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Abstract Bird-dispersed seeds are diYcult to track, espe-
cially in the case of long-distance dispersal events. To esti-
mate the oak dispersal distance and the seed shadow
generated by the European jay (Garrulus glandarius), we
inserted radio-transmitters in 239 acorns, placed them in
bird-feeders and then located them by radio-tracking. Using
this methodology we located the exact caching site of 94
Quercus ilex and 54 Q. suber acorns and determined the
caching habitat characteristics (vegetation type, distance,
spatial distribution). The results show that: (1) there is no
diVerences in the dispersal distance distribution between
the diVerent acorn species or sizes, (2) dispersal distances
range from approximately 3 m up to approximately 550 m
(mean = 68.6 m; median = 49.2 m), (3) recently abandoned
Welds and forest tracks were the sites preferred by jays to
cache acorns, whereas Welds and shrublands were avoided
and (4) seed shadows showed acorn aggregation zones (i.e.
clusters of caches) close to the feeder as well as isolated
caches at longer distances. The results also suggest that
radio-transmitters are a cheap and reliable way to determine
seed shadows and quantify both seed dispersal and post-
dispersal seed predation for medium to large seeds.

Keywords Cork oak · Dispersal shadow · 
European jay (Garrulus glandarius) · Holm oak · 
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Introduction

A long-standing challenge in ecology is the characterisation of
plant dispersal, which has implications on plant regeneration,
gene Xow and evolution (Herrera 1995; Cain et al. 2000;
Wilson and Traveset 2000). For animal-dispersed plants, cha-
racterising the dispersal curve is complicated by the diYculty
of following dispersers and locating the transported seeds,
especially in the case of long-distance dispersal events (Cain
et al. 2000; Nathan 2006). Furthermore, seed shadow size and
shape may be dependent on the landscape conWguration, as
animals may show preferences for distinct landscape attri-
butes (Kollmann and Schneider 1997; Russo et al. 2006).

Inferring seed shadows from seedling recruitment has limi-
tations not only because of diVerential germination and sur-
vival but also because of the diYculties involved in
unambiguously identifying the mother plant (Cain et al. 2000).
For Xeshy-fruited endozoochorous species, a simple method
based on applying a Xuorescent dye to the fruits and recover-
ing it in faecal material has been successfully applied (Levey
and Sargent 2000; Levey et al. 2005; Reiter et al. 2006). For
plants with large seeds that are dispersed by scatter-hoarding
animals (e.g. oaks), magnetic locators (Iida 1996), plastic tags
(Xiao et al. 2004; Pons and Pausas 2007a) and radioisotopes
(Vander Wall 2002) have been tested for their reliability to
quantify acorn movement by rodents (Forget and Wenny
2005); however, these methods are not appropriate for
long-distance dispersal (e.g., by birds) as the search surface
increases exponentially with distance, thus making it very
diYcult to locate extreme long-distance dispersal events.
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A very important step forward in dispersal ecology has
been the use of maternity analysis (Dow and Ashley 1996;
Godoy and Jordano 2001; Grivet et al. 2005). This usually
involves the genetic analysis of both the dispersed seeds and
the potential mother plants. However, in addition to the diY-
culties involved in performing genetic analyses in oaks
(Ziegenhagen et al. 2003), it is also diYcult to locate the
dispersed acorns because most are buried by jays (e.g. the
European jay Garrulus glandarius, Bossema 1979; Blue jay
Cyanocitta cristata, Darley-Hill and Johnson 1981), which
are known to travel large distances. Alternatively, the mater-
nity analysis can be performed on recruits, but then the
results reXect not only the dispersal but also the outcome of
predation, germination and establishment on the given loca-
tion (i.e. eVective dispersal or realised recruitment; Nathan
et al. 2003; Greene et al. 2004; Hardesty et al. 2005). In
some oaks, woodpeckers store acorns in tree trunk granaries,
where it is easy for researchers to collect them and study
acorn movements using genetic markers (Grivet et al. 2005),
although the relation between woodpecker acorn move-
ments and dispersal is still poorly understood. In other cases,
acorn dispersal has been inferred from observations of jay
Xights, thereby providing a Wrst estimate of acorn dispersal
curves (Gómez 2003). However, the precise location of the
acorn caches is subject to visibility conditions.

