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Abstract. Seed dispersal has a powerful influence on population dynamics, genetic
structuring, evolutionary rates, and community ecology. Yet, patterns of seed dispersal are
difficult to measure due to methodological shortcomings in tracking dispersed seeds from
sources of interest. Here we introduce a new method to track seed dispersal: stable isotope
enrichment. It consists of leaf-feeding plants with sprays of 15N-urea during the flowering
stage such that seeds developed after applications are isotopically enriched. We conducted a
greenhouse experiment with Solanum americanum and two field experiments with wild
Capsicum annuum in southern Arizona, USA, to field-validate the method. First, we show that
plants sprayed with 15N-urea reliably produce isotopically enriched progeny, and that d15N
(i.e., the isotopic ratio) of seeds and seedlings is a linear function of the 15N-urea concentration
sprayed on mothers. We demonstrate that three urea dosages can be used to distinctly enrich
plants and unambiguously differentiate their offspring after seeds are dispersed by birds. We
found that, with high urea dosages, the resulting d15N values in seedlings are 103–104 times
higher than the d15N values of normal plants. This feature allows tracking not only where
seeds arrive, but in locations where seeds germinate and recruit, because d15N enrichment
is detectable in seedlings that have increased in mass by at least two orders of magnitude
before fading to normal d15N values. Last, we tested a mixing model to analyze seed samples
in bulk. We used the d15N values of batches (i.e., combined seedlings or seeds captured in seed
traps) to estimate the number of enriched seeds coming from isotopically enriched plants in the
field. We confirm that isotope enrichment, combined with batch-sampling, is a cheap, reliable,
and user-friendly method for bulk-processing seeds and is thus excellent for the detection of
rare dispersal events. This method could further the study of dispersal biology, including the
elusive, but critically important, estimation of long-distance seed dispersal.

Key words: Capsicum annuum; dispersal kernel; frugivory; long-distance dispersal; nurse tree; seed
addition experiment; seed dispersal; Solanum americanum; stable isotope tracking; Tumacacori, southern
Arizona, USA.

INTRODUCTION

Seed dispersal and the subsequent recruitment of

seedlings influence the range expansion of species,

population dynamics, genetic structuring, biotic inter-

actions, and the maintenance of diversity patterns

(Tilman 1997, Condit et al. 2002, Levine and Murrell

2003, Carlo et al. 2007, Garcı́a et al. 2007). Yet, strong

connections between dispersal patterns and recruitment

have been notoriously difficult to measure because of

methodological shortcomings in linking seeds or recruits

with their source plants (Nathan and Muller-Landau

2000, Wang and Smith 2002, Nathan 2006).

The difficult tasks of tracing seed dispersal from

specific plant sources are exaggerated at longer distances

(i.e., LDD; Nathan 2006), where some of the most

important dispersal-driven ecological processes take

place (Clark 1998, Nathan 2006). Thus, any technique

that allows researchers to cheaply and quickly scan

thousands of seeds for association with specific source

plants would help to better parameterize models and

further our understanding of dispersal biology (Will and

Tackenberg 2008). Here we introduce a new field

method to track seed dispersal based on marking plants

with 15N stable isotopes. We believe this new method

will have broad appeal and will help to tackle the current

methodological bottleneck in seed dispersal biology, as

it combines the ease and cost-effective nature of external

marking techniques with the rigor of molecular tech-

niques.

Traditional methods used to track seed dispersal.—

Linking dispersed seeds with parent plants is difficult

not only because of the staggering number of diaspores

(i.e., seeds or dispersing units) that plants produce, but

also because the number of potential source plants is

often overwhelming. In rare cases, direct observation of

the dispersal process is possible, but in the majority of

systems, linking dispersed seeds with parent plants
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requires some method of tagging seeds before they leave

the parent plant. Many methods have been tried,

ranging from clever but tedious methods such as the

surgical installation of magnets (Alverson and Dı́az

1989) or the attachment of colored threads to seeds

(Forget 1992), to the logistically difficult and potentially

hazardous methods such as radionucleotide labels

(Winn 1989). Researchers have also attached florescent

microspheres and dye powders to the outside of fruits

and then scanned animal feces under a florescent

microscope for the presence of these markers (Levey

and Sargent 2000, Tewksbury et al. 2002). Finally, in

some systems, it is possible to use genetic markers based

on microsatellites to link seeds to their sources (Godoy

and Jordano 2001, Garcı́a et al. 2007). All of these

techniques have been used successfully in some situa-

tions, but most are not broadly applicable across

systems, either requiring large seeds with abundant

endosperm for microsatellites (Godoy and Jordano

2001), seeds that can be manipulated by researchers

before dispersal (Alverson and Dı́az 1989, Forget 1992),

or systems in which seeds can be removed from traps

before markers from different sources mix together or

are washed away (i.e., fluorescent powder; Levey and

Sargent 2000, Tewksbury et. al. 2002). In addition, all of

these methods become either prohibitively expensive or

logistically intractable when applied to the study of

longer-distance dispersal, because the proportion of

collected seeds belonging to a tagged source declines

exponentially with distance from the source (Nathan

and Muller-Landau 2000).

