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ABSTRACT

Climate change over recent decades is associated with varied responses in animals, including 

both increases and decreases in body size. These opposing trends are often attributed to two 

primary hypotheses. In warm-blooded vertebrates, Bergmann's rule predicts decreases in average 

size with increasing temperature, based on the relationship between body size and 

thermoregulation. Alternatively, increased average body size is linked with changes in resource 

availability as summer growing seasons lengthen and winters becomes milder. We propose a 

third explanation, that shifts in demography underlie some of these observed trends, as many 

species change in size or shape throughout life. The influence of thermoregulatory demands, 

resources, and demography on body size trends are not mutually exclusive; disentangling these 

effects and identifying overarching patterns requires detailed analyses across multiple locations 

and taxa, which in turn necessitates repeatable and expandable studies. To that end, here we 

propose three best practices in body size research: defining and justifying measures of size, 

citing museum specimens, and accounting for demography. We employed these guidelines in a 

study on masked shrews (Sorex cinereus) in Alaska. We found evidence of age-based differences 

in total body length, tail length, skull length, and skull width; however, correcting for age did not 

have a strong effect on the apparent trends in size over time. Based on linear mixed models, 

mean total length and tail length increased from 1951-1991, consistent with previous findings. 

Additionally, our results revealed slight increases in mean skull length and toothrow length over 

the 40-year study period. There was some indication of differing trends between age classes in 

both of these measurements. These results were not statistically significant, but our sample size 

of overwintered adults was relatively small, so further study is needed to fully investigate age

specific size trends in masked shrews. In summary, this thesis highlights the importance of 
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repeatability in body-size research and emphasizes the importance of demography in the study of 

these trends.
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GENERAL INTRODUCTION

Animals have responded to climate change in varied and complex ways. Over the last 

several decades, there have been significant shifts in geographic range as well as the timing of 

reproduction and other life history events (Hughes 2000; Parmesan 2006; MacLean and 

Beissinger 2017; Cohen et al. 2018). Recent changes in morphology have also been frequently 

reported, with a particular focus on body size. This trait is tied to many aspects of physiology 

and ecology (Peters 1983; Woodward et al. 2005; Yom-Tov and Geffen 2011; Smith and Lyons 

2013), so shifts in size may be accompanied by other changes that influence the capacity for a 

population or species to cope with rapid climate warming.

Despite the considerable attention paid to morphological change, there are no clear 

universal trends in body size over space or time (Gardner et al. 2011); even established 

ecogeographical “rules” regarding spatial size trends come with a host of exceptions (Millien et 

al. 2006; McNab 2010). Increases, decreases, and stasis in body size have all been reported, with 

no overarching patterns with regards to phylogeny or ecological guilds (Gardner et al. 2011). 

However, much of the research on these trends has centered on two competing hypotheses 

(temperature- versus resource-driven changes), which overlooks a number of other important 

factors that can affect body size simultaneously. Identifying and disentangling the myriad 

potential drivers and mechanisms may shed new light on the inferred trends.

To improve our understanding of changes in animal body size over time, we must 

carefully consider the methods used to detect and interpret trends. Body size is a difficult aspect 

to capture, as no single standard measurement—or even a set of measurements—exists. Every 

approach to approximating size (e.g., total length, weight, skull length, etc.) has advantages and 

limitations that need to be taken into account or, at minimum, acknowledged. The first chapter of 
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this thesis is a review of best practices for improving data quality, repeatability, and 

combinability in body-size research, comprising discussions on measurement selection (with a 

focus on mammal research), publishing raw data, and accounting for confounding variables. In 

this chapter, I emphasize the potential for demographic variables (e.g., sex and age) to influence 

the inferred trends in body size over time, which has often been oversimplified or overlooked 

entirely. I expand on this point in the second chapter, which details a test of the role of sex and 

age in body-size trends in masked shrews (Sorex cinereus) in Alaska, in a reanalysis and 

expansion of (Yom-Tov and Yom-Tov 2005), in which the authors reported a significant 

increase in body size but did not correct for size dimorphism between young of the year and 

older adults.
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CHAPTER 1

Detecting trends and mechanisms of body size changes in response to recent climate warming: a 

review of best practices for data quality, repeatability, and combinability1

1To be submitted to The Journal of Mammalogy, anticipated citation:
THERIOT, M.K., AND L.E. OLSON. Year TBD. Detecting trends and mechanisms of body size changes in 

response to recent climate warming: a review of best practices for data quality, repeatability, and 
combinability. Journal of Mammalogy (volume and page numbers TBD).

Abstract

Over the last century of climate warming, changes in mean body size have been well 

documented in animals. Researchers can identify the drivers and mechanisms of these trends by 

drawing comparisons across taxa and performing meta-analyses; however, a major obstacle in 

this endeavor is a lack of repeatability and expandability in published studies. Despite being 

universally accepted as fundamental to the scientific method, repeatability in body-size research 

(and across disciplines) has been frequently overlooked by researchers and inconsistently 

enforced by journal editors and peer reviewers. Here, we identify some best practices in the 

study of body size trends, with a particular focus on mammal research. First, authors should 

explicitly define and justify all measures of size and quantify measurement error. Second, all 

data (including measurements and specimen catalog numbers) should be published, rather than 

only made available upon request. Third, authors should consider demography when collecting 

and analyzing body size measurements, as some dimensions can change throughout an 

individual's life, thus introducing age as a commonly overlooked confounding variable. 

Adopting these practices will improve the quality of body size studies and enable researchers to 

conduct more expansive investigations of size trends over time.

3



1.1 Introduction

Organismal responses to anthropogenic climate change are varied and complex, with a 

growing number of studies documenting shifts in species distributions, genotypes, and 

phenotypes (Hughes 2000; Parmesan 2006; Yom-Tov and Geffen 2011; MacLean and 

Beissinger 2017; Cohen et al. 2018). These changes can be influenced by multiple interrelated 

factors, so identifying general trends and mechanisms presents a significant challenge for 

researchers. Body size change is one potential response in animals, but increases, decreases, and 

stasis have all been reported with no universal patterns emerging to date (Millien et al. 2006; 

Gardner et al. 2011). Even within a species, different populations may exhibit opposing trends 

depending on geographic and temporal sampling (Meiri et al. 2009). Body size plays a central 

role in virtually all aspects of an organism's physiology and ecology (Peters 1983; Woodward et 

al. 2005), so disentangling the drivers of these trends is critical for predicting the ongoing effects 

of recent climate change at the organismal level.

Changes in size are often ascribed to the relationship between ambient temperature and 

thermoregulation, particularly in endotherms. Bergmann's rule predicts greater body size in 

endotherms inhabiting cooler regions, as larger animals have a lower surface-area-to-volume 

ratio; this causes a reduced loss of metabolic heat to the environment per unit body mass 

compared to their smaller conspecifics (or congeners, depending on how the rule is framed; 

Salewski and Watt 2017). While larger bodies can be advantageous in cold environments, 

animals are expected to decrease in average size at a given location as temperature increases with 

climate change. This may be an effect of smaller individuals being less susceptible to heat stress 

during increasingly hot summers, and/or being more likely to overwinter successfully due to 

reduced winter temperatures (Smith et al. 1998). Declining size over time has even been 
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proposed to be universal (Daufresne et al. 2009); however, both the validity of Bergmann's rule 

itself and its applicability to climate change response have been long and extensively debated 

(Scholander 1955; Blackburn et al. 1999; Watt et al. 2010; Gohli and Voje 2016). Studies have 

frequently reported size decreases in endotherms, but these only represent a portion of the 

observed trends (Gardner et al. 2011; Teplitsky and Millien 2014; Naya et al. 2017).

Alternatively, increases in size are often attributed to greater resource availability. In 

some regions, anthropogenic climate change has resulted in lengthened growing seasons 

(Linderholm 2006) and milder winter conditions (Williams et al. 2015). The resulting increase in 

year-round food abundance and/or quality can provide more energy to allocate to growth, thus 

driving a trend towards larger average body size (McNab 2010). This effect is expected to be 

strongest for juveniles during periods of rapid growth (Yom-Tov and Geffen 2011); therefore, 

conditions in the year of birth may affect individual maximum size, thus driving population-level 

trends as the environment changes over time (Yom-Tov et al. 2007).

Size trends over time can be affected by other anthropogenic factors that are not directly 

related to climate change. For example, increased food availability due to human activity (Yom- 

Tov et al. 2003), habitat changes due to urbanization (Guralnick et al. 2020), and habitat 

fragmentation, which may drive size trends similar to those observed in island populations 

(Schmidt and Jensen 2003, 2005). These effects can be difficult to separate from those directly 

linked to climate change. Moreover, Bergmann's rule and the resource availability hypothesis are 

not mutually exclusive (Correll et al. 2016), and it is still unclear whether these changes in size 

are adaptive, a manifestation of phenotypic plasticity, or some combination thereof (Boutin and 

Lane 2014; Teplitsky and Millien 2014; Donelson et al. 2018).
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Ultimately, evaluating these potentially interacting factors driving body size change 

involves comparing trends across taxa and ecological guilds - often through meta-analysis of 

previously published studies. Informative reviews and syntheses rely on repeatability and data 

combinability in previously published work. As in all areas of science, body-size research suffers 

when standards for repeatability and data quality are overlooked or inconsistently applied. This 

obstacle is so prevalent across disciplines, that many scientists consider it to be a “reproducibility 

crisis” (Baker 2016). Some authors have performed meta-analyses intended to correct for 

variable approaches and quality of estimates in body-size studies (e.g., MacLean and Beissinger 

2017), but this is rare. Research efforts must be improved by the adoption of consistent and 

reliable methods going forward.

In this review, we propose some best practices for comparison and repeatability in body 

size research, particularly in the context of responses to climate change. Here, we primarily focus 

on the production of data that can be repeated and combined across studies with individual 

variation (specifically, sex and age) taken into account.

1.2 Measurement selection

No single measurement perfectly encapsulates an individual's overall size, in part 

because no universally accepted definition of “body size” exists. Consequently, methods for 

approximating size vary greatly in the literature, ranging from body weight alone (e.g., Smith et 

al. 1998; Villar and Naya 2018) to a dozen or more linear dimensions analyzed separately and 

together using multivariate methods (e.g., Pergams and Lawler 2009; Sargis et al. 2018). 

Selecting the appropriate set of metrics is not a trivial decision, as different measures often reveal 

varying spatial or temporal trends, even within the same population (Teplitsky and Millien
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2014). Here, we do not propose any measurement(s) as ideal for all studies, but rather discuss 

some of the merits and drawbacks of common approaches.

1.2.1 Weight

Body mass is an intuitive measurement to capture overall size (Iskjaer et al. 1989; Rising 

and Somers 1989). It can be easily compared across taxa; Blackburn et al. (1999) proposed mass 

as a “common currency” in body size research. However, quantifying size using this 

measurement introduces variation that could obscure or confound significant trends. An 

individual's weight can vary by age, reproductive condition, health, and time since last meal 

(Yom-Tov and Geffen 2011). Furthermore, post-mortem desiccation can cause a significant 

decrease in weight, especially in small-bodied mammals (Stephens et al. 2015). It is difficult to 

correct for this effect, as time since death is not commonly recorded when collectors and 

preparators measure specimens. Another potential source of variation is the instrument used to 

measure weight; for example, some researchers may use a traditional spring scale to weigh 

specimens in the field (where wind or other conditions could affect the reading), whereas digital 

scales are commonly used in the laboratory. This information is rarely (if ever) recorded. These 

confounding factors should therefore be carefully considered before drawing conclusions from 

weight data alone.

1.2.2 External linear dimensions

External linear dimensions have also been frequently used to represent size. These may 

include body length, tail length, and limb lengths, among others (MacDonald 2003). The primary 

advantage of these measurements (and weight) is the large quantity of available data associated 
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with traditional voucher specimens. In the era of massive online museum databases, a researcher 

can download and analyze decades' worth of measurements, possibly without needing to 

examine a single specimen in person (e.g., Yom-Tov and Yom-Tov 2005). However, like 

weight, the timing of post-mortem measurement can introduce error; Stephens et al. (2015) 

found that in house mice (Mus musculus), external measurements varied significantly within the 

same individual across different body states, e.g., premortem, primary and secondary 

postmortem flaccidity, and rigor mortis. Furthermore, a large sample of specimens spanning 

several decades will almost certainly have been measured by many preparators and collectors 

using different techniques and instruments (e.g., straight ruler, tape measure, calipers, etc.). 

