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Abstract

:

Recent studies have explored how nut weevils (Curculio and Conotrachelus spp. (Coleoptera: Curculionidae) prey on the fruits (acorns) of oak (Quercus spp.). However, few, if any, have examined these interactions over both an extensive geographic area and over several years. Here, we observed patterns of infestation in acorns of both red oak (Quercus rubra) and white oak (Quercus alba) over an eight-year period along a latitudinal transect, extending as far as 900km, across much of the shared range of these two oak species. Although weevil prevalence did not differ significantly between the two oak species, in red oak, infestation prevalence increased significantly with latitude. In contrast, an opposite pattern was evident in white oak, with the highest infestation prevalence occurring at lower latitudes. One controlled measure of cotyledon damage was significantly lower in acorns of red oak than those of white oak, which may in part be due to larger acorn size at the lower latitudes. Future investigations in this system should focus on the distribution of weevil species (with DNA barcoding) across this range and geographic variation in chemical gradients that likely determine patterns of weevil damage in individual acorns.
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1. Introduction


The oaks (genus Quercus), which includes ~350–500 species worldwide, are distributed widely across the globe from northwestern South America, through Central America, North America including Mexico, Europe, the northwestern edge of Africa, and much of eastern Asia [1,2,3,4]. Across this range, the fruits (acorns) of oak are regularly preyed on by the larvae of several insect seed predators, especially the nut weevils (Curculio and Conotrachelus spp. (Coleoptera: Curculionidae)), and at a significantly lower frequency, other insects such as the filbertworm moth (Cydia spp. (Lepidoptera: Tortricidae)) acorn moth (Valentina spp. (Lepidoptera: Blastobasidae)) and midge larvae (Diptera), the vast majority of which are predispersal seed predators. Adults of these species deposit their eggs in maturing acorns where they develop into larvae and then feed on the cotyledon prior to exiting acorns just before or soon after seed fall.



Numerous studies have shown how various environmental factors influence larval infestation, survival and growth, and life history characteristics especially in Curculio species, clearly the most abundant and widespread insect predator of oak acorns. Examples of such investigations include studies on the effects of annual acorn abundance and seed size of Curculio infestation (e.g., [4,5,6]), shifts in autumn seed drop of oaks in response to Curculio infestation [7,8], long-term patterns of Curculio infestation in oaks [9], the diversity of Curculionidae that occur in oaks [10] the effects of acorn satiation on life history traits and morphology of Curculio [11], the effects of both oak masting patterns and acorn size on patterns of satiation in Curculio [6,12,13,14], the effects of nitrogen deposition on patterns of weevil infestation and seed mortality [15], the impact of vertebrate seed predators on Curculio-infested acorns and weevil mortality (e.g., [8,16]), and the specific acorn characteristics (e.g., chemical gradients and germination strategies) tied to acorn tolerance of Curculio damage [4,17,18].



Despite this extensive diversity of studies on oak–Curculio interactions, relatively few have examined geographic variation in patterns of weevil infestation and the likely implications of such. An understanding of the latitudinal variation in patterns of infestation is essential for assessing the impact of an important seed predator that may limit acorn survival and establishment across an oak’s range. To ensure the most reliable measures of such latitudinal variation, we conducted our study over repeated years.



One recent study by Bonal et al. [19] relied on DNA analyses of Curculio samples across an 800 km latitudinal transect in California oaks and found no cryptic species of Curculio but only sister species that did not segregate across Quercus species. Genetic differentiation increased with distance regardless of species. In another similar study, Bogdziewiez et al. [6] examined patterns of weevil infestation in 29 populations of holm oak (Quercus ilex) across a latitudinal gradient in the Iberian Peninsula and showed that infested acorns in the north were predominantly infested with a smaller weevil, C. glandium, and those in the south more often infested with a larger weevil, C. elephas. However, the larger acorn size in the south (as much as four times larger than in the north) allowed southern populations of Q. ilex to potentially tolerate damage to weevils despite the larger species of seed predator found there.



