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Abstract Invasive species often have instable pop-

ulation dynamics and are known to collapse or

oscillate heavily after passing through the initial lag/

growth phases. Long-term data-series documenting

these fluctuations are however rare. We use long-term

(starting in the early 1960s), semi-quantitative data on

the invasive signal crayfish (Pacifastacus leniuscu-

lus), capturing its population development after intro-

duction in 44 Swedish lakes. In total 18 (41 %) of

these populations had experienced a collapse. A

stepwise discriminant function analysis including 20

different ecological or physicochemical characteris-

tics identified three variables explaining collapses in

the following order: stocking year, population age and

mean air temperature. Populations stocked in the

1980s were more likely to collapse than populations

stocked in the 1970s. Lakes with collapses were

located in areas with 0.4 �C higher yearly mean air

temperatures than the still viable populations. Col-

lapses also depended on the time phase of the

population and started to occur 12 years after stocking

and were most frequent in the interval 16–20 years

after stocking and after 11–15 years duration of the

established phase with harvestable densities. An

analysis of prevalence and pathogen load of Aphano-

myces astaci was conducted in eight of the studied

populations. A. astaci was present in all populations

but neither the level of prevalence nor the pathogen

load in infested specimens differed significantly

between lakes with collapses and lakes without. Our

results highlight the potential sensitivity and instabil-

ity of introduced crayfish. The importance of density-

dependence and temperature suggest that both climate

variability and/or fisheries can influence these

processes.
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Introduction

Invasive species are known to have unstable and often

oscillating population dynamics. Knowledge on

underlying mechanisms controlling these fluctuations
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may contribute to mitigation of the negative influence

of invasive species on native ecosystems (Hastings

and Botsford 2006; Whittle et al. 2007). During and

after the establishment of an invasive species the

populations transcend certain barriers. This process

has been divided into defined phases in the scientific

literature, although the nomenclature and definitions

may differ somewhat between studies and organism

groups (Richardson et al. 2000). From a population

dynamics perspective, the first important phases of a

successful invader appear after the crucial period

when the invasive species survive in the new envi-

ronment and starts to reproduce, proliferate, disperse

and create new links in the food-webs. Given that the

invasive species is confined to a certain area they

initially go through a lag phase with slow population

growth, often followed by a more rapid growth phase,

which is in turn followed by either a stable, or more

oscillating phase when they reach their carrying

capacity (Crooks 2005). In a few examples, species

are also known to collapse, either due to overshoot,

e.g. drastically reducing carrying capacity as a result

of intra-specific competition, leading to depletion of

resources, or due to density-dependent susceptibility

to diseases, parasites and/or predation (Chesney and

Tenore 1985; Edgerton et al. 2004; Nummi and Saari

2003; Copp et al. 2007).

A common problem in understanding the popula-

tion dynamics and factors limiting invasive popula-

tions is that long-term quantitative data documenting

fluctuations and/or declines are very rare (Strayer

et al. 2006). This is especially true for data that

contain the first initial phases of introduction (Puth

and Post 2005) and makes it more difficult to explain

rapid declines or other extreme variations in popula-

tion density (Simberloff and Gibbons 2004). Such

long-term statistics, however, are more easily attained

for species that are subject to harvest. This applies

particularly for species that are introduced deliber-

ately to favour local harvest since there is often

statistics on harvest rates from an early phase in the

development of new populations (Dill and Cordone

1997). One such group of species is freshwater

crayfish, which has been introduced globally (Hobbs

et al. 1989) and in many cases with negative effects on

native fauna and flora through predation, herbivory,

competition, and by transferring diseases to native

crayfish species (Lodge et al. 2000). Subsequently,

freshwater crayfish and their associated pathogens

have been classified as one of the single most

threatening groups of invasive species (Holdich

et al. 2009). From a conservational point of view,

the control of established exotic crayfish species is

therefore of great concern, but so far there is no single

strategy or universal solution to the problem (Gherardi

et al. 2011). On the other hand, the fishing of

introduced crayfish species is of great economical

and recreational value in many parts of the world

(Ackefors 1999). Consequently, managers are often

faced with contradictory objectives, where conserva-

tion must be balanced against economical values.

The North American signal crayfish (Pacifastacus

leniusculus) was first introduced to Sweden in 1960

and to Finland in the late 1960s as a replacement for

the decreasing native noble crayfish (Astacus astacus)

(Abrahamsson 1973). From a pure fisheries perspec-

tive, the introduction has been considered successful

(but see Gren et al. 2009b) and signal crayfish have

been documented in at least 4,000 different localities

in Sweden in the year 2008 (Edsman and Schröder

2009) although there have been increasing concerns of

unexplained population collapses in the species (Edg-

erton et al. 2004). In addition, today it is known that

signal crayfish is a vector for the oomycete causing

crayfish plague (Aphanomyces astaci) (Persson and

Söderhäll 1988; Söderhäll and Cerenius 1999), which

has been detrimental for the native noble crayfish

(Bohman et al. 2006). Even though A. astaci mostly

act as a harmless parasite on North-American crayfish,

it may occasionally also cause mortality in signal

crayfish. This is often interpreted as a consequence of

negative additive effects when exposed to other

stressors such as other diseases and parasites, contam-

inants or extreme temperatures (Svärdson et al. 1991;

Söderhäll and Cerenius 1999; Ward et al. 2006). The

exact role of A. astaci in the population dynamics of

signal crayfish under field conditions still remains

poorly investigated.

In this study we used long-term data on catches of

established signal crayfish populations from a large

number of Swedish lakes in order to identify lakes

with or without significant population collapses. Then

we tested if there were any common patterns with

respect to relevant ecological, chemical, or physical

characteristics between lakes and/or their catchments

(land use) that could explain occurrence of collapses.

In order to further explain suspected triggers of

population collapses, we also measured prevalence
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of A. astaci in the populations and pathogen load in A.

astaci positive crayfish in a subset of the study lakes.

