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Summary. The influences of Colorado pinyon pine (Pi~ 
nus edulis) cone crop size, cone and seed weight, cone 
length, number of seeds per cone, number of viable seeds, 
and percent viable seeds on the foraging behavior of 
avian seed dispersal agents were examined in field and 
laboratory settings. In the field, there was a significant 
positive relationship between cone number per tree and 
both the absolute number of cones and the percentage of 
the cone crop from which seeds were harvested. Cone 
weight and the number of viable seeds were also signifi- 
cantly related to seed harvest intensity. Laboratory ex- 
periments examined the relationship between crop size 
and cone characters on seed harvest by 18 Clark's Nut- 
crackers (Nucifraga columbiana). Nutcrackers were of- 
fered a choice of two tree types: one with 20 cones 
attached, and another with 10 cones attached. Signifi- 
cantly more birds chose to remove seeds first from the 
tree with 20 cones than the tree with 10 cones. In timed 
trials, they also harvested seeds from significantly more 
cones on the tree with the higher cone density. In the 
laboratory, cones chosen for seed removal by the nut- 
crackers had significantly more viable seeds, more seeds, 
and were longer compared to cones that were not chosen. 
Such discriminatory foraging behavior may increase 
avian foraging efficiency and result in differential re- 
productive success of pinyon pines. This behavior may 
therefore influence the evolution of pinyon pine re- 
productive traits. 
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The reproductive success of vertebrate-dispersed plants 
may depend not only on seed crop size (Herrera 1988) 
but also on the ability to attract seed dispersal agents 
(Howe and Primack 1975; Vander Wall and Balda 1977; 
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Ligon 1978; Lanner and Vander Wall 1980; Clark and 
Clark 1981 ; Hutchins and Lanner 1982; Tomback 1982; 
Murray 1987). Many plant species exhibit significant 
intraspecific variation in both crop size (Linhart and 
Mitton 1985; Herrera 1988) and fruit or cone traits that 
attract dispersers (Howe and Estabrook 1977; Howe and 
DeSteven 1979; Howe and Vande Kerckhove 1979; 
Courtney and Manzur 1985). Because crop size and fruit 
traits have some genetic basis (Atsatt 1970; Atsatt and 
Strong 1970; Schaal and Levin 1976; Atsatt and Guld- 
berg 1978 ; Paul 1978; Herrera 1981 ; Linhart and Mitton 
1985) seed dispersers that discriminate among individual 
plants based on these characters may affect the evolution 
of these traits. 

Pinyon pines depend on several birds in the family 
Corvidae for dispersal of seeds away from the parent to 
microsites that enhance germination probabilities (Van- 
der Wall and Balda 1977; Ligon 1978). It is thought that 
seeds not dispersed away from the parent are lost to 
insect and rodent seed predators in most plants (Janzen 
1970, 1972; Vander Wall and Balda 1977; Ligon 1978; 
Tomback 1982). 

Clark's Nutcracker is an important disperser (along 
with the Pinon Jay, Gyrnnorhinus cyanocephalus) of Col- 
orado pinyon pine seeds (Vander Wall and Balda 1977). 
Although these birds are also seed predators when forag- 
ing early in the day and season, and when harvesting 
small crops (Vander Wall and Balda 1977; Vander Wall 
1988), they disperse seeds up to 22 km when harvesting 
larger crops. These birds have been found to effect forest 
regeneration (Tomback 1978; Ligon 1978; Lanner and 
Vander Wall 1980; Lanner 1980; Hutchins and Lanner 
1982; Tomback 1982) due to their caching behavior, and 
have possibly been important to the range expansion of 
pinyon pines (Vander Wall and Balda 1977). 

Previous studies have described apparent discrimina- 
tion by nutcrackers among conifer stands (Tomback 
1978), trees (Tomback and Kramer 1980; Benkman et at. 
1984), and cones (Vander Wall and Balda 1977; Tom- 
back and Kramer 1980), but have not examined in detail 
specific stand, tree, or cone characters influencing this 



d i sc r imina to ry  behav ior .  W e  examine  the specific tree 
and  cone  cha rac t e r s  t ha t  affect p i n y o n  p ine  seed ha rves t  
by  av ian  seed d ispersa l  agents .  

