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ABSTRACT 20 

In rapidly changing environments, the combined effects of climate change and forest stand 21 

changes—such as growth or regeneration—are altering the availability of resources, particularly 22 

in systems with pulsed resources like seed-masting. These environmental shifts can have 23 

cascading impacts on animal populations, ultimately reshaping ecosystem structure and 24 

function. However, relevant studies are rare as they require long-term monitoring of both seed 25 

supply and animal populations. We investigated how temporal changes in resource availability 26 

influence the demographics and physical traits of white-footed mice (Peromyscus leucopus) 27 

using a 39-year dataset from Maine, USA, which includes: mouse abundance and body weight, 28 

red oak (Quercus rubra) tree size and acorn production, and seasonal temperatures. Our 29 

analysis of over 5,000 individual mice revealed a significant increase in both abundance (by 30 

67%) and average body weight (by 15%) over four decades. We found that oaks produced more 31 

acorns as they grew, while warmer spring temperatures led to larger crops. This indicates that 32 

both forest growth and climate change have driven the increase in resource availability. The 33 

increase in acorn production was translated into higher mouse abundance and body weight. 34 

Notably, heavier mice also showed a higher probability of survival. These results demonstrate 35 

that changes in food supply, driven by the combined effects of forest growth and climate 36 

change, have significant effects on animal population dynamics. Furthermore, given the 37 

important role of white-footed mice as seed predators and dispersers and disease vectors, 38 

these shifts have far-reaching implications for the ecosystem.  39 
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1 INTRODUCTION 58 

Climate change is impacting animal populations through shifts in geographic range, abundance 59 

patterns (Dirzo et al. 2014), and phenotypic traits (Teplitsky et al. 2008; Merilä 2012). For 60 

example, altered rainfall in the Amazon is reshaping fish, bird, and mammal populations 61 

(Bodmer et al. 2017), while rising temperatures in subalpine habitats have led to increased 62 

marmot body weight (Ozgul et al. 2010). A key aspect of this impact is changes in the 63 

spatiotemporal patterns of resource availability, especially in systems with pulsed resources like 64 

mast-seeding, where tree seed production varies greatly from year to year (Yang et al. 2008; 65 

Hacket-Pain and Bogdziewicz 2021). Masting plays a crucial role in food webs and is strongly 66 

influenced by weather which makes it particularly vulnerable to climate change (Bogdziewicz et 67 

al. 2024). Shifts in seed supply driven by masting can significantly impact entire ecosystems 68 

(Touzot et al. 2023). The combined effects of climate change and resource shifts can cascade 69 

through ecosystems, potentially altering their structure and function (White 2008). Given these 70 

dynamics, research on how animal populations respond to climate change in environments 71 

with variable resources is increasingly important. 72 

Variations in body weight as a response to climate change 73 

Empirical evidence indicates that some populations are decreasing their average weight 74 

in response to warmer temperatures while others are increasing (review in Gardner et al. 75 

2011). The documented mechanisms behind decreases include a reduction in growth rate 76 

(Ozgul et al. 2009), survival (Teplitsky et al. 2008), and lifespan (Hoy et al. 2017), all due to 77 

environmental stress associated with higher temperatures (Searing et al. 2023). Conversely, 78 
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increases in weight are driven by increases in net primary productivity and food abundance due 79 

to warmer conditions leading to a longer foraging season and consequent increases in weight 80 

before the winter (Ozgul et al. 2010; Wereszczuk et al. 2021). Because body weight is a life-81 

history trait with wide impacts on the demographic performance of populations (Visser 2008), 82 

understanding how body weight responds to changing environments is crucial for wildlife 83 

conservation.  84 

Climate change effects on demographic rates 85 

Assessing trends in abundance can help predict the “winners” and “losers” of global 86 

environmental change (Dornelas et al. 2019). The negative effects of climate change on species 87 

abundance, potentially leading to local extinctions, have been widely explored (e.g. Nally et al. 88 

2009; Cahill et al. 2013; Dirzo et al. 2014). Conversely, some populations are increasing in 89 

abundance (Bowler et al. 2017), perhaps due to the direct effects of warmer temperatures on 90 

population growth (Deutsch et al. 2008) or indirect effects such as an increase in food 91 

availability (Touzot et al. 2020). Therefore, understanding temporal abundance patterns as a 92 

function of changes in temperature and food availability can provide important information for 93 

conservation. 94 

Pulsed resources effects on animal populations  95 

With or without climate change, food availability is often the dominant factor in pulsed 96 

ecosystems with periods of high availability followed by low periods (Yang et al. 2008). Pulsed 97 

resources are often responsible for enormous variations in animal population parameters 98 

including abundance (Elias et al. 2004), body weight (Nathoo et al. 2022), survival (Ruf et al. 99 
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2006), and reproduction (Boutin et al. 2006). One classic example of pulsed resources is mast 100 

seeding events – the pronounced interannual variability in seed production by perennial plants 101 

