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ABSTRACT 

The stability of lower treeline in the southwestern United States has been the 

subject of recent debate. An understanding of seed predation and dispersal is required 

to evaluate these predictions. Experimental plots were established along the oak 

woodland/semi-desert grassland boundary to investigate seed predation and dispersal 

of emory oak, a common lower treeline species. An aviary experiment investigated 

acorn selection by grey-breasted jays, important emory oak seed dispersers. I found 

sufficient acorn dispersal for emory oak recruitment in adjacent grassland, and that 

seed predation does not limit oak recruitment in adjacent grasslands; in fact, acorns 

dispersed into adjacent grasslands are more likely to escape predation. 1 determined 

that grey-breasted jays select and cache acorns in a manner favorable to oak 

recruitment. Taken collectively, these studies and other research into emory oak life 

history stages illustrate mechanisms by which rapid downslope shifts in lower treeline 

can occur. 
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CHAPTER 1 

Introduction 

The stability of lower treeline in the southwestern United States has been the 

subject of recent debate. Paleoecological evidence indicates past upslope shifts in 

lower treeline during periods of global warming, suggesting that relatively recent 

anthropogenically-induced global warming has resulted in an upslope shift in lower 

treeline (Betancourt et al. 1990). By contrast, observations of woody plant 

encroachment into semi-arid grassland and deserts abound (e.g., Blackburn and 

Tueller 1970; Archer et al. 1988; McPherson and Wright 1988; Archer 1989). Using 

photographs and other historical evidence, Hastings and Turner (1965) concluded that 

lower treeline in the southwestern United States has shifted upslope during the last 

100 years. Using nearly identical techniques, Bahre (1991) concluded that lower 

treeline in the southwestern United States had been static over the same period. In 

contrast, stable carbon isotope evidence indicates a recent downslope shift in lower 

treeline (McPherson et al. 1993; McClaran and McPherson in press). 

A basic understanding of mechanisms of woody plant establishment, and the 

limitations of such mechanisms, is required to objectively evaluate predictions of 

lower treeline stability, and the response of woodland ecosystems to external 

perturbation. Life history of Quercus emoryi Torr. (scientific names for flora follow 

Kearney and Peebles 1960), a common lower treeline species in southeastern Arizona, 

and its interactions with other species, have been the focus of recent research. 
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Specifically, demography and mast production (Sanchini 1981), germination and 

seedbed ecology (Nyandiga and McPherson 1992), and seedling resistance to 

defoliation and herb interference (McPherson 1993) have been described. Current 

research focuses on seedling fate, spatial distribution of seedlings, and abiotic limits 

to Quercus emoryi lower treeline. However, acorn predation and dispersal previously 

have been largely ignored (Nyandiga and McPherson 1992). 

Crawley (1992) suggested that seed predation can have important long-term 

impacts on plant demography, including establishment. This may be particularly true 

for species with relatively large, heavy seeds, such as Quercus species. Acorns are 

not substantially dispersed by wind, water, or seed morphology (Jensen and Nielsen 

1986). Rather, they must rely on dispersal by seed predators, and occasionally escape 

consumption. Thus, understanding seed predation and dispersal is required to 

confidently predict the spatial distribution of Quercus species, and to evaluate 

conflicting views of lower treeline stability. Therefore, 1 investigated seed predation 

and dispersal of Quercus emoryi at lower treeline, and evaluated my results in the 

context of predicting changes in the distribution of oak woodlands of this region. 
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CHAPTER 2 

Acorn predation and dispersal 

Introduction 

Several investigators have reported seed predation in Quercus species, although 

most results have been based on observational studies with limited sample sizes or 

were qualitative and based on pre-dispersal data (e.g., Barnett 1977; Darley-Hill and 

Johnson 1981; Sanchini 1981; Kikuzawa 1988; Andersson 1992; Nyandiga and 

McPherson 1992). Experimental studies of seed fate are rare. 

Post-dispersal predation losses of Quercus emoryi acorns in Arizona are highly 

variable, but reportedly vary from 2-15% (Sanchini 1981; Nyandiga and McPherson 

1992). Predation variability is likely due to variability in mast production, predator 

densities and types, and availability of other food sources (Crawley 1992). Previous 

research indicated 1.2 - 50% predation of Quercus emoryi acorns by acorn weevils 

(Curculio spp.) (Sanchini 1981; Nyandiga and McPherson 1992). Vertebrate seed 

predation of Quercus species has been attributed to rodents (Jensen and Nielsen 1986; 

Miyaki and Kikuzawa 1988), jays (Aphelocomo spp., Cyanocitta spp., Garrulus spp.) 

(Gross 1949; Brown 1963; Bossema 1979; Darley-Hill and Johnson 1981), and acorn 

woodpeckers (Melanerpes spp.) (Koenig and Heck 1988). The identities of other 

vertebrate Quercus seed predators are unknown and vertebrate seed predators 

reportedly account for relatively little seed predation in Quercus emoryi in Arizona 
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(Sanchini 1981). 

Removal of overstory vegetation in woodlands reportedly decreases Quercus 

seed predation (Kikuzawa 1988). Understory vegetation cover reportedly increases 

Quercus seed predation (Kondo 1980; Kikuzawa 1988). However, if predators rely 

on sight to locate seeds, dense understory vegetation may inhibit seed predators from 

locating and removing seeds. 

Previous published studies of seed predation generated five hypotheses: (1) 

Quercus emoryi acorns are dispersed into adjacent grasslands; (2) Quercus emoryi 

seed predation in semi-desert grasslands adjacent to lower treeline limits downslope 

movement of Quercus emoryi woodlands; (3) invertebrates account for most Quercus 

emoryi seed predation; (4) removal of overstory vegetation in Quercus emoryi 

woodland decreases Quercus emoryi seed predation; and (5) Quercus emoryi seed 

predation increases with increasing understory plant cover. 