Additionally, the anchor points for external measurements may be difficult to identify through 

fur (such as the tip of the tail), or may vary among different institutions or scientific 

communities. For instance, North American mammalogists typically measure length of the 

hindfoot including the hoof or claw, while in Europe it's common to measure without (Ansell 

1965), but this is rarely recorded. We caution authors to consider these potential sources of error 

when selecting external measurements to represent size.

1.2.3 Craniodental and postcranial skeletal measurements

Craniodental dimensions can also provide a measure of size; for example, length of the 

skull frequently appears in the literature. Postcranial measurements (for instance, the length of 

the femur or other limb bones) can also be used to represent size; however, the availability of 

postcranial data may be somewhat limited. Historically, the standard museum specimen 

preparation for mammals included only the skin and skull (Hafner et al. 1984). A key advantage 

to craniodental and postcranial measurements is repeatability: Bones and teeth can be 
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remeasured (assuming the specimen remains available and can be located in a collection), 

whereas external dimensions typically cannot. Additionally, these measurements are relatively 

unaffected by factors that would cause short-term fluctuations in weight (e.g., recent food 

intake); however, bone is not immutable, even in adult animals, so changes throughout life also 

need to be considered (see below).

For all measurements (including external dimensions) it is important for authors to 

provide precise definitions to ensure repeatability. Specific anchor points or landmarks should be 

clearly described; e.g., “the maximum distance from the premaxilla just above the incisors to the 

posteriormost edge of the lambdoidal ridge” is more informative for other researchers than 

simply, “the greatest length of the skull” (for an example of well-described measurements, see 

Sargis et al. 2018). Furthermore, researchers should consider how different body dimensions 

might be variably influenced by the environmental factors of interest (Yom-Tov and Geffen 

2011). For example, craniodental features associated with diet (e.g., size of individual teeth, 

toothrow length, and structures associated with jaw musculature) can be used to investigate 

responses to changes in the availability and quality of food (e.g., Yom-Tov et al. 2003, 2007; 

Eastman et al. 2012).

1.2.4 Multivariate measures of body size

Whether external or skeletal, a single dimension cannot perfectly quantify overall size. 

Inferred trends can differ depending on the measurement (Pergams and Lawler 2009), so 

analyzing only one dimension as a proxy for overall size might produce incomplete or 

misleading results. To address this problem, some authors (e.g., Pergams and Lawler 2009; 

Sargis et al. 2018) have turned to multivariate approaches. For instance, Principal Component 
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Analysis (PCA) is commonly used to reduce the dimensionality of multiple related size variables 

to a few uncorrelated axes. The first principal component (PC1) generally captures the majority 

of the variation in size; therefore, PC1 is often used as a proxy for overall body size (Rising and 

Somers 1989; Berner 2011). While this method can provide more reliable information about size 

than univariate analyses (Rising and Somers 1989), PCA is not always the optimal approach. 

Calculating and interpreting a PCA can sometimes prove challenging due to the abstract nature 

of the metric. Furthermore, principal component axes are difficult to compare across studies.

Overall, we recommend that researchers consider these approaches and analyze multiple 

measures—whether it be through multivariate methods or comparing results across individual 

univariate analyses—instead of relying on a single dimension to approximate overall body size, 

as has been common in the past. Although this review primarily covers data quality rather than 

analytical methods, we urge authors to publish all essential information for repeating their 

analyses (e.g., data normalization techniques), especially for relatively complex methods like 

PCA. Citing code and detailed analysis methods—alongside measurements and other data—is 

essential for replicability and transparency in science (Nosek et al. 2015; Foster and Deardorff 

2017).

1.2.5 Measurement error

Ensuring that studies on body size trends can be repeated not only requires detailed 

descriptions of measurements (as discussed above) but also an assessment of the possible sources 

of measurement error. In particular, consistency among different measurements (including those 

taken by the same researcher) often go unaddressed. Differences in observer technique and 

experience can be a major source of variation in the data (Yezerinac et al. 1992; Winker 1998).
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This is particularly important to consider in small-bodied species and/or relatively short 

dimensions (the width of a single tooth, for example), as these measurements are prone to a 

greater degree of error (Yezerinac et al. 1992). Statistical approaches for quantifying 

measurement error have been reviewed at length (Lessells and Boag 1987; Harris and Smith 

2009), yet they feature in far too few studies, in our opinion. We propose that these methods be 

standard practice in body-size research.

In summary, the most informative and credible studies are those in which the authors 

analyze multiple measurements that are clearly justified in the context of a question or 

hypothesis. Furthermore, to ensure repeatability, each trait should be explicitly defined, and 

authors should report some assessment of methodological consistency.

1.3 Data availability

Many studies on organismal responses to climate change are made possible by natural 

history collections. Distributed specimen databases—e.g., Arctos (https://arctosdb.org/) and 

VertNet (http://vertnet.org/)—are powerful tools for body size studies in particular; extensive 

digital records enable analyses of large sample sizes, including multiple species across broad 

geographic and temporal scales. These databases enable researchers to build on past work by 

repeating measurements and analyses, adding new specimens to a sample, or expanding the 

temporal or geographic range of a study. To maximize the utility of these databases and maintain 

standards of repeatability, authors must cite specimen catalog numbers, but this is rarely a 

specified or enforced requirement for publication. There are many examples of recent papers on 

body size based on archived voucher specimens published without catalog numbers (e.g.,
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Briscoe et al. 2015; Little et al. 2017; Naya et al. 2017; Villar and Naya 2018). Although data 

availability statements are required by some journals, repeatability has often been overlooked. 

Fundamentally, ensuring repeatability is the responsibility of individual authors, but it is 

inefficient to rely on them purporting to make their data and protocols available only upon 

request (if for no other reason than that every author eventually dies). Therefore, the standards of 

repeatability also need to be set and rigorously upheld by journal editors and peer reviewers 

(Nosek et al. 2015; Baker 2016).

In body-size research, as in all areas of sciences, a lack of traceable data presents an 

obstacle for any researchers looking to repeat or expand on existing studies. We therefore 

propose publishing catalog numbers (along with measurements, other data, and code when 

applicable) as a universal standard for publication.

1.4 The role of demography

In many species, body size varies significantly by sex and age, so variation in population 

structure may offer alternative explanations for observed changes over time. Sexual dimorphism 

(and therefore sex ratio) can influence body size trends, as males and females may respond 

differently to temperature and other environmental factors (Post et al. 1999; Briscoe et al. 2015). 

Authors commonly control for sex, but the influence of age is often overlooked or oversimplified 

(but see Woodman et al. 2020). Typically, researchers exclude juveniles from their samples, 

assuming individuals attain and maintain their maximum size after a certain point in 

development (e.g., fusion of the cranial sutures or eruption of adult dentition; see below). This 

approach overlooks the potential for change throughout an individual's adult life. For instance, 

significant, reversible variation in size across seasons has been well documented in soricine 
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shrews (Taylor et al. 2013; Lázaro et al. 2017, 2018, 2019), and there is evidence of a similar 

phenomenon in root voles (Microtus oeconomus; Zub et al. 2014) and least weasels (Mustela 

nivalis, Dechmann et al. 2017). The latter has been assessed for size trends over time (Meiri et al. 

2009), but without any correction for age (other than excluding juveniles) or season. Changes in 

size were also studied in masked shrews (Sorex cinereus) by Yom-Tov and Yom-Tov (2005), 

and while these authors did correct for month of collection, they did not account for age class 

(see Chapter 2).

1.4.1 Age determination methods

Age determination of museum specimens can be a challenging task, since known-age 

specimens for establishing reliable aging criteria are exceedingly rare in collections for nearly all 

species. Researchers must therefore carefully select the most appropriate method for a given 

study species. In body-size studies, assessing relative age (e.g., juvenile or adult) may be 

sufficient; however, in species that exhibit changes in size and shape throughout life, exact age 

determination may be required. Both types of approach have been reviewed and compared at 

length by other authors (e.g., Morris 1972). Here, we will briefly discuss several options, 

focusing on those frequently used in specimen-based mammal research.

Relative age classes can often be delineated by examining cranial sutures and postcranial 

growth plates (Sullivan and Haugen 1956; Morris 1972; Elbroch 2006). Generally, immature 

mammals present with unclosed cranial sutures and incomplete fusion at the ends (epiphyses) of 

postcranial bones. These features can be readily assessed in museum specimens, so some authors 

have used this approach to exclude juveniles from analyses of body size trends over time (e.g., 

Yom-Tov et al. 2007, 2008). Additionally, cranial superstructures (the sagittal crest, lambdoidal 
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ridge, etc.) often become more pronounced with age due to muscle action (Elbroch 2006); 

however, this can introduce age as a confounding variable when researchers use skull 

measurements that include these features as a proxy for body size without correcting for age (see 

example below).

Dental characteristics can also provide information on a specimen's relative age. For 

instance, eruption of permanent dentition is considered a reliable mark of adulthood in many 

mammal species (Morris 1972), although there are several exceptions to the typical timing of 

tooth replacement relatively to other ontogenetic markers, as appears to be the case in many 

afrotherians (Asher and Lehmann 2008). Dental wear can also indicate age, because tooth cusps 

are generally expected to deteriorate with use (Spinage 1973; Elbroch 2006). This is the standard 

method for determining age class soricine shrews, in which overwintered adults can be identified 

by blunted cusps with reduced pigmentation (Pruitt 1954; Churchfield 1990). A potential 

challenge to this method is that accuracy requires a thorough understanding of the expected rate 

of wear based on diet, which may vary by habitat or among individuals (Morris 1972).

More precise methods are necessary to account for changes in size throughout adulthood. 

Many researchers have successfully used dry weight of the eye lens to estimate exact age, as 

proteins in the eye accumulate steadily throughout an individual's life; however, this technique 

necessitates a specific preparation process that may be difficult to perform in the field and is not 

possible for historically collected samples (Lord 1959; Morris 1972). For some species, 

cementum-layer analysis, in which layers of tooth material are mapped to regular events or 

intervals in an individual's life (often years) is a more viable option (Morris 1972). Both the eye

lens weight and cementum-layer techniques require a known-age series to be used for a given 

species, so the availability of these methods is limited in most taxa.
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To fully account for the effects of age in body size studies, we recommend that 

researchers use the most precise methods available for their particular study species. Regardless 

of the approach, authors should justify and describe age criteria to ensure repeatability. When 

applicable, the materials used to determine specimen age should be deposited in a collection with 

catalog numbers made available in any publications. For instance, skulls, dried eye lenses, and 

tooth section slides should be stored properly and remain available to other researchers. These 

practices are essential for repeatability.

1.4.2 The influence of age—an example

As discussed above, in addition to seasonal variation, size can change more gradually 

throughout adulthood. One well-documented example in mammals is the age-related change in 

craniodental features exhibited by fishers and martens (Mustelidae, Martes sp.). As individuals 

age, muscle action can remodel bone at points of origin and/or insertion (Elbroch 2006; Flynn 

and Schumacher 2016). For American martens (Martes americana) in Alaska, body size trends 

over time have been assessed in two studies (Yom-Tov et al. 2008; Meiri et al. 2009), but beyond 

limiting their samples to “adults” (based on fusion of cranial sutures and tooth eruption), these 

authors did not otherwise account for age. We posit that shifts in population structure could 

explain some apparent body size trends. In the case of American martens, the increase in the 

mean greatest total length of the skull (i.e., the longest distance from the anterior edge of the 

premaxilla to the posterior edge of the lambdoidal ridge) observed by Yom-Tov et al. (2008) 

may be due to a higher proportion of older individuals (with longer, more robust lambdoidal 

ridges) in the population during recent decades due to greater survivorship. Meiri et al. (2009) 

used a different measurement to approximate size: condylobasal length, which these authors did 
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not define, but we presume to be the maximum length from the anteriormost point of the 

premaxilla to the posteriormost point of the occipital condyles. These authors did not find a 

significant trend over time; however, it is unclear whether these results differ from those of 

Yom-Tov et al. (2008) because of the choice of measurement and potential effects of age 

structure, or due to other differences in their sample and/or methods. For instance, Meiri et al. 

