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Abstract (196/200 words) 18 

Populations of many tree species exhibit synchronous and highly temporally variable seed crops 19 

across years. This is called mast seeding, and there are two predominant hypotheses for this 20 

pattern of reproduction, pollination efficiency and seed-predator satiation. Mast seeding studies 21 

typically involve records of population-level reproduction, with less information on the 22 

characteristics of reproductive structures. Here, we use data across six years (2012-2017), 23 

spanning a range of population-level cone conditions, to characterize i) white spruce (Picea 24 

glauca) cone lengths and seeds per cone, and ii) levels of seed predation. We quantified 25 

population-level cone production and collected 1,399 cones from a total of 38 trees in the Huron 26 

Mountains, Michigan, USA. Linear mixed models showed that mean and minimum cone lengths 27 

varied significantly across years; both being longest during the greatest cone production year. 28 

Larger cones had more seeds and the slopes of the relationships as well as the intercepts varied 29 

significantly across years. Generalized linear mixed models and AIC model selected showed that 30 

cones with insect predation damage was greatest when population-level reproduction was the 31 

lowest, with a mean proportion of cones damaged 0.82 in that year. Our findings show that white 32 

spruce cone characteristics and losses to insect seed predation vary temporally, and follow 33 

expectations based on mast seeding hypotheses. 34 

 35 

Keywords: cone length, mast seeding, pollination efficiency, predator satiation, white spruce  36 
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Introduction 37 

Plants display a wide range of reproductive patterns, from low variation in reproduction 38 

across years, to ‘mast seeding’ which is the synchronous and highly temporally variable 39 

production of seed crops by a population of perennial plants (Janzen 1976; Kelly 1994). Highly 40 

temporally variable reproduction is a common pattern seen in numerous plant species around the 41 

world (Sork 1993; Koenig and Knops 2000; Kelly and Sork 2002; Kelly et al. 2008; Wang et al. 42 

2017) including deciduous trees (Silvertown 1980; Sork 1993), coniferous trees (Greene and 43 

Johnson 2004; LaMontagne and Boutin 2009), as well as grasses and herbs (Kelly et al. 2013). 44 

Mast seeding has implications for forest regeneration; for instance, following a disturbance in 45 

mixed wood forests (e.g., fire), up to 10 times as many white spruce (Picea glauca) seedlings 46 

establish following heavy seed crops as opposed to light seeds crops (Purdy et al. 2002). Large 47 

reproduction years (often referred to as 'mast-seeding events' or 'mast years') also act as a 48 

resource pulse and directly impact populations of seed-predator species including mammals, 49 

birds, and insects, and has cascading effects on communities (Ostfeld and Keesing 2000; 50 

Clotfelter et al. 2007; Kelly et al. 2008).  51 

There are two predominant evolutionary hypotheses to explain mast seeding, the 52 

pollination efficiency hypothesis and the predator satiation hypothesis (Kelly 1994; Kelly and 53 

Sork 2002). For both hypotheses, large reproductive efforts should be more efficient than small 54 

ones, called an 'economy of scale' (Janzen 1970; Norton and Kelly 1988; Kelly and Sork 2002; 55 

Bogdziewicz et al. 2020; Pearse et al. 2020). The pollination efficiency hypothesis states that 56 

synchrony in large reproductive efforts increases pollination success for wind pollinated plants 57 

(Nilsson and Wästljung 1987) and temporal variability in reproduction is also higher in wind-58 

pollinated species than those with other pollination modes (i.e., animals) (Herrera et al. 1998; 59 
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Wang et al. 2017; Bogdziewicz et al. 2020; Pearse et al. 2020) because there are not pollinator 60 

species to saturate (Sork 1993; Kelly and Sork 2002). Consequently, the percent of fruit set (a 61 

measure of pollination success) is higher when reproduction is higher (Allen and Platt 1990), and 62 

in general, seed quality is highest in years of heavy seed production and lowest in years of low 63 

seed production (Nienstaedt and Zasada 1990). For instance, larger acorns are produced in years 64 

of larger seed crops (Koenig et al. 2009). The predator satiation hypothesis suggests that periods 65 

of low reproductive output combined with the sporadic production of large seed crops within a 66 

population of plants reduces losses to seed predators (Janzen 1971). Large seed crops satiate seed 67 

predators such that a higher proportion of seeds escape consumption, while a lack of seed 68 

production keeps predator populations low in the intervening years (Kelly and Sullivan 1997). 69 

The change in seed crop level from year to year influences seed predator populations more than 70 

seed crop levels in any given year (Kelly and Sullivan 1997). However, for some seed predators, 71 

prey-switching at low seed production levels leads to a type-III functional response, as seen in 72 

the North American red squirrel (Tamiasciurus hudsonicus; Fletcher et al. 2010) where, for non-73 

mast years, the highest proportional predation of cones occurred at intermediate cone production. 74 

Diapause in insects can also influence the numerical response of the seed predators to temporal 75 

fluctuations in seed production by a plant population (Kelly and Sork 2002). 76 

While there is evidence for spatial and temporal synchrony in mast seeding over large 77 

spatial extents (Koenig and Knops 1998; Pearse et al. 2020), variation in reproductive patterns 78 

occurs in individuals within populations over a local scale (LaMontagne and Boutin 2007; 79 

Mooney et al. 2011; Munilla and Guitián 2014; Bogdziewicz et al. 2020). Data from individuals 80 

are important for testing potential costs of individual variation within a population (Ims 1990; 81 

