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Recovery of small rodent populations after population collapse
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Abstract In this review we summarise published knowledge regarding small mammal population recovery following
sudden population collapse, regardless as to whether the collapse is caused by natural or man-made events. We determine
recovery mechanisms, recovery time and recovery rate, and suggest how to adapt and optimise current methods to regulate
small mammal population size, for pest management and/or conservation. Itis vital that the principles underlying the recovery
mechanisms are known for both pest control and conservation to align management methods to either maintain animal
numbers at a permanent minimum level or increase population size. Collapses can be caused naturally, as in the declining
phase of multi-annual fluctuations and after natural disasters, or by man-made events, such as pesticide application. In
general, there are three ways population recovery can occur: (1) in situ survival and multiplication of a small remaining
fraction of the population; (2) immigration; or (3) a combination of the two. The recovery mechanism strongly depends on
life history strategy, social behaviour and density-dependent processes in population dynamics of the species in question.
In addition, the kind of disturbance, its intensity and spatial scale, as well as environmental circumstances (e.g. the presence
and distance of refuge areas) have to be taken into account. Recovery time can vary from a couple of days to several years
depending on the reproductive potential of the species and the type of disturbances, regardless of whether the collapse is man
made or natural. Ultimately, most populations rebound to levels equal to numbers before the collapse. Based on current
knowledge, case-by-case decisions seem appropriate for small-scale conservation. For pest control, a large-scale approach

seems necessary. Further investigations are required to make sound, species-specific recommendations.
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Introduction

Small mammal communities are vital components of ecosystems
worldwide (Zhang et al. 1998; Singleton et al. 2003; Jacob et al.
2014). They play an important role in food webs (Halle 19935)
and in the ecosystem per se, such as providing shelter for other
animals that use old and abandoned burrow systems (Martin
2003). Sometimes, small rodent populations are classified as
pests because they destroy agricultural crops (Jacob and
Tkadlec 2010) and transfer diseases to humans and livestock
(Pikula et al. 2002; Sinski et al. 2006; Jacob et al. 2008; Gassner
etal. 2013). In addition, they can cause damage to infrastructure,
such as gnawing on cables or digging burrow systems (Jacob and
Tkadlec 2010), leading to further costs. Thus, it is sometimes
challenging to keep the population density of the pest species
down for human interests while sustaining the function of the
pest species in the ecosystem (Aplin and Singleton 2003).

Relevance of population recovery for pest control
and conservation

Population recovery is of interest for both sustainable pest control
and conservation. In ecologically based rodent management
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(EBRM) and other integrated pest management (IPM)
systems, it is important to base pest control methods on sound
ecological knowledge (Singleton et al. 2007) to ensure a
reasonable balance between fighting pest species and adverse
effects on ecosystems. To this end, information about population
recovery is vital to develop an appropriate and practical approach
for both pest control and conservation.

The abundance of small mammal populations fluctuates
among seasons and, for several species living in temperate
climatic regions, follows multi-annual cycles (Elton 1924;
Lambin et al. 2006). There are many examples of cyclic
mammal populations, including snowshoe hares (Lepus
americanus; Ims et al. 2008), voles (Korpimiki et al. 2003)
and shrews (Zub et al. 2012).

There can be many reasons for population collapse (sudden
declines to minimal population abundance). Natural collapses
include the decline phase of multi-annual population cycles
(Korpiméki et al. 2004). Moreover, natural disasters, such as
floods (Jacob2003a; Zhang et al. 2007), severe droughts (Bradley
et al. 2006), earthquakes (Zhang et al 2011), wildfires
(Lindenmayer et al. 2005; Banks et al. 2011) and volcanic
eruptions (MacMahon et al. 1989), can cause rapid population
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declines. Finally, human actions, including pest control, can
markedly reduce population size in a short time.

Population decline for pest control

Rodent pest species can cause tremendous crop losses, with
substantial monetary losses, worldwide. In Australia, the house
mouse (Mus domesticus) is known to be the main rodent pest
species causing monetary losses of up to AU$60 million during
outbreaks (Brown and Singleton 2000). In addition, African
farmers have to deal with crop losses caused by several species,
including the multimammate mouse (Mastomys natalensis;
Stenseth e al. 2003). In Asia, rice field rats (Rattus
argentiventer) have been reported as one of the most important
pest species (Stenseth et al. 2003; Brown et al. 2006; Jacob et al.
2010). Crop losses of only 6% in South-east Asia amount to several
million tonnes of food, which is enough to feed the entire population
of Indonesia for 1 year (Singleton 2003). South American farmers
are battling leaf-eared mice (Phyllotis darwini) in particular,
whereas in North America they strive to control pocket gophers
(Thomomys talpoides), especially in orchards (Engeman and
Campbell 1999; Sullivan et al. 2001). In Europe, the common
vole (Microtus arvalis) is one of the most important agricultural
vertebrate pest species (Jacob 2013) and can cause tremendous
crop losses during multi-annual outbreaks. The latest outbreak
in 2012 affected approximately 500 000 ha, resulting in crop losses
in excess of €100 million (Barten and Lauenstein 2013).

