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Abstract (208 words)

Understanding the consequences of environmentalgehan both long and short term ecological and
evolutionary dynamics is a basic prerequisite for effective conservation or management
programme but inherently problematic because ottimaplex interplay between ecological and
evolutionary processes. Components of such contplbaive been described in isolation or within
conceptual models on numerous occasions. What nerteiking are studies that characterise
effectively the coupled ecological and evolutiondypamics, to demonstrate feedback mechanisms
that influence both phenotypic change, and itscegfen population demography, in organisms with
complex life-histories. We present a systems-bappdoach that brings together multiple effects that
“shape” an organism'’s life history (e.g. direct aledayed life history consequences of environmental
variation) and the resulting eco-evolutionary pagioh dynamics. Using soil mites in microcosms we
characterise ecological, phenotypic and evolutipgnamics in replicated populations in response to
experimental manipulations of environment (e.g.dbempetitive environment, female age, male
quality). Our results demonstrate that populatipmasnics are complex and are affected by both
plastic and evolved responses to past and preseinbements, and that the emergent population
dynamic itself shaped the landscape for naturakseh to act on in subsequent generations.
Evolutionary and ecological effects on dynamics ttemefore be almost impossible to partition,

which needs to be considered and appreciated @args, management and conservation.

Keywords: eco-evolutionary, parental effects, maternal, phgre, body size, offspring, population
dynamics, life histories, harvesting, natural sébeg evolutionary rescue
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1. Introduction

A fundamental goal in evolutionary ecology is taarstand the mechanisms responsible for
generating the phenotypic variation upon whichdela acts. Similarly, a fundamental goal in
population ecology is to understand the role thdividual phenotypic variation, created by density
independent and/or density dependent processgs,iplahaping population dynamic patterns. Thus,
understanding between-individual phenotypic vasiais key to understanding both ecological and
evolutionary dynamics (Benton et al., 2006). Tuiadally, an individual's phenotype has been
considered a consequence of interaction betwegeites and the environment in which they are
expressed. Phenotypic variation has thus beenagedsas the sum of direct environmental and
genetic effects, plus their interactions. Desttite recognition, for most of the history of ecojay

has been assumed that the ways in which geneshaitdreanents interact are relatively unimportant
for population dynamics (i.e. the trait changesrfide history evolution are either small or taket
long to influence short-term dynamics). Two majonceptual advances have recently occurred that
casts doubt on this traditional view. First, we n@®ognize that the environment experienced in
previous generations can have consequences fampaotary phenotypes (Beckerman et al., 2002),
reflecting the importance of non-genetic modesbgritance that relate parental and offspring life-
histories (Qvarnstrom and Price, 2001, Bonduriarasky Day, 2009, Rasanen and Kruuk, 2007).
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Second, there is a growing realisation that evahatry change can occur over ecological timescales
which has highlighted the need to better undershemdecological and evolutionary processes
interact to drive population dynamics and demogaphange (Coulson et al., 2010, Stockwell et al.,
2003, Olsen et al., 2004, Bassar et al., 20100Ca&tral., 2007, Coulson et al., 2006, Elinerlet a
2011, Ezard et al., 2009, Hairston et al., 2005p8ner, 2011, Pelletier et al., 2007, Pelletiex et
2009).

Teasing apart parental, plastic, ecological andnble responses from evolved and irreversible
responses of life-histories to environmental chasgeherently problematic, as it is rarely possita
study parental environment effects, genetics Higories and population dynamics simultaneously
and in sufficient detail (Coulson and Tuljapurkz®08, Coulson et al., 2010, Morrissey et al., 2012,
Andersen and Brander, 2009a, Andersen and Bra20@®b, Bonenfant et al., 2009, Darimont et al.,
2009, Becks et al., 2012, Ozgul et al., 2009, Oergal., 2012, Uller, 2008). However, this is ekact
what is required to understand how, or even if ytations will be able to respond to rapid
anthropogenic environmental stressors such astiseléarvesting (Andersen and Brander, 2009a,
Andersen and Brander, 2009b, Coltman et al., 2Rbfison et al., 2009, Law, 2007, Ezard et al.,
2009, Browman et al., 2008), the potential for ggeto respond to environmental change through
evolution (Bell and Gonzalez, 2009, Ezard et &1Q2 Stockwell et al., 2003), and the role that

parental effects have in those adaptive respoonsaisvironmental change (Uller, 2008).

Our research with an invertebrate model systengbase some way towards understanding the role of
parental environments, and the significance oftiglaesponses and rapid evolution in delimiting
individual phenotypic variation. Here we descrilmsvhwe have approached these challenging
guestions by presenting our conceptual framewodcofevolutionary population dynamidsgure

1), and reporting on what progress we have madetirohining each process within this framework.
To this end we review previously published mateaald report new results from ongoing empirical
studies. We use our findings to identify new avenfoe research necessary to properly understand
how contemporary, historical, and evolutionary detaants of individual life histories interact to

shape population level responses.

2. Aims and scope

The aim of this chapter is to introduce the mitedelsystem, a soil invertebrate microcosm based
experimental system, and show how it has beentosedt and develop our understanding of
individual phenotypes, how they form, and how tkegle up to population dynamics (iFegure 1).

We will begin by introducing our study organisns, general biology and the various experimental
methods we have used to explore individual and ladipn biology (section 3). In section 4 we will
review our previously published work on the devebtept of individual phenotypes as a function of
resource availability. This has been a key emgipoaof-of-principle of the L-shaped reaction norms
predicted to arise when developmental thresholterikne age and size at maturity (Day and Rowe,

2002). Again referring to our published works, gsthis L-shaped age and size at maturity reaction



98

99
100
101
102
103
104

105
106
107
108
109
110
111
112
113
114
115
116
117

118

119

120
121
122
123

124

125

126
127
128
129
130
131
132

norm as a background measurement, we will desotbeurrent understanding of when and how
parental environments shape offspring phenotypes.rdle of non-genetic inheritance of parental
traits is important in the development of our lasguments that describe how current and historical
environmental effects interact with natural setattio create eco-evolutionary population dynamics.
If, and how, parental effects manifest themsehmghd effects on individual offspring will be
presented in section 5. Here we will present olnlipned work on the magnitude and longitude of

detectable effects of ancestral environments dmdté population dynamics.

In section 6 we will present a new analysis of ls@hection on individual phenotypes, caused by
feedbacks from population dynamics in the formtadreg density dependent competition, leads to the
evolution of population dynamics. This extendsahalysis of soil mite populations living in
periodically fluctuating resource environments aobject to experimental harvesting (Cameron et al.,
2013). Here we are able to present data acrossacnsandomly variable and periodically variable
resource environments. Crucially, it is the imgositof experimental harvesting that reveals that th
environmental variation is important in the evadathry responses of populations to environmental
change. Finally, in section 7 we summarise whahaxe presented in the form of previously
published and new analyses and discuss how thexddiff routes we have found to influence
population dynamics through changes in individdsdnmotypes might interact. The overall scope of
this contribution therefore, is to stress thas by understanding how the different routes thed I
phenotypic variation interact that we will comeatonore than conceptual understanding on eco-

evolutionary population ecology.

