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SOMMAIRE 

Dans l'hémisphère Nord, en raison du changement climatique, la température augmente et les 
régimes de précipitations changent, ce qui entraîne un allongement de la saison de croissance 
végétative, les événements printaniers survenant plus tôt dans l'année. Par exemple, les 
mammifères vivant dans des environnements tempérés planifient la parturition de manière à ce 
que la lactation coïncide avec le verdissement du printemps, car les besoins énergétiques 
augmentent considérablement. Comme le moment optimal pour les événements phénologiques 
varie d'une année à l'autre, les organismes doivent se fier à des indices tels que la température, 
la photopériode et les précipitations pour déterminer quand les événements phénologiques se 
produiront, souvent des mois à l'avance. Dans la plupart des cas, les indices qui prédisent la 
phénologie du consommateur diffèrent de l'environnement qui détermine la phénologie de sa 
ressource, et lorsque des espèces en interaction présentent des taux variables de changement 
phénologique, un décalage peut se produire. On a constaté qu'une phénologie inadaptée entre 
les consommateurs et leurs ressources a des effets négatifs, principalement sur le succès de la 
reproduction en compromettant la survie des jeunes, ce qui a un impact sur les taux 
démographiques de nombreux taxons, entraînant des déclins de population. 

Dans les environnements tempérés, la masse corporelle des ongulés fluctue selon les saisons, 
certaines espèces perdant jusqu'à 25% de leur masse corporelle en hiver en raison de la rareté 
du fourrage, ce qui peut affecter la survie et la capacité de reproduction future. Les mouflons 
d'Amérique (Ovis canadensis) adultes perdent de la masse au cours de l'hiver, les brebis perdent 
environ 20 % de leur masse de fin d'été tout au long de l'hiver. Tout au long de l'été, elles 
regagnent la masse perdue pendant l'hiver. Les mouflons adultes gagnent de la masse à leur taux 
maximal à la fin mai. Les brebis mouflons augmentent fortement leurs dépenses énergétiques 
pendant la lactation, et compensent partiellement en augmentant l'absorption de nourriture. 
Lorsque les ressources sont rares, les brebis adoptent une stratégie de reproduction 
conservatrice, donnant la priorité à leur propre gain de masse sur celui de leur agneau, cependant 
les brebis en lactation gagnent moins de masse et l'âge de la première reproduction augmente. 
Les brebis en moins bonne condition à l'automne ont moins de chances de réussir à sevrer un 
agneau l'été suivant. 
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Les mouflons d'Amérique ont une durée de gestation fixe de 172 ± 2 jours, et on a récemment 
constaté qu'ils ont modifié la date de conception en réponse à un changement des conditions 
environnementales à l'automne, donnant naissance en moyenne 15 jours plus tôt au printemps 
qu'en 1992. Cependant, les conditions printanières n'ont pas changé au même rythme que celles 
de l'automne et, par conséquent, les agneaux naissent en moyenne 10 jours plus tard par rapport 
au verdissement printanier qu'en 2000. En raison du décalage entre la parturition et le 
verdissement, le coût de la reproduction peut être augmenté en diminuant initialement les 
réserves maternelles de façon plus importante, ce qui peut potentiellement diminuer la condition 
physique, car malgré leur stratégie de reproduction conservatrice lorsqu'ils sont soumis à un 
stress environnemental, il n'a pas été démontré que les coûts du décalage sont transmis aux 
agneaux. L'objectif de ce projet était d'abord d'évaluer si et comment le gain de masse des brebis 
est affecté lorsque la naissance de leur agneau ne correspond pas aux conditions printanières. Si 
c'est le cas, il s'agit de déterminer s'il y a des conséquences sur la condition physique en mesurant 
le succès de la reproduction et le moment de la parturition l'année suivante. Comme le décalage 
écologique sera exacerbé par le changement climatique, il est essentiel de comprendre les 
conséquences pour les espèces sauvages. 

En utilisant 20 ans de données sur la phénologie de la végétation, la date de parturition et la 
masse des femelles, nous avons exploré les effets du décalage entre le verdissement printanier 
et la parturition sur la prise de masse des femelles en été, ainsi que les conséquences potentielles 
de ce décalage sur leur capacité de reproduction future. Les résultats de ce projet montrent que 
le gain de masse estival des femelles est considérablement réduit lorsque la parturition est 
fortement décalée par rapport au verdissement printanier, ce qui entraîne une masse plus faible 
à l'automne et donc un état corporel moins bon. Cette masse plus faible à l'automne entraîne un 
retard dans la reproduction, ce qui retarde la parturition et augmente donc le décalage l'année 
suivante. Ici, je montre qu'il existe des effets potentiels de report de l'inadéquation trophique, ce 
qui a rarement été étudié auparavant, car la plupart des études se sont concentrées sur les effets 
immédiats de l'inadéquation.  

Mots clés : changements climatiques, décalage trophique, Enhanced Vegetation Index, 

allocation reproductive, effets de report, reproducteur capital
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CHAPTER 1 

INTRODUCTION  

1.1 Climate change 

Humans have become the dominant evolutionary force on the planet; the impacts of human 

activity are so profound that they will likely be observable in the geologic record, suggesting 

that a new epoch has begun: the Anthropocene (Lewis & Maslin, 2015). Humans impact 

biodiversity through the five principal factors, or global change drivers: anthropogenic climate 

change, habitat loss and fragmentation, introduction of invasive species, pollution, and 

overexploitation of biological resources (Pieviani, 2014; Pelletier & Coltman, 2018). Climate 

change has been identified as one of the greatest impacts to global biodiversity (Thackeray et 

al., 2010), and as a result, local populations are being forced to adapt via local adaptation, 

relocation, or extinction (Parmesan & Yohe, 2003).  

The impacts of anthropogenic climate change have been well-documented on every continent, 

in every ocean, and in most taxonomic groups (Parmesan, 2006). Global surface temperatures 

have increased by ~0.2ºC per decade since the 1980s (Hansen et al., 2006), and as of September 

2020, the annual global average temperature has increased 1.02ºC since 1879 (NOAA, 2020). 

However, in the context of ecological changes, regional changes are more relevant, as organisms 

do not respond to global averages (Walther et al., 2002). Not all regions are affected equally, 

with air temperatures on land increasing by 0.24ºC per decade, while air temperatures at sea 

increasing only 0.07ºC per decade, due to the greater regional temperature variation on land than 

at sea where large-scale currents reduce small-scale temperature variation (Burrows et al., 

2011). Further, higher latitudes are warming faster, with boreal regions warming as much as 

4ºC, while much of the tropics have shown little change (Hansen et al., 2006; Parmesan, 2007). 

Warming also varies seasonally, with winter and spring warming faster in temperate areas than 

other seasons (Schwartz et al., 2006).
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Climate change is also increasing the frequency and magnitude of extreme climatic events, and 

altering precipitation regimes (Knapp et al., 2015; Siepielski et al., 2017). At lower altitudes, 

warmer temperatures generally result in less precipitation during winter, while the colder 

temperatures experienced at higher altitudes generally results in increased precipitation in the 

form of snow (Stenseth & Mysterud 2002). Mild winters may result in more damage to plants 

than harsh winters: reduced snow cover may lead to more frost damage to more sensitive parts 

of plants, and mild periods during winter may result in premature spring growth, causing 

dieback of new growth (Stenseth & Mysterud, 2002). The greatest fitness consequences related 

to precipitation regime variation have been predicted to occur at northern latitudes (Siepielski 

et al., 2017). 

As climate change alters environmental conditions, species must adapt in order to persist. To 

mitigate loss of fitness, the most common responses to climate change are range shifts and shifts 

in phenology (Visser, 2008). Many species have shifted their geographic distributions toward 

higher latitudes or elevations (Chen et al., 2011) to stay within their physiological thresholds of 

precipitation and temperature tolerance (Walther et al., 2002). Global meta-analyses showed 

that on average, species are moving between 6.1 and 16.9 km per decade poleward, and between 

6.1 and 12.2 m per decade upward in elevation (Parmesan & Yohe, 2003; Chen et al., 2011). 

However, not all species are capable of shifting their ranges to the same extent; habitat 

specialists and immobile species may not be able to colonize across fragmented habitats or be 

constrained by other climatic, or non-climatic factors such as interspecies interactions (Chen et 

al., 2011). Polar and montane species show range contractions rather than shifts, as they do not 

have the option to move to higher latitudes or elevations, which in severe cases may result in 

extinctions (Parmesan, 2006). 

1.2 Phenotypic plasticity 

Phenotypic plasticity is the primary mechanism of phenotypic change in response to climate 

change (Parmesan, 2006), allowing organisms to cope with rapid environmental change 
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(Bonamour et al., 2019) in situ – i.e. without range shifts (Gienapp et al., 2013), principally by 

altering their phenologies (Visser, 2008). Phenotypic plasticity is the ability of one genotype to 

express multiple phenotypes, including morphology, physiology, and behaviour, in response to 

environmental conditions (West-Eberhard, 1989). The range of phenotypes an organism is 

capable of producing under different environmental conditions is the reaction norm (Stearns, 

1989).  There is individual variation in reaction norms, which can be both heritable and under 

directional selection, and therefore can evolve (Nussey et al., 2005; Nussey et al., 2007; Pelletier 

et al., 2007). In long-lived organisms, plastic traits such as life history traits and morphological 

traits are considered ‘labile’ traits – those which expressed repeatedly throughout their lifetime, 

allowing for repeated expression across a range of environmental conditions (Nussey et al. 

2007). Between-individual phenotypic variation in labile traits is a result of both genetic 

differences as well as different environmental effects on their phenotypes (Nussey et al., 2007). 

Patterns of individual plasticity affect population-level responses to the environment; even in 

the absence of a population-level response, there may be significant individual responses to the 

environment (Nussey et al., 2007).  

The extent to which organisms can change their phenotype is limited by environmental 

canalization, the suppression of phenotypic variation due to genetic constraints – the same 

phenotype is produced regardless of environment (Wagner et al., 1997; Reed et al., 2010). Due 

to canalization, plastic genotypes are unable to produce as much variation as it is possible to 

produce via microevolution (Gienapp et al., 2007a) – evolutionary change in which the genetic 

constitution of a population changes as a consequence of natural selection (Merilä & Hendry, 

2014). Phenotypic plasticity and evolution are not alternatives, many trait differences are due to 

the evolution of plastic differences (Hendry, 2017). However, phenotypic plasticity is capable 

of producing changes significantly faster than microevolution. For example, an advance of 14 

days over 47 years in breeding date of great tits is expected to have taken approximately 200 

years if relying on evolution alone (Charmantier & Gienapp, 2014). While plasticity is a 

common way in which organisms respond to climate change (Parmesan, 2006), it is expected to 
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prove insufficient in the long-term due to the limitations in the range of phenotypes it can 

produce (Stockwell et al., 2003). 

Plasticity is restricted by both costs and limits (DeWitt et al., 1998). Costs can be then separated 

into two main categories: costs of plasticity, and costs of the phenotype (Murren et al., 2015). 

Costs of plasticity refer to the reduction in fitness experienced by a plastic genotype relative to 

a canalized genotype (DeWitt et al., 1998), while phenotype costs refer to those related to the 

allocation of resources to acquire information about the environment as well as those allocated 

to the plastic trait (Murren et al., 2015). Genetic costs of plasticity can include linkage between 

genes promoting plasticity and others conferring reduced fitness, negative effects of pleiotropic 

genes that affect traits other than the plastic one, and epistasis in which regulatory loci that 

produce plasticity may modify expression of other genes (DeWitt et al., 1998). Phenotypic costs 

can include costs of acquiring information, such as energy allocated, or the risk involved in 

determining the presence or absence of a predator, as well as costs in maintaining sensory and 

regulatory mechanisms, and costs of producing inducible structures (DeWitt et al., 1998). These 

costs are not present in canalized individuals, as they produce the same phenotype regardless of 

environment (DeWitt et al., 1998; Auld et al., 2010).  

