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ABSTRACT

Small rodent population cycles characterise northern ecosystems, and the cause of these cycles has been a long-lasting
central topic in ecology, with trophic interactions currently considered the most plausible cause. While some researchers
have rejected plant-herbivore interactions as a cause of rodent cycles, others have continued to research their potential
roles. Here, we present an overview of whether plants can cause rodent population cycles, dividing this idea into four
different hypotheses with different pathways of plant impacts and related assumptions. Our systematic review of the
existing literature identified 238 studies from 150 publications. This evidence base covered studies from the temperate
biome to the tundra, but the studies were scattered across study systems and only a few specific topics were addressed
in a replicated manner. Quantitative effects of rodents on vegetation was the best studied topic, and our evidence base
suggests such that such effects may be most pronounced in winter. However, the regrowth of vegetation appears to take
place too rapidly to maintain low rodent population densities over several years. The lack of studies prevented assessment
of time lags in the qualitative responses of vegetation to rodent herbivory. We conclude that the literature is currently
msufficient to discard with confidence any of the four potential hypotheses for plant-rodent cycles discussed herein.
While new methods allow analyses of plant quality across more herbivore-relevant spatial scales than previously possible,
we argue that the best way forward to rejecting any of the rodent—plant hypotheses is testing specific predictions of dietary
variation. Indeed, all identified hypotheses make explicit assumptions on how rodent diet taxonomic composition and
quality will change across the cycle. Passing this bottleneck could help pinpoint where, when, and how plant-herbivore
interactions have — or do not have — plausible effects on rodent population dynamics.

Key words: plant-herbivore interaction, arvicoline, population dynamics, vole, lemming, herbivore, bottom-up,
top-down, rodent, population cycle.
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I. INTRODUCTION

Small rodents form a central link between vegetation and
predators in a range of food webs (Jaksic, 2001; Krebs, 2011),
and their cyclic population dynamics characterise entire food
webs in the northern hemisphere (Boonstra et al., 2016; Ims &
Fuglei, 2005). Small-rodent population cycles also have various
mmplications for humans, such as damage to crops and forestry,
spreading diseases, and modifying the population dynamics
of game species (Huitu ¢ al., 2009; Jacob e al., 2014; Kallio
et al., 2009). Ecologists have long tried to understand why small
rodent populations have cycles (Elton, 1924; Krebs, 2013).
While this interest has resulted in substantial research and
increased our understanding of population dynamics consid-
erably (Berryman, 2002; Turchin, 2003; Barraquand
et al., 2017), we still have no definite answer.

To date, most researchers agree that trophic interactions are
the likely underlying mechanism of northern small rodent pop-
ulation cycles (Berryman, 2002; Turchin, 2003; Krebs, 2013;
Kelt et al., 2019; Oli, 2019). Amongst trophic interactions, the
role of predator—prey interactions has long been acknowledged
(Gilg, Hanski & Sittler, 2003; Hanski ¢t al., 2001). However, not
all small-rodent cycles are easily explained by predation
(Lambin, Bretagnolle & Yoccoz, 2006), and rodent-vegetation
interactions have repeatedly been proposed either to cause or
to modify small-rodent population cycles (Huitu et al., 2008;
Kent, Plesner Jensen & Doncaster, 2005; Massey ¢ al., 2008;
Rammul e al., 2007). Various hypotheses on how rodent-
vegetation interactions may, alone or together with other fac-
tors, cause cyclic population dynamics have been put forward
since the 1960s (Freeland, 1974; Haukioja et al., 1983; Massey
et al., 2008; Schultz, 1964; Plesner Jensen & Doncaster, 1999).
These hypotheses are not all easy to disentangle, some are sim-
ilar, some are slight modifications of others, and some are not
fully specified and hence not testable. The current literature is
thus unobliging in a search for scientific consensus.

In his book Population Fluctuations in Rodents, Krebs (2013,
p- 127) suggested that ‘single-factor models of food shortage
causing population fluctuations in rodents have been
rejected’. However, in a recent review of the 10 most essen-
tial, but remaining, questions about population fluctuations,

Andreassen e/ al. (2021) highlighted food resources as poten-
tially shaping population dynamics and in need of further
investigation. Several authors have reviewed rodent—plant
interactions using time-series data (Oksanen et al., 2008) or
modelling approaches (Klemola, Pettersen & Stenseth, 2003;
Turchin, 2003), but no recent review has systematically
synthesised the empirical evidence for plant-rodent interac-
tions. Identifying the key points where information gaps may
exist could contribute to assessing whether we indeed should
reject plants as drivers of small-rodent population cyclicity or
whether key studies remain to be done.

Climate is changing rapidly in northern ecosystems, leading
to documented changes in primary production (Gauthier
et al., 2013; Callaghan, Cazzolla Gatti & Phoenix, 2021; Xu
et al., 2013). Other changes in vegetation characteristics, such
as vegetation composition and plant nutritional quality, are
likely to occur as well. Climate-driven changes in vegetation
have unavoidable consequences for herbivorous animals, as
documented for ungulates by Fauchald e al. (2017). Concur-
rent with climate change, changes in rodent population dynam-
ics (Cornulier ¢ al., 2013; Ims, Henden & Killengreen, 2008;
Schmidt et al., 2012) and distribution (Fufachev e al., 2019)
have also been observed during recent decades. Indeed, some
authors have proposed that changes in primary productivity
are dampening population cycles (Schmidt et al., 2018). Thus,
climate-driven changes in vegetation could provide a new
understanding of the effects of plants on rodents, if the neces-
sary data to quantify the potentially coupled changes are
collected. Yet, to advance this task, we need to know which
data to collect.

Several new methodological approaches have emerged
during the last decade, allowing us to acquire previously una-
vailable information. DNA metabarcoding enables assess-
ment of the taxonomic composition of herbivores’ diets to a
previously unseen level (Soininen e al., 20154, 2009). It is
now possible to detect food items that represent a minor pro-
portion of the diet but have important nutritional functions.
Camera trapping methods also have vastly expanded
the extent and resolution of monitoring of small rodent
populations, enabling year-round abundance estimates
(Soininen et al., 2015b; Molle et al., 2021). Near-infrared
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spectroscopy enables analyses of plant nutritional quality
across entire landscapes, sampling plant parts that match
herbivore bite size (Smis ¢t al., 2014; Murguzur et al., 2019;
Petit Bon et al., 2020a). The changes that northern ecosys-
tems are undergoing and the possibilities that new methodo-
logical developments represent, thus make it timely to update
our understanding of the effects of plants on rodent popula-
tion dynamics, whether reciprocal or not.

The ‘plant hypothesis” has gradually evolved into a collec-
tion of different hypotheses on how vegetation may create
rodent population cycles. These hypotheses include both
bottom-up control, i.e. cycles driven by plant properties,
and top-down control wa consumer—prey interactions,
1.e. cycles driven by rodent impacts on plants and their conse-
quent feedback. Below, we first describe rodent—vegetation
interactions that have been suggested to cause rodent
population cycles, as well as assumptions related to the
various hypotheses. We focus on predominantly herbivorous
rodents with population cycles, i.e. the arvicoline voles
and lemmings of the Northern Hemisphere. We then system-
atically review the empirical literature related to these
hypotheses. Finally, we identify research required to reject
the different hypotheses and discuss potential pathways to
advance our understanding of rodent-plant interactions in
a changing world.

II. OVERVIEW OF THE HYPOTHESES

(1) Inherent plant cycles

Originally proposed by Kalela (1962), the inherent plant
cycles hypothesis suggests that cyclic peaks in plant production
provide cycles of availability of nutritious food for rodents.
Rodent diet quality would then track these plant cycles, result-
ing in cycles of increased reproduction of rodents and thus
cyclic peaks in rodent population density. Thus, rodent
population densities should track plant production peaks.
This bottom-up hypothesis focused in its original form on
plant production in terms of reproductive organs such as
flowers or berries (i.e. nutritious plant parts), but was subse-
quently extended to other measures of plant nutrient levels
(Andersson & Jonasson, 1986). Assumptions behind the
hypothesis are described in more detail in hypothesis A in
Fig. 1). We are unaware of theoretical/mathematical
modelling studies assessing this hypothesis.

(2) Interaction cycles

A top-down interaction between rodents and plants may also
cause rodent populations to cycle. This hypothesis argues
that high numbers of rodents can reduce the quality or
quantity of their food resources, leading to decreasing access
to good-quality food. This change in food quality or quantity
should then affect rodent health negatively, and consequently
either reduce reproduction rates or increase mortality,
leading to a reduction in population growth rate. Furthermore,

the vegetation will require a period to recover after a
rodent population peak. The resulting lower availability of
good-quality food over time will thus maintain low rodent
population densities over the low phase of the cycle, and a time
lag between rodent abundance and the availability of
good-quality food is essential for the interaction cycles to arise.
In the seasonal systems where rodent cycles occur, plants cease
growth during the winter season and are in many cases covered
by snow. The availability of good-quality food for rodents and
the energy required to acquire it, thus also have strong seasonal
dynamics — as do the dynamics of rodent populations which
tend to increase during summer and decrease during winter.
Time lags of vegetation recovery from herbivory are superim-
posed on this seasonal cycle, and multi-annual time lags of
recovery are required to produce multi-annual rodent popula-
tion cycles. We identified three main groups of interaction
cycles hypotheses based on the type of effects that rodents have
on the quantity/quality of their food resources or on the dietary
changes rodents exhibit during the population cycle (Fig. 1).

The hypothesis that interaction cycles are caused by a
decrease in food quantity (Lack, 1954) argues that rodent
feeding affects plant biomass, leading to decreased food
availability at the individual level, as an increasing number
of animals has a decreasing amount of food to share. At high
population densities, the available food is insufficient to fulfil
the nutritional needs of all rodent individuals. This leads to
health consequences, such as lower reproduction, starvation
or increased vulnerability to diseases and predators, and con-
sequently, the population density decreases. Plant quantity
will then remain low for a period, constraining rodent popu-
lation growth rate (hypothesis B in Fig. 1). Note that rodents
could avoid negative effects of reduced food quantity through
dietary shifts. In addition to the assumption that consump-
tion by rodents reduces food biomass to inadequate levels,
mathematical modelling has demonstrated that another pre-
requisite of this interaction to create population cycles is rel-
atively slow regrowth of depleted or grazed plants (Turchin &
Batzli, 2001).

An increasing impact of rodents on their food plants may,
instead of or in addition to changes in plant biomass, lead to
reduced nutritional quality of plants. In this case, high
feeding pressure leads to nutritionally depleted plants
(Batzli et al., 1980; Schultz, 1964) or induces plant defences
(Haukioja & Hakala, 1975; Massey et al., 2008). Thus, at high
population densities, rodent individuals ingest nutritionally
insufficient food, leading to a decrease in population growth
rate. Plant quality will then remain poor for a period, con-
straining rodent population growth rate (hypothesis C in
Fig. 1). Some versions of this hypothesis include multi-step
pathways via soil and plant nutrients [e.g. the nutrient
recovery hypothesis (Batzli et al., 1980; Schultz, 1964)],
while others are based only on plant-rodent interactions
(Massey et al., 2008; Seldal, Andersen & Hogstedt, 1994).
Mathematical models have demonstrated that induced plant
defences can, in principle, create cyclic population dynamics
in herbivores (Reynolds ¢t al., 2013; Underwood, 1999) and
that seasonality appears critical for maintaining cyclicity
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flower, seed and berry production OR

ape . i i N
nutritional quality. @ No change in diet (BC;))
High plant quality (A;;)

The cyclically available food sources have
higher quality than other food items.

vary with population density.

Reduced diet quantity (B;;)

Increased diet quality (A;;)
At increasing densities, rodent_i ingest a
higher quality diet than at low densities.

low densities. U

@ Reduced health due to lower ingestion

Rodent_p feeding reduces the quantity

Rodent_i diet composition does not

At high population densities, rodent_i
ingest quantitatively less food than at
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Food guantity (B)
Reduced quantity of food
per individual due to
overgrazing at high
population densities

Reduced plant guality (C;)
Rodent_p feeding reduces the quality
of their preferred food plants.