(2009) analyzed fewer specimens—54 versus (Yom-Tov et al.'s (2008) 434—over a shorter 

timeframe (136 years versus 49). Significant trends are more likely to be detected in larger 

sample sizes over longer study periods (Yom-Tov and Geffen 2011), so this may—at least in 

part—account for the differences in results. Notably, Meiri et al. (2009) did not cite specimen 

catalog numbers, so their analyses are not repeatable. More research on a variety of species will 

be necessary to determine how shifts in demography relate to observed body size trends.

1.5 Conclusions

Reponses to recent climate change observed in animals include shifts in body size. 

Although there is a growing collection of research demonstrating significant change over time, 

the drivers and mechanisms of these changes are not yet fully understood. Assessing the 

underlying causes and predicting future responses will require robust comparisons across studies 

and taxa. Repeatability, expandability, and careful consideration of confounding factors are 

paramount (in all scientific disciplines, including body-size research). Therefore, we recommend 

the following best practices: (1) Select measures of size that are justified, well defined, and not 

significantly prone to measurement error; (2) Publish specimen catalog numbers; and (3) 

Whenever applicable, correct for relevant demographic variables.
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CHAPTER 2

Demographic drivers of recent body size trends in masked shrews (Sorex cinereus) in Alaska1

1To be submitted to The Journal of Mammalogy, anticipated citation:
THERIOT, M.K., AND L.E. OLSON. Year TBD. Demographic drivers of recent body size trends in masked 

shrews (Sorex cinereus) in Alaska. Journal of Mammalogy (volume and page numbers TBD).

Abstract

Anthropogenic climate change has frequently been identified as a driver of body-size trends in 

animals, although the underlying mechanisms are poorly understood. A number of factors affect 

body-size variation in mammals beyond environmental conditions. For instance, many studies 

overlook the confounding effect of population structure (e.g., sex and age class), despite the 

changes in size and shape that can occur throughout an individual's life. Here, we tested the 

effects of sex and age on recent size changes in the masked shrew (Sorex cinereus) in Alaska 

over the second half of the 20th century, by reanalyzing a study in which the authors reported an 

increase in average size without rigorously examining sex and/or age class as potentially 

confounding factors. We analyzed two external measurements (total length and tail length) and 

three craniodental dimensions (skull length, skull width, and toothrow length) in 558 specimens 

collected in Alaska from 1951-1991. On average, overwintered adults—as identified by tooth 

wear—were significantly larger than juveniles in total length and tail length, with longer but 

narrower skulls. None of these dimensions were significantly sexually dimorphic, regardless of 

age class. All of the measurements except cranial width significantly increased over the study 

period. Accounting for age class had virtually no impact on the trends over time in total length 

and tail length. However, including age class significantly improved model fit for all three
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craniodental measurements. This difference between external and craniodental dimensions may 

be due to a greater degree of measurement precision in the latter. This study highlights the 

importance of population-level demographic parameters (such as age structure and sex ratio) in 

modulating body-size change in response to anthropogenic climate change.

2.1 Introduction

Over the last 140 years, the average global annual temperature has increased by 0.07°C 

per year, and in the past 40 years this rate has more than doubled (NOAA 2020). In response, 

animals have exhibited marked shifts in geographic range, behavior, phenology, and morphology 

(Hughes 2000; MacLean and Beissinger 2017; Cohen et al. 2018; Tian and Benton 2020). These 

trends include changes in body size, which is closely linked with several interrelated aspects of 

life history, behavior, and physiology (Woodward et al. 2005; Smith and Lyons 2013). Both 

increases and decreases in average size have been reported (Gardner et al. 2011; Naya et al. 

2017), and opposing trends have been found even among allopatric populations within a single 

species (Meiri et al. 2009). Gaps still remain in our understanding of the mechanisms driving 

these trends (Boutin and Lane 2014; Teplitsky and Millien 2014).

To explain recent changes in body size, two primary hypotheses have emerged. The first 

is based on Bergmann's rule, which describes the general pattern of endotherms exhibiting larger 

sizes in cold environments at the conspecific or congeneric level (Mayr 1956; Watt et al. 2010). 

Bergmann attributed this trend to thermoregulation, as bigger animals have a smaller surface- 

area-to-volume ratio and therefore lose less heat to the environment per unit of time relative to 

their overall size (Mayr 1956; Blackburn et al. 1999; Watt et al. 2010). If Bergmann's rule is 

applied over a temporal scale, body size is expected to decrease as the climate warms, but this is 
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not a universal trend (Gardner et al. 2011). Moreover, the mechanism and general applicability 

of Bergmann's rule have been extensively debated (Scholander 1955; Blackburn et al. 1999; 

Watt et al. 2010; Gohli and Voje 2016). Alternatively, increases in size may be attributed to the 

resource availability hypothesis. Longer summers and warmer winters resulting from climate 

change may allow individuals to obtain more food and reach a larger maximum size (McNab 

2010). Thus, Bergmann's rule and the resource availability hypothesis offer two opposing 

explanations for changes in average size in response to climate warming. However, this 

simplified dichotomy ignores other factors and selective pressures related to body size.

The role of demography in body size trends, particularly population age- and sex

structure, is frequently overlooked and has yet to be rigorously tested. A changing environment 

may affect survivorship differently for each sex or age class. This in turn could shift the apparent 

average size in a population, especially when changes in an individual's size and shape occur 

throughout life. Therefore, failing to correct for demographic variables can confound results and 

their interpretation. We propose that shifts in age structure may in part explain the observed 

changes in body size, and that correcting for demographic variables could alter the inferred 

temporal size trends.

We tested this hypothesis by reanalyzing a frequently cited study by Yom-Tov and Yom- 

Tov (2005), who reported a significant increase in the size of masked shrews (Sorex cinereus) in 

Alaska over the latter half of the 20th century. This region is of particular interest in studies on 

climate change response because Alaska has seen much more rapid climate warming than most 

lower latitude environments, with an increase of 2.22°C (4.0°F) in statewide average temperature 

from 1949 to 2018 (The Alaska Climate Research Center). Yom-Tov and Yom-Tov (2005) did 

not account for sex and age class in their analyses. They considered juveniles that had left the 
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nest to be approximately adult size and did not report any significant differences between sexes. 

However, this contradicts documented evidence of sex- and age-based dimorphism in this 

species (Pruitt 1954; Innes et al. 1990; Lidicker and Wolff 2005). Furthermore, Yom-Tov and 

Yom-Tov (2005) approximated overall size with external measurements reported by the 

collectors and preparators, which are prone to error and are not repeatable (Stephens et al. 2015). 

Revisiting Yom-Tov and Yom-Tov's (2005) results offers an opportunity to directly assess the 

influence of demography on changes in size over time. If accounting for sex and age class affects 

the strength or direction of the observed change, it would provide evidence that demographic 

variables have an important underlying role in some contemporary body size trends.

In this study, we had three primary objectives: First, to test for sex- and age-based size 

dimorphism among S. cinereus specimens collected in Alaska; second, to compare results 

obtained from external measurements (as used by Yom-Tov and Yom-Tov 2005) to more precise 

and repeatable craniodental measurements; and third, to test the effect of age and sex on recent 

size trends by explicitly controlling for these demographic variables.

2.2 Methods

2.2.1 Study species

The masked shrew (Sorex cinereus) is a widespread, Nearctic species found in a variety 

of habitats across Alaska, Canada, and northern regions of the contiguous United States 

(Whitaker 2004; MacDonald and Cook 2010). This species is among the smallest mammals in 

North America, typically ranging from 83-100 mm in total length (including the tail) and 2.5-6.0 

g in weight (Whitaker 2004). Generally, individuals are born in the boreal spring or summer 

(June-September), overwinter in the subnivean zone, and breed in the following season
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(Whitaker 2004). Like all shrews, they do not hibernate and remain active throughout their lives. 

They rarely survive longer than 16 months, usually dying before the end of their second summer 

(Churchfield 1990; Whitaker 2004).

In some shrew species, individuals that survive their first summer undergo a remarkable 

transformation, in which they lose body mass—including a significant reduction in bone and 

brain tissue—that is partially regained in spring (Merritt 1995; Taylor et al. 2013), a process 

known as the Dehnel effect (or Dehnel's phenomenon). It has been studied more extensively in 

the common shrew (Sorex araneus) of Europe, in which braincase size was found to decrease in 

winter by 15.3% and regrow 9.3% in spring (Lazaro et al. 2017), coinciding with a loss of 21.4% 

of brain mass followed by 17% regrowth (Lázaro et al. 2018). These decreases significantly 

reduce energetic requirements, which is advantageous for surviving harsh winter conditions 

(Merritt 1995; Taylor et al. 2013; Schaeffer et al. 2020). This benefit of smaller size may explain 

why shrews in the genus Sorex generally do not conform to Bergmann's rule (Ochocińska and 

Taylor 2003; Yom-Tov and Yom-Tov 2005; Stanchak and Santana 2019). There is evidence that 

the Dehnel effect is triggered by ambient temperature (Lázaro et al. 2019), suggesting that 

climate warming could have an influence on loss and regain from year to year in individual 

shrews.

2.2.2 Specimens

Yom-Tov and Yom-Tov (2005) analyzed data from 650 specimens of Sorex cinereus 

collected in Alaska (latitude 55.81667 - 68.667 N, longitude 130.0667 - 166.1833 W) during the 

latter half of the 20th century. Their sample included 191 males, 265 females, and 194 individuals 

of uncertain or unknown sex. All of these specimens are housed at the University of Alaska 
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Museum, and their associated data can be viewed on the online museum database, Arctos 

(arctos.museum.database). To approximate body size, Yom-Tov and Yom-Tov (2005) used 

external measurements (body length, tail length, length of the hindfoot with claw, length of the 

ear from notch, and weight) recorded at the time of collection or preparation. These authors were 

unable to inspect the specimens in person and retrieved all of their data from Arctos. They 

performed multiple regression analysis to examine temporal trends in size, correcting for month 

of collection, latitude, longitude, and mean annual temperature in Talkeetna (62.3200 N, 150.095 

W), which is centrally located within the geographic spread of the data. Yom-Tov and Yom-Tov 

(2005) found that mean total length and tail length significantly increased over the study period 

(reported as 1950-2003, but these authors included four specimens as having been collected in 

2003, when in actuality they were not associated with a known year of collection). These authors 

also analyzed body weight and hind foot length, but since they did not report significant change 

in these measurements over time, here we focused on total length and tail length.

In the present study, we omitted 92 of the original 650 specimens due to missing or 

incomplete data (e.g., not associated with a known month or year of collection, lack of total 

length or tail length measurements, missing or severely broken skull, or ambiguous age class). 

Therefore, we conducted our analyses on data from 558 specimens, collected from 1951-1991 

(Appendix A, C). The majority of these specimens (505) were collected from 1 May to 30 

September, with more than half (304) caught in August (Appendix A).

2.2.3 Aging

We recognized two specimen age classes (juvenile and overwintered; Appendix C) based 

on dental wear, as described by Pruitt (1954). We define juveniles as those collected in the same 
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calendar year of their birth and with sharp cusps on the teeth that show little to no wear or loss of 

pigmentation (Figure 2.1A). In contrast, overwintered individuals have survived an entire winter 

and present extensive tooth wear with little to no pigmentation remaining (Figure 2.1B). Most 

individuals caught in spring (April-May) showed intermediate tooth wear, but as it is rare to 

capture new juveniles before June (Whitaker 2004), we categorized these shrews as overwintered 

(Figure 2.1C). This assumption is consistent with research on the more frequently studied Sorex 

araneus (Lazaro et al. 2017, 2018, 2019; Novakova and Vohralík 2017; Schaeffer et al. 2020). In 

total, juveniles made up a large majority of the sample, with juvenile females being the most 

numerous (Table 2.1).