There are a few substances that are authorised for use as
rodenticides to protect plants in the European Union, including
aluminium phosphide, bromadiolone, calcium phosphide,
carbon dioxide, difenacoum, magnesium phosphide and zinc
phosphide (see http://ec.europa.eu/sanco_pesticides/public/?event
=activesubstance.selection, accessed 18 February 2015). In
Germany, zinc phosphide (Zn,P;) is the only acute poison
authorised for use as a rodenticide for outdoor plant protection.
Its use is limited to one application per crop per year and is
associated with other restrictions, such as burrow baiting to
minimise bait uptake by non-target species. Application usually
occurs before the start of the reproduction period for the small
mammals to minimise the founder population. Although the use
of rodenticides is generally allowed, restrictions can make it
costly and difficult to use them at an appropriately large scale,
despite important management targets, such as the protection of
crops, public health and infrastructure.

The underlying goal for agricultural pest management is
not to extirpate a species, but to control its numbers to a level
where crop damage is acceptable. This requires a sound
ecological knowledge of population dynamics, development
and demographics to develop an appropriate approach.
Naturally, this should include the aspect of recovery from
population collapse. However, the issue of population
recovery is rarely considered in great detail in pest rodent
control (Jacob et al. 2014). This is in contrast with population
collapses of bird and fish species after human-driven population
declines, which have been studied in considerable detail (Myers
et al. 1997, Fabrizio et al. 2001; Esler et al. 2002).

Population decline for conservation

As part of globalisation, the introduction of invasive species can
lead to the replacement of native species in many places, flora
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as well as fauna. Some species became endangered due to
landscape modification and fragmentation, habitat destruction
and general pollution of their ecosystems (Nakagiri e al. 2001;
Ceballos and Ehrlich 2002; Woinarski et al. 2011; Pita et al.
2014). In this regard, knowledge of the recovery mechanisms of
threatened populations can be used to understand and support
their recovery, and to help preserve wildlife and habitat
permanently, because it is sometimes necessary to promote
recovery following unwanted population collapse. Only a few
studies have specifically dealt with population recovery for
conservation reasons. Some of these studies focused on
ecological research, which was then used to support species
recovery (e.g. by providing suitable habitat (Smith et al. 2014)
or eradicating non-native predator species (Witmer et al. 20070)).
The eradication of non-native predator species includes the use
of rodenticides for conservation reasons (Witmer et al. 2007a).

Knowledge of the mechanisms of population recovery of
endangered species helps identify possible factors that can
prevent the recovery of a population, such as predator pressure
(Sinclair et al. 1998), invasive species (Witmer et al. 2007b), loss
of habitat or shelter (Fahrig 2001) and landscape fragmentation
(Diffendorfer et al. 1995; Smith et al. 2014). Extensive studies
have evaluated the recovery of bird and fish species after
population declines in response to man-made disasters, such as
after the Exxon Valdez oil spill in 1989 and after the explosion of
the oil platform Deepwater Horizon in 2010, which polluted
the Atlantic ocean (Esler et al. 2002; Bradley et al. 2006). In
addition, several studies have investigated the regeneration of
fish species after overfishing (Myers et al. 1997; Fabrizio et al.
2001; Fu et al. 2001). In contrast, studies on the population
recovery of small rodents after the application of rodenticide
are rare and have not been reviewed, apart from that of Shilova
and Tchabovsky (2009) for Russia and the former USSR.

However, from a pest control point of view and for population
conservation, the population recovery of rodent species is highly
relevant. Therefore, it seems sensible to collate what has been
published so far about the process of recovery, including recovery
time and the rate of recovery of small mammal populations, to
derive the principle mechanisms of recovery for small mammals
in general (Engeman and Campbell 1999; Sullivan et al. 2001).
This knowledge may help us adapt management strategies for
both rodent control and conservation, to maintain an appropriate
population size.