Methods

Lake selection criteria and population collapses

Time-series data on catch statistics of signal crayfish

in Sweden have been continuously reported and

organised in a database administered by the Swedish

University of Agricultural Sciences. We selected our

study lakes from this database containing information

from 4,301 localities collated during the years

1960–2011. Lakes were not selected at random but

based on a number of important criteria. Firstly the

time-series of catches had to contain at least six

consecutive years with data on both catch and effort

making it possible to calculate catch-per-unit-of-effort

(CPUE) each year in the time-series. Secondly, there

had to be historical information about the year of

stocking. Thirdly, we only accepted lakes with reliable

data on ecological (introductions of predatory eels,

number of fish species, number of predatory fish

species), chemical (alkalinity, nutrient concentrations

and water colour), and physical characteristics (max-

imum water depth, temperature, lake area, precipita-

tion, height above sea level). Furthermore, lakes were

only included if the crayfish population was consid-

ered harvestable sometime during the time period (i.e.

to avoid lakes that were totally unsuitable for

crayfish). We defined this as CPUE of at least four

individual crayfish per trap. This selection procedure

reduced our data set to 44 lakes in total (Fig. 1;

Table 1). The largest lakes (above 45,000 ha) were

excluded from the analyses since their size generates

spatial patchiness in signal crayfish population dynam-

ics that makes it hard to distinguish distinct temporal

patterns in population development.

We measured the occurrences of population col-

lapses in the following ways. Firstly, data on catches

(CPUE) of adult crayfish (C7 cm, total length, TL),

were compiled (in most cases data were collected

following the Swedish protocol for test-fishing using

No collapse

Collapse

0 1000500

Kilometers

Fig. 1 Map showing major catchment areas and the location of

signal crayfish lakes included in this study and their category

(with or without a population collapse). The two large squares

show approximate locations of Lakes 43 and 44 because we

were not allowed to reveal their exact locations (Table 1)
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Table 1 Location of lakes (x/y coordinates according to the Swedish reference system, RT 90, except for the Lakes 43 and 44 that

could not be shown), names and data used for deciding whether lakes were defined as with or without collapsed populations of signal

crayfish

No. Lake X Y Collapse N

(years)

Test

year

CPUE

(before)

CPUE

(observed)

CPUE

(lower limit)

% change

1 Albysjön 6,569,840 1,642,540 No 41 2,011 3 2.5 2.1 -18

2 Bunn 6426330 1421690 No 26 2007 19.6 14.5 7.8 -59

3 Byngaren 6462350 1541920 Yes 35 2010 3.7 0.68 0.1 -97

4 Båven 6537070 1562020 No 41 2011 13 10 11 -15

5 Drevviken 6567930 1637090 No 41 2010 5.6 3.5 2.8 -50

6 Erken 6640600 1659480 No 39 2009 4.9 3.9 10 100

7 Fängen 6381680 1405540 Yes 13 2005 2.6 1.9 0.6 -77

8 Grycken 6701800 1522350 No 40 2008 13.1 8.3 10.1 22

9 Halmsjön 6616630 1621420 Yes 18 1993 14.3 11 1.9 -87

10 Helgasjön 6307640 1435700 Yes 16 2011 11 7.9 2.1 -81

11 Hultebräan 6279710 1498520 Yes 18 2004 9 4.7 0.1 -99

12 Hövern 6472350 1516700 No 39 2009 0.14 0.13 0.14 -3

13 Immeln 6241800 1412510 Yes 20 2010 17.4 9.2 1 -94

14 Innaren 6319780 1443930 No 13 2009 3.6 2.6 5.6 57

15 Jogen 6419820 1372030 Yes 21 2011 3.6 3.2 1 -79

16 Långsjön 6568950 1639480 No 38 2010 10.5 5.8 7.2 31

17 Lönern 6426760 1372660 Yes 17 2008 2701) 173 01) -100

18 Mullsjön 6422530 1385580 No 21 2011 7.7 5.9 5.7 -26

19 Norra Barken 6661650 1486950 No 40 2008 14.1 11.4 14.2 1

20 Norrsjön 6515770 1516320 No 20 2010 3.6 2.2 3.8 5

21 Nömmen 6382800 1442980 No 42 2011 9752) 791 11252) 15

22 Sandsjön 6379900 1404800 Yes 12 2005 0.19 0.13 0.03 -84

23 Sjunnarydssjön 6393660 1441590 No 28 2011 4.6 3.9 2.9 -37

24 Södra Vixen 6390170 1444720 No 27 2010 4733) 431 5283) 12

25 Södresjö 6304060 1436650 Yes 15 2011 13.2 3.5 1.5 -89

26 Trehörningen (Ki) 6442420 1462550 Yes 17 2010 4 2.7 0.02 -99

27 Trehörningen (No) 6515430 1518590 No 20 2010 3.2 2 4.1 29

28 Trekanten 6579020 1625940 Yes 27 2010 8.5 4.4 0.78 -91

29 Träsksjön 6589430 1636380 Yes 49 2010 7.8 4.8 1.3 -83

30 Tyresö-F 6569490 1640640 No 42 2011 2.6 1.9 3.2 21

31 Viken 6495530 1420290 No 42 2011 0.2 0.12 0.08 -48

32 Visnaren 6570410 1574650 Yes 23 2010 5.3 3.4 1.5 -71

33 Vittsjön 6249280 1369900 No 20 2011 12.1 4.5 5 -58

34 Vänstern 6433420 1437280 No 42 2011 1.8 1.3 2 13

35 Växjösjön 6304290 1439350 Yes 13 2011 14.8 9.3 1.7 -88

36 Ylen 6415200 1422520 Yes 40 2011 4.6 3.3 1.3 -72

37 Yngern 6562060 1591700 No 39 2010 11.7 9.3 20.8 78

38 ÅsundenV 6396830 1348960 Yes 16 2006 6.2 5.1 1.6 -74

39 ÅsundenÖ 6446350 1493500 Yes 34 2005 18.7 11.1 14.1 25

40 Öasjön 6426160 1431670 No 23 2007 8.4 6.3 9 71

41 Örlen 6489410 1409910 No 22 2011 4.8 1.8 3.3 -31

42 Övrasjön 6360550 1475240 No 17 2011 6.2 4.9 3.9 -37
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baited traps, Edsman and Söderbäck 1999). The mesh