2.2.4 Measurements

We retrieved standard external measurements (total length and tail length) from Arctos 

(arctos.museum.database). Although external measurements can be somewhat unreliable 

(Stephens et al. 2015), Yom-Tov and Yom-Tov (2005) noted that more than half of the 

specimens were measured by two collectors, which may have offered a higher degree of 

consistency after the authors corrected for potential temporal bias. To test the effect of correcting 

for sex and age, we used the same data as Yom-Tov and Yom-Tov (2005). To improve precision 

and repeatability, we also recorded and analyzed the following cranial measurements, 

condylopremaxillary length (the maximum distance from the anterior-most edge of one 

premaxilla to the posterior-most edge of the occipital condyle on the same side, abbreviated 

CPL), maxillary toothrow length (the maximum distance from the anterior-most edge of C1 to 

the posterior-most edge of M3, abbreviated MTRL), and cranial width (maximum breadth of the 

skull, abbreviated CW). See Appendix C for measurements. CPL and CW have been found to 
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vary significantly and predictably with age in S. cinereus (Pruitt 1954) and Sorex araneus 

(Novakova and Vohralík 2017), with older individuals tending to have longer and narrower 

skulls.

Given the fragile nature of shrew skulls, measurements were recorded directly from 

images taken on a flatbed scanner (Plustek opticBook A300) from a ventral perspective. Skulls 

were scanned in batches of ten alongside a flat millimeter ruler. The skulls were then measured 

with ImageJ (Schneider et al. 2012). The scale was set by drawing a line across 1 cm of the ruler 

and manually setting the distance to 10 mm, resulting in a conversion of 23.6 pixels/mm. All 

dimensions were measured by drawing a straight line between landmarks. For consistency, one 

researcher (MKT) took all measurements. All images are archived and associated with specimen 

records on Arctos.

To assess repeatability, all three cranial measurements were repeated twelve times each 

on a subset of eight skulls over several days. Sessions took place at different times of day, and all 

previous measurements were hidden to avoid bias. We used repeated measures to calculate 

intraclass Correlation Coefficients (iCC), a method for quantifying measurement error (Lessells 

and Boag 1987; Harris and Smith 2009). Higher iCC estimates occur when variance among 

measurements of the same individual is minimized relative to variance between individuals, 

thereby indicating a greater degree of precision. The iCC estimates (and 95% confidence 

intervals) were 0.9188 [0.8214, 0.9796] for CPL, 0.8840 [0.7550, 0.9701] for MTRL, and 0.8347 

[0.6694, 0.9557] for CW. These estimates were obtained using the R package iCC (Wolak et al. 

2012).
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2.2.5 Statistical analyses

All statistical analyses were performed in R (R Core Team 2018). To assess age and sex 

dimorphism, we omitted all specimens of unknown sex, and restricted the sample to shrews 

caught between 1 May and 30 September to avoid including specimens that had shrunk 

significantly in the winter due to the Dehnel effect. Age- and sex-based differences in the 

external measurements (total body length and tail length) were analyzed using two-way ANoVA 

(type iii sum of squares). For the craniodental measurements, in addition to using two-way 

ANoVA on each dimension, we tested for potential multivariate sex and age-based differences 

with MANoVA and discriminant function analysis (DFA) using the car (Fox and Weisberg 

2018) and MASS (Venables and Ripley 2002) packages.

To investigate trends over time and the influence of sex and age, we fit a series of linear 

mixed models (R package lem4; Bates et al. 2014) for each of the five measurements. For tail 

length, two outliers were removed, as the measurements (4.1 mm, and 406 mm) were far outside 

the typical range for masked shrews, likely due to a recording error. To account for size 

reduction in winter due to the Dehnel effect, month of collection was treated as a random effect 

on the intercept. All models included year as a fixed effect to test for linear trends in size over 

time, as well as latitude, longitude, sex, and age class. We fit a series of fourteen linear mixed- 

effects models with different combinations of these variables (treated as fixed effects, see 

Appendix B for full list). We compared candidate models with Akaike information Criterion 

(AiC). When two models had a difference in AiC ≤ 2, they were considered to have equal 

support. We used the selected model(s)—fit with restricted maximum likelihood (REML)—to 

calculate linear trends over time in each measurement. We obtained significance levels of the 

coefficients for each fixed effect using the package lmerTest (Kuznetsova et al. 2017).
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2.3 Results 

2.3.1 Age- and sex-based dimorphism

our results revealed evidence of age-based size dimorphism in Sorex cinereus, with 

significant differences in mean total length (F1,351 = 88.905, p < 0.0001), tail length (F1,360 = 

79.980, p < 0.0001), condylopremaxillary length (F1,302 = 8.669, p = 0.0035), and cranial width 

(F1,302 = 35.398, p = 7.436*10-9; table 2.2). Juveniles and overwintered adults did not differ 

significantly in maxillary toothrow length (F1, 302 = 2.791, p = 0.0958). on average, overwintered 

adults were significantly longer in body length, tail length, and skull length, but with narrower 

crania (figure 2.2). None of the five measurements were significantly sexually dimorphic, 

regardless of age class (table 2.2, figure 2.2).

The differences in the three craniodental measurements were consistent with this pattern 

when tested with multivariate methods (table 2.3); juveniles and overwintered adults differed 

significantly in skull size (Pillai's trace = 0.226, approximate F3,300 = 29.129, p < 2.2*10-16), but 

there was no evidence of sexual size dimorphism (Pillai's trace = 0.006, approximate F3,300 = 

0.650, p = 0.5837). We used a discriminant function analysis (DFA) to further characterize the 

apparent differences between age classes in the craniodental dimensions. Cranial width was 

weighted the most heavily by the discriminant function, followed by CPL, then MTRL, with 

coefficient estimates of -5.596, 2.462, and -0.816, respectively. We used the function to 

categorize each specimen in the sample by cross validation; this resulted in misclassification of 

11 out of 253 juveniles, and 36 out of 52 overwintered shrews.
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2.3.2 The influence of demography on temporal trends

Year of collection had a significant and positive effect on four of the five measurements 

that we assessed, regardless of whether or not we corrected for demographic variables. For each 

measurement, there were multiple equally well-fitting linear mixed models (Table 2.5, and see 

Appendix B for a full list of models tested). For all five measurements, the addition of latitude, 

longitude, and an interaction between the two consistently improved model fit (Appendix B). 

These terms were also present in all equally well-fitting models for each measurement (table 

2.5). Each of the five measurements indicated decreasing size, on average, with increasing 

latitude (south to north) and increasing size with longitude (west to east). This is generally 

consistent with Yom-Tov and Yom-Tov's (2005) results on the external measurements, except 

for tail length, for which they found no significant longitudinal trend. The significant interaction 

term in our results indicates that the latitudinal trend is weaker farther west (table 2.4).

For both total length and tail length, categorizing specimens by sex and/or age class did 

not significantly affect the temporal trends. Although models with and without age class fit the 

data equally well (difference in AIC < 2), the estimated linear increase in these measurements 

did not differ appreciably (table 2.5). Moreover, likelihood ratio tests indicated that neither age 

class nor sex significantly improved model fit (Appendix B). The year-age interaction was 

included among the equally well-fitting models for both total length and tail length (table 2.5), 

but this interaction was not well supported, as the term was not significant within the models 

(table 2.6).

For the craniodental dimensions, cranial width was the only measurement in which we 

did not detect a significant change over time. However, in both CPL and MTRL, age class was 

present in all the equally well-fitting models (table 2.5). There was some evidence for age
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specific trends over time in both CPL and MTRL (figure 2.3C, D), with the year-age interaction 

appearing among the equally well-fitting models (table 2.5), but for both measurements this term 

was not significant (table 2.6). Correcting for sex, while not determinantal to model fit, had 

virtually no effect on the estimated temporal trends for either measurement.

2.4 Discussion

This study provides some evidence for age-based dimorphism in Sorex cinereus 

consistent with previous findings. Pruitt (1954:37) stated that “in general, these older individuals 

are longer, heavier, with shorter, narrower, and more shallow skulls than the rest of the 

population.” Similarly, Innes et al. (1990) reported that adults were, on average, heavier and 

longer than juveniles. Here, we found that overwintered shrews had greater mean total length, 

tail length, and condylopremaxillary length, with shorter mean cranial width. However, the 

differences in the external measurements were only partially supported by our analyses 

(significant in the ANOVA, but not the linear mixed-effects models). External measurements are 

prone to a greater degree of error (see Chapter 1), which may have obscured differences between 

age classes that were detectable in more precise craniodental measurements.

Changes in skull size with age may reflect the effects of muscle action on bone (Pruitt 

1954) and lasting changes due to the Dehnel effect; it has now been well documented in Sorex 

araneus that in spring, adults regrow only a portion of the cranial mass they lose as subadults in 

winter (Lázaro et al. 2017, 2018). While two of the craniodental measurements—CPL and CW— 

varied significantly between juveniles and overwintered adults (with older shrews having longer 

but narrower skulls on average), we could not reliably categorize individuals into either age class 

based solely on these features. In fact, the discriminant function analysis misclassified ~69% of 
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the overwintered specimens we tested, so these measurements do not provide a viable alternative 

to tooth-wear analysis for aging shrews. However, the juvenile and overwintered age classes are 

not as distinct in their degree of tooth wear as we expected (figure 2.1), so additional 

measurements are likely necessary to obtain more reliable age classifications. The differences 

between juvenile and overwintered shrews may be clearer with the inclusion of other 

Craniodental dimensions; for instance, Novakova and Vohralík (2017) found that common 

shrews (S. araneus) show age-based dimorphism in cranial width, condylobasal length, mandible 

height, mandible length, neurocranium length, and some dental measurements, with adults 

generally being larger, consistent with our findings.

Our results did not reveal significant size differences between males and females in any 

of our measurements. Other authors (Innes et al. 1990; Lidicker and Wolff 2005) reported that 

adult females tend to be larger than their male counterparts, which may reflect sex-specific 

requirements for reproduction. Therefore, we were surprised at the lack of sexual dimorphism in 

our sample (neither within age classes nor when combining all ages). Lidicker and Wolf (2005) 

reported that larger size in females is associated with pregnancy and lactation, but since many of 

our overwintered specimens were collected in early spring, some females may not have bred yet 

at the time of capture (based on Arctos records, only 7 out of 31 specimens were pregnant or 

lactating). This may explain why we did not detect any size differences between sexes, and also 

illustrates the need for a larger sample of overwintered shrews collected throughout spring and 

summer.

In the external measurements, despite some support for size differences between age 

classes, correcting for demography had little to no effect on the inferred trends over time. For 

total length and tail length, models including age did not have significantly better support over 
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models excluding demographic variables (table 2.5). Two of the craniodental dimensions (CPL 

and MTRL) also increased over the study period, and age class significantly improved model fit 

for both of these measurements, providing additional support for age-based size dimorphism.

All equally well-fitting models suggested a significant increase in mean total length and 

tail length from 1951-1991. These results are generally consistent with those of Yom-Tov and 

Yom-Tov (2005); however, we report much lower coefficients for year (for example, ~0.068 for 

total length versus their estimate of 0.308). We suspect that this disparity may in part be due to 

differences in modeling approaches. Most notably, Yom-Tov and Yom-Tov (2005) opted to 

average their measurements across year and locality (instead of considering each specimen 

separately, as we did here), and corrected the collection year for mean annual temperature at a 

location near the geographic center of the data. Nonetheless, both our results and theirs show a 

general increasing trend in the size of masked shrews in Alaska over the last half of the 20th 

century.