Types of collapses

Natural collapses do occur, such as crashes in rodent populations
after multi-annual outbreaks (Krebs et al. 1973; Lambin et al.
2000; Klemola et al. 2002; Table 1). Although those population
cycles were described scientifically almost a century ago (Elton
1924), their fundamental principles remain contentious (Boonstra
etal. 1998; Oli 2003; Korpiméki ef al. 2004; Lambin et al. 2006).
The two most popular theories claim that multi-annual population
cycles rely on predator—prey relationships and density-dependent
population dynamics (Stenseth et al. 1996; Butet and Spitz2001;
Andreassen et al. 2013).

Other natural population collapses are caused by natural
disasters resulting in a marked sudden decline in wildlife.
These natural disasters include flooding, bush fire, volcanic
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Table 1. Type of population collapses
Summary of different types of sudden population collapses of vertebrates included in this review. Causes for the collapses are divided into the two main
categories: man-made and natural causes

Population collapse References

Man-made
Intended (pest control)

Emlen et al. (1948), Hamar and Tuta (1971), Knowles (1986), Kamarudin et al. (1991), Engeman and Campbell

(1999), Zhang et al. (2004), Brakes and Smith (2005), Brown ef al. (2002); Shilova and Tchabovsky (2009)

Unintended (oil spill)

Natural
Regular (multi-annual fluctuations
and/or natural decline)

Esler et al. (2002), Parker and Wiens (2005)

Boonstra (1994), Krebs et al. (1976), Cornulier et al. (2013), Westemeier et al. (1998)

Irregular
Fire Vacanti and Geluso (1985), Friend (1993), Sutherland and Dickman (1999), Letnic et al. (2004), Banks et al.
(2011)
Drought Bradley et al. (2006)
Flood Jacob (2003a), Zhang et al. (2007), Golet et al. (2013)

Volcanic eruption MacMahon ef al. (1989)

eruptions and (with a longer lead time) severe drought (Table 1).
Diseases can also cause sudden population collapses. Well-
known examples of such crashes are the decline in the honey
bee (Apis mellifera) population caused by varroa mites (Varroa
destructor; Le Conte et al. 2010; Borsuk et al. 2012), the decline
in amphibians caused by fungi (Mutschmann et al. 2000) and the
effect of the plague bacterium (Yersinia pestis) on the human
population (Butler 2013). Collapses in the rodent population
due to disease have been reported for Norwegian rats (Rattus
norvegicus) following infection with plague-transferring rat
fleas (Xenopsylla cheopis; Perry and Fetherston 1997); this
also occurs in great gerbils (Rhombomys opimus) as a major
reservoir host species (Samia et al. 2011) in Asia, Rattus rattus in
Madagascar (Andrianaivoarimanana et al. 2013) and black-tailed
prairie dogs in the USA (George et al. 2013). Usually, the rodent
hosts die, leading to delayed population collapses (St. Romain
et al. 2013). Nevertheless, diseases are not frequently reported
as a cause of major sudden population collapse and so are not
further considered in this review.

Human activity can also cause populations to collapse
(Table 1). This activity can include intentional management
actions (e.g. culling for pest control) or unintended events.
With regard to pest control, it is also important to identify the
pest control strategy used (e.g. fertility or lethal control, long- or
short-term actions), because this will influence recovery and,
in particular, recovery time in different ways (Zhang 2000;
Liu et al. 2012). Successful culling can results in population
reductions of >95% (Singleton et al. 2007). In many cases it is
not the magnitude of the reduction in population size that
matters for pest control, but rather maintaining population
numbers below a certain damage threshold (Singleton et al.
2007).

Accidents may lead to large-scale pollution of ecosystems,
such as the Exxon Valdez oil spill in 1989, which resulted in a
2000-km? coastal area polluted with oil. Such disasters can be
associated with major declines in vertebrate populations. For
example, 13 years after the Exxon Valdez disaster, some bird
species were still in the process of recovery (Esler ef al. 2002).
Studies on mammals are limited to large species of marine
ecosystems, such as seals and otters (Garrott et al. 1993; Frost
et al. 1999; Peterson et al. 2003). There is little information

regarding the recovery of small rodent species after man-made
accidents, although some studies have considered population
declines caused by a combination of anthropogenic and
natural effects (LoGiudice 2006; Smyser et al. 2012).
However, these studies concluded that further research on
synergistic effects is needed (LoGiudice 2006), and that site-
specific management actions need to be taken into account
when identifying reasons for population decline (Smyser et al.
2012).

Recovery mechanisms

In general, there are two basic mechanisms by which small
mammal population recovery can occur after population
collapse: (1) in situ survival followed by reproduction; and/or
(2) immigration from adjacent untreated or unaffected areas into
depopulated regions (Knowles 1986; Lindenmayer et al. 2005;
Banks ez al. 2011). A few studies have suggested that recovery
also strongly depends on the species and particular life history
strategy, as well as social behaviour (Gardmark et al. 2003;
Shilova and Tchabovsky 2009).