3. Model system and methods

The soil mite Sancassania berlesei (Michael) is common in soil, poultry litter, andosed food
products. Populations @& berlesei have been collected from a variety of sourcesifierént years
since 1996 and have been kept in separate staekdiver since (stock cultures kept in 10 cm diamete

containers maintained at 24°C in unlit incubatarsnber c1-2.5 x fandividuals).

3.1 The mite model system and generic methods

The life cycle consists of five stages, beginninithveggs (length: 0.16 + SD 0.01mm), continuing
through a sixegged larvae (length: 0.22 + 0.01mm), a protonyniptonymph, and then to adulthood
(female length at maturity: 0.79 + 0.17mm, rang&/Qlow food) to 1.17 (high food), n = 64; males:
0.72 £ 0.12mm, range 0.55 (low food) to 1.02 (hfghd), n = 39). As indicated by the standard
deviations of the adult lengths, there is consideraariation in the life history and much of it is
governed by intake rates of food (Plaistow et2004). An individual's intake rate is a functioneof

number of factors: population density, stage stmggtand the amount of food supplied and its spatia
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configuration; together these factors create thividual's competitive environment (Benton and
Beckerman, 2005)

Eggs hatch 2 to 5 days after being laid. Juverds mature from as little as 4 to 50+ days after
hatching (Beckerman et al., 2003), depending od fowl density. The longevity of the adults can also
vary from ¢10 to ¢50 days. Thus, total longevityies from 3 weeks (high food, low density) to 7+
weeks (low food, high density). Fecundity is redate resources, and so to body size, and to surviva
The relationship between fecundity and the growttvisal trade-off is in itself dependent on

resources (Plaistow et al., 2006, Plaistow e20;7).

3.2 General Experimental Procedures

Generally, mite cultures are supplied food in therf of powdered or granulated yeast. Different
feeding regimes were used in different experimantsconsisted of controlled feeding of balls orsrod
of dried baking yeast, filtered to minimise vamatiin their size (diameter of 1.25-1.40 mm for
standard size balls). Experimental vessels areereijlass tubes (20mm in diameter and 50mm in
height) or small non-static plastic vials (3-7mhhese are haffilled with plaster of Paris, which,
when kept moist, maintains humidity in the tubeke Tops of the tubes are sealed with a circle of
filter paper held in place by the tubes' cap witintilation holes cut into it. For some shorter
experiments (24hr) the plastic vials were sealdl wlingfilm. For population experiments, the mites
are censused using a Leica MZ8 binocular microseopgka hand counter. In each tube, a sampling
grid is etched into the plaster surface to fad#itanore accurate counting and observation. Alltadul

are counted in the tube, but juveniles and eggs@usted in a randomly chosen quarter.
3.2.1 Common garden environments

Common garden tubes were used to both standamtiseanipulate parental and offspring
environments prior to carrying out life history ags or population dynamic experiments. A common
garden was created by placing standardised numbergs (from either stock culture females or
experimental animals) into identical tubes withtcolted food access/competitor density and rearing
them until maturation. Upon maturation these indlivls are paired and either placed in a new
common garden or in egg laying tubes for the ctibawmf eggs for life history assays, reproduction
allocation measurements or population dynamic ex@ats i.e. (Plaistow and Benton, 2009, Plaistow
et al., 2004).

3.2.2 Lifehistory assays

Life history assays are used to quantify the lifgdry or phenotype of an individual, full-sib fdgnor

population from a given treatment. Life historyassare conducted by placing individuals or groups
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of random or full-sib eggs in a small vial thahif-filled with plaster (7-20ml plastic or glasgs).
These individuals are observed daily, either wigimgity being standardised by replacement of dead
individuals or not. At maturation, individuals aphotographed for later measurement and then
removed from the vial. We can collect data on agk size at maturity, fecundity at maturity or any
other stage of development (e.g. egg size, hatclpngtonymphs). Reproductive allocation is a
measure of the differences between mite eggs haichdthers from different parental environments
i.e. (Plaistow et al., 2007). We have measurecodrptive allocation in terms of numerical, (e.dato
eggs, eggs-at-age), physical (e.g. length, voluane) biochemical properties of eggs laid (e.g. total
protein). Measurements of individuals and eggs rmaele from digital images captured from the
microscope (e.g. Leica MZ8, Nikon SMZ15) and meeadur using ImageJ 1.28u
(http://rsb.info.nih.gov/ij) or Nikon Elements Dfsware (v3.2 64bit).

3.2.3 Population dynamic experiments

Population dynamic experiments involve monitorirgefrunning populations over multiple
generations. Such experiments have been startiifféerent ways depending on the purpose of the
experiment. Where the purpose was to investig&eitiescale of parental effects, populations were
started with controlled numbers of eggs from parehtdifferent environmental backgrounds or ages
(Plaistow et al., 2006, Plaistow et al., 2007, Bm@009). To investigate the interplay between
population and phenotypic dynamics, populationsevirsitiated with a mix of sexed adults (n=75-
150/sex) and juveniles (n=500-1000), approxima&tistable stage distribution to minimise transient
dynamics. To investigate the links between ecobigitasticity and life history change, populations
were initiated with mites recently collected frolne twild to maximise genetic diversity (n=150 adult

/sex and 1000 juveniles).

In the population experiments, we have often mdatpd stochasticity by varying the timing and
amount of food supplied, while trying to maintaiiher factors as close to constant as possible. Our
rationale for this is that many natural environnaéfectors will either vary the absolute food syppl
(e.g., the weather), the requirement for food (eéegnperature), or the availability of food (e.g.,
patchiness, territoriality, intespecific competition). Each treatment supplied fabthe same mean
daily rate (equivalent to one or two balls of ygaest day), but at a variable amount on differernysda
The algorithms we developed were to supply ballgeaist randomly, or periodically, within each
window of time, such that over repeating windowglrs, the cultures received a constant number of
balls of yeast. Other populations were maintaimredanstant food regimes either to act as conttasts
those in the variable environments, or on their dovrsome parental effect experiments. Effectef t
different distributions of food supply on variationpopulation abundance are described elsewhere
(Benton et al., 2002).
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4. Within and between individual phenotypic variation

In this section we review our previously publisheatk explaining how environment induced changes
in the growth rate and maturation decisions aneaesible for generating a L-shaped age and size at
maturity reaction norm. We then summarise our jmesly published work explaining how variation

in age and size at maturity alters the provisiomhiodividual offspring and the developmental

environment of those same offspring, leading terggnerational phenotypic variation.