Here, we investigated biogeographic variation in weevil infestation in two species of oak (Q. alba, the white oak, and Q. rubra, the northern red oak), with nearly identical overlapping ranges, along a similar latitudinal gradient each year for eight years. These two oak species share overlapping and nearly identical distributions in the eastern U.S as two dominant species in eastern deciduous forests. Overall in this study we sought to determine how patterns of infestation varied geographically between these two species and in relation to variation of individual acorn characteristics. Our goal was to address three questions: (1) how patterns of infestation vary across latitude in each of these two species, (2) if and how patterns of infestation differ between the two species, and (3) if patterns of infestation in individual acorns of each species of oak vary with acorn morphology, size, and latitude, potentially providing tolerance of infestation as suggested by Bogdziewicz et al. [6].




2. Materials and Methods


In the autumn of each year of 2011 to 2019 (excluding 2018), we sampled acorns beneath mature trees of both Q. alba and Q. rubra along a latitudinal gradient from as far north as Colchester, Vermont (44°50′25″ lat., −73°19′44″ long.) and as far south as Fairplay, South Carolina (34°49′67″ lat., −83°02′06″ long.). In most years, transects extended from northern New York to North Carolina, and included as far north as Vermont and as far south as Georgia in some years (Figure 1). Collections were primarily from along Interstate 81 South and Interstate 95 N corridors. Sampling was usually completed within 5 to 7 days between Oct 7th and 20th, during which time we sampled acorns from the ground beneath the canopies of both oak species. We specifically standardized our collection time in this way to minimize variation in acorn maturation, infestation and seed drop for an individual oak species (see [20]). We sampled acorns from adult Q. alba and Q. rubra trees and other oaks as well although we only focus on Q. alba and Q. rubra because of the limited geographic distribution and density of other species along this transect.



We chose rest stops along major highways for several reasons, including accessibility of open oak stands, and the greater probability of heavier acorn crops in these open stands. Recent research also suggests that in oaks, masting and natural patterns of predator satiation of insect seed predators may be more important where oaks dominate their communities, and that masting is less frequent and less intense in diverse, more dense forests [21]. Thus, only sites where oaks dominated were chosen for the study. This generally prevented sampling isolated populations of Curculio which can occur due to limited dispersal ability of the genus.



At each stop, we first searched the entire site for evidence of acorn production; we then hand mapped all trees producing acorns relative to other trees and buildings/roads at that specific stop so that we could locate them easily in future years. New oak trees (i.e., those producing acorns for the first time in our survey) were identified and given a catalogue number; we then noted immediate surroundings and recorded GPS coordinates, diameter at breast height (DBH), and approximate height. Acorns were collected from directly beneath the canopy of the tree. To do this, acorns were raked into piles (or collected by hand) making sure that acorns were sampled from several pseudo-random parts of the canopy but excluding those areas that could be mixed with acorns from neighboring trees. Whenever possible, samples of 100 acorns were bagged per tree with a damp paper towel placed in each bag. Following collection surveys, all acorns were returned to Wilkes University (Wilkes-Barre, PA, USA), and placed in cold storage at 4 °C where they remained until measured and inspected for weevils.



Acorn samples ranged from 50 to 100 acorns per tree with smaller acorn numbers occurring in years of low acorn production. Within approximately 1–2 months of collection (sometimes a few weeks longer in years of larger acorn samples), acorns were removed from cold storage and systematically evaluated for insect damage by Curculio and other insects. The presence of larvae of Cydia, Valentina and dipterans occurred at low frequency and were recorded but were not included in these analyses. Based on these surveys from 2011 to 2019 (excluding 2018) a total of 16,562 acorns (8120 Q. rubra and 8442 Q. alba, Table 1) were measured and sampled for Curculio larvae.



First, the mass (0.1 g), length (0.1 mm) width (0.1 mm) and diameter of the basal scar (0.1mm) of each acorn were determined. Each acorn was inspected for exit holes, with each hole > 3 mm in diameter in the acorn pericarp assumed to be that of one Curculio larvae (note that other insect larvae will make smaller holes and occasionally Curculio and other insect larvae may exit from existing Curculio holes, but given the low frequency of these events, we considered these occurrences negligible). Previous studies suggest that cotyledon chemistry [17,22] and possibly greater pericarp thickness closer to the embryo [13] direct both vertebrate and insect seed predators toward the basal end of the acorn, opposite the embryo (seed) thereby increasing survival of partially damaged acorns [4,17]. We therefore determined the number of weevil larvae and exit holes in the basal and apical ends of each acorn.