Study Sites 

Research was conducted at the Fort Huachuca Military Reservation (FHMR) in 

southern Arizona. Two specific study sites, approximately 15 km apart, were 

selected because they were accessible, protected from vandalism, and had relatively 

discrete oak woodland/semi-desert grassland boundaries. Livestock grazing has not 

occurred at FHMR since the 1940s. A weighing-bucket type recording raingauge is 

located at each site. 
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A site in lower Garden Canyon (31°29'N, 110°19'W) was used for studying 

acorn dispersal into semi-desert grassland. Seed predation was studied with an 

experiment near the mouth of Blacktail Canyon (31°33'30"N, 110°25'15"W). The 

dominant woody species at both sites is emory oak (Quercus emoryi), with scattered 

Arizona white oak (Quercus arizonica Sarg.), Mexican blue oak (Quercus oblongifolia 

Torr.), Mexican pinyon (Pinus cembroides Zucc.), and alligator juniper (Juniperus 

deppeana Steud.). Understory herbaceous taxa include plains lovegrass (Eragrostis 

intermedia Hitch.), pinyon ricegrass (Piptochaetium fimbriatum H.B.K.), green 

sprangletop (Leptochloa dubia H.B.K.), bottlebrush squirreltail (Sitanion hystrix 

Nutt.), Texas bluestem (Andropogon cirratus Hack), Arizona cottontop (Trichache 

californica Benth.), muhly (Muhlenbergia spp. Schreb.), grama (Bouteloua spp. 

Lag.), and three-awns (Aristida spp. L.). Semi-desert grassland plots contained the 

herbaceous species listed above, as well as false mesquite (Calliandra eriophylla 

Benth.), alligator juniper, velvet mesquite (Prosopis juliflora var. velutina Woot.), 

and catclaw mimosa {Mimosa biuncifera Benth.). 

Average annual precipitation is 54 cm in a bimodal distribution, with rainy 

seasons from July to October and December to March. Mean annual temperature is 

20.1° C. Soils are of the Saddlegap series (clayey-skeletal, mixed, thermic Aridic 

Paleustalf; Soil Conservation Service 1988). 
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Methods 

Seed dispersal into adjacent grassland 

A seed dispersal survey was conducted in August 1993 after nearly all Quercus 

emoryi acorns had fallen off the trees. Five 50-m point transects were located 

perpendicular to lower treeline. The initial point of each transect was randomly 

assigned to the soil surface beneath a Quercus emoryi tree, and 5 other points were 

located at 10-m intervals into the adjacent grassland. At each point, Quercus emoryi 

acorns, buds, shells, and cups on the soil surface were collected within a 0.5 m2 plot. 

Then each plot was excavated to a depth of 15 cm with a backhoe, and the soil was 

transferred to clean buckets. Soil from each plot was wet-sieved through 3.7-mm 

hardware cloth. Low water pressure was used to prevent loss or damage of acorn 

material. Acorns, cups, shells, and buds of Quercus emoryi found in the soil were 

collected and tallied. All whole acorns collected from surface and subsurface 

locations were tested for viability with 2,3,5-Triphenyl Tetrazolium Chloride as per 

Nyandiga and McPherson (1992). 

Seed predation 

Experimental plots were established on each side of the oak 

woodland/semi-desert grassland boundary within 500 meters horizontal distance and 

10 meters vertical distance. Eighteen, 400 m2 blocks were established in woodland (n 

= 12) and grassland (n = 6) adjacent to a discrete oak woodland/semi-desert 

grassland boundary. Woodland blocks were randomly assigned treatments of 
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overstory removal or control (no removal; n = 6) treatments. Half the blocks in 

overstory vegetation category were randomly assigned to a treatment year. Trees in 

cleared blocks were cut to ground level with chain saws during the winter before 

trials began. These blocks had a 5-meter buffer strip cleared around them to 

minimize edge effects. In June, stumps were treated with Glyphosate 

[N-(phosphonomethyl)glycine; trade name "Roundup"], and 2,4-D [(2,4-

dichlorophenoxy)acetic acid; trade names "Esteron", "Weed One"] in a diesel fuel 

carrier to minimize resprouting. Surviving sprouts were clipped upon notice 

throughout the year. 

Within each block, nine 9 m2 plots were established. Each plot had a unique 

combination of understory vegetation interference treatment and seed predator 

exclusion treatment (Table 1). 

Glyphosate was used in late summer to remove understory vegetation. 

Malathion [0,0-dimethyl phosphorodithioate of diethylmercaptosuccinate], and 

Carbaryl [1-naphthyl N-methylcarbamate], broad-spectrum insecticides, were sprayed 

bi-weekly from July 18 through August 25 to exclude invertebrates. 

Several thousand Quercus emoryi acorns were collected and screened in July 

1993 and 1994. Screening consisted of a float test (sensu Nyandiga and McPherson 

1992) and visual inspection for cracks and holes, discarding all acorns which failed 

these tests. 

Twenty acorns were placed in each plot. To prevent burial and/or removal by 
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Table 1. Quercus emoryi acorn predation treatments for Blacktail Canyon, Arizona site. 

Overstorv Treatments 

Grassland 

Cleared woodland; 
all woody plants 
cut to ground level 
with chain saws. 

Understorv Treatments Exclusion Treatments 

Clip aboveground 
herbaceous biomass. 

Remove above- and 
below-ground biomass 
with herbicide 
application. 

Exclude vertebrates 
with hardware cloth 
exclosures. 

Exclude invertebrates 
with insecticide 
application. 

Uncleared woodland Control; no 
biomass removal. 