4.1 Age and size at maturity reaction norms

Population growth rates are intrinsically linkedle trade-off between the age and size at which
individuals mature because age at maturity detesniivow quickly individuals start to reproduce and
because fecundity is often closely associated aghand body size (Roff, 2002, Plaistow et al. 6200
Plaistow et al., 2007). Consequently, understandowg populations respond to environmental change
is likely to depend upon how individuals, withirofe populations, respond to environmental change.
Organisms that live in variable environments, duertvironmental forcing or density dependence, for
example, are expected to evolve plasticity in agksize at maturity because of fluctuations in
resource availability (DeWitt et al., 1998, Viaatt, 1995). We demonstrated that in soil mites, the
trade-off between age and size at maturity is ex¢hg plastic in response to food availability.
Offspring reared on high food matured five timestéa and at double the body size of offspring rare
in a poor food environment. Moreover, the age arel & maturity reaction norm is L-shaped
(Plaistow et al., 2004frigure 2). This pattern arises because an individual's d&ti® mature is
controlled by a developmental threshold, whicth&sminimum size below which maturation cannot
occur (Day and Rowe, 2002). Fast growing individualgood food environments overshoot the
minimum threshold size considerably by the timeuratton is complete. In contrast, slow-growing
individuals in poor food environments have to detagturation until the minimum threshold size is
reached. Consequently, in good food environmehtediVviduals mature at young age but individual
differences in growth rates translate into varmiio size at maturation. In contrast, in poor food
environments, all individuals mature at the samaimmim threshold size but individual differences in
growth rates translate into differences in age atunity (Plaistow et al., 2004). As we will seeelat

this fundamental difference in how environmentaiat#on is translated into phenotypic variation has

important implications for understanding how indival plasticity influences population dynamics.

4.2 Intergenerational parental effects on individual phenotypic variation

Parental effects are defined as any effect thamsuhave on the development of their offspring ove
and above directly inherited genetic effects (JIR908). Two types of mechanisms can be involved

in the transmission of parental effects to offsprienotypes. In the first mechanism, parentateffe
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can arise from alterations of the developmentalrenment experienced by offspring through
variation in allocation of non-genetic resourceshsas nutrients, e.g. (Benton et al., 2005, Plaigtb
al., 2007), immune factors, e.g., (HasselquistMifgbon, 2009) and hormones e.g., (Meylan et al.,
2012). Traditionally, studies of environmental paat effects have focused on maternal influences on
her offspring’s developmental environment becaimspjost species, females invest more resources in
offspring than males. However, a few examples ténoal effects arising from variation in food
provisioning, e.g. (Isaksson et al., 2006) andgmaiesion of immune factors, e.g. (Jacquin et a1 22
Roth et al., 2012) exist in the literature. In didi, females can alter their investment in offsgrin
response to males’ characteristics, e.g. (Pind€9 2Gil et al., 1999), leading to indirect patérna
effects. In the second mechanism, parental efteaisarise from alterations of gene expression
through epigenetic modifications of regulatory ceg of the genome in the germline, for instance
mediated by DNA methylation and histone modificasipand without changes in DNA sequences
(Bonduriansky and Day, 2009). Transgenerationadfitdince of epigenetic modifications have been
suspected to be involved in some parental agetsffeq., (Bonduriansky and Day, 2009, Perrin et al
2007), in some heritable disorders, e.g. (Champa&p@8, Olsen et al., 2012), and, more generally in
paternal effects transmitted through variationliocation of non-genetic resources, e.g. (Rando,
2012). In addition, there is increasing evidened thaternal and paternal effects arising from
variation in offspring’s provisioning or from epigetic modifications are context-dependent, e.g.
(Badyaev and Uller, 2009), and can interact to sladfspring phenotype, e.g. (Ducatez et al., 2012).
In soil mites, we have explained how age and direadurity is critically dependent on food
availability in the offspring’s current environmeftlaistow et al., 2004). However, we have also
demonstrated how variation in the maternal prowisig of offspring and the age of the mother can
influence both offspring growth rates (Plaistowakf 2006) and their decision to mature (Benton et
al., 2008). In this contribution, we are specifigalealing with the first mechanism described above
(i.e. alterations of the developmental environme@nsequently, individual variation in
developmental or somatic growth is not just a tesfulhe environment that the individual
experiences, but also the environment experiengéis bincestors e.g. (Pinder, 20QBigure 3a).

From a population dynamic perspective, these effaiet important because they mean that a
population’s response to environmental change reaynie-lagged to some degree, with
intergenerational effects operating as a sourdetahsic delayed density dependence (Beckerman et
al., 2002, Rossiter, 1994).

4.3 Understanding the context dependence of parental effects

Our results have suggested that the importancarehpal environments for the variation of offspring
phenotypes in soil mites is trait-dependent and bakighly context-dependent (Beckerman et al.,
2006, Plaistow et al., 2006). For instance, in foad current environments, variation in egg size
produced by different parental food environmenisratl the trade-off between age and size at

maturity, but had little effect on the size of eggeduced in subsequent generations. Consequently,
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the variation in egg size that affected intergetenal effects decreased over time. In contrast, in
high-food environments, variation in egg size prag@ntly influenced a trade-off between fecundity
and adult survival and generated increasing vanati egg sizeRigure 3b). As a result, maternal
effects transmitted through variation in egg prmnig persisted and we have observed great grand-
maternal effects on descendant’s life historieaigi®Rdw et al., 2006). We therefore predicted that t
persistence and significance of intergeneratiofiatts for population dynamics would itself be
context-dependent. However, it is important toizeathat in an eco-evolutionary sense ‘context’ is
itself something that is derived from the traitsl amaternal strategies that have evolved in the

population.

In viscous populations with overlapping generatjonsthers and offspring are forced to compete for
the same resources and may, therefore, directlyeinfe each other’s probability of survival and
future reproductive success. The close covaridieggween the quality and number of offspring
produced and maternal survival means that any ehemngne offspring provisioning trait may have
consequences for the others (Beckerman et al.,)2R06 necessary, therefore, to understand how
females change their offspring provisioning strgtag a whole (e.g. egg numbers, egg size, maternal
survival) in order to interpret the adaptive sigrahce of maternal responses to changes in their
environment. We have shown that in soil mites,ffgy provisioning strategies are dynamic,
switching from investment in many small eggs inygdemales to fewer, better provisioned eggs in
older females (Plaistow et al., 2007). This strateg@y be adaptive if it increases the survival of
younger offspring that must compete with oldergdarsiblings that had been laid previously. This
age-related dynamic shift in egg provisioning weesater in high food environments in which females
lived longer, creating a greater asymmetry in affgpcompetitive abilities. Such conditions areelik

to be common in an opportunistic species suchibmges that have evolved a life history that
specializes in strong competition between indivis@ploiting patchily distributed resources, sash
carcasses and dung (Houck and Oconnor, 1991)elfollowing section we examine the effects that

these complex environmentally driven parental e§féave on patterns of population dynamics.

