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Flowers are more than objects that awaken passions: they were key evolutionary innovations leading to rapid diversifica-
tion and the current dominance of flowering plants in terrestrial ecosystems. However, the major biological function 
that has been ascribed to petals is the mediation of interactions with pollinators. Here we show that petal surfaces can 
effectively capture and quickly allocate nitrogen ions available in wet atmospheric deposition into ovaries and developing 
seeds. In laboratory and field experiments we used 15N stable isotope at trace concentrations and measured petal intake 
in five species from five different families. We observed significant 15N increases in fully developed seeds when petals were 
exposed to 15N, contrasting with the lack of seed enrichment when 15N was applied just to soil or foliage. Translocation 
of 15N through petals occurred in a matter of hours, and mass recovery rates of isotope tracers in seeds were much higher 
through petals (44.6%) than soil (7.4%) or leaves (0%). Our experiments suggest that when reactive N is available from 
atmospheric sources, flower petals could act as permeable surfaces that can help reproductive structures meet demands of 
limiting nutrients.

It is believed that flowers were a key evolutionary innova-
tion allowing the rapid diversification and dominance 
of angiosperms on terrestrial ecosystems (Bawa 1995). A  
distinguishing feature of flowers is the petals, which originate 
as modified leaves or stamens. Petals of some plant species are 
known to function as photosynthetic organs and contribute 
resources to fruit and seed development (Bazzaz et al. 1979, 
Coen and Meyerowitz 1991). In other cases, petals can func-
tion as reflective surfaces that concentrate sunlight on pis-
tils and ovaries, which can accelerate seed development in  
arctic environments (Kjellberg et al. 1982), or to protect 
inner structures from herbivory (Herrera 2010). Still, the 
major biological function ascribed to petals is to advertise 
flowers to animal pollinators (Bawa 1995). But the costs 
associated with flowering displays are high, and shortages 
in nutrient supplies among competing flowers can increase 
abortion rates, reduce the number and quality of seeds, and 
affect the vigor and size of seedlings (Stephenson 1981, 
Fenner 1983, Moles and Westoby 2004). Thus, beyond 
the more obvious roles in pollination, understanding how  
flowering structures acquire and manage limiting nutrients is 
also relevant for understanding flower evolution, elaboration 
and function (Diggle 1995).

Plants typically acquire the majority of nutrients and 
water through their root systems, but this is not the only 
pathway. A seemingly unusual route of nutrient intake 
occurs directly through aboveground surfaces, and can be 
important for acquiring limiting nutrients such as reac-
tive nitrogen (Sparks 2009). For example, experimental 
studies show that more than 16% of metabolic nitrogen 

(N) in some tree species can enter through aboveground 
pathways (Bowden et al. 1989, Vallano and Sparks 2007, 
Sparks 2009). However, it remains unknown how other 
plant structures and surfaces can contribute to the intake 
of atmospherically available nutrients such as reactive N. In 
this study we investigated the potential role of petal surfaces 
in the capture, transport, and the subsequent allocation into 
seeds of reactive N ions available in trace amounts in wet 
atmospheric deposition. We used N because it is one of the 
most limiting macronutrients for primary productivity in 
terrestrial ecosystems (Vitousek and Howarth 1991), and 
because it is easy to use the stable heavy isotope 15N as a 
tracer in seeds (Carlo et al. 2009). We hypothesized that 
petals can function in nutrient intake because of their close 
proximity and arrangement around ovaries, large surface 
area and high permeability. We expected petals to be highly 
permeable to nutrients because in most plant species, waxy 
cuticles are absent or reduced in petals (Barthlott 1981). 
Also, petal surfaces lack stomata, but are known to be  
more porous than leaves to facilitate the release of scents 
(Goodwin et al. 2003). We tested the hypothesis that N ions 
reaching the petals of flowers are allocated into seeds faster 
and in higher quantity than when equivalent N amounts 
reach the surface of leaves, or the soil surface. By directly 
tapping pools of atmospherically available nutrients, petal 
functions could extend beyond more obvious roles in visual 
and chemical signaling to pollinators and contribute to the 
support of the metabolic autonomy of distal reproductive 
structures (Werk and Ehleringer 1983, Galen et al. 1993, 
Obeso 2002).
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Material and methods

