Table 1. Motifs and oligo sequences for twelve polymorphic microsatellite loci used in the study to determine relatedness among fox
squirrels. Annealing temperature, magnesium chloride (MgCl,) concentrations used during PCR, expected (He) heterozygosity as
reported by Fike and Rhodes (2009).
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Locus Motif Oligo sequence (5' to 3'") PCR Product Annealing MgCl; (nL) Hg
(base pairs) Temperature (°C)

FO 67-F CT(19) CTTGAGGTTCAGATCTCATGG 183-199 57 45 746
FO 67-R AAATGATCAGCATATTTCTCAGC
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481  forgetting rate of around four percent. An additional 18 nuts remained in new locations
482  that they had been moved to at some point during the experiment, a further loss of six
483  percent. Seven instances of pilfering and one recaching event (by the squirrel “Three”)
484  were observed. Pilfering events between squirrels are noted in Table 4.

485 The only variable that was related to the length of time a cache stayed in its original
486 location was the level of concealment (F(3, 232) = 3.32, p = .021) such that caches that
487  were placed in mostly concealed areas had longer cache lives (n = 39, M = 93.38 days,
488  95% CI [40.92, 145.83 days], Median = 8 days) than caches placed in open (n =175, M =
489  32.80 days, 95% CI [19.81, 45.77 days], Median = 4 days) or partially concealed areas (n
490 =56, M =21.30 days, 95% CI [5.33, 37.27 days], Median 3.5 days). Caches placed in
491  totally concealed areas had a lifespan of 26 days (n = 20, 95% CI [-4.47, 56.47 days],

492  Median = 5.5 days) and were not statistically different from other cache concealment

493  categories.

494 Weight and the number of headshakes were weakly related to the distance from the
495  food source that a squirrel traveled to cache, such that heavier nuts and more headshakes
496  were associated with a longer distance traveled but the effect in both cases was not

497  statistically significant (weight: F(1, 275) = 3.14, p = .08; headshakes F(1, 75.78) = 2.91,
498  p=.09).

499 Finally, squirrels adjusted cache protection behaviors depending on the level of

500  conspicuousness of the cache. They spent more time caching nuts when in open locations
501 (F(3,269.4) = 3.76, p = .011), or when other squirrels were present (F(7, 265.2) =2.72, p
502  =.010; Figure 3). Squirrels spent the most time digging (F(3, 254.1) = 4.43, p = .005),

503  and covering their caches (F(3, 256.5) = 13.68, p < .001) when they cached in an open
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location, and spent the least amount of time on all cache protection behaviors (digging,

tamping, and covering caches) when in a concealed location. See Figure 4.

Microsatellite analysis

The number of alleles per locus ranged from 3 to 16, and single locus
heterozygosities ranged from 0.20 to 0.92 (Table 3), suggesting an overall high level of
genetic diversity in the tested population. From 10000 randomized simulations performed
in ML-Relate, a possible heterozygote deficiency was found at one loci (F62, p = .059;
Table 3). Observed heterozygosity was slightly higher than expected (t11 =-2.09, p =
.06).

Based on estimates of the most likely relationships between individuals (unrelated,
half siblings, full siblings or parent-offspring), there were likely six full siblings, five half
siblings, and three parent-offspring relationships between the fourteen individuals in the

study for whom we had DNA samples (see Table 4).

Spatial distribution of caches

Geospatial data was used to assess the proximity of a squirrel’s caches to their own
caches, and to those of other squirrels, based on relatedness between individuals. When
treated as a continuous variable, there was an negative linear relationship between
probability of relatedness and cache distance (F(1, 105) = 9.77, p = .002, Figure 5a), but
this effect was largely driven by the inclusion of the distance each squirrel tended to

cache from their own other caches.
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527  Table 2. Number of nuts cached by each squirrel, and average cache life (both mean and
528  median) in days.

Squirrel Number of nuts Average cache life Median cache life
cached (days) (SD)
Biggie? 37 55.89 (115.75) 4
Billy Ray 3 18.00 (26.00) 4
Blake 18 28.89 (39.40) 115
Chubs® 23 91.65 (177.05) 5
Curly 1 24.00 (NA) 24
December 1 0.00(NA) 0
Fermata 7 23.57 (24.41) 22
Flame 16 26.31 (69.75) 4
Gwen 1 3(NA) 3
Jewel 4 2.75 (3.50) 1
Joker 5 2.40 (1.14) 2
Mermaid 1 1.00 (NA) 1
Roger 21 21.29 (61.26) 5
Scarf 16 29.25 (63.69) 4
Squiggle® 43 41.40 (105.11) 4
Stool? 28 67.54 (136.01) 9.5
Stovetop 15 4.53 (5.83) 3
Teddy Bear 2 2.00 (1.41) 2
Three 47 24,57 (73.52) 3
Walter 3 2.33(2.08) 3
529 8Forgot three caches
530  PForgot four caches
531 °Forgot two caches
532
“g 730
£ .
g 500 ; . . .
S . '
% 250 I i ! ; . -
U I I A
0 2 4 6 8
533 Number of Other Squirrels Observed
534  Figure 3. Total cache time (seconds) in the presence of other squirrels. Squirrels tend
535  to spend more time caching as the number of competitors (other squirrels) increases.
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536