Each acorn was cut in half to produce a basal and apical half. We carefully removed the cotyledon so the pericarp thickness (0.1 mm) could be determined. The cotyledon was then diced carefully to inspect for evidence of infestation by Curculio and all other insect larvae. Intact weevil larvae were stored in 99% ethanol in a −20 freezer for subsequent DNA barcoding and species identification. Acorn cotyledon was also inspected and the % insect or fungal damage estimated. A composite sample of cotyledon from ≥5 acorns were quick frozen with liquid nitrogen and dried in a freeze dryer at 50 °C. At the time of this publication, lead authors are developing a systematic procedure for identifying Curculio species across this gradient.



Infestation prevalence was calculated as the number of acorns per tree infested by one or more weevils divided by the total number of acorns sampled for that tree. We used a Wilcoxon test to compare the overall prevalence between Q. rubra and Q. alba. A visual inspection of data revealed considerable heteroscedasticity in prevalence and its relation to latitude for both species. Therefore, we used quantile regression (R package quantreg, version 5.85 https://CRAN.R-project.org/package=quantreg, accessed on 12 December 2020) and modelled the median, and the 97.5th and 2.5th percentiles. This approach quantifies how variation in prevalence changes along latitude and tests for an overall trend. We analyzed the effects of latitude on seed size using a linear model and a linear mixed model using function glmer in the R package lme4 [23] with tree as a random effect and latitude as a fixed effect. We also tested for an overall difference in prevalence between northern and southern trees in each species by running Wilcoxon tests. For this test we used 39° N to divide northern and southern trees.



For acorns infested with one or more weevils, we tested the difference in the number of weevils in the basal end of the acorn versus the apical end with a Wilcoxon test. We used the function glmer in the R package lme4 [23] to examine if the number of weevils in the basal end varied with latitude. For this test we used the difference between the number of weevils in the basal and apical end as the response variable, individual tree as the random variable, and latitude as the fixed variable.



We analyzed damage to acorn cotyledon between oak species across latitude. To control for weevil development and number of weevils in an acorn, we chose a subset of acorns with only one exit hole and no other weevils present. Estimates of >50% cotyledon remaining were considered viable acorns likely to germinate and establish. This was based on previous experimental results showing that acorns of six species, including Q. rubra and Q. alba, were able to sustain significant cotyledon damage and still germinate and establish [14]. In that study, it was shown that acorns with <50% cotyledon removed were often able to survive, germinate and develop into seedlings. We therefore converted the percentage of remaining cotyledon into a dummy binary variable that represented >50% (viable seeds) or <50% (nonviable seeds) of the cotyledon remaining. We used the R package glmer to run a binomial regression with latitude as the fixed effect and individual tree as the random effect to compare damage rates across latitude. We examined the possible interaction between year and latitude by treating year as a fixed effect in a generalized linear model with normal errors. We also plotted prevalence across latitude for each year to allow for visual inspection for within year trends. All graphics and analyses were conducted in R 4.0.1 [24].




3. Results


3.1. Weevil Prevalence across Years and Latitudinal Gradient


For Q. rubra, latitude had no significant effect on the median (p = 0.53) and 2.5th percentile (p = 1.0) of weevil prevalence. However, the 97.5th percentile of prevalence significantly increased with latitude in Q. rubra (β = 0.045, p < 0.001, Figure 2A). In contrast, for Q. alba, both the median (β = −0.021, p = 0.011, Figure 2B) and the 97.5th percentile (β = −0.043, p < 0.001) decreased with latitude. Latitude did not have a significant effect on the 2.5th percentile in Q. alba (p = 0.6). There was no significant difference between Q. rubra and Q. alba in weevil prevalence when not accounting for latitude (W = 15644, p-value = 0.155, Figure 3).