5. From phenotypic variation to population dynamics

Parental effects may be especially important frgmoaulation dynamic perspective because they
generate a lag in the response of a population engironmental change (Beckerman et al., 2006,
Beckerman et al., 2002, Benton et al., 2005). €Thidd make it harder to predict changes in
population size, but may also theoretically leatbtm-term deterministic population dynamic
patterns, such as population cycles (Ginzburg, 16@&burg and Taneyhill, 1994, Inchausti and
Ginzburg, 1998). Consequently, we have been irtetes how parental effects might influence
population dynamics (Benton et al., 2001). Thisaseasy to study in the wild, or in many laborgtor
systems, due to the difficulty of measuring pareeff@cts and following population dynamics in

sufficient demographic detail. However, it is poésiin the soil mite system because replicated
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populations can first, be initiated with differenimbers of eggs, changing the initial environment
experienced by offspring; but also initiated witige from different types of mothers, enabling us to
experimentally manipulate parental effects e.gn(Be et al., 2005, Benton et al., 2008, Plaistod an
Benton, 2009).

5.1 Transient population dynamics and parental effects

In the first of these types of experiments, alliogted populations were initiated with 250 eggs.
However, half the populations were set-up with éagggs from mothers experiencing low food, the
other half were set-up with small eggs from wethpsioned mothers (see Benton et al., 2005 for
details). This manipulation of the maternal effelcne was sufficient to generate differences in the
transient population dynamics of the populatiors there still present after three generations, even
though the populations were experiencing the samstant environment with respect to the food
supplied to them each day. Such deviations in @jou dynamics arise because differences in the
hatching success, growth rate, size and fecundiysarvival in the initial cohort generate diffeces
in the competitive environment experienced by affgpproduced in the second cohort. Changes in
the competitive environment creates further phguiotyariation between individuals from the two
treatments that ultimately leads to large diffeesnin the population dynamics of the populations

sustained over multiple generations (Benton e2805).

In a second experiment, but this time using sityilsized eggs that either came from young (3 days)
or old (9 days) mothers, the effects on transiepugation dynamics again lasted three generations
(Benton et al., 2008F{gure 4). The results clearly demonstrate that determingifferences in eggs,
which are not obviously related to their size, andnay be undetectable in a population setting, may
have a significant effect on population dynamicsmparing these two experiments, the effects of
parental background or age were of a similar mageitHowever, as we discussed earlier, our
individual-level studies of maternal effects inlsnites suggested that the exaggeration and the
transmission of maternal effects from one genemgbtahe next increased in high-food environments,
but decreased in low-food environments (Plaistoal.e2006). Consequently, we hypothesized that
maternal effects would be more likely to persist] Aave a bigger influence on population dynamics,
in high-food environments compared to low-food eonwinents. In order to test this hypothesis we
created maternal effects by initiating populatianith eggs from young mothers or old mothers but we
also simultaneously manipulated the initial resewgnvironment by changing the initial density from
high (500 eggs, low food) to low (50 eggs, highdb(see Plaistowt al., 2009 for details). The

results clearly supported our hypothesis thatmi@ortance of maternal effects for population
dynamics is context-dependent. An influence of mmatieage treatment on both population and egg
and body-size dynamics was only observed in thelatipns initiated under low density rather than
high density (Plaistow and Benton, 2009).



354  In summary, we have explained how an interactidwé&en current and historical maternal states
355  (transmitted as parental effects) interact to shgpeerns of individual phenotypic variation (esze-
356 at-hatch, growth rate to maturity, size-at-matyritifspring’s own egg provisioning patterns) anavho
357 this phenotypic variation is then translated inttuations in population size. Understanding the

358  various factors that can determine such fluctuatisrcrucial for predictive modelling of populaton
359 for management purposes. From an eco-evolutiorengppctive, it is also critical because it is those
360 fluctuations in the number, size and age struatfipopulations that determine the temporal resource
361 heterogeneity that ultimately shape how individuaits and life history strategies evolve (Roff,

362  2002). In the following section we summarise ourent understanding of how differences in

363  temporal resource heterogeneity, created by envienal variation and harvesting, influence the

364  evolution of mite life histories and, in turn, hdolis evolution influences population dynamics.
365

366 6. Eco-evolutionary population dynamics — the full lop

367
368 Debate on the role of genetic change in ecologigaamics is not new (Lenski, 1984, Pimentel, 1961,

369 Pimentel et al., 1978, Pimentel and Stone, 196&;0&iand Maccluer, 1979), and includes predictions
370 of cyclic consumer-resource dynamics caused byudeol (Lenski, 1984, Abrams and Matsuda,
371 1997). Itis only more recently that the searchtfierrole of the gene in ecology has been termeo-“e

372 evolutionary dynamics”.

373 It has largely been assumed that this emergingd fieeco-evolutionary dynamics has demonstrated
374 that evolutionary “loops” exist in nature, whereps are defined as genetic selection pressuresdlac
375 on populations from ecological interactions thatehsignificant effects on population dynamics,

376 additive to that of the ecological interaction itg&innison and Hairston, 2007). For example, \etdl
377 predator can reduce population growth by killindiuduals, does it have an additional detectable
378 effect on prey population growth rate by causirgydlierage somatic growth rate to maturation to
379 evolve? Such an evolutionary response of the pieyistory, causing a feedback to prey population
380 dynamics, and subsequently predator dynamics wmeilsh evolutionary loop (Post and Palkovacs,
381 2009).

382 There is however a dearth of robust empirical evigefor such evolutionary loops. An early study by
383 Nelson Hairston Jr. described the pattern of raepwmlution of toxin resistance Daphnia galeata in

384 Lake Constance in response to eutrophication (td&irst al., 2001, Hairston et al., 1999). Whilé no
385 evidence of a looper se, the Lake Constance study led to a series of @rpats on zooplankton-

386 phytoplankton interactions that demonstrated thpidrevolution in response to an ecological

387 interaction can alter predator-prey cycles (Yostatal., 2003), that rapid evolution can mask

388 interactions normally identified through changegiedator and prey abundance (Yoshida et al., 2007)
389 and that rapid prey evolution can affect predajorachics more than changes in prey abundance

390 (Becks etal., 2012). Other studies on microcosseth@asexual communities have followed to show the

391 generality of the importance of rapid evolutionemological dynamics e.g. (Friman et al., 2014).
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A common thread across all these aquatic predagyrgiudies, with few exceptions e.g. (Fussmann et
al., 2003), is the evolution of traits associateth wither defence from predators or digestionrefyp