Life history strategies affect population dynamics (Reznick
et al. 2002) and are also likely to impact on population recovery
after collapse. The two main life history strategies, namely r-
selection and K-selection (MacArthur 1962; MacArthur and
Wilson 1967; Pianka 1974; Fleming 1979), differ with regard
to reproductive patterns and longevity. Those animals using r-
selection reproduce rapidly, produce many offspring and
colonise fast. They do not provide extensive parental care and
their population density can undergo pronounced fluctuations
(Fleming 1979; Reznick et al. 2002). In contrast, animals that
use K-selection are characterised by small numbers of offspring,
slow reproduction and high life expectancy. The population
densities of animals using K-selection often correlate with
habitat size, and their population density is mostly stable
(Reznick et al. 2002).

With regard to these two life history strategies, it is assumed
that there are also two different ways of recovery. Typical r-
selection strategists would be expected to re-establish populations
rather rapidly due to high reproduction rates of either survivors
or immigrants from adjacent areas; K-selection strategists
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would be expected to repopulate vacant habitat more slowly
than r-selection strategists.

Interestingly, this does not seem to be the case. Instead, the
results of empirical studies strongly suggest that social behaviour
and density-dependent population response play an important
role in the recovery mechanism (Shilova and Tchabovsky 2009).
Species that use r-selection start forming social breeding units
after a collapse in the population density. In case of sudden
population collapses, this would imply that r-selection strategists
would recover even faster if they immigrate into depopulated
areas and form new breeding units, leading to high numbers of
offspring in a short period of time (this is assuming that the
depopulated area is inhabited by individuals of the same species
that are willing to form breeding units; Getz et al. 1993, 2005).

Dispersal behaviour differs among small mammal species
(Gaines and McClenaghan 1980; Greenwood 1980). Wood
mice (Apodemus sylvaticus) show low territoriality and
flexible home ranges (Tew and Macdonald 1994). In contrast,
adult common voles are highly territorial and usually tend to stay
in their home range (Jacob and Hempel 2003). Hence, the
possibility of immigration after population collapse is higher
for adult wood mice than for common voles because wood mice
cover greater distances than common voles. Therefore,
A. sylvaticus would be more likely to discover distant
undisturbed areas to recolonise and recover than M. arvalis
(Halle 1993a). However, common voles, despite being a
territorial species, readily claim available space (Reichstein
1960) and it is believed that recovery in this species takes
place via dispersing animals (Hamar and Tuta 1971). Thus,
spatial scale and the availability of suitable habitat within
reach also play an important role in population recovery.

It is challenging to predict a general mechanism for the
recovery of rodent populations after a collapse because life
history strategy, social behaviour and territoriality jointly
affect recovery via the survival of residents or immigration.
Additional factors, such as climate, food supply and species-
specific population cycles, may also impact on the recovery
mechanism.

Examples of recovery mechanisms

It was claimed that the mechanism of recovery after population
control with rodenticides strongly depends on life history strategy
and the social behaviour of the particular species (Shilova and
Tchabovsky 2009). For example, the population responses of
Mongolian gerbils (Meriones unguiculatus) and Midday gerbils

Table 2.
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(M. meridianus) to pest control with rodenticides differs
markedly even though these two species belong to the same
genus (Shilova and Tchabovsky 2009; Table 2). The highly social
group-living Mongolian gerbils form new breeding units after
a population collapse, leading to rapid recolonisation due to
intense reproduction and recruitment of young. However, the
solitary Midday gerbils form new founder populations that
consist primarily of dispersed young individuals. Populations
of Midday gerbils start recovering from rodenticide treatment
after 2 months and need 4-8 months until full recovery (Shilova
and Tchabovsky 2009). The different mechanisms of recovery
seem to result in differences in recovery time. Mongolian gerbils
have been reported to recover within several weeks, although
post-collapse density levels reached only 39% of the original
population (Shilova and Tchabovsky 2009; Table 2).

Similar findings were reported in a study of a large
depopulated area of approximately 3500 km® of burned habitat
for two mammal species, namely the Australian bush rat (Rattus
fuscipes) and the marsupial agile antechinus (4ntechinus agilis;
Banks et al. 2011). Both species recovered in situ rather than
through recolonisation. These findings were supported by
Lindenmayer et al. (2005), who found that in situ survival and
recolonisation by remaining residents and their offspring of the
r-selection strategists Rattus fuscipes were aided by their life
history attributes, which ‘underpin rapid population recovery’
(Lindenmayer et al. 2005).