In this paper we (1) estimate the distribution of acorn dis-
persal distances, (2) determine the shape of the dispersal
shadow (i.e. we ask to what extent jay-hidden acorns are
either aggregated or randomly distributed), (3) determine
which vegetation types jays prefer for hiding acorns and,
Wnally, (4) infer the suitability of the methodology for study-
ing acorn seed shadows and jay dispersal characteristics. To
achieve these objectives, we followed individual acorns dis-
persed by the European jay (Garrulus glandarius) by insert-
ing a radio-transmitter inside the acorn, leaving the tagged
acorn in a bird-feeder, and then locating the acorn by radio-
tracking. This method, which has seldom been used prior to
the present study, has enabled us to estimate primary dis-
persal – i.e. distance from feeders (simulated tree) to jay
caches. Previous uses of radio tags include acorn dispersal
by mice (Sone and Kohno 1996) and gut passage rates and
seed dispersal by Xightless cassowaries (Mack and Druliner
2003). By using this method, our primary aim was to obtain
direct data on the pattern of acorn primary dispersal by the
European jay in a Mediterranean landscape.

Materials and methods

Study area

We performed this study close to the village of La Pobla
Tornesa, in the eastern Iberian Peninsula (40°5�N, 0°0�W,

Castelló province, Valencia region, Spain). The area has a
Mediterranean climate with dry summers and mild, wet
winters. Two bedrock types are common, Bundsandstein
sandstone (the most common) and Palaeolithic slates. The
vegetation is a typical Mediterranean mosaic of shrubs,
pines, abandoned Welds of diVerent ages and Welds still in
use. Pines (Pinus halepensis and P. pinaster) are the domi-
nant trees in the area. Oaks (Holm oak, Quercus ilex subsp.
ballota and cork oak Q. suber) are present in low densities
(dispersed or in small groups).

Acorn processing and tracking

We used acorns from Q. ilex subsp. ballota and Q. suber
obtained from nearby oak populations and conserved in
the refrigerator. Sound acorns were visually selected,
opened and partially emptied, and a transmitter (model
TW-4; Biotrack, Wareham, Dorset, UK; weight: 2.2 g;
mean life span: 3 months) was inserted longitudinally in
each acorn, with the antenna rolled up inside (tagged
acorns). The acorn was then closed and sealed (superglue
3; Loctite, Warrington, Pa.). The length, diameter
(0.1 mm) and weight (0.5 g) of each tagged acorn were
recorded. Because jays cannot detect 10% weight varia-
tions in acorns (Bossema 1979), no better weight estima-
tion was necessary. Due to size limitations, we introduced
the transmitter into relatively large (>5 g) acorns. We did
not use smaller transmitters because of their limited bat-
tery life-span.

In autumn 2004, we set up three feeders (feeders 1–3)
to form a triangle with inter-feeder distances of between
210 and 225 m. Each feeder consisted of a 40 £ 40-cm
seed tray mounted at the top of a 1.7-m pole. We per-
formed the acorn tracking experiment on these feeders in
early spring (March–April 2005) and early winter
(December 2005–January 2006). Two additional feeders
(feeders 4–5) were located more than 2 km away from
feeders 1–3 (i.e. used by diVerent jays) and set up in the
spring of 2006 (March–April). All feeders were located in
relatively Xat areas with gentle slopes. We did not per-
form the experiments in the autumn because jays did not
visit our feeders when natural acorns were available. In
each feeder we included about one tagged acorn for every
nine untagged acorns to reduce the number of tagged
acorns rejected by jays. Acorn location was carried out by
radio-tracking (Mariner 57 portable receiver; Biotrack),
and for each retrieved acorn we recorded the Global Posi-
tioning System position (GPS 76S; Garmin Ltd, George
Town, Cayman Islands) and the surrounding vegetation
type (Welds, recently abandoned Welds, old-Welds, shrub-
land, pine forest and roads or forest paths). We recorded
the status of each recovered acorn as: (1) cached – acorn
buried by jays; (2) opened – acorn found open (or only
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remains of the tagged acorn found), (3) abandoned –
tagged acorn abandoned (probably because the jay
detected the transmitter) on the soil surface or in a tree
branch. Abandoned acorns were not considered any fur-
ther in the analysis.