New method to track seed dispersal: stable isotope

marking with foliar spray of 15N-urea.—Here we show

results that validate a new method using a stable isotope

as a simple, fast, unambiguous, broadly applicable, and

user-friendly tracer of seed dispersal and plant recruit-

ment. The method consists of foliar-spraying plants with

a solution of 15N-urea during the flowering stage. The

urea enters the plant through the epidermis and the 15N

stable isotope is used in anabolic and metabolic

functions. This results in the marking of all plant tissues

with an enriched ratio of the heavy (15N) to the light

(14N) isotope, including the nitrogen-rich endosperm of

seeds (Schmidt and Scrimgeour 2001). Isotopic ratios

are commonly expressed in delta (d) notation as parts

per thousand (%); for notation details, see Newsome et

al. (2007). We designed our experiments to test a set of

four methodological questions critical for the use of this

isotopic marking method in dispersal ecology.

First, do plants sprayed with 15N-urea reliably

produce seeds and seedlings with isotopic ratios above

normal (background) ratios that allow the reliable

differentiation of diaspores of enriched plants from

normal ones? Second, do enriched 15N isotopic values

persist in growing seedlings long enough such that they

serve to track establishing plants? Third, can different

concentrations of 15N-urea be applied to different source

plants to produce reliable, dose-dependent signals that

will allow the tagging of several sources in a landscape

and the accurate differentiation of seeds and seedlings

coming from each? Last, where a single high concentra-

tion of 15N-urea spray is used, can seeds be bulk

sampled by combining and homogenizing material from

seeds or seedlings of unknown parental origin (e.g.,

collected in seed traps, or in a sampling site) such that

the d15N values of the batch correctly estimates the

number of enriched seeds in that batch? If this can be

done, it would dramatically reduce the cost, time, and

labor of analysis in seed dispersal research, and make it

more feasible to detect rare dispersal events at longer

distances.

METHODS

Isotopically marking American nightshade (Solanum

americanum) in the greenhouse: questions 1 and 2.—In

the summer of 2001 we conducted a greenhouse trial at

the University of Colorado, Boulder, Colorado, USA to

test whether distinctive ratios of 15N were detectable in

the seedlings (i.e., offspring) of plants that have been

foliarly sprayed with 15N-urea. Five solutions (1.0, 0.5,

0.1, 0.05, and 0.01 g/L) of 15N-urea (98.9 atom%; Isotec,

Sigma-Aldrich, St. Louis, Missouri, USA) were pre-

pared. To improve adhesion and contact to plant

surfaces, 5 mL of an oil-free surfactant were added to

solutions (Hi-Yield Spreader Sticker, Voluntary Pur-

chasing Groups). Five mature nightshade plants were

randomly assigned to one of the five 15N-urea dose

treatments, and one unsprayed plant served as control.

All six plants were six months old and were grown from

seeds obtained from a wild plant. Prior to the beginning

of the experiment we pruned all flower- and fruit-

bearing racemes, leaving only branches with flower

buds. To apply the 15N-urea, we moved plants to a

protected location and used hand-operated misters to

spray 25 mL of solution, moistening all leaf and stem

surfaces (Appendix A). Plants were sprayed every three

days and experimental plants never had physical contact

with one another. Plants were always watered before

being sprayed, taking care not to wet vegetative parts.

The trial lasted one month, and all plants were sprayed a

total of 11 times.

Solanum americanum fruits (3–9 per plant) were

harvested as they ripened. After separating seeds from

pulp, all seeds from each fruit were planted in nursery

trays. All seedlings were individually harvested and

allowed to dry at room temperature when they reached

2–3 cm in height (approximately one week after

germination). To determine how long the isotopic signal

lasted in growing seedlings (question 2), we used seeds

from one fruit of the plant sprayed with 0.5 g/L, and

seeds from one fruit of the plant sprayed with 1.0 g/L.

Seedlings from each fruit were harvested at different

stages of growth, ranging from one day to one month

after sprouting. With these ‘‘fruit siblings’’ we estimated

the loss rate of the isotopic enrichment during growth.

In large older seedlings, equal material was collected and
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mixed from all leaves. The mass of samples prepared for

spectrometry analyses ranged between 1.0 and 1.5 mg of

dry seedling parts wrapped in tin cups. The seedling

isotopic ratio, or d15N (Newsome et al. 2007), was

measured using continuous-flow mass-ratioing spec-

trometry at the University of Wyoming Stable Isotope

Facility (a CE Instruments NCS 2500 elemental analyzer

in series with a Micromass Isoprime continuous-flow

stable isotope ratio mass spectrometer; CE Instruments,

Wigan, UK). Glycine was used as the standard.

Using d15N isotopic labels to track seed dispersal from

multiple plant sources at one locality: question 3.—In the

summer and fall of 2006 we conducted a field experiment

using potted chilies from a wild variety that is native to

southern Arizona (Capsicum annuum var. glabrusculum).

Seeds from wild chili plants were harvested in December

2005 at the Coronado National Forest in Tumacacori,

Arizona, USA, and were planted in February 2006 in a

greenhouse. From this group we took 60 chili plants,

each grown in a standardized mixture of peat moss,

sand, and clay. To insure that all fruits and seeds formed

after plants were sprayed with the 15N-urea, we pruned

plants three weeks prior to spraying, removing all fruits,

flowers, and flower buds. At this point plants were

moved to a residential backyard in Tucson, where they

were sprayed and allowed to flower and fruit in full

exposure to the weather. We prepared three 15N-urea

dosage treatment solutions: 0.025, 0.2, and 2.0 g/L.

