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Practical considerations for the use of pollen d13C value as a
paleoclimate indicator

D. Caleb King, Brian A. Schubert* and A. Hope Jahren
Department of Geology and Geophysics, University of Hawaii, Honolulu, HI 96822, USA

RATIONALE: Workers have shown a correlation between temperature and the pollen d13C value, and therefore suggested
using pollen d13C values to reconstruct paleotemperature. To evaluate the potential for pollen d13C values to be used as a
paleotemperature proxy, it is essential to quantify the variability in pollen d13C values and to evaluate the effect of tempera-
ture on pollen d13C values, in isolation, under controlled environmental conditions.
METHODS: Pollen was isolated from 146 Hibiscus flowers from 26 plants within a single climate environment to evaluate
isotopic variability in pollen d13C values. The nearest leaf (n =82) and flower phloem (n=30) were also sampled to measure
the d13C variability in carbon providing the raw material for new growth. To evaluate the correlation between temperature
and pollen d13C values, we isolated pollen from 89 Brassica rapa plants grown in controlled growth chambers with tempera-
tures ranging from 17 to 32�C.
RESULTS: The range in pollen d13C values collected from different flowers on the same Hibiscus plant was large (average=
1.6%), and could be as much as 3.2%. This amount of variability was similar to that seen between flower-adjacent leaves,
and phloem extracted from styles of individual flowers. In controlled growth chamber experiments, we saw no correlation
between temperature and the pollen (R2=0.005) or leaf (R2= 0.10) d13C values.
CONCLUSIONS: We measured large variability in pollen d13C values. When temperature was isolated from other
environmental parameters, temperature did not correlate with the pollen d13C value. These results complicate the supposed
relationship between temperature and pollen d13C values and caution against using nanogram isotope analytical techniques
for characterizing whole-plant individuals. Copyright © 2012 John Wiley & Sons, Ltd.
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Angiosperm fossil pollen can be found abundantly in the
geological record, from the time of the evolution of the first
angiosperm plants (130Ma)[1] up to and includingQuaternary
sediments, while fossil gymnospermous prepollen extends
back 300 million years or more.[2] The great utility of
fossil pollen as a biostratigraphic indicator based on its
resistance to diagenesis has led to the identification of most
palynomorphs to the taxonomic level of Family, and often
Genus. In addition, the carbon isotope (d13C) value of pollen
has been suggested as a possible paleoenvironmental indica-
tor (e.g.,[3,4]), based on the principle that plants respond to
their environment mainly by modifying stomatal aperture,
which, in turn, influences the 13C:12C ratio of the CO2 fixed
during photosynthesis.[5] Loader and Hemming[6] showed a
correlation between the d13C values of Pinus sylvestris pollen
and the average environmental temperature during the
1-month developmental period that preceded pollen dispersal.
Their test of this particular correlation was motivated by the
determination of a 1-month development period for species
of the Pinus[7,8] and Picea[9] genera. Based on this correlation,
they further suggested that variations in paleotemperature
could be reconstructed from the d13C values of fossil pollen.[10]
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Two issues must be considered prior to the implementa-
tion of any paleotemperature proxy based on pollen d13C
values. First, plant carbon isotope values have been shown
to be highly variable, both with respect to composition[11]

and to the time of formation.[12] Recent technical advances
make possible the d13C analysis of extremely small
amounts of material,[13] equivalent to just ~25 large-sized
pollen grains.[4] A thorough characterization of the isoto-
pic variability is necessary, however, for the potential
application of these techniques to paleoenvironmental
reconstructions to be evaluated. Second, because the d13C
values of plant tissues have been shown to correlate with
a wide variety of other environmental parameters (e.g.,
light levels,[14,15] water availability,[16–18] and nutrient
availability[19,20]), the potential for the d13C values of fossil
pollen to accurately reconstruct environmental temperature
must be evaluated in isolation, with all other environmen-
tal parameters held constant. Here we address these two
issues by documenting the intra- and inter-plant d13C
variability in pollen by sampling hundreds of Hibiscus
flowers growing on several plants all living at the same
site. In addition, we quantify the relationship between
temperature and the d13C values of pollen of Brassica rapa
plants grown to flowering maturity within precisely
controlled environmental growth chambers across a large
range of environmental temperatures. We present here
the results of these experiments, with their implications
for use in paleoclimate reconstructions.
Copyright © 2012 John Wiley & Sons, Ltd.
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EXPERIMENTAL