(Pearse et al. 2016). Mast-seeding events have major effects on many seed-consumer species, 102 

including small mammals (Ostfeld and Kessing 2000). Because of the close association between 103 

seeds and granivores, if masting patterns are disrupted, the consequences could range from 104 

constrained forest regeneration (Zwolak et al. 2022) to disease outbreaks (Schauber et al. 105 

2005). As changes in masting patterns due to climate change are increasingly documented 106 

(Bogdziewicz et al. 2020a; Shibata et al. 2019; Foest et al. 2024), there is a pressing need to 107 

understand how altered masting patterns influence food webs (Touzot et al. 2023).  108 

Forest growth and pulsed resources 109 

Mast-seeding patterns depend both on forest age and weather (Pesendorfer et al. 2020, 110 

Szymkowiak et al. 2023). As young forest stands age more trees enter the peak of their mast 111 

production, which ultimately slows down (Clark et al. 2021; Qiu et al. 2021). Mast-seeding 112 

patterns also depend on weather conditions (mainly temperature and precipitation) 113 

(Pesendorfer et al. 2020). Thus, both climate change and forest growth may modify the 114 

frequency and magnitude of mast-seeding events (Shibata et al. 2019; Bogdziewicz et al. 115 

2020a). More frequent and/or more homogenous mast-seeding events could lead to an 116 

increase in animal density and improved body condition (Fig. 1) (Bogdziewicz et al. 2020a; 117 

Touzot et al. 2023).  118 

Coupled effects of climate change and forest growth on small mammal populations 119 
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In many places both climate change and forest growth or regeneration are occurring 120 

simultaneously, making it challenging to parse these two effects on population parameters 121 

(Pesendorfer et al. 2020). However, to better predict how populations will respond to global 122 

change scenarios studies should consider both of these factors.  123 

In this study, we report that a population of white-footed mice (Peromyscus leucopus) – 124 

an important seed predator and seed disperser in North American forests (Ostfeld et al. 1996) – 125 

is experiencing an increase in abundance and average body weight over four decades (1983 – 126 

2021). This pattern is particularly interesting because the white-footed mouse population cycle 127 

is strongly affected by red oak (Quercus rubra) mast-seeding events (Elias et al. 2004), which in 128 

turn are affected by both climate change and forest stand age (Pesendorfer et al. 2020; Hacket-129 

Pain & Bogdziewicz 2021). We tested whether changes in masting occurred during the four 130 

decades of monitoring, and whether these were responsible for changes in demographic 131 

parameters and phenotypic patterns of white-footed mouse population. Specifically, our 132 

objectives were to: 1) Investigate whether climate change and forest growth are driving 133 

changes in masting patterns and evaluate whether this affects the abundance and weight of 134 

white-footed mice, and 2) assess the consequences of abundance and weight increases for 135 

survival. We expect that the increase in temperature coupled with tree growth should increase 136 

the acorn supply, thus driving the observed increase in abundance and body weight (Fig. 1). 137 

While we expect a positive influence of the increased body weight on individual’s survival, the 138 

increase in population abundance should have a negative influence on survival. 139 

To tackle these objectives, we used a 39-year-long monitoring of white-footed mouse 140 

abundance and weight, red oak acorn availability, red oak tree diameter at breast height (DBH), 141 
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and seasonal temperature. Our broad data collection allowed us to estimate the consequences 142 

of climate change and forest growth on resource availability and consumer population 143 

dynamics.  144 

 145 

 146 

Fig. 1: Conceptual framework of the study. Both climate change, represented by the increase in 147 

temperature, and forest growth, represented by the increase in tree size, can affect seed 148 

consumer’s abundance and body weight via the increase in resource availability, represented 149 

by acorn production. 150 

 151 

2 MATERIALS AND METHODS 152 
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2.1 Study area  153 

From 1983 to 2021 we collected data on rodent abundance, seed production, and tree size in a 154 

30 ha portion of the Holt Research Forest, Maine, USA (Fig. S1). This is a mature pine-oak forest 155 

(most trees are 90+ years old) where the dominant tree species are white pine (Pinus strobus), 156 

red oak (Q. rubra), and red maple (Acer rubrum). The dominant small mammal species include 157 

the white-footed mouse (P. leucopus), southern red-backed vole (Myodes gapperi), eastern 158 

chipmunk (Tamias striatus), and American red squirrel (Tamiasciurus hudsonicus). The target 159 

species for this study are white-footed mice and red oak. The Holt Research Forest is part of 160 

Maine’s coastal climatic region and midcoast biophysical region.  161 

2.2 Data collection and processing 162 

2.2.1 White-footed mouse  163 

To capture mice, we established six parallel trap transects 100 m apart (Witham et al. 1993). 164 

Each transect measured 400 m in length and had 24 trap stations, totaling 144 trap stations 165 