While the benefit of phenotypic plasticity is the ability to produce a range of phenotypes to best 

match their environment, it is limited primarily by the reliability of information about the 

environment of selection, and the lag time between an environmental change and the phenotypic 

response (DeWitt et al., 1998). Plasticity can also be limited by previous plasticity, in which 

response to the current environment depends on response to a past environment which occurred 

earlier in ontogeny (Auld et al., 2010). Additionally, plasticity in response to one environmental 

factor can be limited by other environmental factors (Auld et al., 2010). Further, plasticity may 

be limited by resources, such that in an environment in which resources are abundant, organisms 

may be able to incur the production and maintenance costs of plasticity, whereas in an 

environment with few resources, they are unable to do so (Auld et al., 2010). Finally, the 
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evolution of plasticity itself, like other phenotypic traits, can be limited by the amount of genetic 

variation present, and the strength of selection (Murren et al., 2015).   

1.3 Plasticity in phenological traits 

Life cycle events (phenological events) generally have an optimal window in which they occur, 

and are thus particularly sensitive to climate change. In temperate regions where the availability 

of resources varies significantly between seasons, species have evolved to match their 

phenological events to resource availability in order to maximize fitness (Stenseth & Mysterud, 

2002; Parmesan, 2006).  However, as climate change increases temperatures and alters 

precipitation regimes, spring phenological events such as flowering, migration, and 

reproduction, are now occurring an estimated 2.3 to 5.1 days per decade earlier than they did 

previously (Parmesan, 2006; Parmesan, 2007; Thackeray et al., 2010). In the Northern 

Hemisphere, for example, as temperature is increasing and precipitation regimes are changing, 

the length of the vegetative growing season is increasing, changing herbivore phenology (Ozgul 

et al., 2010). Differences between estimates of phenological advancement are likely due to 

differences in latitude, taxa, or time periods used in each study (Parmesan, 2007), as species 

vary in sensitivity to a given climatic change, and magnitude of phenotypic response (Thackeray 

et al., 2016). Higher latitudes exhibited significantly higher rates of phenological advancement 

(Parmesan, 2007).  

Phenotypic changes in response to climate change are considered to be adaptive if the following 

conditions are met: a climatic factor changes over time, that climatic factor affects a phenotypic 

trait of an organism, and if the corresponding change increases fitness (Radchuk et al., 2019). 

In order for plasticity to be adaptive, the environment influencing the development or expression 

of a particular phenotypic trait must be a reliable cue for the environment imposing selection on 

that trait (Bonamour et al., 2019). For example, in seasonal environments, some organisms sense 

cues early in the season to anticipate the best time to breed, migrate, etc. to match phenotypes 

with expected conditions later in the season (Reed et al., 2010), whereas other organisms such 
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as ungulates sense cues in autumn to predict optimal breeding time the following spring (Renaud 

et al., 2019). Cues can include but are not limited to photoperiod, temperature, and precipitation 

(Visser & Gienapp, 2019), and the relative importance of each cue varies between species, as 

does the time of year in which they are sensitive to a given cue (Renner & Zohner, 2018). For a 

cue to be reliable, it must be correlated with the environment of selection through space or time; 

the same environmental variable does not need to both influence expression and impose 

selection (Bonamour et al., 2019). Organisms respond to the environmental variables that best 

predict the phenotypic optimum; for example, early spring precipitation may be a better 

predictor of late spring food abundance than early spring food abundance (Bonamour et al., 

2019). 

In passerines, following a warm spring, females often breed earlier in the year than following a 

cold spring, as a result of phenotypic plasticity – individual response to temperature (Visser et 

al., 1998; Nussey et al., 2005; Charmantier & Gienapp, 2014; Bonamour et al., 2019). A study 

in the Netherlands on great tits (Parus major) found that in response to warming spring 

temperatures, caterpillars, which are their primary prey, have advanced the timing of their 

growth to the point of creating a mismatch between peak caterpillar abundance and great tit 

reproduction (Visser et al., 1998). As a result, great tits have advanced their laying date to move 

closer to peak caterpillar abundance (Visser et al., 1998). Within that population, there exists 

significant genetic variation for laying date plasticity, and laying date plasticity is heritable; 

females that laid earlier and responded more strongly to temperature had significantly greater 

reproductive success, with more of their offspring being recruited to the population as breeding 

adults (Nussey et al., 2005). 

As the optimal timing for phenological events varies by as much as several weeks from year to 

year (Charmantier & Gienapp, 2014), organisms must rely on cues such as temperature, 

photoperiod, and precipitation. The relative importance of different cues, as well as sensitivity 

to said cues, varies between taxa/trophic levels, and is a principal driver of phenological 

mismatch (Visser & Gienapp, 2019). The cues used by consumers to predict phenology of their 
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resources are not perfect; in most cases, the cues that predict the consumer’s phenology differs 

from the environment that determines the phenology of its resource (Visser & Gienapp, 2019). 

For example, if two species both rely on temperature cues to determine phenology, they may 

rely on temperature during different periods of the year, or in the case of long-distance migrants, 

rely on temperature in different geographic regions which are not being affected by climate 

change to the same extent (Visser & Gienapp, 2019).  

The timing of conspecifics can also be an important cue for phenology, through competition for 

breeding territories, or the social benefits of synchronized reproduction to minimize predation 

risk; arriving too early to breeding grounds can result in mass mortality in the event of a late 

cold snap, while arriving too late can result in increased competition for breeding territory (Reed 

et al., 2006). Migratory birds are advancing their migration in response to warmer spring 

conditions via phenotypic plasticity, rather than microevolution; migration has been found to be 

more closely related with local temperature, and species with a younger age of first reproduction 

and thus a shorter generation time did not advance migration time faster than species with an 

older age of first reproduction (Gienapp et al., 2007b). 

However eventually, plastic responses will no longer be capable of mitigating fitness loss if the 

cues used to influence the plastic trait no longer accurately predict future selection on said plastic 

trait, such as in the case of climate change (Reed et al., 2010; Bonamour et al., 2019). Large 

spatial distances or time windows between cue perception and expression of phenotype may 

decrease cue reliability (Bonamour et al., 2019). For example long-distance migratory birds, 

climatic conditions in wintering grounds are often less closely correlated with those in breeding 

grounds (Gienapp et al., 2007b). When cues become less informative, strong plasticity can cause 

demographic consequences that outweigh the benefits, increasing extinction risk as a nonlinear 

function of cue reliability; increasing environmental stochasticity in combination with less 

reliable cues further increases extinction risk (Reed et al., 2010).  
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1.4 Consequences of trophic mismatch 

Coping with climate change via plasticity is only possible as long as the relationship between 

fitness and the existing reaction norm remains static over time (Gienapp et al., 2007a). As 

temperature increase due to climate change varies between seasons and geographic regions, this 

likely will not remain the case (Gienapp et al., 2007a). When interacting species respond to the 

same cue but have different reaction norms, phenological mismatch occurs (Bonamour et al., 

2019). They have been found in the case of trophic interactions, with consumers displaying a 

shallower reaction norm than their resource due to longer generation times and thus longer 

developmental lags in the expression of the plastic trait, reducing their ability to predict the 

environment of selection (Thackeray et al., 2016; Bonamour et al., 2019), as seen in the 

mismatch between great tits and caterpillars (Visser et al., 1998). Mismatch also occurs when 

interacting species rely on cues that are affected differently by climate change, including. cues 

in spring versus fall, or cues in different geographic regions (Bonamour et al., 2019). However, 

rather than relying on one single cue, organisms commonly integrate information from various 

cues, such as the current environment, earlier cues perceived during development, and cues from 

the environment previous generations were exposed to (Bonamour et al., 2019). The relative 

importance of each cue depends on the predictive power of each cue and the strength of 

selection, and the loss of reliability of one cue may be mitigated if cues are at least partially 

redundant (Bonamour et al., 2019). 

The concept of match/mismatch was initially developed by Cushing and Dickson (1977) to 

explain the inter-annual difference in survival of cod larvae (Gadus morhua) in the North 

Atlantic; egg production occurs at roughly the same time each year, while zooplankton 

abundance varies, with larvae either being matched or mismatched with food availability, 

resulting in either lower or higher larval mortality respectively. This concept has since been 

applied to terrestrial systems, for example to explain how nonlinear responses to climate change 

result in mismatches between consumers and their resource (Stenseth & Mysterud, 2002). A 

mismatch specifically refers to a difference in timing between a consumer’s peak resource 
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demands and peak resource abundance, while mistiming refers to phenology deviating from the 

time at which fitness peaks (Visser & Gienapp, 2019) (Fig. 1.1). When a consumer’s fitness 

depends primarily on matching with their resource’s phenology, then mismatch leads to 

selection on the consumer’s phenology, and thus mismatch equals mistiming. In many bird 

species, reproductive success depends on synchronization of reproduction with peak in food 

abundance, resulting in lower fitness in individuals breeding earlier and later than food peak 

(Reed et al., 2013). However, in cases where fitness also depends on other ecological factors, 

the relationship between mismatch and mistiming is diminished (Visser & Gienapp, 2019). For 

example, in birds, photoperiod is the most important cue for phenological events, however finer 

adjustments to determine when to breed are driven by temperature, as well as rainfall, which is 

a cue for food availability, and social interactions are also important (Gienapp et al., 2007b; 

Bourret et al., 2015). 

 
Figure 1.1 Definition of mismatch and mistiming 
a) Mismatch occurs when the time in the annual cycle at which a consumer species’ demands 
for a resource are highest does not match with the period during which this resource is most 
abundant. b) Mistiming occurs when the phenology (of either the individual (dots) or the 
population (vertical lines)) deviates from the time at which fitness peaks, which will then lead 
to directional selection for either earlier (as depicted here) or later consumer phenology. 
Individual (i) is well-timed with the fitness optimum, while individuals (ii) and (iii) are too late 
and hence are mistimed.  
(Visser & Gienapp 2019) 
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The rate of phenological advancement varies between trophic levels, with primary producers 

exhibiting the greatest rate of phenological advance, and decreasing as trophic level increases 

(Thackeray et al., 2010). In terrestrial ecosystems in the Northern Hemisphere, producers are 

advancing their phenology by an average of 4.1 days per ºC, while primary consumers are 

advancing by 3.7 days per ºC, and secondary consumers are advancing slowest at only 1.9 days 

per ºC, suggesting an increasing mismatch between trophic levels (Thackeray et al., 2010; 

Thackeray et al., 2016; Visser & Gienapp, 2019). This increasing asynchrony between 

consumers and their resources has been linked to reduced fitness of consumers, and declines in 

population abundance (Thackeray et al., 2010). Many studies have reported potential 

mismatches, as well as increasing selection as mismatch increases, however few have reported 

true mistiming at the individual level (Visser & Gienapp, 2019). At the population level, when 

the optimal time window for a consumer’s phenology is shifted by the advancement of the 

resource’s phenology, and the majority of individual phenotypes are later than the optimal 

phenotype, there will be strong directional selection towards earlier phenology (Visser & 

Gienapp, 2019). 

Mismatched phenology between consumers and their resources has been found to cause 

negative effects, primarily in reproductive success, impacting demographic rates across 

numerous taxa in marine, freshwater, and terrestrial systems (Visser & Gienapp, 2019). 

Increased temperatures have resulted in reduced reproductive success due to phenological 

mismatch between reproduction and plant growth phenology in caribou (Rangifer tarandus), 

roe deer (Capreolus capreolus), Ross’s geese (Chen rossii), and lesser snow geese (Chen 

caerulescens caerulescens) (Visser & Gienapp, 2019). Generalists are commonly assumed to 

fare better in the face of climate change, however in species feeding on multiple trophic levels, 

such as brown bears (Ursus arctos), the effects of varying rates of shifting phonology among 

trophic levels is more complex and poorly understood (Deacy et al., 2017). Bears consume a 

wide variety of temporally complementary resources throughout the year, however due to 

shifting phenologies, resources that previously were temporally separated are increasingly 

overlapping. This results in prey switching, as seen in Kodiak brown bears switching from 
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spawning sockeye salmon (Oncorhynchus nerka) to elderberries (Sambucus racemosa), as 

elderberries are ripening earlier in the year (Deacy et al., 2017). 

1.5 Trade-offs 

Evolution of phenotypic traits of an organism are not independent of one another, a beneficial 

change in one trait can be detrimental to another, resulting in a trade-off (Stearns, 1989). While 

there are at least 45 different defined trade-offs, some of the most well-studied are physiological 

trade-offs relating to energy allocation to reproduction, such as current reproduction and 

survival, reproduction and growth, reproduction and body condition, and number and quality of 

offspring – all of which compete within an individual for limited energy (Stearns, 1992). 