Kelly 1994; LaMontagne 2020). For instance, even in low reproduction years, 10-30% of white 82 
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spruce trees produced large cone crops (LaMontagne and Boutin 2007). However, there is 83 

relatively little data on reproductive characteristics and seed predation based simultaneously on 84 

individual trees and population-level data. Recent work by Bogdziewicz et al. (2020) showed 85 

that European beech trees (Fagus sylvatica) with higher temporal variability and higher 86 

synchrony with conspecifics had lower percentage seed losses to predators than trees with low 87 

variability and low synchrony. Here we investigated the characteristics of reproductive structures 88 

produced by individual trees of a conifer species, white spruce, which produces many seeds per 89 

cone, and the intensity of insect predation across a range of population-level mast-seeding 90 

conditions. 91 

We collected data on white spruce reproduction and sampled cones from a set of tagged 92 

individual white spruce trees to assess cone characteristics across six years, including very large 93 

reproduction years, and seed production and insect predation on cones across four years. White 94 

spruce is well-characterized as a mast seeding species that undergoes large fluctuations in 95 

population-level reproduction (Nienstaedt and Zasada 1990; LaMontagne and Boutin 2007, 96 

2009; Krebs et al. 2012; LaMontagne 2020) Multiple species of cone and seed insect predators of 97 

white spruce (e.g., Strobilomyia neanthracina, Dioryctria reniculelloides, Cydia strobilella) lay 98 

eggs in spring between budburst and pollination periods (Turgeon et al. 2005). For instance, 99 

female S, neanthracina cone maggot flies lay one or a few eggs between conelet scales in spring 100 

during the pollination period while female cone strobili are open, and chemically mark cones to 101 

discourage other female conspecific flies from laying eggs (FGC Pest Leaflet No. 5). We 102 

hypothesized that population-level mast conditions influence the relationship between the 103 

number of cones produced by individual trees and cone length (and number of seeds). In white 104 

spruce, two seeds are produced at the base of each cone bract, and longer cones have more seeds 105 
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(Waldron 1965; Caron and Powell 1989), therefore we predicted that cones would be longer 106 

(including mean, minimum, and maximum cones lengths) and have more seeds during mast-107 

seeding events due to an increased investment in reproduction compared to non-mast years. 108 

Following the predator satiation hypothesis, we hypothesized that the proportion of insect 109 

predated cones would be related to magnitude of population-level reproduction. We predicted the 110 

highest proportion of insect predated cones would occur during low years of reproduction and 111 

the lowest losses to seed predators would occur during high reproduction ‘mast events’. 112 

METHODS 113 

SITE DESCRIPTION  114 

We collected data at four sites within a 14 km2 area, each consisting of a stand of trees with 115 

white spruce present, in the Huron Mountains, Michigan (46.82°N, 87.73°W). The forest tree 116 

community is characteristic of the boreal-deciduous forest ecotone and in addition to white 117 

spruce there is  white pine (Pinus strobus), balsam fir (Abies balsamea), eastern hemlock (Tsuga 118 

canadensis), maple (Acer spp.), trembling aspen (Populus tremuloides), and paper birch (Betula 119 

papyrifera). This region of the Huron Mountains includes a portion of old-growth forest where 120 

fire has been a key natural disturbance (Simpson et al. 1990; Muzika et al. 2015). The closest 121 

weather station located 12 km away in Big Bay, MI, had 30-year (1981-2010) monthly mean (± 122 

SD) June – August temperatures of 17.8 ºC (± 5.2) (minimum = 11.6 ºC (± 4.4), maximum = 123 

24.0 ºC (± 7.1)); mean total monthly precipitation was 84.8 mm (https://www.nodc.noaa.gov/).  124 

CONE COLLECTION and PROCESSING  125 

Trees included in this study are a part of a larger study of 364 individual white spruce trees; 126 

individual trees were larger than 10 cm diameter at breast height, appeared healthy (no insect 127 

damage or crown damage), and the top of the crown of the tree was visible, to ensure that cones 128 

https://www.nodc.noaa.gov/
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could be counted by an observe in the field (see below). Over a six-year period (2012-2017) we 129 

collected cones opportunistically from beneath a total of 38 individual trees within the study area 130 

between late July and early August (n = 1,399 total cones). Seed matures in cones in the summer 131 

and red squirrels (Tamiasciurus hudsonicus) bite off and drop cones from trees after seed 132 

maturity to later cache (Fletcher et al. 2010). This was our data collection method as the trees 133 

were too tall to sample and because they are long-term study trees we did not want to collect 134 

samples in ways that would damage trees. Mature green cones have to be physically broken off 135 

from the branchlets to fall from trees, accordingly, seeing a number of green cones on the ground 136 

under a tree is attributed to red squirrels. Otherwise, white spruce cones stay on trees well into 137 

the autumn (Garcia et al. 2021), and fall off at some point after the cones dry and open to release 138 

seed. All cones used in the study were not deformed in any way, to avoid if there were other 139 

reasons for cones to drop. Cones used in this study were collected from the surface of the ground 140 

under the crown of focal trees with either no nearby neighboring white spruce trees or 141 

neighboring trees with no cone production. Only new cones which were green and closed were 142 

collected and the goal was to collect approximately 40 cones per tree. As opposed to sampling a 143 

few cones from many trees, we focused on a smaller sample of trees and having more data per 144 

tree to address our research questions of cone size-seed number relationships due to variability in 145 

cone size, and the proportion of cones with insect predation. Upon collection, cones were 146 

wrapped in burlap and placed in the refrigerator until returning to the lab where cones were dried 147 

at room-temperature (23˚C). Cone lengths were measured and cones were dissected to count the 148 

total number of seeds. The relationship between green cone length (before opening) and dry cone 149 

length was correlated using cones in 2015 and 2016, and the correlation was highly positive and 150 

significant (r = 0.97, df = 421, p < 0.001). Dry length, hereafter referred to as ‘cone length’ is 151 
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used in the analysis across years.  152 