Data analysis

DiVerences in retrieval time between opened and cached
acorns were compared by means of the Mann–Whitney U
(MWU)-test as the data were not normally distributed. Dis-
persal distance distribution was tested against four models
(normal, log-normal, Weibull and exponential) using the
maximum likelihood approach implemented in MASS
(Venables and Ripley 2002); Akaike Information Criteria
(AIC) was used to compare the Wts. In addition, the Kol-
mogorov–Smirnov test (KS) was also used to compare the
four Wtted distributions with the four theoretical distribu-
tions. We compared both the distances (using the t-test) and
the distance distributions (using the KS test) between diVer-
ent acorn fates (cached vs. opened), diVerent dispersal sea-
son (spring vs. late winter), diVerent acorn species (Q. ilex
and Q. suber) and diVerent feeders. For distance compari-
sons, we used log-transformed as the log-normal model was
the best to Wt the data (see Results).

We performed a density analysis with the spatial analy-
sis module of ARCVIEW ver. 3.2 using a search radius of
17.5 m and a cell unit of 1 m. This allowed us to develop
the kernel shadows and, afterwards, to visually identify all
cache clusters – i.e. areas with high cache density. All spa-
tial analyses were performed on each feeder independently,
except for feeder 5 which had very few jay visits, thus pre-
cluding any analysis.

The vegetation composition within a 1-km radius of
each feeder was obtained from the 2003 aerial photograph
archives, and the necessary corrections were made during
Weldwork (2005). The data were subsequently transferred
to a GIS for analysis. Vegetation categories were aggre-
gated into six vegetation types (the dominant landscape
units): (1) Welds, (2) recently abandoned Welds (aban-
doned Welds with low plant cover), (3) oldWelds (aban-
doned Welds with high plant cover), (4) shrublands, (5)
pine forest and (6) forest roads and tracks. We tested
whether the number of acorns found in each vegetation
type was diVerent than that expected from the proportion
of vegetation types available around each feeder using a
chi-squared test. The test was performed at diVerent dis-
tances to the feeders (0–40, 40–80 and 80–120 m). The
residuals of this test were used as indicators of preference
(positive residuals) or avoidance (negative residuals). For
this analysis, we consider a maximum distance of 120 m,
which includes most acorns (88.6%) and all cache clusters
in all feeders.

Results

A total of 239 tagged acorns were tracked, 158 (64.0%) of
which were cached; the remainder were opened by the jay
(26.7%), abandoned close to the feeder (1.6%) or their
radio-tracking signal was lost (4.5%). Because radio-
interference in the study area was high, retrieval time varied
from 1 to 93 days (mean = 5.4 days; SD = 9.9; n = 152).
Signal detection was lower (usually about tens of meters)
than transmitter speciWcations (hundreds of meters) due to
the fact that the transmitter antenna was rolled up inside the
acorn. Mean retrieval time – i.e. the average time between
acorn placement in feeder and cache detection – tended to
be shorter for opened than for cached acorns (2.8 vs.
6.6 days; P = 0.029; MWU test) because the opening of the
acorn allowed the antenna to unfold to some degree (usu-
ally to its full length), thereby increasing signal detection.
No diVerences in any of the acorn size parameters (length,
width or weight) were observed between cached and
opened acorns (t-test, P > 0.8), and no association between
species (Q. suber vs. Q. ilex) and acorn status (cached vs.
opened) was found (�2 tests, P = 0.82). In some cases
(8.3%; and only in the spring trials), the jay-cached acorns
were pilfered by rodents, and the transmitters were located
deep underground or inside the stone walls of Weld terraces.
Jays tended to open more acorns in the spring (34.3%) than
in the winter (22.1%; �2 = 3.980, P = 0.046).

Dispersal distances

The distance distribution of cached acorns was right-
skewed and leptokurtic (Fig. 1; skewness = 3.39, Kurtosis
= 15.41). The distance distribution that best Wt the data

(with the lowest AIC) was the log-normal distribution (AIC
= 1606.0) with a mean of 3.844 (SE = 0.068; location

parameter) and a standard deviation of 0.851 (SE = 0.048;
shape parameter) (values in log-scale). The other Wtted dis-
persal distributions showed a worse performance: normal
(AIC = 1,791.1), exponential (AIC = 1,637.7) and
Weibull (AIC = 1,633.3). The distance distribution data
were not signiWcantly diVerent from a log-normal distribution
(KS test: W = 0.992, P = 0.516), but they diVered from nor-
mal (P < 0.0001), exponential (P < 0.0001) and Weibull
(P = 0.0359) distributions (KS tests). Similar results were
obtained when analysing the diVerent feeders separately,
i.e. for all feeders (feeders 1–4) the best Wt was the log-
normal distribution, and there was no signiWcant diVerences
(P > 0.3, KS test) between the observed distance distribu-
tions and a log-normal distribution.