(Fig. S1). Trap stations were 16 m apart within each transect and contained two Sherman traps, 166 

totaling 288 traps. Trapping was conducted once a year in August. Traps were active for five 167 

consecutive nights and were checked daily between 6:00 and 10:00 h. We baited traps with a 168 

mixture of rolled oats and peanut butter. We also included a 5.1 x 5.1 cm pad of pressed cotton 169 

for bedding and insulation. We marked all captured mice with unique metal ear tags and 170 

recorded their age, sex, and weight following standard methods (Kays and Wilson 2009). 171 

 We calculated annual white-footed mouse abundance by summing the number of 172 

unique individuals captured per year, and we calculated annual body weight by averaging the 173 
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weight of all individuals per year. Importantly, we compared average weight between age 174 

categories (juveniles vs adults), sex (males vs females), and recaptured individuals between 175 

years to ensure our estimates were not affected by sampling artifacts (Fig. S2). We did not 176 

measure the body weight of 183 individuals, so we assigned them the average weight to keep 177 

them in the abundance and survival models (see below); they only represented 3.6% of the 178 

data.  179 

2.2.2 Red oak acorns  180 

To measure annual acorn production, we deployed seed traps with two sampling methods over 181 

the years (Fig. S1). From 1983 to 1990 we evenly distributed large traps (sample area = 0.5 m2) 182 

in the 30-ha area (n = 29), and acorns were collected monthly (Witham et al. 1993). From 1988 183 

to 2021 we deployed a higher number (n = 264) of smaller traps (sample area = 0.042 m2) along 184 

the Sherman trap transects and at 10-m intervals along two east-west 600 m transects, and 185 

acorns were collected once a year in May (Witham et al. 1993). The annual records of seed 186 

production obtained via these two methods were highly correlated (cor = 0.92; p < 0.01) and 187 

therefore they are comparable. We estimated annual red oak acorn production (density of seed 188 

production: number of seeds/m2) by summing the number of acorns captured in all traps per 189 

year and dividing by seed trap area to account for different sample efforts throughout the 190 

project. We also estimated the annual variation of acorn production by calculating the 191 

coefficient of variance (CV) on the density values across all years.  192 

2.2.3 Red oak trees 193 
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To measure tree growth, we conducted timber inventory in five years (1984, 1988, 1996, 2007, 194 

and 2020) in which all red oak trees with a DBH > 9.5 cm were measured in 1 ha blocks (Fig. S1). 195 

The number of surveyed blocks varied from 17 to 30 over the years, but our sample size was 196 

always large, with at least 2,000 trees per year (Fig. S3). We marked all measured trees with a 197 

unique tag starting in 1988 but we only included in the analyses trees that were alive (n = 5,112 198 

trees). Most live trees (86%) were re-measured in following inventories. In 1984, we measured 199 

4,532 trees but they were not tagged. 200 

We estimated tree growth using a 2-step process. First, we averaged the DBH values of 201 

all measured live trees per inventory year. Then, we calculated the difference in the average 202 

DBH between years when timber inventory was conducted and divided it by the number of 203 

years between inventories. This yielded the annual average DBH of red oak trees.  204 

2.2.4 Temperature 205 

We obtained minimum temperatures for each month of the year throughout our study period 206 

(1983 - 2021) from a weather station in Newcastle, Maine, located 28 km from the Holt 207 

Research Forest. Average, minimum, and maximum temperatures were correlated, so we 208 

elected to use the minimum temperature in our analysis because it better represents the 209 

effects of climate change on wildlife. We calculated the annual average minimum temperature 210 

by averaging daily measurements throughout each year. We also calculated seasonal average 211 

minimum temperatures by averaging daily measurements for each season (winter = December 212 

– February, spring =March–May, summer = June – August, autumn = September – November).  213 

2.3 Data analysis 214 
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2.3.1 Regression models 215 

To investigate temporal associations between white-footed mouse population parameters 216 

(abundance and weight) and biotic (acorn production) and abiotic (temperature) factors we 217 

performed regression models. We constructed sets of models for each response variable: 1) 218 

mice abundance and 2) mice weight. For abundance, we performed generalized regression 219 

models with a Poisson distribution, and for the body weight, we performed linear regression 220 

models with Gaussian distribution, and weight values were log-transformed to meet normality 221 

assumptions. The predictor variables for both sets were red oak acorn production, CV of acorn 222 

production, minimum temperature (annual and seasonal), and time (year). All variables were 223 

the averages on a moving 4-year window with 1-step overlap (Bogdziewicz et al. 2023). For 224 

example, for time window 1 we averaged the values for years 1983 to 1986, for time window 2 225 

we averaged the values for years 1984 to 1987, and so on. This was done to better capture 226 

temporal trends in the data and smooth over the large interannual variation that is associated 227 

with masting and, consequently, mice population dynamics (Bogdziewicz et al. 2023). We 228 

elected to use 4-year averages because it is appropriate for the white-footed mouse population 229 

cycle and red oak mast events in our study area (Elias et al. 2004) (Fig S4). In our models, time 230 

represents the windows and it was a continuous variable ranging from 1 to 34. All predictor 231 

variables (acorn production, CV of acorn production, annual mean minimum temperature, 232 

seasonal mean minimum temperature) except time were z-standardized prior to the analysis. 233 