This is clearly important in a community settingt i is difficult to make the jump from proof of
principle in these systems to studies that congiterole of environmental change (e.g. trendsaam
annual temperature) or high rates of harvestingnaghfe history traits such as somatic growtteriat
well-studied populations of fishes, birds and mansni@arimont et al., 2009). Other differences
between demonstrated eco-evolutionary dynamicseshfvater microorganisms and proposed eco-
evolutionary dynamics in larger animals exist, leasst of which is asexual vs. sexual reproductimh a
more complex life histories based on significant grofvthm birth. Experimental studies have shown
that rapid life history evolution in vertebrategisssible, through response to selection caused by
predation (Reznick et al., 1996) and harvesting §éjk et al., 2013), but trait change from selenti

on vertebrates in itself is not an eco-evolutiodapp. Analyses of empirical data demonstrates that
eco-evolutionary feedback from an environmentahgleao population dynamics could explain
observed trait distributions and population sizésulson et al., 2010, Ozgul et al., 2010, Ozgull et
2012), but this generally lacks evidence of gersdlection, but see similar studies of trait derapby

in birds (Charmantier et al., 2008, Nussey et28l05). Other studies have identified where eco-
evolutionary dynamics are likely to occur, for exdenby demonstrating how changes in selection have
led to changes in animal behaviour and/or distidou¢Strauss et al., 2008). Fewer studies, however,
have been able to manipulate the eco-evolutiomay in more complex organisms and ask what role
ecological conditions have on selection on traite] does this trait change feed-back to influence

population dynamics (Cameron et al., 2013, Walstl.e2012).

The role of predation in life history evolution Hagg been recognised (Law, 1979, Michod, 1979,
Reznick, 1982, Stenson, 1981), and remains a c@uieny interest (Beckerman et al., 2013). There
has been a fever of interest in the role of higagaf trait-selective exploitation on shifts ire thait
distributions of many harvested animal populatiamgarticular of body size or agad traits that
would otherwise be under sexual selection, suchas ornamentation (Biro and Post, 2008,
Bonenfant et al., 2009, Bunnefeld et al., 2009ti@iual., 2012, Darimont et al., 2009, Hamiltorakf
2007, Milner et al., 2007, Olsen et al., 2009, &l et al., 2007, Coltman et al., 2003). Theredlao
been a concomitant interest in the role that tisbgés in trait distributions may play in eco-
evolutionary dynamics (Coulson et al., 2006, Caulsbal., 2010). In those animal species that we
exploit at some of the highest rates, specificddfymarine and freshwater fishes, there is an oiggoi
debate about the mechanisms that lead to theds shifody size distributions (Andersen and
Brander, 2009a, Andersen and Brander, 2009b, Aadezsal., 2008, Browman et al., 2008, Kinnison
et al., 2009, Kuparinen and Merila, 2007, Kupariaed Merila, 2008, Law, 2007). There are several
more robust explanations for reduced mean bodyatiage in exploited fishes including body
condition effects (Marshall and Browman, 2007)esiructured community interactiof(i3e Roos et
al., 2003, Persson et al., 2007, Van Leeuwen ,€2@08, Anderson et al., 2008), and fisheries-ieduc
evolution (Jorgensen et al., 2007). Intuitivelyshenore prominent explanations are not mutually

exclusive and have each been more plausible aamegibn for responses to harvesting in different
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case studies. Here, we will investigate the rolevafiutionary responses of phenotypes to

exploitation, and in particular to stage-selectiagvesting.

Stage-selective harvesting, occurring at time$iefyiear or in places where particular life history
stages dominate the harvest (e.g. adult BarentsaCgmhwning ground), or where there are other
stage-based vulnerabilities in likelihood of hatwesrtality (e.g. in cryptic selection of huntedds
(Bunnefeld et al., 2009), or killing only adultsjaveniles of pest species) is predicted to leaghitis
in growth rate to maturity that are distinct froipesselection harvesting. Here it is expected lifet
histories will evolve such that individuals who finitise their time in the most vulnerable stages will
be selected for (Stearns, 1992). So we expechtraesting of juveniles will lead to faster
developmental growth to maturity, while harvestauylts will reduce developmental growth via a

trade-off with increased juvenile survival and adetundity (Ernande et al., 2004).

Previous investigations with soil mites in seas@malironments where we exposed populations to
adult or juvenile mortality resulted in statistiyadifferent growth rates to maturity in harvested
populations, and compared to unharvested popufattbe shifts in growth rate were exactly as
predicted by theory (Cameron et al., 2013). Heseewtend this analysis to the evolved responses of
growth rate to maturity when harvesting juvenilesadults across constant, random and periodic
environments. Mite populations were harvestedratenof 40% per week (proportional harvest) or as
an additional threshold harvest treatment in rangmariable environments of all adults above 60%
of the long term adult population size. We estirddteese rates to be close to the maximum soil mite
populations can sustain without collapsing (Benfi)12). We report the life history results on Low
food conditions as we assume this is most repraseaf the conditions in long term experimental

populations e.g. (Cameron et al., 2013).

In summary of this introduction we present new efogl data from the mite model system where we
have investigated the role evolution plays in tetemporary responses of population dynamics to
environmental change. We will summarise our maidifig on the role of phenotypic evolution on
population responses to highly competitive envirenta and building on this we will discuss the roles
of environmental variation (i.e. variation in foadailability) and harvesting on the development of

the eco-evolutionary feedback loop.

6.1 Methods

Soil mites were collected from several wild popigias and allowed to mate for two generations in the
laboratory before being placed in our standard ecizsm population tubes (see section 3)(Cameron et
al., 2013). Sixty populations were started with db@ach sex of adult and approximately 1000
juveniles in order to minimise transient dynamiach population received the same average access
to resources of 2 balls of yeast per day, but wadamly assigned to one of three experimentally
induced levels of resource variability (i.e. enwingental variation): constant (replicates (n) =18);

periodically variable (n=18) and randomly variapie24). The periodically variable treatment was
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designed to represent seasonality as best as [golsgibaving a 28 day cycle e.g. (Cameron et al.,
2013). The randomly variable treatment was desigod@ entirely unpredictable with daily food
provisions being chosen from a random distributiath mean of two balls over a 56 day window,

with a maximum daily provision of 12 balls (Bentenal., 2002). The mite populations were censused

each week for 2 years, where a generation is appadely 5 weeks (Ozgul et al., 2012).

From week 13 to 83 the populations from each enwirental variation treatment were subjected to a
factorial stage-structured harvest treatment whmspulations were either unharvested; juvenilesewer
proportionally harvested (where 40% of juvenilesewemoved each week) or adults were
proportionally harvested (where 40% of adults weraoved each week). In the randomly variable
treatment there was an additional treatment ofestiold adult harvest, sometimes called a fixed-
escapement harvest (Fryxell et al., 2005), whédradailts above 60% of the long term mean number
of adults were removed. This number was set toatitéts based on 60% of the long term mean adult
population size from previous studies on the samarmmesources (Benton and Beckerman, 2005).
Threshold harvest strategies have been said toobe econservative in affecting the variance in
population size and therefore minimise extinctisks to harvested populations (Lande et al., 1997),

but such claims have not been tested experimenialigriable environmental conditions.

