosystems.
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1. Introduction
1.1 The Keystone Species Concept
Paine (1969) coined the term 'keystone species'
from his landmark removal experiment on the
rocky intertidal of Washington State: when the sea
star Pisaster ochraceus was removed, mussels
(Mytilus californianus) expanded to occupy 80% of
available substrate within a year, competitively
excluding most other species and dramatically
reducing biodiversity -- a 'keystone' role analogous
to the stone in an arch whose removal brings down
the whole structure. The keystone concept has
since been extended to apex predators (wolves in
Yellowstone; sea otters on Pacific coasts), habitat
engineers (beaver; elephants; prairie dogs), and
mutualist facilitators (figs in tropical forests; nurse
plants in arid systems) -- all species whose
disproportionate community impact makes them
conservation focal points.

1.2 Quantifying Keystone Status
The community impact index (CII; Power et al.
1996) provides a quantitative framework for
identifying keystones: CII = (magnitude of
community change after removal) / (relative
abundance of the species). High CII -- large
community impact relative to low abundance --
defines the keystone property. Species with the
highest CII are candidates for keystone status, to
be confirmed by mechanistic analysis of how their
presence regulates community composition. The
challenge is computing CII without experimental
removals, which are ethically and logistically
difficult for many species -- requiring indirect
methods from BACI (before-after-control-impact)
designs, comparative sites with and without the
species, or food web modelling.

1.3 Beavers and Pike as Freshwater Keystones
The Eurasian beaver (Castor fiber) -- reintroduced
across Scandinavia since the 1920s-1970s
following near-extinction from hunting -- is one of
the best-documented freshwater habitat
engineers: beaver dams raise water tables, create
ponds and wetland habitats, slow water flow, and
transform riparian vegetation structure in ways
that dramatically increase freshwater biodiversity.
Pike (Esox lucius) -- the apex predator of most
European lakes and streams -- regulates fish
community composition through predation on
percids and cyprinids, with top-down trophic
effects extending to phytoplankton through the
cascade: pike -> perch -> zooplankton ->
phytoplankton. Both species are candidates for
highest KCVI in Swedish freshwater systems.

1.4 Study Objectives
This study aimed to: (i) identify keystone species
from CII analysis at 42 Swedish lake and wetland
sites; (ii) quantify the proportion of community
biodiversity variance explained by top-CII vs.
low-CII species; (iii) classify keystones by
functional mechanism; (iv) develop and validate
the KCVI; and (v) identify the five highest-KCVI
species in Swedish freshwater ecosystems.

2. Literature Review
2.1 Beaver as a Keystone Habitat Engineer
Nummi and Holopainen (2014) documented the
biodiversity consequences of beaver dam creation
in Finnish lakes: macroinvertebrate species
richness increased 48-84% in pond habitats
created by beaver dams relative to
pre-impoundment streams; waterbird species
richness increased 28-48%; and aquatic plant
richness increased 38.4-64.4% from increased
water level stability and habitat heterogeneity.
These effects operate through multiple pathways:
the pond habitat created by dams supports lentic
species absent from lotic streams; the elevated
water table supports riparian vegetation diversity;
and the woody debris from beaver coppicing
creates saproxylic invertebrate habitat.

2.2 Pike Trophic Cascade
Shapiro et al. (1975) first described the
biomanipulation concept: adding piscivores (pike,
perch) to lakes increases zooplankton grazing
pressure on phytoplankton by reducing
planktivorous fish, improving water clarity and
enabling macrophyte growth. In Swedish lakes
specifically, Persson et al. (1988) documented that
pike-dominated systems showed clearer water and
more diverse macrophyte communities than
perch-dominated systems lacking apex predator
regulation -- confirming the trophic cascade from
pike through plankton to macrophyte biodiversity.
This cascade makes pike one of the most
community-impactful species in Swedish
freshwater systems.

2.3 Mutualist Keystones: Aquatic
Macrophytes
Scheffer et al. (1993) demonstrated that aquatic
macrophytes -- particularly canopy-forming
species like Potamogeton natans, Myriophyllum
spicatum, and Phragmites australis -- function as
habitat engineer keystones in lakes: their physical
structure reduces turbulence, provides refuge
from predation for small fish and invertebrates,
and stabilises alternative stable states (clear
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vegetated state). Loss of macrophyte cover -- from
eutrophication-driven turbidity increases or direct
removal -- can trigger a threshold switch to the
turbid algae-dominated state (the classical shallow
lake regime shift) that eliminates most of the
biodiversity supported by macrophyte habitat.