There was no significant difference in prevalence between northern and southern trees for Q. rubra (W = 4617, p-value = 0.9049, Figure 4A). However, in Q. alba, prevalence was significantly higher (W = 640, p-value = 0.00006, Figure 4B) in southern trees (mean (sd) = 0.2 (0.184) than northern trees (mean 0.096 (sd = 0.12).



In Q. rubra, year had a significant effect on prevalence (F = 3.94, df = 7, 178, p = 0.0005) but there was no significant interaction between year and latitude (F = 1.24, df = 7, 178, p = 0.281). In Q. alba, neither year (F = 0.655, df = 7, 132, 0.710) nor the year x latitude interaction (F = 0.458. df = 7, 132, p = 0.863) were statistically significant. These results and the graphs of prevalence by latitude (Figure 5) both suggest that prevalence in Q. rubra is more variable across years than Q. alba.




3.2. Seed Size across a Latitudinal Gradient


Q. rubra acorn size significantly decreased with latitude (p < 0.0001); however, the effect of latitude was not significant when accounting for the effect of the tree (p = 0.116).



Q. alba acorn size was not significantly related to latitude in either the linear (p = 0.886) or mixed models (p = 0.121).




3.3. Relationship between Cotyledon Damage and Latitude


Latitude did not have a significant effect on estimates of seed viability in acorns of Q. rubra, although these results were marginally non-significant and slightly higher in lower latitudes for red oak (slope (SE)= −0.23 (0.126), nacorns = 618, ntrees = 83, p = 0.067, Figure 6). This suggests that larger acorn size in lower latitudes may have some advantage with acorn survival in southern latitudes. No such pattern was evident in acorns of Q. alba (slope (SE) = 0.166 (0.104), nacorns = 394, ntrees= 62, p = 0.112, Figure 5B).





4. Discussion


These results represent the first in a series of studies investigating patterns of insect infestation in the acorns of Q. rubra and Q. alba across an extensive latitudinal gradient that covers nearly the entire eastern range of both species (Figure 1). Here, we found that, although overall levels of infestation of nut weevils do not differ between the two species (Figure 3), the 97.5th percentile of the weevil prevalence significantly increased with latitude in Q. rubra, while both the median and the 97.5th percentile decreased with latitude for Q. alba (Figure 2). Given the number of years over which this study was conducted, we argue that these patterns are indeed meaningful and informative. Whether this is due to variation in the frequency of the species of nut weevils specializing in the acorns of Q. rubra and Q. alba in these parts of their range or larger populations of individual species remains to be determined.



These patterns of latitudinal variation in infestation in these two species is further reinforced by long-term patterns of infestation in these two oak species over a 26-year period at one location (northeastern Pennsylvania) in the approximate center of the transects of the present study. As reported by Steele [4], the overall mean prevalence of all insects (primarily nut weevils) per tree ranged from 10% to 50% in Q. rubra and 17% to 50% in Q. alba. As these data included all insect larvae, it follows that weevil infestation per tree rarely exceeded 30% during this nearly three decades of monitoring. Likewise, Steele [4] reports on weevil infestation in Q. alba and Q. rubra in 15 individual trees of each species at each of three sites in Pennsylvania over a 19-year period. Mean prevalence (±SD) of weevil infestation in Q. alba at each of the three sites was 13.2% ± 10.7, 14.6 ± 15.5, and 20.4% ± 27.3. Infestation of Q. rubra at the same three corresponding locations was 24.08% ± 18.28, 25.9% ± 22.0 and 37.2% ± 23.7, respectively.



Results above counter two previous assumptions regarding weevil infestation in acorns of Q. rubra and Q. alba, often advanced in earlier literature. The first is that weevils often destroy 90% of an acorn crop ([10,25] and references therein). It appears that the occasion in which a single tree or an entire crop is heavily infested with weevils is rare and that mean infestation rates per tree rarely exceed 35%, except perhaps in higher latitudes for acorns of Q. rubra and lower latitudes for those of Q. alba. Moreover, it has been suggested higher tannin levels of Q. rubra acorns may reduce infestation compared with those of Q. alba [26]. Although tannins are important defense compounds of oaks that influence patterns of insect damage in leaves [27] and, in part, direct weevil damage away from the embryo in acorns [4,17], it is clear that overall weevil infestation of Q. rubra acorns is comparable to that of Q. alba acorns.