Control; no exclusion. 
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abiotic factors, acorns were placed in upended milk caps (40 mm dia. x 9 mm hgt., 

red polyethylene), two acorns per cap. Caps were arranged in a triangular 

configuration, with approximately 5 cm between neighboring caps. Holes were 

drilled into the caps to allow entry of invertebrates and to facilitate drainage. A 2.5-

cm galvanized roofing nail was used to anchor each cap to the soil surface. 

Seed fate was determined by tallying acorns daily, and placing them within 

one of the following categories: remaining (whole), opened or crushed, moved (< 15 

cm from quadrat), and missing (> 15 cm from quadrat, or not found). For this 

experiment, predation was defined as those acorns which fell into the missing and 

opened or crushed categories. All missing, opened or crushed, and moved acorns 

were replaced daily. 

To determine if milk caps affected seed predation, the method was tested on 

calm days (3 days, 3 repetitions, 20 acorns/treatment/day). Predation of acorns from 

milk caps did not differ (P = 0.88) from predation of acorns placed on the soil 

surface. 

The seed predation study began July 23 (in each year), and ended August 22 in 

1993, and August 15 in 1994. The experiment was terminated early in 1994 due to 

lack of predation during the previous twelve days. The experimental period 

approximately coincides with the period of acorn detachment and likely viability 

(Nyandiga and McPherson 1992). 
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Statistical Analyses 

The seed predation sampling arrangement consisted of a randomized block 

design. Data were tested for normality by computing the Shiparo-Wilk W statistic 

(Shapiro and Wilk 1965). Because data were not normally distributed, 

transformations [log(variable +1), square root, arcsin square root] were performed in 

an attempt to achieve normality. Transformations failed, so data were ranked 

(Conover and Iman 1981) prior to conducting analysis of variance (ANOVA) on main 

effects (overstory vegetation treatment, understory vegetation treatment, exclusion 

treatment) and interactions between main effects. The rank transformation is a bridge 

between parametric and non-parametric statistics that exploits the advantages of both 

(Conover and Iman 1981). Where significant, means were separated with Fisher's 

LSD (Sokal and Rohlf 1981). 

To analyze inter-annual and intra-annual temporal variation in seed fate 

variables, means were compared with the Wilcoxon rank-sum test (Milton 1992). 

The last week of July and the third week of August (of each year) were compared for 

determining intra-annual variation. The last week of July was used because it was the 

first week of monitoring (and approximately the beginning of substantial acorn 

detachment for 1993 and 1994), and the third week of August was used because it 

was near the end of monitoring (and was approximately the end of substantial acorn 

drop for 1993 and 1994). 

Precipitation events greater than 5 mm contributed to increased incidence of 



moved and missing acorns. Therefore, data on days receiving at least 5 mm of 

precipitation were excluded from analysis (4 days in 1993, 3 days in 1994). 
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Results 

Seed dispersal into adjacent grassland 

Considerable acorn material was found on the soil surface (fig. 1) and 

subsurface (fig. 2). Soil beneath oak trees (initial points) had considerably more 

acorn material than the grassland points. One whole, viable acorn was found in the 

soil subsurface 30 m below lower treeline. 

Seed predation 

There was no 3-way interaction (P > 0.10) between overstory vegetation, 

understory vegetation, and predator exclusion, and no 2-way (P > 0.10) interactions 

involving understory vegetation (appendix A). The main effect of understory 

vegetation did not affect (P = 0.31) dependent variables. However, there was a 2-

way interaction (P = 0.005) between overstory vegetation and predator exclusion. 

Regardless of overstory vegetation treatment, predation was lower in vertebrate 

exclusion treatments (P < 0.0001) than in invertebrate exclusion or open (no 

exclusion) treatments, which did not differ (P > 0.05). Predation was lower when 

vertebrates were excluded than when vertebrates were not excluded, regardless of 

overstory treatment (Fig. 3). Predation of acorns accessible to vertebrates was lower 

(P < 0.05) in grasslands than in woodlands; predation did not differ (P > 0.10) 
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Acorn caps 

Immature buds 

Acorn shells 

Whole acorns 

10 20 30 40 50 
Distance into grassland (m) 

Figure 1. Dispersal distances of Quercus emoryi acorns and acorn material on the soil 
surface in lower Garden Canyon, Arizona site in 1993. 
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Figure 2. Dispersal distances of Quercus emoryi acorns and acorn material for upper 15 
cm of soil subsurface in lower Garden Canyon, Arizona site in 1993. 
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vertebrates excluded 

52 Invertebrates excluded 

^No exclusion 

Grassland Uncleared Woodland 
Cleared Woodland 

Treatment 

Figure 3. Quercus emoryi acorn predation by overstory and predator exclusion treatment 
at lower treeline in Blacktail Canyon, Arizona site in 1993 and 1994. Upper case letters 
denote differences between predator exclusion treatments. Lower case letters denote 
differences between overstory treatments. 
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between cleared and intact woodlands. Within overstory vegetation treatments, 

excluding invertebrates had no large or consistent effect on predation compared to 

controls. 

The temporal analysis revealed no difference (P > 0.10) in seed fate variables 

in 1993, and increased (P = 0.001) incidence of remaining acorns (XJuly = 12.05; 

•^August = 19.27), and decreased (P < 0.01) incidence of moved (XJuly = 3.13; "XAugust 

= 0.36), missing (XJuly = 4.19; xAugusl = 0.27), opened or crushed (xJuly = 0.62; 

xAugust - 0.10), and predated 0rJuly = 4.81; TAugusl = 0.37) acorns in mid-August 

compared to late July in 1994. There was no inter-annual difference in predation (P 

= 0.64). 