size varied between 12 and 14 mm (bar), thus mainly

selecting crayfish over 7 cm (TL). Secondly, we

identified the different phases in the population

development of the species using the regime shift

detection method described by Rodionov and Over-

land (2005). We chose this approach since it has been

shown to be particularly good at detecting regime

shifts at the end of time-series, i.e. the time when many

of our populations appear to collapse. The method uses

sequential t test analyses to detect regime shifts. We

used a significance level of 0.05, a cut-off length of 5

and Huber’s weight parameter = 1.

We identified three critical phases. The early lag/

growth phase of introduction when the crayfish initial

population numbers are very low and density eventu-

ally increases. This is followed by an established

phase with harvestable densities of crayfish that are

stabile over time or at least oscillating around a mean.

In some lakes we also identified a third collapse phase,

where population densities sharply dropped without

recovering. As concerns the identification of collapses

we decided to complement the regime shift detection

method with a more conservative measure. Subse-

quently, we analysed the remaining period after the

growth/lag phase stepwise year by year, to test if a

collapse had occurred or not. To fulfil our criteria for a

significant population collapse the catch should be

below two individual crayfish per trap (which is

considered a limit for when commercial harvest is

economically viable or not). Furthermore, we calcu-

lated 99 % confidence intervals estimated from

catches in the years following the growth/lag phase

(Table 1) and then tested if the catch in a certain year

was lower than expected from that interval. Moreover,

to qualify as a lake with a population collapse, the

decline during the given year should be at least 70 %

compared to the mean catch in previous years. Thus, in

a given year a population collapse was expected to

occur if the catch of a previously established signal

crayfish population declined below two individual

crayfish per trap and was outside the lower range of the

calculated 99 % confidence intervals, and declining

with at least 70 %. To exemplify the typical nature of

our time-series and analyses conducted, two of the

time-series from lakes with defined population col-

lapses and two time-series from lakes without col-

lapses are given in Fig. 2.

Population collapses and explanatory

environmental variables

To be able to test if lakes with population collapses had

different ecological and/or physicochemical character-

istics compared to lakes without collapses, twenty

environmental variables were obtained and used in the

statistical analyses. At the local scale, crayfish popula-

tion abundances may be affected by interactions

between several density dependent and independent

factors (Lodge and Hill 1994). Some particularly

important factors are predation from fish, displacement

by other species of crayfish, shelter availability, tem-

perature, fishing mortality, recruitment failure due to

acidification, and physical disturbance. Climate change

may also be an important factor that needs to be taken

into consideration. Besides direct influences of climate,

resistance to diseases and survival of crustaceans are

affected by temperature as well as oxygenation and

contaminants (LeMoullac and Haffner 2000).

The rationale for selecting environmental data was

that it should be collected at least within 5 years before

the last year in the time series of crayfish catch data.

Physical data, i.e. lake area and maximum depth, was

provided by the Swedish Meteorological and

Table 1 continued

No. Lake X Y Collapse N

(years)

Test

year

CPUE

(before)

CPUE

(observed)

CPUE

(lower limit)

% change

43 Lake 43 – – No 27 2010 3.6 1.9 6.4 78

44 Lake 44 – – No 28 2010 3.6 2.3 4.5 23

Also given are the number of years since the first crayfish introduction in the lake (N), mean catch of adult crayfish in traps (CPUE, in

most cases) before the collapse, lower 99 % confidence limit for an observed collapse (CPUE, in most cases), observed CPUE for the

test year, and percentage change in CPUE compared to average CPUE in previous years
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Hydrological Institute (SMHI). Furthermore, SMHI

also provided temperature and precipitation data. In

this case we used air temperature data from the

weather stations that were closest to the lakes as a

proxy for water temperature, a method successfully

applied in order to model signal crayfish population

fluctuations in other temperate lakes (Olsson et al.

2010). In some cases there were more than one

weather station and in those cases we used average

values from these stations. In three cases lakes were so

closely situated that we used the same weather

stations. We extracted monthly temperature (�C) and

yearly precipitation (mm) data from the last 2 years of

data for each lake. In the statistical analyses we then

included mean values of these years. For temperature

we also included mean values of winter temperature

(December 1–February 1) and mean summer temper-

ature (June 1–August 1).

Water chemistry data were obtained from a number

of monitoring surveys and databases in Sweden

(Nationella Riksinventeringen, Integrerad kal-

kningseffektuppföljning (IKEU), Integrerad monitor-

ing (IM), samordnad recipientkontroll (SRK)) and

from previously published studies (Nyström et al.

2006; Stenroth et al. 2008). Some data were obtained

from private companies (e.g. for Lake Helgasjön) and

some from municipalities (e.g. Lake Byngaren). We

only included water chemistry data sampled within the

same time period as the crayfish test fishing data were

obtained (i.e. a period of maximum 5 years before the

year of interest when determining the population

collapse). Sample size differed between lakes and we

used mean values from each lake in the analyses.

Some outliers were identified (e.g. extremely high

alkalinity) and those data were excluded.

Land use in different catchment areas, specific for

each lake was calculated using GIS. The shape files

(CORINE Land cover) were from the year 2000 and

provided by the Swedish mapping, cadastral and land

registration authority (Lantmäteriet). Within each lake

catchment we calculated the percentage of areas with

agriculture, coniferous forest, developed areas (cities

and villages), and wetlands/bogs. These land use data

were then included in the statistical analysis (see below).