Energetic trade-offs often only occur when food is limited, and reserves must achieve a 

minimum threshold before breeding will occur; in cases where resources other than energy, (e.g. 

time or a mineral nutrient), then energy allocations do not trade off (Stearns, 1992). Allocations 

to reproduction varies with resource availability, as reproduction is associated with costs that 

reduce future reproduction, particularly if it uses resources that cannot be recovered before the 

next reproduction (O’Connor et al., 2014; Festa-Bianchet et al., 2019). 

Producing more offspring is not always selected for. Producing more offspring may result in 

fewer offspring successfully reproducing, and producing more offspring at one time may 

negatively affect the future reproduction of that individual (van Noordwijk & de Jong, 1986). 

Life history is often described as being similar to a pie, where each slice represents functions 

such as growth, maintenance, storage, and reproduction; since the pie is presumed to be a fixed 

size, increasing the size of one slice decreases the size of another (Reznick et al., 2000). In some 

situations, trade-offs are expected to be found but are not, for example when comparing income 

and capital breeders; income breeders rely on energy acquired within the previous few hours, 

and do not possess energy reserves to use for reproduction – their high metabolic rate rapidly 

eliminates any physiological trace of reproduction, and reproductive cost is more related to 

behavioural decisions such as amount of time foraging per day, whereas capital breeders rely 
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on previously stored energy for reproduction (Stearns, 1989; Stearns 1992). Another possibility 

is the variation in acquisition and allocation of energy; individuals vary in the amount of energy 

acquired (the size of their pie) and the fraction of that energy allocated to reproduction, and 

when individuals are able to acquire far more energy than they need to survive, they are able to 

allocate a greater proportion to reproduction – a lack of trade-off found could be a result of 

individuals performing extremely well, i.e. the pie is larger when resources are more abundant 

(van Noordwijk & de Jong 1986; Stearns, 1992; Reznick et al., 2000). 

When measuring and defining reproductive effort, it is not possible to take all factors into 

account; two individuals of the same species and body size could have the same number of 

offspring and devote the same absolute amount of energy but differ greatly in foraging efficiency 

and therefore reproductive effort would be unequal (Stearns, 1992). Because of this, the quantity 

and cost of reproduction is used, rather than reproductive effort (Stearns, 1992). Reproductive 

cost varies with life speed, long-lived species have adopted a strategy that favours their own 

survival and future reproduction, whereas short-lived species favour current reproduction 

(Clutton-Brock et al., 1989). Long-lived species with high survival rate and many reproductive 

opportunities, such as ungulates, generally show costs of reproduction, expressed as reduced 

maternal care as the reproductive value of mothers is far greater than that of offspring conversely 

short-lived species with high adult mortality rate and fewer reproductive opportunities, such as 

rodents, show survival costs of reproduction, as maternal reproductive value is not much greater 

than that of her offspring (Hamel et al., 2010). 

1.6 Carry-over effects 

Carry-over effects are a type of developmental plasticity by which the environment experienced 

earlier in life affects the development of traits that are expressed after the individual transitions 

to a new life stage, habitat, or in the case of temperate environments, season (Moore & Martin, 

2019). In an ecological context, carry-over effects are any situation in which an individual’s 

previous history explains their current performance in a given situation; this definition can be 
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applied to life history trade-offs and cost of reproduction, and must be linked to a measurable 

biological phenomenon with a clear transitional period separating cause and effect (O’Connor 

et al., 2014). Ecological carry-over effects are generally considered those mediated through 

reversible mechanisms such as energetic state, and are therefore distinct from irreversible early-

life effects such as maternal effects; they include those occurring within and across life history 

stages, seasons, years, or experimental settings, and non-lethal effects influence long-term 

population dynamics (O’Connor et al., 2014). Carry-over effects not only influence an 

organism’s survival and reproduction in new life stages or environments, they can also modify 

the adaptive value of developmental responses earlier in life (Moore & Martin, 2019). Direct 

carry-over effects occur when the environment influences the expression of traits in an earlier 

life stage, and those trait values are carried over directly into the next life stage, such as body 

size at metamorphosis (Moore & Martin, 2019). Latent carry-over effects occur when the 

environment affects the expression of a trait in a later life stage only, these traits are often ones 

that only exist in later life stages, such as legs on frogs (Moore & Martin, 2019). Finally, indirect 

carry-over effects occur when the environment in an earlier life stage affects a trait in a later life 

stage, which in turn affects other traits in later life stages; indirect effects often occur in 

conjunction with other types of carry-over effects, for example a direct effect on body condition 

later affects ability to devote resources to reproduction (Moore & Martin, 2019). 

Carry-over effects at the individual level can have significant consequences at the population 

level (Norris, 2005). For example, loss of high-quality wintering habitat for migratory birds 

increases mortality as well as the proportion of individuals overwintering in low-quality 

habitats; those overwintering in high-quality habitats have higher reproductive success than 

those overwintering in lower quality habitats despite breeding in the same location, resulting in 

decreased per-capita reproductive rate the following year and thus a reduction in population size 

(Norris, 2005). Svalbard barnacle geese (Branta leucopsis) are migratory capital breeders, and 

thus reproductive success depends significantly on environmental conditions in wintering 

grounds and flyways, which affects body condition (Layton-Matthews et al., 2019). Rapid 

climate change has resulted in advancing spring and warmer summers in the Arctic, which has 
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allowed for Svalbard barnacle geese to increase egg production and hatching success; however, 

fledging probability decreased due to increased predation by Arctic foxes (Vulpes lagopus), so 

any potential benefits to population size as a result of climate change is negated (Layton-

Matthews et al., 2019). 

In temperate species that undergo a single yearly birth pulse, all offspring born in the same year 

in the same area will experience the same early-life conditions, the carry-over effects of said 

conditions are cohort effects, which generally differentiate them from individuals in other 

cohorts, and can affect lifetime fitness (Pigeon & Pelletier, 2018). A commonly studied type of 

cohort effect is the silver spoon effect: individuals born under favourable environmental 

conditions experience long-term fitness benefits compared to those born under unfavourable 

conditions, regardless of the environment experienced as adults (Pigeon & Pelletier, 2018). In 

reindeer (Rangifer tarandus), cohort effects on reproductive success are context-dependent –  

only significant in intermediate adult environments (Pigeon et al., 2019). In moderate years, 

cohorts born under harsh environmental conditions are less likely to achieve reproductive 

success than those born under favourable environmental conditions, while in both very poor and 

highly favourable years, silver spoon effects disappeared; there was overall a negligible effect 

of early life conditions on adult survival (Pigeon et al., 2019). 

Carry-over effects do not need to be linked to migration or seasonality, as seen in the effects of 

compensatory growth in Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) 

(O’Connor et al., 2014). During periods of food shortage, fish that are starved reduce their 

growth rates and be smaller than fish with abundant food, and when more food becomes 

available, previously starved fish are able to catch up, however this compensatory growth has 

long-term consequences as said fish show decreased performance and increased mortality over 

time (O’Connor et al., 2014). Costs of reproductive effort represent carry-over effects, for 

example in bighorn sheep (Ovis canadensis), reproduction is associated with reduced mass, 

leading to reduced future reproductive success (O’Connor et al., 2014).  
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Previous environmental conditions can have carry-over effects that affect interactions in novel 

environments. The benefits associated with inducible anti-predator phenotypes such as 

neophobia in response to presence of predators is context-dependent: useful in high-risk 

environments as it avoids the need for direct predator recognition, but can be detrimental if that 

phenotype persists when the individual enters a low-risk environment without predators (Ferrari 

et al., 2019). Newly metamorphosed juvenile damselfish (Paralticus amboinensis) develop 

neophobic behaviour when presented with the scent of a predator, however when moved to an 

environment without predators, neophobia persists and those individuals are outcompeted by 

conspecifics displaying low-risk phenotype who have never encountered predators, indicating a 

significant cost for rapidly induced behavioural phenotypes outside the context in which they 

developed (Ferrari et al., 2019). 

1.7 Objectives 

The goal of this project is to first evaluate if and how ewe mass gain is impacted when the birth 

of their lamb is mismatched with spring conditions, in order to determine whether bighorn sheep 

are advancing their reproduction (a plastic trait) to keep up with the advancement of spring 

conditions (Renaud et al., 2019), as well as the presence of a trade-off between reproduction 

and maintenance. If summer mass gain is affected by mismatch, the next step is to determine 

whether there are fitness consequences of mismatch or summer mass gain, by measure of the 

probability of successfully producing and weaning a lamb the following year, as well as the 

timing of parturition date the following year. I predict that ewe summer mass gain will decrease 

as mismatch increases, resulting in a lower mass in fall. Further, I predict that a lower mass in 

fall will result in ewes being in poorer body condition, delaying conception and thus parturition 

the following year, and increasing mismatch. 
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1.8 Study system: bighorn sheep 

Large herbivores exhibit high adult survivorship and low fecundity, producing one to two 

offspring per year over a potential lifespan of ~15 years; they are strongly iteroparous, with 

females reproducing generally >5 times, occasionally as many as 15 times during their lifespan 

(Gaillard et al., 2000a). Adverse weather largely reduces survival by reducing the amount and/or 

quality of forage; in temperate species, high amounts of snowfall and long duration of snow 

cover during the previous winter often reduces pre-weaning survival due to reduced maternal 

nutrition during gestation (Gaillard et al., 2000a). Moderate to high levels of variation in adult 

survival are largely associated with rare events, such as epizootic disease outbreaks, and 

stochastic predator presence (Gaillard et al., 2000a), for example stochastic predation events, 

for example the presence of a cougar (Puma concolor) preying on bighorn sheep populations at 

Ram Mountain, Alberta from 1997-2002, Sheep River, Alberta from 1993-1996 and 1999-2003, 

and National Bison Range, Montana from 1996-1999 (Festa-Bianchet et al., 2006). 

Mass changes in response to rapid changes in food availability, such as seasonal mass changes 

in northern species, is often considered an adaptation in vertebrates (Hodges et al., 2006; 

Pelletier et al., 2007). In large mammals, differences in body mass can affect survival on a 

seasonal basis; individuals in poor condition, regardless of the cause, are commonly at a greater 

risk of mortality (Festa-Bianchet et al., 1997). In temperate environments, ungulate body mass 

fluctuates seasonally, with some species losing up to 25% of their body mass during winter due 

to scarcity of forage, which can affect survival (Festa-Bianchet et al., 1997). Bighorn sheep 

relative summer and winter mass changes have significant genetic variation and are heritable, 

which suggests an evolutionary response to selection for seasonal mass change (Pelletier et al., 

2007). Bighorn sheep gain mass in summer and lose mass in winter, with the exception of lambs 

who continue to gain mass throughout their first winter (Festa-Bianchet et al., 1996). Ewes lose 

approximately 20% of their late-summer body mass throughout winter, regaining lost mass in 

summer and continuing to gain additional mass until approximately 7 years of age (Festa-

Bianchet et al., 1996). Adult sheep begin to gain mass approximately in late May, at the onset 
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of vegetation growth (Festa-Bianchet et al., 1996; Renaud et al., 2020); in general, a greater 

body mass on September 15 is associated with increased survival, however the specific effects 

vary with age, sex, and population density (Festa-Bianchet et al., 1997). Selection favours more 

plastic individuals, and acts primarily via fecundity (Pelletier et al., 2007) as females adopt a 

conservative reproductive strategy, favouring current survival over reproduction (Festa-

Bianchet & Jorgensen, 1998; Martin & Festa-Bianchet, 2010). This is likely the result of a 

physiological constraint, as limited winter mass loss indicates poor body reserves and results in 

an inability to successfully reproduce (Pelletier et al., 2007). However, if ewes were able to lose 

a minimum amount of mass, reproduction was unaffected, suggesting a minimum threshold for 

winter mass loss; the less mass they lost, the less likely they were to successfully wean a lamb 

the following year (Pelletier et al., 2007) 

Bighorn sheep, like other large mammals, are capital breeders, relying on a combination of 

energy reserves and increased food intake to cover the costs of reproduction (Festa-Bianchet et 

al., 1998). The most costly part of reproduction is lactation (Gittleman & Thompson, 1988). 