We conducted four sequential experiments in 2009 using 
five plant species: Impatiens walleriana (Balsaminaceae), 
Taraxacum officinale (Asteraceae), Phalaenopsis sp. (Orchi-
daceae), Capsicum annuum (Solanaceae) and Mirabilis 
jalapa (Nyctaginaceae). Experiments ranged from pilot tri-
als (experiment one), to more comprehensive laboratory and 
field trials (experiments two through four). Because some 
protocols were repeated among experiments, we start by 
describing general methods before giving details about the 
design of each experiment set.

Plant cultivation conditions in the laboratory

In all lab experiments we used potted plants purchased from 
commercial suppliers and housed in a growth chamber at 
21°C with full spectrum lights 16 h a day. All plants except 
the orchids were hydrated daily with tap water and fertilized 
weekly (1.2% ammoniacal nitrogen, 1.2% nitrate nitrogen, 
5.6% urea nitrogen, 7.0% phosphate, 6.0% soluble potash, 
0.1% iron). Orchids were watered once every week, and  
fertilized once per month with the same general-purpose 
liquid fertilizer. Plants in experiments one, two, and four 
remained in the growth chamber until mature fruits were 
harvested.

Preparation and application of 15N isotope solutions 
on plant surfaces

In the first experiment we used solutions of 15N-urea 
(15NH2)2CO (98.9% 15N) at 0.05 g l21 (i.e. 0.023 g l21 of 
total 15N), and then switched to 15N-ammonium nitrate for 
all other experiments to emulate natural forms of N that 
are common in wet atmospheric deposition. For example, 
rain can contain from 0.2 to 3.4 mg l21 of N as nitrate, 
and concentrations can be higher at or near regions of high 
anthropogenic air pollution (Karlsson et al. 2000, National 
Atmospheric Deposition Program 2008). 15N-urea and 
15N-ammonium nitrate were purchased from Cambridge 
Isotope Laboratories. In experiments two and three, we 
prepared double-label ammonium nitrate solutions by mix-
ing equal volumes of 15NH4NO3 (0.003 g l21, 98%  15N)  
and NH4

15NO3 (0.003 g l21, 98%  15N), which yields 
0.001 g l21 of total 15N. In experiment four we used a  
concentration of 0.025 g l21.

Applications for all treatments were performed in tagged 
flowers on the day of anthesis. In experiments one through 
three, solutions were applied to three surface types (petals, 
leaves, and soil) using a soft paintbrush and keeping con-
stant the number of paintbrush strokes per surface type. In 
petal treatments, solutions were applied gently to the distal 
upper area of every petal. The center of flowers (carpel and 
anthers) was carefully avoided, placing on the outer petals a 
thin coat of solution that did not drip, and that evaporated 
within 30–40 min. For applications in leaf treatments, solu-
tions were applied to the closest leaf to the tagged flower 
(in the same branch). For soil treatment applications, solu-
tions were applied to the surface of filter paper cut to the size 
and shape of a corolla that was placed on the soil surface at 
the base of the plant stem. After applying solutions on the 

flower-shaped filter paper, distilled water was poured over to 
wash the N into the soil.