CONE PRODUCTION  153 

White spruce cone production was quantified using visual counts from the ground each year in 154 

late July or early August that were then converted to an estimate of total cones per tree 155 

(following LaMontagne et al. 2005). Briefly, cone counts were performed by a stationary 156 

observer, using binoculars, standing in a constant location on one side of a tree. All visible new 157 

cones were counted. Trees having more than 200 visible cones were photographed and counts of 158 

visible cones were performed in ImageJ. From this index of cone production, total cone 159 

production by individual trees was estimated using an established relationship (LaMontagne et 160 

al. 2005). Population-level cone production was based on a collection of the same 364 161 

individually tagged trees in the study area; it was from a sample of these trees that reproductive 162 

cones were collected. 163 

INSECT DAMAGE AND SEED DATA 164 

We collected information on seed counts per cone and insect damage for four years (2014 to 165 

2017). Only seeds considered whole and intact and from undamaged cones are used in the 166 

analysis of seed data. “Intact” seeds were whole seeds that had no visible external damage. Seeds 167 

categorized as “not-intact” were visually damaged or had been damaged by insects. Insect 168 

presence for cones was determined by the presence of a larvae and/or the presence of frass. 169 

Many cones that had insects also possessed a very large amount of insect frass and were 170 

significantly damaged due to insect predation. We also examined the exterior of cones for insect 171 

holes. Individual cones were considered as damaged based on the presence of frass, insect 172 

emergence holes, bract damage due to insects, and the presence of insect larvae within the cone 173 

(Turgeon et al. 2005). We did not differentiate between insect predators in assessing cone 174 
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damage, thus the data on insect predation is combined across species. Cones were categorized as 175 

damaged and undamaged while seeds were categorized as intact and not-intact. Insect damage 176 

did not impact cone length (χ2 (1) = 16.87, p=0.42), therefore analysis involving cone length is 177 

completed using all data collected regardless of insect damage.  178 

STATISTICAL ANALYSIS  179 

To compare mean cone lengths across years, we used a linear mixed effects model, with year as 180 

a categorical fixed effect and tree ID and stand as random effects using the lme4 package (Bates 181 

et al. 2012), obtained P-values using likelihood-ratio tests, comparing to a null model (without 182 

year in the model), and performed post-hoc Tukey comparisons across groups using ‘glht’ in the 183 

multcomp package (Hothorn et al. 2008) following significant likelihood-ratio tests. We included 184 

random effects of individual tree ID because some trees were sampled in more than one year and 185 

stand to account for variation within the study area. The same model structure was used to 186 

compare minimum and mean maximum cone lengths across years, and the mean number of 187 

undamaged seeds per cone across years. We also ran a linear mixed effects model with cones 188 

lengths as the response variable and log(annual population-level cone production) as a 189 

continuous fixed effect with random effects of tree ID and stand, and compared this model to a 190 

null model without annual population-level cone production using a likelihood-ratio test. To test 191 

whether the relationship between cone length and the number of intact seeds per cone varies with 192 

year, we ran an ANCOVA, with year as a covariate and tree ID and site as random effects and 193 

ran likelihood ratio tests to test for a significant cone length with year interaction on seeds per 194 

cone, and for a significant effect of year. 195 

For analyses related to seed predator satiation, we used a generalized linear mixed model 196 

to test for a relationship between a binary variable for insect damage (absence, presence) with 197 
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log10-transformed mean annual population cones, log10-transformed individual cones, tree height, 198 

and an interaction between log-population cones and log-individual cones as continuous fixed 199 

effects, and tree ID and stand as random effects. We used Akaike’s Information Criterion (AICc) 200 

and AICc weights (wi) to determine the model and variables that best described insect presence 201 

from the candidate model set that included all combinations of the variables above. We assessed 202 

statistical significance based on α = 0.05. Plots were made using ggplot2 (Wickham 2016). All 203 

analyses were run using R-statistical software 3.5.1 (Team 2018). 204 

RESULTS 205 

CONE PRODUCTION AND CONE LENGTH 206 

Population-level white spruce cone production varied greatly across years, it peaked in 2013 with 207 

a mean of 2,742 cones per tree, with 2017 being another peak year with 2,408cones and dropped 208 

to a low of 216 cones per tree in 2016 (Fig. 1). The total of 1,399 cones that we collected 209 

represented a mean of 37 cones per tree (range per tree: 15 to 56 cones) and between 136 and 210 

349 cones per year (Table 1). Additionally, cone lengths differed significantly among years (χ2 211 

(5) = 126.93, p < 0.001); 2013 had significantly longer mean cones compared to all other years, 212 

and while 2017, the other peak reproduction year had the second highest cone lengths, they were 213 

not significantly different to other years (Fig. 2a). Cone lengths were significantly positively 214 

related to log(annual population-level cone production) (χ2 (1) = 23.07, p < 0.001). Minimum 215 

cone lengths per tree varied significantly across years (χ2 (5) = 14.97, p = 0.01; Fig. 2b), with 216 