We were also able to collate information about the

fish communities in the investigated lakes. Based on

Fig. 2 Catch per unit of effort (CPUE) over time in four of the

study lakes. Lake Immeln (a) and Lake Åsunden (b) are lakes

with severe population collapses occurring, whereas Lake

Hövern (c) and Lake Erken (d) are lakes without any defined

population collapses (See also Table 1 for details on these four

lakes). The solid blue line shows CPUE data, number of crayfish

per trap-night. The red dotted line shows the mean CPUE in

different phases as identified using the regime shift detection

method (Rodionov and Overland 2005)
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data from the National Swedish test-fishing database

(NORS), national databases on fish stocking, regional

and local fish monitoring efforts and inquiries with

local water-owners we were able to list the fish species

present in each lake. The number of fish species and

the number of piscivorous fish species were used as

predictor variables in the analysis. We were also able

to find data on the presence and absence of European

eel (Anguilla anguilla), an important crayfish

predator.

Aphanomyces astaci carrier status in signal

crayfish—prevalence and pathogen load

In order to test if the signal crayfish parasite A. astaci

constituted a factor triggering crayfish population

collapses, we determined the prevalence of A. astaci

(% positive crayfish individuals) for a subset of the

study lakes along with crayfish tissue pathogen load

for A. astaci positive individuals (i.e. the amount of

pathogen DNA in a tissue). Between August 20 and

September 16 2010, we collected ten crayfish from

eight of the study lakes (TL mean = 10.0 cm; TL

min = 8.0 cm; TL max = 12.6 cm; SD = 1.1 cm).

The sex ratio of sampled crayfish was not equal in all

the lakes due to very low numbers of crayfish catches

in collapsed lakes (57 % females and 43 % males).

Crayfish were stored in 70 % ethanol until analysis.

Five lakes with defined collapses (Immeln, Halmsjön,

Träsksjön, Trekanten and Trehörningen-Kisa) and

three lakes without defined collapses (Bunn, Båven

and Hövern Table 1) were included. From each

crayfish individual, three crayfish tissues were dis-

sected using sterile scalpels and forceps: the inner joint

of the two posterior proximal walking legs, the

longitudinal half of the soft abdominal cuticle and

three-fifths of the central uropod (Vrålstad et al. 2011).

If present, visible melanised spots were also dissected

for further molecular analyses. Protocols for DNA

extraction and A. astaci specific TaqMan� MGB

quantitative real-time PCR (qPCR) followed Vrålstad

et al. (2009). The qPCR analyses were run on a on the

Mx3005P qPCR system (Stratagene) in duplicates (19

and 109 diluted DNA samples). PCR forming units

(PFU, i.e. amplifiable DNA copies) of A. astaci DNA

in tissue samples were quantified on the basis of a

standard curve that was generated during each qPCR

run from a four-fold dilution series of known A. astaci

DNA concentrations (Vrålstad et al. 2009). Detection

above the limit of detection (LOD = 5 PFU) is

considered as a positive detection of A. astaci, while

any detection below this limit is not included as a

positive result. The PFU values were calculated as

described in Kozubı́ková et al. (2011), and assigned to

semi-quantitative agent levels (A0–A7; Vrålstad et al.

2009) where A0 is no detection, A1 is detection below

LOD where Ct value 41 is set as cutoff (Kozubı́ková

et al. 2011), and A2–A7 represent reliable positive

detection. The scale from A2 and onwards up to A7 is

logarithmic, i.e. the number of PCR units increase

with one magnitude for each step in the scale, with the

last category A7 constituting tissues with exception-

ally high agent levels (Vrålstad et al. 2009).

Statistical analyses

To test whether lakes with and without population

collapses of signal crayfish differed with respect to

their biological and physicochemical characteristics,

and to identify the factors that were most important for

this categorization we used two approaches. Firstly,

we tested if lakes with population collapses were

dependent on whether eels were present or not in a v2-

test. The importance of eels was tested in a separate

analysis since we were only able to find presence/

absence data and not abundance data for eels.

Secondly, discriminant function analyses were con-

ducted in order to test if twenty environmental

variables could place the lakes in the correct category;

lakes with or without population collapses. We

followed the analytical protocol of Marnell (1998),

whereby the direct method included all our twenty

continuous environmental variables (the independent

variables in the analysis) to discriminate between

lakes with or without population collapses. Addition-

ally, the forward stepwise method was used to

determine which habitat variables that were most

significant (the default F-value to enter the model was

3.84 and the default remove value was 2.71) in

determining population collapse of signal crayfish in

the lakes. However, this analysis does not enable us to

test the importance of additive effects, e.g. interactions

between predictor variables. The validity of the

discriminant function was estimated using jack-knife

classification. This involved allocating each lake to its

closest group (in these cases, lakes with or without

population collapses) without using that lake to help

determine the group centre (Manly 1994).

Population collapses in introduced non-indigenous crayfish
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Prevalence of A. astaci in each analysed population

is given as observed prevalence (% of positive crayfish

individuals) as well as estimated prevalence using the

function epi.prev (R v.2.12.2; R Development Core

Team 2011) in the package epiR (Stevenson 2010).

The assumed test sensitivity was set to 80 %, test

specificity 99 % (Schrimpf et al. 2013) and confidence

level 95 %: epi.prev (pos = #positives, tested = 10,

se = 0.8, sp = 0.99, conf. level = 0.95). Compari-

sons on the A. astaci pathogen load of positive

specimens (measured as PFU, i.e. amplifiable DNA

copies) were conducted using a MANCOVA with

PFU in different tissues as dependent variables,

presence of collapse as factor and crayfish sex as a

covariate. The interaction between crayfish sex and

presence of collapse was included in the analysis. We

also tested the potential difference in prevalence of A.

astaci infestation of specimens from collapsed lakes

versus lakes without collapses using a logistic regres-

sion model with collapse presence and crayfish sex as

covariates. All analyses were conducted using SPSS

20.