Discussion 

Seed dispersal into adjacent grassland 

The quantity of acorns and acorn material, including one viable acorn, 

recovered from a grassland area below lower treeline suggests that seed dispersal is 

not the most limiting factor to downslope Quercus emoryi recruitment. These data 

support hypothesis 1: Quercus emoryi acorns are dispersed into adjacent grasslands. 

However, it is important to consider other factors, such as seed and seedling 

predation, and abiotic extremes (e.g., higher temperatures at soil surface, decreased 

soil moisture) when predicting shifts in lower treeline. 

Seed predation 
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My data compel me to reject hypothesis 2: acorn predation along the 

woodland/grassland boundary does not appear to be the most limiting factor to 

downslope movement of lower treeline. In fact, acorns which have been dispersed 

into adjacent grasslands are more likely to escape predation during the critical 60-day 

biological window of likely germination than acorns remaining in the woodland. 

Vertebrate Quercus enxoryi seed predation rates (17% for closed canopy 

woodland), were consistent with values reported by Sanchini (1981), but were much 

lower than reported rates for other Quercus spp. Sanchini reported 5-25% vertebrate 

seed predation of acorns beneath Quercus enxoryi canopies. Shaw (1968) reported 

98.4-100% vertebrate predation of Quercus petraea acorns on the soil surface. 

Darley-Hill and Johnson (1981) reported 74% removal or immediate consumption of 

Quercus palustris acorns by blue jays (Cyanocitta cristata). Perhaps the disparity 

between predation rates for Quercus emoryi and those reported by Shaw (1968) and 

Darley-Hill and Johnson (1981) are due to climatic differences between our system 

(semi-arid) and theirs (moist, temperate). 

Our initial assumption about the identities of vertebrate acorn predators should 

be revised. Many additional vertebrates [acorn woodpeckers (Melanerpes 

formicivorus), white-winged doves (Zenaida asiatica), peccaries (Dicotyles tajacu), 

coati (Nasua nasua), Sonora white-tailed deer (Odocoileus virginianus couesi)\ were 

observed (directly, or by their signs) consuming acorns. It is reasonable to assume 

that many types of vertebrates use acorns as a food resource. Although various 
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vertebrates clearly are responsible for removing acorns, the role of individual species 

as dispersers or consumers remains to be quantified. 

If considering only post-dispersal invertebrate predation, I would reject 

hypothesis 3, as it was virtually nonexistent. However, if pre- and post-dispersal 

invertebrate predation are combined (16-41%; see chapter 3), hypothesis 3 is 

supported. Results for total invertebrate predation (both pre- and post-dispersal) agree 

with those reported by Sanchini (18-50%) (1981). Pre-dispersal invertebrate seed 

predation is addressed in chapter 3. 

In contrast to Kikuzawa (1988), we found no difference in acorn removal rates 

within overstory vegetation types. Therefore, I reject hypothesis 4. Kikuzawa (1988) 

found that Quercus mongolica rates of acorn removal from closed canopy forest were 

much greater than removal from forest clearings (10 x 33 m2) where herbs, shrubs, 

and trees had been removed. Perhaps seed predators in Quercus mongolica forests 

are limited to areas with overstory cover due to perceived lack of food resources or 

susceptibility to predation in cleared areas. Kikuzawa (1988) also reported low rates 

of acorn removal from adjacent areas in which all trees were absent or rare, which is 

consistent with our results in the grassland. 

I reject hypothesis 5: understory vegetation had no effect on Quercus emoryi 

seed predation, probably due to effective seed predator foraging techniques. The 

"search image" of seed predators apparently is sufficient to find acorns regardless of 

how well they are "hidden" by understory vegetation. 
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In conclusion, mechanisms of seed dispersal may facilitate downslope lower 

treeline movement on relatively short temporal scales, and seed predation is not the 

primary constraint to such movement. In fact, seeds dispersed into adjacent 

grasslands are more likely to escape predation than those left in woodlands. 

Therefore, the primary limitation to recruitment must occur at life history stages other 

than seed dispersal. 



26 

CHAPTER 3 

Acorn Selection by Grey-Breasted Jays 

Introduction 

The symbiotic relationship between oaks (Quercus spp.) and jays (Aphelocoma 

spp., Cyanocitta spp., Garrulus spp., Gymnorhinus spp.) has been noted by several 

authors around the globe (e.g., Chettleburgh 1952; Bossema 1979; Darley-Hill and 

Johnson 1981; Koenig and Heck 1988). Many jay species collect, cache, and 

consume large numbers of acorns, thus serving as important vectors of dispersal of 

these relatively large, heavy seeds. Oak demography and distribution is influenced by 

the foraging behaviors of jays (and other seed predators); indeed it is likely one of the 

primary determinants of oak distribution (Bossema 1979; Darley-Hill and Johnson 

1981). 

Natural history observations of jay caching behavior abound (e.g., Gross 1949; 

Chettleburgh 1952; Brown 1963; Bossema 1979). However, the process by which 

jays select acorns for caching and consumption is unknown. Bossema (1979) 

observed European jays (Garrulus g. glandarius) preferentially selecting brown, ripe, 

sound Quercus robur acorns that were relatively large and heavy. In addition, acorns 

without weevil larvae (Curculio spp.) were selected over those containing weevil 

larvae 90% of the time. 

Bossema (1979) proposed that a co-adapted symbiotic relationship exists 
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between jays and oaks whereby foraging jays select for consumption and caching 

sound, ripe acorns, dispersing many of these acorns into sites favorable for oak 

recruitment. Other authors have suggested that low tannin content is the primary 

determinant in acorn selection by seed predators (Smallwood and Peters 1986; Koenig 

and Heck 1988; Weckerly et al. 1989; Johnson et al. 1993; Steele et al. 1993). 