Solutions were stored in dark plastic containers at room

temperature. We chose the three dosages for field trials

based on the results of the previous greenhouse

experiment, in which plants sprayed with urea solutions

differing by a factor of 10 did not show overlap in the

d15N of seedlings (Fig. 1A).

Each of the 60 chili plants was randomly assigned to

one of the three 15N-urea dosage treatments. Plants were

sprayed five times starting in mid-September through

mid-October, with 4–5 days elapsing between applica-

tions. Solutions were applied with hand-operated plastic

spray pumps (Appendix A). To each solution we added

5 mL of an organic wetting agent (Coco-Wet and Spray-

N-Grow; Planet Natural, Bozeman, Montana, USA) to

make solutions stick on waxy plant surfaces. On each

occasion we measured and sprayed 25 mL of the

corresponding 15N-urea dosage on every plant. Plants

were sprayed individually during the morning hours

after they were watered. All plants were supplemented

with a slow-release fertilizer (Osmocote 14-14-14; The

Scotts Company, Marysville, Ohio, USA) and treated

with pyrethrines to keep pests at bay. Once ripe, a

control fruit was harvested from each of the 60 spray

plants by late November 2006. Up to six seeds from each

control fruit were individually planted in nursery trays

at the greenhouse; we harvested and individually dried a

maximum of three seedlings, and packed 1.0–1.5 mg of

tissue in tin cups for mass spectrometry analyses at the

Natural Resource Ecology Laboratory of the Colorado

State University, Fort Collins, Colorado, USA.

We placed the 60 chili plants in a Sonora Desert Grass-

land field within the Santa Rita Experimental Range

(SRER) in Arizona (31853040.1600 N, 110854009.5000 W) in

early December 2006 after most fruits ripened (SRER

background available online).5 The SRER is 30 km away

from the wild population near Tumacacori were we

harvested seeds, and is similar in vegetative cover and

elevation to the Tumacacori site (for site details, see

FIG. 1. (A) Isotopic d15N values (log scale, mean 6 SE) of seedlings germinated from six Solanum americanum plants sprayed
foliarly with five concentrations of 15N-urea vs. control. Sample sizes of treatments are shown above bars. Glycine was used as the
spectrometry standard (USC glycine true d15N¼10.89%, USC glycine standard d15N¼11.06% 6 0.22%; mean 6 SD). (B) Rate of
d15N loss in plants due to growth (log–log scale). Solid symbols (r2¼ 88.4, y¼�0.79xþ 3.6) are seedlings from a single fruit from a
plant sprayed with 1.0 g/L; open symbols (r2¼91.4, y¼�0.83xþ3.06) are seedlings from a single fruit from the plant sprayed with
0.5 g/L 15N-urea. Isotopic values were still well above the levels of normal plants even after seedlings had gained mass by two orders
of magnitude.

5 hhttp://ag.arizona.edu/SRERi
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Tewksbury et al. 1998), but SRER contains no native

populations of chilies. We placed the 60 potted plants

within a 250370m fenced plot at SRER, arranging plants

in 12 groups under trees, four groups for each 15N dosage

treatment. We distributed the groups evenly within the

plot and placed 200 seed traps under virtually every tree at

the plot. Seed traps were circular laundry baskets 44 cm in

diameter, equipped with a net of fiberglass mosquito

netting to catch seeds and covered with a steel mesh (131

cm) that kept animals from reaching the contents of the

trap (Appendix A). We collected chili seeds caught by seed

traps on February 2007. Seeds found in traps were planted

and seedlings were harvested and individually packed for

spectrometry as previously described.

Enriching wild plants with 15N and using batch-

sampling to estimate seed dispersal distances: question

4.—For this trial, we worked on a wild chili population

in Tumacacori (31833051.2400 N, 111850.000 W). During

10–22 August 2006, after the peak of the monsoon

season, we sprayed 1.0 g/L of 15N-urea solution on 19

large plants in full bloom (Appendix A). The enriched

plants were embedded in three sites with dense chili

populations (i.e., 50–100 adult plants) labeled A, B, and

C, and one area with a sparse population of only six

adult plants labeled site D. The numbers of plants

selected for isotopic enrichment were: six in site A, five

in sites B and C, and three in site D. Each population

was 300–950 m from the nearest neighboring site

(Appendix B). Each plant was sprayed once a day

between 07:00 and 10:00 hours in seven different days,

from 12 August to 27 August 2006. We started every day

in a different area and spent 1 minute spraying each

plant until all leaf surfaces and flowers were wet with

solution (Appendix A). In early November 2006 we

collected 1–5 ripe fruits as controls from each enriched

plant from tagged twigs that bore open flowers and/or

flower buds when first sprayed. We also collected seed

samples from some plants in the fall of 2007 (7 plants)

and 2008 (5 plants) to examine the levels d15N to check

for the persistence of enrichment level one and two years

after spraying. Up to five seeds per fruit were planted in

nursery trays at the greenhouse. Seedlings were harvest-

ed within a week after germination, individually planted,

dried, packed, and analyzed with mass spectrometry.