% Quality of preferred
Change in diet (D;;) foods (C)

Rodent_i diet composition varies Reduced quality of diet

x with population density. due to decreased quality

of preferred food(s)
Reduced diet guality (CD,;;) Food quality due to
At high population densities, rodent_i dietary changes (D
ingest lower quality food than at low Reduced quality of diet

densities. @@ due to additional food

items OR fewer food
Reduced health due to lower diet

Increased reproduction (A,)
Increased diet quality leads to increased
rodent_i reproduction.

(B;,) Lower consumption rate of food
affects rodent_i health negatively.

items
quality (CD; ) Lower diet quality
affects rodent_i health negatively.

g4

Reduced population growth (BCD,)

Increased population growth (A )
Increased reproduction affects rodent_p

growth rate positively. U ! I

Lower rodent_i health affects rodent_p growth rate negatively.

d 4

Plant quality follows rodent density (C)

Rodent cycles follow plant cycles (A,)
Rodent_p density follows food plants with
atimelag.

Plant availability follows rodent density (BD,;) "
Quantitative availability of plant foods follows  Plant quality follows rodent_p densities with a
rodent_p densities with a timelag.

timelag (C,).

Fig. 1. Assumptions related to the inherent plant cycle hypothesis (left) and different variants of the interaction cycles hypotheses
(right). Letters A-D refer to hypotheses, and subscript roman numbers i-vi refer to the related assumptions. Note that assumptions
BC;; and Dj; assess the presence/absence of the same phenomena, and they were therefore combined when coding information
from the included studies. Rodent_i refers to rodent individuals and rodent_p to rodent populations. The pathways are not
mutually exclusive; for instance overgrazing may result both quantitative (B) and qualitative (D) reduction of food. We do not
assume that the magnitude of the effects of each assumption are equal, neither do we estimate effect thresholds in this review, but

instead discuss the assumptions qualitatively.

(Reynolds et al., 2013). Yet rodents may escape the negative
effects of induced plant defences by feeding on alternative plants
(species or groups) with different nutritional quality. None of the
current modelling studies evaluates the possible impacts of die-
tary shifts on cyclic dynamics (Underwood, 1999; Lundberg,
Jaremo & Nilsson, 1994; Reynolds ¢ al., 2013).

A third variant of the interaction cycles hypothesis states
that as the biomass of preferred food plants diminishes to
low levels during high rodent population densities, rodents
are forced to shift to food plants of lower quality; 1.c. to plants
with fewer nutrients, more defence compounds or even lethal
toxins (Freeland, 1974). Increased competition for good-
quality food items may drive individuals to add food items of
lower quality to their diet, thus resulting in a broader diet
(Svanbiack & Bolnick, 2007; Stewart et al., 2011; Plesner
Jensen & Doncaster, 1999). Yet empirical support for the idea
that intraspecific competition leads to higher diet diversity is
not unequivocal (Jones & Post, 2016), and some studies have
found the opposite pattern (Nicholson, Bowyer & Kie, 2006;
Parent, Agashe & Bolnick, 2014). For herbivorous territorial
rodents living in a heterogeneous environment, dominant
individuals may potentially monopolise territories with
good-quality food items, forcing subdominant individuals
to feed on alternative low-value food. Thus, a broader

population-level diet and decreased population-level average
food quality may, in principle, arise from narrower individual
diets. Note that rodent diet breadth relates to plants with dif-
ferent nutritional quality rather than species richness per se.
The assumptions related to the potential of this mechanism
(hypothesis D in Fig. 1) to create rodent population cycles
are identical except for the exact manner of diet switches,
and we therefore consider this as one hypothesis. A mathemat-
ical modelling study has provided limited support for this
hypothesis. It found that constitutive defences of non-preferred
plants were able to create multiannual rodent cycles only in a
scenario where the plant defences marginally increased rodent
mortality (Kent et al., 2005). The set of assumptions that can be
tested in a single study is always limited. For instance, Kent
et al. (2005) only included two food types in their study. This
hypothesis would benefit from further exploration in more
extensive modelling studies before it can be rejected.

III. MATERIALS AND METHODS

We systematically searched the scientific literature to collect
publications on interactions between cyclic arvicoline
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populations and their plant foods. We followed the Reporting
Standards for Systematic Evidence Syntheses (ROSES) state-
ment as a guide (Haddaway et al., 2018). We included publica-
tions reporting on studies that fulfilled the following criteria. (z)
Study species is an arvicoline rodent with cyclic population
dynamics from the northern hemisphere. () The study
addresses a rodent—plant interaction, related to rodent popu-
lation cycles. This included studies on plant/vegetation effects
on rodents, rodent effects on plants/vegetation, changes in
rodent diet or food quality linked to population cycles or
different population densities, and health consequences of
plant food quality on rodents. However, we excluded studies
that focused on tree seeds/masting years, as herbivorous arvi-
coline rodents involved in such dynamics exhibit population
peaks linked to community-wide trophic cascades driven
by other, granivorous, rodent species (Elias, Witham &
Hunter, 2006; éip0§ etal.,2017). (z) The study presents empir-
ical primary research data. Examples of excluded studies
include studies of non-cyclic populations, diet studies that
did not address a relationship between diet and population
density, studies on rodent habitat selection and habitat use
descriptions, and modelling studies (see online Supporting
Information, Appendix S1, for full list of exclusion
criteria).

We collected literature in three steps. First, we searched
the ISI Web of Science (Core Collection) database, and the
Scopus database, using the following search string: Topic =
(rodent OR vole OR lemming) AND (plant OR vegetation
OR defence OR defense) AND (‘population cycle*” OR
‘population dynamic*’). Access dates to ISI and Scopus were
08.02.2018, 22.02.2019 and 03.09.2020. Based on the title
and abstract, we included publications that fulfilled all our
criteria. Second, we checked for additional publications fulfill-
ing our inclusion criteria among publications that either cited
the included publications or were cited by them. For this step,
we used the Scopus and ISI Web of Science features “cited search’
and ‘view related records’. Access dates to ISI Web of Science
and Scopus for this search were 19.03.2018, 22.02.2019 and
18.01.2021. Appendix S2 lists all papers found with informa-
tion on possible exclusion criteria.

The first literature search in ISI Web of Science and Scopus
resulted in 505 and 495 search hits, respectively (Fig. 2). Of
these, 94 appeared to fulfil our inclusion criteria based on
titles and abstracts. These articles cited 4679 references and
were themselves cited in 2295 publications. After removing
duplicates, we screened the titles and abstracts and retained
273 publications, for which we assessed the full text. We
excluded an additional 123 publications based on full text
screening (see Fig. 2 and Appendix S2 for more details).

The remaining 150 publications (Appendix S3; identified
with asterisks in the main reference list) all contained one or
multiple relevant results. We separated publications into multi-
ple studies when they addressed several hypotheses or assump-
tions, used several methods (e.g. reported on an experiment
and a long-term observational study), or several study systems.
For each study, we recorded the following information

(see Appendix S4 for detailed coding sheet with definitions,
and Appendix S5 for additional information).

(1) What are the general hypothesis and the specific assump-
tion that the study assessed or provided information about?
Figure 1 presents the hypotheses, related assumptions, and
abbreviations used below. However, we do not expect these
assumptions to be quantitatively equal, neither between
assumptions nor for the same assumption in different ecological
contexts. We do not attempt to estimate thresholds or effect
sizes in this paper, but instead present information relating to
each assumption strictly qualitatively.

(2) What kind of evidence does the study provide for or
against the assumption?

(3) What is the study system: small rodent species, plant
community/species, habitat, biome?

(4) What is the location and time span of the study?

(5) What is the research approach employed and how was
rodent density addressed?

(6) Have aspects of rodents and their food plants been
related to changed population dynamics and/or climate
change?

(7) Are there issues with study quality? We assessed this using
a set of criteria modified from the guidelines for systematic
reviews by Collaboration for Environmental Evidence
(2013). The criteria cover selection of study units, replication,
existence of a control treatment (for experimental studies),
apparent confounding issues, attrition (non-random loss of
samples) or other variations of sampling design, and com-
ments on whether the method description was sufficient.
We used the following categories: (¢) high risk of bias (HR):
studies with a total absence of replication (e.g. an experiment
with one rodent individual per treatment), strongly insuffi-
cient method description (e.g. field study without any infor-
mation on locality), or major confounding factors; ()
medium risk of bias (MR): lack of a transparent and systematic
procedure for sample selection, lack of experimental controls,
attrition bias or confounding of sampling design that was not
controlled for, basing conclusions on indirect evidence, or
slightly insufficient methods description. Examples are a
change of methods or sampling sites between years, concluding
that two time series are correlated based on visual inspection,
highly unbalanced sample size (e.g. twice as many plots of
treatment A than treatment B), spatial or temporal mismatch
between variables (e.g. use of regional statistics in combination
with local field data). If the authors analysed, discussed, or
interpreted the impacts of such issues, they were not necessarily
considered problematic. Note, however, that as almost no
ecological studies describe transparently the rationale for the
selection of the study area, we did not use the absence of such
description as a criterion for MR; (i) low risk of bias (LR):
the remaining studies.

Risk of bias was first assessed by E. M. S.; for unclear cases
both authors discussed potential disagreements to achieve
consensus. We included studies with MR /LR in our evidence
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(N=27)

(B) Interaction cycle,
food quantity
(N =133)

(C) Interaction cycle,
poor quality of
preferred food (N = 58)

(D) Interaction cycle,
food quality, dietary
changes (N = 20)

Fig. 2. Flow diagram of the selection process used for inclusion of studies in this review, using the Reporting Standards for Systematic
Evidence Syntheses (ROSES) statement as guide (Haddaway et al., 2018). Note that each publication could contribute more than one

study to our synthesis.
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Small rodent population cycles and plants

base but excluded studies with HR. However, in Section IV we
focus our interpretations on studies with LR. Due
to considerable variation among studies, with very few repli-
cates of identical response and predictor variables, we did
not perform a quantitative meta-analysis, but rather synthe-
sised similar studies narratively. We summarised findings only
for repeatedly (V> 3 studies) studied topics. Singular studies
are included in summary tables, but are not discussed in detail.

IV. RESULTS

(1) Summary of the evidence base

We included a total of 150 publications, published from 1941
to 2020 (Fig. 3), containing 238 studies (Fig. 2). All four main
hypotheses (Fig. 1) have been studied, although across different
time periods (Fig. 3). The earliest studies were on food quantity
interactions, but since the late 1970s all hypotheses have been
addressed. Overall, 78% of the studies stated that they aimed
to test a hypothesis on plant-rodent interactions or an assump-
tion derived from such hypotheses. Some assumptions have
been studied more frequently than others (Tables 1 and 2),
such as the impact of rodents on food quantity or quality
(BD;, Gj). By contrast, no study directly measured whether
mndividual rodents ingest quantitatively less food during
periods of high rodent densities than during low densities (By;).

The interaction cycles hypotheses were most often studied
experimentally, whereas inherent plant cycles were mostly
studied by observational means (Tables 1 and 2). Data
collection for most studies (87%) spanned less than 10 years,

80

Hypothesis

=== |nherent plant cycles (A)
Food quantity (B)
Quality of preferred foods (C)

[}
o

Food quality due to dietary changes (D)

Cumulative number of publications
n Ey
o o

L]

1940 1960 1980 2000 2020
Year of publication

Fig. 3. Cumulative count (i.e. publication rate) of included
publications from 1941 to 2020.

although one observational study lasted for 50 years (Fig. S1).
Most studies contained data collected in the field (88%),
although studies for changes in food quality (hypothesis C) also
encompassed greenhouse and laboratory studies (Tables 1 and
2). More than half the studies focused on rodent population
level (55%), followed by studies on community level (25%,
especially for hypotheses A and B) and on individual level
(20%, especially for hypothesis C; Appendix S3).