Foraging mechanisms which minimize consumption of acorn tannins (e.g., limiting 

consumption to acorn portions or species with relatively low tannin content) have been 

observed in a variety of species (e.g., Smallwood and Peters 1986; Steele et al. 

1993). 

In contrast to Bossema's (1979) observations, Johnson et al. (1993) suggested 

that jays prefer acorns containing acorn weevil larvae (Curculio spp.), as these 

weevils contain chemicals which may ameliorate the negative effects of acorn tannins. 

Blue jays (Cyanocitta cristata) were unable to maintain body weight on a diet of acorn 

meal alone, whereas jays fed a mixture of acorn meal and weevil larvae maintained or 

increased body weight (Johnson et al. 1993). Koenig and Heck (1988) suggested that 

due to variation in tannin content, foragers would select acorns with low tannin 

content (high energy content) during the active foraging season and would cache 

acorns with high tannin content (that are more resistent to bacterial and fungal 

degradation) for fall/winter consumption. Johnson et al. (1993) synthesized this line 

of evidence and proposed a tri-trophic symbiotic relationship in which oak 

demography is partially regulated by a mutually beneficial relationship between oaks, 
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weevils, and jays. Due to greater effective nutrient content, jays could subsist on 

acorns containing weevil larvae throughout the caching season, facilitating oak 

dispersal, which in turn supports larger weevil and jay populations. 

The tri-trophic hypothesis of Johnson et al. (1993) is rooted in the assumption 

that jays preferentially select acorns containing weevil larvae. The logic of the tri-

trophic relationship has been much discussed and has gained acceptance; however, 

this important assumption has not been tested. We tested the hypothesis that grey-

breasted jays (Aphelocoma ultramarina) preferentially select emory oak (Quercus 

emoryi) acorns containing acorn weevil larvae (Curculio spp.), and investigated the 

cues by which jays select acorns. 

Methods 

Acorn survey 

A survey of Quercus emoryi acorns was performed in July of 1994 to estimate 

rates and spatial patterns of weevil larvae occupancy. Fifty whole, mature acorns 

were collected from each of 10 randomly-selected Quercus emoryi trees on each of 

four sites: interior woodland, lower treeline, isolated stand (approximately 500 meters 

horizontal distance and 5 meters vertical distance below lower treeline), and remote 

stand (approximately 6 kilometers horizontal distance and 60 meters vertical distance 

below lower treeline). Interior woodland, lower treeline, and isolated stand sites were 

located in Blacktail Canyon (31°33'30"N, 110°25'15"W) on the Fort Huachuca 
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Military Reservation (FHMR). The remote stand was located in O'Donnell Canyon 

(31°34'45"N, 110°30'W), on the National Audubon Appleton-Whittell Research Ranch 

in Elgin, Arizona. For all sites, the dominant woody species is emory oak (Quercus 

emoryi), with scattered Arizona white oak (Quercus arizonica), Mexican blue oak 

(lQuercus oblongifolia), Mexican pinyon (Pinus cembroides), and alligator juniper 

(.Juniperus deppeana). 

Each acorn was measured along its longitudinal axis, and opened to determine 

if weevil larvae were present. For each tree, a subset of up to 5 larval-occupied and 

5 unoccupied acorns were placed in a 0.1 % tetrazolium chloride solution for 48 hours 

to determine viability (per Nyandiga and McPherson 1992). 

Acorns that were collected were usually pale brown with relatively low density 

(i.e., they floated in tap water). However, about one quarter of the acorns were dark 

green or black and were of relatively high density (i.e., they sank in tap water). 

Two-hundred thirty acorns of each type (high and low density) were randomly 

selected from the acorns of each site and tree, and opened to compare larvae 

occupancy rates. Low density acorns were tested for viability (as above). 

Data were tested for normality by computing the Shiparo-Wilk W statistic 

(Shapiro and Wilk 1965). Because data were not normally distributed, 

transformations [log(variable +1), square root, arcsin square root] were performed in 

an attempt to achieve normality. Transformations failed, so data were ranked 

(Conover and Iman 1981) prior to conducting analysis of variance (ANOVA) to 
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compare weevil larvae occupancy and acorn viability between sites and individual 

trees. The rank transformation is a bridge between parametric and non-parametric 

statistics that exploits the advantages of both (Conover and Iman 1981). Where 

significant, means were separated with Fisher's LSD (Sokal and Rohlf 1981). 

Pearson product-moment correlation coefficients (Milton 1992) were calculated 

between viability and number of live and dead weevil larvae. 

Jay capture 

Jay capture began the first week of August, and continued until the second 

week of September. Jays were captured in emory oak-dominated (Quercus emoryi) 

oak woodlands of southeastern Arizona. Seven trap lines of 4-6 trap stations each 

were established in Huachuca Canyon, Garden Canyon, and Blacktail Canyon at 

FHMR, and O'Donnell Canyon at the National Audubon Society Appleton-Whittell 

Research Ranch (AWRR). All trap stations were baited with wild-bird seed and 

sunflower seeds for 1-3 weeks prior to trapping, and continuously throughout the 

experiment. Traps were 1 m x 1 m x 30 cm of 1" x 3" steel mesh with a pegboard 

base. Two funnels of approximately 12 cm x 24 cm (widest opening of funnel) were 

used per trap, with hinged doors for transport. Visibly stressed animals were 

immediately released at the trap station. Occupied traps were covered with cloth 

sheets during transport to the AWRR aviary (< 20 km) to reduce stress to the 

animals. Aviary Design 

The aviary consisted of three cells (10 m x 4 m x 2 m; 8 m x 4 m x 2 m; 10 
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m x 3 m x 2 m) with attached blinds. Walls were constructed of 1-cm mesh 

hardware cloth in a wooden frame, with a ceiling of 2.5-cm mesh nylon netting. 