The bird-dispersed seed rain from enriched and

normal chili plants was recovered in Tumacacori using

seed traps placed directly under trees (Appendix A). We

placed between 60 and 80 seed traps (n¼ 265) during the

first week of October 2006 at each of the four sites in

Tumacacori, and at distances of up to 150 m from the

nearest enriched plant (see Appendix B for a map layout

of enriched plants and seed traps). Bird-dispersed chili

seeds were recovered from traps in December 2006. For

dispersal analyses, all chili seeds found within the same

seed trap constituted a seed batch. Seeds were planted

and harvested as previously described. Batches of three

or more seedlings (with an unknown number of enriched

seedlings, if any) were placed in a Wig-L-Bug grinder

(Dentsply, Elgin, Illinois, USA) to homogenize the plant

material. For this we took 0.80 6 0.10 mg of tissue (stem
and cotyledons) from each seedling; excess material was

preferentially pruned off from cotyledons because stems

have less nitrogen. The step of germinating seeds is not
strictly necessary but preferable, as it facilitates collect-

ing a specific mass from each sample: cotyledons are soft

and seeds are tough to break. Large-sample batches
(e.g., .30) were freeze-dried in liquid nitrogen overnight

to facilitate grinding and mixing. Samples were packed
in the aforementioned way.

The number of enriched seeds in a batch sample, MSb
(where MS refers to the isotopic mark of seedlings in the
batch), was estimated using a standard mixing model.

For a given d15N batch value (db) and an average d15N
control value from enriched plants in the site (de) and
from normal control plants (dc), the predicted number of

enriched propagules (MSb) in a seed trap batch with (nb)

seeds can be calculated as

MSb ¼
db � dc

dm � dc

nb

� � : ð1Þ

To determine the accuracy of this mixing model in

predicting quantities of enriched seeds, we created
controlled batches by mixing known numbers of

enriched and normal seeds and then used the d15N
values of the batches to solve Eq. 1 and then compare
observed and predicted values. In this experiment, both

enriched and normal seeds came from field plants in

Tumacacori (site C). We created five independent
replicate batches with ratios of 1:100 enriched to normal

seeds, and three independent replicate batches of 5:100,
10:100, 15:100, 20:100, 50:100, 2:20, 4:20, 10:20, 1:10,

2:10, and 5:10.

RESULTS

Questions 1 and 2.—The d15N values of 193 S.
americanum seedlings reflected, in a dose-dependent

fashion, the five 15N-urea concentrations sprayed on

their mother plants (Fig. 1A). Value distributions for
d15N ratios of seedlings were log-normal for all spray

treatments (although d15N values for unsprayed plants

were normal), showing zero overlap in values from
treatments that were different by at least a factor of 10 in

the 15N-urea spray concentration (Fig. 1A). The d15N
value in seedlings was a power function of the 15N-urea

dose sprayed on plants (log d15N (seedlings) ¼ 8.23 þ
1.28 log(15N-urea spray concentration); r2¼ 0.91, F1, 191

¼1866, P , 0.0001). All plants sprayed with at least 0.05

g/L 15N-urea had 100% of their offspring with d15N
values that were between three and 175 times higher
than the highest value found in normal seed controls

(Fig. 1A). Doses of 0.01 g/L were too low and only
57.6% of seedlings in this treatment had d15N enrich-

ment values greater than unsprayed controls (Fig. 1A).

The d15N values decreased exponentially with seedling
size, but enriched seedlings were detectable after more
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than two orders of magnitude of growth. Seedling dry

mass at sprouting ranged from 0.24 to 0.30 mg, and

d15N values in month-old seedlings weighing .90.0 mg

(dry mass) were still distinctively higher than the

enrichment value of unsprayed controls (Fig. 1B).

Slopes were almost identical for regression lines of both

treatments, but with a shift in intercept value (Fig. 1B).

Question 3.—The 60 chili plants sprayed with one of

three dosages of 15N-urea produced highly enriched

seedlings (Table 1). Once more, the d15N value of 159

seedlings was log-normally distributed within the three
15N-urea treatments, and normally distributed in the

control group. The d15N value of seedlings was also a

power function of the dose of 15N-urea sprayed on

mother plants [log d15N (seedlings) ¼ 8.34 þ 1.09

log(15N-urea dose); r2 ¼ 0.96, F1, 156 ¼ 429, P ,

0.0001]. All seedlings had d15N values well above

unsprayed controls, with no overlap among concentra-

tion treatments (Table 1). There was also no overlap

between treatments or controls, as shown by the data

and the predicted 99.5% confidence intervals estimated

by randomly generating 10 000 log-normally distributed

values (normally distributed for controls) based on the

d15N mean and SD of each dose treatment (Table 1;

generations were done using PopTools 3.0 (2008),

available online).6

After placing the 60 isotopically enriched plants in a

field at the Santa Rita Experimental Range in Arizona,

we observed Northern Mockingbirds (Mimus polyglot-

tus) feeding on C. annuum fruits on three occasions

during focal observation bouts that lasted 2 hours per

day for three days in December 2006. The seed traps

received 45 chili seeds that had passed through the guts

of birds. Each of the 45 seeds showed some degree of
15N enrichment that matched one of the three concen-

tration treatments (Fig. 2). A group of 27 seeds had a

d15N range of 44.8–138.2%, thus matching the expected

range of the 0.025 g/L treatment (99.5% CB (confidence

bound)¼ 32.2–162.8%; Table 1). A single seed had d15N
¼ 734.9%, thus falling within the range of the 0.20 g/L

treatment (99.5% C.I. ¼ 260.2–2061.1; Table 1). Last,

there were 17 seeds with a d15N mark range of 4653.1–

11 181.4, which can be safely assigned to the 2.0 g/L

treatment (99.5% CB ¼ 3703.8–20 855.1%, Table 1).