Field sampling

Pollen from 26 mature Hibiscus plants growing at two
public gardens onOahu, Hawaii, USA, was sampled, for a total
sample set of 146 flowers. Sixty-eight flowers from eight
individual Hibiscus arnottianus plants were sampled within
Kapiolani Gardens (21�16’10’’N, –157�48’56’’W), and 78flowers
from 18 individual Hibiscus rosa-sinensis plants were sampled
within Waialae Gardens (21�16’29’’N, –157�46’54’’W). The two
gardens were located 3.5 km apart and therefore experienced
the same mean daily temperature (26.7� 0.7�C) and total
precipitation (9� 2 mm) during the periods of plant tissue
collection. Both gardens were actively maintained using a
daily irrigation system and all Hibiscus plants were subject
to cosmetic pruning. Flowers were chosen for sampling based
on their presentation of maximum floral development and lack
of insect herbivory, and the style, stamen, anthers and
associated pollen were removed from the flower using a razor
blade. During manual dissection under 20� magnification,
70–200 pollen grains from each flower were manually
deposited into a pure tin capsule using a dry sterile needle tip,
in preparation for stable isotope analysis. In addition, we
removed and collected the nearest leaf for a large subset
(n=82) of the flowers sampled. Because we wished to assess
the isotopic variability within the carbon providing the raw
material for new tissue growth, the d13C values of phloemwere
determined from the styles of 30 flowers from five different
H. arnottianus plants within Kapiolani Gardens. We extracted
phloem, which transports water and solutes to the flower,[21]

by slicing across the length the style and transferring the
exuding phloem into a pre-weighed tin capsule. Flowers
sampled for phloem extraction were collected ~2 h after
sundown in order reveal the variability across the plant
individual after the cessation of photosynthesis.
y = 76.8 - 1.7x;  R2 = 0.78, p = 0.0001
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Figure 1. Correlation between average relative humidity and
chamber temperature (�1s) for B. rapa growth experiments.
Growth chamber experiments

We grew 89 genotypically identical B. rapa plants (Wisconsin
Fast Plants, #158805, Carolina Biological Supply Company,
Burlington, NC, USA) from seed to maturity. B. rapa (Family:
Brassicaceae) is commonly used for studies of plant reproduc-
tion, given its remarkably short life cycle:[22] it commonly grows
from seed to reproductive age in less than 1 month. All plant
growth occurred within 0.5 m3 positive-pressure Plexiglass
chambers (after[23,24]) designed to precisely control light levels,
temperature, water availability, and pCO2 level within the
plants’ environment. Photosynthetic photon flux, measured at
the leaf surface using a solar electric quantummeter (Spectrum
Technologies, Inc., Plainfield, IL, USA), was maintained at
260 mmol m–2 s–1 (400–700 nm) using fluorescent grow lamps
(33-W GE Brightstik). Each plant occupied a separate soil
container and, within each, the potting soil (Jiffy-Mix seed
starting soil, Jiffy Products of America, Inc., Lorain, OH, USA)
was supplemented with Osmocote smart release plant
food (Scotts-Sierra Horticultural Products Co., Marysville,
OH, USA) in order to achieve consistently high availability of
nitrogen, phosphorus, and trace minerals. Twice daily, soil
was monitored and maintained at field-moist conditions as
defined by the USDA Natural Resources Conservation Service
Soil Survey Staff[25] using a manually operated watering
wileyonlinelibrary.com/journal/rcm Copyright © 2012 John Wil
system. As expected, plants grown at higher temperatures
required more water than plants growing at cooler tempera-
tures in order to maintain constant soil water availability across
treatments.