The studies ranged from high-Arctic tundra to the temper-
ate biome, the latter having the most studies (34 %, Fig. 4). For-
ested regions (i.e. all regions other than tundra) represented
72% of the studies (Fig. 4). Fennoscandia was the most studied
region with 134 studies, while 69 studies were from North
America, and only four studies included data from Russia
(Fig. 4). Many different rodent species (V= 20) were investi-
gated, with the genus Microtus (especially for hypotheses C
and D) and Myodes (especially for hypothesis A) particularly
well represented. Only 17% of the studies included lemming
species (Lemmus or Dicrostonyx). Rodents interacted with many
different plant species, although the genus Vaccinum (N = 52)
was the most common, followed by Carex, Salix, and Solidago
(N=129, N= 24, N = 22, respectively; Appendix S3).

Fourteen publications (with the first published in 1999) set
their research in the context of climate change and/or changes
in small rodent population dynamics. These publications varied
in how they related temporal changes to their study topics, rang-
ing from climate impacts on the studied food plants (Selas, 2020,
Forbes e al, 2014b) to direct climate effects on rodents
(Boulanger-Lapointe ¢ al, 2017; Korslund & Steen, 2006).
Our evidence base included no studies that explicitly addressed
the impacts of climate change on plant-rodent interactions.

We excluded four studies from three publications due to
high susceptibility to bias — due to inadequate method
description, lack of a control treatment or lack of replicate treat-
ments. We found 85 studies with medium susceptibility to bias
whereas the remaining 153 studies had low susceptibility to bias.

(2) Evidence for the inherent plant cycles hypothesis

Evidence for the inherent plant cycles hypothesis was found in
27 studies (Table 1). One study system was addressed by sev-
eral studies: fruiting of dwarf shrubs in boreal regions, with a
focus on ericoid berries and mainly Myodes voles (N = 13 stud-
ies). Evidence for cyclic berry production was inconclusive; the
only LR study found a different pattern than the MR studies
(Table 3). Evidence for a correlation between berry production
and vole population dynamics was more consistent, although
not all studies found such patterns (Table 3). Note that these
correlations were based on vole abundance indices; population
growth rates were estimated in only two cases (Table 3). We
found no studies that tested assumptions A; and A, in this study
system. Nine of the 13 ericoid/vole studies were focused on
one region (southern Norway, taiga—temperate ecotone).
Therefore, we could not assess whether contradictory results
in different studies were related to different ecological contexts.

Among the remaining studies addressing the inherent
plant cycles hypothesis (N=14), 10 addressed plant
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Eeva M. Soininen and Magne Neby

Table 1. Number of studies providing evidence for the inherent plant cycles hypothesis (number of studies assessed as having a low
risk of bias are given in parentheses). Assumptions A;; (high plant quality) and A, (increased population growth) are not included
here as the evidence base contained no studies assessing these aspects. Note that some studies include data from multiple categories
(e.g. several rodent genera) and are included in the counts for each of these categories. For example, a study with data from both

Microtus and Myodes would be included in the sum of both genera.

Cyclic variation in . Increased Rodent cycles
- Increased diet .
Study system/characteristics plant wality (Ag) reproduction follow plant
quality (A) quatity (i (Aw) cycles (A.;)
Sample size (low risk of bias) 8(2) 1(1) 2(1) 16 (5)
Rodents Mpyodes 7(1) - - 13 4)
Microtus 2 (0) 1 (1) 2 (1) 8 (2)
Lemmus 3(0) - - 2(1)
Arvicolinae/vole 1(1) - - 1(0)
Biomes Temperate - 1 (1) 1 (0) 1(0)
Taiga—temperate ecotone 3(0) - - 8(2)
Taiga - - 1(1) 4 (1)
Tundra—taiga ecotone 3(1) - - 3(2)
Tundra 2(1) - -
Regions Fennoscandia 8(2) - - 13 (4)
Other parts of Europe - 1(1) 1 (0) -
North America - - 1(1) 3(1)
Methods Field experiments - - 1(1) 1(1)
Observational field studies 6(2) 1 (1) 1 (0) 14 (4)
Other observational 2 (0) - - 1(0)
Approach to cycle Temporal contrast 1 peak 1 (0) - - 1 (0)
Temporal contrast >1 peaks 7(2) 1 (0) 13 (5)
Spatial contrast - - 2 (0)

Other -

nutritional quality, and four addressed cyclic plant reproduc-
tion. These studies were scattered across biomes and vegeta-
tion types (Tables 1 and 3). Evidence for cyclic variation in
plant reproduction was inconsistent, and too few studies
assessed cyclic variation in plant nutrient quality to allow
meaningful synthesis (Table 3). We note that the studies
assessing plant quality under the interaction cycles hypothe-
ses (see Section IV.3.5) also do not provide strong evidence
for cyclic variations in plant quality but do indicate that high
rodent densities are linked to higher ingestion of nitrogen and
structural carbohydrates. Evidence that rodent cycles follow
plant cycles with a time lag was inconsistent (Table 3), with
studies in different ecological contexts reporting different
results; replicates within an ecological context were too
sparse for synthesis. Information related to the remaining
assumptions was also too scarce for synthesis (Table 3).

(3) Evidence for the interaction cycles hypotheses
(@) Reduced plant quantity (BD)

Most studies provided support for the assumption that high
rodent numbers lead to quantitative changes in their food
plants (Table 4) and 54% of these studies measured effects
of rodents on plant biomass, either total biomass or for spe-
cific preferred plant foods (Table 4). Evidence for these
effects being long lasting 1s missing. By contrast, several stud-
tes explicitly stated that an abnormally high rodent density

would be needed to induce quantitative changes in food
availability. There was no difference in this context between
findings from observational field studies with natural rodent
densities and experimental studies that manipulated
rodent densities.

The large number of studies testing this assumption
(BD;, N = 72; Table 2), allowed us to explore sources of var-
iation among the results. We found that studies reporting
on herbivory during winter (N = 26) tended to report stron-
ger effects during winter than in other seasons (V= 2 for
seed removal, ;N = 2 plant cutting frequency, N = 1 for spe-
cies composition, N = 4 for biomass) or report tree damage
only in winter (N = 1), where we define winter as the period
when vegetation does not regenerate. The remaining win-
ter studies did not contrast winter data with other seasons.
Only two winter studies (8%) found no evidence for an
effect of vole herbivory on vegetation, as compared to seven
studies (13% of the 56 studies including data for summer
only or for summer and winter) that found no clear evi-
dence during summer. We found no clear pattern between
study biome and the quantitative effects of rodent herbivory
of vegetation.

() Reduced plant quality (C;)

In response to herbivory, some plants produce harmful
defensive compounds. The best studied are phenolic
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USA (N = 36) Canada (N = 33)

Russia (N = 4)

UK (N=13)
Poland (N = 5)

Total biome distribution
Tundra—Taiga ecotone (4% Taiga (17%)
Tundra (27%),

Taiga—Temperate ecotone (19%)

Temperate (33%)

Japan (N =2)

China (N = 2)

Greenland (N=1)

Eeva M. Soininen and Magne Neby

Finland (N = 46)

{

Sweden (N = 41)

>
]’\\l Norway (N = 49)

Germany (N = 2)

Czechia (N=7)
France (N=1)

Fig. 4. Distribution of studies included in the evidence base (N = 238). The countries that are represented are shown in dark grey on the
image of the globe. Pie diagrams depict the distribution of studies among biomes, with colours representing type of biome as labelled on
the pie diagram for total biome distribution. The number of studies per country is given in parentheses and reflected by the relative size of
the pie diagram. Note that some studies include data from multiple countries and are included in the counts for each of these countries.

compounds and silica (Table 5A), with the evidence suggesting
that rodent herbivory can, in some cases, induce increased
concentrations (Table 5A). Induction of silica production in
response to vole herbivory was reported for several grass
species in both greenhouse and field studies. The only field
study testing multiple species found that not all species
responded similarly, including one species that did respond
to herbivory by silica induction in field study from a different
ecosystem. While replicate studies remain needed, these results
suggest that there is variation among grass species both
within/among ecosystems and within/among grass species.
The evidence was less clear for phenolics, with impacts of
rodent herbivory ranging from no effects to negative or
positive effects. For other defensive compounds, we found
reports that rodent herbivory did not result in increased levels
of trypsin inhibitors (Table 5A). There were no other harmful
compounds with three or more replicate studies, preventing
any synthesis (T'able 5A).

57% of studies addressing plant defences included measures
of nutrients. For proteins/nitrogen, both positive, negative and
no relationships with current rodent population density were
found, while for carbon-based compounds, both negative
and no relationships were found (Table 5A). Further synthesis
of these results is difficult as the measured compounds, meth-
odological approaches, and ecological contexts differed among

studies (Appendix S3). Evidence for an effect of herbivory on
other measures of plant quality was also too limited for synthe-
sis (T'able 5B). Note that the delayed responses of plant quality
to rodent herbivory are addressed in Section IV.3.2.

(¢) No change in diet or a change in diet (BCD;;)

We found some evidence for changes in diet composition
related to population density; some, but not all, studies found
an increased use of less-palatable food items during periods
of high population density (Table 6). A low number of replicate
studies from specific ecological contexts prevents further assess-
ments on when and where such patterns arise. As no studies
were carried out across two consecutive population cycles, it
remains unclear whether these patterns were persistent over
time. The number of studies addressing diet diversity or food
preferences was too low to allow synthesis (Table 6).

(d) Reduced diet quality (CD;;)

For total phenolics, protein/nitrogen and carbohydrates
there was sufficient evidence available for synthesis
(Table 5A). The evidence suggests that current or recent high
rodent densities are linked with higher concentrations of
nitrogen and structural carbohydrates in ingested food, but
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Table 3. Summary of published evidence on the inherent plant cycles hypothesis. Assumptions A; (high plant quality) and A,
(increased population growth) are not included here as the evidence base contained no studies assessing these aspects. Studies with
low risk of bias are identified with an asterisk; other studies cited in the table were classified as medium risk of bias. Note that some
publications included multiple studies and/or informed on multiple characteristics, see Tables 1 and 2 and Appendix S3 for quanti-
tative assessment. When studies within a publication had a different risk of bias, the reference is given with the appropriate risk deno-

tation and may occur twice.

Cyclic variation in plan Increa 1 Increa

Study system ¢ Z:htcysza tion in plant quca lfi: t;f(:ijl) et re;r?)dssgtion A Rodent cycles follow plant cycles (A;)

Ericoid No evidence (Boulanger- - - Vole abundance index related to previous
berries and Lapointe et al., 2017%); year’s berry production (Selas, 1997;
voles in evidence for Selés, 2006; Krebs et al., 2010; Selas
boreal (Selas, 1997; Seléas etal., 2011; Selés et al., 2013%;
biome et al., 2002; Selas, 2006). Selas, 2020%*); no such pattern
N=13 (Hansson, 1979; Tornberg ¢t al., 2011).
studies) Vole abundance index related to current

year’s berry production (Selas, 2006); no
such pattern (Hansson, 1979). Vole
population growth during summer was
related to current (Selés et al., 2002; Krebs
et al., 2010) or previous (Selas et al., 2002)
year’s berry production. Vole population
growth during winter was unrelated to
previous year’s berry production (Selas

el al., 2002) or depended on species (Krebs
et al., 2010). No relationship between
nutritional quality of berry-producing
plants and vole abundance (Selas

etal., 2011).