When resources are limited, reproduction in capital breeders should affect body reserves and 

future ability to reproduce as predicted by life history theory (Stearns, 1992), and therefore 

larger individuals should reproduce more successfully, however limiting reproductive 

expenditure can lead to large size (Festa-Bianchet et al., 1998). As maternal mass increases, 

lamb survival to weaning increases for ewes that produced a lamb the previous year; however, 

weaning success was lower for ewes that had weaned a lamb the previous year, indicating a 

reproductive cost of lactation which increased with population density, more so in lighter ewes 

than heavier ewes (Festa-Bianchet et al., 1998). Most light ewes are light due to inability to 

accumulate mass, not because lower body mass is maintained by selection; if large ewes 

experienced a cost because their absolute food requirements were greater than light ewes, then 

at high density when food is scarce, there should be a negative effect of large size rather than 

the reproductive advantage that is found (Festa-Bianchet et al., 1998). When resources are 

scarce, bighorn ewes favour their own mass gain over that of their lambs – they minimize 
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reproductive expenditure while maximizing their own survival (Festa-Bianchet & Jorgenson, 

1998; Festa-Bianchet et al., 1998; Martin & Festa-Bianchet, 2010). 

Females transfer nearly all costs of reproduction to their offspring, though reproduction does 

reduce mass gain in young and senescent females – lactating females gain less mass during 

summer than non-lactating ones (Martin & Festa-Bianchet, 2010). Young ewes experience 

greater reproductive costs as they are still growing; ewes that were primiparous at 2 years old 

were lighter at 4 years than those who delayed primiparity (Festa-Bianchet et al., 2019). Heavier 

lambs require more maternal expenditure than lighter lambs, and light mothers expend more 

than heavy mothers; because male lambs are heavier than females, maternal expenditure for 

sons is greater than that for daughters (Festa-Bianchet & Jorgenson, 1998). Ewes that were small 

as yearlings delay primiparity and reduce allocation to maternal care, and as a result are able to 

catch up in mass with larger ewes by approximately 7 years old (Festa-Bianchet et al., 2019). 

Their conservative reproductive strategy leads to lower recruitment, as females delay 

primiparity and decrease maternal investment – at high density, 2-year-old ewes stopped 

reproducing (Festa-Bianchet et al., 2019). High population density and reproductive success of 

the mother the previous year negatively impact lamb mass gain, however summer mass gain of 

lactating females is independent of previous reproductive success (Martin & Festa-Bianchet, 

2010). Maternal expenditure in most bighorn ewes is well below the maximum expenditure 

possible, and is further reduced as population density increases; the same ewes weaned larger 

lambs at lower population density than at high density, with no difference in their own mass 

(Festa-Bianchet & Jorgenson, 1998). 

At Ram Mountain, the bighorn sheep population is currently considered to be low, potentially 

relaxing competition for forage, and favouring earlier primiparity and parturition (Festa-

Bianchet et al., 2019; Renaud et al., 2019). A study by Renaud et al., (2019) found that between 

1992 and 2017, median parturition date advanced approximately 15.7 days, during which time 

the number of adult females decreased from 103 to 37. Further, autumn temperature has 

increased by 2.9ºC, and daily precipitation decreased by 0.7mm, resulting in a longer growing 
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season, as most late autumn precipitation falls as snow. Mild autumns likely improve ewe body 

condition via improved foraging conditions, resulting in earlier conception, and due to their 

fixed gestation length of 172.7 ± 2.1 days, earlier parturition in spring. Earlier parturition may 

also favour earlier weaning of lambs, and thus earlier return to oestrus. Precipitation, rather than 

temperature, appears to be a more important cue for driving reproductive phenology, however 

whether that cue is related to plant phenology or other mechanisms is unknown (Renaud et al., 

2019). Earlier breeding may improve match between parturition and optimal environmental 

conditions, however at Ram Mountain, autumn conditions are changing faster than spring 

conditions, resulting in a mismatch between parturition and spring conditions (Renaud et al., 

2022). Lambs are born approximately 10 days later with respect to peak green-up, and if current 

trends continue, parturition will continue to lag behind spring green-up, as autumn cues are 

becoming increasingly unreliable predictors of spring conditions (Renaud et al., 2022). 

However, there has been little consequence on neonatal lamb survival, as neonatal survival is 

likely more affected by the environment experienced by ewes during gestation, before 

vegetation growth becomes relevant. Increased mismatch decreased lamb weaning mass 

(Renaud et al., 2022), which influences lamb overwinter survival, and is thus a proxy of fitness 

(Feder et al., 2008). However, absolute parturition date, rather than mismatch, explained more 

variation in weaning mass, suggesting that the number of days between birth and onset of winter 

drives variation in weaning mass (Renaud et al., 2022). No effects of lamb winter survival were 

found, suggesting that maternal energy reserves may buffer against variations in forage 

availability and quality, despite their conservative reproductive strategy. Due to the lack of 

fitness consequences of mismatch, earlier parturition in bighorn sheep does not qualify as an 

adaptive response per the conditions laid out by Radchuk et al., (2019), as defined previously. 

1.9 Study area and methods 

Bighorn sheep have been studied at Ram Mountain, Alberta (52º N, 115º W, 1082-2173m 

elevation, tree line approximately 1830m), an isolated outcrop approximately 30km east of the 

main Rocky Mountain range, since 1971 when a mark-recapture program began due to 

conservation concerns by the Alberta Fish & Wildlife department (Jorgenson et al., 1993b, 
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Festa-Bianchet et al., 1997; Festa-Bianchet et al., 2019). Sheep use approximately 38km2 of 

alpine and subalpine habitat (Jorgenson et al., 1993b). From 1972 to 1980, the population 

density was artificially kept low by removing 12-24% of adult ewes (Jorgenson et al., 1993). 

The population increased in density until it peaked in 1992, then declined (Festa-Bianchet et al., 

2019) due to density-dependent decline exacerbated by cougar predation, and failed to recover 

despite cessation of both predation and hunting (Pigeon et al., 2016; Poirier et al., 2019). As a 

result, two periods of contrasting environmental conditions have been defined during the course 

of the study: population increase associated with favourable environmental conditions and high 

lamb survival until 1989, and deterioration of environmental conditions with low lamb survival 

from 1990 (Pelletier et al., 2007). 

Monitoring of this population occurs annually from May-September using a corral trap baited 

with salt to capture sheep; individuals are marked with collars and ear tags upon first capture, 

usually as lambs (Jorgenson et al., 1993b).  At each capture, individuals are weighed (kg) to 

within 125g using a Detecto spring scale and horns measured to within 1mm using a tape 

measure, ewe lactation status determined by examining her udder, and classified as either 

lactating or not lactating (Jorgenson et al., 1993b). Most lambs are marked during their first 

summer, and maternal identity and sex recorded (Jorgenson et al., 1993). Sheep are captured 

between 1 and 7 times a summer, and over 90% of ewes are trapped at least twice a summer 

(Pelletier et al., 2007). Adult mass is adjusted to June 5 and September 15 (Julian day 156 and 

258 respectively, in non-leap years), while lamb mass is adjusted to June 15, as on June 5 some 

are still not born. 

To date, more than 1175 individuals have been recorded in over 11,000 captures (Festa-Bianchet 

et al., 2019), with birth dates recorded since 1992 (Renaud et al., 2019). Nearly all ewes captured 

since 1972 are of known age as they were first captured as lambs or yearlings (Martin & Festa-

Bianchet, 2012). Lamb birthdate is estimated based on size at first sighting, presence of 

umbilical cord, and dark grey coat colour typical of newborns (Geist, 1971); ewes isolate for 2-

3 days postpartum before rejoining other ewes, so date of last sighting of ewe also helps estimate 



 21 

lamb birthdate (Festa-Bianchet, 1988). The peak of spring flush, henceforth referred to as 

“spring green-up” dates are available since 2000, based on Enhanced Vegetation Index (EVI), 

acquired by the Moderate Resolution Imaging Spectroradiometer (MODIS) (Renaud et al., 

2020; Renaud et al., 2022). 

For this project I will be using two measures of mismatch: mismatch between spring green-up 

and parturition, and mismatch between individual parturition date and the population mean and 

median parturition date for that year (henceforth referred to as ‘trophic mismatch’ and 

‘population mismatch,’ respectively). In order to determine mismatch between spring green-up 

and parturition, I will use the number of days between parturition date and green-up date 

(dateparturition – dategreen-up in Julian days), available since 2000, as described by Renaud et al., (2020). 

Further, as measures of potential fitness effects of mismatch, I will be using future (year t+1) 

reproductive success, weaning success, parturition date, and mismatch, both directly in response 

to mismatch in yeart, and indirectly in response to summer mass gain and fall mass also in yeart.  

1.10 Importance 

This project is a continuation of the Ram Mountain bighorn sheep project, which began in 1971. 

There has been a substantial amount of research done over the years on topics such as the 

variation and heritability of seasonal mass change (e.g. Festa-Bianchet et al., 1996; Festa-

Bianchet et al., 1997; Festa-Bianchet et al., 1998; Pelletier et al., 2007) and its effects on 

reproduction (e.g. Gaillard et al., 2000b; Martin & Festa-Bianchet, 2012), the fitness costs of 

reproduction (e.g. Festa-Bianchet et al., 2019), and ewe reproductive strategy (e.g. Festa-

Bianchet et al., 1998; Martin & Festa-Bianchet, 2010). However, research on the effects of 

climate change has only begun recently (e.g. Renaud et al., 2019; Renaud et al., 2022). 

Bighorn sheep rely on cues in autumn to time reproduction so that parturition occurs during 

optimal spring conditions; between 1992 and 2017, mean parturition date advanced 

approximately 15 days (Renaud et al., 2019). However at Ram Mountain, spring and fall 
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conditions are changing at different rates, resulting in mismatch between parturition and spring 

green-up, with mean parturition dates now occurring approximately 10 days later with respect 

to spring green-up than in 2000 (Renaud et al., 2022). Despite their conservative reproductive 

strategy (Festa-Bianchet & Jorgenson, 1998; Martin & Festa-Bianchet, 2010), costs of this 

mismatch are not shown to be passed onto lambs (Renaud et al., 2022), suggesting that as capital 

breeders, bighorn ewes may increase the cost of reproduction by acting as a buffer, using their 

fat reserves for lactation when mismatched with resource availability, resulting in decreased 

summer mass gain as mismatch increases. This in turn may result in decreased probability to 

produce and wean a lamb the following year. As climate change continues and exacerbates 

phenological mismatch, organisms must adapt in order to persist. This project will further our 

understanding of vertebrate response to climate change; this is crucial to assess population 

persistence, as phenotypic plasticity may not be sufficient long-term. 



 

CHAPTER 2 

TROPHIC MISMATCH INCREASES COSTS OF REPRODUCTION IN FEMALE 

BIGHORN SHEEP (OVIS CANADENSIS) 

Intended journal: Proceedings of the Royal Society B Biological Sciences 
Authors : Victoria Crozier, Limoilou-Amélie Renaud, Marco Festa-Bianchet, Fanie Pelletier 

2.1 Description and contribution 

In the following article, we analyzed the effects of climate change-induced trophic mismatch on 

bighorn ewe energy allocation and the potential subsequent fitness effects. More specifically, 

how mismatch with spring green-up affects their summer mass gain, and how that then affects 

their reproduction in fall and thus timing of parturition the following year. Our results show that 

trophic mismatch increases the costs of reproduction, and females use their own energy stores 

to buffer those costs, resulting in a lower mass in fall and thus poorer body condition. This lower 

mass in fall causes a delay in reproduction, and consequently a delay in parturition the following 

year, as well as  an increase in reproduction, allowing for the potential development of a negative 

feedback loop. This study improved our understanding how large, long-lived mammals are 

impacted by climate change-induced trophic mismatch, as most previous studies focus on the 

immediate consequences to offspring in the year in which the mismatch occurred, whereas this 

study looks at the consequences to mothers, and the carry-over effects into the following year. 