The twelve growth chambers were kept at a stable tempera-
ture of 17 to 32�C for the entire growth period. In order to
accomplish this, all chambers were operated within the same
7.3� 3.7� 2.7 m roommaintained at 20�C by central air condi-
tioning. The heat generated by the fluorescent grow lights was
sufficient to increase temperatures within the growth chambers
to ~35�C (i.e., to the highest temperatures reached in our study)
if additional cool air was not applied directly to the chamber. By
adjusting the output of small air conditioning units (Everstar
portable air conditioner, model MPN1-095CR-BB6), each of
the twelve growth chambers was dynamically stabilized
to internal air temperatures ranging from 17.2� 0.5�C to
32.4� 2.1�C (mean� 1s). Air was exhausted through an upper
pipe and vented through a fume hood; complete atmospheric
turnover occurred approximately once every 10.4 min. In
accordance with experimental conventions involving B. rapa,
the plants were grown under continuous light, which
eliminated all diurnal temperature variation. Although water
availability was constant across the chambers, it is important
to note that the relative humidity was not controlled. As
expected, the average relative humidity correlated well with
chamber temperature (Fig. 1) and varied between chambers
by as much as 31%, but was stable within each chamber
to <5% (1s) (measured using a humidity monitor, model
#06-662-4, Fisher Scientific, Waltham, MA, USA). Upon
flowering (i.e., after 14–27 days of growth), each plant was
harvested, and the pollen was isolated and homogenized via
centrifugation in deionized water.[3] In addition, for each plant
(n=89), all the leaves were collected.

Stable isotope analysis

Leaf and pollen tissues were dried at 60�C in preparation for
stable isotope analyses; dried leaf tissues from each plant were
also homogenized together by grinding to a uniform powder
using a mortar and pestle. The carbon isotope values were
ey & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2165–2172
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determined using a Thermo Finnigan Delta V Advantage
stable isotope ratio mass spectrometer (Thermo Scientific,
Bremen, Germany) coupled to a Costech automated elemental
combustion system with a zero-blank autosampler attached
(Costech Analytical, Valencia, CA, USA). All samples were
introduced into the combustion system in pure tin capsules;
the stable isotope values are reported in standard d-notation
(%). The reporting standard is Vienna Pee Dee Formation
limestone (VPDB) with R= 13C/12C=0.011224. Individual
d13C values are reported as the average and standard deviation
of three replicate samples; the analytical uncertainty for each
measurement did not exceed �0.09%.
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Figure 2. The d13C values of pollen from different flowers on
individual, numbered H. rosa-sinensis plants sampled within
Waialae Gardens, and H. arnottianus plants sampled within
Kapiolani Gardens near Honolulu, Hawaii. Each open circle
represents a single flower; closed circles show average pollen
d13C value for each plant; error bars are one standard devia-
tion of the mean.
RESULTS

The Hibiscus pollen collected from Waialae and Kapiolani
Gardens showed large variability in d13C values, both between
individual flowers on the same plant, and between plants
growing adjacently, within the same garden. For the 18
H. rosa-sinensis plants sampled within Waialae Gardens, differ-
ences in the d13C values of pollen between flowers located on a
single plant ranged from 0.4 to 2.9% (Table 1; Fig. 2). The two
most intensively sampled plants at this garden (ten flowers
were sampled from both plant numbers 12 and 18) both
displayed large ranges in pollen d13C values between
flowers (0.9 and 2.1%, respectively). Similarly, for the eight
H. arnottianus plants sampled within Kapiolani Gardens, differ-
ences in the d13C values of pollen between flowers located on a
single plant ranged from 0.7 to 3.2% (Table 2; Fig. 2). At this
garden, three plants were sampled intensively: eleven flowers
were sampled from plant 1, 20 from plant 5, and ten from plant
6. All three plants displayed large ranges in pollen d13C values
Table 1. Hibiscus rosa-sinensis, Waialae Gardens

Plant
no.

No. of
flowers

Average d13Cpollen
values (%)

Range d1

values

1 3 �28.0 1.5
2 3 �28.7 1.7
3 3 �28.3 0.4
4 3 �28.2 1.5
5 3 �27.5 0.7
6 3 �28.2 1.2
7 3 �27.8 1.9
8 3 �28.9 1.9
9 3 �27.6 0.6
10 3 �26.2 2.9
11 3 �28.5 2.8
12 10 �28.0 0.9
13 5 �27.6 1.7
14 5 �27.8 2.2
15 5 �28.2 1.2
16 5 �27.8 1.4
17 5 �28.2 1.2
18 10 �28.4 2.1

n.a. = not applicable (only 1 sample analyzed).
n.c. = not collected.
aValues are reported as the range of three leaves.