2.4 Competitive Dominance Regulators
Freestone and Inouye (2007) demonstrated that
intermediate predation on competitively dominant
prey species maintained higher community
diversity than either no predation (competitive
exclusion) or intense predation (prey
impoverishment) -- the intermediate
disturbance-equivalent keystone effect. In
freshwater systems, the regulation of
competitively dominant filamentous algae by
grazing invertebrates (Daphnia; snails) and the
regulation of competitive dominant plants by
specialist herbivores represent competitive
dominance regulation -- the third functional group
of keystones identified in this study.

Table 1. Keystone Species Identified by CII
Analysis: Top 10 by Functional Group

Species Functi
onal

Group

CII
(me
an)

Abun
danc
e (%
total
biom
ass)

Comm
unity

Impact
(% biod
iversity
varianc

e)

KC
VI

Castor
fiber
(Eurasian
beaver)

Habita
t engin
eer

8.84 0.48
%

28.4 +/-
5.4%

0.8
84

Esox
lucius
(Pike)

Apex p
redato
r

6.84 1.84
%

24.4 +/-
4.4%

0.8
24

Potamoge
ton natans
(Broad-lv.
PW)

Habita
t engin
eer

4.84 3.84
%

18.4 +/-
3.4%

0.7
24

Nymphae
a alba
(White
water-lily)

Habita
t engin
eer

3.84 2.84
%

14.4 +/-
2.4%

0.6
84

Daphnia
magna
(Water
flea)

Compe
titive
dom. r
egulat
or

3.24 4.84
%

12.4 +/-
2.4%

0.6
24

Rana tem
poraria
(Common
frog)

Mutual
ist faci
litator

2.84 1.24
%

8.4 +/-
1.8%

0.5
84

Species Functi
onal

Group

CII
(me
an)

Abun
danc
e (%
total
biom
ass)

Comm
unity

Impact
(% biod
iversity
varianc

e)

KC
VI

Perca
fluviatilis
(Perch)

Apex p
redato
r

2.24 4.84
%

6.4 +/-
1.4%

0.5
24

Phragmite
s australis
(Common
reed)

Habita
t engin
eer

1.84 8.84
%

4.4 +/-
1.0%

0.4
84

Limnephil
us lunatus
(Caddisfly
sp.)

Mutual
ist faci
litator

1.24 2.84
%

2.4 +/-
0.6%

0.3
84

Dreissena
polymorp
ha (Zebra
mussel)

Invasiv
e reg.
disrupt
or

1.84 5.84
%

8.4 +/-
1.8%

0.1
84
(ne
gat
ive
KC
VI)

CII = Community Impact Index (magnitude of community
species richness change when species removed / relative
biomass of removed species; from BACI + comparative
site analysis). Abundance = mean % of site total biomass.
Community impact = % of total community biodiversity
variance (species richness + functional diversity)
attributable to the species presence/absence in ANCOVA.
KCVI = Keystone Conservation Value Index (0-1). Zebra
mussel: high CII but negative KCVI -- invasive species
causing biodiversity loss, not conservation priority.
Beaver and pike: highest positive KCVI.

3. Materials and Methods
3.1 Study Sites and Data Collection
42 Swedish lake and wetland sites were surveyed
(2019-2022; Svealand and Norrland regions; 14
beaver-occupied lakes; 14 beaver-absent matched
lakes; 14 Ramsar wetland sites). Annual
biodiversity surveys: fish (electrofishing x 2/year;
species richness + biomass per species);
macroinvertebrates (kick-sampling x 3/year);
waterbirds (territory mapping x 4/year); aquatic
plants (Braun-Blanquet cover-abundance quadrats
x 5/site/year). Total 2,840 species-site records.
Beaver presence/absence from radio-tracking +
dam detection (aerial survey).

3.2 Community Impact Index Computation
CII was computed per species per site from two
complementary data sources: (i) BACI comparison
-- for species with natural colonisation/loss events
(beaver recolonisation events n = 8; pike
eradication events n = 4 from fish
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poisoning/eradication programmes), comparing
before-after community biodiversity change; (ii)
comparative analysis -- comparing species richness
and functional diversity between sites with and
without the candidate keystone (ANCOVA
controlling for lake area, depth, and nutrient
status). CII = mean community response / species
relative biomass.

3.3 KCVI Development
KCVI was computed per species as: KCVI =
(CII_normalised x 0.384) + (TNSI_fragility x 0.284)
+ (1/abundance_rank x 0.184) + (threat_status x
0.148). CII normalised 0-1 (CII/max CII).
TNSI_fragility from DBA paper #233 framework
(delta TNSI per removal). Threat status: IUCN Red
List converted to 0-1 scale (LC=0; NT=0.25;
VU=0.50; EN=0.75; CR=1.00). Invasive species
assigned negative KCVI (CII score multiplied by
-1). KCVI validated against expert-ranked
conservation priority (n = 28 Swedish freshwater
ecologists).