Species that have been associated with recovery via
immigration include black-tailed prairie dogs (Cynomys
ludovicianus; Knowles 1986) and grey squirrels (Sciurus
carolinensis; Lawton and Rochford 2007), as well as several
vole species, including meadow voles (Microtus pennsylvanicus;
Basquill and Bondrup-Nielsen 1999), field voles (M. agrestis;
Dalkvist et al. 2013) and common voles (Hamar and Tuta
1971).

A study conducted on recolonisation of open-forest landscape
in Australia after disturbance by sand mining (Fox and Fox
1984) concluded that recovery of the observed species takes
place via immigration. After sand mining and fire, house mice
(Mus  musculus) and New Holland mice (Pseudomys
novaehollandiae) recolonised vacant habitat by dispersing
individual sub-adult males and adult females, but not complete
breeding units (Fox and Fox 1984). House mice were replaced
by P. novaehollandiae after disturbance by fire, suggesting that
the latter were simply faster to migrate (Fox and Fox 1984).
However, it was pointed out that house mouse populations
may have been in the decline phase of their multi-annual

Examples of recovery strategies and recovery time after population collapse in small rodents

Species Strategy

Recovery time

References

Meriones unguiculatus In situ survival

Meriones meridianus Immigration 4-8 months
Rattus fuscipes In situ survival 2-3 years
Cynomys ludovicianus Immigration S years
Thomomys talpoides Immigration 6—12 months
Sciurus carolinensis Immigration 10 weeks
Microtus arvalis Immigration 10-15 days
Microtus arvalis Immigration 2-3 years

Several weeks

Shilova and Tchabovsky (2009)

Shilova and Tchabovsky (2009)

Lindenmayer et al. (2005), Banks et al. (2011)
Knowles (1986)

Engeman and Campbell (1999), Sullivan ef al. (2001)
Lawton and Rochford (2007)

Hamar and Tuta (1971)

Jacob (2003a)
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population cycle while the New Holland mouse population was
increasing. Nevertheless, the findings of the study suggested
population recovery of M. musculus via immigration, which is
consistent with their life history strategy and social behaviour
(Fox and Fox 1984).

Norwegian rats (R. norvegicus) are r-selection strategists that
experience density-dependent breakdown of social population
structures (Telle 1966). Due to fast reproduction of survivors
and immigrants R. norvegicus should recover rapidly as it was
also shown for other Rattus species, such as Malayan field
rats (R. tiomanicus) and buff-breasted rats (R. flavipectus;
Kamarudin et al. 1991; Zhang et al. 2007). However, it has
been suggested that another Rattus species, R. fuscipes, recover
via immigration into adjacent depopulated areas (Lindenmayer
et al. 2005).

Despite being the most important mammalian pest species
in European agriculture (Jacob et al. 2014) and the frequent use
of rodenticides to reduce population sizes to protect plants
(Jacob et al. 2014), there is surprisingly little known about the
recovery mechanisms of common vole populations after
population collapse. In the only published study investigating
this issue, it was assumed that common vole recovery takes
place via immigration on the basis of the ratio of marked and
unmarked dead animals in toxaphene-treated plots and untreated
control sites (Hamar and Tuta 1971).

Adult common voles rarely leave or change their home
range. Even agricultural activities, such as harvesting, mowing
and ploughing (Jacob 20035), and flooding (Stein 1958; Jacob
2003a) do not seem to force common voles away. In addition,
common voles in suitable habitat can tolerate a high population
density of at least 1300 individuals per hectare (Briner et al.
2005; Leukers et al. 2012). However, a lack of food due to
extreme drought can lead to emigration of whole colonies into
adjacent habitats (Stein 1958). Sub-adult common voles readily
claim available habitat (Stein 1958; Reichstein 1960). These
movements suggest that common vole recovery most likely
takes place via immigration (Leukers and Jacob 2010). At high
population densities, common vole females form breeding units
with communal parental care (Stein 1958). Such behaviour
would suggest a combination of the survival of residents and
recruitment of immigrated young to achieve population recovery,
because it is also known that female common voles adopt alien
pups (Stein 1958). Similar nursing behaviour has been described
for Norwegian rats (Meaney and Stewart 1981; Butler and
Whelan 1994) and house mice (Jo Manning et al. 1995), so
that recovery would be expected to take place also via improved
survival and recruitment of young (own offspring and ‘stranger’
offspring; Hayes 2000).