The  ques t ion  o f  why  these b i rds  d i sc r imina te  a m o n g  
seeds, cones,  a n d  trees under l ies  each  o f  these studies.  
Typica l ly ,  fo rag ing  efficiency is i nvoked  as the selective 
agen t  t ha t  has  m o l d e d  these behav io r s  (Vande r  Wa l l  and  
Ba lda  1977; T o m b a c k  1978; T o m b a c k  and  K r a m e r  
1980; B e n k m a n  et  al. 1984; V a n d e r  W a l l  1988). P resum-  
ab ly  those  ind iv idua l s  tha t  m a x i m i z e d  the a m o u n t  o f  
energy a n d / o r  nu t r i en t s  ga ined  per  uni t  effort  were m o s t  
fit (Vande r  Wa l l  and  Ba lda  1977). Whi l e  fac tors  such as 
seed defense (Her r e r a  1982) a n d  r isk o f  p r e d a t i o n  (Howe 
1979) m a y  m o d i f y  seed ha rves t  behav io r  in birds ,  we feel 
t ha t  nu tc racke r s  forage  in a way  tha t  maximizes  the  ra te  
o f  seed ex t rac t ion .  Below, we discuss how fo rag ing  on  
large c rops  m a y  enhance  nu t c r acke r  fo rag ing  efficiency. 

To u n d e r s t a n d  the fac tors  inf luencing seed ha rves t  o f  
C o l o r a d o  p i n y o n  p ine  by  C l a r k ' s  Nu tc r acke r s ,  we asked  
the fo l lowing  ques t ions :  1) do  differences in cone  c rop  
size and  cone charac ter i s t ics  be tween trees in the  field 
affect ha rves t  in tensi ty ,  2) do  nu tc racke r s  choose  trees for  
ha rves t  ba sed  on  c rop  size in a con t ro l l ed  l a b o r a t o r y  
set t ing?,  and  3) do  nu tc rackers  also d i sc r imina te  a m o n g  
cones  for  seed ha rves t  in the l a b o r a t o r y ?  The  cone 
charac te r s  we examined  inc luded  cone  length,  cone 
weight ,  seed number ,  n u m b e r  o f  v iable  seeds, pe rcen t  
v iable  seeds, a n d  seed mass.  These  t ra i t s  have  been  f o u n d  
to va ry  grea t ly  a m o n g  s tands,  trees, and  cones  (Vander  
Wa l l  a n d  Balda  1977; Chr i s tensen  unpubl ,  da ta) .  Here  
we d e m o n s t r a t e  tha t  b i rds  d i sc r imina te  a m o n g  trees 
based  on  c rop  size and  cone charac ters .  

Methods  

In 1985, we measured cone number and subsequent seed harvest by 
nutcrackers and jays for 34 cone-bearing trees matched for trunk 
diameter at breast height near Sunset Crater National Monument, 
Flagstaff, Arizona. To determine crop size, cones were counted 
using the naked eye and/or binoculars in July just prior to the onset 
of avian harvest. We repeated counts on 10 trees and found that the 
counts were accurate within 5%. 

We monitored seed harvest by nutcrackers and jays in late 
summer and fall from the beginning of harvest (18 July) until 
completion (30 September) at approximately 7 day intervals. These 
birds typically open green cones in a branch fork on the same tree 
from which the cone is removed (Vander Wall and Balda 1977). 
Removed cones were then counted in and under each tree. We 
cross-checked the number found with the number missing from 
each tree at each visit (also accounting for those consumed by 
rodents). If there was any discrepancy the tree was not used in the 
analysis (6 trees were not used). At our site, seeds were harvested 
from all but 2% of the cones before they opened, which made 
keeping track of harvest rates easier. 

We used regression analyses (stepwise multiple regression; 
BMDP statistical package), with cone number per tree as the in- 
dependent variable, to predict the absolute number of cones from 
which seeds were harvested and also the percentage of the cone crop 
from which seeds were removed. Percent crop harvest was arcsine 
square-root transformed prior to analysis. 