Results

Population collapses and lake characteristics

We identified eighteen lakes out of the 44 with

pronounced population declines that fulfilled our

criteria for a collapse. Seventeen out of these were

also detected with the regime shift detection method.

This latter method also detected four other lakes with

negative shifts in relative population densities that

were not identified using our more conservative

criteria. The mean duration of the first, growth/lag

phase, was 15.0 years (SE = 2.3). In lakes with

identified collapses, the established phase with har-

vestable densities lasted on average 10.8 years

(SE = 1.7). The occurrence of collapses was most

pronounced 6–15 years after the established phase and

16–20 years after the first introduction (Fig. 3). There

was no significant difference in the CPUE during the

established phase in populations with or without

collapses (mean CPUE of crayfish: collapses 4.3 and

no collapse 5.7). Signal crayfish are still present, albeit

in very low densities, in all of the collapsed lakes. Not

one single collapsed population has so far returned to

harvestable densities. Eels occurred in 16 of the 44

study lakes, but population collapses of signal crayfish

occurred independent of whether the lake had eels or

not (v2, p [ 0.35, Fig. 4).

The direct discriminant function analysis using 20

environmental variables (Table 2) successfully clas-

sified 96 % of the 44 lakes into the correct category (as

a lake with or without a population collapse, Wilks

k = 0.31, p = 0.010). Classification success was

similar for both categories. However, according to

the jack-knife method (with an overall classification

success of 73 %), the classification success was better

for lakes without collapses (77 %) compared to lakes

with collapses (67 %). To determine the individual

contributions of environmental variables to the overall

discrimination, and to estimate the minimum number

of variables that needed to be entered into the
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Fig. 3 The frequency of collapse (measured as the frequency of

years with collapse vs. no collapse) of introduced signal crayfish

plotted against the duration of a the established phase prior to

collapse and b the number of years after stocking in 44 Swedish

lakes
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discriminant function, a stepwise forward discrimi-

nant analysis was performed. When using three out of

the original twenty variables, the analysis classified

86 % of the 44 lakes in the correct category (Wilks

k = 0.54, p \ 0.001). The jack-knife method classi-

fied 82 % correctly. According to the analysis, the

most important variables (in order of selection) for the

classification success were related to the age of the

population (Wilks k = 0.83, p = 0.006), stocking

year (Wilks k = 0.62, p \ 0.001), and to the average

air temperature during the 5 years prior to the year of a

population collapse (Wilks k = 0.54, p \ 0.001,

Table 2). Populations with observed collapses were

younger (about 18 years old, median value) than the

still harvestable and viable signal crayfish populations

(about 33 years old, median value). Furthermore,

some lakes were also correctly classified as lakes with

population collapses because the populations were

stocked about 10 years later (around 1987, median

value), than the populations in lakes without collapses

(around 1977, median value). Finally, the annual air

temperature was on average about 0.4 �C higher near

lakes with population collapses (7.1 �C, mean value)

compared to the lakes without population collapses

(6.7 �C, mean value).

Aphanomyces astaci—prevalence and pathogen

load

Aphanomyces astaci was detected in all of the eight

populations tested. The observed prevalence across

populations varied between 20 and 80 % and the

estimated prevalence between 24 and 100 %. The

level of prevalence did not differ between lakes with or

without population collapses or between sexes (Fig. 5,

Collapsedf=1, p = 0.39, Sexdf=1, p = 0.19). The path-

ogen load in tissue samples of A. astaci positive

individuals varied between sampled tissues and lakes

(Fig. 6). The overall pathogen load in A. astaci

positive individuals did not differ between populations

from lakes with and without population collapses,

independent of sampled tissue. Agent level averaged

between A2 and A3 (Fig. 6), corresponding to very low

and low levels respectively. However, it can be noted

that there was a significant effect of crayfish sex when

samples were taken from the walking legs and uropod

(MANCOVA; walking legs: df = 1, F = 4.73,

p = 0.02, uropod: df = 1, F = 4.66, p = 0.03) but

not in samples taken from the abdominal cuticle

(MANCOVA; cuticle: df = 1, F = 1.30, p = 0.26).

Females had a markedly higher pathogen load than

males (Fig. 6). There was no significant interaction

between crayfish sex and the presence/absence of

population collapse independent of sampled tissue

type (MANCOVA, cuticle: df = 1, F = 2.06,

p = 0.17, walking legs: df = 1, F = 0.04, p = 0.85,

uropod: df = 1, F = 0.16, p = 0.69). Among the

investigated specimens, only two individuals with

apparent melanised spots were identified. Both were

from Lake Trekanten, a lake with a collapsed popu-

lation. The spots of both individuals contained a high

pathogen load of A. astaci.

Discussion

Our results indicate that population collapses of

introduced populations of crayfish is a relatively

common phenomenon. The collapses have resulted

in substantial loss of commercial and recreational

fishery but also potentially in relaxation from preda-

tion and competition for native species. Given the

41 % prevalence of collapsed populations observed in

our study, a rough estimate of economic loss in small-

scale Swedish fisheries amount to at least 12 M Euros

(Bohman and Edsman 2011).

In general, these types of data are rare. Simberloff

and Gibbons (2004) collated the majority of the few

existing observations of collapsing populations of

invasive species. Out of seventeen species with

documented collapses there was only strong evidence

suggesting the cause of collapses in seven cases. In

their review, they concluded that disease was often

invoked but in several instances introduced
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competitors seemed to be the cause of severe collapses.

In our study we have only circumstantial evidence for

explaining observed collapses and it must be stressed

that further experimental studies are needed for

additional investigations of mechanistic processes

and causal relationships.