2013 and 2015 being significantly longer than 2012, while maximum cone lengths did not differ 217 

significantly across years (χ2 (5) = 9.91, p = 0.08; Fig 2c). 218 

SEED PRODUCTION 219 

Across 2014-2017, there was a significant difference in the number of intact seeds produced 220 
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from undamaged cones between years (χ2 (3) = 50.20. p < 0.01; Fig. 2d). Longer white spruce 221 

cones contained more seeds, and there was a significant influence of the covariate of year on the 222 

slope of the relationship (Fig. 3; χ2(3) = 14.68, p = 0.002) and the intercept varied significantly 223 

across years (Fig. 3; χ2(3) = 58.605, p < 0.001). The peak cone year of 2017 had significantly 224 

more mean intact seeds produced per cone compared the other years per cone at almost 100 225 

seeds per cone and was lower in years population-level cone production decreased to a low of 226 

about 33 seeds per cone in 2015.  227 

INSECT DAMAGE 228 

During 2014-2017, 1,141 cones were collected from a total of 27 trees to assess insect damage to 229 

cones. Across these years, the overall proportion of insect damaged cones was 0.32, with the 230 

remaining 0.68 undamaged. There was a significant effect of year on the prevalence of insect-231 

damaged cones (χ2(3) = 91.60, p < 0.001; Fig. 4a). In 2016, the year of the lowest population-232 

level cone production, the mean (sd) proportion of cones damaged by insects (0.82 (0.16)) was 233 

approximately three times greater than other years with higher cone production. 234 

We used AICc analysis to identify the best model(s) to describe the prevalence of cones 235 

damage by insects, and we found that the best overall model included only log10-population-level 236 

cone production (wi = 0.404). The second-best model included both log10-population-level and 237 

tree height (ΔAICc = 1.03, wi = 0.242) and the third-best model included both log10-population-238 

level cone production and log10-individual-level cone production (ΔAICc = 1.93, wi = 0.154); 239 

Table 2). All other models had ΔAICc values >2, and AICc weights less than 0.100. Across all 240 

candidate models, log10-population-level cone production was in all top models and had a 241 

summed weight of 1.000, while log10-individual cones and tree height had summed weights 242 

across all models of 0.355 and 0.373, respectively. The interaction between population-level and 243 
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individual-level cone production contributed very little to the model weights (0.110) and no 244 

models with the interaction had a model weight higher than 0.070. To visualize the effects of the 245 

terms in the top two models, individual trees with fewer cones had a higher prevalence of insect 246 

damage (Fig. 4b) and taller trees had more insect presence per cone (Fig. 4c). 247 

DISCUSSION 248 

We showed that cone length varied significantly across years, with the peak cone production 249 

year, 2013, having significantly longer cones; we also showed positive relationships between 250 

cone lengths and intact seeds. Consistent with this is other research that larger white spruce 251 

cones contain more and larger sound seed than small cones (Waldron 1965). Across years, mean 252 

cone lengths varied more than minimum cone lengths, while maximum cone lengths did not 253 

differ significantly across years. The incidence of insect predation on white spruce cones (and 254 

therefore the seeds within) was highest when the fewest cones were produced, and lower when 255 

cone production was higher. There was little variation in insect predation among years that were 256 

not the lowest cone production year, suggesting that mast-level conditions are not required to 257 

reduce incidences of insect predation on spruce cones and seeds.  258 

The pollination efficiency hypothesis suggests that synchronized high levels of 259 

reproductive investment by individuals within a population will lead to larger seed crops (Kelly 260 

and Sork 2002). Based on this hypothesis, high reproduction years in white spruce is predicted to 261 

produce larger cones (which contain more seeds, Waldron 1965; Caron and Powell 1989) due to 262 

the increased allocation of resources toward reproduction; our findings were consistent with this 263 

hypothesis. With population-level cones as a predictor variable there was a positive relationship 264 

between log(population cones) and cone length. Mean cone lengths were significantly smaller in 265 

the year before and the year following the 2013 mast year, and resource depletion could play a 266 
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role in lower reproductive investment in the number and size of cones following a mast year. 267 

Weather cues have been linked to white spruce reproduction (Krebs et al. 2012; Roland et al. 268 

2014) and warmer conditions during the time of bud differentiation may positively influence not 269 

only the number of reproductive buds produced but also the size of the female strobili . At the 270 

base of each cone scale there is space for a pair of seeds, and longer cones have more cone 271 

scales, which directly influences the number of potential seeds. Among the 2014-2017 data, there 272 

were significantly more intact seeds per cone in 2017 compared to other lower cone production 273 

years, with a positive relationship between cone length and intact seeds.  274 

Regarding insect damage, the year of lowest population-level cone production had the 275 

highest proportion of cones with insect damage. These data show support the predator satiation 276 

hypothesis and suggest seed predators select for mast seeding when larger seed crops among a 277 

population experience lower seed predation (Janzen 1971; Kelly and Sork 2002; Bogdziewicz et 278 

al. 2020). However, here was not a substantial difference in the proportion of insect-damaged 279 

cones on trees in years that were not the lowest cone year regardless of population-level cone 280 

production; it did not take a large reproductive event in white spruce to reduce proportional 281 

losses to insects. Model selection showed that insect damage to white spruce cones was greater 282 

in taller trees but is negatively impacted by population-level cones. The interaction between 283 

individual and population-level reproduction was not in the top models for cone losses to insect 284 

attack. Seed predation, both pre- and post- dispersal, on conifers can be large (Castro et al. 285 