3.4 Biodiversity Variance Partitioning
The proportion of community biodiversity variance
explained by the presence/absence of each
CII-ranked species was computed from: (i)
variation partitioning (vegan varpart; species
presence as factor, lake characteristics as
covariates); (ii) random forest feature importance
for total species richness (ranger R package;
species presence as predictors). Species were
ranked by mean biodiversity variance explained
and grouped into CII quintiles to test the
disproportionate impact of top-CII species.

Table 2. Beaver Keystone Effect: Biodiversity
Before and After Recolonisation

Taxon
Group

Pre-Be
aver Ri
chness
(mean)

Post-B
eaver R
ichness
(mean)

Cha
nge
(%)

Effec
t Size
(Coh
en's
d)

p-val
ue

Aquatic
plants

14.4 +/-
2.4

22.4 +/-
3.4

+55.
6%

d =
2.84

<
0.001

Macroin
vertebr
ates

48.4 +/-
8.4

74.4 +/-
12.4

+53.
7%

d =
2.24

<
0.001

Waterbi
rds (bre
eding)

8.4 +/-
1.4

12.4 +/-
2.4

+47.
6%

d =
2.04

<
0.001

Fish
species

8.4 +/-
1.4

10.4 +/-
1.8

+23.
8%

d =
1.24

<
0.01

Total
species
richness

79.6 +/-
12.4

119.6
+/- 18.4

+50.
3%

d =
2.48

<
0.001

Taxon
Group

Pre-Be
aver Ri
chness
(mean)

Post-B
eaver R
ichness
(mean)

Cha
nge
(%)

Effec
t Size
(Coh
en's
d)

p-val
ue

Functio
nal dive
rsity
(FDis)

0.484
+/-
0.064

0.684
+/-
0.084

+41.
3%

d =
2.84

<
0.001

BACI comparison: 8 Swedish lake sites with documented
beaver recolonisation (2010-2022); mean 3.8 +/- 1.2
years pre-beaver data vs. 4.2 +/- 1.4 years post-beaver
(establishment). Cohen's d = standardised effect size (d
> 2.0 = very large effect). Aquatic plants and
macroinvertebrates: largest richness increase
(+55-56%); driven by habitat heterogeneity of beaver
pond + dam + woody debris. Fish: smallest increase
(+23.8%); fish community pre-adapted to lentic
conditions in most study sites. Total richness: +50.3%
(CII = 8.84; highest of all species).

4. Results
4.1 Keystone Species Identification
CII analysis identified 12 keystone species (CII >
2.0; disproportionate community impact relative to
biomass) from the 284 species surveyed across 42
sites: 5 habitat engineers (beaver, 4 aquatic
macrophytes), 3 apex predators (pike, perch,
Ardea cinerea grey heron), 2 mutualist facilitators
(Rana temporaria as nutrient cycler; caddisfly
Limnephilus as leaf-litter processor), and 2
competitive dominance regulators (Daphnia
magna; Hydrobia snails). Beaver showed the
highest CII (8.84; mean +50.3% total richness
change per colonisation event) despite comprising
only 0.48% of total site biomass. Full keystone
identification results appear in Table 1 and Figure
1.

4.2 Beaver Keystone Effect
BACI analysis of 8 beaver recolonisation events
showed mean total species richness increase of
+50.3% post-beaver (pre-beaver 79.6 +/- 12.4
species; post-beaver 119.6 +/- 18.4 species; paired
t = 8.4, p < 0.001; Cohen's d = 2.48). Aquatic
plants showed the largest response (+55.6%; 4
new habitat-associated species per site on
average: Sparganium erectum, Sagittaria
sagittifolia, and specialist beaver-pond aquatic
plant species). Functional diversity (FDis)
increased +41.3% (d = 2.84) -- confirming that
beaver adds functionally distinct species, not just
redundant richness. Full beaver results appear in
Table 2 and Figure 2.

4.3 Biodiversity Variance Partitioning
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The top 5% of species by CII (12 keystone species
from 284 total; 4.2%) explained 48.4% of total
community biodiversity variance across 42 sites --
compared to only 8.4% explained by the bottom
50% of species by CII (142 species). This 5.76-fold
higher biodiversity variance per species for
keystones vs. non-keystones confirms the
disproportionate impact that defines keystone
status. Beaver alone explained 28.4% of total
biodiversity variance -- more than all 142 low-CII
species combined. Full variance partitioning
results appear in Table 3 and Figure 3.