Question 4: Can wild plants be enriched and the seed

rain batch-sampled to estimate dispersal?—We examined

the d15N values of 121 seedlings grown from seeds

harvested directly from the 19 wild plants enriched in the

field in Tumacacori. All seedlings had highly enriched

isotope ratios (d15N range 929–14 604%). There were

also significant differences in levels of enrichment both

within and among plants across the four study sites (Fig.

3). To examine such differences we fitted a general linear

model (JUMPIN 4.0, SAS Institute 2000) using log d15N
as the response variable, ‘‘individual’’ as the factor

(random effect, 19 levels), and ‘‘site’’ as the covariate

(random effect, four levels). This analysis shows a

significant effect of both individual and site on the

average isotopic ratios of seedlings from enriched field

plants (whole-model adjusted r2¼ 0.70, F21,99¼ 13.16, P

, 0.0001). ‘‘Individuals’’ explained 13.81% of the

variance (F18,99¼ 2.32, P¼ 0.0045), and ‘‘site’’ explained

86.19% of the variance (F3,99 ¼ 14.5, P , 0.0001). Still,

overlap among d15N values was commonplace indepen-

TABLE 1. Isotopic ratios of seedlings produced by 60 Capsicum annuum sprayed with three 15N-urea concentration treatments.

15N-urea concentration
sprayed on mother plants

No. mother plants/
total seedlings

d15N,
mean 6 SD (%)

Median
d15N (%) Min.–max. d15N (%) 99.5% CB (%)

Control (0 g/L) 10/10 0.5 6 5.7 0.89 �11.16–10.94 �14.4–15.4
0.025 g/L 19/61 76.92 6 24.3 79.19 33.79–130.44 32.2–162.8
0.200 g/L 22/55 803.78 6 335.2 770.70 312.1–2184.5 260.2–2061.1
2.000 g/L 19/42 9315.83 6 191.2 8762.0 4424.0–15 535.0 3703.8–20 855.1

Notes: Control d15N values were obtained from 10 normal plants. 99.5% confidence boundaries (CB) were created by generating
log-normal random distributions of 10 000 values using the mean and SD of each treatment (for controls we used normal
distributions because values were normally distributed). There were at least three seedlings per mother plant. In this experiment,
potted plants were sprayed in Tucson, Arizona, USA.

FIG. 2. Isotopic d15N values (log scale) of seedlings
germinated from 60 Capsicum annuum plants (also see Table
1), and of 45 seedlings germinated from bird-dispersed seeds
captured in seed traps. Isotopic ratios from all seeds collected in
the seed traps are within the range of values of one 15N-dosage
group. Thus, the source group for each dispersed seed can be
traced by its distinctive isotopic mark.6 hhttp://www.poptools.org/i
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dently of the site and/or individuals sprayed (Fig. 3).

Wild plants sprayed in 2006 were still producing highly

enriched seeds in 2007 (d15N¼ 465.6% 6 40.4% (mean

6 SE) and 2008 (d15N ¼ 191.42% 6 37.36%).

Each of the 23 control batches, the batches we created

by mixing both enriched and normal seeds, produced

isotopically enriched material (Fig. 4A). Even when a

single enriched seed was ground with 99 normal seeds,

the d15N signals were strong, with an average batch d15N
of 108.4% 6 16.15% (mean 6 SE); the normal d15N of

seeds is 0.50% 6 1.82%. Moreover, when using Eq. 1,

the d15N value of batches could predict reasonably well

the original number of enriched seeds (Fig. 4B).

In the natural chili populations in Tumacacori, we

obtained 1239 chili seeds in 54 of the 265 seed traps.

From those seeds, 845 seedlings germinated and were

mixed to create one batch sample for seedlings from

each seed trap. The presence of enriched seedlings is

obvious in 30 of the 69 seed traps, as shown by the d15N
of batches (Table 2). The range of d15N values for single

normal seeds was 9.3–17.8%, whereas the batches

containing at least one enriched seed had a d15N range

of 141.96–2877.2% (Table 2). However, the isotopic

values of batches with no enriched seeds ranged from

8.9% to 25.81% (Table 2). This small increase in d15N is

probably due to 15N carryover in the mass spectrometer

column after burning highly enriched samples (D.

Reuss, personal communication). With these data we

calculated and plotted dispersal distances for enriched

seeds using the spatial coordinates of each seed trap and

the sprayed chili plants in Tumacacori (Appendix B).

Because there were several enriched plants at each site,

we used the minimum possible seed dispersal distance

for these calculations (Fig. 5).