To examine the influence of cone characters on seed harvest, we 
collected 20 closed cones from each tree prior to harvest initiation 
and measured, counted or calculated the following characters: cone 
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Fig. 1. A representation of the experimental room and artificial trees 
used in the nutcracker selection experiments 

length, cone weight (with and without seeds), seed number, number 
of viable seeds, percentage of viable seeds, and seed weight for each 
cone. These numbers were then averaged for each tree and used in 
a stepwise multiple regression analysis aimed at predicting the 
absolute number of cones and the percentage of the cone crop from 
which seeds were harvested. Although they are of normal size, 
non-viable seeds do not have a fully developed endosperm or em- 
bryo like viable seeds do, and often make up a large proportion of 
a tree's seed crop. Percent viable seeds was arcsine square-root 
transformed. 

Laboratory  exper iments  

In 1987, we conducted experiments in a room with two identical 
artificial trees. The physical characteristics of the room and the trees 
are depicted in Fig. 1. Twenty closed pinyon pine cones along with 
the subtending stem were collected from each of 8 haphazardly 
chosen trees in an area about 18 km north of Flagstaff. The cones 
were pooled, mixed, and used in the following experiments. We used 
18 nutcrackers (14 recently caught and 4 that had been in captivity 
for approximately 2 years) in these experiments. The birds were fed 
and maintained as described in Kamil and Balda (1985). 

Experiment I: effects of cone number on tree choice. This experiment 
tested the effect of relative cone number on a bird's initial choice 
of trees for harvest. We randomly selected twenty cones from the 
pool and attached to the branches of one tree (high-cone tree) using 
a piece of wire wrapped around the stem and the branch. Ten cones 
were then randomly chosen and attached to the other tree (low-cone 
tree). The cones were evenly spaced both within and among 
branches. A minimum of 10 cones was used because during prelimi- 
nary trials it was determined that a single bird could not harvest 
seeds from more than 10 cones during the trial (50 rain). This avoids 
the argument that the birds would harvest from more cones on the 
high-cone tree simply because there were more cones there to har- 
vest. Furthermore, a two-fold difference in cone number is highly 
conservative because differences found between adjacent trees in the 
field may be more than 100-fold (Whitham and Mopper 1985). The 
tree that received the higher number of cones was determined by a 
coin toss before each trial. 

Each nutcracker entered the experimental room alone. The birds 
were observed through a one-way glass observation port. Each bird 
was allowed to harvest from one cone on either tree as defined by 
the removal of one seed. We recorded the tree from which the first 
seed was harvested (high- or low-cone tree). We used the binomial 
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Fig. 2. Linear regression predicting the absolute number of cones 
from which seeds were harvested based on cone crop size of 34 adult 
trees 
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Fig. 3. Regression predicting the percentage of a tree's cone crop 
from which seeds were harvested based on cone crop size. The 
curvilinear line provided a significantly better fit than did a straight 
line (t = 4.47, p < 0.05) 

test (Zar 1974) to determine if the number of cones had an effect 
on tree selection. The null hypothesis is that the birds should choose 
each tree in about one-half of the trials. 

Experiment H: effects of cone number on harvest intensity. This 
experiment examined the effect of relative cone number on the 
number of cones from which seeds were harvested when we allowed 
the same birds to harvest for 50 min. Again, we attached 20 cones 
to one tree and 10 to the other, and the birds entered the room 
singly. We compared the mean number of cones opened from each 
tree in the 18 trials using the Wilcoxon Signed Ranks test (Conover 
1980). 

Results 

Field observations 

In the field, we found a significant positive relationship 
between cone crop size and the number  of  cones f rom 
which seeds were harvested (Fig. 2). This result agrees 
with other studies regarding the influence of  crop size on 
seed harvest (Davidar  and Mor ton  1986; Murray  1987), 
and demonstrates an advantage of  greater seed produc- 
tion for plants. 

The percentage of  a tree's cone crop from which seeds 
were harvested by birds was also significantly affected by 
crop size (Fig. 3). This means that trees with larger cone 
crops have a greater propor t ion  of their cones opened by 
birds, and should therefore realize greater relative fitness 
if seed dispersal is important  to reproductive success. 