537  Figure 4. Cache investment and protection at different levels of cache

538  conspicuousness. Squirrels spent more total time caching (a), more time digging (b), and
539  more time covering (d) caches made in open locations compared to completely concealed
540 locations. Squirrels spent the least amount of time tamping caches (c) made in completely
541  concealed locations.

542

543 When assessed as a categorical variable (self, related, unrelated), there were

544  differences between groups on average distance between caches (F(2, 99.42) = 10.71, p <

545  .001). Squirrels tended to cache closer to their own caches (M = 59.14 m, 95% CI [44.87,
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73.41)) than to those of other squirrels, particularly when compared to those of unrelated
squirrels (M =91.28 m, 95% CI [84.26, 98.3]). The average distance between related
squirrels was M = 81.93 m, 95% CI [67.37, 96.49]. See Figure 5b.

Squirrels also tended to disperse their caches more as the experiment continued. The
distance traveled from food source to cache increased during each consecutive week of
the experiment, (F(1, 290) = 7.70, p = .006, Figure 6). The density of nuts decreased as
the experiment continued (Table 5), although squirrels continued to cache in the central
area that they cached in during week 1 throughout the remainder of the experiment

(Figure 7).

Table 3. Expected (He) and observed (Ho) heterozygosities at the twelve loci analyzed.
Locus He Ho

FO6 0.64 1.00
F26 0.71 0.95
F11 0.92 1.00
F33 0.73 1.00
F35 0.71 0.59
F36 0.60 0.71
F46 0.71 0.95
F58 0.81 1.00
F62 0.34 0.20
F63 0.68 0.90
F65 0.64 0.86
F67 0.72 0.95
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560  Figure 5. The relationship between relatedness and distance between caches.
561  Relatedness decreases distance between caches (a); squirrels tend to cache closer to their

562  own previously made caches than to those of other squirrels.
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563

564  Figure 6. Distance traveled for each cache buried by each week of the experiment.

565  Squirrels increased distance traveled from the food source as the experiment continued.
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566  Table 4. Probabilities of relatedness between individuals in the study, as calculated by ML-Relate.

Biggie Roger Teddy Fermata Walter  Stool Joker Blake  Flame  Jewel Three  Squiggle  Curly  Chubs

Biggie 1

Roger 0.07 1

Teddy 0.08  0.13% 1

Fermata 0 0.06 0.36" 1

Walter 0.19 0.03 0.11 0.13 1

Stool 0.19 0.08 0.14 0 0.25 1

Joker 0.01 0 0 0.08 0.2 0.13 1

Blake 0.27 0 0 0.16 0 0 0.15 1

Flame 0.51° 0 0 0 0.02 0.05 0 0.70° 1

Jewel 0 0 0.09 0.31 0 0 0 0.56% 0.432 1

Three 0.29 0.30¢ 0 0 0.16 0.38? 0 0 0.12 0 1

Squiggle 0.28 0 0.10" 0.12 0.24 0.37° 0 0.08 0.24 0.16" 0 1

Curly 0 0 0 0.09 0 0 0 0.08 0.18 0.04 0 0.21°¢ 1
Chubs 0.02" 0 0 0 0 0.22° 0.24°¢ 0.4 0.13 0.03 0 0.14¢ 0 1

567

568  “Likely parent-offspring relationship

569  PLikely full-sibling relationship

570  °Likely half-sibling relationship

571  “Pilfering event observed between these two individuals
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572
573  Table 5. Nearest Neighbor Distances throughout the experiment. NN ratios larger than one
574 indicate nuts that were cached at a lower density than expected if randomly distributed. Observed

575  distances between nuts tended to increase as the experiment continued.

Week NN Ratio  Z-statistic p-value Observed Expected
distance (m) distance (m)
1 1.04 0.42 .680 8.43 8.13
2 .88 -1.34 180 941 10.64
3 .88 -1.89 .060 10.48 11.87
4 84 -1.71 .090 20.44 24.28
5 .80 -2.75 .006 19.37 24.20
6 2.03 1.15 .040 21.34 18.50
7 1.52 4.08 <.001 32.45 21.38
576
577
Week 1 Week 2 Week 3 Week 4
Week 5 Week 6 Week 7
578

579  Figure 7. Polygons depicting the minimum bounding geometry for caches made by all
580  squirrels for each week of the experiment. Squirrels utilized a larger area to cache in as the
581  experiment continued, but also continued to cache in a core central area.