My contribution to this article was fundamental, as I completed the analyses and wrote the 

majority of the manuscript. This project was proposed by Prof. Pelletier, I received considerable 

help with statistics early on from Dr. Renaud, and revision of several versions of this manuscript 

from Dr. Renaud, Prof. Pelletier, and Prof. Festa-Bianchet. Further, Prof. Festa-Bianchet is 

responsible for the coordination and funding of the long-term study at Ram Mountain, Alberta. 

I will submit this article to the journal Proceedings of the Royal Society B: Biological Sciences, 
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as this article fits well within their scope which includes ecology, evolution, and global change, 

and has significant results that are of broad interest across disciplines. 

Key words: climate change, trophic mismatch, enhanced vegetation index, reproductive 

allocation, carry-over effects, capital breeder
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2.2 Abstract 

In species with long gestation times, females must commit to reproduction several months in 

advance, often using environmental cues to predict the optimal timing for parturition. With 

climate change, autumn cues driving reproduction may become increasingly unreliable 

predictors of spring conditions. Poorly timed reproduction will result in a mismatch between 

peak energy requirements and optimal resource availability, potentially reducing fitness. Using 

20 years of data on vegetation phenology, parturition date and female mass, we explored the 

effects of mismatch between spring green-up and parturition on female summer mass gain, and 

the potential fitness consequences of mismatch on future reproduction. Increasing mismatch 

between peak forage availability and parturition date in sheep is causing a decrease in female 

summer mass gain, resulting in a lower mass in autumn. Females that were lighter in autumn 

delayed conception and thus parturition the following year, further increasing their mismatch 

with spring green-up. Our study supports the hypothesis that capital breeders like bighorn sheep 

can use their fat reserves to buffer the increased energetic cost of reproduction when mismatched 

with resource availability. High costs of reproduction allocation due to mismatched phenology 

between consumers and their resources may therefore lead to carryover effects and influence 

reproductive strategies. 

2.3 Introduction 

Climate change has already had large impacts on biodiversity, and its effects are expected to 

increase in the next century (Parmesan, 2006; Thackeray et al., 2010). Faced with climate 

change, local populations may adapt via adaptation, migrate, or go extinct (Parmesan & Yohe, 

2003). To mitigate loss of fitness, the most common responses to climate change are range shifts 

and changes in phenology, i.e., in seasonal plant and animal activity (Visser, 2008). Rapid 

climate change has advanced spring phenological events in the northern hemisphere and 

lengthened the duration of the vegetative growing season (Parmesan, 2006; Thackeray et al., 

2010). In many bird species, reproductive success depends on synchronization of reproduction 
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with the peak in food abundance, resulting in lower fitness for individuals whose breeding is 

not synchronized with peak food abundance (Reed et al., 2013). Similarly, to cope with the 

earlier onset of plant growth, some herbivorous mammals have altered their reproductive 

phenology (Ozgul et al., 2010; Parmesan, 2006) matching their lactation period, when energetic 

demands are greatest, with the peak in food abundance and quality (Gittleman & Thompson, 

1988; Clutton-Brock et al., 1989; Stenseth & Mysterud, 2002). 

Tracking phenological changes induced by climate change is only possible if the cues used by 

consumers reliably predict the phenology of the resource (Radchuk et al., 2019; Visser & 

Gienapp, 2019). As the rate of phenological shifts varies between species, as well as trophic 

levels (Kharouba & Wolkovich, 2020), geographic locations and seasons (Parmesan, 2006; 

Parmesan, 2007; Thackeray et al., 2010), cues may become unreliable. Although phenotypic 

plasticity is a common mechanism for organisms to cope with rapid climate changes 

(Charmantier & Gienapp, 2014), plasticity alone is unlikely to mitigate fitness loss resulting 

from prolonged directional changes, particularly if the cues used to time phenology become 

unreliable (Gienapp et al., 2007; Reed et al., 2010; Bonamour et al., 2019). Large spatial 

distances or time windows between cue perception and expression of phenotype may decrease 

cue reliability (Bonamour et al., 2019). When cues become unreliable, or when interacting 

species rely on cues that are differently affected by climate change, for example cues in spring 

versus autumn, or cues in different geographic regions, a mismatch, also referred to as trophic 

asynchrony, can occur (Bonamour et al., 2019; Visser & Gienapp, 2019). The concept of 

match/mismatch was initially developed by Cushing and Dickson (1977) to explain the inter-

annual difference in survival of cod larvae (Gadus morhua) in the North Atlantic, and has since 

been applied to terrestrial systems (Stenseth & Mysterud, 2002). An increasing asynchrony 

between consumers and their resources has been linked to reduced fitness of consumers (Reed 

et al., 2013), and declines in population abundance (Thackeray et al., 2010), across numerous 

taxa in marine, freshwater, and terrestrial systems (Visser & Gienapp, 2019). Finally, the timing 

of conspecifics can also be an important cue for phenology, through competition for breeding 

territories (Charmantier & Gienapp, 2014), or when synchronized reproduction minimizes 
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predation risk (Reed et al., 2006). In large mammals with long gestation time that likely rely on 

cues signaling the best time to breed several months before parturition, it is challenging to 

partition the impacts of cues from conspecifics from those of climate change upon shifts in 

reproductive phenology. 

The consequences of phenological mismatch have been primarily investigated in birds (Reed et 

al., 2013; Visser & Gienapp, 2019) and other income breeders (Réale et al. 2003), but little is 

known about the effects on long-lived species that use stored resources to reproduce (Renaud et 

al., 2022; Samplonius et al., 2020). Mismatched phenology between consumers and their 

resources as a result of climate change has led to reduced reproductive success in caribou 

(Rangifer tarandus) and roe deer (Capreolus capreolus), two income breeders, but also in 

capital breeders such as Ross’s geese (Chen rossii), and lesser snow geese (Chen caerulescens) 

(reviewed in Visser & Gienapp 2019). These studies have primarily focused on the effects of 

climatic variation on offspring, such as offspring survival (Post & Forchhammer, 2007; Plard et 

al., 2014,;reviewed in Samplonius et al., 2020). Juveniles are more likely than other age classes 

to be affected by changes in environmental conditions (Gaillard et al., 2000). However, we still 

know little about the effects of mismatch on maternal reproductive allocation. In long-lived 

species with high adult survival rate and many reproductive opportunities, such as ungulates, 

the reproductive value of mothers is far greater than that of offspring (Hamel et al., 2010). 

Allocation to reproduction varies with resource availability, as current reproduction is 

associated with costs that may reduce future reproduction, particularly if energetic resources 

cannot be recovered before the next reproduction (O’Connor et al., 2014; Festa-Bianchet et al., 

2019). This reduction in reproductive output following energetically costly reproduction 

represents a carry-over effect, a type of developmental plasticity where the environment 

experienced earlier in life affects the development of traits expressed after the individual 

transitions to a new life stage, habitat, or in the case of temperate environments, season (Moore 

& Martin, 2019). Here, we use long-term monitoring of individually marked bighorn sheep 

(Ovis canadensis) to quantify the impacts of phenological shifts and mismatch between resource 

availability and energetic requirements on female mass gain and reproductive costs. 
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The rate of phenological advancement can vary between trophic levels. Primary producers 

exhibit the greatest rate of phenological advance in response to warmer temperatures, and the 

rate of advancement decreases as trophic level increases (Thackeray et al., 2010). Mismatched 

phenology between consumers and their resources as a result of climate change has led to 

reduced reproductive success in caribou (Rangifer tarandus), roe deer (Capreolus capreolus), 

Ross’s geese (Chen rossii), and lesser snow geese (Chen caerulescens) (reviewed in Visser & 

Gienapp, 2019). These studies have primarily focused on the effects of climatic variation on 

offspring, such as offspring survival (Post & Forchhammer, 2007; Plard et al., 2014; reviewed 

in Samplonius et al., 2020). Juveniles this demographic group are more likely than other age 

classes to be affected by changes in environmental conditions (Gaillard et al., 2000). Here, we 

use long-term monitoring of individually marked bighorn sheep (Ovis canadensis) to quantify 

the impacts of phenological shifts and mismatch, between resource availability and high 

energetic demands from lactation requirements on female mass gain and reproductive costs.  

The match-mismatch hypothesis has recently been explored in bighorn sheep at Ram Mountain, 

Alberta, Canada (Renaud et al., 2022) following evidence that parturition date is likely a plastic 

trait in this species (Renaud et al., 2019). Between 1992 and 2017, autumn temperature increased 

by 2.9ºC, and daily precipitation decreased by 0.7mm, resulting in a longer growing season, as 

most late autumn precipitation falls as snow. Median parturition date advanced by ~15.7 days 

over the study period. The authors’ hypothesis was that mild autumns likely improved female 

body condition by improving foraging conditions, resulting in earlier conception. Given that 

gestation length is fixed in this species (172.7 ± 2.1 days; Hogg et al., 2017), earlier conception 

resulted in earlier parturition the following spring (Renaud et al., 2019). While earlier breeding 

may improve match between parturition and optimal environmental conditions, at Ram 

Mountain, spring conditions are changing faster than autumn conditions, resulting in a mismatch 

between parturition and spring conditions (Renaud et al., 2022). Lambs are now born 

approximately 10 days after peak green-up. If current trends continue, parturition will further 

lag behind spring green-up, as autumn cues are becoming increasingly unreliable predictors of 

spring conditions (Renaud et al., 2022). There were no measurable consequences of this 

mismatch on either lamb neonatal survival or overwinter survival, but increased mismatch 
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decreased lamb weaning mass (Renaud et al., 2022), suggesting that the cost of mismatched 

mothers may reduce their allocation to reproduction, a hypothesis that remains to be 

investigated. 

To quantify the impacts of phenological shifts on reproductive allocation, we analyzed mass 

gain in bighorn females using both individual and population metrics of mismatch. First, we 

assessed whether mismatch between parturition date and spring green-up changed over time. 

Then we partitioned the effects of a trophic mismatch, the difference between individual 

parturition date and green-up date, from those of a population mismatch, the difference between 

individual parturition date and population median parturition, on female summer mass gain. 

Given that bighorn sheep are capital breeders, we hypothesized that maternal energy reserves 

may buffer against variations in forage availability and quality. We expected that trophic 

mismatch would result in decreased female summer mass gain, with trophic mismatch having a 

stronger effect than population mismatch, as the population is likely not tracking phenological 

changes well. We further investigated whether the reduced mass gain following either a trophic 

or population mismatch has a carry-over effect on future reproduction, measured by lamb 

production and parturition date the following year. 

2.4 Methods 

2.4.1 Study area and population 

Bighorn sheep have been studied at Ram Mountain, Alberta (52º N, 115º W, 1082-2173m 

elevation), an isolated outcrop approximately 30 km east of the main Rocky Mountain range, 

since 1971. Sheep are captured annually from late May to late September in a corral trap baited 

with salt. Individuals are marked with ear tags or visual collars upon first capture, usually as 

lambs or yearlings, and their sex and maternal identity are recorded (Jorgenson et al., 1993b).  

The study area is censused on foot daily, weather-permitting. Nearly all adult females and lambs 
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are seen every few days. Most sheep are captured 1 to 7 times a summer, and over 90% of 

females are trapped at least twice each summer (Pelletier et al., 2007).  

Female mass and lamb mass (kg) are adjusted using linear mixed-effects models with restricted 

maximum likelihood, with both intercept and slope allowed to vary for each individual, and a 

minimum of two measurements per summer required for adjustments (Martin & Pelletier 2011). 

Female spring mass is adjusted to June 5, while female autumn mass is adjusted to September 

15. Lamb weaning mass is adjusted to September 15, and is used as a proxy for maternal 

allocation to reproduction as lambs rely on lactation to obtain resources in their first months of 

life. Adults are separated into three age classes: primiparous, prime-aged (3-7 years of age 

excluding primiparae), or senescent (over 7 years of age) (Festa-Bianchet et al., 1998). For 

females pregnant at first capture, their mass from that capture was excluded for seasonal 

adjustments. Predation is defined as years when a cougar (Puma concolor) specializing on 

bighorn sheep is present in the area (Festa-Bianchet et al., 2006). 