Experiment one (pilot exploration)

In this first trial we applied 15N to the petals or leaves of  
Phalaenopsis (n  10), and to flowers of Capsicum (n  3) 
and Impatiens (n  3). In the Phalaenopsis trial, half of the 
plants were randomly assigned to petal application treat-
ments, and the rest to leaf treatments. Solutions were applied 
twice (day of anthesis and the next day) in plants from both 
leaf and petal treatments. Trials in Capsicum and Impatiens 
were conceived as ‘before and after’ comparisons, therefore 
controls for the natural d 15N (‰) in seeds came from har-
vesting one ripe fruit from each plant prior to applications. 
In Phalaenopsis, only three of the ten plants had fruit before 
the trials, thus we used a piece of leaf from each plant as 
negative control since there was no significant difference 
in 15N between leaves (avg.  23.45 d 15N ‰) and seeds  
(avg. 21.17 d 15N ‰) (student t  21.23, DF  4, 
p  0.29). At the end of the experiment there were five  
samples from petal and leaf treatments, and eight from  
negative controls (two controls lost during spectrometry 
analyses). We also collected, ground, and analyzed material 
from the whole pedicels of the Phalaenopsis fruits from which 
we collected the seeds (three from each treatment).

Experiment two (lab experiments)

We conducted a more comprehensive experiment using 45 
Impatiens in the growth chamber to compare 15N levels in 
seeds from petal, leaf and soil 15N application treatments. 
Fifteen plants were randomly assigned to each treatment 
type. A young leaf collected from 21 plants prior to the tri-
als provided for the control d15N values since there were no 
fruits at the start of the experiment. We marked two flowers 
on each experimental plant. Applications of 15N solutions on 
petals, leaves, or soil were conducted as previously described. 
At the end of the experiment, counts for tagged flowers in 
each treatment class that set fruit and yielded seeds for mass 
spectrometry analyses where: petal  8, leaf  5, soil  8.

While conducting this experiment, we also performed  
additional trials in the petals of Mirabilis jalapa  
(Nyctaginaceae). For this we used five plants grown from 
seed. Seeds from each plant were collected as negative con-
trol before applications. We treated flowers on four different 
plants. The single large seed of Mirabilis develops quickly 
and was harvested seven to ten days after the applications. 
Seeds set in four of the five treated plants and were processed 
as previously described.

Experiment three (field experiments)

We conducted field trials repeating procedures of experi-
ment two with wild Impatiens in a subtropical mon-
tane rainforest in El Yunque, Puerto Rico, and with wild  
Taraxacum in a lawn in central Pennsylvania. In El Yunque, 
Impatiens forms dense patches along roadsides, and we 
selected 200 flowering Impatiens along a 100 m transect in 
a forest road. Fifty plants were randomly assigned to treat-
ments in one of four groups: negative control, petals, leaves, 
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or soil. We performed all 15N ammonium nitrate applica-
tions during one morning within a four-hour period in a 
sunny day (two applications per flower on the same day, two 
flowers per plant). Fruits were collected for all plants that 
produced fruit (control  12, soil  9, leaf  10, petal  17) 
and prepared and analyzed for 15N as previously described. 
Control seeds were collected from untreated plants at the 
same time as the fruits from the experimental plants were 
harvested in the field.

For the Taraxacum trial we selected 40 plants growing 
in an urban meadow in State College, Pennsylvania, and 
randomly assigned ten to each of the four 15N application 
treatments: negative control, petal, leaves or soil. Because 
Taraxacum flowers are arranged in heads, solutions were 
applied only to the large petals in the outer rim of the flower 
head. Control seeds came from wild untreated plants grow-
ing in the same place. Final sample size for Taraxacum were: 
control  9, soil  7, leaf  9, petal  7).

Experiment four (measuring 15N transport rates  
in petals of Impatiens)

In this experiment we examined N absorption and transloca-
tion rates in petals and leaves of Impatiens. Our experiment 
had two factors: surface of application (petals or leaves) and 
time of collection (0, 3, 6 and 24 h since application). To track  
movement, we placed six 0.1 ml drops of 15N-ammonium 
nitrate (0.025 g l21) on petal tips, and on the tip of leaves 
(also in horizontal position) forming a perpendicular line to 
the rachis (Fig. 3). We used eleven new Impatiens plants 
grown from plugs (as in experiment two) to treat a total of 
26 leaves and 26 flowers with 15N ammonium nitrate. Each 
plant had between two and three flowers, which prevented 
replicating all petal  collection time treatments in all  
Impatiens. However, we replicated all factor combinations 
across plants. After applications, flowers were collected at 
times 0, 3, 6 and 24 h from applications. At harvest, petals 
were cut at the base (Fig. 3), leaving only the carpel, calyx, 
and pedicel (5.00 mg dry weight) for 15N mass-spectrometry.  
An equivalent mass (5.00 dry weight mg) was collected 
from the basal region of leaves at 1 cm from 15N application 
point. Sample sizes for both collection times of petal and leaf  
treatments were: hour 0  11, hour 3  7, hour 6  4, and 
hour 24  4.