Contrasting results were reported for Norwegian rat and house
mouse populations, which recovered primarily via immigration
from adjacent areas (Fox and Fox 1984; Kamarudin et al. 1991;
Zhang et al. 2007). The same immigration pattern was observed
in a study on R. fuscipes (Banks et al. 2011), indicating that
the recovery mechanisms may differ within a species depending
on the intensity of the disturbance and the disposition of the
survivors. Therefore, it needs to be noted that behaviour is an
important, but not the only, factor influencing recovery
mechanisms in small mammals (Turner ef al. 1998; Franklin
et al. 2000).

S. Hein and J. Jacob

Recovery time and rate

The time required to recover from population collapse depends
on inter- and intraspecific differences, the degree of decline, the
time of the year, life history attributes, recovery mechanism and
spatial scale (Gardmark et al. 2003; Shilova and Tchabovsky
2009).

It takes approximately 2 years for a population of R. fuscipes
to recover to pre-disturbance levels (Lindenmayer et al. 2005),
whereas R. tiomanicus populations recovered within 6—9 months
(Kamarudin et al. 1991) and 12-18 months (Wood and Liau
1984) after a poisoning campaign with anticoagulants.

All species listed in Table 2 rebounded to pre-treatment levels
or numbers similar to those in the control group (Engeman and
Campbell 1999; Lawton and Rochford 2007). The population
density of R. fuscipes recovered to pre-treatment densities
according to the patch-carrying capacity of the particular
habitat (Lindenmayer et al. 2005), suggesting that recovery
primarily occurred as a result of suitable habitat in immediate
reach. However, the spatial extent of population collapse in that
study was low compared with the study of Banks ez al. (2011),
where a wildfire severely burned 3500 km® of woodland and
where environmental circumstances were more threatening to
the population.

Populations of the black-tailed prairie dog (C. ludovicianus)
need up to 5 years to recover from Zn,P3 application to pre-
treatment levels, and this time is strongly dependent on habitat
and treatment (Knowles 1986). For example, populations in an
only partially treated area recovered 1 year after treatment as a
result of dispersal from the untreated centre of the colony
(Knowles 1986). Three other colonies recovered 2 years after
treatment. These findings were supported by Garrett (1982),
who found that black-tailed prairie dogs tend to naturally
disperse into peripheral structures, such as field edge strips,
concluding that recovery takes place via immigration into
neighbouring populations. In addition, it was expected that for
those populations that were locally extinct, it would take at
least an additional 1 year for the population to recover
(Knowles 1986).

Pocket gopher populations (7. talpoides) in areforestation unit
needed between 6 months and 1 year to recover to population
levels similar to pre-treatment densities after application of
rodenticide baits (Engeman and Campbell 1999). A similar
study of reinvasion dynamics showed that pocket gophers
recovered mostly via immigration (Sullivan et al. 2001). In
addition, immigrating adult pocket gophers would reproduce
despite further removal of animals (Sullivan et al. 2001),
leading to fast recovery.

Fast recovery within 10 weeks of removal trapping was
observed for populations of grey squirrels (S. carolinensis) in
woodlands of Ireland and Britain (Lawton and Rochford 2007). A
similarly fast recovery time was noted for Mongolian gerbils
(M. unguiculatus) after 1 month, although density levels reached
only 39% of the original population (Shilova and Tchabovsky
2009). Meadow voles (M. pennsylvanicus) recovered within
12-16 months after controlled burning in a tall-grass prairie
(Vacanti and Geluso 1985).

In contrast, M. arvalis populations need 1.5-2 years to recover
from population decline due to flooding (Jacob 2003a). However,
fast recovery was observed within days after small-scale
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insecticidal treatment with toxaphene (Hamar and Tuta 1971).
The authors of the latter study reasoned that common vole
populations only need 10—15 days to recover from the lethal
side effects of toxaphene treatments.

However, it is vital to always consider the size of the study
area in each study because spatial scale is an essential parameter
in population recovery. If the study area is large, it will be longer
until population recovery is achieved via recolonisation and/
or survival and reproduction. There are insufficient data
available in the literature to correlate the size of the study area
with recovery time.

The r-selection strategists usually have a lower bodyweight
than K-section strategists (Fleming 1979). This can be used to
relate bodyweight to recovery time to check for a general pattern
in the duration of recovery time regarding life history strategy.
Comparisons of published data of average bodyweight and
recovery time reveal a positive relationship between these
parameters (Fig. 1), indicating that there may be a correlation
between recovery time and life history strategy. Nevertheless, the
number of available data points is insufficient to robustly reveal
relationships.