DISCUSSION

Our three experiments demonstrate that this isotope-

marking method is a valuable tool for studies of seed

dispersal and recruitment. First, we showed that

propagules from isotopically enriched plants can be

unequivocally distinguished from those of normal

plants. We also showed that propagules could be

distinguished from plants enriched by up to three

different urea concentrations because 15N is incorporat-

ed by plants and transmitted to propagules in a dose-

dependent manner. This method is useful for field

experiments contrasting seed rain from different local

sources (i.e., treatments), but it requires each seed or

seedling to be analyzed as one spectrometry sample.

FIG. 3. Isotopic d15N values (mean 6 SD) of seedlings from
19 wild chili plants (each histogram bar represents one
individual) sprayed with 15N-urea (1.0 g/L) in August 2006.
Each bar is an individual plant, grouped by four different
populations (sites A, B, C, and D) in Tumacacori, Arizona,
USA. All plants produced seedlings with enriched 15N values.
The d15N of seedlings from normal plants was 14.05% 6 3.96%
(mean 6 SD).

FIG. 4. (A) Isotopic d15N values (mean 6 SD) of batches of
100, 20, and 10 chili seeds made by controlling the ratio of 15N-
enriched and normal seeds in batches: 1:100, 5:100, 20:100,
50:100; 2:20, 4:20, 10:20; 1:10, 2:10, 5:10. Enriched seeds came
from a single wild C. annuum plant in Tumacacori (site C). (B)
Relationship between the number of enriched chili seeds added
to each control batch (x-axis), and the number of enriched seeds
predicted in batches by Eq. 1 (log–log scale; see Methods). This
is a test of accuracy of detection of the mixing model (Eq. 1);
thus it includes known mixtures of 15N-enriched seeds with
normal ones.
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TABLE 2. Isotopic value data from C. annuum propagules found in seed traps in at four sites (A–
D) in Tumacacori, Arizona, USA, during fall 2006.

Site Seedlings/batch, nb d15N of batch, db (%)
Estimated no. seeds/batch MSb

(MSb [dm 6 SD]) (%)

A 131 288.66 14.5 (9.99, 26.7)
A 65 305.407 7.2 (4.91, 13.15)
B 64 7637.447 61.1 (46.07, 64.00)
D 64 3310.69 54.4 (36.37, 64.00)
A 51 332.243 6.6 (4.15, 12.07)
A 51 790.874 16.1 (11.09, 29.67)
B 44 1191.801 6.5 (4.95, 9.59)
B 34 599.68 2.5 (1.93, 3.73)
B 24 294.185 0.8 (0.67, 1.29)
A 22 1247.545 11.1 (7.61, 20.35)
C 19 345.656 1.0 (0.61, 2.81)
D 17 3817.45 16.7 (11.14, 17.00)
A 15 433.669 2.6 (1.75, 4.70)
A 15 623.166 3.7 (2.55, 6.83)
B 15 13.525 0
D 15 3814.38 14.7 (9.82, 15.00)
A 13 17.779 0
A 12 1337.717 6.5 (4.45, 11.92)
A 11 18.956 0
A 10 13.703 0
B 10 11.457 0
B 9 14.446 0
D 9 4367.35 9 (6.75, 9.00)
C 6 1436.021 1.4 (0.83, 3.79)
D 6 3738.07 5.8 (3.85, 11.46)
A 5 811.245 1.6 (1.12, 2.99)
A 5 25.81 0
B 5 11.346 0
B 5 12.422 0
A 4 837.401 1.3 (0.92, 2.47)
A 4 24.618 0
B 4 6165.476 3.1 (2.34, 4.00)
D 4 1059.43 1.1 (0.72, 2.72)
D 4 16.78 0
A 3 2877.209 3.5 (2.41, 3.00)
A 3 331.583 0.4 (0.26, 0.71)
C 3 8409.336 3.0 (2.43, 3.00)
B 2 14.009 0
A 1 18.047 0
A 1 9.291 0
A 1 16.027 0
A 1 17.811 0
A 1 11.937 0
A 1 14.582 0
B 1 8.916 0
B 1 11.764 0
B 1 12.314 0
B 1 12.392 0
B 1 12.936 0
B 1 15.435 0
B 1 15 646.9 1
C 1 4796.786 1
D 1 5313.52 1
D 1 11.93 0

Notes: In total, there were 265 seed traps across four sites (Appendix A). Shown are the numbers
of seedlings batched per trap, the d15N values of batches, and the predicted number of enriched
seedlings in each batch. One batch combines equal mass from all germinated chili seeds in the trap
(nb). Batches yield d15N values (db) that are proportionally linear to the mixture of enriched and
normal seedlings in the batch (Eq. 1, MSb, where MS refers to the isotopic mark of the seedlings in
the batch). For dm, the expected value, we used the mean (6SD) d15N of sprayed plants at study
sites (site A, 24 613% 6 1113.9%; site B, 7995.2% 6 2542.9%; site C, 6313.9% 6 4048.5%; site D,
3890.7% 6 1926.7%). Parameter dc (the average value of normal seedlings) was the mean d15N
value of normal seedlings at each site (dc).
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Thus it is most cost-effective in systems with low or

moderate sample volumes. Second, we showed that with

high spray dosages of 15N-urea, isotopic ratios in seeds

are so elevated that 15N enrichment, and thus the plant

source, is still detected after seedlings have grown

substantially (Fig. 1B). Because many seeds suffer

mortality, this technique enables field ecologists to

quantify places (e.g., microhabitats) where seeds germi-

nate and grow, thus making the fundamental ecological

link between dispersal and recruitment (Harper 1977,

Wang and Smith 2002).