In tandem with the population census, we conduletesifrequent common garden life history assays
to measure the development to maturation of sewégib families for two of the six replicate
populations per treatment combination. For the comgarden, 100 juveniles were removed from
populations and reared to the F2 generation ol fpex-capita resources to standardise parental
effects e.g. (Plaistow et al., 2006). Single F2ayfamale pairs were allowed to mate and their eggs
were collected. Twenty offspring from each pair eveach reared collectively in either High or Low
food resource availability. Only the results frame tLow food life history assay will be presented in
this paper as this was found to best represertdimpetitive conditions in experimental populations.
Age (days) and body sizes (body length in mm) aunitg were recorded for each adult individual of
each sex. Daily survival rates until maturity of #tohort of 20 juveniles were calculated using
standard methods (e.g. Mayfield estimates). Fetyatlimaturity was estimated for each female
individual using a linear regression of the age sind at maturity with cumulative fecundity fromyda
3-7 post eclosion from existing data (Plaistowlgt2906, Plaistow et al., 2007). These data led to

average trait values representing family and treatphenotypes.

Twenty four adult females per population were saaiom the common garden F3 generation in
weeks (i.e. time-points) 0, 18, 37, 63 and 95 &edf genotype characterised using amplified fragmen
length polymorphisms (AFLP). The assay used 299dod the methodology has been described in
detail elsewhere (Cameron et al., 2013), but hererporated the constant, periodic and random

environmental variation treatments.

6.1.1 Quantitative methods and statistical analysis



510 Life history trait data on age and size at matuaity presented in the text as full-sib female or

511 treatment means with standard deviations at thenbieg) (week 0) and end (week 95) of the

512  experiment (e.g. Plaistow et al. 2004). Statistiifierences in daily Mayfield survival estimates

513  between environmental or harvesting treatmentsnaas appropriately tested using a generalised
514 linear model with a quasipoisson error distributiSignificance of treatments was tested while

515  correcting for the highly overdispersed distribatigsing F tests (Crawley, 2007). The significanice o
516  environmental variation and harvesting treatmentthe mean female phenotype and the age and size
517  at maturity of each family per treatment at the ehthe study was assessed using MANOVA to

518 jointly model log(age) and log(size) in Low foodnditions while controlling for population density i
519 the life history assay tubes by using tube covesiéiveighted density, median density and total tube
520  survival), see Cameron et al. (2013). Owing todkiga threshold harvest treatment in random

521  variation treatments, a full model was first builthout this one treatment to independently tesafo
522  environment*harvest interaction. Following thisddor predictions of treatment means, a separate
523  MANOVA was built for each environmental variatiaeatment. Age and size at maturity trait values
524  were then plotted as model predicted means withcéeted standard errors of the model estimates.
525

526  To test for any link between Low food phenotypi@aebe and changes in observed population growth,
527  we estimated the mean and confidence intervalseobésic reproductive rate per treatmegt(Ag =

528  exp((In (k*my))/T., where } is the chance of an individual surviving to age,s the number of

529  offspring produced during age x-1 to x andslthe average generation time) (Stearns, 1992yaR

530 corrected by the average generation time due towbdapping generations. For further details & th
531 method refer to supplementary material associatdd@ameron et al. (2013)\verage population

532  growth rate (pgr = Nt + 1/Nt) was calculated frommmaoother fitted across replicate population time
533  series per treatmefwbserved population growth = change in total paparissize from week to week,
534  over a 10 week window around assay time-points),eaRearson’s correlation test between the two

535  estimates of population growth were undertaken.

536  For each environmental variation treatment, gertitiersity in age-at-maturity in a Low food assay
537 was apportioned using an analysis of moleculaatian (AMOVA) approach into: 1) differences

538 among individuals within replicate populations,d¥ferences among replicate populations within
539 time-points within harvesting regimes; 3) differea@mong time-points within harvesting treatment;
540 and 4) differences among harvesting treatmentsadtime-points (AMOVA, Arlequin Version 3.5

541  (Excoffier and Lischer, 2010)). The relative magdg of differences can highlight the effects of

542  deterministic and stochastic microevolution actiegoss the populations. It is expected that drift

543  would cause significant differences to accumulaterag replicates within time-points for any

544  treatment, whereas selection would cause signifidifierences across time-points within a treatment
545  or among the treatments themselves.

546

547 6.2 Results- Evolution of population dynamicsin variable environments
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All mite populations initially declined across #iree environments and then recovefédire 5).
Before the recovery, the mean population growté ohthe populations was 0.980 (=2% decline per
week), 0.978 and 0.980 at week 20 for the conspanipdic and random environments respectively.
During the recovery, the population growth had éased to 1.010 (= 1% increase per week), 1.013
and 1.012 respectively by week 60. At the stathefexperiment, in low food and hence highly
competitive conditions, soil mites took an averafj@2.3 days to mature. By the end of the
experiment we observed a large reduction in thevtroate to maturity of the average mite family
from all three environments, equating to a 35%, &b 83% delay in age-at-maturity in the constant
(16.6+2.6s.d. days), periodic (22.1+3.6s.d. daps)\ariable environments (21.6+4.27s.d. days)
respectively. The observed increasing delays irldgmental growth rate over the course of the
experiment in resource poor conditions are positizerrelated with increases in fecundity in adult
mites (Cameron et al., 2013, Plaistow et al., 280&istow et al., 2007). This is suggestive that th
delays in maturity are adaptive. There was no Bait difference in daily survival rate between
families from the three environments (QuasipoissaM:F.,~0.29 1,3 P>0.7). Consequently, while
the earlier maturation phenotype we see in constaritonments would have reduced fecundity
compared to other environment phenotypes, thisaappe be offset by increased overall survival to
maturity. The question of interest, that separatesxperiment from only demonstrating that the
traits of mites change when they are placed iredsfit laboratory environments, was to determine if
the change in growth rates observed were causedlbgtion and if that selection led to the recovery

of the populations after only eight generations.

The basic reproductive rateg &stimated from the common garden life history dataeeks 0, 18,

37, 63 and 95 were highly correlated with the ageraf observed population growth rates estimated
from replicated experimental time series (Pearserds88, { 3= 4.81, P<0.001). Furthermore, there
is no significant difference between the estimafgopulation growth from life history data or the
time series (e.g. s pgr, paired t-test, p=0.34). Given that thengltygpe data used to estimatg R
(i.e. age and size at maturity, survival to mayréproduction at maturity) are collected in samil
competitive conditions to those in the populatigpeziments but after 3 generations in a common
garden environment, this is very strong evideneg we are observing evolved changes in mean life
history that lead to changing population dynamgceequirement for the demonstration of an eco-
evolutionary feedback loop (Schoener, 2011). Howeatdoes not prove that the phenotypic change
observed is being caused by genetic evolution(€levin et al., 2010). The AMOVA analysis on
AFLP variation confirms that both genetic drift asglection are operating in concert to affect the
levels and distribution of genetic variation ingth rates within the microcosm systeRigure 6).