582

32


https://doi.org/10.1101/738237

bioRxiv preprint doi: https://doi.org/10.1101/738237. this version posted August 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

583  Discussion

584 The results of this study suggest that the most important factor contributing to the fate of

585  caches made by fox squirrels, strictly measured as how long a cache remained in its original

586 location, is the conspicuousness of the cache. Caches that were placed in open areas were moved
587  sooner than other caches. Squirrels also spent more time digging, tamping and covering caches in
588  open areas, compared to more concealed caches.

589 This study also supported previous findings that squirrels are sensitive to food item value and
590 the social context when caching. Squirrels showed a tendency to travel further for heavier

591 hazelnuts, even though the range of nut weights in this study was very small (x = 3.94 g, range:
592  2.3105.5 g). Several studies that have shown that tree squirrels tend to travel further for heavier
593 nuts, nuts that provide more nutritional content, and nuts that are at lower risk of perishability
594  (Delgado et al., 2014; Moore et al., 2007; Preston & Jacobs, 2009; Stapanian & Smith, 1984;
595  Steele, Hadj-Chikh, Agosta, Smallwood, & Tomlinson, 1996), and this study demonstrates that
596  this may also happen on a very fine-grained scale, even when there are small differences in

597  quality between food items.

598 Squirrels traveled further away from the food source to cache when greater numbers of

599  competitors were present. They also showed some tendencies to cache closer to their own

600  previously made caches, and closer to the caches made by related squirrels than unrelated

601  squirrels. This supports that squirrels, although generally considered solitary (Steele &

602  Koprowski, 2001) are sensitive to the social context they are caching within.

603 It has been assumed that the time squirrels spend covering caches is somehow related to

604  preventing conspecific theft. Covering caches has been previously described as a method of

605  disguising caches or as cache protection (e.g., Delgado et al., 2014; Hopewell & Leaver, 2008;
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606  Steele et al., 2008). The current study showed that more time covering caches was not a predictor
607  of cache life and in fact the inverse may be true. Squirrels spent more time covering caches that
608  Wwere in open areas, and those caches also tended to stay in place the shortest amount of time. In
609 order to fully understand this effect, it would be necessary to assess the effect of substrate on
610  covering time; it is possible that caches in open areas were placed in a more compact, tighter
611  substrate that required more digging and covering than a looser soil.

612 If in fact caches are recovered by the squirrel who cached them, then cache covering may
613  serve as protection. But even if the food-storing animal retrieves their own caches, the function
614  of covering needs to be disentangled between different possible hypotheses. Covering caches
615  could provide protection by creating scent cues or consolidating the memory of the food-storer,
616  making retrieval easier for the caching animal. It could also provide protection by making it
617  more difficult for a competitor to find and pilfer a cache.

618 However, in Experiment 1, 25% of pilfered nuts were stolen shortly after they were cached.
619  This suggests that squirrels may be observing each other cache; in which case, spending more
620  time covering could provide a signal to competitors that a nut is being buried, and give pilferers
621  more time to observe the cache location. The function of cache covering behavior merits further
622  exploration, but most importantly how the outcome of caches is related to covering behavior
623  needs to be determined.

624 The results of this study demonstrated that pilfering between individual squirrels can be

625 quantified in the field. Unfortunately, we were unable to observe many instances of pilfering or
626  recaching in the final experiment. Given the results from the pilot study, this was surprising.
627  However, in the pilot study, we only provided one squirrel with nuts to cache. This limited the

628  area that needed to be observed, as the focal squirrel cached most of the nuts she was provided
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629  with in a central area. Provisioning her with nuts each day may have artificially inflated the

630  pilfering rate by changing the caching behavior of only one individual in the study area.

631 Conversely, in the final study, because several squirrels were caching, the cache areas were
632  distributed across a larger area of the testing area (Figure 7), which made observation difficult as
633  the experiment continued. Furthermore, because we were providing squirrels with nuts in both
634  the morning and afternoon, this limited our total observation time. Because many nuts were

635  moved within a short period of time, the lack of pilfer and recache observations does not suggest
636  that squirrels were not pilfering and recaching nuts; they just did so in times and places that were
637  not being directly observed.