Recently-cut Quercus etnoryi saplings were erected in the blinds to provide additional 

perches. Tarps were hung to prevent visual contact between cells, and shade and 

water were provided in each cell. Each cell had an adjacent blind with a plexiglass 

window covered with perforated cloth for undetected observation. After the fifth 

week of use, outward facing floodlights and nighttime monitoring were used to deter 

nocturnal predators. Birds from different flocks were not mixed. 

A five-day preconditioning period was used with recently-captured jays to 

reduce stress and minimize abnormal foraging behavior during the experiment. No 

observations were made during this period. Jays were fed wild-bird seed and 

sunflower seeds, and contact with humans was minimized. After the third week of 

trials, the preconditioning period was reduced to two days to reduce the risk of 

attracting predators. 

Trials 

Quercus emoryi acorns used in feeding trials were weighed and measured to 

determine density. Acorns were sorted into categories by color and density. Acorns 

that were denser than water were fleshy and virtually always dark green or black 

(hereafter high-density acorns). Acorns that floated in water (hereafter low-density 

acorns) were pale brown in color, and were far more common than high-density 

acorns (Hubbard, pers. obs.). Results of the comprehensive Quercus emoryi acorn 
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survey (above) indicated that larvae occupancy is virtually always limited to brown 

low-density acorns rather than green high-density acorns. For these trials, 1 used 

high-density acorns as proxies for acorns without larvae, and low-density acorns as 

proxies for larvae-occupied acorns. In addition, I modified some low-density acorns 

to represent larvae-free acorns (see Exp. 3, below). 

Trials lasted 5 hours for experiments 1 and 2. For experiment 3, trials lasted 

7.5 hours because of the addition of more acorns for a third treatment. For each 

trial, I provided ten acorns per treatment per bird. At the end of each trial, 

remaining acorns were tallied, weighed and measured. Data were tested for 

normality by computing the Shiparo-Wilk W statistic (Shapiro and Wilk 1965). 

Because data were not normally distributed, Wilcoxon rank-sum (Milton 1992) tests 

were used to determine differences in selection between acorn types for each 

experiment. 

Experiment 1 tested selection of high-density acorns versus low-density acorns. 

Eight trials of this type were performed on 8 birds. 

Experiment 2 tested germinated (radicle at least 3 mm) high-density acorns 

versus ungerminated high-density acorns. Three trials were conducted with 5 birds; 

low availability of germinated high-density acorns in this unusually dry year limited 

the number of trials. 

Experiment 3 tested the mechanism of acorn selection by experimentally 

varying acorn density. As in Experiment 1, naturally-occurring high-density and low-
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density acorns were used. In addition, low-density acorns were injected with a 

mixture of commercial vegetable shortening and sugar through a small hole in the 

base of each acorn until density reached that of high-density acorns. Altered acorns 

were wiped clean and placed in a paper sack with leaves, soil and other acorns to 

reduce any exterior trace or scent of shortening. Five trials with 5 birds per trial 

were used for Experiment 3. 

Results 

Acorn survey 

Larvae occupancy was lower (P = 0.0085) at lower treeline than at the three 

other sites, which did not differ (P = 0.1665) (Fig. 4). Acorn viability was higher (P 

< 0.01) in the isolated stand and the remote stand than at treeline or in interior 

woodland (Fig. 5). 

We found viability of low-density acorns to be 21.8%. Only 3.4% of high-

density acorns contained weevil larvae, compared to 14.1 % of low-density acorns. 

A weak negative correlation (r = -0.13, P = 0.0163) was found between 

acorn viability and weevil larvae occupancy. 

Acorn selection 

Experiment 1 demonstrated that jays consumed more (P < 0.0001) high-

density acorns (89%) than low-density acorns (10%). Experiment 2 indicated no 

difference in acorn selection between germinated and ungerminated high-density 
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vertebrates excluded 

Invertebrates excluded 

HNo exclusion 

Grassland Uncleared Woodland 
Cleared Woodland 

Treatment 

Figure 4. Weevil larvae occupancy in Quercus emoryi acorns on four southeastern 
Arizona sites in 1994. Sites with the same letter do not differ for live and dead 
larvae combined (P > 0.05). 



0 
Interior Treeline Isolated Remote 

Woodland Stand Stand 

Site 

Figure 5. Viability of Quercus emoryi acorns on four southeastern Arizona sites in 
1994. Sites with the same letter do not differ (P > 0.05). 
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acorns: all acorns of both types were consumed in all trials. Experiment 3 indicated 

that jays consumed more (P=0.0063) of the altered high-density acorns (55%) than 

the unaltered low-density acorns (10%). 

Length of acorns consumed during trials (X = 15.48 mm) exceeded (P < 

0.0001) the length of unconsumed acorns (x = 12.76 mm). There was no difference 

in selection (P > 0.05) between naturally occurring high-density acorns and altered 

high-density acorns, indicating that color did not affect selection. 

Observations of Foraging Behavior 

Jays often foraged within a few inches of each other, with no apparent pattern 

of individual or group foraging; individuals foraged alone as often as not. Jays 

typically initiated foraging by perching on nearby saplings or cobble-sized rocks. 

After observing the acorns and their general vicinity, a jay would land in the vicinity 

of the acorns, then select an acorn by grasping it in it's bill. It would then vigorously 

shake it's head, and would occasionally roll the acorn in it's bill. If the acorn was 

unsuitable, it was quickly discarded by tossing it up to 15 cm horizontal distance, and 

the process was repeated with another acorn. Discarded acorns often had scratched or 

loose shells as a result of the selection process. When a suitable acorn was found, the 

jay flew to a nearby perch, usually the original perch, and commenced feeding. 