The distributions of cached and opened acorns were sig-
niWcantly diVerent (Figs. 1, 2; Table 1). The mean distance
of cached acorns was 68.6 m (SD = 73.57), with values
ranging from 2.8 up to about 545.4 m (25, 50, 75, 90 and 95
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percentiles were 25.87, 49.15, 75.97, 149.60 and 196.71 m,
respectively). Opened acorns were moved over much
shorter distances, from 2.2 up to 137.5 m, with a mean of
37.6 m (SD = 34.1; 25, 50 and 75 percentiles were 11.50,
30.61 and 46.15, respectively; n = 66). No diVerences in
either the mean or the distribution of distances were found
between Q. suber and Q. ilex (Table 1). The mean distance
did not diVer between spring and winter (89.6 vs. 66.0 m;
P = 0.152), but the distance distribution did show diVer-
ences (median = 63.5 vs. 48.1 m, respectively; Table 1).

There were also diVerences in mean distance and distribu-
tion among feeders, mostly because of shorter distances at
feeders 2 and 4 (Table 2). None of the feeders showed a
positive relation between the order that the acorns were
cached and the distance to the caching site. Acorn size
(length, diameter or weight) were not correlated with dis-
persal distance (Pearson’s correlation, n = 220, P > 0.6).

Seed shadow

Feeders 1–3 were located close together. Although most
(89.4%) acorns were found closer to the source feeder than
to the other feeders, 10.6% showed the opposite pattern,
evidencing the overlap between seed shadows (Fig. 2).

Density analysis revealed from one to Wve high-density
areas of cached acorns close to each feeder (Fig. 3), with
the exception of feeder 5. These caches clusters account for
60 (feeder 1) to 89% (feeder 3) of the total cached acorns,
but their areas range from only 3 (feeder 1) to 19% (feeder
3) of the total area covered by all the acorns cached at each
feeder (Table 2). Cache density at the cluster ranged
between 19.5 and 75.0 (mean: 60.9) tagged acorns/ha.
Extrapolation of these data to all the acorns left at the
feeder (tagged and untagged acorns) suggest that cluster
densities raged between 174 and 675 (mean: 419.8) acorns/
ha (corrected densities in Table 2). At feeder 5, no such
clusters appeared, as this feeder had very few jay visits (no
spatial analysis was performed for this feeder). Isolated
caches were found farther away than clusters of caches for
all the feeders (KS test P < 0.01; Table 2).

Jays did not randomly select vegetation types for hoard-
ing acorns; we detected a trend in their vegetation-type
selection (�2 test for 0–40 m, P = 0.080; for 40–80 m,
P = 0.032; for 80–120 m, P = 0.054). They preferred recent
oldWelds and forest tracks and avoided shrublands, irrespec-
tive of distance (Fig. 4). For Welds, oldWelds and pine
woodlands, we found an interaction with distance in such a
way that Welds and oldWelds were preferred at short dis-
tances and avoided at greater distances, while the opposite
was true for pine woodlands (avoided at short distances and
preferred at greater distances).

Discussion

Acorn dispersal by jays

Jay caches were located at distances of approximately 3 m up
to approximately 550 m from feeders, often aggregated in pre-
ferred areas (cache clusters). These primary dispersal distances
are shorter than those previously reported by Gómez (2003)
probably because of the diVerent landscape structure. In fact,
we found signiWcant diVerences between our feeders in terms

Fig. 1 Distance distribution for cached and opened acorns (white and
grey bars, respectively). The distribution of cached acorns does not
diVer from a log-normal distribution. Inset Shapiro–Wilk test,
W = 0.99; P value = 0.55
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of distance distribution, vegetation selection and number and
distribution of preferred areas for caching acorns. Feeders 1
and 4 were in pine woodland patches with no recent oldWelds
(preferred patches to hoard) nearby. Thus, jays cached the
acorns in the same pine woodland, preferentially on paths or

forest roads. The preference for recent oldWelds can be clearly
seen in the data from feeder 2, where many of the other vegeta-
tion classes were in the vicinity. In contrast, feeder 3 was
located inside a non-preferred habitat (oldWelds and shrub-
lands), and acorns were cached in cleared areas of the shrub