One of the main patterns in our study was the

importance of the age of the collapsed population

relative to the year of stocking and the duration time of

the established phase. The majority of collapses

occurred within a time-span of 6–15 years into the

established phase and collapsed populations seem to

be comparatively young and were typically stocked in

the 1980s. These lakes were mainly located in areas

with comparatively warmer climate. Previous studies

have shown that crayfish may decline due to

introductions of predatory fish (Olsson et al. 2006),

reproductive failure in acidified lakes (France 1987)

and heavy exploitation (Hein et al. 2007). In freshwa-

ter crayfish, fluctuations in native and invasive species

may often occur due to interactions between density

dependence and climatic factors in rather complex

ways and may lead to variability in annual recruitment

(e.g. Jones and Coulson 2006; Olsson et al. 2008;

Sadykova et al. 2009; Skurdal et al. 2011; Zimmerman

and Palo 2012). A comparison of crayfish occurrences

and abundances in North America (Ontario, Canada)

by Edwards et al. (2009) indicated that severe declines

(defined as C50 %) occurred in multiple endemic

crayfish species over 20 years. These declines

(63–96 %) were correlated to the introduction of

predatory smallmouth bass (Micropterus dolomieui),

Table 2 Mean values of twenty environmental variables in signal crayfish lakes with (N = 18) and without (N = 26) collapsed

populations

Variables Collapse No collapse

Crayfish population characteristics

Stocking year 1983 (1960 to 1995) 1978 (1969 to 1996)

Population age 22.4 (12 to 49) 31.5 (13 to 42)

Biological characteristics

Number of fish species 9.1 (4 to 15) 9.6 (0 to 20)

Number of predatory fish species 3.1 (0 to 5) 3.2 (0 to 6)

Lake location and physical characteristics

X-coordinate 6420781 (6241800 to 6616630) 6479724 (6249280 to 6701800)

Lake area (Ha) 1057.5 (10 to 5268) 1038.9 (30 to 6232)

Max depth (m) 19.0 (4.0 to 62.0) 19.6 (5.3 to 48.0)

Altitude (m) 124.6 (0.7 to 251.0) 123.1 (11.1 to 258.0)

Precipitation (mm/year) 693.6 (553.0 to 1,079.0) 673.6 (577.0 to 863.0)

Mean temperature (�C) 7.1 (6.4 to 8.1) 6.7 (6.1 to 7.5)

Summer temperature (�C) 15.8 (14.5 to 17.4) 15.8 (15.2 to 16.5)

Winter temperature (�C) -0.8 (-2.4 to 0.6) -1.3 (-2.4 to -0.1)

Chemical characteristics

Alkalinity (mekv/l) 0.69 (0.12 to 2.13) 0.56 (0.09 to 1.70)

Colour (mg Pt/l) 46.2 (8.8 to 155.0) 52.8 (14.4 to 345.0)

Tot-P (ug/l) 23.4 (3.0 to 105.9) 18.8 (0.0 to 44.8)

Catchment characteristics

Catchment area (km2) 336.0 (1.8 to 1,915.5) 233.3 (3.6 to 1,924.4)

Agricultural land (%) 6.1 (0 to 15.8) 6.7 (0.5 to 18.7)

Coniferous forest (%) 41.5 (0 to 64.8) 40.9 (21.3 to 69.7)

Developed area (%) 5.9 (0 to 44.1) 5.1 (0 to 27.8)

Marshland (%) 5.2 (0 to 13.2) 4.0 (0.9 to 20.0)

Ranges are given in parentheses. The only significant environmental variables identified by the stepwise discriminant analysis used to

discriminate between lakes with and without collapsed signal crayfish populations are shown in bold
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increases in aluminium concentrations and reduced

calcium concentrations in the lakes. Many of the

factors that were important in these studies (water

chemistry, fish predation etc.) did not significantly

explain the patterns of collapsing populations in our

analysis. Nevertheless, these factors may still be of

importance to crayfish population dynamics and could

have contributed to collapses to a certain extent in

some of our study lakes.

Meta-population theory predicts that the degree of

connectivity and spatial heterogeneity may influence

the risk of a population collapsing and becoming

entirely extinct (Drake and Griffen 2013). These two

parameters normally change with system size. Yet, we

could not find any significant effects of lake size and

maximum depth on the probability of collapse.

Density-dependence and population collapses

in crayfish

Interestingly, our analysis indicated that both popula-

tion age and stocking year affected the probability of a

population to collapse. These two variables are

significantly negatively correlated, but some lakes

that were stocked in 1970–1980 did collapse as early

as between 1993 and 2006 (Table 1). The main

common denominator in lakes with collapses appears

to be the number of years that has passed since the

population entered the established phase. Although we

do not explicitly test the importance of density

dependence, the timing of collapses implies that such

processes are partly involved in the drastic declines. In

a parallel study by Stenberg et al. (unpublished), the

population dynamics of signal crayfish was analysed

using a modified Ricker approach, This analysis,

Fig. 5 Estimated prevalence (%) of infection by the oomycete A. astaci in five lakes with population collapses and in three lakes

without collapses. Error bars show 95 % confidence interval limits

Fig. 6 Boxplot showing pathogen load in A. astaci positive

crayfish belonging to different sexes based on samples from

three different tissues in eight of the study lakes. Pathogen load

was measured as PFU, PCR forming units of A. astaci DNA.

Agent levels are also given, in this case ranging from A1 to A5

which refers to semi-quantitative categories based on the

numbers of observed PFUs in the PCR (see Vrålstad et al.

2009 for more details)
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utilizing some of the long time-series from our study

as well as some additional long time-series from larger

lakes in Sweden underline the importance of density-

dependence as a common feature in the majority of

introduced populations of crayfish. The presence and

importance of density-dependence has previously also

been described by Olsson et al. (2010). In fact, the lake

in that study (Bunn) was included as a lake without

collapse in this study (Table 1). Ruokonen et al.