During feeding, the acorn was held tightly against the perch between the jay's 

feet, and the acorn was crushed or punctured by strong blows from the bill. The 

fleshy interior portion at the base (under the cap) acorn was eaten, and the dry apical 
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portion of the exterior shell was dropped below the perch. The apparent preference 

for the basal portion of the acorn is consistent with observations reported by Steele et 

al. (1993). Occasionally, an unopened or partially opened acorn was accidently 

dropped from the perch. At no time did I observe any retrieval of these fallen 

acorns. 

I observed two instances of obvious caching behavior. In both instances, 

rather than returning to the perch with a suitable acorn, the individual hopped along 

the ground and pecked at various spots. When a suitable spot was selected, the acorn 

was dropped to the soil surface, and pushed down with the beak. Side to side sweeps 

with the bill further covered the acorn. In the first instance, grass litter was placed 

over the acorn in a relatively grassy spot about 2 meters away from the saplings. In 

the second, grass and oak leaf litter were placed over the acorn in a spot at the base 

of a pile of oak boughs tree limbs. I recovered both acorns and determined that they 

were naturally occurring high-density acorns. 

Discussion 

Acorn survey 

Weevil larvae were almost never found in high density acorns, in contrast to 

low density acorns. Viability of high-density Quercus emoryi acorns reportedly range 

from 60 - 90% (Nyandiga and McPherson 1992; Nicholas and McPherson unpubl. 

data). However, we found only 22% viability of low-density acorns, suggesting that 
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high-density acorns are responsible for most Quercus emoryi reproduction. 

Relatively low larval occupancy at lower treeline may be due to increased 

predation of adult weevils by predators in edge habitat areas. The similarity in weevil 

occupancy between interior woodland and the remote stand suggest that weevils are 

not spatially limited by dispersal distance from woodland areas. Increased acorn 

viability in the low elevation isolated stand and remote stand may be due to different 

soil conditions or decreased depth to the water table compared to upland areas. 

Acorn selection 

My results, coupled with the results of the weevil larvae survey (above), 

compel me to reject the tri-trophic hypothesis of Johnson et al. (1993) for this system. 

Jays rarely selected low-density acorns, in which nearly all weevil larvae were found. 

Consistent with Bossema's results (1979), I found density and size to be the most 

important acorn attributes for selection by jays. A likely explanation is that the 

nutrition acquired from dense, weevil-free acorns exceeds that of low-density acorns 

containing weevils, despite the higher effective tannin content of the former acorns. 

Tannin contents were not measured in this study; however red oak acorns reportedly 

have high tannin contents relative to acorns from other oaks (Smaliwood and Peters 

1986; Weckerly et al. 1989). Also, there is a low probability of finding a low-density 

acorn containing a weevil larvae (acorn survey, above). 

That jays did not rely on color was contrary to previous research (Bossema 

1979) indicating that some species of jays rely on color to select acorns. By contrast, 
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differentiating between acorns based on density must use substantial energy, because 

each candidate acorn must be handled. 

The rare instances of caching observed during the experiment may be due to 

the limitations imposed by restricting movements of very territorial, intelligent, 

mobile subjects. The close proximity of neighboring birds may have reduced caching 

behavior because each jay could not protect the secrecy of caching locations. 

In conclusion, the tri-trophic symbiotic relationship hypothesis is not supported 

for this system. Rather, our results support the co-adapted symbiotic oak-jay 

relationship described by Bossema (1979). Furthermore, Curculio parasitism removes 

a significant proportion of acorns from the seed bank, potentially limiting oak 

reproduction and long-range dispersal. 
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CHAPTER 4 

Conclusions 

These experiments reveal important mechanisms of acorn predation and 

dispersal, which provide ecological justification for a downslope shift in Quercus 

emoryi dominated lower treeline. Using the evidence presented in this thesis, the 

biological mechanism of a downslope lower treeline shift can be illustrated. In oak 

woodlands, a high-density, viable Quercus emoryi acorn free of invertebrate larvae is 

selected by a dispersal agent (e.g., Grey-breasted jay) (chapter 3), and is cached in 

lower elevation grassland where it is likely to avoid predation (chapter 2), is capable 

of germination (Nyandiga and McPherson 1992) and can escape lethal herbivory as a 

seedling (McPherson 1993). Once reproductive age is reached, the oak is more likely 

to produce acorns both in larger quantities and with higher viability rates than its 

counterparts in the existing upland oak woodland (chapter 3), thus favoring local 

reproduction in former grassland. However, initial observations of oak seedling 

emergence (Eggleston and McPherson unpubl. data) indicate that relatively low soil 

moisture and/or high soil temperature may inhibit seedling emergence in adjacent 

grasslands. These results suggest that the primary constraint to lower treeline in 

Quercus emoryi-dominated oak woodlands may be determined by abiotic factors such 

as periodic droughts, low soil moisture, or temperature extremes. 

Potential changes in global climate, accelerating habitat loss and 

fragmentation, loss of animal dispersers, and human barriers to plant dispersal force 
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conservation biologists and plant ecologists to consider whether plant species are 

capable of dispersing to new, suitable sites before they are extirpated from current 

sites. Primack and Maio (1992) illustrate a situation in which certain plant species 

are very limited in their distribution due to failure to disperse to suitable but 

unoccupied sites. Based on the results of these studies (chapters 2 and 3) and others 

(e.g., Sanchini 1981; Nyandiga and McPherson 1992; McPherson 1993), I predict 

that Quercus emoryi is capable of relatively rapid dispersal to suitable, unoccupied 

sites. Therefore, Quercus emoryi likely will persist and perhaps expand in range 

despite recent anthropogenically-induced changes at large spatial scales. 