For both CPL and MTRL, interactions between age class and year were suggested among 

the equally well-fitting models. Although these terms were not statistically significant, we had 

reason to suspect that juveniles and overwintered shrews would show different size trends over 

time. Yom-Tov and Yom-Tov (2005) posited that improved resource availability could explain 

increases in average total length and tail length. This hypothesis makes intuitive sense; we expect 

that longer summers provide young of the year more time and more food to grow, thus attaining 

larger size on average. The effects of changing winters, on the other hand, remain an 

understudied area of climate change response (Williams et al. 2015). For shrews, whose 

plasticity in size is a major advantage for surviving resource scarcity (Taylor et al. 2013; 

Schaeffer et al. 2020), winter conditions may impose constraints on size in overwintering 
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individuals. if seasonal size reduction improves the chances of survival in winter, regardless of 

how much individuals are able to grow in summer, this could explain apparent size increase over 

time in juveniles while overwintered adults show little change (i.e., there would be a greater 

difference between average summer size and average winter size). Moreover, if shrews are 

affected by shifts in snow cover due to climate change they may be exposed to lower 

temperatures and experience a reduction in resource availability or quality (Pauli et al. 2013; 

Williams et al. 2015). in that case, we would expect a decrease in the average size of adults that 

successfully overwinter, as individuals that minimize their metabolic requirements would be 

more likely to survive scarcity. in shrews, the Dehnel effect has been shown to be—at least in 

part—triggered by ambient temperature (Lázaro et al. 2019), so climate change may alter the 

reduction in size that overwintering individuals undergo. According to Yom-Tov and Yom-Tov 

(2005), size was positively related to mean January temperature in this sample of shrews, which 

could be linked to this effect. However, Yom-Tov and Yom-Tov (2005) were only able to 

analyze air temperature, so the relationship between body size and the subnivean temperatures 

overwintering shrews experience remains unknown. one possible future direction for this 

research would be to test the influence of winter conditions (e.g., temperature, snow cover, 

winter length) on body size in shrews.

our study suffered from an overall lack of data on overwintered shrews. The majority of 

adults were collected in spring over a few consecutive years in the 1980s (Appendix A), making 

our analyses on size trends in this age class less robust. This scarcity is largely due to collection 

effort. over half of our specimens were captured in August, during which time juveniles are 

expected to comprise the majority of the population (Whitaker 2004). Furthermore, breeding 

adults—particularly females—may not disperse as readily as juveniles, leading to fewer captures 

37



(innes et al. 1990). The inability to definitively determine the age of the shrews also presents a 

challenge. While we assumed that the juvenile and overwintered age classes were mostly 

discrete, this is not always the case. Although most individuals do not breed until their second 

summer, juveniles are capable of reproduction at two months of age, and there have been some 

instances of researchers collecting pregnant or lactating specimens that they classified as 

juveniles based on tooth wear (Whitaker 2004). Furthermore, breeding may not be restricted to 

the summer months; there are also records of pregnant females trapped as late as September 

(e.g., UAM:Mamm:71950), and shifts in the onset of spring with climate change may result in 

shrews breeding earlier in the year. Therefore, there is a wide range of time in the year over 

which new juveniles can enter the population, so individuals designated in the same age class 

may have in fact been born several months apart, which represents a significant portion of a 

shrew's relatively short life. This will require careful consideration if we are to assess the 

influence of age on temporal body size trends in greater detail. More data on shrews captured 

throughout the year would also better enable us to test whether age structure in the population 

has changed over time; for instance, if climate change is associated with more shrews 

successfully overwintering, that may be indicated by adults making up an increasing proportion 

of the population. Finally, our findings illustrate the need for more precise aging techniques for 

shrews. Dental wear is difficult to quantify, as prey hardness may vary by locality or time of year 

causing variation in the rate of crown and cusp deterioration. As discussed above, some 

dimensions of the skull may provide more detailed information on age, warranting further 

analysis.
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2.5 Conclusions

Here we tested the influence of age and sex on changes in shrew body size over time.

This topic remains poorly studied despite evidence that size and shape can change throughout an 

animal's adult life. We analyzed a large sample of masked shrews (Sorex cinereus), a species 

well known for undergoing considerable shifts in size across seasons, including a decrease in 

both bone and soft tissue mass during the colder months (the Dehnel effect). Specifically, we 

reanalyzed data on specimens captured in Alaska over the latter half of the 20th century, in which 

Yom-Tov and Yom-Tov (2005) reported a significant increase in size without correcting for sex 

or age. Although we found some evidence of dimorphism between juvenile and overwintered 

shrews in total length, tail length, condylopremaxillary length, and cranial width, correcting for 

age did not have a strong influence on the observed trend in size over time; our results indicate 

that mean total length, tail length, condylopremaxillary length, and maxillary toothrow length 

increased from 1951-1991. These findings show that Yom-Tov and Yom-Tov's (2005) 

conclusions were robust in that average size of masked shrews in Alaska does appear to have 

increased over the study period. It should be noted, however, that the vast majority of the sample 

were juveniles, so potential improvements to this research include expanding the sample size of 

overwintered adults to perform more robust analyses on age-specific body size trends. While 

more individuals of this age class can be found among existing museum specimens, this may also 

require new collection efforts during late winter and early spring when adults are expected to 

comprise the majority of wild populations. In general, the role of demography remains severely 

understudied in the broader realm of body-size research, so interpreting and predicting trends 

under climate warming will require further investigation of the influence of age- and sex-based 

size and shape dimorphism.
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2.6 Figures

Figure 2.1. Examples of minimal tooth wear exhibited by a 
typical juvenile (A), extensive wear in an overwintered 
individual caught in summer (B), and intermediate wear in an 
overwintered individual caught in spring (C). Note the 
sharpness of the cusps and degree of pigmentation in each 
condition.
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Figure 2.2 (continued on next page). Age- and sex-based differences in total length (A), tail length (B), 
condylopremaxillary length (C), maxillary toothrow length (D), and cranial width (E). Samples were 
restricted to specimens of known age class and sex collected from 1 May to 30 September. Juveniles are 
colored light green, JF = juvenile females, JM = juvenile males. Overwintered groups are colored dark 
green, OF = overwintered females and OM = overwintered males. Not all measurements were available 
for every specimen, so samples sizes vary slightly. For total length JF=187, JM=104, OF=29, OM=34; 
for tail length JF=193, JM=107, OF=29, OM=34; for Condylopremaxillary Length JF=171, JM=98, 
OF=26, OM=33; for MTRL JF=192, JM=107, OF=29, OM=33; and for CW JF=166, JM=30, OF=24, 
OM=30. Black bars represent the median in each group; white circles represent means. Within each plot, 
statistically significant differences among groups are denoted with differing numbers of *.
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Figure 2.2 continued.
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Figure 2.3 (continued on next page). Residual variance explained by year and age class (controlled for 
latitude, longitude, and the interaction as fixed effects, and month of collection as a random effect on the 
intercept) in total length (A), tail length (B), condylopremaxillary length (C), maxillary toothrow length 
(D), and cranial width (E). Light gray circles represent juveniles, dark gray squares represent 
overwintered adults. The dashed black line indicates the linear relationship between the residual variance 
and year of collection with the age classes combined, while the light green and dark green lines represent 
the trends in juveniles and overwintered adults, respectively.
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Figure 2.3 continued.
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2.7 Tables

Table 2.1. Number of specimens in each age and sex category in the 
entire sample. Out of the original 650 used by Yom-Tov and Yom-Tov 
(2005), we omitted specimens that were not associated with a month 
and/or year of collection, and those of unknown age due to a missing 
skull or ambiguous state of tooth wear.

Female Male Unknown Total
Juvenile 209 123 151 483
Overwintered 31 37 7 75
Total 240 160 158 558

Table 2.2. Age- and sex-based differences in total length, tail length, condylopremaxillary 
length (CPL), maxillary toothrow length (MTRL), and cranial width (CW) tested with 
ANOVA (type III sum of squares). Samples were restricted to specimens of known age class 
and sex collected from 1 May to 30 September. Statistically significant results are bolded.

Age Class Sex
Dimension df F p df F p
Total length 1, 351 88.905 < 2*10-16 1 0.226 0.6347
Tail length 1, 360 79.980 < 2*10-16 1 0.587 0.4441

CPL 1, 302 8.669 0.0035 1 0.289 0.5912
MTRL 1, 302 2.791 0.0958 1 1.360 0.2445

CW 1, 302 35.398 7.436*10-9 1 0.104 0.7469

Table 2.3. Age- and sex-based differences in the three craniodental 
measurements (condylopremaxillary length, maxillary toothrow length, and 
cranial width) tested with MANOVA. Samples were restricted to specimens of 
known age class and sex collected from 1 May to 30 September. Statistically 
significant results are bolded.

Pillai's Trace Approximate F3,300 p
Age class 0.226 29.129 < 2*10-16

Sex 0.006 0.650 0.5837

Table 2.4. Coefficient estimates for location variables in the model Response ~ Year + Age + Latitude * 
Longitude + (1 | Month), which was among the best-fitting models for all five measurements. To obtain 
these estimates we fit the models with restricted maximum likelihood (REML). Coordinates were 
reported in decimal degrees so that latitude increases south to north, and longitude decreases (becomes 
more negative) east to west. Statistically significant results are bolded.

Response βLat p βLong p βLatfLong p
Total Length -6.515 1.45*10-5 2.529 1.67*10-5 -0.040 4.86*10-5
Tail Length -8.408 < 2*10-16 3.173 < 2*10-16 -0.053 < 2*10-16
CPL -0.860 < 2*10-16 0.364 < 2*10-16 -0.005 < 2*10-16
MTRL -0.474 < 2*10-16 0.200 < 2*10-16 -0.003 < 2*10-16
CW -0.308 4.02*10-9 0.130 1.89*10-10 -0.002 2.47*10-9
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Table 2.5. Estimated temporal trends in total length, tail length, condylopremaxillary length (CPL), maxillary toothrow length (MTRL), 
and cranial width (CW) in Sorex cinereus specimens from 1950-1991 based on linear mixed models refit with restricted maximum 
likelihood. Models with a difference in AIC ≤ 2 were considered to have equal support. All models include month as a random effect on 
the intercept. Statistically significant results are bolded.

Dimension Fixed Effects AIC βYear Std error 95% CI df t-value p

Total
Year + Lat * Long 3309.225 0.068 0.030 [0.009, 0.126] 493.692 2.267 0.0238
Year + Age + Lat * Long 3309.213 0.069 0.030 [0.011, 0.128] 486.689 2.314 0.0211

Tail
Year + Lat * Long 2675.703 0.090 0.015 [0.061, 0.118] 472.627 6.155 1.69*10-9
Year + Age + Lat * Long 2677.472 0.090 0.015 [0.061, 0.119] 464.418 6.159 1.59*10-9
Year * Age + Lat * Long 2676.575 0.096 0.015 [0.066, 0.125] 475.324 6.389 3.99*10-10

CPL
Year + Age + Lat * Long 290.934 0.006 0.002 [0.003, 0.009] 155.3 3.678 0.0003
Year + Age + Sex + Lat * Long 292.607 0.007 0.002 [0.003, 0.010] 172 3.873 0.0002
Year * Age + Lat * Long 291.219 0.007 0.002 [0.003, 0.010] 307.4 3.886 0.0002

MTRL
Year + Age + Lat * Long -447.179 0.002 0.0007 [0.0002, 0.003] 141.2 2.223 0.0278
Year + Age + Sex + Lat * Long -446.271 0.002 0.0007 [0.0003, 0.003] 169 2.435 0.0159
Year * Age + Lat * Long -448.097 0.002 0.0007 [0.0004, 0.003] 103.7 2.552 0.0122

CW
Year + Age + Lat * Long -202.126 0.002 0.001 [-0.0004, 0.004] 405.2 1.579 0.115
Year * Age + Lat * Long -202.151 0.002 0.001 [-0.0001, 0.004] 402.6 1.911 0.0567

Table 2.6. Interactions between year and age class in linear mixed models for total length, tail length, 
condylopremaxillary length (CPL), maxillary toothrow length (MTRL), and cranial width (CW). The estimated 
coefficients (βYear :Overwintered), represent adjustments to the slopes reported in figure 2.3 for models including year * 
age. However, these terms were not statistically significant (p > 0.05).

Dimension βYear:Overwintered Std. Error 95% CI df t-value p
Total -0.097 0.085 [-0.264, 0.071] 514.3 -1.134 0.2574
Tail -0.074 0.043 [-0.158, 0.010] 524.0 -1.721 0.0859
CPL -0.006 0.005 [-0.015, 0.003] 425.7 -1.282 0.2007

MTRL -0.004 0.002 [-0.008, 0.0007] 449.3 -1.637 0.1024
CW -0.004 0.003 [-0.010, 0.002] 431.4 -1.399 0.1625
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GENERAL CoNCLUSioNS

Advancing our understanding of the effects of climate change on animal body size 

requires repeatable studies and careful evaluation of multiple potential drivers. To that end, the 

first chapter of this thesis was a review of best practices, detailing the importance of 

measurement selection, data availability, and careful consideration of alternative explanations for 

apparent trends. The second chapter illustrated these points in a study of size trends in a 

widespread, small mammal species, the masked shrew (Sorex cinereus). This was an expansion 

on the work of Yom-Tov and Yom-Tov (2005), which offered an opportunity to test the effect(s) 

of accounting for demographic variables, and to directly compare the results of analyzing 

external measurements to those obtained from more precise and repeatable cranial 

measurements. i found some evidence of age-based size dimorphism in masked shrews, and that 

these differences and size trends were more readily detected in craniodental measurements. To 

guide future research, i hypothesize that differential shifts in environmental conditions during 

summer and winter may drive age-specific body-size shifts in masked shrews.