Harvesting of seeds and sample preparation  
and analysis

In experiments one through three, seeds were collected 
from ripe fruits developed from tagged flowers. Mirabilis  
and Taraxacum set fruit in 1–2 weeks, followed by Impatiens  
(2–3 weeks), Capsicum (4–6 weeks), and Phalaenopsis (20–24  
weeks). Fruits were individually dried in an oven at 50°C 
for 1–2 weeks. All seeds from a fruit were ground in a mixer 
mill, and a mass of 2.7 mg ( 0.18 SD) was weighted in a 
microbalance and wrapped in tin cups for mass spectrom-
etry. Samples from leaves and other vegetative materials (e.g. 
experiment four) were prepared with 5.0 mg of material. All 
samples were analyzed in a continuous-flow mass ratioing 
spectrometer.

Statistical analyses

To compare average d15N (‰) values in seeds from different 
treatments we used Student t-test when there were just two 
means (i.e. petal vs control), and one-way ANOVA (fixed-
effects) when comparing more than two means (i.e. control, 
petal, leaf, etc.). In the case there were two fruits for the same 
experimental plant, we used for analysis the average of the two 
values to avoid repeated measures. To determine which means 
were significantly different from negative control groups 
we used Dunnett’s post hoc test. To examine if enrichment 
rates differ between ovaries and leaf bases (experiment four) 
we used ANCOVA, with time of collection as a continuous  
variable (the four collection times), and the surface of appli-
cation as categorical factor with two levels (petal or leaf ).

Mass balance calculations

We limited mass-balance calculations to experiment three, 
the Impatiens field experiment, because it was the only one for 
which we had total N values. The amount of 15N recovered 

in seed samples was calculated as 
∆ %15Nt

aN
sN

( )
( )

( )
g

g , where 

D15Nt (%) is the difference in 15N(atom %) between treat-
ment samples and the average control value (0.365919%), 
aN(g) is the average amount of 15N applied on each surface 

Figure 1. Results from laboratory trials in which solutions of 15N-
urea (98.9% atom) were applied on petals of Impatiens walleriana, 
Capsicum annuum, and a Phalaenopsis sp. at a concentration of 
0.025 g l21. Seeds that developed from flowers receiving 15N on 
petals are significantly enriched, showing that petal surfaces are per-
meable to N ions. In Phalaenopsis, the 15N deposited on petals was 
significantly allocated into seeds (F2,15  43.03, p  0.0001), and 
also was significantly present in the pedicels of fruits (F2,6  50.7, 
p  0.0002).
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in seeds were proportionally high, reflecting the high con-
centrations of 15N solution applied on petals (Fig. 1). In this 
first experiment the seeds of Phalaenopsis and Impatiens, two 
species with large petals, showed higher enrichment when 
compared to seeds of Capsicum, which has small petals. Even 
the pedicels of Phalaenopsis were significantly enriched in 
15N (Fig. 1 bottom panel), showing transport beyond the 
ovary down into the plant. In the next set of laboratory and 
field experiments we used trace amounts in the solutions 
of 15N and still the average d15N (‰) value in seeds was  
significantly higher for petal applications in Impatience, 
Taraxacum, and Mirabilis (Fig. 2). This contrasts with the 
lack of enrichment in the seeds of plants that received 15N 
through leaves or soil (Fig. 2, Table 1). Still, soil treatments 
had the second highest average d15N (‰) values in all exper-
iments, which suggest that some 15N from these treatments 
was able to reach seeds (Fig. 2).