Table 1 Comparison between mean distance movements in several type pairs of marked acorns (data were log transformed prior to the analysis)

*P · 0.05, ***P · 0.001

n1 and n2 are the number of cases. Mean diVerence (m) refers to the diVerence between the means, expressed in metres
a Only feeders 1, 2 and 3 were considered as data from both seasons was available
b Only data from winter 2005 and spring 2006 were used as both species were used simultaneously

Pair n1 n2 Mean 
diVerence (m)

Mean distance 
(P) (t-test)

Distance distribution 
(P) (KS)

Cached versus opened (all) 158 66 31.0 <0.0001*** 0.0003***

Spring versus winter (cached)a 47 68 23.6 0.152 0.031*

Spring versus winter (opened)a 24 19 3.3 0.578 0.97

Q. ilex versus Q. suber (all)b 94 54 1.6 0.944 0.965

Q. ilex versus Q. suber (cached)b 69 42 5.9 0.544 0.952

Table 2 Summary statistics by feeder for all caches, for caches within clusters and for isolated caches

Included are mean-distance (ANOVA, log-transformed distances) and distance-distribution (KS test) comparisons between pairs of feeders. DiVer-
ent letters represent a signiWcant diVerence between feeders
b Minimal polygon area refers to the minimum convex polygon that contains all cached acorns
c Corrected densities are estimated on the basis of the proportion of tagged cached acorns to the total acorns in the feeder (1:10)

Within cluster analysis was not possible at feeder 5 because of limited data (see main text)

Feeder

1 2 3 4 5 Mean

All caches

Total number of cached acorns 37 45 33 27 16 32

Mean distance to feeder (m) 108.4 53.8 68.7 48.4 52.1 68.6

Median distance to feeder (m) 65.9 39.6 60.9 35.4 57.0 51.3

Mean distancesa (ANOVA test) a b a,b b a,b

Distance distributiona (KS test) a b a,d a,b,c c,d

Caches within clusters

Minimal polygon area of cachesb (ha) 0.47 0.88 1.40 0.28 0.38

Area (%) 2.92 16.77 18.72 14.62 8.77

Number of acorns cached 22 40 27 21 21.5

Number (%) 59.5 88.9 81.8 77.8 68.7

Mean distance from caches to feeder 43.6 38.8 53.9 33.8 38.7

Caching density (acorns/ha) 46.8 45.5 19.3 75.0 60.9

Corrected densityc (acorns/ha) 421 410 174 675 419.8

Isolated caches (outside clusters)

Minimal polygon area of cachesb (ha) 15.71 4.34 6.07 1.64 6.94

Area (%) 97.08 83.23 81.28 85.38 86.74

Number of acorns cached 15 5 6 6 8

Number (%) 40.5 11.1 18.2 22.2 23

Mean distance from caches to feeder 203.4 174.0 135.4 99.3 153.0

Caching density (acorns/ha) 1.0 1.2 1.0 3.7 1.7

Corrected densityc (acorns/ha) 9 10 9 33 15.3
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patch or in medium distance small woodlands (Fig. 3). Thus,
we suggest that jay dispersal-distances and seed-shadows are
closely related to landscape composition and conWguration and

that the reason for this may be that landscape structure deter-
mines jay territory composition and use. Altogether, our Wnd-
ings suggest that more attention should be devoted to gaining
an understanding of the role of landscape composition, conWg-
uration (Kollmann and Schneider 1997) and structures (Pausas
et al. 2006a) in seed dispersal studies.