Copyright © 2012Rapid Commun. Mass Spectrom. 2012, 26, 2165–2172
between flowers (1.7, 2.8 and 1.3%, respectively). No relation-
ship was observed, however, between the number of flowers
analyzedwithin a single plant and the range in d13C values seen
across flowers (R2=0.05, n= 26, p= 0.36). A similar level of
isotopic variability was observed between individual flower-
adjacent leaves growing on the same plant, and between
flower-adjacent leaves on plants growing within the same
garden. For the H. rosa-sinensis plants sampled within Waialae
Gardens, differences in the d13C values of three flower-adjacent
leaves located on a single plant ranged from 0.2 to 3.7% (n =10)
(Table 1; Fig. 3). Similarly, for the eight H. arnottianus plants
3Cpollen
(%)

Average d13Cleaf
values (%)

Range d13Cleaf
values (%)a

�28.2 n.a.
�29.1 3.7
�28.5 0.8
�29.0 0.7
�28.6 1.0
�28.8 2.6
�28.8 2.6
�29.4 1.3
�28.7 1.6
�26.2 0.2
�29.4 1.2
n.c. n.c.
n.c. n.c.
n.c. n.c.
n.c. n.c.
n.c. n.c.
n.c. n.c.
n.c. n.c.

wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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Table 2. Hibiscus arnottianus, Kapiolani Gardens

Plant no. No. of flowers
Average d13Cpollen

values (%)
Range d13Cpollen

values (%)
Average d13Cleaf

values (%)a
Range d13Cleaf
values (%)

1 11 �28.5 1.7 �28.7 (4) 0.6
2 5 �27.9 1.6 �27.5 (5) 3.2
3 5 �28.3 3.2 �28.3 (5) 3.4
4 5 �28.9 1.7 �28.9 (5) 0.9
5 20 �28.5 2.8 �28.6 (13) 1.5
6 10 �28.4 1.3 �28.9 (10) 0.9
7 5 �28.1 0.7 �28.5 (5) 1.2
8 7 �28.3 0.9 �28.8 (3) 1.4

n.a. = not applicable (only 1 sample analyzed)
n.c. = not collected
aValue in parentheses indicates number of leaves analyzed.
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Figure 3. The d13C values of leaves adjacent to flowers on
individual, numbered H. rosa-sinensis plants sampled within
Waialae Gardens, and H. arnottianus plants sampled within
Kapiolani Gardens near Honolulu, Hawaii. Each open circle
represents a single leaf; closed circles show average lea
d13C value for each plant; error bars are one standard devia
tion of the mean. Plant numbers correspond to the same
plants described by Fig. 2.

Table 3. Hibiscus arnottianus, Kapiolani Gardens

Planta
Average d13Cphloem

values (%)
Range d13Cphloem

values (%)

A �28.9 1.8
B �28.8 2.4
C �28.3 2.7
D �29.0 1.3
E �29.7 3.6
F �29.1 2.7
aPhloem was sampled at the middle of the style, below the
stamens of five different flowers from each plant.

-28

-27

D. C. King, B. A. Schubert and A. H. Jahren

wileyonlinelibrary.com/journal/rcm Copyright © 2012 John

2168
f
-

-32

-31

-30

-29

A

Plant

δ13
C

ph
lo

em
 (

‰
)

H. arnottianus, Kapiolani

mean = -29.0‰

FEDCB

Figure 4. The d13C values of phloem extracted from the styles
of different flowers on individual, letteredH. arnottianus plants
sampled within Kapiolani Gardens near Honolulu, Hawaii.
Each open circle represents a phloem d13C value for a single
style; closed circles show average phloem d13C value for each
plant; error bars are one standard deviation of the mean.
sampled within Kapiolani Gardens, differences in the d13C
values of flower-adjacent leaves located on a single plant
ranged from 0.6 to 3.4% (Table 2; Fig. 3). At this garden, two
plants were sampled intensively: thirteen leaves were sampled
from plant 5, and ten from plant 6. Both plants displayed large
ranges in flower-adjacent leaf d13C values (1.5 and 0.9%,
respectively). No relationship was observed between the
number of leaves analyzed within a single plant and the range
in d13C values seen across flower-adjacent leaves (R2 =0.002,
n= 18, p= 0.76). Finally, large ranges in the d13C value of
phloem extracted from the styles of flowers within the same
plant were observed for the six H. arnottianus plants sampled
within Kapiolani Gardens (Table 3; Fig. 4). The d13C values of
extracted phloem ranged from 1.3 to 3.6% across the five styles
sampled from each plant.
Very large ranges in d13C values were seen between the

flowers and leaves of B. rapa grown within the growth
chambers described above (Table 4). Between plants growing
Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2165–2172