To evaluate temporal changes in acorn production and CV as a function of changes in 234 

tree size and temperature we performed a set of linear regression models with a Gaussian 235 

distribution, and again log-transformed the variables to meet normality assumptions. We 236 
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constructed sets of models for each response variable: 1) acorn production and 2) acorn 237 

variation (CV). Predictor variables were red oak DBH, minimum temperature (annual and 238 

seasonal), and time. All variables were the averages on a 4-year window. We also estimated the 239 

effect of tree size and temperature on acorn production and CV using a 10-year window, which 240 

produced qualitative similar trends (Table S1). 241 

We followed the information-theoretic approach to model selection using the Akaike 242 

information criteria (AIC) to rank competing models. The inference was made using models 243 

within 5ΔAIC from the top model. We first tested single variable models (i.e. with one 244 

predictor), then tested additive models if more than one model ranked 5ΔAIC above the null 245 

model and if predictors were not correlated (i.e. cor > 0.5). Predictors were not correlated 246 

except for time and temperature (annual and seasonal) and time and red oak DBH and thus we 247 

did not include these variables in the same model. 248 

To perform these analyses, we used program R version 4.2.3 (R Core Team 2023) with 249 

the packages RcppRoll (Ushey 2018) and AICcmodavg (Mazerolle 2023). 250 

2.3.2 Survival models 251 

To assess the consequences of body weight on mouse survival probability, we estimated 252 

monthly apparent survival using robust design models with the Huggin's estimator using the 253 

capture-recapture data. Robust design models allow us to account for capture, recapture, and 254 

immigration probabilities. We used the step-down approach to determine the top model for 255 

each parameter (capture, recapture, emigration, and survival) sequentially (Lebreton et al. 256 

1992). Following Dri et al. (2022), we modeled capture and recapture probabilities as equal (p 257 
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=c) and varying as a function of body weight, and emigration probabilities as equal (random 258 

temporary emigration γ′ = γ″) and they were held constant. We estimated survival probability 259 

as a function of abundance, body weight, and time (with no window). We also tested an 260 

interaction between body weight and time and abundance and time to assess whether these 261 

associations were density-dependent.  262 

We only included live individuals that could potentially be recaptured, totaling 4,935 263 

analyzed mice. For individuals with more than one weight measurement, we used the 264 

individual’s average weight. We conducted this analysis with the program Mark (White and 265 

Burnham 1999) using R-Mark interface (Laake 2013). 266 

 267 

3 RESULTS 268 

Throughout the 39 years of the project, we captured 5,032 individual white-footed mice. 269 

Annual abundance varied from one to 435 individuals and their average annual body weight 270 

ranged from 17.7 to 23.2 g (mean = 20.5 ± 1.3) (Fig. 2). Annual red oak acorn density (summed 271 

over all traps) varied from zero to 20 acorns/m2 per year (Fig. 2). The average annual minimum 272 

temperature increased from 3.3°C in 1983 to 4.6°C in 2021 representing a 1.2°C increase in 39 273 

years (Fig. 2). 274 

 275 
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 276 

Fig. 2: Observed patterns of increase in (A) annual minimum temperature, (B) acorn 277 

production, (C) white-footed mouse abundance, and (D) body weight in the Holt Research 278 

Forest, Maine, US. Data were collected between 1983 and 2021 where 5,032 individual white-279 

footed mice and 2,190 acorns were sampled over a 30-ha forest area. Gray lines indicate the 280 

prediction from linear regression models and shaded areas are the 95% confidence intervals. 281 

Colored lines are an interpolation of annual observations: temperature and body weight are 282 

annual averages, abundance is the sum of all mice caught per year, and acorn production is the 283 

total acorn density per year. 284 

 285 
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Through our regression models, we found that the white-footed mouse 4-year average 286 

abundance differed 2.4-fold between years with low acorn production (non-mast years) and 287 

years with high acorn production (mast-years) (β = 0.21, se = 0.01, p < 0.01). There was also a 288 

positive trend in mice abundance, which increased by 1.6-fold from 1983 to 2021 (β = 0.01, se = 289 

0.006, p = 0.01). However, when acorn production and time were combined in an additive 290 

model, the time effect in the model was no longer significant (β = 0.001, se = 0.006, p = 0.80) 291 