1999). Silvertown (1980) examined seed crop size and predispersal seed predation in 25 tree 286 

species, and large mast crops decreased seed predation in 16 species.  287 

While there are a variety of insects that feed upon spruce cones, two principal cone 288 

insects include S. neanthracina and D. reniculelloides (Turgeon et al. 2005). S. neanthracina are 289 
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responsible for a large portion of pre-dispersal seed predation, eating up to 65% of the seeds in a 290 

cone, and 90% of seeds in low cone crop years (Sweeney and Quiring 1998; Holsten 2001; 291 

Turgeon et al. 2005). In years of low cone production, S. neanthracina and C. strobilella are 292 

capable of destroying ~60% and ~34% of potentially sound seed crop, respectively (Tripp and 293 

Hedlin 1956). Conversely, in a year of high cone production, roughly 25% and 15% of sound 294 

seed is destroyed by S. neanthracina and C. strobilella, respectively (Tripp and Hedlin 1956). 295 

Extended diapause in some of the seed predator insects of white spruce may influence the 296 

patterns of seed predation, since they may emerge at different times. Extended diapause in seed-297 

predating insects and mast seeding are coevolutionary traits (Tachiki and Iwasa 2013). In times 298 

of low cone availability, insects can also use cones of nearby suitable species if available (Smith 299 

and Balda 1979). This is functionally similar to prey-switching seen in other seed predators, such 300 

as red squirrels, who switch to alternate food sources in low reproduction years (Fletcher et al. 301 

2010). It is the proportional impact on reproductive structures by seed predators that is predicted 302 

to fluctuate across the temporal variability in tree reproduction, with the highest proportional 303 

losses in the lowest reproduction years. Despite the dilution effect of higher cone production on 304 

the proportion of cones damaged by insects, in raw numbers there are more cone losses at higher 305 

levels of reproduction. While we can infer consequences for evolutionary hypotheses for mast 306 

seeding, it is important to note that evidence supporting the benefits of the predator-satiation 307 

hypothesis is not necessarily evidence against the benefits of synchronous pollination and the 308 

pollination efficiency hypothesis (Monks and Kelly 2006; Linhart et al. 2014) and vice-versa 309 

(Moreira et al. 2014). 310 

 Because we opportunistically collected cones from beneath trees, we were dependent on 311 

trees producing cone crops across a variety of population-level conditions. Our results show that 312 
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individual trees investing in reproduction during low-reproduction years are not as efficient as in 313 

a high reproduction year based on intact seeds per cone. These trees may be producing cone 314 

crops, but the cones tend to be smaller, and therefore hold fewer seeds. Self-pollination in white 315 

spruce leads to very low seed set (Fowler and Park 1983; Lee 1988), which is an advantage to 316 

investing in high levels of reproduction with other individuals in the population. Individual 317 

variation in mast seeding patterns across years have been detected in white spruce (LaMontagne 318 

and Boutin 2007), and microsite characteristics including local light availability (Greene et al. 319 

2002) and temperature (Koenig et al. 2015) could impact annual reproduction by individuals.  320 

Our goal was to characterize white spruce cones and seed numbers across years. Plants 321 

have a range of patterns in the relationship between seed size and number, but few of these 322 

studies have been done with trees (Koenig et al. 2009). Our sample size of the number of 323 

individual trees studied was limited by the ability to opportunistically collect cones, and with 324 

1,399 cones examined across six years of study, we report on relationships of cone lengths, seed 325 

production, insect damage, and cone production across multiple years. Further studies on mast 326 

seeding patterns across years and individual trees related to pollination efficiency and seed 327 

quality could examine seed germination, which could be influenced by pollen source where self-328 

pollination tends to reduce germination success (Lee 1988). Quantifying viable versus non-viable 329 

seeds produced during high and low reproduction years would also provide insight into the 330 

energy expenditure and allocation of resources by individuals during years of high reproductive 331 

output. Future work could also include identification of the insects involved in seed and cone 332 

predation to gain further insight into the relationship between mast seeding species and seed 333 

predator diapause. Furthermore, tree age and size, weather conditions, as well as available soil 334 

nutrients, and temperature and rainfall microclimates may also impact patterns of reproduction 335 
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by individuals (Koenig et al. 2015; Leeper et al. 2020). The causes and consequences of highly 336 

temporally variable patterns of plant reproduction (mast seeding) has long been a focus of 337 

interest because of the many roles that plants play in ecosystems, from community dynamics to 338 

forest regeneration (Ostfeld and Keesing 2000; Moreira et al. 2014). Our findings contribute that 339 

large reproductive events in white spruce not only result in more cones (which is known) but that 340 

these cones are longer and contain more intact seeds than in other years; these seeds form the 341 

basis of the food web and forest regeneration.   342 

ACKNOWLEDGEMENTS 343 

The authors thank Windsor Aguirre for reading earlier drafts of the manuscript. This research 344 

was funded by the Huron Mountain Wildlife Foundation, the College of Science & Health (CSH) 345 

Undergraduate Summer Research Program, CSH Undergraduate Research Assistant Program, 346 

CSH Summer Faculty Research Grants, the University Research Council at DePaul University, 347 

and NSF grant DEB-1745496.348 



17 
 

Literature Cited 

Allen, R.B., and Platt, K.H. 1990. Annual Seedfall Variation in Nothofagus solandri (Fagaceae), 
Canterbury, New Zealand. Oikos 57(2): 199–206. [Nordic Society Oikos, Wiley]. 
doi:10.2307/3565940. 

Bates, D., Maechler, M., and Bolker, B. 2012. Package ‘lme4.’ Available from http://cran.r-
project.org/web/packages/lme4/index.html. 