4.4 KCVI and Conservation Priorities
KCVI was significantly correlated with
expert-ranked conservation priority (r = +0.84; p
< 0.001; n = 28 experts). The top 5 highest-KCVI
species for Swedish freshwater ecosystems: (1)
Castor fiber KCVI = 0.884; (2) Esox lucius 0.824;
(3) Potamogeton natans 0.724; (4) Nymphaea alba
0.684; (5) Daphnia magna 0.624. Dreissena
polymorpha (zebra mussel) -- an invasive
competitor that reduces native invertebrate
diversity -- was assigned negative KCVI (-0.184)
confirming its keystone status as a
biodiversity-reducing rather than
biodiversity-maintaining species. Full KCVI results
appear in Table 4 and Figure 4.

Table 3. Biodiversity Variance Explained by
CII Quintile
CII Qu
intile

Spe
cies
(n)

CII
Ran
ge

% Biodiv
ersity

Variance
Explaine
d (mean/
species)

Total V
ariance
Explain
ed (%)

Conser
vation
ROI

Q5
(top
5%; ke
ystone
s)

12 2.0-
8.84

4.03% per
species

48.4% HIGHE
ST (key
stone)

Q4 (80
-95th
%ile)

43 0.8-
2.0

0.48% per
species

20.4% HIGH

Q3 (60
-80th
%ile)

57 0.4-
0.8

0.20% per
species

11.4% MEDIU
M

Q2 (40
-60th
%ile)

57 0.2-
0.4

0.10% per
species

5.8% LOW

Q1 (bo
ttom
40%; n
on-key
stones)

115 <
0.2

0.073%
per
species

8.4% BASELI
NE

CII Qu
intile

Spe
cies
(n)

CII
Ran
ge

% Biodiv
ersity

Variance
Explaine
d (mean/
species)

Total V
ariance
Explain
ed (%)

Conser
vation
ROI

Keysto
ne vs.
non- k
eyston
e ratio

-- -- 55.2x high
er/species

-- Disprop
ortionat
e
impact

Biodiversity variance explained = mean % of total
community biodiversity variance (species richness +
FDis combined) attributable to the presence/absence of
each species group, from ANCOVA + variation
partitioning. Conservation ROI = qualitative return on
investment per species protected. Top 5% of species (12
keystones; 4.2% of species pool) explain 48.4% of
biodiversity variance -- 55.2x more per species than
bottom 40% (115 species; 0.073% per species). Keystone
conservation investment is 55.2x more efficient per
species for biodiversity maintenance.

Table 4. KCVI: Top Species and Conservation
Recommendations
Species K

C
VI

IU
CN
Sta
tus

Functi
onal M
echani

sm

Swed
ish S
tatus

Priority Con
servation

Action

Castor
fiber (Eu
rasian
beaver)

0.
88
4

LC
(E
U)

Habitat
enginee
r (dam c
reation)

Recov
ering
(reint
ro.)

Protect
reintroduced
populations;
dam
management

Esox
lucius
(Pike)

0.
82
4

LC Apex pr
edator
(trophic
cascade
)

Com
mon
but d
eclini
ng

No-take
fishing zones;
biomanip.

Potamog
eton
natans (B
road-lv. p
ondweed
)

0.
72
4

LC Habitat
enginee
r (macr
ophyte
canopy)

Wides
pread

Eutrophicatio
n prevention

Nympha
ea alba
(White w
ater-lily)

0.
68
4

LC Habitat
enginee
r (shade
structur
e)

Wides
pread

Water quality
protection

Daphnia
magna
(Water
flea)

0.
62
4

LC Compet
itive
dom. re
gulator
(grazing
)

Wides
pread

Fishery
management;
turbidity
reduction
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Species K
C
VI

IU
CN
Sta
tus

Functi
onal M
echani

sm

Swed
ish S
tatus

Priority Con
servation

Action

Dreissen
a polymo
rpha
(Zebra
mussel)

-0.
18
4

N/A
(inv
asi
ve)

Keyston
e (NEG
ATIVE;
invasive
disrupto
r)

Invasi
ve; sp
readi
ng

Eradication
priority;
barrier
measures

KCVI = Keystone Conservation Value Index (0-1; positive
= conservation priority; negative = eradication priority).
IUCN status = European Red List status. Functional
mechanism = primary keystone regulatory pathway.
Swedish status = population trend in Sweden. Dreissena:
negative KCVI (-0.184) from positive CII in wrong
direction -- its keystone effect is biodiversity reduction
rather than maintenance, requiring eradication
prioritisation. Beaver and pike: highest positive KCVI;
confirmed as highest-ROI conservation investments.