(Fig. 3A & B; Table 1), suggesting that the increase in rodent abundance is associated with 292 

increasing acorn abundance. 293 

The top-ranked regression model for white-footed mouse body weight (4-year average) 294 

included a positive relationship with red oak acorn production. The average body weight of 295 

mice increased 1.2-fold between years in low acorn production, from 20.2 g in non-mast years 296 

to 21.82 g in years with high production (β = 0.02, se = 0.004, p < 0.01). The model also included 297 

a positive effect of time as individuals increased their average weight by 15% over the four 298 

decades of the study (β = 0.003, se = 0.0004, p < 0.01) (Fig. 3C & D; Table 1). Models including 299 

temperature (annual and seasonal), and the additive effect of temperature and acorn 300 

production scored above the null model but were not included in the final model set (i.e. ΔAIC > 301 

5) (Table S2). 302 

 303 

Table 1: Top-ranking regression models for white-footed mouse abundance and body weight, 304 

acorn production and interannual variation, and top-ranking survival model for white-footed 305 

mouse survival using robust design with Huggin’s estimator. Only models within 5 ΔAIC from 306 
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the top model are shown. The candidate models for abundance and weight included the 307 

following predictors: red oak acorn production, CV of acorn production, minimum temperature 308 

(annual and seasonal), and time, while for survival it included abundance, body weight, and 309 

time. The candidate models for acorn production and interannual variation included red oak 310 

DBH, minimum temperature (annual and seasonal), and time as predictors. Acorn = red oak 311 

acorn production, time = number of time windows, DBH = red oak tree DBH, spring temp = 312 

spring minimum temperatures; k = number of parameters, ΔAICc = Delta Akaike Information 313 

Criterion; AICcWt = Akaike weight. Data were collected at the Holt Research Forest from 1983 314 

to 2021.  315 

Response Predictors K ΔAICc AICcWt p R2 

Abundance 
acorn  3 0.00 0.76 < 0.01 0.41 

acorn + time 4 2.35 0.24 < 0.01 0.40 

Body weight acorn + time 4 0.00 1 < 0.01 0.85 

Survival 
body weight * time 7 0.00 0.77   

body weight 5 2.41 0.22   

Acorn 
production 

DBH 3 0.00 0.60 < 0.01 0.33 

time 3 0.87 0.39 < 0.01 0.32 

Acorn 
interannual 

variation (CV) 
spring temp 3 0.00 0.94 < 0.01 0.24 

 316 
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 317 

Fig. 3: Estimated white-footed mouse abundance and body weight patterns from the top-318 

ranked regression models. (A) White-footed mouse abundance increased with red oak acorn 319 

production, (B) but the temporal trend disappeared once the trend in acorns was accounted 320 

for. (C) Body weight increased with red oak acorn production, (D) and with time – even after 321 

accounting for the effects of increased acorn supply. Time was set constant at its mean value 322 

for the acorn prediction plots, while acorn production was set constant at its mean value for 323 

the time prediction plots. Variables were measured annually but were included in the models 324 

as averages on a moving 4-year time window (plotted as points). Body weight values were log-325 
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transformed but we were back-transformed for visualization. Ribbons in the figure indicate 95% 326 

confidence intervals. Data were collected in the Holt Research Forest, Maine, USA, between 327 

1983 and 2021, where 5,032 individual white-footed mice and 2,190 acorns were sampled. 328 

 329 

The top-ranked model for the monthly survival probability of white-footed mice 330 

included a negative interaction between body weight and time, indicating that the positive 331 

effect of body weight on survival was weakening over time (β = -0.006, se = 0.003). The model 332 

containing only body weight was within 5 ΔAICc suggesting that body weight is the main 333 

predictor of survival (AICc weight = 0.22; Table 1). Mice monthly survival was 53% for 334 

individuals with low body weight (14.5 g) and 86% for individuals with high body weight (26.22 335 

g; β = 0.40, se = 0.08). We did not find a temporal trend in the survival probability (β = -0.0008, 336 

se = 0.002) (Fig. 4; Table 1). The interaction between abundance and time had a negative effect 337 

on survival (β = -0.01, se = 0.003) but this model ranked below 5 ΔAIC (Table S2).  338 

 339 

 340 
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Fig. 4: Probability of monthly survival of white-footed mouse estimated using robust design 341 

models with the Huggin's estimator. Mice survival (A) increased with body weight but (B) there 342 

was no temporal trend. Body weight and time were modeled separately. Ribbons indicate 95% 343 

confidence intervals. The dashed line represents a non-significative association. Data were 344 

collected in the Holt Research Forest, Maine, USA, between 1983 and 2021, where 4,935 live 345 

individual white-footed mice were sampled. 346 

 347 

The regression models for acorns showed that red oak acorn production almost tripled 348 

(2.9-fold increase) with increasing red oak DBH (β = 0.29, se = 0.06, p < 0.01) (Fig. 5; Table 1). 349 