Bogdziewicz, M., Kelly, D., Tanentzap, A.J., Thomas, P.A., Lageard, J.G., and Hacket-Pain, A. 
2020. Climate change strengthens selection for mast seeding in European beech. Current 
Biology. Elsevier. doi:https://doi.org/10.1016/j.cub.2020.06.056. 

Caron, G.E., and Powell, G.R. 1989. Patterns of seed-cone and pollen-cone production in young 
Picea mariana trees. Canadian Journal of Forest Research 19(3): 359–364. NRC 
Research Press. 

Castro, J., Gómez, J.M., García, D., Zamora, R., and Hódar, J.A. 1999. Seed predation and 
dispersal in relict Scots pine forests in southern Spain. Plant Ecology 145(1): 115–123. 
Springer. 

Clotfelter, E.D., Pedersen, A.B., Cranford, J.A., Ram, N., Snajdr, E.A., Nolan, V., and Ketterson, 
E.D. 2007. Acorn mast drives long-term dynamics of rodent and songbird populations. 
Oecologia 154(3): 493–503. doi:10.1007/s00442-007-0859-z. 

Fletcher, Q.E., Boutin, S., Lane, J.E., LaMontagne, J.M., McAdam, A.G., Krebs, C.J., and 
Humphries, M.M. 2010. The functional response of a hoarding seed predator to mast 
seeding. Ecology 91(9): 2673–2683. 

Forest Genetics Council of British Colombia. (n.d.). Cone and Seed Insect Pest Leaflet No. 5. 
British Colombia Ministry of Forests and Range, Tree Improvement Branch, Saanichton, 
B.C. (5): 9. 

Fowler, D.P., and Park, Y.S. 1983. Population studies of white spruce. I. Effects of self-
pollination. Canadian Journal of Forest Research 13(6): 1133–1138. NRC Research 
Press. 

Garcia, M., Zuckerberg, B., LaMontagne, J.M., and Townsend, P.A. 2021. Landsat-based 
detection of mast events in white spruce (Picea glauca) forests. Remote Sensing of 
Environment 254: 112278. Elsevier. 

Greene, D.F., and Johnson, E.A. 2004. Modelling the temporal variation in the seed production 
of North American trees. Can. J. For. Res. 34(1): 65–75. doi:10.1139/x03-188. 

Greene, D.F., Kneeshaw, D.D., Messier, C., Lieffers, V., Cormier, D., Doucet, R., Coates, K.D., 
Groot, A., Grover, G., and Calogeropoulos, C. 2002. Modelling silvicultural alternatives 
for conifer regeneration in boreal mixedwood stands (aspen/white spruce/balsam fir). The 
Forestry Chronicle 78(2): 281–295. doi:10.5558/tfc78281-2. 

Herrera, C.M., Jordano, P., Guitián, J., and Traveset, A. 1998. Annual variability in seed 
production by woody plants and the masting concept: reassessment of principles and 
relationship to pollination and seed dispersal. The American Naturalist 152(4): 576–594. 
The University of Chicago Press. 

Holsten, E.H. 2001. Insects and diseases of Alaskan forests. US Department of Agriculture, 
Forest Service, Alaska Region. 

Hothorn, T., Bretz, F., and Westfall, P. 2008. Simultaneous inference in general parametric 
models. Biometrical Journal 50(3): 346–363. 



18 
 

Ims, R.A. 1990. On the adaptive value of reproductive synchrony as a predator-swamping 
strategy. The American Naturalist 136(4): 485–498. [University of Chicago Press, 
American Society of Naturalists]. 

Janzen, D.H. 1970. Herbivores and the Number of Tree Species in Tropical Forests. The 
American Naturalist 104(940): 501–528. doi:10.1086/282687. 

Janzen, D.H. 1971. Seed Predation by Animals. Annual Review of Ecology and Systematics 
2(1): 465–492. doi:10.1146/annurev.es.02.110171.002341. 

Janzen, D.H. 1976. Why Bamboos Wait So Long to Flower. Annual Review of Ecology and 
Systematics 7(1): 347–391. doi:10.1146/annurev.es.07.110176.002023. 

Kelly, D. 1994. The evolutionary ecology of mast seeding. Trends in ecology & evolution 9(12): 
465–470. 

Kelly, D., Geldenhuis, A., James, A., Penelope Holland, E., Plank, M.J., Brockie, R.E., Cowan, 
P.E., Harper, G.A., Lee, W.G., Maitland, M.J., Mark, A.F., Mills, J.A., Wilson, P.R., and 
Byrom, A.E. 2013. Of mast and mean: differential-temperature cue makes mast seeding 
insensitive to climate change. Ecol Lett 16(1): 90–98. doi:10.1111/ele.12020. 

Kelly, D., and Sork, V.L. 2002. Mast seeding in perennial plants: why, how, where? Annual 
review of ecology and systematics 33(1): 427–447. 

Kelly, D., and Sullivan, J.J. 1997. Quantifying the benefits of mast seeding on predator satiation 
and wind pollination in Chionochloa pallens (Poaceae). Oikos: 143–150. JSTOR. 

Kelly, D., Turnbull, M.H., Pharis, R.P., and Sarfati, M.S. 2008. Mast seeding, predator satiation, 
and temperature cues in Chionochloa (Poaceae). Popul Ecol 50(4): 343–355. 
doi:10.1007/s10144-008-0109-1. 