Since 1992, parturition dates have been estimated based on lamb size and behaviour at first 

sighting, presence and condition of umbilical cord, and dark grey coat typical of newborns 

(Feder et al., 2008); date of last female sighting pre-parturition is also used to estimate 

parturition date, as females isolate for 2-3 days postpartum before rejoining other females 

(Festa-Bianchet, 1988b). Vegetation indices, available since 2000, were extracted from the 

Moderate Resolution Imaging Spectroradiometer on the NASA Terra and Aqua satellites 

(Justice et al., 1998). We focused on the Enhanced Vegetation Index given that it is more 

accurate in forested areas than other vegetation phenology indices (Justice et al. 1998), and that 

it was previously reported to affect juvenile body mass and reproductive success in reindeer 

(Tveraa et al., 2013). Values for the Enhanced Vegetation Index are available every eight days 

with pixels at a resolution of 500m x 500m. We considered all pixels whose centroids were at 

>1600m elevation within the study site to reflect the high-elevation areas used by bighorn sheep 

in spring (Festa-Bianchet 1988a). Briefly, we characterized spring plant phenology using the 

double logistic function suggested by Beck et al. (2006). The function has six parameters, each 
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with a biological interpretation in terms of phenology or time series values. We quantified 

maximal dates of ‘green–up’ using the first inflexion point of the function; these dates, in Julian 

day (1 Jan = 1JD), represent the maximal increase in the time series and were assumed to 

represent the timing of spring flush (hereafter, ‘green-up date’). The inflexion point was 

constrained to be between April 1st and July 1st of each year while slope parameters were 

constrained to be between 0.03 and 0.1. Prior to curve fitting, we removed values that were 

clearly aberrant. We averaged values for each time series and each cell across the study area to 

obtain a single value per year and per time series. We downloaded and processed data for 2000-

2020 using the ‘MODIStsp' package in R (Busetto & Ranghetti ,201; R Core Team, 2022). We 

then used green-up date to calculate mismatch between parturition and plant phenology 

(parturition date – green-up date, in Julian days), henceforth referred to as trophic mismatch. 

Females giving birth before green-up (early birth) had a negative value for mismatch, female 

giving birth after (late birth) had a positive value (Fig. 2.1). A female giving birth on the 

estimated date of green-up had a mismatch value of zero. 

2.4.2 Statistical analyses 

We first investigated the temporal trends in spring green-up date and trophic mismatch using 

linear models, as well as the distribution of parturition dates relative to spring green-up. Next, 

we tested the effects of trophic mismatch on female summer mass gain, as well as the effects of 

absolute parturition date on female summer mass gain. Due to the non-linear trends in the data, 

we used generalized additive mixed models (GAMMs, ‘mgcv’ package, Wood, 2011) to test the 

effects of trophic mismatch on female summer mass gain, using the default parameters included 

in the package. We included explanatory variables previously shown to affect female summer 

mass gain. Female reproductive success the previous year was included as three-level factor: 

‘no lamb’ for those that did not reproduce, ‘not weaned’ for those whose lamb died during 

summer, ‘weaned’ for those whose lambs survived to late September (Martin & Festa-Bianchet, 

2010). We also included female spring body mass (Pelletier et al., 2007; Douhard et al., 2018), 

lamb weaning mass as a proxy for reproductive allocation (Festa-Bianchet & Jorgenson 1998), 
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predation as a binomial variable identifying years with and without a specialist cougar (Dulude-

de-Brouin et al., 2019), female age class (primiparous, prime-aged, senescent) (Festa-Bianchet 

et al., 1997), and whether the female was pregnant at her first capture (a two-level factor). 

Second, we tested the effect of summer mass gain in yeart on lamb production the following 

year (yeart+1). We used generalized linear mixed models (GLMMs, ‘lme4’ package, Bates et al., 

2015) with a binomial distribution to test the effect of female summer mass gain on whether or 

not a female produced a lamb the following year. Third, for a subset of females that produced 

lambs in two or more consecutive years, we used GLMMs with a binomial distribution to test 

the effect of summer mass gain on lamb survival to weaning. Finally, using the same subset of 

females that reproduced in two or more consecutive years, we tested the effect of mismatch and 

female fall mass in yeart on parturition date in yeart+1, using linear mixed models (LMMs, 

‘lme4’ package, Bates et al. 2015). Because of repeated measures of females over multiple years, 

we included both year and female identity (ID) as random effects. 

For each set of models, we compared candidate models using the corrected Akaike Information 

Criterion (AICc) to select models that best explained the data (Burnham et al., 2011). Model fit 

was verified using the ‘gam.check’ function (‘mgcv’ package, Wood, 2011), to verify 

distribution of residuals and the number of basis functions included in models. When several 

models were considered equivalent (ΔAICc <2) for trophic mismatch, the best model resulting 

from ‘gam.check' function was chosen. During model selection, mixed models were fitted using 

maximum likelihood (ML), then once the final model was selected, it was refitted with restricted 

maximum likelihood (REML) to report model parameters (Bolker et al., 2009). Prior to 

modelling, all continuous variables were standardized and given a Z-score to bring onto the 

same scale (Austin et al., 1990). Analyses were performed using R 4.2.1 (R Core Team, 2022). 

Results are presented as estimate [lower 95% confidence interval, upper 95% confidence 

interval. 
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2.5 Results 

From 2000 to 2019, we estimated parturition dates for 143 females that gave birth to 275 lambs. 

We did not have weaning mass data for 53 lambs (16 were never captured and died during 

summer, 22 were captured once and died before weaning, 15 were only captured once during 

summer but survived through winter), thus only 222 were included in analyses. During the study 

period of 2000-2019, the number of lambs born to each female ranged from one to nine. Spring 

green-up date based on EVI advanced by 1.12 days per year (-1.12, [-1.75, -0.49], Fig. 2.1a). 

Median parturition date remains highly variable between years, and based on a linear regression 

remains nearly constant over time (-0.09, [ -0.69, 0.51]). Based on a linear regression over years, 

mismatch between parturition date and spring green-up advanced by 1.11 days per year [0.75, 

1.46], with a mean of 8.6 days (SD = 17.5 days) (Fig. 2.1b) and range from -24 to +119 days 

(Table S1) over years (Fig. 2.2). 
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Figure 2.1 Spring green-up and trophic mismatch at Ram Mountain, Alberta 

Blue line represents model prediction, grey band represents 95% confidence 
interval. 

A. Spring green-up date based on Enhanced Vegetation Index (EVI) at Ram 
Mountain, Alberta 2000-2020. Slope -1.12, adjusted R2 0.39. Spring green-up 
date ranges from Julian day 123 (May 2) to day 170 (June 18). 

B. Trophic mismatch between spring green-up date (EVI) and parturition date of 
bighorn sheep (Ovis canadensis) at Ram Mountain, Alberta 2000-2020. Slope 
1.11, adjusted R2 0.12. Parturition dates range from Julian day 136 (May 15) to 
day 243 (August 30), mismatch ranges from -24 to 119 days. 



  35 

 

Figure 2.2 Timing of lamb births relative to spring green-up at Ram Mountain 

Mismatch between spring green-up and parturition date of bighorn sheep (Ovis 

canadensis) at Ram Mountain, Alberta 2000-2020. Red dashed line indicates 

green-up date, negative values refer to parturition dates before spring green-up 

(early births),  positive values refer to parturition dates after spring green-up (late 

births) and values of 0 refer to ‘matched’ parturition with spring green-up. 

2.5.1 Effects of mismatch on  summer mass gain 

The selected model of female summer mass gain explained 45.9% of variance and included 

trophic mismatch, female spring mass, lamb weaning mass, female previous reproductive 

success, predation, female age class, and if the female was pregnant at her first capture (Tables 

2.1 & S2). Increased mismatch between spring green-up and parturition resulted in reduced 
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female summer mass gain (Fig. 2.3). Highly mismatched (‘late’) females gained an average of 

7.5kg less mass over summer than those whose parturition dates had a negative value for 

mismatch or were more closely matched with spring green-up (Fig. 2.3). Two other models were 

found to be equivalent (ΔAICc < 2; Table S2). To confirm that mismatch was a better predictor 

of female summer mass gain than the date of parturition, we also  compared the selected model 

with a similar model (Fig. S1), replacing trophic mismatch with lamb birthdate as the main 

explanatory variable, and found that it explained only 33.8% of variation, as compared  to 45.9% 

explained by the same model using mismatch. We ran a similar analysis using mismatch 

between individual parturition date and population median parturition date (‘population 

mismatch’) as the main explanatory variable (Table S3, Table S4). The best model explained 

only 28.1% of variance. The effect was weaker than that of trophic mismatch but the results 

were qualitatively the same (Table S2), so we decided to focus on the effects of trophic 

mismatch in the main text. All analyses on population mismatch can be found in supplementary 

material (Table S3, Fig. S2).  
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Table 2.1 Parameter estimates of fixed effects of selected model for the determinants 

of adult female bighorn sheep in response to mismatch between parturition 

date and spring green-up date (based on Enhanced Vegetation Index) at 

Ram Mountain, Alberta, Canada 2000-2019. 

  
Estimate Standard error 

Lower 95% 
confidence 

interval 

Upper 95% 
confidence 

interval 
Intercept 14.41 2.09 10.31 18.51 

Spring mass -2.26 0.28 -2.81 -1.71 

Lamb weaning mass 0.86 0.25 0.37 1.35 

PRS - neonatal death 0.55 2.14 -3.64 4.74 

PRS - no lamb 2.48 2.49 -2.40 7.36 

PRS - not weaned 0.62 2.12 -3.54 4.78 

PRS - weaned 1.91 2.07 -2.15 5.97 

Predation -3.5 0.58 -4.64 -2.36 

Age class - 
primiparous -2.96 1.41 -5.72 -0.20 

Age class - senescent 0.08 0.09 -0.10 0.26 

Pregnant at first 
capture -0.35 0.81 -1.94 1.24 

 

PRS: previous reproductive success; predation: presence of specialist cougar (Puma concolor); 

age class separates females into primiparous, adult (2-7 years but not primiparous), and 

senescent (>7 years). Year and female ID were used as random effects, ‘adult’ age class, no 

predation, not pregnant at first capture considered as references in analyses. Based on restricted 

maximum likelihood generalized additive mixed model. 
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Figure 2.3 Bighorn ewe summer mass gain in response to parturition date 

Bighorn female (Ovis canadensis) summer mass gain (kg) as a function of timing 

of parturition date relative to spring green-up (based on Enhanced Vegetation 

Index) at Ram Mountain, Alberta, 2000-2019. Green dashed line represents date 

of spring green-up, blue line represents prediction from generalized additive 

mixed model (GAMM), grey band is 95% confidence interval, based in model 

described in table S2, adjusted R2=0.459. 

2.5.2 Fitness consequences of trophic mismatch 

To investigate the fitness consequences of trophic mismatch, we modelled the effects of 

mismatch and of female summer mass gain in yeart (as an indirect effect of mismatch), on 

parturition date, lamb production, weaning success, and mismatch in yeart+1 in a subset of 

females that reproduced in two or more consecutive years (n = 124). For parturition date the 



  39 

following yeart+1, autumn mass was the only variable included in the selected model (-3.92 [-

6.85, -1.18], Table 2.2), explaining 27.3% of variance; as autumn mass in yeart increased by 

1kg, parturition date was earlier by 0.83 days (Fig. 2.4a). Similarly, when testing for an effect 

on mismatch in yeart+1, the selected model contained only autumn mass in yeart (-2.78 [-5.49, -

0.38], table 2.2), explaining 48.2% of variance: as autumn mass increased by 1kg, mismatch 

decreased by 0.54 days (Fig. 2.4b). When testing for an effect of mismatch as well as summer 

mass gain on reproduction in yeart+1, in a subset of ewes who survived to the following year (n 

= 169), the selected model contained summer mass gain (0.38 [-0.06, 0.84]), mismatch (0.19 [-

0.37, 0.77]), and lamb weaning mass (0.41 [-0.01, 0.86]) (Table S2), however the 95% 

confidence intervals included zero for all terms. When testing both mismatch and summer mass 

gain in yeart on lamb survival to weaning in yeart+1, no candidate models were better than the 

null model (Table S2). 

Table 2.2 Parameter estimates of fixed effects of selected models (supplementary 

material 2) for the determinants of parturition date and trophic mismatch 

in year t+1 for females who reproduced in ≥2 consecutive years (n = 124) at 

Ram Mountain, Alberta, Canada 2000-2019. 