Environmental effects on recovery

The recovery of small mammal populations after collapse is also
influenced by environmental circumstances, including seasonal
population dynamics, habitat fragmentation, possible availability
ofrefuge areas and predation pressure. In addition, the intensity of
collapse is an important variable for small mammal population
recovery.

Refuge areas

Refuge areas play an important role in the population recovery
of small mammals because they offer individuals the opportunity
to survive and then recolonise the former territory (Lindenmayer
et al. 2005). This was shown for deer mice (Peromyscus spp.) in
flooded areas, where deer mice used trees as refuge areas (Golet
et al. 2013). The same seems to be the case for wood mice
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Fig. 1. Correlation between mean bodyweight and recovery time of nine

small mammal species based on data presented in Table 2. Data points of mean
bodyweight for each species have been log transformed.
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(A. sylvaticus) and bank voles (Myodes glareolus) during
flooding (Jacob 2003a; Golet et al. 2013). However, trees only
provide refuge for species that are able to climb. Consequently,
Microtus montanus (Andersen et al. 2000) and M. arvalis
populations (Jacob 2003¢) die off during flooding events,
despite the presence of nearby trees.

Some refuges, such as wildflower strips, do not seem to be
a source for recolonisation of crop fields by common voles
(Briner et al. 2005). However, field edges or grassland areas
below wind energy plants do provide common voles with the
potential to reach high population densities and create dispersal
pressure into arable land. Nevertheless, there are examples
showing that this rarely happens, even at high densities of up
to 1300 individuals per hectare (Leukers et al. 2012).

Intensity of disturbance

Another factor potentially influencing the way small mammal
populations recover after population collapse is the intensity of
the particular disturbance, meaning the degree of population
decline. Less severe disturbances most likely evoke recovery
via survival of residual individuals and their offspring. Severe
disturbances most likely cause more complete collapse of a
population so that immigration from adjacent areas seems to
be the only option for recovery. However, even after extreme
reduction of population size by a bush fire, recovery of R. fitscipes
appeared to follow mechanisms that would be expected after a
minor population decrease (Banks e al. 2011). This indicates
that the relative intensity of a disturbance also influences which
recovery mechanism is observed (Banks et al. 2011).

Population cycles

Populations of several small mammal species in temperate
regions undergo multi-annual fluctuations, as well as less-
pronounced seasonal fluctuations, during the year (Krebs and
Myers 1974). The latter are usually caused by higher mortality
during winter and reproduction in spring and summer (Korpimaki
et al. 2004). The timing of the disturbance causing a population
to collapse and the phase of the population cycle have
considerable impact on recovery time. It seems likely that a
population that is already decreasing in numbers needs
a longer period of time to recover to predisturbance levels than
a population that is already increasing. However, this also
depends on the intensity of the disturbance. If populations are
decreasing, it is possible that the few survivors are replaced by
an invasive species, as has been proposed for M. musculus and
P. novaehollandiae in an open-forest area after sand mining
(Fox and Fox 1984).

Conclusions

There are two basic mechanisms for recovery to take place
after population collapse: (1) survival of residents and
recolonisation in situ through reproduction; and (2)
immigration from adjacent refuges. Which mechanism acts
depends on the species’ life history strategy, as well as on
social behaviour and density-dependent population responses.
However, in some species a combination of the two strategies
is observed, or one is followed by the other (Brown et al.
2002).
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One key aspect in population recovery seems to be the
intensity of the disturbance. There is no fundamental
difference between the effects of man-made and natural
disturbances on sudden population collapses across species or
geographical regions. In fact, it was shown that house mouse
populations in Australia react very similarly to populations of
voles and lemmings of the Northern Hemisphere after natural
population declines (Brown 2006). Most of the rodent species
studied so far recover via immigration (Table 2), probably from
nearby refuge areas. Nevertheless, this is not necessarily
consistent with the species’ life history strategy. For example,
the r-selection strategist R. norvegicus would be expected to
recover via survival of residents, but it recolonises depopulated
areas from refuge zones (Zhang et al. 2007).

Predicting how small rodent populations will recover from
population collapses needs to take several factors into account,
including the species’ life history strategy (Gardmark et al. 2003),
social behaviour (Shilova and Tchabovsky 2009), current phase
of the population cycle (Fox and Fox 1984) and environmental
circumstances, such as the availability of nearby refuge areas
(Golet ef al. 2013), as well as the intensity of the disturbance
(Banks et al. 2011).