Other Flowering of tundra plants ~ Voles ingested Female Fluctuations of plant nutrient content in low
N=14 was mostly not higher quality reproduction was alpine heaths were unrelated to rodent
studies) synchronous across diet during high higher in fertilised abundance (Andersson &

species (Oksanen & population taiga forest Jonasson, 1986%*; Jonasson et al., 1986%).
Ericson, 1987%). Cyclic densities than vegetation but Population cycles only present in fertilised
variation in plant during low not in non- taiga forest vegetation but not in non-
reproduction (Laine & population fertilised forest fertilised forest (Sullivan &
Henttonen, 1983); no densities in arable (Sullivan & Sullivan, 2014*). Vole abundance related
such variation (Oksanen temperate Sullivan, 2014%). to plant nutrient content in boreal forest
& Oksanen, 1981). No landscapes Female (Hansson, 1979), and to plant
cyclic variation in plant (Janova reproduction reproduction in alpine vegetation (Laine
nutrient content et al., 2016%). related to & Henttonen, 1983). Vole abundance not
(Andersson & vegetation related to plant nutrient content in
Jonasson, 1986). productivity temperate grassland (Cole & Batzli, 1979)
index (Pinot or to plant reproduction in boreal heath
etal., 2014). forest (Oksanen & Ericson, 1987).

the evidence for phenolics was uncertain. These studies often
addressed ingestion through levels of compounds in faeces or
stomach contents. However, not all ingested compounds are
absorbed from the dietary tract, and the absorbed concentra-
tions and concentration excreted in faeces are not necessarily
correlated. Note that evidence was available only for voles for
assumption CDy; (Table 2).

(e) Reduced health due to lower ingestion (B;,)

None of the studies in our database tested assumption By,
directly. Furthermore, all but one of the studies that
provided potentially relevant information used food

supplementation experiments to manipulate the food con-
sumption rate (i.e. lacked direct measurement of lower
food consumption at the individual level). It is methodo-
logically difficult to test directly whether individual
rodents ingest lower quantity food at high population den-
sities than at low densities, as direct observations of inges-
tion are much less feasible than in larger herbivores. Thus,
experimental food supplementation is a common strategy
in such research. However, this strategy assumes a close
relationship between availability and consumption, which
may not be justified. The studies used various ways to
assess individual health (Table 7A) and overall reported
that increased food supply was beneficial to one or more
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12 Eeva M. Soininen and Magne Neby

Table 4. Summary of published evidence for the interaction cycles hypotheses on the impacts of rodent herbivory on quantitative
aspects of vegetation. Studies with low risk of bias are identified with an asterisk; other studies cited in the table were classified as
medium risk of bias. Note that some publications included multiple studies and/or informed on multiple characteristics, see Tables 1
and 2 and Appendix S3 for quantitative assessment. When studies within a publication had a different risk of bias, the reference is

given with the appropriate risk denotation and may occur twice.

Characteristic of
vegetation

Reduced plant quantity (BD;)

Plant availability follows rodent density (BD,y;)

Biomass/plant
abundance

Plant species
composition,
richness, diversity

NDVI (normalised
difference
vegetation index)

Seed removal/
seedlings

Rodents markedly reduced the biomass of several plant

species (Andersson & Jonasson, 1986*; Batzli &
Pitelka, 1970%; Bergeron & Jodoin, 1989; Bergeron &
Jodoin, 1993%; Chitty et al., 1968*; Dahlgren

et al., 2007%*; Dahlgren et al., 2009a*; Ford &

Pitelka, 1984%*; Hoset ¢t al., 2014*; Howe, 2008%;
Johnson et al., 2011%; Moen et al., 1993a*; Moen

et al., 19936%; Olofsson et al., 2012%; Ostfeld et al., 1993;
Ravolainen et al., 201 1%; Ruffino et al., 2016*; Smirnov
& Tomakova, 1971; Virtanen e al., 2002). Some plant
species/groups responded stronger than others e.g.
Vaccinium myrtillus/ ericoids/shrubs (Dahlgren

etal., 2009a*; Dahlgren et al., 20095*; Grellman, 2002%;
Hambick & Ekerholm, 1997%; Hambick ef al., 2004*;
Hoset ¢t al., 2017%; Oksanen & Oksanen, 1981),
Empetrum nigrum (Dahlgren et al., 20095*), mosses (Kalela
& Koponen, 1971%; Oksanen & Oksanen, 1981;
Virtanen et al., 1997%), herbs (Moen &

Oksanen, 1998%), deciduous shrubs (Norrdahl

et al., 2002%), Medicago sativa (Truszkowski, 1982%),
Desmanthus illinoensis (Sullivan & Howe, 2011%).
Response was greatest (or only present) in winter season
(Hambick et al., 2004*; Howe & Brown, 2000%;
Norrdahl et al., 2002%; Ravolainen et al., 2014%).
Quantitative effects of grazing were negligible (Agrell
et al., 1995%; Bergeron & Jodoin, 1995; Bilodeau

et al., 2014%*; Ericson & Oksanen, 1987%), or evidence
present in one cycle but not another

(Summerhayes, 1941%), or in one habitat/site but not
another (Kalela & Koponen, 1971%; Moen, 1990%;
Oksanen & Oksanen, 1981; Ravolainen ¢ al., 2011%)

Rodents changed the plant species composition

(Andersson & Jonasson, 1986*; Summerhayes, 1941%;
Virtanen et al., 1997%) or species richness/diversity
(Fox, 1985*; Norrdahl et al., 2002%*), but sometimes only
in winter (Howe & Brown, 2000%). No effects on plant
composition (Agrell et al., 1995%; Moen, 1990%), or in
one site but not another (Sirotnak & Huntly, 2000%)

Rodent population peaks correlated with reduced NDVI

in satellite imagery during the following year (Olofsson

et al., 2012%)

Increased rodent numbers were correlated with increased

seed removal (Ashby, 1967%; Batzli & Pitelka, 1970%;
Hansson, 1999; Hansson, 20024), although sometimes
only/more during winter (Ashby, 1967*; Howe &
Brown, 2000%), or not at all (Hansson, 1999;
Hansson, 20025), or even with seed increase (Nystuen
et al., 2014%*). More seedlings emerging in the rodent
low-density year than in the year of the rodent
population peak (Nystuen e/ al., 2014*). Variation
among sites despite equal rodent disturbance (Nystuen
et al., 2014%). Repeated clipping reduced seed
production in Desmanthus illinoensis (Sullivan &

Howe, 2011%).

Plant biomass in grazed plots was lower the year
after rodent population peak, but sometimes
differed among plant species (Howe, 2008*;
Moen et al., 19935*). Direct density
dependence with reduced biomass during
peak, but recovery during post-peak/low-
density year (Ostfeld et al., 1993; Andersson &
Jonasson, 1986; Olofsson et al., 2012%). No
plant biomass variation between years

(Bilodeau et al., 2014%*).

Palatable species fluctuated more than
unpalatable species (Olofsson et al., 2012%).

Rodent population peaks correlated with
reduced ND VI in satellite imagery during the
following year (Olofsson et al., 2012%)

High seed consumption only during high vole
density (Hansson, 20024)

(Continues on next page)
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Small rodent population cycles and plants

Table 4. (Cont.)

13

Characteristic of Reduced plant quantity (BD;)

Plant availability follows rodent density (BD,;)

vegetation
Flower frequency/ Increased numbers of rodents reduced the flowering Grazing during the two preceding years was
berry production frequency of food plants (Andersson & Jonasson, 1986%; related to smaller individual plants with fewer
Andersson & Jonasson, 1986; Jarvinen, 1987; Moen & flowers on grazed than non-grazed Ranunculus
Oksanen, 1998*; Oksanen & Ericson, 1987). glacialis; no effect on leaf number
Abundance of rodents was negatively related to the (Jarvinen, 1987). Annual variation of flower
subsequent year’s flower and berry abundance frequency or survival of flowers from spring
(Boulanger-Lapointe et al., 2017%) to fall was explained by rodent densities
(Oksanen & Ericson, 1987), but not in both
rodent density peaks (Oksanen &
Ericson, 1987). The abundance of rodents
during the preceding year had a negative
effect on the current year’s flower abundance
(Boulanger-Lapointe et al., 2017).
Cutting frequency High vole density led to more clipping (Dahlgren Rodent winter grazing signs more evident
of ramets/ et al., 2007%). Most of the plant mortality (80%) during a post-peak spring than a pre-peak
saplings occurred over the winter when rodents were abundant spring, with differences among habitats
(Hambick et al., 2004*; Ravolainen et al., 2014%*). (Ruffino et al., 2016*), or the effect lasting into
the following growing season for some plant
species but not others (Sullivan &
Howe, 2011%). Vole density patterns across
years mirrored patterns of shoot/sapling
damage (Elmqvist ¢ al., 1988,
Suchomel ez al., 2016%*). Shoot mortality
remained low throughout
(Oksanen et al., 1999%).
Ramet density Rodent grazing led to higher density of ramets of Winters with extensive damage from voles on
Vaccinium myrtillus (Dahlgren et al., 2007%*). Genet or bark willow bark were followed by summers with
scars on Salix correlated with number of shoots during high shoot production (Ericson ¢t al., 1992)
the spring/summer (Ericson e al., 1992, Predavec &
Danell, 2001%)
Damage on bark/ High vole abundance was associated with increased Vole damage on trees/bark reflected vole
trees, scars amount of damage (Elmqyvist ez al., 1988; Ericson density patterns (Hansson, 20025; Hornfeldt
et al., 1992; Hansson, 1999; Hansson, 2002¢; et al., 1986; Imholt et al., 2017; Suchomel
Hansson, 2002b; Heroldova et al., 2012%*; Hornfeldt et al., 2016%).
et al., 1986; Imholt et al., 2017; Klemola et al., 2000a*;
Krojerova-Prokeovaa et al., 2018%; Predavec &
Danell, 2001%), but not all present vole species caused
significant damage (Suchomel et al., 2016%*), or mainly
in winter (Imholt et al., 2017).
Survival of marked Seedling survival was reduced by high vole density, but Shoot mortality of the main winter food plant,
shoots depended on seedling size, habitat, and species Vaccinium myrtillus, was low and had no
(Hambick & Ekerholm, 1997*; Hambick et al., 2004%; obvious relationship with vole density
Huitu ez al., 2007*; Ostfeld et al., 1997*; Ravolainen (Oksanen et al., 1999%).
et al., 2014%*). Green shoots of overwintered mosses,
grasses and/or dicotyledons were less abundant during
high vole abundance (Huitu et al., 2003*; Huitu
et al., 2007*; Klemola et al., 2000a*; Moen, 1990%), or
Solidago virgaurea specifically (Oksanen & Ericson, 1987);
others did not find such reduction (Oksanen
et al., 1999%). Some studies found winter mortality of
shoots related to vole density (Elmqvist ez al., 1988;
Hambick e al., 2004*; Huitu ¢ al., 2009%); others did
not (Hambick & Ekerholm, 1997%).
of these health indices, such as body mass, growth, repro- as an index of food-plant production and found that the

ductive onset/activity, and immune response. A single  body condition index of overwintered voles was positively
observational study used nearby agricultural production  related to food availability. The three studies with MR
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14 Eeva M. Soininen and Magne Neby

Table 5. Summary of published evidence for the interaction cycles hypotheses relating rodent herbivory to qualitative changes in
plants. Note that some studies tested several types of responses and are therefore included multiple times. Studies with low risk of bias
are identified with an asterisk; other studies cited in the table were classified as medium risk of bias. Note that some publications
included multiple studies and/or informed on multiple characteristics, see Tables 1 and 2 and Appendix S3 for quantitative assess-
ment. When studies within a publication had a different risk of bias, the reference is given with the appropriate risk denotation
and may occur twice. The single study assessing whether plant quality explained the abundance of signs of vole herbivory (Cgper)
is denoted with grey.

A. Chemical compounds, endophytic fungi, and nutrients

. Reduced diet quality Reduced health due to Plant quality follows

Gompound Reduced plant quality (G) o ¢y lower diet quality (CD)  rodent density (C.)
Silica Rodent herbivory increased ~ Vole dental abrasion, Reduced body mass Spatial contrasts in silica

grass silica content in presumably due to silica (Massey et al., 2008%; levels were related to

greenhouse experiments for  in food, was unrelated to  Wieczorek et al., 2015%);  population cycle phase

all tested grass species population density higher food (Massey et al., 2008).