In terms of 15N mass balance, ∼ 4% of applied 15N was 
recovered in the seed samples, but when accounting for the 
fact that only ∼ 10% of the seed mass was analyzed, the total 
N recovered rises to ∼ 44%. This is because the seed samples  

type, and aN(g) is the total N(g) in each sample. Despite 
our efforts to control the amount of 15N deposited on plant 
surfaces, values for aN(g) differed between treatments due 
to differences in surface size (leaves usually larger and eas-
ier to treat than petals) and absorbance (i.e. filter paper for 
soil treatments absorbed more liquid from each paintbrush 
stroke). The total mass (g) of 15N applied in solutions were 
quantified by measuring in a microbalance the weight of  
20 flowers, 20 leaves, and 20 flower-shaped filter papers, 
before and immediately after applying on them 15N ammo-
nium nitrate with the paintbrush. We did not used two-
source mixing models (Fry 2006) because the quantities of 
15N applied were a trace fraction (i.e.  3.07  1029) of the 
N found in the average seed mass in an Impatience fruit.

Results

In all species we found significant 15N enrichment in seeds 
of plants that received 15N on their petals (Fig. 1, 2). In our 
first exploratory trials (experiment 1), Values of d15N (‰) 

Table 1. Mass and fractional 15N values for seeds of wild Impatiens walleriana from a field experiment conducted in El Yunque rainforest, 
Puerto Rico.

Surface of application
Avg. 15N  

applied (g)
Avg. total N in  

seed samples (g)
Avg. 15N in seed  

samples (atom %)
Avg. 15N recovery in  

samples (%)

Control 0 8.517  1025 0.365919  0.00021 na
Leaf 2.88  1027 8.744  1025 0.365865  0.00019 20.013  0.04
Soil 3.41  1027 8.833  1025 0.366167  0.00020 0.073  0.05
Petal 1.86  1028 8.850  1025 0.366788  0.00014 4.224  0.62

Additional calculation notes:
avg. mass of samples  0.0027  0.00018 g (SD)
avg. total seed mass per fruit  0.02853  0.0095 g (SD)
petal surfaces received an average of 0.0190  0.004 ml (SD) of ammonium nitrate (98% 15N, double labeled, total 15N  0.001 g l21),

Figure 2. Panel (A)–(D): Results from two laboratory and two field trials in which 15N was delivered at a concentration of 0.001 g l21 on 
petal, leaf, or soil surfaces in simulation of reactive N during a wet deposition event (e.g. rain). Results in laboratory and field trials mirror 
each other, showing that 15N deposited on petals is allocated into the seeds developed many days after the deposition. Letters illustrate 
significant differences for treatments vs. controls using Dunnett’s post hoc test.
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roots and leaves. The high speed of surface absorption and 
transport of N via petals is well beyond what we, or any-
one else, could have predicted based on current knowledge. 
Because the N was allocated into the developing seeds of 
five plant species belonging to five disparate families, we 
suggest that petal nutrient absorption could be of general 
albeit cryptic importance. Reactive N in organic and inor-
ganic forms may reach petals and other aboveground plant 
surfaces more frequently and in larger quantities than is 
ordinarily thought. Inordinate but predictable sources of air-
borne reactive N can originate from insect feces (Nowicke 
and Meselson 1984), or from airborne nutrients present in 
dust clouds (Neuer et al. 2004). It is also worth noting that 
the large petals of many apomictic (i.e. asexual) flowers, such 
as those of Taraxacum officinale, may still function in the 
opportunistic intake of nutrients given that pollination has 
little or no role in their reproduction. Still, it is clear that the 
discovery of this nutrient pathway by itself constitutes no 
proof of its biological relevance, and more studies are needed 
to establish whether the pathway can lead to increases in fit-
ness. The high variation in the morphology and ecology of 
angiosperms, and the diversity of environments they occupy, 
provide ample opportunity to examine this phenomenon in 
a comparative way.