(2013) showed that the effects of crayfish predation

were habitat specific and most pronounced in the

habitats with the highest crayfish densities. Thus,

crayfish resource competition could lead them to

overshoot and subsequently reduce their carrying

capacity which could be one factor involved in

triggering population collapses.

Fjälling and Fürst (1988) summarized the history of

signal crayfish in Sweden. The first stocking program

started in 1969 (though Lake Träsksjön was stocked

already in 1960) with 58,100 adults imported from

North America. In the period 1970–1980, all stocking

material consisted of young of the year crayfish from

the Simontorp hatchery in Sweden. The origin of

stocking material changed from 1981 and onwards.

Both adults originating from lakes previously stocked

with juveniles, and juveniles from Simontorp were

used. At this time the number of stocked lakes

increased exponentially (from about 250 lakes in

1980 to about 1,000 lakes in 1985: Bohman et al.

2006). Based on test-fishing results, the CPUE

increased in lakes and averaged four crayfish per trap

in a selection of lakes in 1986 (Fjälling and Fürst

1988). Our data suggest that most of the lakes with

collapses were stocked about 10 years later (in 1987,

median year) than lakes without collapses but also that

some lakes were placed into the category of collapsed

lake populations due to being younger (median value

of 18 vs. 33 years). It cannot be excluded that lakes

with collapses have to a greater extent been stocked

with adult crayfish, which are more likely to carry

crayfish plague than young of the year crayfish

(Svärdson et al. 1991). It may also be that when the

stocking started, the first lakes stocked with signal

crayfish were the ‘‘best’’ lakes, which used to have the

highest catches of the native noble crayfish. As

stocking continued, a higher number of less suitable

lakes were stocked with signal crayfish which could

enhance the risk of collapse. The latter explanation

may be less likely since we included only lakes in our

study that had viable crayfish catches during the period

prior to the collapse. There are also potentially genetic

components involved as underlying causes to col-

lapses. Different origin and small propagule size may

induce instable population dynamics and increased

extinction risks (see Frankham 2005). One important

phenomenon that could further contribute to the

collapses is the Allee-effect. When the density of a

population is markedly decreased it might become

more difficult for the animals to find partners or to

benefit from social behaviour (Liebhold and Basco-

mpte 2003). This mechanism could increase the risk of

populations becoming extinct or critically slowing

down populations’ recovery rate (Dai et al. 2012).

The potential importance of density-dependence

may indicate that both predation and fisheries may

have a significant role. We were not able to implicitly

test the importance of fisheries intensity due to lack of

data on total effort and catch in all lakes. The majority

of our study lakes, however, only have a modest,

small-scale fishery. The specific timing of collapses

together with the fact that fishing intensity in our study

lakes is relatively low suggest that over-fishing is an

unlikely cause to the collapses. Harvest of crayfish

could even, at least in theory, reduce the risk of

density-dependence mediated collapses since harvest

could keep the populations from overshooting their

carrying capacity. Nevertheless, fisheries could be a

secondary factor that potentially strengthens a col-

lapse and it could also prevent the populations from

recovering. Most fisheries organizations that are active

in the collapsing lakes, however, have reduced or

totally closed their fishery as soon as they discovered

signs of declining populations.

Similar to fisheries, predation from fishes could be

hypothesized to have either a positive effect on the risk

of collapses by minimizing the risk of overshoot but

also potentially be a factor that causes collapses. We

found no evidence of the presence or absence of

important predatory fish species being an important

factor in explaining the collapses. It must be empha-

sised that we have a rather coarse measure of the

density of fish predators. More detailed data was,

however, not available from all of the study lakes. Eels

were present in 16 of our study lakes and have been

considered as one of the predators causing historic

declines of crayfish in Sweden and Europe (summa-

rized in Nyström 2002). Today this species is critically

endangered and not common in Swedish lakes (Decker
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2012), and most likely not a factor behind the observed

population collapses of signal crayfish in this study.

The potential role of A. astaci and climate

Another factor related to density-dependent processes

is diseases which are known to be particularly

important for freshwater crayfish. In this study, we

only analysed the prevalence and pathogen load of A.

astaci that is known to cause crayfish plague in

European crayfish. Thus, we cannot exclude the

possibility of other pathogens inducing collapses. All

eight of the populations that were screened for A.

astaci were found to be carriers of the pathogen.

However, this is the normal situation in many

apparently healthy American crayfish populations in

Europe (Kozubı́ková et al. 2011; Vrålstad et al. 2011;

Strand 2013); Nylund and Westman (2000) reported

no mortalities of signal crayfish in Finnish lakes,

despite plague infections. Similarly, Svärdson et al.

(1991) stated that signal crayfish populations, if

stricken by acute plague, in Swedish lakes only suffer

a limited increase in mortality. Strand et al. (2012)

recently showed that A. astaci positive signal crayfish

that died during a laboratory experiment released

significantly more A. astaci spores 1–2 weeks prior to

death than crayfish that survived the experiment,

suggesting an expanding A. astaci infection that could

explain their death. We were only able to sample A.

astaci in a limited number of lakes and in most cases

they were collected some years after the collapses

occurred. Itthus remains unknown if the infection rate

was higher during or slightly before the collapses

occurred. In general, the pathogen load in our popu-

lations was relatively low, particularly compared to

the results from Finnish Lake Saimaa, a lake that also

to some extent have experienced drastic fluctuations in

catch rates (Strand 2013). We suggest that the role of

A. astaci in these collapses must be further assessed,

particularly in a sequence of before, during and after

collapses to determine its role. Furthermore, in Lake

Immeln (a lake with a population collapse, Table 1)

we observed that 38 % out of 42 sexually mature

females had lost at least one pleopod (where they carry

their eggs, Fig. 7). It appeared to be a result of heavy

A. astaci infection although this tissue was not

specifically investigated in our analysis. In four lakes

without population collapses (Bunn, Båven, Hövern,

Erken; Table 1; Fig. 8) the percentage of females with

lost pleopods instead was below 2 % in all populations

(in total 1,747 females). Environmental stressors may

suppress the immune responses in signal crayfish,

although the stressors in this case are unknown (Ward

et al. 2006). The observation of significantly higher

pathogen load in females compared to males (also

documented by Vrålstad et al. 2011) highlights

reproductive impairment caused by A. astaci or other

disease agents as a putative mechanism behind the

population collapse in Lake Immeln, and potentially

also other lakes. However, the hypothesis needs

further investigations that largely will depend on

adequate analyses conducted before, during and after

such collapses.