Several other factors likely contribute to patterns of nut weevil infestation, including the composition of the weevil community structure in oaks [28], niche specialization and oak species preferences [29], weevil vagility and reproduction [9], length of dormancy during pupal stage, masting patterns in the oaks [30], patterns of forest fragmentation [29], and nutrient supplementation [15], and the disruptive effects of invasive oaks as potential hosts for larval moths and beetles [30,31] However, only the studies by Bogdziewicz et al. [9,15] were conducted in oaks within the range of the present study.



Bogdziewicz et al. [9] relied on a 17-year data set on seed production and patterns of weevil infestation in Q. rubra, Q. alba and Q. montana (chestnut oak; section Quercus), to investigate weevil responses to masting in these oaks. The predator satiation hypothesis predicts that mast crops satiate predators in years of high seed abundance, thus allowing seeds to escape seed predation when seeds are abundant. In contrast, in poor years, the predator–satiation hypothesis predicts populations of seed predators are limited by starvation. While there is strong support for the predator satiation hypothesis when considering the response of rodents and other vertebrates to masting in oaks [32,33], the same does not appear to apply to the response of nut weevils to acorn crops. Bodziewicz et al. [9] found that in three oak forests in northeastern Pennsylvania, masting resulted in a rapid (same–year) bottom-up effect on weevils due to increased reproduction and aggregation on seed rich trees, especially in the two white oak species. However, even in Q. rubra, escape from the effects of insect predation depended on synchronization of mast crops within a population. The overall result, as noted by Steele [4] is a strong positive correlation between acorn numbers and weevil numbers in these oaks. This of course means prevalence is likely to remain stable across years as weevils stay one step ahead of the variation in oak crops. As also shown in Europe, weevils may also be able to thwart the effects of masting by means of prolonged diapause [34,35] which has not been well studied in North America.



The consistent pattern of higher weevil prevalence in the basal end vs. the apical end of the acorn of both Q. rubra and Q. alba suggests that these two oaks may be well prepared to tolerate weevil damage across their entire range. As shown in previous studies, red oak and white oak acorns from northeastern, Pennsylvania exhibit chemical gradients (e.g., tannin, lipid) in which tannin levels are highest in the apical end of the acorn near the embryo and higher lipid levels in the basal end [4,17]. Moreover, in red oaks acorns, Na is also higher in the basal end of the acorn [4], which is often a limiting nutrient for many herbivores and seed predators [36]. These and other studies also show that these chemical gradients likely direct partial seed predation by both vertebrate and invertebrate seed predators towards the basal end of the seed often allowing these partially damaged acorns to geminate and establish [4,14,17]. Results from the present study suggest these defenses may operate across the range of both of Q. rubra and Q. alba, although more data are required on chemical gradients in acorns across latitude.