Although changes in animal body size over the last century have been well documented, 

gaps still remain in our understanding of the drivers of those trends. The dichotomization of two 

major hypotheses—the Bergmann's rule hypothesis and resource availability hypothesis—has 

caused other important factors to be largely overlooked. Body size influences many aspects of 

physiology and ecology including metabolic rate, home range size, and life history traits (Peters 

1983; Woodward et al. 2005; Smith and Lyons 2013), so changes over time may signal shifts in 

any or all of these interrelated factors. Therefore, assessing the drivers of body size change is 

vital to understanding how species cope with rapid, widespread climate change.
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APPENDICES

Appendix A

Figure A.1. Number of specimens in each age class by year of collection.
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Figure A.2. Number of specimens in each age class by month of collection.
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Appendix B

Summaries of all model comparisons by likelihood ratio tests and AIC. In the AIC tables, ΔAIC 

represents the difference between the value for a given model and that of the best-fitting model. 

Models with ΔAIC ≤ 2 were considered to have equal support (indicated by shading).

Total Length

Likelihood Ratio Tests
Model Fixed Effects log-lik compared 

with model
df χ2 p-value

1 Year -1677.8
2 Year + Lat -1663.1 1 1 29.482 5.644*10-8
3 Year + Long -1664.2 1 1 27.201 1.834*10-7
4 Year + Lat + Long -1655.7 1 2 44.21 2.511*10-10
5 Year + Lat * Long -1647.6 4 1 16.194 5.717*10-5
6 Year + Age -1676.3 1 1 3.0866 0.07894
7 Year + Age + Lat * Long -1646.6 5 1 2.0127 0.156
8 Year + Sex -1677.0 1 2 1.6084 0.4474
9 Year + Sex + Lat * Long -1647.6 5 2 0.0258 0.9872
10 Year + Age + Sex -1675.3 6 2 1.9608 0.3752
11 Year + Age + Sex + Lat * Long -1646.6 10 3 57.392 2.119*10-12
12 Year + Age * Sex -1672.6 10 2 5.2938 0.07087
13 Year + Age * Sex + Lat * Long -1644.7 12 3 55.987 4.228*10-12
14 Year * Age + Lat * Long -1646.0 7 1 1.2832 0.2573

Model A IC Values
Model Fixed Effects log-lik AIC ΔAIC

1 Year -1677.815 3363.630 54.417
2 Year + Lat -1663.074 3336.148 26.935
3 Year + Long -1664.214 3338.428 29.216
4 Year + Lat + Long -1655.710 3323.419 14.207
5 Year + Lat * Long -1647.613 3309.225 0.013
6 Year + Age -1676.271 3362.543 53.330
7 Year + Age + Lat * Long -1646.606 3309.213 0
8 Year + Sex -1677.011 3366.021 56.808
9 Year + Sex + Lat * Long -1647.600 3313.200 3.987
10 Year + Age + Sex -1675.291 3364.582 55.369
11 Year + Age + Sex + Lat * Long -1646.595 3313.190 3.977
12 Year + Age * Sex -1672.644 3363.288 54.076
13 Year + Age * Sex + Lat * Long -1644.651 3313.301 4.089
14 Year * Age + Lat * Long -1645.965 3309.930 0.717
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Likelihood Ratio Tests

Tail Length

Model Fixed Effects log-lik compared 
with model

df χ2 p-value

1 Year -1424.5
2 Year + Lat -1390.9 1 1 67.067 2.625*10-16
3 Year + Long -1414.5 1 1 19.802 8.589*10-6
4 Year + Lat + Long -1388.6 1 2 71.662 2.747*10-16
5 Year + Lat * Long -1330.8 4 1 115.53 < 2.2*10-16
6 Year + Age -1424.2 1 1 0.5155 0.4728
7 Year + Age + Lat * Long -1330.7 5 1 0.2313 0.6306
8 Year + Sex -1424.1 1 2 0.6964 0.7060
9 Year + Sex + Lat * Long -1329.9 5 2 1.9576 0.3758
10 Year + Age + Sex -1423.9 6 2 0.6154 0.7351
11 Year + Age + Sex + Lat * Long -1329.8 10 3 188.09 < 2.2*10-16
12 Year + Age * Sex -1422.8 10 2 2.1745 0.3371
13 Year + Age * Sex + Lat * Long -1329.8 12 3 185.93 < 2.2*10-16
14 Year * Age + Lat * Long -1329.3 7 1 2.8967 0.0888

Model A IC Values
Model Fixed Effects log-lik AIC ΔAIC

1 Year -1424.446 2856.892 181.189
2 Year + Lat -1390.913 2791.825 116.122
3 Year + Long -1414.545 2839.090 163.387
4 Year + Lat + Long -1388.615 2789.230 113.527
5 Year + Lat * Long -1330.852 2675.703 0
6 Year + Age -1424.188 2858.377 182.673
7 Year + Age + Lat * Long -1330.736 2677.472 1.769
8 Year + Sex -1424.098 2860.196 184.493
9 Year + Sex + Lat * Long -1329.873 2677.746 2.042
10 Year + Age + Sex -1423.881 2861.761 186.058
11 Year + Age + Sex + Lat * Long -1329.838 2679.675 3.972
12 Year + Age * Sex -1422.793 2863.587 187.883
13 Year + Age * Sex + Lat * Long -1329.830 2683.661 7.958
14 Year * Age + Lat * Long -1329.288 2676.575 0.872
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Likelihood Ratio Tests

CPL

Model Fixed Effects log-lik compared 
with model

df χ2 p-value

1 Year -256.41
2 Year + Lat -250.42 1 1 11.99 0.0005
3 Year + Long -195.69 1 1 121.44 < 2.2*10-16
4 Year + Lat + Long -195.69 1 2 121.44 < 2.2*10-16
5 Year + Lat * Long -153.26 4 1 84.867 < 2.2*10-16
6 Year + Age -253.09 1 1 6.645 0.010
7 Year + Age + Lat * Long -137.47 5 1 31.579 1.915*10-8
8 Year + Sex -255.46 1 2 1.902 0.3864
9 Year + Sex + Lat * Long -149.57 5 2 7.3788 0.0250
10 Year + Age + Sex -252.54 6 2 1.0961 0.5781
11 Year + Age + Sex + Lat * Long -136.30 10 3 232.48 < 2.2*10-16
12 Year + Age * Sex -251.89 10 2 1.2963 0.523
13 Year + Age * Sex + Lat * Long -135.71 12 3 232.37 < 2.2*10-16
14 Year * Age + Lat * Long -136.61 7 1 1.7158 0.1902

Model A IC Values
Model Fixed Effects log-lik AIC ΔAIC

1 Year -256.4120 520.824 229.890
2 Year + Lat -250.4170 510.834 219.900
3 Year + Long -195.6907 401.382 110.447
4 Year + Lat + Long -195.6900 403.380 112.446
5 Year + Lat * Long -153.2566 320.513 29.579
6 Year + Age -253.0895 516.179 225.245
7 Year + Age + Lat * Long -137.4672 290.934 0
8 Year + Sex -255.4610 522.922 231.988
9 Year + Sex + Lat * Long -149.5672 317.1344 26.200
10 Year + Age + Sex -252.5415 519.083 228.149
11 Year + Age + Sex + Lat * Long -136.3033 292.607 1.672
12 Year + Age * Sex -251.8933 521.787 230.852
13 Year + Age * Sex + Lat * Long -135.7102 295.421 4.486
14 Year * Age + Lat * Long -136.6093 291.219 0.284
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Likelihood Ratio Tests

MTRL

Model Fixed Effects log-lik compared 
with model

df χ2 p-value

1 Year 90.558
2 Year + Lat 93.918 1 1 6.7202 0.0095
3 Year + Long 148.068 1 1 115.02 < 2.2*10-16
4 Year + Lat + Long 148.535 1 2 115.95 < 2.2*10-16
5 Year + Lat * Long 211.75 4 1 126.43 < 2.2*10-16
6 Year + Age 93.070 1 1 5.0239 0.025
7 Year + Age + Lat * Long 231.59 5 1 39.675 2.999*10-10
8 Year + Sex 91.301 1 2 1.4847 0.476
9 Year + Sex + Lat * Long 215.907 5 2 8.3113 0.0157
10 Year + Age + Sex 93.471 6 2 0.8016 0.6698
11 Year + Age + Sex + Lat * Long 233.135 10 3 279.33 < 2.2*10-16
12 Year + Age * Sex 94.577 10 2 2.2122 0.3309
13 Year + Age * Sex + Lat * Long 233.865 12 3 278.58 < 2.2*10-16
14 Year * Age + Lat * Long 233.05 7 1 2.9187 0.08756

Model A IC values
Model Fixed Effects log-lik AIC ΔAIC

1 Year 90.5581 -173.116 274.981
2 Year + Lat 93.9182 -177.836 270.261
3 Year + Long 148.0681 -286.136 161.961
4 Year + Lat + Long 148.5355 -285.071 163.026
5 Year + Lat * Long 211.7515 -409.503 38.594
6 Year + Age 93.0701 -176.140 271.957
7 Year + Age + Lat * Long 231.589 -447.179 0.919
8 Year + Sex 91.3005 -170.601 277.496
9 Year + Sex + Lat * Long 215.9071 -413.814 34.283
10 Year + Age + Sex 93.4709 -172.942 275.155
11 Year + Age + Sex + Lat * Long 233.1354 -446.271 1.826
12 Year + Age * Sex 94.5770 -171.154 276.943
13 Year + Age * Sex + Lat * Long 233.8645 -443.729 4.368
14 Year * Age + Lat * Long 233.0486 -448.097 0
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Likelihood Ratio Tests

CW

Model Fixed Effects log-lik compared 
with model

df χ2 p-value

1 Year 63.840
2 Year + Lat 63.842 1 1 0.004 0.9494
3 Year + Long 78.431 1 1 29.181 6.591*10-8
4 Year + Lat + Long 78.973 1 2 30.265 2.68*10-7
5 Year + Lat * Long 97.077 4 1 36.209 1.773*10-9
6 Year + Age 71.612 1 1 15.544 8.059*10-5
7 Year + Age + Lat * Long 109.063 5 1 23.972 9.776*10-7
8 Year + Sex 64.194 1 2 0.7072 0.7022
9 Year + Sex + Lat * Long 97.928 5 2 1.7018 0.4270
10 Year + Age + Sex 71.905 6 2 0.5853 0.7463
11 Year + Age + Sex + Lat * Long 109.299 10 3 74.787 4.024*10-16
12 Year + Age * Sex 72.769 10 2 1.7287 0.4213
13 Year + Age * Sex + Lat * Long 110.527 12 3 75.516 2.809*10-16
14 Year * Age + Lat * Long 110.08 7 1 2.0249 0.1547

Model A IC values
Model Fixed Effects log-lik AIC ΔAIC

1 Year 63.8403 -119.681 82.470
2 Year + Lat 63.8423 -117.685 84.466
3 Year + Long 78.4309 -146.862 55.289
4 Year + Lat + Long 78.9726 -145.945 56.205
5 Year + Lat * Long 97.0771 -180.154 21.997
6 Year + Age 71.6143 -133.225 68.926
7 Year + Age + Lat * Long 109.0629 -202.126 0.025
8 Year + Sex 64.1938 -116.388 85.763
9 Year + Sex + Lat * Long 97.9280 -177.856 24.295
10 Year + Age + Sex 71.9051 -129.810 72.341
11 Year + Age + Sex + Lat * Long 109.2987 -198.597 3.553
12 Year + Age * Sex 72.7694 -127.539 74.612
13 Year + Age * Sex + Lat * Long 110.5275 -197.055 5.096
14 Year * Age + Lat * Long 110.0753 -202.151 0
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Appendix C
Catalog number, ages class, and craniodental measurements—condylopremaxillary length

(CPL), maxillary toothrow length (MTRL), and cranial width (CW) in mm—for each of the 558 

Sorex cinereus specimens used in the present study. All are all housed in University of Alaska 

Museum Mammal Collection. The corresponding globally unique identifiers (GUID) take the 

form of UAM:Mamm:# (e.g., UAM:Mamm:397). Specimen records with sex, external 

measurements, dates, coordinates, and other data can be viewed at 

http√∕arctos.database.museum. Continues for the next 10 pages.