Third we show that with such high enrichment levels it

is possible for dozens and hundreds of seeds to be

combined, homogenized, and then screened in mass

spectrometry as one sample. d15N values of batches and

controls are used in a mixing model (Eq. 1) to get a

quantitative estimate of the original number of enriched

seeds in each batch (Fig. 4). This makes it possible to

screen thousands of seeds with a speed, simplicity, and

cost-effectiveness that is unmatched by other techniques.

We fully demonstrated this feature by easily enriching

wild plants in Tumacacori, and then mass-processing

hundreds of bird-dispersed seeds as batches in which we

could determine (1) the presence/absence of enriched

seeds, and (2) the approximate number of enriched seeds

(Table 2, Fig. 4B).

Detecting small quantities of enriched seeds among

many normal ones (e.g., one seed in a batch of 100; Fig.

4) is one of the most promising aspects of this method

because it provides a feasible and cost-effective way to

track rare events, such as long-distance seed dispersal

(i.e., LDD events; Nathan 2006). For example, the

dispersal kernel shown in Fig. 5 took two months of

sample preparations of part-time labor and cost less

than U.S. $900 in equipment and mass spectrometry,

and an extra three weeks to germinate seeds. Compared

to genetic fingerprinting (e.g., Godoy and Jordano 2001,

Garcı́a et al. 2007), isotopes have some obvious

advantages and disadvantages. An advantage is that

there is no need to find or develop DNA primers for

study species. Currently, primers are only available for a

small group of species and taxonomic groups. Although

the cost of primer development is decreasing rapidly,

current costs for the development of primers in novel

systems range from U.S. $3000 to over $15 000, and

development requires 3–12 months of skilled lab work

(P. Jordano, K. Holbrook, and B. D. Hardesty, personal

communication). Thus, isotope marking can represent a

substantial savings in time and money (up to 70–90%

cost reduction). Second, reliable genetic fingerprinting

requires individual analysis of seeds, and certainty of

parenthood depends on accounting for all possible

parental genotypes, which increases the costs associated

with these studies. Bulk sampling is not currently

possible. Last, genetic fingerprinting is difficult for

species with small seeds that do not have enough

endocarp material to make DNA extraction practical

(Godoy and Jordano 2001). For example, in small-

seeded species like nightshades or chilies (i.e., 1–4 mm

seed diameter, 0.3–1.0 mg), separating maternal endo-

carp is virtually impossible for thousands of seeds. Thus,

isotopic enrichment makes it possible to track dispersal

and recruitment of small-seeded plant species.

Conversely, this method is not suited for population-

wide studies in which dispersal or recruitment needs to

be measured from many individuals or sources within

the same site. The dose-dependent feature of isotope

enrichment allows for a comparison of response

variables from up to three enriched plant sources in

one landscape (Table 1, Fig. 2). This conditions the use

of isotope-marking to experimental designs with few and

well-defined treatment sources. For example, a ‘‘source’’

could be defined as individual plants, each associated

with covariates or experimental treatments. But sources

could also be defined as whole groups of plants or

populations in association with biotic, abiotic, habitat,

or landscape variables. This constrains the number of

enriched sources in an experimental unit or landscape,

although four treatments could be used if non-enriched

plants could be used as another treatment. We note that

the number of isotopic tags could probably be increased

by using other stable isotopes, including compounds

with negative isotopic ratios, in combination with 15N

(e.g., Schmidt and Scrimgeour 2001). These options

demand further study and validation, and these limita-

tions suggest that isotopic marking is probably most

useful when studies can use different landscapes as

replicates or experimental units (e.g., Tewksbury et al.

2002, Carlo 2005).

Our field experiment at the Santa Rita Experimental

Range in Arizona shows that isotope marking can be

used to trace seeds and seedlings from up to three local
15N dosage groups (Fig. 2). The match was perfect

FIG. 5. A plot of the quantities and distances traveled by
bird-dispersed enriched chili seeds in Tumacacori, Arizona.
Each point is the number of chili seeds found in one seed trap,
calculated with Eq. 1 (MSb; see Methods and Table 2). The
materials and lab cost of this plot was about U.S. $900.00 (15N-
urea þ continuous-flow mass spectrometry þ other supplies),
showing the potential of the batching technique used in
combination with the mixing model to estimate seed dispersal
curves in the field.
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between d15N values of seeds recovered at seed traps,

and the d15N ratios from the three groups of enriched

plants (Fig. 2). Still, there is a probability of a Type I

error, or a chance for a given seed having an outlier d15N
ratio that would result in its wrong a posteriori

classification among the three possible plant source

groups. Such probability is not significant because we

did not observe overlap of d15N values in our

experiments when sprays differed by a factor of 10 in
15N concentration. It is worth pointing out that we did

not test the use of dosage concentrations on wild plants.

Thus, caution must be taken when marking wild plants,

because we observed significant differences in d15N
among individuals within and across locations in

Tumacacori (Fig. 3). In wild plants, site effects on

isotopic ratios were quantitatively more important than

intra-plant differences, and are probably induced by

environmental heterogeneity in Tumacacori (e.g.,

edaphic factors, water availability, aspect, and slope).