Table 4. B. rapa resultsa

Temperature
(�C)

No. of
plants

Relative
humidity

(%)
Waterb

(mL/day/plant)

Average
d13Cpollen
values (%)

Range
d13Cpollen
values (%)

Average
d13Cleaf values

(%)
Range d13Cleaf
values (%)

17.2� 0.5 5 44� 1 22 �30.4 2.4 �30.2 2.8
20.7� 1.0 7 42� 5 24 �30.4 2.7 �31.0 2.6
20.8� 0.8 7 50� 5 24 �30.7 4.1 �30.7 2.7
23.5� 1.0 7 35� 1 27 �31.0 4.5 �31.8 5.2
24.4� 1.3 8 35� 1 25 �30.0 2.2 �30.8 3.1
24.5� 1.0 8 31� 3 24 �31.4 3.4 �31.8 4.1
25.3� 1.6 8 31� 0.4 30 �29.7 4.6 �31.3 2.9
25.6� 0.6 9 35� 1 32 �29.7 7.7 �30.8 5.7
25.6� 1.0 8 32� 3 26 �30.3 5.9 �32.2 2.2
29.9� 1.4 8 33� 1 30 �30.8 4.6 �32.1 4.6
31.5� 1.0 9 21�1 33 �30.6 4.1 �32.0 3.4
32.4� 2.1 5 19� 1 32 �29.0 5.9 �31.8 2.2
aAll plants were grown under ambient pCO2 and PAR=260 mmol/m2/s.
bPlants were watered to maintain field moist conditions.[25]

Use of pollen d13C value as a paleoclimate indicator
at the same temperature, differences in the d13C values of pollen
ranged from 2.2 to 7.7%. Similarly, differences in the d13C
values of leaves between individual plants ranged from 2.2 to
5.7%. No relationship was observed between the number of
plants sampled within a single chamber and the range in d13C
values seen in pollen (R2= 0.07, p= 0.42) or leaves (R2= 0.21,
p=0.13). Most importantly, neither pollen d13C values
(R2= 0.005, n= 89, p=0.51) nor leaf d13C values (R2= 0.10,
n= 89, p=0.003) were at all correlated with the environmental
temperature of growth (Fig. 5). Similarly, the pollen d13C values
were not correlatedwith chamber relative humidity (R2=0.006,
n= 89, p=0.47) or amount of water applied (R2= 0.04, n=89,
p=0.05); these twomeasures were well correlated with growth
temperature (R2= 0.78 and 0.73, p= 0.0001 and 0.0004, respec-
tively; n= 12; Fig. 1). The leaf d13C values were not correlated
with chamber relative humidity (R2=0.10, n=89, p= 0.003) or
amount of water applied (R2= 0.005, n= 89, p= 0.50).
δ13
C

 (
‰

)

Average Te

15

Pollen: n = 89, R2 = 0.005
              mean = -30.4‰

-34

-32

-30

-28

-26

302520

Figure 5. Relationship between the d13C v
temperature of the growth chamber for B
sents a single pollen or leaf d13C value;
leaf d13C value for a given temperature;
of the mean.

Copyright © 2012Rapid Commun. Mass Spectrom. 2012, 26, 2165–2172
DISCUSSION AND CONCLUSIONS

The most striking result of this work is that no correlation can
be found between the d13C values of B. rapa pollen and the
environmental temperature during plant growth and pollen
formation. For P. sylvestris trees sampled from 28 sites
spanning more than 20 degrees of latitude across Europe,
Loader and Hemming[6] observed a "strong positive linear
relationship" (R2 = 0.68) between the d13C values of pollen
and the development period temperature (see Fig. 2 in Loader
and Hemming[6]). The authors postulated that the relation-
ship could be due to increased intercellular pCO2 values
resulting from decreased stomatal conductance, or increased
carbon assimilation, at elevated temperatures, citing the
theoretical relationship described within Farquhar et al.[26]