The model including climatic effects (i.e. minimal temperature) on acorn production ranked 350 

lower than the null model. The temporal change in red oak acorn CV (coefficient of variation) 351 

was positively related to the increase of minimal temperatures in the spring (β = 0.26, se = 0.07, 352 

p < 0.01). The model including a temporal effect did not rank within 5 ΔAIC, and thus the spring 353 

temperatures explain the temporal variation in acorn production without a trend. 354 

 355 
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 356 

Fig. 5: Estimates of red oak acorn production and interannual variation (CV; coefficient of 357 

variation) from the top-ranked regression models. (A) Red oak acorn production increased with 358 

tree growth represented by the increase of DBH over time. (B) Red oak acorn variation (CV) 359 

increased with the spring minimum temperatures. Variables were measured annually but were 360 

included in the models as averages on a moving 4-year window. Response variables were log-361 

transformed in the models and are back-transformed for plotting. Ribbons in the figure indicate 362 

95% confidence intervals. Data were collected in the Holt Research Forest, Maine, USA, 363 

between 1983 and 2021, where 5,112 red oak trees and 2,190 acorns were sampled. 364 

 365 

4 DISCUSSION 366 

Understanding how global change influences demographic and phenotypic parameters is key to 367 

developing effective conservation actions. Here, we compared the relative effects of climate 368 

and forest growth on observed increases in abundance and weight of a white-footed mouse 369 

population, an important seed predator and disperser in North America (Ostfeld et al. 1996). 370 
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We found evidence for two, non-mutually exclusive mechanisms affecting trends in mice 371 

populations: increased tree size and increasing spring temperature, both of which increased 372 

acorn supply. Tree DBH was a strong predictor of acorn production (Fig. 5A) and acorn 373 

production was a strong predictor of mice abundance (Fig. 3A) and weight (Fig. 3C). Moreover, 374 

minimum spring temperature increased interannual variation in acorn production through 375 

increasing the size of mast peaks. Time affected body weight after accounting for other drivers 376 

suggesting that other mechanisms such as forest maturity contributed to the increase in body 377 

weight, but this was not true of abundance. Together, our study offers rare documentation of 378 

how long-term changes in seed production patterns affect vertebrate seed-consumers.  379 

Forest growth effects on abundance and body weight 380 

Acorn production was positively associated with both abundance and body weight 381 

trends in white-footed mice. This might indicate that a major mechanism driving the increase in 382 

abundance and body weight of mice is forest growth and an associated increase in seed supply. 383 

As forest stands mature, larger trees produce more seeds (Clark et al. 2021; Qiu et al. 2021; 384 

Szymkowiak et al. 2023). Seed-masting events are recognized as one of the most important 385 

factors driving population fluctuations in small mammals (Krebs et al. 1996), so it is not 386 

surprising that increasing seed supply is a strong predictor of their long-term population 387 

dynamics. Importantly, however, masting is also influenced by weather conditions, and thus 388 

temperature also plays a relevant role in changes in the masting process (Shibata et al. 2019; 389 

Hacket-Pain and Bogdziewicz 2021), ultimately modifying animal populations. 390 

Climate change effects on abundance and body weight 391 
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We found that the mean temporal increase in acorn production variation (CV) is driven 392 

by the increase in spring temperatures. This is a superficially surprising result because 393 

phenology synchrony predicts that under higher spring temperatures, the interannual variation 394 

in acorn production should decline (Koenig et al. 2015). Specifically, years with high spring 395 

temperatures are associated with higher flowering overlap among trees, higher pollen transfer, 396 

and increased acorn set (Koenig et al. 2015, Bogdziewicz et al. 2020b). In contrast, cold springs 397 

are associated with asynchronous flowering and pollination failure. Thus, spring warming 398 

should lead to more frequent and stable acorn production, lowering the CV (Koenig et al. 2015). 399 

In our study system, the increase in CV is associated with masting events getting larger (i.e. 400 

more seeds are being produced in mast years) while the non-mast years still produce similar 401 

quantities of acorns (Fig. S4). We speculate that improved conditions for pollination combine 402 

with relaxed resource limitation driven by warmer climate, and result in larger crops 403 

(Bogdziewicz 2022). This implies that climate change also plays a role in this masting-rodent 404 

dynamic by modifying red oak acorn masting with cascading consequences for animal 405 

population dynamics. 406 

Consequences of abundance and body weight on survival 407 

The consequence of higher body weight is an increase in individual survival (Fig. 4A) and 408 

the overall increase in population’s abundance. Body weight is a well-known predictor for 409 

survival (Rödel et al. 2004; Cox and Cresswell 2014; Brehm et al. 2024), particularly in the 410 

climate change context in which heavier individuals better cope with changes in the 411 

environment (Barbraud and Weimerskirch 2001; Ozgul et al. 2010). Here we go a step further 412 

by providing empirical evidence that in a pulsed resource system, resource availability has 413 
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increased over time, leading to higher numbers of heavier mice. Potential consequences of this 414 