(Massey & Hartley, 2006%*; (Calandra et al., 2016%). consumption concurrent  Vole density

Massey et al., 2007%; with changes in manipulation led to

Reynolds ez al., 2012%). intestinal morphology changes in silica levels,

Simulated herbivory (Wieczorek et al., 2015%).  but the differences did

increased grass silica High-vole-density not persist beyond the

content of some tested treatment led to (7) density manipulation

species (Soininen changes in grass silica (Ruffino et al., 2018%).

et al., 2013a*) or had no content, not reflected in

effect (Massey et al., 2007%*). vole health (Ruffino

Field experiments with vole et al., 2018%); and (zz)

density manipulation and changes in both silica

one grass species showed and phenolic content of

silica induction in the tested grasses, reduced body

grass species (Huitu mass, and higher female

et al., 2014*; Ruftino mortality (Huitu

et al., 2018%). Field etal., 2014).

experiment with vole

exclosures and multiple

grass species showed silica

induction in some grass

species (Soininen

et al., 2013a*).
Endophytic fungi - - Reduced body mass (Huitu —

All phenolics [note
that this group of
compounds is
reported in very
variable ways; we
use the terms
reported by the
authors and
group them
below into
flavonoids,
phenolic acids

Studies with no effect were

most common (Lindroth &
Batzli, 1986%*; Bergeron &
Jodoin, 1993%*; Agrell

et al., 1995%; Bergeron &
Jodoin, 1995;

Bergeron, 1997), followed
by studies with variable
responses among plant
species (Oksanen &
Oksanen, 1981; Bergeron &
Jodoin, 1989%; Saetnan &

Concentration in vole
faeces was higher during
periods of high vole
densities than during
lower densities
(Bergeron, 1996%) and in
a low-food-availability
treatment (Bergeron &
Jodoin, 1995%). Levels of
phenolic-detoxification
metabolites were not
related to population

et al., 2008%); increased
body mass of females but
not males (Fortier
et al., 2000%); effect on
body mass depending on
vole sex and grass
grazing history (Huitu
et al., 2014); increased
haematocrit levels of
female voles (Huitu
elal., 2014).

Reduced body mass and
increased mortality
(Huitu et al., 2014).

No correlation with the
current year’s rodent
density (Jonasson
et al., 1986*; Lindroth &
Batzli, 1986; Laine &
Henttonen, 1987%*); no
correlation with the
preceding year’s rodent
density (Jonasson
et al., 1986%).

(Continues on next page)
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Table 5. (Cont.)

15

A. Chemical compounds, endophytic fungi, and nutrients

Compound

Reduced plant quality (C))

Reduced diet quality
(CDiii, Colhcr)

Reduced health due to

lower diet quality (CDy,)

Plant quality follows
rodent density (Cy;)

and phenolic
glycosides

according to
Crozier el al.,

(2006)]

Flavonoids

Phenolic acids

Phenolic glycosides

Trypsin inhibitors

Batzli, 2009%). One study
reported a positive
relationship with rodent
herbivory (Huitu

et al., 2014%); one reported a
negative relationship with
rodent herbivory (Oksanen
et al., 1987).

No overall relationship with
vole density (Olofsson
et al., 2007%). Catechins:
increase induced by
simulated herbivory
(Berg, 2003*); no
relationship with vole
density (Olofsson
et al., 2007%*). Condensed
tannins: peak concentration
during summer after highest
vole densities (Bergeron &
Jodoin, 1989%); no
relationship with vole
density (Olofsson
et al., 2007%). Glycosides: 3
compounds for which
grazing effects were found, 2
for which grazing effects
depended on grass
endophyte status, and 3 for
which no grazing effects
(Huitu et al., 2014%).
Flavonoid derivates: 2
compounds for which
grazing effects were found, 1
for which not found (Huitu
et al., 2014%).

No relationship with vole
density (phenolic acids as a
group; Olofsson
et al., 2007*, gentisic acid
and neochlorogenic acid;
Huitu et al., 2014%). Increase
due to vole herbivory (Huitu
et al., 2014*, chlorogenic
acid).

No relationship with vole
density (Olofsson
et al., 2007%).

No evidence for an effect of
either simulated herbivory
(Lindgren et al., 2007%;
Saetnan & Batzli, 2009%) or
observed herbivory in the
field (Brathen et al., 2004%).

density and did not vary
multi-annually
(Lindroth &

Batzli, 1986). Intensity of
vole herbivory was
negatively related to
plant phenolic content

(Hambick et al., 2002%).

Relative size of pancreas
and liver (an index of
metabolisation of trypsin
inhibitors) was not
related to phase of
rodent cycle (Klemola
et al., 1997%).

Slower growth (Lindroth & —

Batzli, 1984%,
quercetin); feeding

inhibition (Lindroth &

Batzli, 1984%,
querbracho, a
condensed tannin).

Increased metabolic rate

and decreased body
mass (Thomas

et al., 1988%, gallic acid);
slower growth (Lindroth
& Batzli, 1984*, tannic

acid).

Increased mass of
pancreas, decreased
proportion of
reproductively active
females (Erlinge
etal., 2011%).

Ratio between trypsin
inhibitors and soluble
plant proteins was
negatively correlated
with lemming density.
Spatial contrasts in cycle
phase were related to
this ratio (Erlinge
etal., 2011).

(Continues on next page)
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Table 5. (Cont.)

Eeva M. Soininen and Magne Neby

A. Chemical compounds, endophytic fungi, and nutrients

\ . Reduced diet quality Reduced health due to Plant quality follows
CGompound Reduced plant quality (C) (CDsii, Cother) lower diet quality (CD,) rodent density (Cy;)
Saponins No difference between No relationship with vole

exclosure treatment and density (Lindroth &
control (Lindroth & Batzli, 1986).
Batzli, 1986%).

Protein/nitrogen Decrease related to simulated Nitrogen concentration in  Low protein diet led to () No relationships between
herbivory (Lindgren vole stomach contents lighter offspring at nitrogen concentration
et al., 2007%); positive related to current high weaning, but effect did and rodent abundance
relationship between rodent ~ population density (Palo  not persist until sexual of the current year
density and protein/ & Olsson, 2009; Janova maturity, () delayed (Laine &
nitrogen levels (Oksanen et al., 2015; Janova female but not male Henttonen, 1987%;
et al., 1987; Olofsson et al., 2016%*). In one of sexual maturity. No Jonasson et al., 1986%) or
et al., 2007%; Agrell the MR studies this was effect on litter size, adult  the previous year
et al., 1995%); no clear found only in female body mass or (Jonasson ¢t al., 1986%;
relationship (Lindroth & reproductive females, weaning success Klemola et al., 20006%).
Batzli, 1986%*; Bergeron & not in males or non- (Andreassen &

Jodoin, 1989%; Bergeron & reproductive females Ims, 1990%).
Jodoin, 1993%; (Janova et al., 2015).

Bergeron, 1997; Brathen

et al., 2004%).

Carbohydrates For sugars, starch, fibres, and Concentration of total — No relationship with
non-structural non-structural previous year’s vole
carbohydrates, no evidence carbohydrates in vole abundance (Jonasson
for an effect of herbivory faeces was higher during et al., 1986*; Klemola
(Bergeron & Jodoin, 1993%;  population peak than et al., 20006¥) or with
Bergeron & Jodoin, 1995; during lower densities, current year’s
Agrell et al., 1995%; but neutral detergent- abundance (Jonasson
Bergeron, 1997; Brathen soluble carbohydrates el al., 1986%).
et al., 2004*); negative did not show this pattern
relationship between rodent  (Bergeron, 1996%).
density and sugars (Agrell Low-food-availability
et al., 1995%) or fibres treatment led to higher
(Bergeron & Jodoin, 1989%).  concentration of neutral

detergent-soluble
carbohydrates in faeces
(Bergeron &

Jodoin, 1995%). Carbon
concentration in vole
stomachs was positively
related to population
density (Palo &

Olsson, 2009)

Calcium - Increased survival and No relationship with
growth of young, no previous/current year’s
effect on litter frequency  vole abundance
or litter size (Jonasson et al., 1986%).
(Batzli, 1986%).

Sodium - Increased litter frequency
and litter size, no effect
on survival and growth
of young (Batzli, 1986%).

Magnesium - - No relationship with
previous/current year’s
vole abundance
(Jonasson et al., 1986%*).

Potassium No relationship with

previous/current years
vole abundance
(Jonasson et al., 1986%*).
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B. Other measures of plant quality.
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Food quality .

characteristic/ Reduced plant quality (C;) Reduced diet quality (CDy;) Redgced health due to lower diet

quality (CD;,)

treatment

Palatability Positive relationship with vole  Probability of damage to woody plant In an experiment with four diet groups

herbivory (Dahlgren saplings increased with vole density (moss, mixed, Brachypodium, or high-
et al., 2007%*, quantified as and appeared to depend on quality laboratory food), all voles but
availability of young palatability (Gilbert ¢t al., 20135*). those in the moss treatment gained
ramets). weight, but the high-nutrient
laboratory food resulted in the
highest weight gain (Chitty
et al., 1968%).

Vegetation - - High-vole-density treatment led to
manipulation changes in food quality and rodent
through vole health. Agrell et al. (1995%): rodent
herbivory/ health: slower body growth, lower
density proportion of reproductive females;
treatments food quality: increased protein levels,

High-quality food
supplementation

Difference between
high- and low-
quality
vegetation

Extracts of different
commonly eaten
plant species

decreased sugar levels, no changes in
starch or phenolics content. Bergeron
& Jodoin (1989): rodent health:
indication of digestion of toxic
compounds, signs of chronic
malnutrition; food quality: low
energy content and acid detergent
fibre (ADYF), condensed tannins
peaking a year after the peak, no
changes in phenolics, proteins or acid
detergent lignin (ADL).

Larger litters (Batzli, 1986*; Cole &
Batzli, 1979; Ylonen &

Eccard, 2004*), faster growth of
offspring (Ylénen & Eccard, 2004%*),
faster growing individuals (Ylénen &
Eccard, 2004*), higher mass at
weaning (Cole & Batzli, 1979),
greater number of litters

(Batzli, 1986%*; Cole & Batzli, 1979).
No changes in survival at birth
(Ylonen & Eccard, 2004*), birth mass
(Ylonen & Eccard, 2004*), timing of
parturition (Eccard &

Ylonen, 2001%), or winter mortality
(Eccard & Ylonen, 2001%).

Voles in habitats considered to contain
the highest quality food had: earlier
reproduction (Cole & Batzli, 1979),
higher body mass (Cole &

Batzli, 1979%; Cole & Batzli, 1979),
high individual growth rates (Cole &
Batzli, 1979%; Cole & Batzli, 1979),
higher mass gain (Ostfield &
Klosterman, 1986%*), larger litters
(Cole & Batzli, 1979%), greater body
fat reserves (Cole & Batzli, 1979%).

No effects, except for the highest doses
of Phalaris grass (1.e. unrealistically
high dosage needed to create an
effect), which led to increase in liver
mass but no effect on growth or
kidney mass (Jean &

Bergeron, 1986%)
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(Continues on next page)

Buological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

85UB017 SUOWLLIOD A1) 8|qeo! [dde aup Aq peuenob ae e YO ‘8sn JO SNl 10} Aeiq18UIUO A8]1M UO (SUORIPUOD-PUR-SLUIBY/LICO" A IM A eIq 1 U1 |UO//SdNY) SUORIPUOD pue SWe 1 8y} 88S *[£20Z/0T/0E] U0 AriqiaulluO A8]IM ‘0SWoIL 11N - AeMION Jo AVSieAlun 9101 AQ TZOST AIG/TTTT OT/I0PAW0D A8 |im AR.q i jpuljuo//:Sdny Woly pepeojumod ‘0 ‘XS8T69YT



18

Table 5. (Cont.)

Eeva M. Soininen and Magne Neby

B. Other measures of plant quality.

Food quality
characteristic/
treatment

Reduced plant quality (C;)

Reduced diet quality (CDy;)

Reduced health due to lower diet
quality (CDy,)

Birch twig powder
supplementation

Toxic plants

No clear pattern of toxic plants in vole
faeces during a population cycle
(Batzli & Pitelka, 1975).

Increased food intake, liver size,
activation of detoxification enzymes.
No effect on body mass (Harju &
Tahvanainen, 1994%).