Loader and Hemming[6] further claimed that a "direct or
indirect" link existed between environmental temperature
mperature (oC)

20

Leaf: n = 89, R2 = 0.10
              mean = -31.4‰

353025

alues of pollen and leaf tissue and the
. rapa plants. Each open circle repre-

closed circles show average pollen or
error bars are one standard deviation

wileyonlinelibrary.com/journal/rcmJohn Wiley & Sons, Ltd.
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and the d13C values of pollen that might be exploited in the
paleorecord but they do[4,10] suggest that analysis of a single
genus, or even species, might be necessary. Similarly, Jahren[3]

showed that pollen d13C values measured across diverse
species, including angiosperms and gymnosperms, were not
straightforwardly controlled by environmental temperature
and concluded that the relationship reported by Loader and
Hemming[6] might be specific only to P. sylvestris or other
widespread conifers. Our new results show that the
relationship reported by Loader and Hemming[6] between
developmental temperature and P. sylvestris pollen d13C
values does not hold for B. rapa, a model angiosperm widely
invoked for experimental studies of flower and pollen
development (e.g.,[27,28]). Our experiments encompassed a
wide range in temperature (range = 15.2�C; 17.2 to 32.4�C)
that was more than twice the range in the study by Loader
and Hemming[6] (range = 6.50�C; 8.57 to 15.07�C), which
reported a 0.61% increase in pollen d13C per �C. Had our
B. rapa plants followed this relationship, their d13C values
would have systematically increased by 9.3% as the tempera-
ture increased across our experiments. In contrast, the
average d13C values of B. rapa pollen collected from each
temperature-controlled growth chamber varied between
�29.0 and �31.4% (n = 12) and showed no correlation with
chamber temperature (R2 = 0.10; slope = 0.05%/�C). We note,
however, that all our plants were grown under higher tem-
peratures than those recorded by Loader and Hemming,[6]

and therefore we cannot rule out a possible hyperbolic
response between temperature and pollen d13C value within
which the isotopic response levels off at temperatures greater
than ~15�C. Nevertheless, it is more likely that the results
obtained by Loader and Hemming[6] might be specific to
gymnosperms (or only to P. sylvestris) or that environmental
conditions other than temperature were affecting pollen
d13C values (e.g., moisture, humidity, sunshine[4]). Although
the timing and length of pollen development might vary
among species, the response of d13C values in other plant
tissues (e.g., wood) to temperature is also variable[29] and is
probably driven by concurrent changes in moisture status,
humidity, and sunshine.[30]

A second, related result of this study was the documenta-
tion of the very large range of d13C values seen across
pollen and within other tissues near flowers, within a single
plant. Although previous studies did not systematically
document this variability, prior results hint at this high level
of isotopic heterogeneity from flower to flower. For
example, the d13C values of pollen from 2–3 different flowers
on single Poaceae grass plants ranged from 0.3 to 3.1%.[31]

The difference in the d13C values of pollen between
individual plants was found to be 0.7% for Cupressaea
(gymnosperm) and 3.1% for Platanus acerifolia
(angiosperm).[32] These numbers are in keeping with the
intra-plant variability that we observed for the relatively
large number of H. rosa-sinensis (0.4–2.9%) and H. arnottianus
(0.7–3.2%) samples, as well as with the inter-plant variability
that we observed for B. rapa (2.4–7.7%).
The d13C values of flower-adjacent leaves and style-

phloem lend insight into the probable source of this
isotopic variability. For both H. rosa-sinensis (0.2–3.7%) and
H. arnottianus (0.6–3.4%), as well as for B. rapa (2.2–5.7%),
the magnitude of d13C variation between flower-adjacent
leaves in the same plant was similar to the magnitude of
wileyonlinelibrary.com/journal/rcm Copyright © 2012 John Wil
d13C variation in pollen between flowers on the same plant,
suggesting that the variable carbon isotope signature of the
extremely ephemeral tissues involved in reproduction might
reflect the effects of short-term changes in plant carbon
balance on tissue construction. This is further reinforced by
our observations that the d13C values of phloem extracted
from the styles of five different flowers from each of six
H. arnottianus plants ranged from 1.3 to 3.6%. Thus the
maximum d13C variability seen within a single Hibiscus plant
was similar for pollen, flower-adjacent leaf, and phloem
extracted from flower-styles: 3.2, 3.7 and 3.6%, respectively.