638 A previous study suggested that the experimental provision of food for squirrels could

639 increase pilferage (Penner et al., 2013). In that study, researchers first provided squirrels with ad
640 libitum food in one plot and did not offer food in a control plot. Later, pecans were buried at

641 identical densities in both plots, and pilfering was statistically higher in the previously

642  provisioned plot. We have not quantified how providing the squirrels with food in our study may
643  have inflated pilferage; however, the current study did not include any provision of food prior to
644  the experiment. During the study, squirrels were provided with nuts primarily where they were
645  observed, thus the provisioning location frequently changed. No specific area of the study site
646  should have been seen as more desirable for foraging or searching for previously made caches.
647 Squirrels buried the majority (almost 60%) of their caches in an open area, which suggests
648  there may be some benefits to caching in an open area, such as ease of retrieval for short term
649  storage. That said, five out of seven of the observed pilferage events were of nuts were originally
650  cached in open areas. In a previous study (Steele et al., 2014), human-made caches under canopy

651  were moved more than caches made in the open. Based on the limited data we acquired in this
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652  study, fox squirrel caches in open areas may be pilfered more frequently. It is possible that since
653  gray squirrels spend more time under canopy in comparison to fox squirrels (Steele &

654  Koprowski, 2001), they were more likely to discover human-made caches under canopy than in
655  the open.

656 In the current study, half of all cached nuts were moved within four days of being buried.
657  That said, 25% of cached nuts had a life span longer than 20 days. A previous study of squirrel-
658  cached acorns found that of 57 cached nuts, all were moved between one and six days after

659  burial. No relationship was found between cache life and distance nuts were buried from cover.
660  Because it is unknown in both studies if short lifespans are due to pilfering or recaching, it is
661  difficult to say whether this life span is beneficial or detrimental to caching animals.

662 Approximately 10% of cached nuts remained in place a year after they were cached or re-
663  cached. Based on observations of nuts that were dug up six months after the end of the

664  experiment, they were likely no longer edible. Perhaps the squirrels could detect this and

665  abandoned caches, or these forgotten caches may represent what percent of nuts is typically
666  forgotten by food-storers. Cahalane (1942) found that fewer than two percent of nuts buried by
667  fox squirrels were forgotten over the winter, but as he marked caches with stakes, he may have
668  provided additional visual cues to the original food-storers or to pilferers that made these nuts
669  easier to locate.

670 A key function of seed dispersers is to propagate tree species (Price & Jenkins, 1986; Sun &
671  Zhang, 2013; Vander Wall, 1990), and squirrels have co-evolved with their food sources

672  (Stapanian & Smith, 1978; Steele, Wauters, Larsen, & Forget, 2004; VVander Wall, 2010). Thus,
673  some forgetting of cached nuts provides benefits to both the tree species, and the food-storer, in

674  terms of guaranteeing future food sources for kin. It is not possible to test the duration of
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675  memory for caches with human-made caches, and so pit-tagging of nuts provides an excellent
676  methodology for further testing what percent of nuts may be forgotten by caching animals.

677 The microsatellite analysis of DNA collected for subjects in this study demonstrated that
678  despite a fragmented habitat, human-made structures, and likely artificial supplementation of
679  food, there is a similar level of genetic diversity among the study population as the populations
680  of fox squirrels sampled in their native habitat (Fike & Rhodes Jr, 2009). We were able to use a
681  non-invasive method to obtain hair samples from free-ranging squirrels that provided adequate
682  DNA for sequencing and analysis. This analysis found expected levels of heterozygosity at 11
683  out of 12 loci.

684 More importantly, microsatellite analysis allowed us to explore how relatedness impacts

685  caching behavior. Although we were not able to determine the relationship between probability
686  Of relatedness and likelihood of pilfering between individuals, results suggested that squirrels
687  may cache nuts closer to caches made by relatives than unrelated squirrels. If squirrels are more
688 likely to pilfer within or close to their caching territory, then this would suggest some form of kin
689  selection could be at work. This could also prevent pilfering from non-related individuals. Given
690  the small sample size, and the fact that the effect was small, we should interpret these results
691  with some caution; further studies should examine this possibility in much more detail.

692 Ideally, this study would be replicated with fewer caching subjects and more time to observe
693 individual cache movements. Alternatively, the focal squirrel could be rotated, testing just one
694 individual at a time, to allow for a more fine-grained observations and analysis of the

695  relationship between caching behaviors, relatedness and cache fate. Ideally, hair samples would

696  be collected from all participating squirrels in the study, in addition to sampling squirrels in other
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697  locations surrounding the test area, to better assess the level of dispersal among this population
698  of squirrels.

699 To summarize, this study established or validated several methods for testing the caching
700  behavior and population dynamics of a group of free-ranging, scatter-hoarding tree squirrels. The
701 results demonstrate the flexibility of squirrels when storing food and show that they adjust

702 behaviors according to several environmental and social factors. They also point to the need for a
703 greater understanding of how these behaviors are related to the outcomes of caches that are

704  stored for future use, a question that turned out to be much more challenging to answer than

705  anticipated.
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