CAT NO AGE CLASS CPL MTRL CW
15317 overwintered
15975 overwintered
14452 overwintered
14454 overwintered
15316 juvenile
14450 overwintered 15.767 5.734 7.510
14451 overwintered 5.850
7664 overwintered 15.648 5.892 7.627
14617 overwintered
14799 overwintered 16.170 6.097 7.671
14427 overwintered 6.060
14429 overwintered 6.071
14430 overwintered 15.460 5.789 7.331
14431 overwintered 5.957
14432 overwintered 15.629 5.877 7.289
14440 overwintered 5.971
14441 overwintered 15.801 5.976 7.585
14442 overwintered 15.779 5.761 7.641
14460 overwintered
14461 overwintered 15.769 5.870 7.802
14462 overwintered 5.921
14469 overwintered 15.782 5.840 7.373
14472 overwintered 15.470 5.893 7.358
14473 overwintered 5.892
14474 overwintered 16.001 5.939 7.543
14475 overwintered 15.234 5.681 7.545
14478 overwintered 15.415 5.687
14480 overwintered 16.191 6.023 7.627
14482 overwintered
14486 overwintered 15.403 5.760 7.288
14439 overwintered 15.617 5.747 7.588
14798 overwintered 15.606 5.771 7.585
14428 overwintered 16.107 5.824
14434 overwintered 16.373 6.065 8.192
14435 overwintered 15.718 5.909 7.911
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CAT NO AGE CLASS CPL MTRL CW
14437 overwintered 15.960 5.977 7.745
14438 overwintered 6.089
14464 overwintered 15.685 5.693 7.685
14465 overwintered
14466 overwintered 15.774 6.054 7.919
14467 overwintered 15.172 5.413
14468 overwintered 5.825
14470 overwintered
14471 overwintered
14476 overwintered 15.762 5.840 8.051
14477 overwintered 5.943 8.115
14479 overwintered 15.620 5.747 7.804
14481 overwintered
14483 overwintered 16.013 5.867 7.633
14484 overwintered 15.499 5.819 7.500
14485 overwintered 15.717 5.882 7.331
14487 overwintered 15.617 5.852 7.973
14616 overwintered 15.552 5.651 8.086
14425 overwintered 15.265 5.454 7.627
14433 overwintered 15.720 5.798 7.967
6576 juvenile
13579 juvenile 15.729 5.645 7.925
13727 juvenile 15.814 5.840 7.797
13367 juvenile 16.174 5.850 8.051
13373 juvenile 15.681 5.892 7.881
14618 juvenile 15.661 5.629 7.881
15288 juvenile 15.828 5.861 7.757
15290 juvenile
15322 juvenile 5.709
15323 juvenile 15.967 5.966 7.881
15324 juvenile 15.209 5.561 7.415
15335 juvenile 15.306 5.518 7.768
15337 juvenile 15.392 5.657 7.458
18758 juvenile 5.783
18961 juvenile 15.453 5.651 7.628
18963 juvenile 15.672 5.873 7.715
19806 juvenile 5.540
19842 juvenile 15.442 5.664 7.891
13374 overwintered 16.412 6.065 8.178
18962 overwintered 15.937 5.840 7.458
18964 overwintered 5.963
4943 juvenile
13728 juvenile
13729 juvenile 15.588 5.855 7.925
13730 juvenile 14.984 5.620 7.629
13732 juvenile
13366 juvenile 16.082 5.903 7.755
13368 juvenile 5.643
13369 juvenile 15.489 5.587 7.718
13370 juvenile
13372 juvenile 15.775 5.882 8.136
15321 juvenile 15.573 5.629 7.557
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CAT NO AGE CLASS CPL MTRL CW
15326 juvenile
15327 juvenile 15.934 5.934 7.839
15328 juvenile 15.976 5.705 7.798
15329 juvenile 15.774 5.796 7.845
15332 juvenile 15.976 5.835
15334 juvenile 16.099 6.008 7.881
15340 juvenile 5.819
18959 juvenile 15.826 5.886 7.943
18965 juvenile 15.850 5.976 7.839
19815 juvenile 16.266 5.962 8.136
19844 juvenile 5.808
15289 overwintered 15.845 5.747 8.143
18956 overwintered 5.975
18957 overwintered
18958 overwintered 16.022 6.155 7.630
18960 overwintered
1856 juvenile 15.272 5.754 7.755
13726 juvenile 16.159 5.945 7.843
13731 juvenile 5.958
13733 juvenile 15.718 5.741 8.010
13734 juvenile 6.135
13735 juvenile 16.093 6.047 7.985
13736 juvenile 6.256
13737 juvenile 15.851 5.845 7.819
13738 juvenile 5.873
13739 juvenile 15.779 5.929 7.839
13740 juvenile 15.820 6.075 7.811
15320 juvenile 15.402 5.850 7.457
19818 juvenile 15.933 5.867 7.799
19819 juvenile 15.283 5.651 7.881
19823 juvenile 15.798 5.950 7.797
19825 juvenile 5.877 7.754
19832 juvenile 15.821 5.999 7.628
19835 juvenile 5.962
19837 juvenile
19853 juvenile
19856 juvenile
19862 juvenile 15.704 5.796 7.597
19863 juvenile 15.441 5.909 7.712
19864 juvenile 15.760 5.886 7.506
19865 juvenile 5.993
19873 juvenile 5.838 7.684
19874 juvenile 15.581 5.825 7.162
1877 juvenile
2823 juvenile 16.047 6.071
2876 juvenile 5.754 7.597
3107 juvenile
6002 juvenile
6287 juvenile
6338 juvenile
6361 juvenile 15.586 5.850 8.051
6369 juvenile 5.538
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CAT NO AGE CLASS CPL MTRL CW
6480 juvenile 5.798
6485 juvenile 5.555
6507 juvenile 5.490
6525 juvenile
6589 juvenile 15.613 5.777 7.458
6601 juvenile 7.527
6656 juvenile 15.276 5.525 7.798
8925 juvenile 15.381 5.615 7.459
8928 juvenile 15.915 5.784 8.154
8929 juvenile 5.809
8068 juvenile 16.031 5.743 8.138
10358 juvenile 16.067 5.882 8.390
15061 juvenile 5.950
13641 juvenile 15.741 5.729 8.231
13625 overwintered 16.084 5.789 8.351
13632 overwintered 15.875 5.897 8.008
13626 juvenile 15.415 5.877 7.924
13627 juvenile 15.681 5.555 7.881
13628 juvenile 5.877 7.987
13629 juvenile
13633 juvenile 5.954
13636 juvenile 16.013 5.850 7.798
13637 juvenile 15.322 6.060 7.670
13638 juvenile 15.746 5.810 8.015
13640 juvenile 15.853 5.845 8.093
13642 juvenile 5.813
13643 juvenile 5.909
13644 juvenile 15.723 5.958 8.179
13645 juvenile 15.803 5.903 8.008
13646 juvenile 15.596 5.760 7.881
13647 juvenile 16.028 5.855 7.881
13649 juvenile 15.575 5.939 7.797
14620 juvenile 15.945 5.921 7.935
14621 juvenile
14622 juvenile
5300 juvenile
1994 juvenile
3031 juvenile 16.363 5.921 7.966
6000 juvenile
6292 juvenile 16.061 6.013 7.712
6325 juvenile 16.031 5.928
6670 juvenile 15.702 5.723 7.839
13745 juvenile 15.683 5.531 8.022
15060 juvenile 15.128 5.454 7.374
15925 juvenile 15.521 5.664 7.798
3060 juvenile 15.723 5.747 7.882
3108 juvenile 15.250 5.545 7.501
3114 juvenile 15.752 5.705 7.840
3123 juvenile 15.389 5.393 7.129
3125 juvenile 15.236 5.664 7.588
6293 juvenile 15.452 5.580 7.631
6613 juvenile 5.402 7.254