phenomenon may include a higher dispersal rate of larger seeds since heavier individuals can 415 

carry larger seeds and to a farther distance (Muñoz and Bonal 2008; Celebias et al. 2024) and a 416 

higher incidence of diseases since heavier mice are more susceptible to be infected by Borrelia 417 

burgdorferi – the pathogen of Lyme disease (Yen et al. 2024).  418 

Surprisingly, however, our models indicate that survival probability is constant over 419 

time, despite the strong link between weight and survival, and weight and time. This 420 

discrepancy could be related to predation pressure that may increase mortality when mice 421 

density is higher (Krebs et al. 1996). Higher mortality in peak density years is corroborated by 422 

our models, as the interaction term between abundance and time showed a negative trend, 423 

though this model ranked below 5 ΔAIC (Table S2). This result suggests that both external 424 

factors (e.g. predation and disease) and intrinsic factors (e.g. density-dependent effects due to 425 

population cycle) may be limiting survival (Krebs et al. 1996; Andreassen et al. 2013). As a 426 

consequence, currently heavier mice share a similar survival probability as lean mice in the 427 

past.  428 

Limitations of our study and future directions 429 

Our unique long-term empirical data allowed us to test the effects of forest growth and 430 

climate change on food availability and the cascading effects on animals. We were able to study 431 

10 full cycles of white-footed mice, represented by a sample size of over 5,000 individuals. We 432 

also had robust data on food resources from 293 seed traps, and forest growth from over 5,000 433 

red oak trees in a 30-ha area in four decades.  434 
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We only recorded female pregnancy status starting in 2016, and this small sample 435 

shows that pregnant females are heavier than non-pregnant (Table S3). However, our raw data 436 

also indicates that the number of captured pregnant females was stable between 2016 and 437 

2021 (Table S3) and thus it is unlikely that our observed temporal trend in body weight is 438 

caused by higher capture rates of pregnant females in later sessions. This is further 439 

corroborated by the fact that both males and females in our study area are increasing in body 440 

weight (Fig. S2). We also acknowledge that we did not have data on body length to calculate 441 

body condition – a more informative determinant of fitness (Peig and Green 2009) – and hence 442 

we cannot properly untangle whether individuals are heavier or just older. Interestingly, only 443 

adult individuals show an increase in weight over time whereas juveniles show no temporal 444 

trend (Fig. S2). This could be because the juvenile stage is relatively short for white-footed mice 445 

(about 44 days) and most juveniles are already adults by the end of summer/beginning of fall 446 

(Lackey et al. 1985). Future studies should include the body condition variable and also look 447 

deeper into the reproductive status of individuals. 448 

Implications and conclusions 449 

The observed positive trends in abundance and weight of white-footed mice, driven by 450 

indirect effects of mature forests and warmer temperatures have important implications for 451 

the ecosystem, from forest composition to disease outbreaks. For example, larger and more 452 

abundance mice may consume a larger portion of the acorns, modifying forest composition and 453 

structure (Zwolak et al. 2022). Indeed, rodents are important seed dispersers contributing to 454 

forest regeneration (Jensen and Nielsen 1986; Vander Wall 2010), while a higher abundance of 455 

rodents usually means that more seeds are predated than dispersed displaying an antagonist 456 
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interaction between rodent and seeds (Zwolak et al. 2024). Furthermore, rodents are natural 457 

reservoirs for many diseases including Lyme disease (Schauber et al. 2005). Changes in masting 458 

patterns could allow a more stable host base for ticks, creating a higher occurrence of diseases 459 

overall and accentuating concerns for human health. Therefore, understanding the linkage 460 

between small mammal population dynamics and seed-masting events through the climate 461 

change lens can help inform effective conservation strategies. 462 

Here we show evidence for two non-mutualistic mechanisms behind population 463 

dynamic patterns in a pulsed resource forest. We found a slightly stronger effect of forest 464 

growth than climate change on a white-footed mouse population, whereby the increase in tree 465 

size increases acorn production, creating a cascading effect on seed-consumer animals via the 466 

increase in abundance and body weight, ultimately increasing individual’s survival probability. 467 

This chain is happening during climate change, so the increase in temperature over time plays a 468 

secondary role. Nonetheless, maturing forests may be overriding the effects of climate change 469 

in our study system. Altogether, our results suggest that changes in food supply driven by forest 470 

growth and climate change have major effects on animal demographic patterns. Studies on the 471 

ecological consequences of climate change should carefully consider the role of co-occurring 472 

natural processes. 473 
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Supplementary material 670 

 671 

 672 

Fig S1: Study design in the Holt Research Forest (30-ha area located in Arrowsic, Maine, USA). 673 