  
Estimate Standard 

error 
Degrees of 
freedom 

Lower 95% 
confidence 

interval 

Upper 95%  
confidence 

interval 
Parturition 
yeart+1           

Intercept 154.32 1.67 17.79 150.94 157.73 

Fall mass -3.92 1.32 27.25 -6.85 -1.18 

            
Trophic 
mismatch yeart+1 

          

Intercept 9.11 2.98 18.07 3.1 15.04 

Fall mass -2.78 1.22 13.44 -5.49 -0.38 
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Figure 2.4 Fitness consequences of trophic mismatch 

Fitness effects of trophic mismatch on bighorn sheep (Ovis canadensis) at Ram 

Mountain, Alberta, Canada. Blue line represents model predictions as described 

in table 2, grey band represents 95% confidence interval. 

A. Parturition date of bighorn sheep as a function of female fall mass the 

previous year, conditional R2=0.273. 

B. Trophic mismatch of bighorn sheep as a function of female fall mass the 

previous year, conditional R2=0.482. Negative mismatch values refer to 

parturition dates prior to spring green-up date (based on Enhanced Vegetation 

Index), positive values refer to parturition dates after spring green-up. 
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2.6 Discussion 

A key result of this study is that spring green-up at Ram Mountain in the last two decades 

advanced faster than bighorn sheep advanced their parturition, leading to an increase in trophic 

mismatch. Indeed, spring green-up date has advanced by 1.12 days per year since 2000, while 

the median parturition date has only advanced by 0.09 days per year. Consequently, the 

mismatch between spring green-up and parturition date increased by an average of 1.11 days 

per year. This increasing mismatch limits access to high quality forage for lactating mothers 

with high energy expenditure, limiting their capacity to restore body condition. Thus, females 

that are highly mismatched have a lower mass in autumn. Females that are lighter in autumn 

also appear to delay parturition the following spring, suggesting that mismatch has carry-over 

effects on future reproduction. 

Both trophic and population mismatch significantly reduced female summer mass gain, with the 

effect of trophic mismatch stronger than that of population mismatch. Trophic mismatch can 

reduce female summer mass gain by up to 7.5kg, while population mismatch results in a 

reduction in summer mass gain of up to 3kg, suggesting that females use their mass reserves to 

buffer the increased costs of reproduction resulting from mismatch. The stronger effect of 

trophic mismatch on female summer mass gain supports our hypothesis that the population is 

not tracking phenological changes well, due to the difference in the rates of change in spring 

and autumn conditions (Renaud et al., 2019), which has resulted in unreliable autumn cues to 

the timing of breeding. For a cue to be reliable, it must be correlated with the environment of 

selection (Bonamour et al., 2019); large spatial distances or time windows between the cue and 

the environment of selection can cause cues to become less reliable predictors of the 

environment of selection as a result of climate change, due to the variation in environmental 

changes at different latitudes (Hansen et al., 2006; Parmesan, 2007) and seasons (Schwartz et 

al. 2006), as is the case at Ram Mountain (Renaud et al., 2019; Renaud et al., 2022). The relative 

importance of cues used to time phenological events varies between taxa and trophic levels; the 

cues used by consumers to predict the phenology of their resource often differ from the 
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environment that determines the phenology of their resource, resulting in a mismatch (Visser & 

Gienapp, 2019). Bighorn sheep appear to rely more on autumn precipitation than on other 

environmental variables to determine when to breed (Renaud et al., 2019), while the onset of 

vegetation growth is driven by the cumulative effects of daily spring temperature (Schwartz et 

al., 2006). 

Our study also shows how climate change might influence female reproductive costs. Bighorn 

sheep rely on a combination of previously stored energy as well as increased food intake to 

finance their reproduction (Festa-Bianchet et al. 1998). Seasonal mass changes in response to 

food availability are considered an adaptation in vertebrates (Hodges et al., 2007; Pelletier et 

al., 2007), and ungulates in temperate environments commonly lose up to 25% of their autumn 

body mass throughout winter (Festa-Bianchet et al., 1997). Bighorn females lose approximately 

20% of their autumn mass throughout winter and regain lost mass throughout summer (Festa-

Bianchet et al., 1996), beginning in late May at spring green-up (Festa-Bianchet et al., 1996, 

Renaud et al., 2020). Previous studies (Festa-Bianchet & Jorgenson, 1998; Martin & Festa-

Bianchet, 2010) have shown that bighorn females prioritize their own mass gain over that of 

their lambs when resources are scarce, however lambs do not suffer direct consequences of 

mismatch (Renaud et al., 2022). We found that when parturition is highly mismatched with 

green-up, females gain less mass in summer and thus are lighter in autumn. Our study therefore 

suggests that mothers use body reserves to buffer against lower resource availability to the 

detriment of their own maintenance, suggesting that phenotypic plasticity is sufficient to cope 

with the deleterious effects of mismatch over the short term. If, however, mismatch increases, 

females may not be able to compensate without compromising their own maintenance and 

ultimately survival.  

Our study suggests that mismatch one year can have carry-over effects on the next reproduction: 

females who were lighter in autumn delayed parturition the following year by up to 19 days. 

This delayed parturition then results in another mismatched reproductive event yeart+1   by up to 

15 days. In other capital breeders such as Ross’ geese (Chen rosii) and lesser snow geese (Chen 
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caerulescens), fat reserves are an important determinant for the onset of laying (Ross et al., 

2017), indicating that body condition is an important factor in the timing of reproduction. 

Maternal expenditure for most bighorn sheep females is below the maximum possible 

expenditure (Festa-Bianchet & Jorgenson, 1998), which could partially explain the lack of direct 

fitness consequences of mismatch. If mismatch continues to increase over the coming years, 

females may no longer be able to cover reproductive costs with their body reserves, potentially 

affecting their survival or subsequent reproduction. Due to the limited number of years for which 

vegetation indices are available, we are not yet able to test this hypothesis. 

As climate variations may become more extreme with ongoing climate change (Parmesan 2006, 

2007) and cues become increasingly unreliable predictors of the environment of selection, more 

species might suffer mistiming for important phenological events, and therefore an increase in 

associated fitness effects. Some species of long-distance migratory birds, such as the pied 

flycatcher (Ficedula hypoleuca) rely primarily on photoperiod, a cue not affected by climate 

change, to determine when to leave their wintering grounds. That reliance constrains their ability 

to advance laying date to track advancing spring conditions at their breeding grounds, so that 

much of the population now lays too late to exploit peak food abundance, resulting in mismatch 

(Both & Visser, 2001). In long-distance migrants whose phenological timing is cued by factors 

that are affected by climate change, such as light-bellied brent geese (Branta bernicla hrota), 

departure from wintering grounds is correlated with spring temperature. Thus, departure is 

becoming increasingly mismatched and decreases recruitment, as climate change is not affecting 

wintering and summering grounds equally (Clausen & Clausen, 2013) as climate change is not 

affecting all regions and seasons equally (Parmesan, 2006; Parmesan, 2007; Thackeray et al., 

2010). As cues become unreliable, animals fall into evolutionary traps: the cues used to make a 

decision are no longer associated with positive fitness outcomes, and thus they become ‘trapped’ 

by their evolutionary response into making poor decisions (Schlaepfer et al., 2002).  

The potential carry-over effects of trophic mismatch are likely to be common, however most 

studies have only looked at the increased cost of reproduction due to mismatch in the current 



  44 

season (e.g. Plard et al,. 2014; Post & Forchhammer, 2008; Ross et al., 2017). Here, we show 

that climate change, through trophic mismatch, can have carry-over effects a year later. Because 

mistiming in reproduction in one year appears to also drive mistiming in at least one future 

reproductive event, it has the potential to generate a negative feedback loop, with consequences 

that may increase in severity over time. Future studies investigating the effect of climate change 

on reproductive performance should also consider the potential carry-over effects of trophic 

mismatch, especially in long-lived species.  
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CHAPTER 3 

DISCUSSION AND CONCLUSION 

3.1 Key findings 

The goal of my master’s project was to study the effects of climate change-induced trophic 

mismatch on bighorn ewe energy allocation to reproduction and maintenance. To do so, I first 

had to establish a series of specific objectives to answer the question. First, I verified that there 

is in fact an increase in mismatch between spring green-up and parturition date in bighorn sheep 

due to climate change, as a result of the varying rates of advancement in spring and fall 

conditions. Next, I examined the effects of mismatch on ewe energy allocation to maintenance 

by modelling female summer mass gain as a function of trophic mismatch. Finally, I 

investigated potential fitness consequences of trophic mismatch, both directly via mismatch and 

indirectly via summer mass gain and fall mass, by measure of reproductive success, weaning 

success, parturition date, and mismatch the following year.  

All of the specific objectives set out at the beginning of my master’s project were achieved 

successfully. My analyses have shown that since 2000, spring green-up has been advancing at 

Ram Mountain faster than parturition has been advancing due to cues in fall used to time 

reproduction becoming unreliable. As a result, there has been an increase in trophic mismatch, 

between peak ewe energy demands during early lactation, and peak forage availability and 

quality immediately following spring green-up. Ewes with the greatest mismatch gained up to 

7.5kg less mass throughout summer than those with parturition dates just prior to spring green-

up, leading to a lower fall mass. This lower fall mass caused ewes to delay mating due to poorer 

body condition, thus delaying parturition the following spring due to their very fixed gestation 

length, by up to 19 days, which in turn increased mismatch with spring green-up by up to 15 

days. However, I found no effects on future reproductive or weaning success to date. Should 

trends in spring green-up and parturition continue as they have, mismatch will continue to 
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increase, potentially causing a negative feedback loop where delayed parturition leads to 

increased mismatch, which then leads to reduced summer mass gain, delaying parturition again 

the following year. While the length of the growing season in the Northern Hemisphere is 

increasing (Ozgul et al., 2010), based on the results of this study, it has not increased enough to 

negate the deleterious effects of mismatch; if it had, we would expect not to see a decreased 

summer mass gain and lower mass in fall. 

3.2 General discussion 

Bighorn sheep have altered their reproductive phenology (Renaud et al., 2019) in order to cope 

with the advance in spring phenological events in the northern hemisphere (Parmesan, 2006; 

Thackeray et al., 2010) to better synchronize lactation with peak forage abundance and quality 

when energetic demands are greatest (Gittleman & Thompson, 1988; Clutton-Brock et al., 

1989). However, due to the variation in rate of change between spring and fall conditions, cues 

used to time reproduction in fall are no longer reliable indicators of the optimal time to give 

birth in spring, resulting in a mismatch. Previous studies (Festa-Bianchet & Jorgenson 1988; 

Martin & Festa-Bianchet, 2010) have shown that when resources are scarce, bighorn ewes will 

favour their own mass gain over that of their lambs, however in the case of trophic mismatch, 

that is not the case (Renaud et al., 2022). Because of this, I hypothesized that if climate change 

has in fact increased reproductive costs then as capital breeders, ewes must be using their own 

fat reserves to buffer the cost of reproduction, to the detriment of their own fat reserves. This is 

precisely what I found: when highly mismatched, bighorn ewes gain less mass in summer, 

resulting in a lower mass in fall and thus a poorer body condition. Being in poorer body 

condition caused ewes to delay mating and thus delay parturition the following spring, 

increasing trophic mismatch. However, I found no effect on future reproductive or weaning 

success.  

The lack of effect of mismatch on future reproduction and weaning is likely in part due to the 

limited sample size. Between 2000-2019, only 124 females reproduced in two or more 
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consecutive years, which represents roughly 10% of all individuals marked at Ram Mountain to 

date. I also expect for the effects on fitness to become exacerbated after multiple consecutive 

years of being mismatched, and to date I have limited my analyses to a minimum of two 

consecutive years. Finally, mismatch may have not reached a minimum threshold required to 

cause direct fitness effects, as reproductive expenditure for most females is below the maximum 

possible expenditure (Festa-Bianchet & Jorgenson, 1998), so mismatch may not yet be 

increasing reproductive costs enough to surpass the maximum possible expenditure.  

Another limitation of this study is possible autocorrelation of data, both spatially and temporally. 