Biological factors such as individual differences in

reproductive investment, intra-plant variation in re-

source allocation, and fractionation (Newsome et al.

2007) could further contribute to high variance in d15N
values. Given that our potted plants for the dosage

experiment at SRER were cultivated in uniform soil

mixture and moisture, it is possible that when applying

dosage treatments to wild plants, environmental hetero-

geneity and biological factors could increase the

likelihood of overlap among the three enrichments.

When using this technique, it is important to keep in

mind the phenological patterns of plant species to

enrich. It is most straightforward when plants produce

flowers within a short, well-timed period (a common

strategy in seasonal environments), as do Capsicum

annuum plants in dessert grasslands. If fruits do not

differ much in age, then isotopic enrichment should be

more even among seeds than when plants produce fruit

over an extended period, as is typical for many tropical

plants (Carlo et al. 2003). Keeping enrichment levels as

constant as possible in plants with extended phenology

patterns probably requires distributing spray applica-

tions over time. This is something we did not investigate,

and it should be explored by future studies. Still, we

believe that reapplications in such cases do not need to

be too frequent, based on the high signatures found one

and two years after spray applications in the field. This

shows a remarkable conservation of the enrichment,

considering that C. annuum plants in Arizona lose most

or all of their aboveground vegetative parts during the

winter, spring, and early summer, resprouting each year

during the late-summer monsoons.

Here we have presented isotopic enrichment results

for two plant species belonging to the same family; the

question of broad applicability across species or taxa

remains open. We do believe, however, that this method

should work on most plant species. For example, we

have used these methods successfully for Helianthus

annuus (wild sunflower, Asteraceae), Cestrum diurnum

(Solanaceae, large shrubs), Ardisia solanacea (Myrcina-

cea, small trees), and snow peas (Pisum sativum,

Fabaceae). In addition, Schmidt and Scrimgeour

(2001) enriched Zea mays (Poaceae) in their seminal

study on 15N foliar leaf-feeding. A more important

limitation for this method is probably the size of the

plants to be enriched. Large plants or trees will require

large volumes of urea solutions, and canopies are

obviously hard to reach. Future research should explore

ways of enriching large trees, possibly using xylem

delivery systems (e.g., tree I.V. and Quick-Jets from

Arborjet, Woburn, Massachusetts, USA). Weather

conditions could also limit the use of isotope enrichment

by spray. Rainy weather could make applications

difficult to perform or ineffective if heavy rains take

place immediately after applications. In Tumacacori

there were heavy rains a few hours after some of our

field applications and this could have contributed to the

significant d15N variance across sites (Fig. 3), although

all plants were highly enriched in spite of this.

The use of stable isotopes in ecology has expanded

exponentially in the last few decades, creating major

advances in the study of food webs (Ehleringer et al.

1986, Wolf et al. 2002), physiological ecology (Robinson

2001, Newsome et al. 2007), and ecosystem function

(Balasdent et al. 1993). To date, however, these versatile

tools have not been applied as passive plant markers for

the study of seed dispersal and recruitment. Our study

has validated the in situ use of this isotope-tracking

technique, as well as the ability to apply mixing models

to the mass-processing of dispersed seeds. This method

could make it feasible to study rare events, such as

dispersal at longer distances where only a small portion

of sampled seeds are predicted to be of interest.

ACKNOWLEDGMENTS

We thank J. E. Aukema, T. Kodera, C. Adams, S. Taylor,
D. J. Levey, J. Saavedra, E. DuBord, M. Caraballo, K.
Friederich, and D. Haak for help in the various aspects of
conducting this research. A. Cruz and T. Lemieux supported
work at University of Colorado–Boulder, and J. Bronstein and
M. Heitlinger from the University of Arizona supported
conduction of field experiments. D. Garcı́a and K. Shea
provided comments on the manuscript, and D. Reuss conduct-
ed mass spec analyses at the Natural Resource Laboratory,
Colorado State University. This work was supported by an
NSF DEB-0636630 to T. A. Carlo and J. Tewksbury, and NSF
DBI-0511927 to T. A. Carlo.

LITERATURE CITED

Alverson, W. S., and A. G. Dı́az. 1989. Measurement of
dispersal of large seeds and fruits with a magnetic locator.
Biotropica 21:61–63.

Balasdent, J., C. Girardin, and A. Mariotti. 1993. A site-related
d13C of tree leaves and soil organic matter in a temperate
forest. Ecology 74:1713–1721.

Carlo, T. A. 2005. Interspecific neighbors change seed dispersal
pattern of a bird-dispersed plant. Ecology 86:2440–2449.

Carlo, T. A., J. E. Aukema, and J. M. Morales. 2007. Plant–
frugivore interactions as spatially explicit networks: integrat-
ing animal foraging and fruiting plant spatial patterns. Pages
369–390 in A. Dennis, E. Schupp, and D. Westcott, editors.
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APPENDIX A

Foliar spraying, and seed trap photos at various sites in Colorado and Arizona, USA (Ecological Archives E090-245-A1).

APPENDIX B

Maps showing the position of 15N enriched chili plants in Tumacacori, Arizona (Ecological Archives E090-245-A2).
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