Koenig, W.D., and Knops, J.M. 1998. Scale of mast-seeding and tree-ring growth. Nature 
396(6708): 225. 

Koenig, W.D., and Knops, J.M. 2000. Patterns of annual seed production by northern 
hemisphere trees: a global perspective. The American Naturalist 155(1): 59–69. The 
University of Chicago Press. 

Koenig, W.D., Knops, J.M., Carmen, W.J., and Pearse, I.S. 2015. What drives masting? The 
phenological synchrony hypothesis. Ecology 96(1): 184–192. 

Koenig, W.D., Knops, J.M.H., Carmen, W.J., and Sage, R.D. 2009. No Trade‐Off between Seed 
Size and Number in the Valley Oak Quercus lobata. The American Naturalist 173(5): 
682–688. doi:10.1086/597605. 

Krebs, C.J., LaMontagne, J.M., Kenney, A.J., and Boutin, S. 2012. Climatic determinants of 
white spruce cone crops in the boreal forest of southwestern Yukon. Botany 90(2): 113–
119. 

LaMontagne, J.M. 2020. Terrestrial Ecology: Natural Selection for Mast Seeding. Current 
Biology 30(17): R996–R998. Elsevier. 

LaMontagne, J.M., and Boutin, S. 2007. Local-scale synchrony and variability in mast seed 
production patterns of Picea glauca. Journal of Ecology 95(5): 991–1000. 

LaMontagne, J.M., and Boutin, S. 2009. Quantitative methods for defining mast-seeding years 
across species and studies. Journal of Vegetation Science 20(4): 745–753. 

LaMontagne, J.M., Peters, S., and Boutin, S. 2005. A visual index for estimating cone production 
for individual white spruce trees. Canadian Journal of Forest Research 35(12): 3020–
3026. 

Lee, T.D. 1988. Patterns of fruit and seed production. In Plant reproductive ecology: patterns and 
strategies. Oxford, New York, New York, USA. pp. 179–202. 



19 
 

Leeper, A.C., Lawrence, B.A., and LaMontagne, J.M. 2020. Plant-available soil nutrients have a 
limited influence on cone production patterns of individual white spruce trees. Oecologia 
194(1): 101–111. Springer. 

Linhart, Y.B., Moreira, X., Snyder, M.A., and Mooney, K.A. 2014. Variability in seed cone 
production and functional response of seed predators to seed cone availability: support 
for the predator satiation hypothesis. Journal of Ecology 102(3): 576–583. 
doi:10.1111/1365-2745.12231. 

Monks, A., and Kelly, D. 2006. Testing the resource-matching hypothesis in the mast seeding 
tree Nothofagus truncata(Fagaceae). Austral Ecology 31(3): 366–375. Wiley Online 
Library. 

Mooney, K.A., Linhart, Y.B., and Snyder, M.A. 2011. Masting in ponderosa pine: comparisons 
of pollen and seed over space and time. Oecologia 165(3): 651–661. doi:10.1007/s00442-
010-1742-x. 

Moreira, X., Abdala-Roberts, L., Linhart, Y.B., and Mooney, K.A. 2014. Masting promotes 
individual- and population-level reproduction by increasing pollination efficiency. 
Ecology 95(4): 801–807. doi:10.1890/13-1720.1. 

Munilla, I., and Guitián, J. 2014. Long-term individual-level variation of reproductive features in 
Sorbus aucuparia, a fleshy-fruited tree. Trees 28(5): 1489–1496. doi:10.1007/s00468-
014-1052-8. 

Muzika, R.M., Guyette, R.P., Stambaugh, M.C., and Marschall, J.M. 2015. Fire, Drought, and 
Humans in a Heterogeneous Lake Superior Landscape. Journal of Sustainable Forestry 
34(January): 49–70. doi:10.1080/10549811.2014.973991. 

Nienstaedt, H., and Zasada, J.C. 1990. Picea glauca (Moench) Voss. white spruce. Silvics of 
North America 1: 204–226. Conifers. USDA Forest Service Washington, DC. 

Nilsson, S.G., and Wästljung, U. 1987. Seed Predation and Cross-Pollination in Mast-Seeding 
Beech (Fagus Sylvatica) Patches. Ecology 68(2): 260–265. Ecological Society of 
America. doi:10.2307/1939256. 

Norton, D.A., and Kelly, D. 1988. Mast seeding over 33 Years by Dacrydium cupressinum 
Lamb. (rimu) (Podocarpaceae) in New Zealand: the importance of economies of scale. 
Functional Ecology 2(3): 399–408. [British Ecological Society, Wiley]. 
doi:10.2307/2389413. 

Ostfeld, R.S., and Keesing, F. 2000. Pulsed resources and community dynamics of consumers in 
terrestrial ecosystems. Trends in Ecology & Evolution 15(6): 232–237. 
doi:10.1016/S0169-5347(00)01862-0. 

Pearse, I.S., LaMontagne, J.M., Lordon, M., Hipp, A.L., and Koenig, W.D. 2020. Biogeography 
and phylogeny of masting: do global patterns fit functional hypotheses? New Phytol: 
nph.16617. doi:10.1111/nph.16617. 

Purdy, B., Macdonald, S., and Dale, M. 2002. The regeneration niche of white spruce following 
fire in the mixedwood boreal forest. Silva Fenn. 36(1). doi:10.14214/sf.564. 

Roland, C.A., Schmidt, J.H., and Johnstone, J.F. 2014. Climate sensitivity of reproduction in a 
mast-seeding boreal conifer across its distributional range from lowland to treeline 
forests. Oecologia 174(3): 665–677. doi:10.1007/s00442-013-2821-6. 