The lower treeline debate is a useful example of a recurring syndrome in 

ecological predictions (and resource management policy based on such predictions) 

regarding effects of change on an ecosystem: effort is focussed on measurement 

techniques that are necessarily indirect and limited in sample size and scope (e.g., 

Hastings and Turner 1965; Bahre 1991; McPherson et al. 1993), while feasible 

investigations of ecological mechanisms are ignored. Clearly, both observational data 

and investigations of biological mechanisms are required to produce reliable 

predictions (and effective resource management) regarding changes in the distribution 

and abundance of organisms. 



APPENDIX A: ANOVA TABLE 



SAS 8:58 Tuesday, October 11, 1994 

General Linear Models Procedure 
Class Level Information 

BLKTRT 
COVBR 
TRT 

C G W 
CL CT RU 
EX MA NM 

Number of observations in data set = 3240 

General Linear Models Procedure 

NOTB: Due to missing values, only 3157 observations can be used in this analysis. 

Dependent Variable: PRBYR RANK FOR VARIABLE PREY 
Sum of Mean 

DP Squares Square 

Model 368049175. 3 14155737.5 

F Value 

31.70 

Pr > F 

0.0001 
Error 3130 1397720951. 7 446558.8 
Corrected Total 3156 1765770127. 0 

R-Square C.V. Root MSB PREYR Mean 

0.206435 42 .32112 668 . 2505 1579 . 00000 

Source DF Type I SS Mean Square F Value Pr > F 

BLKTRT 2 70042310. 3 35421159.1 79 .32 0. 0001 
COVBR 2 3211012 . 6 1605506.3 3 . 60 0. 0276 
B LKTRT * COVB R 4 961920 . 5 240480 .1 0 . 54 0. 7075 
TRT 2 268391642. 0 134195821.0 300 . 51 0 . 0001 
BLKTRT*TRT 4 19092997. 6 4773249.4 10 . 69 0. 0001 
COVBR*TRT 4 3293456 . 0 023364 . 0 1 . 84 0 . 1176 
BLKTRT*COVBR*TRT 0 2255020. 3 281970 . 5 0 . 63 0 . 7520 

Source DF Type III SS Mean Square F Value Pr > F 

BLKTRT 2 60044704. 6 34422352.3 77 . 08 0 . 0001 
COVBR 2 3549855. 3 1774927.7 3 . 97 0 . 0189 
BLKTRT*COVER 4 1490923 . 1 372730.0 0 . 03 0 . 5029 
TRT 2 266090492. 9 133045246.5 297 . 93 0 . 0001 
BLKTRT*TRT 4 19146902 . 2 4706745.6 10 .72 0 . 0001 
COVBR*TRT 4 3395160. 2 840790.0 1 . 90 0 . 1075 
B LKTRT * COVB R * TRT 0 2255020 . 3 201970.5 0 . 63 0. 7520 

Tests of Hypotheses using the Type III MS for COVER*TRT . as an error term 

Source DF Type III SS Mean Square F Value Pr > F 

COVBR 2 3549855. 3 1774927.7 2 . 09 0. 2390 
TRT 2 266090492. 9 133045246.5 156 .75 0 . 0002 

TestB of Hypotheses 

Source 

BLKTRT*COVBR 
BLKTRT*TRT 

Standard Errors and 
for BLKTRT*COVER*TR' 

using the Type III MS for BLKTRT*COVBR*TRT as an error term 

DF Type III SS Mean Square F Value Pr > F 

1490923.12 
19146982.22 

372730.78 
4786745.56 

1 . 32 
16.96 

0.3406 
0 . 0 0 0 6  

Probabilities calculated using the Type III MS 
* ao an Error term 

PRBYR 
LSMBAN 

Std Err 
LSMEAN 

Pr > |T j LSMEAN 
HO:LSMEAN=0 Number 

EX 
MA 
NM 
BX 
MA 
NM 
BX 
MA 
NM 

1138 
1852 
1933 
1107 
1530 
1475 
1244 
1949 
1954 

. 94709 

.59907 

.23685 

.47863 

.68661 

.31177 

.45141 

.42477 

.76788 

20 . 00675 
20.91584 
20.95713 
20.34356 
20 . 62653 
20.62653 
28.10504 
28.26305 
28.27013 

, 0001 

. 0 0 0 1  
, 0001 

. 0001 
. 0001 
. 0001 
. 0001 
. 0001 
. 0001 

Least Squares Means for effect BLKTRT*TRT 
Pr > [T| HO: LSMBAN(i)=LSMBAN(j) 



Dependent Variable: PRBY 
i/j 1 2 3 4 5 6 7 8 9 
1 0 , . 0001 0, . 0001 0 .4592 0. .0001 0. .0001 0. .0308 0 , .0001 0, .0001 
2 0 . 0001 0 .0843 0 .0001 0. .0001 0. . 0001 0. .0001 0. .0435 0. .0354 
3 0, . 0001 0. .0843 0 .0001 0. .0001 0 . .0001 0. , 0001 0. . 6996 0. . 6092 
4 0 . .4592 0. .0001 0, . 0001 0. , 0001 0 . . 0001 0 . . 0089 0 . . 0001 0. . 0001 
5 0 .0001 0. . 0001 0. . 0001 0 , .0001 0 . .2086 0. .0001 0 . . 0001 0 • . 0001 
6 0. . 0001 0 . . 0001 0. , 0001 0 . . 0001 0 . .2086 0 . .0004 0 . .0001 0. , 0001 
7 0. . 0308 0 . . 0001 0 . .0001 0 . .0089 0 . .0001 0 . .0004 0 . .0001 0. . 0001 
8 0 . . 0001 0. .0435 0 . .6996 0 .0001 0 . .0001 0. .0001 0 . .0001 0 . . 8970 
9 0 • .0001 0. .0354 0 . .6092 0 .0001 0 . .0001 0. .0001 0. .0001 0 . .8970 
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