Cone weight (without seeds) and the number  of  viable 
seeds were important  in predicting the number  of  cones 
from which seeds were harvested (overall r2=0.363, 
p<0.001 ,  F =  16.93, d f = 2 ,  31; individual contributions 
to r 2 were 0.198 and 0.165 respectively). Thus, nutcrack- 
ers also selected trees based on these two cone traits. The 
reason why cone weight is important  is unclear. Seed 
removal may be easier with heavy cones or it may simply 
be that cone weight is correlated with seed number  
(r = 0.72; Spearman rank correlation, p < 0.05). It  is odd 
that both cone number  and cone weight were more im- 
portant  in affecting tree choice than the number  of  viable 
seeds per cone. 

The percentage of  the crop from which seeds were 
harvested was also best predicted by cone weight and the 
number of  good seeds (overall r2=0.365;  p<0 .001 ,  
F =  17.20, d f = 2 ,  31; individual contributions to r 2 were 
0.222 and 0.143 respectively). Again, in addition to cone 
number, nutcrackers also foraged selectively among  pin- 
yon pines by choosing trees with heavier cones with more 
viable seeds. 

Laboratory experiments 

Experiment I: effects of  cone number on tree choice. In 
laboratory trials, nutcrackers were also very selective in 
their harvesting preferences; 13 of  18 birds harvested 
seeds first from the high-cone tree, allowing us to reject 
the null hypothesis the the birds would favor neither tree 
(Binomial test, p = 0.03). This result supports the hypoth-  
esis that cone number  is very important  in the selection 
of a tree for harvest even at a relatively fine scale (i.e. 20 
versus 10 cones). 

Experiment H: effects of  cone number on harvest intensity. 
In 50 rain trials, nutcrackers harvested seeds f rom more 
than 3 times as many  cones f rom the high-cone tree than 
the low-cone tree (X = 2.47 versus 0.78 ; Wilcoxon Signed 
Ranks test, p<0 .001 ,  n = 18 pairs). Additionally, 10 of 
the 18 birds did not harvest any seeds f rom the low-cone 
tree, while all the birds harvested seeds f rom the high- 
cone tree. Thus, these birds not only chose the high-cone 
tree for initial harvest, but harvested seeds f rom more 
cones as well. 
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Fig. 4. Comparisons of the cone characteristics of those cones 
chosen and unchosen for seed harvest by nutcrackers in 50 rain 
trials. Those with an asterik were significantly different in individual 
comparisons (p < 0.05) 

The birds also harvested seeds from a significantly 
greater percentage of cones on the high-cone tree 
(X=12.2% versus 7.8%, Wilcoxon Signed Ranks. 
p=0.016, n = 18 pairs). These results indicate that nut- 
crackers behaved similarly in the laboratory and the field, 
and attests to the strength of the influence of crop size 
on harvesting behavior. 

Although nutcrackers discriminated among trees 
based on cone crop size, they also discriminated among 
cones within a tree. For example, cones from which seeds 
were harvested in the preceding experiment had on av- 
erage 2.5 times the number of viable seeds, 40% more 
seeds, and were 15 % longer than unchosen cones (Fig. 4; 
Hotelling's two-sample test, overall p < 0.0001). The cues 
used by nutcrackers to discern between cones with viable 
versus aborted seeds are unknown. 

The cue(s) used by the birds to determine seed number 
is probably cone length. Seed number and cone length 
are significantly correlated (Spearman rank correlation, 
r=0.647, p<0.01); bigger cones have more seeds. It 
seems reasonable that a bird might first select the largest 
cones because they have the greatest potential energy 
payoff, and then sample smaller cones only if the larger 
cones contain few edible seeds. 

Mean cone and viable seed weights were not signifi- 
cantly different between used and unused cones (Fig. 4). 
This result is different from what we found in the field 
where birds harvested seeds mostly from trees with heavi- 
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er cones. It is possible that the birds behave differently 
when choosing between trees and when choosing be- 
tween cones within a tree. 

Discussion 

These results show an increase in the absolute number of 
cones from which seeds were harvested with increasing 
cone crop size. Previous studies have found similar re- 
sults in various seed dispersal systems; in absolute num- 
bers, dispersers harvest more from plants with larger 
crops (Howe 1977, 1981; Howe and DeSteven 1979; 
Stapanian 1979; Moore and Willson 1982; Davidar and 
Morton 1986; Murray 1987). These studies, however, 
have generally found that the proportion of the crop 
harvested does not increase with increasing crop size 
(Howe and DeSteven 1979; Howe and Vande Kerckhove 
1979, 1981 ; Moore and Willson 1982; Davidar and Mor- 
ton 1986; Murray 1987). 