All of the partitions explained a significant prapion of the variation observed (e.g. more than 5%)
except for the difference among harvesting treatsmeithin the constant food environment. This
need not reflect a lack of selection caused bydsivg acting on growth rates in constant
environments, but that among individual variatistikely masking its importance in this treatment.
This highlights that within each environmental ®ion treatment, genetic drift is acting to force

populations into different evolutionary trajectari@iven that replicate populations within harvegti
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treatments within time-points and within environrtgeaccumulated significant genetic differences). It
also demonstrates that selection operates to dgergifierences in the growth rate to maturity asros
time-points, within harvesting regimes, in the eliint environment treatments as well as between

environments across time-points.

6.3 Results - Life history responses to harvesting in variable environments

We found a significant interaction between envirental variation and harvesting treatment on the
age and size at maturity (MANOVA: age-at-maturity, F.=2.45, 1,3 P<0.05; size-at-maturity
Fenvinam3.15,123P<0.02 ). To understand this interaction, andditrolling for stochastic differences

in mite densities between life history assay tubesstandardised survival and density covariates to
the mean values per environmental treatment ardigbeel the mean and variance of trait values from
a MANOVA for each environment. In both constamtl @andomly variable environments harvesting
adults or juveniles led to a significant delay iataration in comparison to unharvested controls
(Figure 7, left and centre panels). This contrasts with wikd observed in periodic environments
where harvesting juveniles reduced age at matinriipe with reducing risk of increased harvesting
mortality (Figure 7, right panel). In both constant and randomly J@ganvironments there was no
significant effect of harvesting on size at matiora{constant: ~=2.2% 53 P>0.1; random:

Fra=0.76 40 P>0.5), unlike the small but significant incre@ssize at maturity in adult harvested
phenotypes from periodic environments originallgaéed in Cameron et al. (2013). As we
discussed in the previous section, we detecteatiatitally significant effect of selection caudsd
harvesting on the variation in developmental grosaties in both random and periodically variable
environmentsKigure 6). It is surprising that given the clear phenotygiiiferences found between
unharvested and harvested constant environmentgimms at the end of the experiment, that the
AFLP response was not more pronounced. Howevesctieh was observed, and this assay method is
a blunt tool given that we only have a snapshghahotype and genotype differences from a small

number of individuals from two of six replicate pdgtions at the F3 generation.

6.4 Discussion of Evolution of life histories in response to environmental variation and harvesting

Life history research increasingly focusses on tstdading the links between environmental
variation and population demography. Stochasticatgaphy is a matrix based approach to estimate
optimum life histories that maximise fitness avexdgver variable environments, when variable
environments lead to variation in vital rates (Calsv2010, Haridas and Tuljapurkar, 2005, Trotter e
al., 2013, Tuljapurkar et al., 2009, Tuljapurkaakt 2003). Not all such approaches have focussed
presented the same traits we have consideredileerggvelopmental growth. However, stochastic
demographic approaches have shown that the gemetatie, measured variously as cohort
generation timeT) or longevity, buffers against the negative e8eaftenvironmental variation on

fitness (Morris et al., 2008, Tuljapurkar et aD0®). Shertzer & Ellner present a dynamic energy
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budget approach that, while not strictly evolvireg pe, sought out optimum energy allocation
strategies to growth, storage or reproduction tieatimised Rin a genetic algorithm model of a
rotifer population (Shertzer and Ellner, 2002).tHe Shertzer & Ellner study, what is relevanhistt
environmental variation was experienced over time tscale of an individual’s lifetime, as in soll
mites (e.g. day-to-day variation instead of betwgemeration or inter-annual variation). Life higtor
strategies that delayed age to maturity were optinmumore variable environments and/or
environments with periods of resource limitatiohé8zer and Ellner, 2002). Tenhumberg and
colleagues also focussed on stochastic variatigmap availability within a predators lifetime tHat

to a negative relationship between growth rateraadality arising from the physiological constraint
of ‘digestion and gut capacities’ in syrphids (Tentberg et al., 2000). The negative relationship led
to increased fithess of those strategies that ddlgyowth rate to maturity in variable environments
Negative relationships between vital rates have Iseggested to increase fithess in variable
environments in other analytical approaches (Tuljear et al., 2009). I€aenorhabditis elegans,
mutants that aged slower were also found to haykeehifitness in more stressful environments,
including when food availability was variable. Tléssuggested to lead to altered allele frequerigies
more heterogeneous environments in ecological tivaefeeds into evolutionary dynamics (Savory et
al., 2014). All these predictions fit with our magsult that strong competition and more variabtef
supply led to larger delays in maturity, which tedncreased population growth rates. There istgrea
consistency therefore, across a number of empicaltheoretical approaches that the evolution of
slow life histories is likely in variable environmis. However the relative importance of the
magnitude of environmental variability, its predietlity or autocorrelation in the evolution of slow

life histories is not yet clear and should be dargsting avenue of future research.

While our experiment was designed to investigaterg@l links between phenotypic change and
population dynamics, it shows the potential for yapons to recover from an extinction trajectory
through evolution: evolutionary rescue (Bell andh&alez, 2009). Across all three of our
environmental variation treatments, the initiajecaory of population growth is negative (i.e. an
extinction trajectory), but becomes positive aéeolution in response to laboratory conditions tead

to delayed maturity and increased fecundity.

It is a key result that increased juvenile moryatian generate faster or slower life historiestiatato
controls depending on the temporal variabilityhie strength of resource competition. The constant
and random environments produced more similar jlvérarvested mite life histories when compared
to the periodic treatment. While the variationaod provision in the constant and random treatments
was different (Coefficient of Variation (CV): zews. 0.36), the resulting variation in mite abundanc
was more similar due to demographic noise in congapulations (Benton et al., 2002, Cameron,
Submitted)(CVguits0.20 vs. 0.34; CMeeniles0.46 vs. 0.50). In periodic environments the uaoraof

food provision, and therefore adult and juveniléenabundance is much greater (CV = 0.86, 0.46 and
0.76 respectively). However, the greatest diffeednetween constant, random and periodic variation
is that periodicity is caused by highly autocorretbresource provisioning. We predict that this is

where the different life history responses to hsting arise, in the interaction between density
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dependent demographic responses to mortality aoldtevnary responses to more (periodic) or less
(noisy-constant and random) predictable resourtsepietween harvesting events. Such interactions
could increase the positive relationship betweenagmnaturity and fecundity if the increase in gk
harvesting mortality from delaying maturity wasdélan the potential gains to lifetime fithess from
receiving a glut of resources just before maturaficheoretical understanding of the interaction
between intra-generation environmental noise alet®ee mortality at this temporal scale is curhgnt
lacking, largely due to the taxonomic bias in etiolary demography studies towards long lived

mammals and birds.