Blue circles represent trap stations (n = 144) with two Sherman traps used to capture white-674 

footed mice (Peromyscus leucopus) and one seed trap used to sample red oak acorns (Quercus 675 

rubra) (sample area = 0.042 m2). These stations were distributed in six transect lines 100 m 676 

apart and were active between 1988 and 2021. Orange triangles represent seed traps (n = 29; 677 

sample area = 0.5 m2) evenly distributed in the study area active between 1983 and 1987. Pink 678 

rectangles represent seed traps (n = 120; sample area = 0.042 m2) placed in 10-m intervals 679 

along two east-west 600 m transects, active between 1988 and 2021. Gray rectangles represent 680 

1-ha blocks (n = 30) used for red oak tree inventory in 1984, 1988, 1996, 2007, and 2020. 681 
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 682 

Fig S2: White-footed mouse (Peromyscus leucopus) trends in abundance between age groups, 683 

sex, and recaptured individuals. (A) Adults show an increase in body mass over time while 684 

juveniles have their mass stable. (B) Juveniles account for less than a third of the data. Numbers 685 

in italic indicate the sample size of each age category. (C) Both males and females are increasing 686 

body mass over time, suggesting that the increase cannot be explained by increasing proportion 687 

of pregnant females at the time of trapping (August). (D) There is no temporal increase in the 688 

number of recaptures between years (i.e. individuals caught in two consecutive summers), 689 

suggesting that the increase in body mass cannot be fully explained by individuals getting older. 690 

Data were collected in the Holt Research Forest, Maine, USA, between 1983 and 2021.  691 

 692 
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 693 

Fig. S3: Temporal trends of red oak trees’ diameter at breast height (DBH). (A) Average DBH 694 

including only blocks that were surveyed all five years of inventory. (B) Average DBH of all 695 

blocks surveyed in each inventory. Numbers in italic indicate the sample size of each year. Data 696 

were collected in the Holt Research Forest, Maine, USA.  697 

 698 

 699 

 700 
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 706 

 707 

Fig. S4: Temporal trends of (A) white-footed mouse abundance (number of unique individuals 708 

caught per year) and (B) red oak acorn production (sum of acorns collected in all seed traps). 709 

Data were collected in the Holt Research Forest, Maine, USA, between 1983 and 2021.  710 

 711 
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Table S1: Top-ranking regression models for red oak (Quercus rubra) acorn production and 723 

interannual variation using a 10-year window with 1 year step. Only models within 5 ΔAIC from 724 

the top model are shown. Acorn = red oak acorn production, time = number of time windows, 725 

DBH = red oak tree DBH, spring temp = spring minimum temperatures; winter temp = winter 726 

minimum temperatures; annual temp = annual minimum temperatures; k = number of 727 

parameters, ΔAICc = Delta Akaike Information Criterion; AICcWt = Akaike weight. Data were 728 

collected at the Holt Research Forest from 1983 to 2021. 729 

Response Predictors K ΔAICc AICcWt p R2 

Acorn 
production 

DBH 3 0.00 0.45 < 0.01 0.31 

time 3 0.74 0.31 < 0.01 0.29 

Winter temp 3 2.76 0.11 < 0.01 0.24 

Annual temp 3 2.90 0.11 < 0.01 0.23 

Acorn 
interannual 

variation (CV) 
Spring temp 3 0.00 0.99 < 0.01 0.50 
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Table S2: Regression models for white-footed mouse body weight and survival models using 743 

robust design with Huggin’s estimator. Only models above 5 ΔAIC from the null model (i.e. 744 

model without predictors) are shown. Acorn = red oak acorn production, time = number of time 745 

windows, fall temp = fall average minimum temperatures; annual temp = annual average 746 

minimum temperatures; winter temp = winter average minimum temperatures; k = number of 747 

parameters, ΔAICc = Delta Akaike Information Criterion; AICcWt = Akaike weight. Data were 748 

collected at the Holt Research Forest from 1983 to 2021. 749 

Response Predictors K ΔAICc AICcWt p-value R2 

Body weight 

time + acorn 4 0.00 1 <0.001 0.85 
fall temp + acorn 4 10.77 0 <0.001 0.79 

time 3 16.08 0 <0.001 0.75 
acorn 3 32.10 0 <0.001 0.60 

fall temp 3 40.41 0 < 0.001 0.49 
annual temp 3 42.73 0 <0.001 0.45 
winter temp 3 54.56 0 0.001 0.22 

Survival 
body mass * time  7 0.00 0.70   

body mass  5 2.41 0.22   
abundance * time  7 41.61 0.00   

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 



43 
 

Table S3: Abundance (number of unique individuals) and average weight (in grams) of adult 761 

females between 2016 and 2021 at the Holt Research Forest, Maine, USA. 762 

Year 
Pregnant females Non-pregnant females 

Abundance Average weight (g) Abundance Average weight (g) 

2016 2 27.65 2 25.45 
2017 53 27.27 22 25.33 
2018 0 - 18 25.13 
2019 0 - 0 - 
2020 60 27.11 0 - 
2021 11 26.9 0 - 
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