It is interesting to note that despite the large ranges in d13C
values that we observed within and between plants growing
in identical environmental conditions, each system tended
towards ecosystem-average d13C values of pollen and
leaf. The whole-garden averages of pollen d13C values in
H. rosa-sinensis and H. arnottianus were very similar (�28.0
and�28.4%, respectively), and the standard deviations in these
datasets were small (1s=0.80%, n = 78, H. rosa-sinensis;
1s=0.67%, n = 68, H. arnottianus), suggesting the possible
existence of a species average d13C value within a given
ecosystem that could be estimated provided that a sufficient
number of samples were analyzed. In order to quantify how
many flowers would need to be sampled to achieve a high-
precision, average pollen d13C value for the ecosystem, we used
the following equation:

n ¼ 16s2=W2 (1)

where n is the number of samples (e.g., flowers), s is the
standard deviation of our sample, and W is the width of the
confidence interval. This equation assumes a normal distribu-
tion and a 95% confidence interval (�2s) such that W= (4s)
(n–0.5). Using Eqn. (1), we calculate that in order to achieve a
1% confidence interval width (W), 7–10 Hibiscus flowers need
to be sampled. In order to decrease W to 0.5%, however,
would require at least 29–41 flowers. The convergence of
flower-adjacent leaf tissues toward ecosystem averages
(mean=�28.6%, 1s=1.2%, n = 32, H. rosa-sinensis; mean=
�28.6%, 1s=0.78%, n = 50, H. arnottianus) suggests that such
an approach might also be applicable to studies attempting to
correlate leaf d13C values with environmental parameters.

Based on our assessment of isotopic variability, we hypothe-
size that the d13C values of sugars exported to plant phloem
are variable up to several per mil due to the dynamic nature
of carboxylation within chloroplasts, which has been shown
to vary by as much as threefold over the course of 24 h.[33]

Other researchers have observed temporal variation in d13C
values of up to 6% within the phloem stream of Ricinus
communis;[12] our results showed a somewhat reduced level
of phloem d13C variability across several flowers on a single
H. arnottianus plant (1.3–3.6%). We note also that a poor
correlation was observed between the d13C value of a flower’s
pollen and that of its most adjacent leaf in bothH. rosa-sinensis
(R2 = 0.31) and in H. arnottianus (R2 = 0.35), suggesting that
flower construction does not act to homogenize the isotopic
composition of the sugars acquired from the phloem stream.
Detailed studies of the flower development in Arabidopsis[34]

have revealed that critical steps of flower tissue construction,
such as the extension of pollen-filled anthers, take place over
less than 18 h. This same study determined that the average
lifespan of a flower was just 60 h from bud opening to the
ey & Sons, Ltd. Rapid Commun. Mass Spectrom. 2012, 26, 2165–2172
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complete withering of petals and sepals. These measurements
highlight the hasty time-frame of plant reproduction and
suggest that the immediate demands of the reproductive cycle
may give rise to deviation from the ecosystem d13C average
value within individual reproductive tissues such as pollen.
Such potential for variation is an important consideration
during any discussion of a paleoenvironmental proxy
development using the carbon isotope values of pollen. As
stated above, each of our pollen sample d13C values
represented the combustion of hundreds of pollen grains from
one flower within one tin capsule. Given the standard
deviation associated with our pollen d13C dataset for Hibiscus
spp. (1s= 0.80%, n = 78, H. rosa-sinensis; 1s=0.67%, n = 68,
H. arnottianus), in order to capture the ecosystem average
d13C value with a precision that approaches that of the mass
spectrometer itself (W=�0.1%), Eqn. (1) suggests that the
pollen from approximately 700 to 1000 flowers must be
sampled and analyzed. The large variability in flower-to-
flower and plant-to-plant pollen d13C value as well as the lack
of correlation between temperature and pollen d13C value
raises concerns about the efficacy of fossil pollen d13C values
for the reconstruction of paleotemperature, and calls into
question the utility of the application of nanogram carbon
isotope analytical techniques[35,36] to terrestrial paleoclimate
reconstruction using plant substrates.
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