What we have presented in section 6 by descrilotpgical dynamics of a wild population adapting
to a controlled laboratory environment, provideswch higher level of resolution on the
consequences of ecological and evolutionary interacWe demonstrate how individuals maximise
their lifetime fecundity in response to resourcermpmonditions, or high selective mortality and
highlight how complex population dynamics can bentadned despite long term erosion of genetic
diversity caused by both stochastic and determinisbcesses. The latter is difficult to reconeilich
classical ideas of extinction debt in conservagiopulation genetics e.g. (Fagan and Holmes, 2006)
whereby positive feedback occurs between reducpdlation growth rate and loss of genetic
diversity that leads to an inevitable extinctiotedly there is a need to address how evolutionary
rescue can interrupt an on-going extinction vorgad the limits to the recovery of populations in

relation to extant and introduced genetic variation

7 Summary

The aim of this contribution was to explore the ptewrity of the route from individual phenotypic
variation to population dynamics and back agaia model system: the eco-evolutionary loop. The
mite model system has provided a rich series ofexpents that have highlighted the level of
information on individual life histories we requite make predictions about transient population
dynamics following environmental perturbationsfien considerable. The study of ecology has been
described as the investigation of variation in spaed time of the abundance and density of
organisms (Begon et al., 2005), and while demograpdy be a main objective of ecology, it is clear
from our work and others in this volume that thegarsal that all evolutionary biologists should be

demographers goes both ways (Metcalf and Pava€)20

We have presented the study of three distinct pagbwetween environments, phenotypes
and population dynamics: the role of current armstionical environments on offspring phenotypes; the
multigenerational effects of environmentally detered phenotypes on short term population
dynamics and finally the feedback between populaioundance and resource availability to
selection on phenotypes and evolution of populatigmamics. In our diagram of eco-evolutionary

interactions (Figure 1), we have represented thatievays as independent routes. It is, however,
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clear from the context dependency of our resulisttie selection on life histories that determines
population dynamics will very much depend on theraction between historical (parental effects)

and current environments (growth rate to develogatéhresholds).

Through our demonstration that soil mite populatremds are determined by their life
histories, which evolve in response to density ddpat competition and predation (the eco-
evolutionary loop), we have shown that in populatiin which density-dependent competition is
common, there is selection for individuals witteltistory strategies that permit individuals to unet
later in low food conditions, but still retain thbility to mature early when conditions improve
(Cameron et al., 2013). If this is evidence of egotutionary dynamics selecting for increased
phenotypic plasticity, it highlights the potentialportance of the parental effects we previousiynfb
to shape reaction norms such that selection caonaovel phenotypes e.g. (Plaistow et al., 2006).
Selection on more novel phenotypes would have ditenpal to allow more rapid feedbacks between
natural selection and population dynamics. Thigaidicularly relevant in light of the interest iapid
evolutionary responses to environmental change.cOuient research in the mite model system is
examining how variation in the population dynamédterns created in different environments
influences the evolution of offspring provisioniggategies and epigenetic variation in gene
expression during development and the effect thiathtas on later population dynamic patterns. This
should lead to a less conceptual, and more medltanisderstanding of eco-evolutionary population

dynamics.

While we have identified much complexity, we hal@ashown when the role of environmentally
determined phenotypic variation is less importard population dynamics context (e.g. when
resources are low), but it was only through expenitation that we were able to say this. This is in
some ways the most important conclusion of thigesgythat carefully planned experiments in well-
studied systems are what is required to separatafim consequences of eco-evolutionary dynamics

from those which are likely to have important cansances in natural populations.
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Figure Legends

Figure 1. A diagramatic representation of eco-evolutionamyaimics based on the results of mite
model system experiments. The eco-evolutionary Isapoving between the three circled states: from
(a) population structure is dependent on life mistcansition rates, and interacts with the envinent

(b) via an interaction between density depedentirsiebendent mechanisms and parental effects to
determine per capita resources (c). Per capitairess interact with genetic and environmental
determinants of individual life histories (d), whiteads to a closure of the eco-evolutionary logp b
creating population structure. We consider hereetfexts of predation and harvesting as external to
the loop (orange boxes and arrows), affectingdbe Hirectly by selecting against life histories or
changing population size and structure.

Figure 2. A model of the L-shaped developmental thresholdehpdedicting growth rates to
maturation along an environmental gradient of fawdilability (i.e. norm of reaction). This model,
developed by Day and Rowe (2002), is supportedupyeasults in the mite model system and captures
the feedback caused by the interaction betweenlgtipu size and environmental quality on per-
capita resources, and the resulting density deperdiects on individual phenotype (based on
Beckerman et al. 2004, Plaistow et al. 2004).

Figure 3. A. Male age and condition influences female allocagiatierns. 16 different males were
mated to virgin females at each of 5 time-pointsrdputheir lifetime ("time"). Males (subpanels) e
well fed (males 11-18) or poorly fed (males 1-8)l ane presented in the order of the two male
conditions. Graphs show egg size (mm) as a fumctfonale age. Lines are fitted values from mixed
effects' model. Time, food and male are all sigaiit. Virgin females mating with "prime" males
(time class 3) laid larger eggs (Pinder, 208 ector plots of the factor loadings from a factor
analysis of parental effects (variation in egg tehdpetween life history traits for individuals red in
high- or low-food current environments. In highmant food environments, variation in egg length
predominantly influenced a negative trade-off betmvécundity and adult survival and had little
effect on recruitment or age and size at matumtgontrast, in low-food environments variation in
egg length translated into differences in the pbodtg of recruiting and variation in age and sete
maturity. Modified from Fig. 4 in Plaistow et &006 with the kind permission of University of
Chicago Press.

Figure 4. The intergenerational effects of variation in paakimvestment in offspring on population
dynamics. The graphs show the transient dynamipspifilations initiated with eggs that were laid by
either younger 3 day old (white points) or oldetad old mothers (black points). The error bars
represent bootstrapped 95% confidence intervaks.ifidividual cohorts are marked approximately on
the figures as F1, F2 and F3 and were identifiethgection of the age-structured dynamics.
Modified from Benton et al. 2008 with permissioorfr Wiley and the British Ecological Society.

Figure 5. Mean age and size at maturity of full-sib femateg panel), and of harvesting treatment
means and twice standard error bars predicted M&MNOVA when controlling for differences in
tube densities (bottom panel). Panels represestaoin(left panels), randomly variable (centre
panels) and periodically variable resource enviremis (right panels). Colours represent juvenile
(green), adult (red), threshold adult (orange) amclrvested harvesting treatments (black).

Figure 6. Analysis of molecular variance for 299 AFLP loci fblack) differences among individuals
within replicate populations; (back hatching) diffieces among replicate populations within time-
points; (forward hatching) differences among tinodas within harvesting regimes; (waves)
differences among harvesting regintesmdicates statistical significance of treatmerugr at P<0.05.

Figure 7. Adult population size (x95%CIl) from GAM fits acroas$ week centred moving average of
replicate weekly counts per treatment (6 d.f., munin model across all environments). All other stage



1085  counts show a similar pattern of initially decreasin abundance then increasing. Arrows at weeks 13
1086  and 83 mark start and end of harvesting periodecisely.