The reason(s) why nutcrackers harvested a greater 
proportion of larger crops is unknown, but may relate to 
their foraging efficiency. By choosing trees with many 
cones, the birds may extract a greater number of seeds 
per unit time or energy. By having more cones to choose 
from, they may spend less time and energy handling 
cones with few viable seeds and traveling within and 
among trees. Other studies have suggested that these 
birds do forage in a manner that maximizes the efficiency 
of seed harvest (Vander Wall and Balda 1977; Tomback 
1978; Tomback and Kramer 1980; Benkman et al. 1984; 
Vander Wall 1988). 

For example, Vander Wall and Balda (1977) found 
that nutcrackers harvesting pinyon pine seeds were effi- 
cient seed collectors because they discriminated between 
viable and aborted seeds, selected cones with a higher 
than average number of good seeds, and "appeared" to 
concentrate on trees that produced cones with large num- 
bers of good seeds. The results presented here confirm the 
preference of nutcrackers for trees and cones with many 
viable seeds and we propose that the birds chose to 
harvest from trees with many cones because it increased 
their harvest rates. 

Tests of optimal foraging models (e.g. MacArthur and 
Pianka 1966; Charnov 1976; Pyke et al. 1977; McNama- 
ra 1982) are possible using nutcrackers foraging on pin- 
yon pine. By recording travel, search, and handling times 
of foraging nutcrackers, and seed extraction rates, one 
might better understand how cone crop size truly influ- 
ences foraging efficiency. 

Although birds were observed transporting seeds 
away from the site where harvested, this and previous 
studies of avian harvest of pinyon pine seeds (Vander 
Wall and Balda 1977; Ligon 1978; Vander Wall 1988) 
have not determined the fate of harvested seeds. It was 
assumed that many of the seeds would be eaten by the 
birds themselves or by other seed predators. These stud- 
ies estimated that in years of adequate seed availability 
nutcrackers and pinyon jays harvested, transported and 
cached many times the number of seeds needed for sur- 
vival and reproduction. Many of the surplus seeds would 
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therefore be available for germination.  In light o f  the 
general belief that  the birds are impor tan t  to conifer 
reproduct ion  (Vander  Wall  and  Balda 1977; Ligon 1978 ; 
T o m b a c k  1978; Lanner  1980; Lanner  and Vander  Wall  
1980; Hutchins  and Lanner  1982; T o m b a c k  1982; Van-  
der Wall  1988) and because birds were observed trans- 
por t ing  seeds ou t  o f  the s tudy area, we argue that  trees 
tha t  received greater seed harvest  also exhibited greater 
reproduct ive success. 

The degree to which cone number ,  the number  o f  
viable seeds per cone, and cone size are genetically deter- 
mined is o f  u tmos t  impor tance  to the a rgument  that  the 
birds have influenced the evolut ion o f  these traits. While 
no published da ta  are available concerning the genetic 
basis o f  these characters in p inyon  pine, at least fecundity 
has been shown to be genetically determined in other  
pines (Linhar t  and Mi t ton  1985) and in other  plants 
(Paul 1978; Vander  Kloet  and Cabilio 1984). 

Because there is a positive relationship between cone 
produc t ion  and the percentage o f  a tree's seed c rop  dis- 
persed, trees with larger crops receive a d ispropor t ionate  
return on their energy investment.  This assumes that  
current  reproduct ive effort has no impact  on a tree's 
future survival or  reproduc t ion  (Horvi tz  and Schemske 
1988). While we do not  k n o w  if this is true in p inyon  pine, 
Linhar t  and Mi t ton  (1985) found  that  current  reproduc-  
tive effort in ponderosa  pine (Pinus ponderosa) did not  
reduce future effort. Selection should then favor  those 
trees having greater fecundity (Herrera  1988), and there 
should be (or has been) an evolut ionary  trend toward  
greater investment  in reproduc t ion  in p inyon  pine. Van- 
der Wall  and Balda (1977) previously suggested that  
nutcrackers  have affected the evolut ion o f  cone orienta- 
tion, seed coloring, scale morpho logy ,  and seed retention 
o f  p inyon  pine. 
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