Voles fed with toxic plant extracts got
renal lesions, but not liver lesions.
Voles fed on a balanced diet that was

supplemented with toxic plant
extracts did not develop irreversible
lesions or intoxification (Bergeron
et al., 1987).

Table 6. Summary of published evidence on relationships between diet composition and population density (no change in diet or a
change in diet; BCD;;). All studies assessing this assumption were field studies. Studies with low risk of bias are identified with an aster-
isk; other studies cited in the table were classified as medium risk of bias. Note that some publications included multiple studies and/or
informed on multiple characteristics, see Tables 1 and 2 and Appendix S3 for quantitative assessment. When studies within a publi-
cation had a different risk of bias, the reference is given with the appropriate risk denotation and may occur twice.

Test/analysis

Diet diversity

Diet composition

Food preference

Plant species/organ
proportions in
faeces or stomach
contents,
compared across
population
densities

Herbivory signs
across population
densities

Manipulation of
food availability
and vole density

No relationship (Bergeron &
Jodoin, 1989%*, Soininen
et al., 2013b, Soininen
et al., 2014%). Density-
dependent habitat use and
habitat-specific diets may
lead to variation in
population diet diversity
(Soininen et al., 2014%).

The number of plant species
grazed was higher during
peak years than in years
with increasing populations
(Hansson, 1988%).

High vole densities related to higher

proportions of bark, and lower
proportions of forbs in the diet (Hansson
& Larsson, 1978; Larsson &

Hansson, 1977%). The same studies found
higher proportions of grasses (Hansson &
Larsson, 1978) and fewer seeds (Larsson &
Hansson, 1977%). Little evidence of
variation related to population density
(Batzli & Pitelka, 1971; Bergeron &

Jodoin, 1989*; Hansson, 1969; Soininen

et al., 2014): one grass species eaten more
commonly during high-density periods
(Bergeron & Jodoin, 1989%*).

Vole damage of woody plant seedlings was

positively related to population density
(Bergeron, 1996; Gilbert et al., 20135%;
Hansson, 1986).

Low food availability was related to

increased use of less palatable plants
(Bergeron & Jodoin, 1995%).

No clear evidence for
variation of food
preferences/selection
across rodent densities
(Soininen et al., 20135).

provided less support for assumption B;, than the LR

studies.

(f) Reduced health due to lower diet quality (CD;,)

Studies investigating the production of defensive compounds
by plants provided support for negative health effects on

rodents of silicates and phenolics, and some, although

context-dependent, evidence on the health effects of endo-
phytic fungi (Table 5A). The effects of phenolics ranged from
feeding inhibition to increased mortality, depending on the
specific compound involved (Table 5A). Studies that assessed

synthesis (Table 5A).

positive health impacts of nutrients were too scarce for
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Table 7. Summary of published evidence for a relationship between food consumption rate and rodent individual health (reduced
health due to lower ingestion; B;,) and whether individual health is related to population growth rate (reduced population growth;
BCD,). Bymer includes food supplementation studies that assessed the impact of supplemental food on only population-level aspects.
(A) summarises individual level effects from food supplementation studies; (B) summarises population-level effects from food supple-
mentation studies and the single study that directly related health effects to population growth (in grey). Studies with low risk of bias
(LR) are identified with an asterisk; other studies cited in the table were classified as medium risk of bias. Note that some publications
included multiple studies and/or informed on multiple characteristics, see Tables 1 and 2 and Appendix S3 for quantitative assess-
ment. When studies within a publication had a different risk of bias, the reference is given with the appropriate risk denotation
and may occur twice.

(A) Individual measures (B;,)

N=11 All LR studies including body mass found a positive correlation with food availability

(Andrzejewski, 1975%; Desy & Thompson, 1983%; Fey ¢t al., 2008*; Haapakoski &

Ylonen, 2013%*; Kusumoto, 2009%; Taitt & Krebs, 1981%; Taitt & Krebs, 1983%*; Yin

et al., 2017%), except one that concurred only when predators were excluded and with sex-
dependent effects (Haapakoski et al., 2012%). One found weight loss in some species, but not
others (Moen et al., 1993a). No effects (Gilbert & Krebs, 1981).

Positive effects on various reproduction-related measures (Andrzejewski, 1975%; Desy &
Batzli, 1989*; Desy & Thompson, 1983%; Fey et al., 2008*; Haapakoski ¢t al., 2012%;
Haapakoski & Ylonen, 2013%*; Ims, 1987%; Schweiger & Boutin, 1995*; Taitt &

Krebs, 1983*; Yin et al., 2017%). No relationship (Gilbert & Krebs, 1981).

Body mass

Reproductive status/activity/ ~ N=12
stage, juvenile production,
litter size, breeding onset

Survival N=17 Positive relationship (Cole & Batzli, 1978*; Desy & Thompson, 1983%*; Korslund &
Steen, 2006¥*; Schweiger & Boutin, 1995%); positive relationship during non-breeding season
and negative during breeding season (Yin e al., 2017%). No effects/no clear positive
relationship (Desy & Batzli, 1989%; Haapakoski et al., 2012%).

Growth/growth rate N=5 Positive effects on growth/growth rate (Cole & Batzli, 1978%; Desy & Batzli, 1989%; Desy &

Thompson, 1983%*; Krebs, 1966); no effects (Gilbert & Krebs, 1981).

Condition index based on N=4 Positive relationship, including the single observational study (Norrdahl & Korpimiki, 2002%),
mass/size but in one only for females during winter (Haapakoski & Ylonen, 2013%), and in another only
at low and medium population densities (not at high densities) (Forbes et al., 2014a*). No
relationship (conducted during summer) (Forbes et al., 20145%).
Immune responses N=3 Three studies (LR) measured internal immune responses, two of which included multiple such

measures. In one study, female (not male) haematocrit was higher (Forbes ¢ al., 20145*).
Another study found that plasma albumin levels did not respond to food supplementation,
but monocyte and leucocyte levels did (Forbes et al., 2015*). Another study found that food
restriction led to weakened immune response, as well as hypertrophy of kidney, heart and
liver (Kusumoto, 2009%).
(B) Population-level measures (BCD,, Boher)
Vole density/abundance N=23  Food supplementation increased population density (Desy & Batzli, 1989%; Desy &
Thompson, 1983; Forbes ¢t al., 2014a*; Forbes et al., 2015%*; Ford & Pitelka, 1984*; Huitu
et al., 2007%; Saitoh, 1989; Schweiger & Boutin, 1995; Taitt & Krebs, 1981; Taitt &
Krebs, 1983; Yoccoz et al., 2001; Yin et al., 2017%), sometimes only/mostly over winter/spring
(Andrzejewski, 1975; Fey et al., 2008*; Haapakoski & Ylénen, 2013%*), only with certain types
of supplements (Gilbert & Krebs, 1981), or differed between vole species (Batzli &
Lesieutre, 1995%). Other studies did not find density effects (Forbes ez al., 20145*; Hambiack &
Ekerholm, 1997%; Haapakoski ¢t al., 2012%), one of which also found no health effects from
food. Food supplementation prevented a dramatic decline in density during winter, but
unknown or no effect in late summer (Forbes et al., 2015%*; Huitu e al., 2003*; Johnsen
et al., 2017). Other studies found a similar effect in concert with predation release (Huitu
el al., 2003%) or did not prevent a decline to low density (Krebs, 1966; Desy &
Thompson, 1983).

Proportion of reproducing N=38 Food supplementation increased proportion of adults (Desy & Batzli, 1989*) or proportion of

females/recruitment of
young to the population/sex
ratio

Survival/persistence

N=9

reproducing females or recruitment (Andrzejewski, 1975; Taitt & Krebs, 1981); others found
varied/unclear effects (Ford & Pitelka, 1984%), increased female-biased sex ratio

(Saitoh, 1989; Taitt & Krebs, 1983), no effect on sex-ratio (Desy & Batzli, 1989*; Forbes
etal., 2015%), increased population reproductive output (Saitoh, 1989), or elongated breeding
season (Gilbert & Krebs, 1981; Saitoh, 1989).

Food supplementation increased survival indices (Huitu ¢t al., 2003*; Johnsen ez al., 2017;
Schweiger & Boutin, 1995); in other studies effects unclear (Ford & Pitelka, 1984*; Yin
etal., 2017%) or no effects (Forbes et al., 20146*; Forbes et al., 2015*; Haapakoski et al., 2012%;
Gilbert & Krebs, 1981)

(Continues on next page)
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Table 7. (Cont.)

Eeva M. Soininen and Magne Neby

(A) Individual measures (B;,)

Population growth N=5

Population growth rates higher in vole populations that received supplementary food compared

to controls (Ford & Pitelka, 1984%*; Forbes et al., 2014a*; Forbes et al., 20145*; Forbes
et al., 2015%; Huitu et al., 2003%).

Relationship between health N=1
measures and population
growth rate

Condition index of voles, as well as blood levels of haematocrit, proteins, free fatty acids and
immunoglobulin G, were positively related to population growth rate when populations were
declining. When populations were increasing, these variables tended to be negatively related

to population growth rate. Highest indices of physiological condition occurred when
populations were stable or increasing slightly (Huitu et al., 2007%).

The evidence base also included studies that contrasted
high- and low-quality diets composed of different plant spe-
cies or diets collected from different habitats (Table 5B).
These studies are challenging to compare in detail, as their
definitions of food quality and treatments, as well as measures
of health, differ (Table 5B). Overall, they do provide support
for high-quality diets being related to higher body mass and
increased reproduction rates. Ingestion of toxic compounds
was linked to signs of detoxification, but whether this can
be caused by natural concentrations, whether such signs
(e.g. renal lesions) are irreversible, and whether detoxifica-
tion affects growth and reproduction cannot be synthesised
from our evidence base.

(9) Reduced population growth (BCD,)

The evidence base included only one study (Huitu ¢ al., 2007)
which directly related rodent health to population growth
(Table 7B). It showed that reduced vole individual condition
was related to population growth rate, thus supporting the
assumption. The remaining studies used supplemental feeding
and were designed to measure the effects of increased food
availability on rodent health and population trajectories.
These studies mainly showed that food supplementation
increased rodent health and population growth rate
(or related variables), but several studies did not find a
positive relationship with rodent health (Table 7B).
However, all food supplementation studies that measured
population growth rates did identify an increase, while
results for other population-level variables were less consis-
tent (Table 7B). Five studies related the effect of food sup-
plements to population density during the population
decline phase; while four of these found that supplementa-
tion resulted in a slower density decline, none measured
widespread or long-lasting effects (T'able 7B).

(h) Plant avarlability follows rodent density (BD,;)

Most of the 72 studies assessing impacts of rodent herbivory
on quantitative aspects of vegetation (BD;) did not assess
assumption BD,;, despite covering multiple years (Table 2).
Of those 20 studies that did, there was generally no support
for a time lag, with relatively rapid plant recovery the follow-
ing year (Table 4). Proper evaluation of this assumption is,

however, hampered by the limited number of studies,
e.g. only three LR studies assessed this assumption over more
than one rodent peak. We note that studies on lemmings in
Fennoscandia (Tables 2 and 4) found reduced plant biomass
and changed vegetation composition the year after rodent
peak, but a study on a different lemming species from
Canada did not replicate this result.

(1) Plant quality follows rodent density (C,;)

For plant defences, three studies found no correlation with
current year rodent density and total phenolics. Only one
study (Jonasson ez al., 1986) assessed the propensity of pheno-
lics to follow rodent density with a time lag, sample size thus
being too low for synthesis. For all other plant defence com-
pounds, a low number of studies (less than three studies,
Table 5A) prevents synthesis of their co-variation with rodent
population dynamics, including time lags.

For nutrients, protein/nitrogen showed no relationship with
rodent abundance (Table 5A) in the current or previous year;
for all other nutrients sample sizes are too small for synthess.
We found only one study that assessed the relationship between
vegetation quality and rodent population dynamics across two
or more population peaks (T'able 2), and no consistent responses
in plant quality (levels of phenolics) to rodent peaks.