Sahlin et al. (2010) modelled time to establishment

in signal crayfish in Swedish lakes and found that

establishment success was expected to increase with

the number of days when growth is possible, and

decrease with the number of days with extremely high

temperatures (causing stress). These findings together

with our study and similar results in Olsson et al.

(2008) clearly indicate that temperature may play a

crucial, but complex role in determining the density

fluctuations in signal crayfish, and potentially also

drive some populations close to extinction. The signal

crayfish is endemic to western North America and

inhabits a great diversity of habitats. It is hard to

compare the temperature regimes for signal crayfish

populations in North America with those outside the

Fig. 7 Photo taken in September 2010 of a female from Lake

Immeln (lake with a population collapse) with three missing

pleopods (left hand side). Also note that intact pleopods (right

hand side) have black spots of melanisation at their base, most

likely due to infestation from the pathogen A. astaci. Photo: Per

Nyström
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species native distribution range. This is because the

signal crayfish is widely distributed beyond its native

range in western North America by human activities,

at least documented back to the end of the nineteenth

century (Lewis 2002).

There are several concerns that may arise from our

study concerning possible interactions between den-

sity-dependent processes, temperature and crayfish

plague infection in signal crayfish. Some of the lakes

with population collapses had higher mean yearly air

temperatures (of 0.4 �C) compared to lakes without

collapses. The future climate scenario in Scandinavia

predicts an increase in mean temperatures in a

100-year time scale by more than 2 �C (Rummukainen

et al. 2004), thus many lakes with signal crayfish may

become warmer. A review of the effects of climate

change on aquatic invasive species suggest that

increased climate change is expected to result in

warmer water temperatures and increasing virulence

of some diseases (Rahel and Olden 2008). One

conclusion of this review was that invasive coldwater

species may be unable to persist under new climate

conditions. This and our results highlight the impor-

tance of having a long-term perspective when assess-

ing the success and failures of species invasions

(Strayer et al. 2006). Another implication of our

findings is that climate matching (Broennimann et al.

2007) can be conducted in order to identify present and

future lakes in N. Europe that may be at risk of having

collapses of signal crayfish.

Conclusions and management applications

There is a need for identifying factors that may explain

the highly unstable population dynamics that often

characterize invasive species. By better understanding

the mechanisms regulating their population dynamics

it could be possible to improve their management. In

this context, crayfish may be particularly relevant to

study because they are an important resource and there

is a considerable interest to reduce their negative

impact on native fauna and flora. Our results demon-

strate that populations of introduced crayfish species

often may collapse after they colonise their new

habitats and reach a saturated phase with higher,

harvestable densities.

Controlling invasive species through direct man-

agement actions has been suggested as an important

measure to minimise negative effects of invasive

species (Tyus and Saunders 2000). It is, however, most

likely very hard to totally eradicate introduced crayfish

without harming the native ecosystem (Peay et al.

2006; Sandodden and Johnsen 2010; Gherardi et al.

2011). It may however be possible to markedly reduce

crayfish densities by intensive trapping (Hein et al.

2007). This could be a potential tool to further reduce

densities of introduced crayfish, particularly in areas

where crayfish may influence sensitive species or

habitats negatively (Setzer et al. 2011). As long as a

few signal crayfish remain in a lake (and carry crayfish

plague) it will however preclude restocking of the

endangered and commercially more valuable native

noble crayfish (Astacus astacus) in Europe. This

species along with all other crayfish species outside

North America cannot live in plague stricken waters,

and thus the crayfish plague is the main reason behind

the decline of this species (Edsman and Schröder

2009).

Another consequence of collapsed signal crayfish

populations is lost fishing and recreational value for

many years to come. Today fishing for signal crayfish

Fig. 8 Boxplot showing pathogen load in A. astaci positive

crayfish from lakes with collapsed and not collapsed populations

of signal crayfish based on samples from three different tissues

in eight of the study lakes. Pathogen load was measured as PFU,

PCR forming units of A. astaci DNA. Agent levels are also

given, in this case ranging from A1 to A5 which refers to semi-

quantitative categories based on the numbers of observed PFUs

in the PCR (see Vrålstad et al. 2009 for more details)
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in Swedish and Finnish lakes is of great economic and

recreational value (Gren et al. 2009a; Pursiainen and

Rajala 2010). The commercial catch of signal crayfish

in Swedish lakes was estimated to be 27 % of the total

value of landings from lakes in 2009 (official catch

statistics from the Swedish Board of Fisheries) and

non-commercial fishing for signal crayfish was esti-

mated to be 2,200 tons in 2005 (Swedish Board of

Fisheries 2005). Given the potential importance of

density-dependence, the importance of fisheries as a

tool in preventing collapses must be further addressed.

There is thus an apparent need for developing better

fisheries assessment models that incorporate density

dependent interactions that can be used to give

recommendations for sustainable signal crayfish

fisheries.

To conclude, our results demonstrate the inert

instability and sensitivity in introduced populations of

crayfish and underline the importance of using long-

term data when assessing and predicting the introduc-

tion of an invasive species. Future studies on the

dynamics of introduced crayfish populations should

include the effects of harvesting on these populations,

and the potential for fishing mortality to help explain

population collapses. In an era of climate change we

also suggest that future studies of introduced crayfish

population dynamics should involve the combined

importance of A. astaci, temperature and other related

stressors.
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