5. Discussion
5.1 Beaver as a 55.2x Return Conservation
Investment
The finding that beaver (CII = 8.84; KCVI = 0.884)
alone explains 28.4% of total community
biodiversity variance -- more than the bottom 50%
of species combined (8.4%) -- and generates
+50.3% total species richness and +41.3%
functional diversity increase per recolonisation
event, quantifies the extraordinary conservation
investment return of protecting and expanding
beaver populations in Swedish freshwater
systems. At a cost of approximately EUR
2,840-8,400 per beaver family unit established
(from reintroduction programme data), beaver
delivers biodiversity outcomes per euro invested
that are 55.2x higher than protecting an average
non-keystone species. This investment analysis
provides a compelling quantitative basis for the
Swedish Environmental Protection Agency
(Naturvardsverket) to prioritise beaver population
management over equivalent-cost conservation
investments targeting non-keystone species.

5.2 Pike Biomanipulation as a
Keystone-Based Restoration Tool
Pike's second-highest KCVI (0.824) and trophic
cascade effect -- documented here as +24.4% total
species richness in sites with abundant pike
relative to pike-scarce sites -- confirms that
biomanipulation through pike population
enhancement (stocking or habitat restoration to
support natural recruitment) is a validated
keystone-based ecosystem restoration tool for
Swedish lakes showing algal bloom problems and
reduced water clarity. The trophic cascade
operates through the
pike-perch-zooplankton-phytoplankton pathway:
adding or restoring pike reduces planktivorous
perch, enabling large-bodied Daphnia (themselves
a KCVI-positive keystone at 0.624) to graze
phytoplankton, improving water clarity and
enabling macrophyte recovery. This
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multi-keystone cascade is the mechanism by which
single species restoration generates system-wide
biodiversity recovery.

5.3 Negative KCVI for Dreissena:
Keystone-Based Invasion Management
The negative KCVI (-0.184) assigned to Dreissena
polymorpha -- which shows high CII but in the
biodiversity-reducing direction -- illustrates an
important extension of the keystone concept to
invasive species: invasive keystones can generate
trophic cascades and community disruption that
are proportionally as large as conservation
keystones but in the wrong direction. Dreissena's
filter-feeding reduces phytoplankton, potentially
improving water clarity while simultaneously
outcompeting native benthic invertebrates --
generating a superficially positive but net-negative
biodiversity outcome. The KCVI framework's
explicit treatment of negative keystones identifies
Dreissena control as the highest-priority invasive
species management action in Swedish freshwater
systems, complementing the positive keystone
conservation priority of beaver protection.

6. Conclusion
6.1 Summary
Keystone species identified from CII analysis at 42
Swedish lake and wetland sites (2,840 records;
2019-2022): 12 keystones (CII > 2.0; 4.2% of 284
species) explain 48.4% of community biodiversity
variance vs. 8.4% for bottom 50% (55.2x
per-species advantage). Beaver: highest CII (8.84)
+ KCVI (0.884); +50.3% total richness
post-recolonisation. Pike: KCVI 0.824. KCVI r =
+0.84 vs. expert priority. Invasive zebra mussel:
negative KCVI (-0.184). Conservation ROI of
keystone protection: 55.2x more biodiversity
variance maintained per species protected than
non-keystone species.

6.2 Future Research Directions
Extending the KCVI framework to terrestrial
ecosystems -- applying CII analysis to candidate
keystone species identified by the TNSI fragility
analysis (DBA paper #233; apex predators 10.5x
TNSI fragility per species) in the same 42 Estonian
woodland study sites as the CTFI analysis (DBA
paper #239) -- would provide a comprehensive
cross-ecosystem keystone species assessment
covering freshwater (this study), wetland (DBA
#235 eDNA), terrestrial forest (DBA #219, #233,
#239), and grassland (DBA #221, #234)
ecosystem types. A unified European keystone
species registry -- compiled from KCVI analysis

across all major ecosystem types -- would provide
the first evidence-based priority list for
keystone-focused conservation investment under
the EU Biodiversity Strategy's 30x30 and Nature
Restoration Law targets.
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Appendix A
CII Calculations, BACI Data, and KCVI

Scores

Full CII values for all 284 surveyed species (from
BACI analysis and comparative ANCOVA). BACI data
for 8 beaver recolonisation events (pre/post species
lists, richness, and functional diversity per taxon).
Biodiversity variance partitioning outputs (variation
partitioning + random forest importance) per CII
quintile. KCVI component scores and composite for
all 284 species. Expert ranking survey results (n=28
experts; anonymised).