The dispersal distribution follows a log-normal distribu-
tion, which suggests the importance of the “skip distance”
(Greene et al. 2004) – i.e. that the maximum seed rain is not
at the seed source but a few meters away (Fig. 1). Similar
results have been observed in many species, and include
both wind- (Greene et al. 2004) and animal- (Russo et al.
2006) dispersed seeds. This distance distribution may rep-
resent a generalised dispersal curve for one dimension (dis-
tance). However, when the two spatial dimensions were
considered, we found two clearly deWned cached-acorn spa-
tial arrangements (clusters vs. isolated scattered caches;
Howe 1989, Russo et al. 2006), from which it may be pos-
sible to derive important consequences for spatial models
of oak regeneration (Ribbens et al. 1994; Pausas 2006;
Purves et al. 2007) and for future developments of aVores-
tation techniques based on facilitating natural regeneration
(Pausas et al. 2004; Vallejo et al. 2006). The fact that the
dispersal distances did not increase with the order that the
acorns were cached suggests that at the dispersal densities
inferred at the cache clusters, the jays had not reached a

Fig. 3 Map of the cached 
acorns (dots) at feeders 1–4. The 
dimensions of each quadrat are 
120 £ 120 m, and thus some 
isolated caches fall outside the 
map (see distances in Table 1). 
Black lines delimit the clusters 
of caches (i.e. zones of acorn 
hoarding with >27 tagged 
acorns/ha), white crosses repre-
sent feeder position. Vegetation 
type legend: white Welds, pattern 
of vertical lines recently aban-
doned Welds (i.e. with low plant 
cover), pattern of horizontal 
lines long-abandoned Welds (i.e. 
with high plant cover), dark grey 
shrubland, circle pattern pine 
forest, white corridors Weld 
roads and tracks

Fig. 4 Residuals of the chi-squared test for each vegetation type at
three distances from the feeder (P values are 0.080, 0.032 and 0.054 for
0–40, 40–80 and 80–120 m, respectively). Positive values indicate
preference, negative values indicate avoidance
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hoard saturation; in other words, our results suggest that
jays are capable of caching at densities higher than 400
acorn/ha in one season in their preferred habitats (Table 2).
This point needs further testing as it is possible that these
cache clusters will be recached further by jays (realloca-
tions after “rapid sequestration”; Jenkins et al. 1995).

Jays preferred caching acorns in open habitats (recently
abandoned Welds, forest tracks); this preference progres-
sively decreased as soil cover increased (oldWelds, shrub-
lands), which is in agreement with previously reported
observations on jay seed caching behaviour (Bosssema
1979; Gómez 2003). This habitat preference also concurs
with the seedling regeneration densities in Mediterranean
mosaic landscapes (Pausas et al. 2006b; Pons and Pausas
2006). Moreover, in low-density oak populations, regenera-
tion by rodent dispersal is usually found at a very short dis-
tance from the acorn source (Xiao et al. 2005; Xiao and
Zhang 2006; Pons and Pausas 2007a). Thus, we suggest
that the Quercus regeneration pattern is primarily driven by
jay dispersal, at least in our mosaic landscape. However, in
light of the Wnding that our jays dispersed some acorns to
shrublands but that we failed to Wnd any signiWcant regen-
eration in this habitat (Pausas et al. 2006b; Pons and Pausas
2006), some other processes could be aVecting seedling
densities in this habitat (e.g. high acorn post-dispersal pre-
dation by rodents in shrublands; Pons and Pausas 2007a).
On the other hand, it is also possible that the regeneration
process is not the same in all shrublands, as we observed
some dispersal and reduced predation in Erica shrublands
but not in Ulex-dominated shrublands (unpublished obser-
vations). Recently abandoned Welds have low plant cover
and are preferred by the jay for caching acorns. In these
conditions, the acorn predation risk (by mice) is also low
(Torre and Díaz 2004; Pons and Pausas 2007a). Shrublands
have very high plant cover and the predation risk by mice is
very high; thus, jays avoid caching in such conditions. Old-
Welds are in an intermediate position with respect to plant
cover and are selected at short distances only (Fig. 4), prob-
ably because the robbery risk is counteracted by the low
cost of caching at short distances. On the other hand, the
positive relation between distance and pine woodlands
preference (Fig. 4) may be driven by jays using pines as a
landmark (Bossema 1979) when Xying to a suitable habitat
to hoard acorns.

Rodent robbery of the jay-cached acorns was detected
only in the spring trials and was lower than expected (8.3%
of all cached acorns). Although these data are preliminary,
to our knowledge this is the Wrst time that predation on jay-
cached acorns has been evaluated, and the proposed meth-
odology should facilitate further research on this topic. Our
results suggest that jays may reduce the possibility that
rodents will pilfer the acorn by caching preferentially in
open habitats where rodent activity is lower (Pons and

Pausas 2007a). Moreover, during the jay caching period
(autumn–winter), the wood mouse (Apodemus sylvaticus,
the main post-dispersal acorn predator in the study area;
Pons and Pausas 2007a) is at its lowest annual population
density (unpublished data). In our study we re-used the
tagged acorns very shortly after caching; to obtain more
reliable conclusions on post-dispersal predation it would be
necessary to monitor jay-cached acorns during the natural
dispersal season over longer time periods.