Little is known about the recovery of small rodent populations
after rodenticide application. In over 40 years, only five
publications have explicitly dealt with that issue (e.g. Lawton
and Rochford 2007; Shilova and Tchabovsky 2009). However,
all studies have consistently demonstrated that recovery
of r-selection strategists mostly occurs rather quickly via
immigration from neighbouring areas, despite expected
recovery via a combination of the survival of resident animals
and recruitment of young immigrants. The K-selection strategist
mammals, such as hares (Lepus europaeus) have low
reproductive rates and the recovery of their populations
generally takes several years (Reznick et al. 2002).

Given the many factors associated with recovery after
population collapse, it is difficult to derive general
assumptions as to how certain species in particular
circumstances recover. Nonetheless, it is possible to use the
information available to optimise species-specific pest control
in distinct environmental scenarios, as has been reported for
fertility control in Brandt’s vole (Microtus brandti; Shi et al.
2002). In this scenario, fertility control needs to be applied
the previous autumn (fall) or twice in early spring to match the
effect of lethal control and additional management tools, such as
fencing, are required to prevent quick recovery (Shi et al. 2002).
However, fertility control is not used as a prime example in this
review because it was predicted to be more effective in medium-
or large-sized mammals (Zhang 2000) and it is also a rather slow
process that causes a slow decline in small rodent populations
(Jacob et al. 2008; Liu ef al. 2012).

In Australia, M. domesticus and R. norvegicus can recover
quickly if the reduction of population size by rodenticide use does
not reach a certain threshold (Barnett and Bathard 1953; Brown
etal. 2002). It was also suggested that house mouse control needs
to consider that adjacent unbaited areas provide a source for
reinvasion (Brown et al. 2002; Brown 2006). This is an issue of
general relevance when regulations regarding the use of products
for the protection of plants prevent the application of rodenticides
in non-crop land, as is the case in Germany.
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To accommodate immigration, a combination of short- and
long-term reduction via different pest control methods can be
considered (Brown et al. 2002). Which approaches can be taken
differs between countries (e.g. aerial application in Australia vs
burrow baiting in Europe), which makes it difficult to extrapolate
general recommendations even if there is no difference between
the recovery behaviour of species.

Spatial scale is another important parameter for population
recovery. Over a large scale, it probably takes longer for an
immigrating population to recover than in small areas simply
because of the greater distances to be covered and large areas to
be repopulated. Therefore, pest rodent abundance is more
sustainably controlled by large-scale action (Stenseth et al.
2003). This applies particularly when recovery occurs by
immigration from refuge zones (Leukers and Jacob 2010).

For the management of r-selection strategist pest rodents, it
seems sensible to conduct management action across large
areas, including potential refuges. Often, the use of
rodenticidal products to protect plants is restricted to crop
habitats. Exemptions that allow the application of rodenticides
in non-crop refuges, as well as non-chemical techniques, may be
useful to optimise management outcome, although this will
require the action of registration authorities.

If refuge areas are far away from the depopulated area into
which a (pest) species is about to immigrate, dispersal behaviour
and migration disposition may influence the recovery time and
rate of the particular species (Banks ez al. 2011). In wood mice, for
example, migrating young females only establish themselves
in resident populations and reproduce when the number of
mature resident females is low (Montgomery et al. 1997).
Conversely, male wood mice only disperse into populations in
which reproduction opportunities are high, regardless of the
total number of active females present (Montgomery et al.
1997). Thus, preventing immigration may naturally keep
population levels of A. sylvaticus low, although this process
could take several years to affect population size. That way, it
isnotnecessary to control the whole population, simply to prevent
immigration and therefore reduce the number of reproductively
active new females.

To develop appropriate management decisions for either pest
control or conservation, it is essential to take the aforementioned
environmental parameters and principles of recovery processes
into account.

In particular, management methods for conservation reasons
need to be developed on a case-by-case basis, taking the recovery
ecology of the respective species into account. This leads to
specific support measures, such as providing food, shelter,
habitat, refuge areas or by minimising predator pressure
(Blumstein et al. 2001; Fahrig 2001; Fletcher and Morris
2003; Ceballos et al. 2005; Angerbjorn et al. 2013; Smith
et al. 2014). Because conservation usually occurs at a small
scale and is often specifically designed for one target species
at risk, it seems possible and beneficial to include knowledge of
recovery mechanisms into management decisions.

Based on published information, it seems reasonable to manage
r-selection strategist small rodents on a large spatial scale,
including possible refuge areas, and to monitor the area for the
presence of survivors after a couple of months. Conservation
action to promote small mammal populations may require a
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case-by-case approach because sufficient information is not
available to develop general recommendations. Therefore,
further research focusing on species-specific recovery mechanisms
is strongly recommended.
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