Due to the repeated measures of individuals across multiple years, in the same location, while I 

did take this into account as random effects in mixed models, it is possible that there remains 

correlation between variables that was not able to be taken into account. Thus, it is possible that 

the effects of mismatch on parturition date and mismatch at time t+1 have been overestimated.  

As fall cues become increasingly unreliable predictors of spring conditions, bighorn sheep may 

fall into an evolutionary trap: cues that once signaled the best time to breed in fall in order to 

give birth at the optimal time in spring are no longer associated with the positive fitness outcome 

it was previously associated with. While phenotypic plasticity is the main mechanism of change 

in response to climate change (Parmesan, 2006; Bonamour et al., 2019), should cues continue 

to become increasingly unreliable, plasticity in phenology will not be sufficient in the long-term. 

3.3 Future directions 

Following this project, it would be interesting to revise my analyses with several additional 

years of data and thus a larger sample size, as mismatch will likely continue to increase in the 

future. It would also be interesting to investigate if other climate indices such as spring 

temperature and precipitation could be used to extrapolate approximate spring green-up dates 

back to 1992 when parturition dates were first estimated, to add eight additional years of data. 

As I have shown that mismatch in one year likely results in increased mismatch the following 
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year due to the increase in reproductive expenditure, the establishment of a negative feedback 

loop is likely, therefore investigating fitness effects on females who reproduce in three or more 

consecutive years could provide important insight, along with additional years of data. 

According to a review by Samplonius et al., (2020), in order to be able to make broad-scale 

generalizations that trophic mismatch poses a risk to populations globally, five criteria mist be 

met. These criteria include (1) the consumer is highly reliant on a seasonally ephemeral 

resource; (2) the degree of trophic asynchrony between consumer and resource phenology is 

increasing over the time; (3) increasing trophic asynchrony is due to differing temperature 

responses of consumer and resource; (4) trophic asynchrony impacts negatively on consumer 

fitness; and (5) asynchrony impacts negatively on population growth. In the case of bighorn 

sheep at Ram Mountain, criteria (1) (Festa-Bianchet et al., 1996; Renaud et al., 2020), (2) 

(Renaud et al., 2022, this study), (3) (Renaud et al., 2019) and (4) (this study) are met, however 

further research is needed to investigate its impact on demographic rates to satisfy criteria (5). 

Due to their faster growth rate, male lambs require more maternal energy expenditure than 

female lambs (Festa-Bianchet & Jorgenson, 1998), and previous studies (Martin & Festa-

Bianchet, 2010) have shown that ewes will reduce their reproductive effort the year following 

weaning a lamb, particularly if that lamb was male. Therefore investigating whether increasing 

mismatch biases the lamb sex ratio by causing ewes to produce more female lambs following 

mismatch count give valuable insight into the potential demographic effects of trophic 

mismatch. 

Further, it would be interesting to repeat the analyses presented here, with the same level of 

detail, on other populations of bighorn sheep, other alpine ungulates such as mountain goats 

(Oreamnos americanus), Dall sheep (Ovis dalli), European mouflon (Ovis aries musimon), and 

chamois (Rupicapra rupicapra), as well as non-alpine ungulates such as white-tailed deer 

(Odocoilus virginianus), pronghorn (Antilocapra americana), and moose (Alces alces), as 

climate change is not affecting all regions equally (Parmesan, 2006; Parmesan, 2007) and not 

all ungulates respond to the same cues to time reproduction. For example roe deer (Capreolus 
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capreolus) use photoperiod to time reproduction which has not advanced in response to climate 

change, causing an increase in mismatch, resulting in decreased rate of calf production and 

survival, and thus a decrease in population growth rate (Plard et al., 2014). Beyond alpine 

ungulates, it would be interesting to repeat these analyses with other alpine mammals such as 

yellow-bellied marmots (Marmota flaviventer), as they have a very different life history, 

migrating for seven to eight months of the year (Ozgul et al., 2010), are considered to be long-

lived (Kroeger et al., 2018).  Most importantly, as most studies on trophic mismatch have been 

conducted in North America and Europe (Samplonius et al., 2020), similar studies would need 

to be done in South America, Africa, and Australia to allow us to better understand the effects 

of climate change-induced trophic mismatch on a global scale.  

Finally, as there appears to be smaller-scale patterns in spring green-up date such as a possible 

oscillation within the overall advancement of spring green-up, additional years of data are 

required to determine if that is the case or if it simply stochastic variation. It would be interesting 

to investigate potential correlations of those patterns, if present, with climate indices such as the 

North Atlantic Oscillation, which has been shown to impact caribou in the northern hemisphere 

by increasing offspring mortality and decreasing offspring production (Post & Forchhammer, 

2008). 

3.4 Conclusion 

For this project, I used a combination of multiple statistical methods to evaluate the effect of 

trophic and population mismatch on the energy allocation of a large terrestrial herbivore, and its 

subsequent fitness effects. In doing so, my project has advanced our knowledge of the effects 

of climate change-induced trophic mismatch on long-lived capital breeders. Previously, the 

effects of trophic mismatch have primarily been studied in the context of their immediate effects, 

namely the consequences to offspring (as reviewed in Samplonius et al., 2020), whereas I have 

investigated the consequences of mismatch on mothers, and looked beyond the immediate 

effects of mismatch in the current year, by investigating the impacts on parturition date the 
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following year. While I was limited by the available data, I have proposed future work to 

investigate several years into the future, once there is sufficient data available. I have also 

proposed future work that would allow us to better understand the effects of trophic mismatch 

across taxa and across continents.  

At a time when humans are the dominant evolutionary force on the planet and have triggered 

the sixth mass extinction (Pieviani, 2014), understanding how climate change-induced trophic 

mismatch affects populations is crucial to properly inform policy and wildlife management 

decisions, in order to protect the biodiversity we still have. 
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ANNEX 

Table S1 Descriptive statistics for lamb births at Ram Mountain, Alberta, Canada 

  Spring 
green-up 

Earliest 
parturition 

Latest 
parturition 

Median 
parturition 

Green-up 
mismatch (days) 

Lambs born 
early, matched, 

late 
2000 Jun 18 May 25 Jul 7 Jun 10 -24, 19 9, 0, 6 

2001 Jun 7 May 28 Jul 16 Jun 10 -10, 39 6, 0, 9 

2002 Jun 7 May 25 Jul 27 Jun 2 -13, 20 4, 0, 3 

2003 Jun 1 Jun 7 Jul 22 Jun 11 -6, 21 0, 0, 9 

2004 May 25 Jun 2 Jul 18 Jun 8 8, 54 0, 0, 11 

2005 May 22 May 24 Jun 21 May 30 2, 30 0, 0, 10 

2006 May 14 May 26 Jul 3 May 29 12, 50 0, 0, 10 

2007 Jun 1 May 23 Jun 17 May 25 -9, 16 12, 1, 2 

2008 Jun 8 May 22 Jun 16 May 27 -17, 8 12, 0, 1 

2009 May 26 May 17 Jul 12 May 21 -9, 17 11, 0, 2 

2010 May 20 May 19 Jul 8 May 24 -11, 9 17, 1, 1 

2011 May 31 May 18 Jul 14 May 28 -13, 44 11, 0, 3 

2012 May 25 May 17 Jul 1 May 29 -8, 37 4, 2, 10 

2013 May 26 May 30 Jun 12 Jun 5 4, 17 2, 0, 10 

2014 Jun 1 Jun 3 Jun 13 Jun 5 0, 12 0, 1, 3 
2015 May 17 May 21 Jul 4 May 28 4, 48 0, 0, 15 

2016 May 2 May 22 Aug 29 May 28 20, 119 0, 0, 18 

2017 May 21 May 19 Jun 1 May 26 -2, 11 2, 2, 21 

2018 May 11 May 26 Jul 21 Jun 1 15, 71 0, 0, 24 

2019 May 24 May 31 Jul 11 Jun 4 7, 48 0, 0, 7 

2020 May 18 Jun 16 Jun 27 Jun 22 29, 40 0, 0, 2 

  Dates adjusted for leap years; mismatch earliest, latest; when median is .5, date rounded to next 
calendar day 
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Table S2 Model selection with Akaike’s information criterion corrected for small 

sample size (AICc) for the determinants of female bighorn sheep summer 

mass gain at Ram Mountain, Alberta, Canada 2000-2019 
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Table S2 Continued 

 



 

Table S2 Continued 

 

Year and female ID are included as random effects in all models except 

reproduction at time t+1 in which only year was included. Selected models shown 

in bold. ‘PRS’ previous reproductive success; ‘predation’ presence of specialist 

cougar; ‘preg’ pregnant at first capture, ‘age class’ categorical - primiparous, 

prime-aged (2-7 years of age but not primiparous), senescent (>7 years); 

‘weaning mass’ lamb weaning mass.  
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Table S3 Model selection with Akaike’s information criterion corrected for small 

sample size (AICc) for the determinants of female bighorn sheep summer 

mass gain at Ram Mountain, Alberta, Canada 2000-2019 

  
AICc ΔAICc Degrees of 

freedom 
AICc 

weight 

Population mismatcha (n = 222)         

Null model (random effects only) 1271.3 118.6 4 < 0.001 

Spring mass 1229.5 76.5 6 < 0.001 

Mismatch + spring mass 1211.9 58.9 7 < 0.001 

Mismatch * spring mass 1250.5 97.4 6 < 0.001 

Mismatch + spring mass + weaning mass + preg 1190.0 37 9 < 0.001 

Mismatch + spring mass + weaning mass + preg + prs 1177.3 24.2 13 < 0.001 

Mismatch + spring mass + weaning mass + preg + 
prs + predation 

1153.0 0 14 0.6 

Mismatch + spring mass + weaning mass + preg + prs 
+ predation + age class 

1153.9 0.8 16 0.4 

 

Year and female ID are included as random effects . Selected model shown in bold. 

‘PRS’ previous reproductive success; ‘predation’ presence of specialist cougar; ‘preg’ 

pregnant at first capture, ‘age class’ categorical - primiparous, prime-aged (2-7 years of 

age but not primiparous, senescent (>7 years); ‘weaning mass’ lamb weaning mass.  
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Table  S4  Parameter estimates of fixed effects of selected model (table 2) for the 

determinants of summer mass gain in adult female bighorn sheep in response 

to mismatch between individual and population median parturtion date at 

Ram Mountain, Alberta, Canada 2000-2019. 

  
Estimate Standard 

error 

Upper 95% 
confidence 

interval 

Lower 95% 
confidence 

interval 
Intercept 15.37 2.17 11.12 19.62 

Spring mass -3.25 0.28 -3.80 -2.70 

Lamb weaning mass 1.19 0.29 0.62 1.76 

PRS - neonatal death -0.61 0.22 -1.04 -0.18 

PRS - no lamb 0.48 2.22 -3.87 4.83 

PRS - not weaned -0.63 2.19 -4.92 3.66 

PRS - weaned 0.76 2.15 -3.45 4.97 

Predation -2.92 0.61 -4.12 -1.72 

Age class - 
primiparous -2.59 1.52 -5.57 0.39 

Age class - senescent 0.33 0.54 -0.73 1.39 

Pregnant at first 
capture -1.07 0.85 -2.74 0.60 

 

PRS refers to previous reproductive success, age class separates females into 

primiparous, adult (2-7 years but not primiparous), and senescent (>7 years), ‘predation’ 

refers to presence of specialist cougar. Year and female ID were used as random effects, 

‘adult’, no predation, not pregnant at first capture considered as references in analyses. 

Based on restricted maximum likelihood generalized additive mixed model. 
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Figure S1 Median parturition date of bighorn sheep at Ram Mountain, Alberta 2000-

2020.  

Solid blue line represents prediction from linear model (LM), grey band is 95% confidence 

interval. Slope -0.09, adjusted R2 -0.05.  
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Figure S2 Bighorn female (Ovis canadensis) summer mass gain (kg) as function of 

timing of parturition date relative to population median parturition date for 

that year, at Ram Mountain, Alberta, 2000-2019.  

Pale blue dashed line represents date of population median parturition date, solid 

dark blue line represents prediction from generalized additive mixed model 

(GAMM), grey band is 95% confidence interval, based in model described in 

table S2, adjusted R2=0.281.  
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