We propose a general way to evaluate how different fac-
tors could influence the importance of nutrient intake by 
petals: the longevity and size of petals, the seed mass relative 
to petal surface area, and the extent of N-limitation in the 
environment. We predict that petal N intake will be more 
important as the surface area of petals increases relative to 
total mass of their seeds, as well as with increases in petal 
longevity, epiphytic habit, and/or N limitation and com-
petition in the soil. For example, the pathway will be irrel-
evant for species bearing small and short-lived flowers that 
produce large fruits and large seeds (e.g. a mango tree). In 
contrast, the pathway may be important for a Phalaenopsis 
orchid that produces flowers that can live for months, bear 
seeds the size of dust, and grows epiphytically in N-limited 
substrates. Our results are somewhat consistent with this 
picture since we observed lower enrichment in seeds of  
Capsicum, a species with small flowers (petal length  0.25–0.5  
cm) and proportionally large seeds, than in the seeds of 
Impatiens (petal length 1.0–3.0 cm) and Phalaenopsis (petal 
length 5.0–10.0 cm), which had the largest flowers and the 
smallest seeds.

Through petal absorption of nitrogen, plant fitness and 
competitive ability could increase because traits like seed 
size, seed quantity and seedling performance are positively 
correlated with the content of N in seeds (Schweizer and 
Ries 1969, Fenner 1983, Moles and Westoby 2004). It 
remains to be tested if petals can also absorb other nutrients, 
as well as whether their permeability affects the action and 
bioaccumulation of herbicides and pesticides within fruits 
and seeds. It is likely that other small charged particles will 
be absorbed since calcium salts and a variety of organic and 
inorganic molecules are known to penetrate through leaf 
cuticles (Schönerr 2001, Schreiber 2005). In conclusion, 
field and laboratory experimental studies are needed to fur-
ther investigate this new and fascinating pathway of nutrient 
absorption, and determine if it can have measurable effects 
on the fitness of flowering plants.

that underwent mass spectrometry averaged a mass of 
0.0027 g, which represents about 9.46% of the average total 
seed mass found in Impatiens fruits in the field site (Table 1). 
This contrasts with the low recovery rates observed in seeds 
from the other treatments (Table 1). However, the total N in 
seeds did not differ among treatments (avg. total N in seed 
samples shown in Table 1: F3,44  1.74, p  0.17), probably 
because plants were not deficient in N and because of the 
small net quantities of 15N added in treatments.

Last, petals absorbed and transported 15N from ammo-
nium nitrate very quickly (Fig. 3). Values of 15N showing 
enrichment are present in the ovary region just after three 
hours (Fig. 3). After 24 h, the ovary regions of Impatiens 
were heavily enriched with the 15N added on the tips of pet-
als, while the petioles and lower lamina region of the leaves 
showed no signs of 15N enrichment (for statistical details see 
the legend of Fig. 3).

Discussion

Our results show that petals provide an easy port of entry for 
N ions available in wet atmospheric deposition, and estab-
lish a novel pathway for nutrient intake in plant reproduc-
tive structures. Petal absorption could be of local importance 
for nutrient-hungry carpels, helping to reduce competition 
among ramets, and lowering the nutrient demands from 

Figure 3. In just three hours, ovary regions of Impatiens became 
enriched when 15N was applied on petal tips, but when applied on 
leaves no enrichment was detected at leaf bases even after 24 hours 
(ANCOVA whole model r2  0.496, F3,48  14.16, p  0.0001; 
parameter estimates of model: ‘Plant part’ t  1.92, p  0.061; 
‘Time’ t  4.77, p  0.0001; ‘Plant part  Time’ t  4.00, 
p  0.0002). The insets illustrate the layout of the experiment, in 
which drops (0.10 ml) of 15N ammonium nitrate at 0.009 g l21 
where placed on the tips of petals or leaves, and material collected 
at a 1 cm distance from the application point.
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