63



CAT NO AGE CLASS CPL MTRL CW
8924 juvenile 15.259 5.531 7.712
13741 juvenile 15.526 5.622 7.672
13743 juvenile 15.054 5.340 7.161
13744 juvenile 15.753 5.713 7.797
13746 juvenile 15.463 5.676 7.712
13759 juvenile 5.681
13619 juvenile 5.483
13622 juvenile 15.226 5.555 7.669
13623 juvenile 15.261 5.639 7.585
13630 juvenile
13631 juvenile
13639 juvenile 15.652 5.825 7.842
13648 juvenile 15.476 5.639 7.966
13723 juvenile 15.757 5.935 7.970
13724 juvenile 5.705 7.968
14623 juvenile 15.367 5.490 7.755
6389 juvenile 15.258 5.377 7.712
397 juvenile 14.947 5.545 7.423
7667 juvenile 15.588 5.741 7.881
3176 juvenile 15.652 5.444 8.055
3188 juvenile 15.400 5.494 7.801
3195 juvenile 15.441 5.777 7.839
3209 juvenile 15.445 5.777 7.669
3221 juvenile 14.927 5.419 7.966
3898 juvenile 15.694 5.573 7.545
3909 juvenile 15.512 5.609 7.797
3917 juvenile 15.390 5.687 7.713
3921 juvenile 5.555
3937 juvenile 15.676 5.483
3938 juvenile
3944 juvenile 5.693
3952 juvenile 6.102
3985 juvenile 16.715 5.886 8.350
3986 juvenile 6.118
6456 juvenile 6.256
6494 juvenile 17.011 6.490 8.315
6640 juvenile 6.263
11075 juvenile 16.849 6.076
14794 juvenile 16.882 6.193
14626 juvenile 6.323
15292 juvenile 16.792 6.286 8.008
15295 juvenile 16.682 6.221 8.147
15926 juvenile 6.149
15927 juvenile 16.785 6.325 8.141
15928 juvenile 16.208 6.055 7.712
15929 juvenile 16.616 6.323 8.305
15930 juvenile 16.673 6.166 8.052
15931 juvenile 16.439 5.992 8.011
15932 juvenile 6.219
15934 juvenile 16.490 6.149 8.347
15935 juvenile 16.747 6.244
15936 juvenile 16.828 6.102
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CAT NO AGE CLASS CPL MTRL CW
15938 juvenile 16.600 6.397 7.843
15939 juvenile 6.402
15940 juvenile 16.477 6.202 8.136
15941 juvenile 6.286
15942 juvenile 16.663 6.179
15943 juvenile 6.060
15945 juvenile 16.557 6.334
15946 juvenile 16.845 6.149 8.095
15947 juvenile 16.710 6.166 8.314
15948 juvenile 6.317
15949 juvenile 6.340
15950 juvenile 15.571 5.766 7.670
15951 juvenile 6.179
15952 juvenile 17.120 6.186
15954 juvenile 6.444
15955 juvenile 15.468 5.970 7.887
15956 juvenile
15957 juvenile 15.952 5.957 7.968
15958 juvenile 6.034
15960 juvenile 15.531 5.831 7.256
15961 juvenile 15.515 5.802 7.839
15962 juvenile 5.766 7.712
15963 juvenile 16.061 5.971
15968 juvenile 15.798 5.819 7.842
15970 juvenile 15.959 5.950
15971 juvenile 16.085 5.945
15976 juvenile 6.131
15978 juvenile 15.382 5.657 7.542
15979 juvenile 15.883 5.999 7.797
15981 juvenile 5.838
19245 juvenile 15.736 5.693 7.754
19247 juvenile 16.997 6.233 8.220
19251 juvenile 16.410 6.202
19252 juvenile 16.460 6.173 8.223
19253 juvenile 6.261
19254 juvenile 17.000 6.250 8.306
19257 juvenile 17.052 6.466
19262 juvenile
19265 juvenile
19266 juvenile 16.519 6.305
19364 juvenile
19368 juvenile 16.443 6.117
19369 juvenile 16.308 6.305 8.099
19370 juvenile 16.435 6.012 7.967
19371 juvenile 16.714 6.228
19372 juvenile 16.242 6.131 8.051
19373 juvenile 16.313 6.060 8.093
19374 juvenile 16.574 6.197 7.924
19375 juvenile 16.495 5.992 7.839
19376 juvenile 16.067 6.097 7.839
19377 juvenile
19378 juvenile 16.845 6.286 7.839
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CAT NO AGE CLASS CPL MTRL CW
19380 juvenile 16.292 5.928 7.755
19384 juvenile 15.801 5.671 7.458
19385 juvenile 16.159 5.892 7.542
19387 juvenile 5.727
19388 juvenile 15.896 6.047
19392 juvenile 15.415 5.602 7.416
19395 juvenile 15.793 5.560 7.594
19404 juvenile 15.588 5.567 7.501
19405 juvenile 15.434 5.651 7.627
19419 juvenile 15.733 5.592 7.458
18569 juvenile 15.962 5.892 7.714
19452 juvenile 15.965 5.886 7.594
19454 juvenile 15.729 5.747
19455 juvenile 16.094 5.966 7.586
19456 juvenile 16.282 5.903 7.500
19457 juvenile 15.913 5.819 7.797
19458 juvenile 16.584 6.124 7.797
19462 juvenile 16.616 6.124 7.926
19464 juvenile 16.524 6.235 7.806
19519 juvenile
19524 juvenile 16.726 6.328 7.671
19531 juvenile 16.680 6.239 8.051
19533 juvenile 17.038 6.214 7.801
19534 juvenile 17.107 6.341 8.051
19535 juvenile 16.926 6.228 8.093
19536 juvenile 16.672 6.422
19537 juvenile 17.191 6.308 7.797
19539 juvenile 16.761 6.266 7.755
19540 juvenile 16.663 6.160 7.882
19541 juvenile 16.926 6.328 8.096
19542 juvenile 17.046 6.266 8.093
19543 juvenile 17.072 6.350 8.008
19544 juvenile 16.402 6.107
19545 juvenile 16.714 6.166 7.715
19547 juvenile 6.328
19548 juvenile 16.432 5.971 7.755
19550 juvenile 16.782 6.275 7.712
19551 juvenile 17.098 6.355 7.881
19552 juvenile 16.985 6.207 7.754
19554 juvenile 16.740 6.228 7.966
19555 juvenile 16.220 5.987 7.756
19556 juvenile 16.850 6.200 8.187
19558 juvenile 16.562 6.071 7.924
19560 juvenile 16.142 5.840 7.966
19561 juvenile
19565 juvenile 15.601 5.754 7.289
19567 juvenile 15.047 5.840 7.415
19568 juvenile 15.710 5.735 7.840
19569 juvenile 15.814 7.855
19570 juvenile 15.715 5.911 7.842
19573 juvenile 15.861 6.317 8.094
19574 juvenile 17.122 6.328 8.220
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CAT NO AGE CLASS CPL MTRL CW
19576 juvenile 16.583 6.005 7.798
19577 juvenile 16.965 6.181 8.305
19578 juvenile 16.673 6.286 7.924
19580 juvenile 16.822 6.173 7.839
19582 juvenile 16.393 6.135 8.051
19585 juvenile 16.825 6.186 8.136
19589 juvenile 16.841 6.275 8.475
19591 juvenile 16.490 6.181 8.051
19592 juvenile 6.202 8.053
19593 juvenile 16.579 6.250 8.052
19594 juvenile 16.669 6.065 8.178
19595 juvenile 16.354 6.144 7.797
19597 juvenile 16.825 6.257 8.051
3942 overwintered 16.680 6.281 8.220
3900 juvenile 16.943 6.270 7.924
11074 juvenile 16.623 6.139 8.178
1839 juvenile 16.698 6.228 7.881
14378 juvenile 16.515 6.144 7.966
3190 juvenile 16.524 6.124 7.969
3194 juvenile 15.525 5.681 7.712
3200 juvenile
3916 juvenile 15.432 5.615 7.588
3929 juvenile 15.421 5.592 7.839
3955 juvenile 14.908 5.429 7.585
3999 juvenile 15.875 5.699 7.924
4000 juvenile 5.705 8.011
4971 juvenile 14.765 5.508
6608 juvenile 5.845
6659 juvenile 5.897
15062 juvenile 15.704 5.803 7.548
14949 juvenile 15.826 5.705 8.016
15293 juvenile
15959 juvenile 15.951 6.013 7.839
15969 juvenile 16.093 6.023 7.966
15977 juvenile 15.638 5.897 7.627
15980 juvenile 15.794 5.845 7.882
19246 juvenile 15.457 5.813 7.924
19248 juvenile 16.261 6.018 8.221
19249 juvenile 16.043 5.867
19255 juvenile 15.479 5.651
19256 juvenile 16.088 5.957 8.221
19260 juvenile 15.610 5.587 8.051
19263 juvenile 15.798 6.093 7.883
19264 juvenile 15.634 5.693 7.588
18858 juvenile 15.744 5.629 7.924
19362 juvenile 16.043 5.939 8.263
19363 juvenile 15.798 5.987 8.178
19365 juvenile 15.642 6.013 7.754
19366 juvenile 15.875 5.912 8.013
19367 juvenile 16.024 5.917 8.020
19381 juvenile 15.681 5.723 7.924
19383 juvenile 16.275 6.040 7.924
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CAT NO AGE CLASS CPL MTRL CW
19389 juvenile 15.748 5.855
19390 juvenile 16.113 5.992
19393 juvenile 15.845 5.831 7.967
19394 juvenile 16.149 5.887 8.051
19398 juvenile 16.227 6.008
19399 juvenile 16.322 6.065 8.094
19400 juvenile 16.496 6.107 7.924
19403 juvenile 15.384 5.742 7.510
19406 juvenile 16.174 5.903 7.966
18568 juvenile 5.976
19443 juvenile 15.983 5.981 8.093
19450 juvenile 6.113
19451 juvenile 15.849 5.963 8.306
19453 juvenile 16.284 6.089 8.137
19459 juvenile 15.568 5.803 7.883
19460 juvenile 15.765 5.783 7.924
19461 juvenile 15.390 5.831
19463 juvenile 16.347 5.981 7.966
19465 juvenile
19518 juvenile
19520 juvenile
19521 juvenile
19526 juvenile 16.532 6.102 8.008
19530 juvenile 16.120 5.958
19532 juvenile 16.208 6.149 7.881
19538 juvenile 16.409 6.097 8.008
19546 juvenile 15.803 6.023 8.009
19549 juvenile 15.599 5.813 7.754
19553 juvenile 15.989 6.005 8.009
19557 juvenile 15.725 5.963 8.058
19559 juvenile 15.879 5.735 8.051
19562 juvenile 16.367 5.984 7.846
19564 juvenile 15.694 5.729 8.136
19566 juvenile
19572 juvenile 5.802
19575 juvenile 15.799 5.831 8.013
19583 juvenile 15.883 6.008 8.136
19586 juvenile 16.019 5.877 7.881
19588 juvenile 16.289 5.981 7.797
19590 juvenile 15.453 5.603 7.460
19598 juvenile 16.120 5.915 7.883
2020 overwintered
2877 overwintered 15.726 5.897 7.881
2912 overwintered 15.922 5.977 7.644
2913 overwintered 16.043 5.729 8.051
15937 overwintered 16.089 5.735
15944 overwintered 16.002 6.000 7.882
19599 overwintered 16.178 6.071 7.966
7989 juvenile 15.811 6.093 7.966
3134 juvenile 15.499 5.639 7.671
3137 juvenile 7.755
3138 juvenile 15.937 5.887 7.754
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CAT NO AGE CLASS CPL MTRL CW
3139 juvenile 15.702 5.892 8.073
3157 juvenile 16.251 5.992 8.099
3158 juvenile 16.308 5.992 7.966
3162 juvenile 16.174 5.992 7.966
3174 juvenile 15.817 5.897 7.966
3175 juvenile 15.605 5.909 7.839
3177 juvenile 16.060 6.155 7.797
3179 juvenile 15.584 5.892 7.839
3187 juvenile 15.564 5.771
3201 juvenile 16.493 6.179 7.977
3202 juvenile
3206 juvenile
3207 juvenile
3210 juvenile
3211 juvenile
3236 juvenile
3914 juvenile
3928 juvenile 15.769 5.861 7.882
3953 juvenile 6.207
3957 juvenile 16.094 5.962 7.924
3992 juvenile 15.986 5.777 8.136
11211 juvenile 16.007 5.897 7.458
13581 juvenile 15.846 5.966 8.009
13747 juvenile 16.010 5.855 7.712
13748 juvenile 16.010 5.835 7.839
13749 juvenile 16.182 6.034 7.924
13750 juvenile 16.106 5.950 7.881
13751 juvenile
13752 juvenile 16.149 5.992 7.883
13753 juvenile 15.838 5.756 7.585
13754 juvenile 16.201 5.861 8.220
13755 juvenile 16.335 6.102 7.881
13756 juvenile 15.931 5.802 7.881
13757 juvenile 16.393 5.966 8.008
13758 juvenile 15.652 5.615 7.839
14338 juvenile 16.027 6.034 7.840
14624 juvenile 16.308 6.093 7.754
14625 juvenile 6.102
14627 juvenile 15.583 5.777 7.755
14628 juvenile 15.871 5.897 7.839
14629 juvenile 15.769 5.873 7.925
15982 juvenile 16.064 5.909 8.009
18859 juvenile 16.089 5.915 7.924
18860 juvenile 16.089 5.693 7.798
19382 juvenile 16.140 5.903 8.051
19391 juvenile 16.167 6.005 7.758
19396 juvenile 15.994 5.915 7.714
19397 juvenile 16.186 6.082 7.881
19401 juvenile 15.779 5.693 7.924
19402 juvenile 7.966
18562 juvenile 15.786 5.819 7.712
18564 juvenile 16.074 6.055 7.754
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CAT NO AGE CLASS CPL MTRL CW
18565 juvenile 15.536 5.798 7.713
19579 juvenile 15.900 5.928 7.928
19581 juvenile 15.951 5.945 8.008
19584 juvenile 15.858 5.879 7.801
19596 juvenile 16.005 5.945 7.627
14406 juvenile 16.136 5.687 7.882
2916 overwintered 15.668 5.771 7.882
3160 overwintered 16.051 5.831 7.882
3163 overwintered 15.850 5.971 7.966
7801 juvenile 16.036 5.976 7.839
19755 juvenile 15.920 6.000 7.755
19267 juvenile 15.990 6.023 7.839
19269 juvenile 16.240 5.929 8.008
14400 juvenile 15.606 5.756 7.924
7800 juvenile 15.803 5.897 7.970
6060 juvenile 16.242 5.909 7.839
6061 juvenile 16.465 6.018 7.881
6872 juvenile 15.603 5.777 7.754
8028 juvenile 15.875 5.981 7.924
7802 juvenile 15.803 5.939 7.712
4670 juvenile 15.985 5.950 7.758
4121 juvenile 16.227 5.971 8.093
4122 juvenile 15.989 5.893 8.052
4123 juvenile 6.040
4126 juvenile 5.850
4127 juvenile 16.377 6.071 7.754
4128 juvenile 15.879 5.950 7.966
6063 juvenile 15.900 5.789 8.180
13462 juvenile 16.331 5.831 8.136
8030 juvenile 16.067 5.945
15924 juvenile 15.836 5.945 7.966
7788 juvenile 16.285 6.144 7.969
7666 juvenile 15.671 5.676 8.008
8025 juvenile 16.162 5.850 7.881
8073 juvenile 15.983 5.945 8.178
8074 juvenile 15.517 5.741 7.672
8075 juvenile 5.903
8085 juvenile 5.999
8086 juvenile 6.186
8087 juvenile 15.230 5.693 7.246
8091 juvenile 15.948 5.892 7.966
15973 juvenile
15974 juvenile 5.810
8071 juvenile 15.783 5.803 7.715
8079 juvenile 16.608 6.082 8.051
8080 juvenile 16.224 6.034 8.347
8082 juvenile 16.237 5.987 7.797
8088 juvenile 16.124 6.038 7.756
8090 juvenile 15.794 5.861 8.008
7715 juvenile 15.999 5.741 8.051
7717 juvenile 16.097 5.709 7.967
8081 juvenile 15.942 6.005 7.839
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CAT NO AGE CLASS CPL MTRL CW
8083 juvenile 15.779 5.855 7.966
8084 juvenile 5.963 7.924
8092 juvenile 16.083 5.879 8.060
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