We found no diVerences in dispersal distance and fate
between the two acorn species nor between the diVerent
acorn sizes, even though diVerences in acorn nutrient content
determine diVerential selection by rodents (Pons and Pausas
2006) and jays (Pons and Pausas 2007b). This suggests that,
after selection, jays treated all acorns in a similar way.

Methodological issues

Acorn tracking can be used to unambiguously monitor
large seeds dispersed by birds over a range of tens to hun-
dreds of metres, thus improving the quantiWcation and
delimitation of seed shadows and (especially) the fate of
long-distance dispersal events, which have been underesti-
mated in most previous studies (Cain et al. 2000). Seed
radio-tracking is relatively easy and cheap, and it does not
signiWcantly change acorn weight. Our results indicate that
neither acorn species nor acorn weight modify the distance
that jays move acorns. Moreover, radio-tracking permits
the exact location of the cache site to be determined. Acorn
radio-tracking is less time-consuming than surface-searching
methods (i.e. magnetic systems), especially in long-
distance dispersal events. In addition, this technique is not
conditioned by vegetation, topography (as in visual Xight
tracking) or pilfering and belowground acorn movements
by rodents. However, seed-tracking remains limited by the
size and life-span of current state-of-the-art transmitters
and batteries, respectively, and thus only seeds of interme-
diate (>1 g) to large (e.g., acorns) size are feasible for use
(Sone and Kohno 1996; Mack and Druliner 2003).

The proportion of opened acorns should be treated with
caution as it may not be a good estimation of predation; jays
may open the acorn if they detect that it is a “false acorn”.
Our results also suggest that the season of the experimental
set-up may have some eVect on dispersal distance. A slight
reduction in acorn dispersal distances occurs between acorns
cached in December–January (towards the end of the winter
period) and those cached in February–April (beginning of
the reproductive period; Table 1). This may be mediated by
a reduction in jay territory size towards the reproductive sea-
son (Rolando 1998), which suggests a movement of acorns
towards the reproductive core area. Consequently, the dis-
persal distances obtained in this study (especially those cor-
responding to spring) can be considered to be slight
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overestimations in comparison with those expected during
the natural dispersal period (September–December).

The seed radio-tracking approach has a great potential
for providing insights into acorn reallocations by jays and
pilfering by rodents. The usual methods for estimating
post-dispersal predation are based on artiWcially sown seeds
in the diVerent habitats (Gómez 2004); however, these
experiments do not resemble real acorn dispersal shadows.
Radio-tracking of the dispersed seeds permits marking the
place and following the acorn fate in a “non-invasive” way,
thus facilitating a more true assessment of post-dispersal
predation. If the tagged seed is left in the Weld and its posi-
tion tested periodically, this methodology would also allow
us to study seed relocations and secondary dispersal (Van
der Wall 2002).

Nonetheless, the seed radio-tracking method has short-
comings; the most important of these is that the experi-
ments need to be performed outside the peak acorn season
to force the jay to take acorns from the artiWcial feeders.
However, improvements in the methodology may allow
tracking acorns even in autumn, i.e., by inter-mixing the
marked acorns with the naturally available acorns. This
seems advisable as the size of the jay territory decreases
towards the reproductive season (Rolando 1998) and some
changes in caching behaviour could occur (Clayton 1996).

Concluding remarks

We report here for the Wrst evidence of a spatially explicit
seed shadow for oaks. This application of a seed radio-
tracking method allowed us to obtain realistic acorn distri-
butions and densities as well as jay preferences for caching
acorns. Because jays selected some vegetation types and
the conWguration of the vegetation patches was diverse, jay
dispersal distances varied greatly with the landscape con-
text. Based on our results, variations in the jay dispersal
curve among landscapes deserve future research. The meth-
odology used here may be useful both to evaluate dispersal
curves in diVerent conditions and to elucidate some of the
open questions in acorn dispersal ecology.
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