Acorn size may also play a role in tolerance to partial damage by insect acorn predators. Our observations that Q. rubra acorn size was largest at lower latitudes (except when accounting for tree) is consistent with that of several other studies demonstrating that acorn size in several species decreases with latitude [34,37]. Although the likely determinant of such variation in acorn size is often the importance of seed size in dispersal by vertebrates [37,38], but see [39]; increased acorn size may also facilitate tolerance of insect damage as argued by others [4,6,14].
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Figure 1. Map of collection sites, showing those where acorns of red oak (Q. rubra, red dots) and white oak (Q. alba, green dots) were sampled. Efforts were made to collect from the same trees each year between 2011 and 2019 (excluding 2018), but in many years, oaks failed to produce acorns. Green shaded area is the approximate distribution of Q. alba in U.S. Q. rubra is distributed over approximately 95% of the same area except in some areas of the far southeast and southwest of Q. alba distribution. 
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Figure 2. Patterns of weevil prevalence in acorns of (A) Q. rubra and (B) Q. alba across all years of the study. Note that the weevil prevalence increased with latitude in Q. rubra whereas the opposite was true for Q. alba. Statistical analyses en-tailed a percentile regression based on the 2.5, 50 (median) and 97.5 percentiles. For Q. rubra, for example, in lower latitudes prevalence is consistently low (between 0 and 35%) and with progression northward the 97.5 percentile expands as trees show much higher levels of maximal infestation. Note the opposite in Q. alba. Also note that in both species the 2.5 and 50 percentiles are relatively constant across latitude, whereas the 97.5 percentile changes significant but in opposite directions for the two species. 95% confidence intervals are defined by the two lighter lines whereas the darker line in the middle represents the median. 
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Figure 3. Box plots of weevil infestation prevalence per tree for acorns of both Q. alba and Q. rubra. No significant difference in weevil prevalence was detected for the two tree species (see Results). However, note that the few trees with highest levels of infestation were Q. rubra. 
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Figure 4. Prevalence by latitude and year for Q. rubra (A) and Q. alba (B). 
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Figure 5. Violin plots showing the distribution of prevalence of acorns in the northern (>39°) and southern (<39°) latitudes for Q. rubra (A) and Q. alba (B) trees. The width of the violin plot indicates the density of the prevalence data. The box indicates the 50th percentile, the line indicates the median, and the whiskers contain the 95% confidence intervals. 
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Figure 6. Patterns of cotyledon damage in acorns of (A) Q. rubra and (B) Q. alba across latitude. Shown are the box plots of latitude of acorns with either >50% of cotyledon remaining and the same for acorns with <50% of cotyledon remaining. Each acorn in this analysis had been infested with only one weevil as evidenced by one exit hole. Q. rubra acorns showed less damage in lower latitudes, however this difference was not significant (p < 0.067). Q. alba showed no difference across latitude (p = 0.112). 
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Table 1. Summary of number of trees and acorns (mean ± SE) of red oak (RO, Q. rubra) and white oak (WO, Q. alba) sampled and analyzed for weevil infestation along latitudinal gradients over an eight-year period. Additionally, shown are the northern- and southern-most latitudes (and nearest major city) for each year of sampling.
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Year

	
No. Q. rubra

Trees

	
Mean Q. rubra Acorns per

Tree

	
SE (+/−)

	
No. Q. alba Trees

	
Mean Q. alba Acorns per

Tree

	
SE (+/−)

	
Northern Most

	
Southern Most




	
City

	
Latitude

	
City

	
Latitude






	
2011

	
34

	
15.53

	
2.69

	
17

	
9.47

	
1.6

	
Syracuse, NY

	
43°1′55″

	
Williamsburg, NC

	
35°58′35″




	
2012

	
18

	
54

	
4.25

	
22

	
49.36

	
2.74

	
Clarkstown, NY

	
41°7′51″

	
Kings Mountain, NC

	
35°10′0.8″




	
2013

	
18

	
64.89

	
6.87

	
9

	
57.56

	
10.9

	
Syracuse, NY

	
43°1′53″

	
Redland, NC

	
35°59′13″




	
2014

	
31

	
55.61

	
2.13

	
35

	
51.14

	
2.28

	
Queensbury, NY

	
43°16′1″

	
Calhoun, GA

	
34°33′0.7″




	
2015

	
23

	
47.13

	
3.72

	
16

	
41.06

	
4.29

	
Lake Champlain, NY

	
44°35′2″

	
West Marion, NC

	
35°38′20″




	
2016

	
18

	
37.17

	
1.66

	
21

	
36.9

	
2.41

	
Mountain Top, PA

	
41°7′49″

	
West Marion, NC

	
35°38′17″




	
2017

	
46

	
25.43

	
1.31

	
23

	
23.22

	
2.66

	
Colchester, VT

	
44°30′8″

	
Fairplay, SC

	
34°29′12″




	
2019

	
25

	
32.2

	
1.22

	
22

	
29.64

	
1.04

	
Hershey, PA

	
40°17′7″

	
Athens, TN

	
35°25′0.8″
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