V. DISCUSSION

This review aimed to assess evidence for the hypothesis that
plant-rodent interactions could drive rodent population
dynamics. Below, we discuss our findings and their implica-
tions for the four plant-rodent hypotheses presented in
Fig. 1: inherent plant cycles (hypothesis A), food quantity
(hypothesis B), quality of preferred foods (hypothesis C),
and food quality due to dietary changes (hypothesis D). We
then focus on the potential pathways to advance our under-
standing of plant-rodent interactions.

(1) Inherent plant cycles

The evidence base for the mherent plant cycles hypothesis
was largely limited to correlative evidence between time
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series of plants and rodent population measures, with more
mechanistic studies scarce and scattered among study sys-
tems. The relationships between Myodes voles and ericoid
berry production in boreal forests were studied in sufficient
detail to allow synthesis. In this case, studies tested whether
berry production is cyclical, and whether the dynamics of
berries and voles were correlated. Most of these studies
were from a single study region in Fennoscandia, where
the dynamics of Vaccinium myrtillus berry crops and
Mpyodes glareolus populations have been studied in detail
(Selas, 1997, 2006, 2020; Selas, Kobro & Sonerud, 2013;
Seléas, Framstad & Spidso, 2002). Evidence from other
parts of the boreal biome is scarce and less consistent
(Krebs et al., 2010; Tornberg, Helle & Korpimaki, 2011;
Hansson, 1979; Boulanger-Lapointe ¢t al., 2017), with
more diversified methodological approaches and ecologi-
cal contexts needed for a more robust assessment of the
potential of berry cycles to cause arvicoline cycles through-
out the boreal biome.

Taken together, evidence for cycles of high-quality plant
food availability acting as a cause of rodent population cycles
throughout their spatial range still remains unclear. Several
assumptions related to this hypothesis have never been tested.
In particular, only a handful of studies have linked increased
availability of presumed high-quality food items to actual inges-
tion of those foods (Janova, Heroldova & Cepelka, 2016) and
consequently increased reproduction rates (but see Sullivan &
Sullivan, 2014; Pinot, Gauffre & Bretagnolle, 2014). While
there is no question that food quality does affect a range of
aspects of herbivore health (e.g. Forbey et al., 2018), we still
require clear demonstrations of changes in diet quality in free-
living rodents throughout population cycles. Such studies are
needed to understand how rodent reproduction is related to
available food quality, and to clarify processes underlying popu-
lation growth rates. An interesting parallel is rodent population
outbreaks that occur during/after seed masting in temperate
trees. Such tree seeds represent good-quality food for sympatric
granivorous rodents but not necessarily for herbivorous arvico-
line rodents (Onodera ¢t al., 2017). The community-wide popu-
lation peaks observed likely arise through effects on shared
predators and represent an example of how increased food
availability for some species can lead to a community-wide tro-
phic cascade (Elias et al., 2006; Sipoé etal., 2017). However,
clearly articulated hypotheses on how trophic cascades
related to specific inherent plant food cycles (such as berries
eaten by Mpodes voles) could lead to synchronous cycles
across the small rodent guild seem to be missing from
the literature.

We propose that future empirical studies of the inherent
plant cycles hypothesis should include: (¢) assessments of
whether individuals acquire a high-quality diet through
ingestion of high-quality foods during the increase phase of
population cycles; and () in which regions these specific
cycles in plant reproduction, such as cycles of ericoid berry
production, are present. Ideally, the latter should be estab-
lished by excluding rodents. Distinguishing inherent cycles

21

in plants from those induced by rodents would allow assess-
ment of the direction of causality.

(2) Food quantity

This hypothesis was the most frequently studied in our evi-
dence base. We found that high-density populations of rodents
can affect vegetation in various ways, reducing biomass, inflict-
ing plant mortality, and changing vegetation composition.
However, whether impacts of rodents on vegetation fluctuate
with rodent cycles is less clear, as only some rodent—plant com-
binations show such patterns. The observed time lags of vege-
tation regeneration do not fit the typical 3—5-year period
(Oksanen et al., 2008) common in arvicoline population cycles.
However, such long-term lags might not be detected if rodents
depend on specific plant parts (e.g. floral shoots), or rare plant
species (Hansson, 1987). Furthermore, the strength of plant—
herbivore interactions can vary over time (Hansson, 1999),
or between population cycles (Soininen ¢ al., 2018). We found
no studies that assessed patterns of biomass for longer than
2 cycles, and only seven studies that contained 2 cycles. Thus,
the evidence base is insufficient to assess the conditions or eco-
systems in which quantitative effects of rodents persist — with a
time lag — over several cycles.

Our evidence base also does not allow us to conclude
whether diet composition throughout rodent cycles is con-
stant, or whether a decrease in food availability translates to
a decrease in the quantity of ingested food. These are prereq-
uisites for rodents to be affected by reduced food quantity, as
opposed to switching to alternative food sources when a pre-
ferred food becomes scarce. Several studies indicate that diet
changes can occur (e.g. Gilbert ¢t al., 2013a; Bergeron &
Jodoin, 1995). Arvicolines have diverse diets with substantial
secasonal and spatial variation (Hjaltén, Danell &
Ericson, 1996; Soininen ¢t al., 20135, 2017). This large varia-
tion makes it challenging to assess the value of specific food
items, and thus complicates our interpretation of potential diet
shifts during a population cycle. Furthermore, it implies that
multiple population cycles should be studied to tease apart sea-
sonal, spatial, and cycle-phase-dependent dietary variation.

Despite the absence of observational studies assessing
variation in ingested food quantity across population
cycles — admittedly methodologically difficult studies —
inferences on the impacts of food availability on individual-
and population-level variables can be gained from food
supplementation studies. In our evidence base, such studies
show relatively consistently that individual health and popula-
tion growth improve with increasing food availability. However,
some studies found no effects, or results that depended on
e.g. food type, season, population density, or sex. Some of this
variability may be explained by methodological issues: it can
be challenging to supply food at a representative spatial and
temporal scale (Boutin, 1990). In addition, some of the common
metrics used to describe health, such as body mass and breeding
status, are rather indirect proxies; reliable estimates of
body condition may require the use of newer methods
(Peig & Green, 2009). Furthermore, food availability can, in
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addition to direct health effects, also modify vole reproductive
behaviour (Pierce, Ferkin & Williams, 2005), predation risk
(Ylonen et al., 2002), and disease risk (Kusumoto, 2009), and
the presence of such indirect effects could easily impact the
results. Finally, we found no consistent evidence that food sup-
plementation could prevent a population decline [but see John-
sen et al. (2017) for a study where this happened], in line with the
conclusions of a previous narrative review (Oli, 2019). Such dis-
crepancies among and between studies could also be inter-
preted to show that increased food availability can improve
conditions for individual rodents, but that other factors override
its importance in the control of population cycles.

Several publications note that rodent herbivory was more
pronounced during the winter period when vegetation does
not regenerate (e.g. Ashby, 1967; Howe & Brown, 2000).
Some found effects during winter but not summer (Fey,
Banks & Korpimiki, 2008; Hambick et al., 2004; Norrdahl &
Korpimiki, 2002). Furthermore, food supplementation
often had a stronger impact during winter than summer
(Norrdahl & Korpimiki, 2002; Forbes et al., 2015). Food 1s less
available during the winter for arvicolines, as vegetation does
not regenerate outside the growing season, rodent movements
are limited by snow, and their feeding becomes concentrated
in smaller areas (Kausrud et al., 2008; Berteaux et al., 2016;
Korslund & Steen, 2006). Concurrently, cold tempera-
tures increase their energetic requirements (Voltura &
Wunder, 1998), making winter the season with highest
potential for food availability to impact rodents. The
snow-covered season in general represents a bottleneck
of food availability for herbivores, and winter food avail-
ability can have large repercussions on herbivore popula-
tion dynamics (Albon et al, 2017; Gurnell, 1996).
However, our evidence base provides little opportunity
to assess seasonal variation, other than for the effects of
rodent grazing on plants. In particular, relationships among
seasonal herbivory, seasonal plant regrowth patterns and
seasonal impacts of plants on rodents, as well as the relation-
ships of these with multi-annual patterns or rodent cycles are
far from clear. For example, do wintertime herbivory effects
lead to a time lag of plant recovery during the next
summer(s) or winter(s)> When and how do feedbacks from
vegetation on rodents manifest?

Overall, several issues weaken the evidence for the hypoth-
esis that overgrazing by rodents results in starvation and
thereby to population cycles. In particular, the time lags in
food-plant regeneration appear too short to explain arvicoline
population cycles (May, 1973), and are inconsistent across
habitats and regions. For mnstance, studies on lemmings in
Fennoscandia found reduced plant biomass and altered
vegetation composition the year after a rodent population
peak (Kalela & Koponen, 1971; Moen, Lundberg &
Oksanen, 19935), but a study on a different lemming species
in Canada did not find the same patterns (Bilodeau
et al., 2014). Furthermore, one important assumption of this
hypothesis remains unexplored: there are no studies assessing
how quantitative ingestion of food varies between cycle phases,
ifat all. Overgrazing by vertebrate herbivores has mainly been

Eeva M. Soininen and Magne Neby

related to introduced populations or populations that are main-
tained at high densities through management (Mysterud, 2006).
Indeed, overgrazing of winter foods is rarely observed for
snowshoe hares (Lepus americanus), even though its potential role
in population cycles of this species has been investigated (Krebs,
Boonstra & Boutin, 2018; Krebs et al., 1986). It is likely that
regeneration times of different functional groups of plants will
be an important determinant of whether overgrazing leads
to a population crash (Crawley et al, 2021). Clearly, links
between herbivore overgrazing and population crashes are
not straightforward; even when overgrazing is observed, it does
not necessarily cause population cycles.

We propose that to assess whether interactions with food
quantity can cause arvicoline population cycles, future
empirical studies could target: (¢) variation in quantitative
ingestion of food in natural populations; (zz) potential dietary
switches rendering the quantity of main food items less
important; and (zz) seasonal variation (e.g. shorter growing
season, lower summer reproduction sensu Reynolds
etal., 2013), in particular with a focus on food quantity during
the winter.

(3) Quality of preferred foods

Studies addressing this hypothesis focussed mainly on two
plant defence compounds: silicates (e.g. Ruffino et al., 2018)
and phenolics (e.g. Huitu e al., 2014). The evidence suggests
that concentrations of these compounds can increase due to
rodent herbivory, but too few studies are available to assess
the ecological contexts in which such induction takes place.
Evidence relating to a reduced availability of nutrients
(e.g. Agrell et al., 1995) as a factor contributing to interaction
cycles was sparse. The few studies assessing this hypothesis
did not provide consistent evidence that rodent herbivory
reduces plant nutritional quality. Whether reduced plant
quality, either as a defence or in terms of nutrient content,
follows rodent cycles with a time lag was assessed by a very
limited number of studies that provided no support for this
pattern. This could either indicate that small-rodent herbiv-
ory does not induce long-lasting reductions in plant quality,
or that the relevant compounds and/or food plants have
not been investigated. Studies that assessed the composition
and quality of ingested diets throughout a population cycle
were rare and identified no consistent patterns, while studies
that assessed health effects of food quality were scattered across
a range of compounds. Still, the negative health effects of silica
and phenolics, and the argument that improved food quality
will improve rodent health, both were supported by our evi-
dence base. TFinally, evidence from food-supplementation
experiments supports the suggestion that reduced individual
health will affect population growth rates negatively.