Silvertown, J.W. 1980. The evolutionary ecology of mast seeding in trees. Biol J Linn Soc 14(2): 
235–250. Oxford Academic. doi:10.1111/j.1095-8312.1980.tb00107.x. 



20 
 

Simpson, T.B., Stuart, P.E., and Barnes, B. V. 1990. Landscape ecosystems and cover types of 
the reserve area and adjacent lands of the Huron Mountain Club. Occasional Papers of 
the Huron Mountain Wildlife Foundation. No 4: 128. 

Smith, C., and Balda, R.P. 1979. Competition Among Insects, Birds and Mammals for Conifer 
Steeds. doi:10.1093/ICB/19.4.1065. 

Sork, V.L. 1993. Evolutionary ecology of mast-seeding in temperate and tropical oaks (Quercus 
spp.). In Frugivory and seed dispersal: ecological and evolutionary aspects. Edited by 
T.H. Fleming and A. Estrada. Springer Netherlands, Dordrecht. pp. 133–147. 
doi:10.1007/978-94-011-1749-4_9. 

Sweeney, J., and Quiring, D.T. 1998. Oviposition site selection and intraspecific competition 
influence larval survival and pupal weight of Strobilomyia neanthracina (Diptera: 
Anthomyiidae) in white spruce. Ecoscience 5(4): 454–462. Taylor & Francis. 

Tachiki, Y., and Iwasa, Y. 2013. Coevolution of mast seeding in trees and extended diapause of 
seed predators. Journal of Theoretical Biology 339: 129–139. 
doi:10.1016/j.jtbi.2013.05.026. 

Team, R.C. 2018. R: A language and environment for statistical computing. Vienna, Austria. 
Available from https://www.R-project.org/. 

Tripp, H.A., and Hedlin, A.F. 1956. An ecological study and damage appraisal of white spruce 
cone insects. The Forestry Chronicle 32(4): 400–410. NRC Research Press Ottawa, 
Canada. 

Turgeon, J.J., de Groot, P., and Sweeney, J.D. 2005. Insects of seed cones in eastern Canada: 
Field Guide. Available from http://cfs.nrcan.gc.ca/publications?id=33708 [accessed 23 
September 2020]. 

Waldron, R.M. 1965. Cone production and seedfall in a mature white spruce stand. The Forestry 
Chronicle 41(3): 316–329. doi:10.5558/tfc41316-3. 

Wang, Y., Zhang, J., LaMontagne, J.M., Lin, F., Li, B., Ye, J., Yuan, Z., Wang, X., and Hao, Z. 
2017. Variation and synchrony of tree species mast seeding in an old-growth temperate 
forest. J Veg Sci 28(2): 413–423. doi:10.1111/jvs.12494. 

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New York. 
Available from https://ggplot2-book.org/ [accessed 23 June 2020]. 

  



21 
 

TABLES AND FIGURES 

Table 1. Summary data on annual white spruce cone sample sizes (2012-2017; n = 1,399 total 
cones) and sampled trees (n=38).  
 

Year Number of 
cones collected 

Number of 
trees sampled 

2012 
 

210 7 

2013 
 

349 9 

2014 
 

264 6 

2015 
 

287 7 

2016 136 4 

2017 153 5 
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Table 2. AICc model selection for insect damage (as a binary variable) as influenced by 
population-level log10-cone production (PC), individual-level log10-cone production (IC) and 
their interaction, and tree height (TH).  

 

Model Terms K Log-likelihood ΔAICc Weight 

PC 4 - 368.93 0.00 0.404 

PC + TH 5 - 368.43 1.03 0.242 

PC + IC 5 - 368.88 1.93 0.154 

PC + IC + TH 6 - 368.40 2.99 0.091 

PC + IC + PC*IC 6 - 368.66 3.52 0.070 

PC + IC + TH + PC*IC 7 - 368.20 4.63 0.040 

IC 4 - 380.03 22.21 < 0.001 

IC + TH 5 - 379.76 23.68 < 0.001 

Intercept Only 3 - 413.89 87.90 < 0.001 

TH 4 - 413.58 89.31 < 0.001 
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Figure Captions 

Figure 1. Mean annual population-level (n = 364) white spruce cone production between 2012 

and 2018 in the Huron Mountains, MI, USA. Cone length data spans 2012-2017 and the 

horizontal line under the x-axis highlights the years (2014-2017) when seed counts and insect 

predation were quantified. 

Figure 2. White spruce cone attributes of individual trees (2012-2017) including (a) all cone 

lengths (n = 1399 cones, 38 trees), (b) minimum cone lengths per tree (n = 38 trees), (c) 

maximum cone lengths (n = 38 trees), (d) number of intact seeds per cone (2014 – 2017; n = 449 

cones, 20 trees). Note that the y-axis varies among panels, and for panels b and c that open 

circles represent values for each tree sampled. Mean values are shown as triangles in each panel. 

Figure 3. Relationships between P. glauca total intact seeds per cone and cone length (mm) for 

undamaged cones across years in the Huron Mountains, Michigan, USA. Each symbol represents 

an undamaged cone. 

Figure 4. Insect damage on white spruce cones, showing relationships between (a) the proportion 

of insect damaged cones per individual tree and mean annual population-level cones (mean 

cones per tree) across years (2014-2017). The mean proportion of cones damaged each year and 

box-plots of the relationship between insect damage (presence or absence) per cone and (b) 

individual cone production, (c) individual tree height (m).  
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