Taken together, we identified no consistent reductions in
food quality that could be related to rodent population cycles
or to increased herbivory by rodents. However, given the
complex chemistry of plants and the interactions between
ingested compounds (DeGabriel ez al., 2014; Kaspari, 2021;
Burkepile & Parker, 2017; McArthur e al, 2014), the
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possibility that relevant aspects of plant chemistry have yet to
be identified and assessed appears almost endless. For
instance, phenolics are a diverse group of chemicals with a
range of effects on rodents (Lindroth & Batzli, 1984), and
the analysis of ‘total phenolics’ could easily mask opposing
effects of rodent herbivory on different phenolic compounds.
New methods allowing analysis of specific compounds and
larger numbers of samples will provide powerful tools to
explore variation in plant and diet chemistry across herbivore
‘foodscapes’ (Windley & Foley, 2015; Jean et al., 2015; Petit
Bon ¢t al., 2020a). Combining analyses of several nutrients
through geometric or stoichiometric frameworks could
also enable better assessments of their combined effects
(Raubenheimer, Simpson & Mayntz, 2009; Elser, 2006).
Addressing integrated qualitative changes in rodent food
plants at a grain size relevant to foraging, across a spatial
extent relevant to population dynamics, and across the time
span necessary to uncover delayed effects will undoubtedly
provide new insights on many aspects of plant-rodent interac-
tions. However, this is unlikely to be the most fruitful approach
to reducing the number of hypotheses that could explain
rodent population cycles.

The probability of ingesting health-reducing amounts of a
given plant defence hinges on the taxonomic and chemical
diversity of the available vegetation and diet. If rodents can
compensate for reduced quality of their main food items by
dietary switching to other available foods, they are likely to
do so, given that they are known to be flexible in selecting
foods (Underwood, 1999; Huitu et al., 2014). Whether a tax-
onomic switch of diet is equivalent to a qualitative switch is,
however, not clear, as herbivores may select their diet based
on phytochemical quality rather than taxonomic composi-
tion (Felton et al., 2021; Hecker, Edwards & Nielsen, 2021).
Furthermore, we note that even for specialised herbivores
that feed on a narrow range of food items, such as forest
lepidopterans, a link between herbivore-induced plant
quality changes and population cycles may not be present
(Myers & Cory, 2013). The challenges that complex diets
present to linking plant defence compounds to mammal pop-
ulation dynamics are also known from other wild herbivores
(Hartley & DeGabriel, 2016). Although some studies find
such links, the general support for plant defences regulating
herbivore populations is variable or limited (Myers, 2018;
DeGabriel ef al., 2014; Fowler & Lawton, 1985; Karban &
Baldwin, 2007). As our knowledge of dietary quality varia-
tion of arvicoline rodents across their population cycles
remains very limited, we propose that to assess whether
cycles are created by the quality of preferred food plants,
future studies should target variability in diet composition
and especially quality across population cycles.

(4) Food quality due to dietary changes

Evidence for the assumptions related to this variant of
the interaction cycles hypothesis was summarised above
(see Sections V.2 and V.3). Regarding this hypothesis, it
appears that the effects of arvicoline rodents on food quantity
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appear particularly prevalent during the winter. Yet, to what
extent seasonal changes in biomass of preferred vegetation
cause changes in rodent diet composition and quality is not
evident from our evidence base, as most studies of diet com-
positional differences between cycle phases focussed on sum-
mer diets. We also found that among the studies that assessed
diet quality or health impacts of low-quality food, very few
targeted compounds could be expected to result from a die-
tary shift, such as toxins present in Empetrum nigrum (Plesner
Jensen & Doncaster, 1999) or constituent defences of woody
plants (see e.g. Harju & Tahvanainen, 1994). This prevents
us from drawing general conclusions on the prevalence of
such compounds in diets and whether, at realistic concentra-
tions, they can reduce individual condition. We note, how-
ever, that plant phenolics, discussed in Section IV.3.5,
include constitutive defence compounds. However, as the
evidence base related to these was very sparse, we cannot
confidently conclude that ingestion of phenolic compounds
is related to population cycles. While switching to poorer
quality food plants in times of scarcity has been observed in
other herbivores (Vogel ¢t al., 2020; Hecker ¢t al., 2021), the
links between individual-level foraging behaviour and popu-
lation dynamics are, in general, poorly understood for herbi-
vores [but see DeGabriel et al. (2009) for an example of
spatial configuration of food quality]. To assess this hypothe-
sis empirically, we propose that future studies focus on rodent
feeding ecology during the winter. In particular, assessing the
prevalence of dietary switches across population cycle phases
in terms of dietary composition and ingestion of targeted
quality components would be informative.

VI. FUTURE DIRECTIONS

Our evidence base covered a wide range of rodent species,
plant species, and suggested specific characteristics of plants
that could affect rodents (ranging from specific compounds
to plant reproduction). Yet, the lack of replicate studies
addressing the same assumptions with identical response
and predictor variables challenges synthesis of many of the
findings. Thus, the current knowledge 1s insufficient to dis-
card ‘the plant hypothesis’ or even to assess the ecological
contexts in which some of the specific interactions may take
place. For example, the evidence base was highly biased
towards forested regions and voles, with few studies on tun-
dra and lemmings. This was surprising, as cyclic populations
in lemmings have repeatedly been hypothesised to result
from a plant quantity interaction (Turchin e al., 2000,
Oksanen ¢ al., 2008). However, simply replicating studies
on all topics and contexts where such studies appear to be
lacking is unlikely to be the most fruitful path forward.
Rather, we argue that a structured assessment of quantitative
assumptions will enable us to develop consensus on the feasi-
bility of different hypotheses.

In this review, we focused on the empirical evidence
related to plant-rodent cycles. However, we could only
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outline the different hypotheses qualitatively, without any
quantitative analyses. This means that we were unable to
establish when studies provide evidence for an effect of suffi-
cient magnitude to be a likely cause of population cycles.
Deducing quantitative relationships for plant-rodent cycles is
challenging; as the chains of assumptions result in complex pro-
cesses characterised by delayed density dependence, rodent
cycles take place in highly seasonal environments, and rodents
have complex multivoltine season-specific life histories. The
best tools for this are, therefore, theoretical analyses or models,
but these have been applied to different hypotheses — and spe-
cific cases of plant-rodent interactions — to different degrees.
For instance, no theoretical analyses have been carried out on
the inherent cycles hypothesis, while plant quantity interactions
(Turchin & Batzli, 2001) and plant quality interactions due to
decreased quality of preferred foods (Reynolds et al., 2012) have
been shown to lead to realistic cycles under specific assump-
tions. We therefore highlight theoretical analyses, and compar-
isons of the existing empirical evidence with the results of
theoretical analyses, as a major focus of future research. Such
analyses should progress through several steps, with each step
having potential to reduce the number of feasible hypotheses.
First, can theoretical models of specific hypotheses produce
realistic cycles in terms of length and shape? Second, are the
deduced quantitative assumptions, such as effect sizes, time
lags, and functional forms, also realistic? Third, how does the
current evidence align with those quantitative assumptions?
To obtain suitable data to test the predictions from theoretical
models, and based on our findings in this review, we summarise
the key empirical gaps below.

The most important empirical gap is knowledge of rodent
diets — the hypothesised plant-rodent cycles outlined in
Fig. 1 currently rely on untested assumptions of changes in
composition and/or quality of diets. For instance, studies on
plant-rodent interactions focusing on quality of preferred food
items often assume that the diet is dominated by that plant spe-
cies [e.g. Vaccinum myrtellus in Selas (2020) and Deschampsia cae-
spitosa in Massey et al. (2008)], but this assumption is rarely
confirmed. Furthermore, the presence — or lack of — dietary
shifts is a shared assumption for all plant-rodent hypotheses,
but the prevalence of such shifts is currently unclear. Until
recent advances in high-throughput sequencing, diet analyses
have had coarse taxonomic resolution and temporal limita-
tions, despite known seasonal dependence (e.g. Schweiger &
Boutin, 1995). Indeed, improving knowledge on dietary varia-
tion has been highlighted as a general issue to advance under-
standing on how plants affect herbivore population dynamics
(DeGabriel et al., 2014). Thus, assessing whether rodent diets
have population cycle phase-dependent variation and whether
such variation corresponds to the predicted patterns will shed
light on the degree of coupling between rodent dynamics and
the dynamics of important dietary items.

Our evidence base demonstrates that the impact of rodent
herbivory on vegetation may be stronger in winter (i.e. the
period with no or limited plant regeneration) than in sum-
mer. Still, very few studies include data from winter or
address seasonal patterns. For instance, we know little about

Eeva M. Soininen and Magne Neby

variation in diet composition and quality between winters
(but see Bergeron, 1996). Below-snow ecology of rodents is
poorly understood in general, as suitable methodologies have
been lacking (Krebs, 2013; Ehrich e al, 2020). New
approaches include below-snow camera trapping (Molle
et al., 2021) and non-invasive diet analyses from faeces,
both in terms of diet taxonomic composition (Soininen
et al., 2015a; Lopes et al., 2020) and nutritional quality (Cepelka
et al., 2021). However, new molecular methods may be less
informative than traditional methods for some aspects of diet,
such as dietary restriction to particular plant organs (Batzli &
Henttonen, 1990). Below-snow studies of individual condition,
life-history traits, and food availability are likely to remain chal-
lenging until new methods become available. A better under-
standing of winter rodent-plant interactions may also help us
to understand the impacts of changing climate on rodents, as
shorter winters imply longer growing seasons of plants and thus
improved access to food (Schmidt ¢t al., 2018), whereas changes
in the snowpack structure can have an opposite effect (Berteaux
et al., 2016). We recommend that future work should focus on
the quantitative aspects of seasonal variation, explicitly consid-
ering when in the seasonal cycle food characteristics may affect
rodent demography and how the seasonal and multi-annual
patterns in rodent herbivory, plant recovery, and plant impacts
on rodents are expected to interact.

Given a history of long-term studies of rodent population
dynamics (Ehrich ef al., 2020; Krebs, 2013), our evidence base
included surprisingly few studies that assessed plant-rodent
interactions across several cycles. For instance, we were unable
to assess whether there are time lags in plant quality responses
to rodent herbivory, and no studies assessed phase-dependent
diets for longer than one population cycle. Yet, the strength of
plant-rodent interactions can differ between population cycles
(Sominen et al., 2018), and understanding the extent of such var-
1ation would enable assessments of plant-rodent interactions to
be more robust. In parallel, our evidence base was dominated
by studies that did not consider the spatial structure of vegeta-
tion or population dynamics. The spatial structure of available
food quality is known to influence mammalian herbivore
feeding ecology with repercussions on reproductive output
(DeGabriel et al., 2014). Nutrient analyses at herbivore-relevant
spatial scales are increasingly feasible (Windley & Foley, 2015;
Jean et al., 2015; Petit Bon et al., 20205) and could elucidate
whether variability in plant chemistry corresponds to spatial
and temporal extents with contrasting rodent population densi-
ties/dynamics. We propose that future empirical studies on
plant-rodent interactions aim to incorporate relevant timescales
(e.g. through long-term studies of both rodents and plants) and
spatial structure of vegetation (e.g. through measurements at
rodent-relevant spatial extents and resolution).

VII. CONCLUSIONS

(1) The food hypothesis as an explanation for population
cycles in rodents has many variants, and the continued
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addition of new hypotheses seems counter-productive for sci-
entific consensus. Rather, time should be spent on reduction/
falsification of existing explanations.

(2) The literature is currently insufficient to reject any of the
four potential pathways for the creation of plant-rodent
cycles discussed herein. This is largely due to a lack of repli-
cate studies addressing the same question across different
localities and multiple rodent population cycles, preventing
synthesis of assumptions.

(3) For most specific plant-rodent contexts there are no the-
oretical/mathematical analyses available that identify quan-
titative assumptions to be tested. Even where they exist, the
empirical literature rarely uses them as bases for explicit pre-
dictions. A key path forward is therefore to create quantita-
tive assumptions through theoretical studies, compare them
with existing empirical data, and use them as guideline to
determine which empirical studies to conduct.

(4) There are insufficient data available to test many of the key
assumptions of the plant-rodent cycle hypotheses. Key empir-
ical gaps that we identified relate to rodent diets and seasonal-
ity, as all identified hypotheses make explicit assumptions on
how rodent diet taxonomic and nutritional composition will
change across the cycle. Addressing dietary changes especially
during the snow-cover season would be valuable, as our evi-
dence base indicates that this may be a key period of food lim-
itation and is the season for which there has been the least
empirical study. Passing these bottlenecks could help pinpoint
where, when, and how plant-herbivore interactions are (or are
not) a plausible cause of rodent population dynamics.
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