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Abstract 

Stable carbon isotope differences between ecologically distinct groups of Poaceae (C 3 and C 4 photosynthetic groups) 
provide a means of isotopically subdividing grass pollen in paleovegetation studies. We examined the isotopic 
composition of bulk grass plant tissue, untreated pollen, and chemically treated pollen, from several C3 and C 4 grass 
species. Based on our data, untreated pollen is isotopically similar to the host plant from which it is derived, although 
small, random differences between plants and pollen occur. Methods of pollen concentration involving carbon-bearing 
compounds can alter the isotopic composition of recovered pollen, and in some cases, make pollen from different 
grass types isotopically indistinguishable. We conclude that the isotopic composition of physically separated Poaceae 
pollen should be an important means of determining the proportion of C3/C4 grasses as long a carbon-bearing 
chemicals are not used in sample preparation. The carbon isotope composition of pollen should provide a new means 
of determining paleoclimatic conditions in grassland environments and aid in identifying the origin of the C4 
photosynthetic pathway in the geologic past. © 1997 Elsevier Science B.V. 

1. Introduction 

Palynological reconstructions of  latest 
Pleistocene and Holocene vegetation patterns in 
North  America have provided a detailed insight 
into the response of  the terrestrial biosphere to 
climate change (e.g. Webb et al., 1987). One of  
the limitations of  the palynological approach to 
vegetation reconstruction in areas that supported 
a significant Poaceae biomass is the difficulty in 
unambiguously assigning grass pollen to individual 
species, or important  groups of species, using 
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morphology (Moore  et al., 1991). Of  particular 
ecological interest in grasslands is a measure of  
the relative proport ion of  C3 to C4 grasses, since 
the proport ion of  these grasses at a given site is 
largely determined by climatic factors such as 
precipitation seasonality and growing season tem- 
perature (Fig. 1). C4 grasses are sensitive to cold 
temperatures (Pearcy and Ehleringer, 1984). In 
tropical environments with little seasonal variation 
in temperature, C4 grasses dominate warm temper- 
ature, low elevation sites. With increasing eleva- 
tion, and decreasing temperature, there is a 
corresponding decline in C4 grasses, and increase 
in C3 grasses (Tieszen et al., 1979; Rundel, 1980). 
In the grasslands of  the Great  Plains of  North  
America, the abundance of C4 grasses is related to 
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Fig. 1. The distribution of Ca grasses as a function of mean 
annual temperature for the Great Plains of North America and 
eastern Africa. Data t\~r the Great Plains are from Coupland 
(1979) and Teeri and Stowe (1976) while data for east Africa 
(Kenya) are from Tieszen et al, (1979). Estimates of temper- 
ature for the east African sites were made from lapse rates 
calculated using climate data from Grifl]th (1968) and 
Hedgeberg ( 1964 ). 

suggests its carbon isotope composition may also 
differ from that of the parent plant. Second, stan- 
dard chemical extraction procedures used to sepa- 
rate and concentrate pollen fi'om sediments may 
produce artifacts in the isotopic composition of 
the concentrated pollen. The effects of these treat- 
ments need to be evaluated before isotopic inter- 
pretations are attempted. 

Here we report our results on the stable carbon 
isotope composition of whole plants, pollen, and 
chemically treated pollen from some representa- 
tive C3 and Ca grass species. First, we discuss the 
effects of chemical treatment and diagenesis on the 
stable isotope ratios of pollen. Second, we discuss 
alternative ways of applying out" findings to 
palynological reconstructions of grassland 
environments. 

2. Methods 

the growing season temperature (Teeri and Stowe, 
1976; Boutton et al., 1980; Kemp and Williams, 
1980), and a general decline in Ca grasses occurs 
with increasing latitude. Clearly, an understanding 
of the long-term changes in the proportion of C~ 
to Ca grasses at a site offers new perspectives into 
the paleoecology and climatology of a region. 

It is well known that C3 and Ca grasses differ 
significantly in their stable C isotopic composition 
(Bender, 1968: Smith and Epstein, 1971 ), suggest- 
ing that isotopic differences between pollen of the 
different groups may exist. Preliminary isotopic 
analyses have been made on fossil algal spores 
{Brooks, 1971), but the systematic study of 
modern pollen has not been attempted. Several 
questions must be investigated before isotopic 
studies of  Poaceae pollen can be utilized since the 
carbon isotope composition of pollen recovered 
fi'om treated sediments may not necessarily directly 
correspond to those of the plants on which formed. 
First, it is well known that the carbon isotope 
composition of  different organic compounds 
within a plant, such as cellulose, lignin, or lipids 
(Parker, 1964: Benner et al., 1987) or occluded 
carbon in opal phytoliths (Kelly et al., 1991 ), may 
differ considerably from that of bulk plant tissue. 
The complex and unique chemical nature of pollen 

Eleven species of  grasses, five C3 and six C4, 
were selected for study. The C3 species Bromus 
carinatus Hook. and Avn., Lolium mu/t(florum 
Lain., Arena barbara Link and Hordeum murinum 
L. were collected from wild populations near Santa 
Rosa, California. The C4 species Hilaria cench- 
roides H.B.K., Orcuttia cal(fi)rnica Vasey and 
Opizia stohm([~,ra J. Presl. were grown in a green- 
house at the Rancho Santa Ana Botanical Garden 
(samples provided by J.T. Columbus). The C4 
plant Pennisetum clandesthmm Chiov. was collected 
From a Berkeley lawn. The remaining C 4 species, 
C),nodon &tctyhm ( L.) Pers and Zea mays L., were 
collected fi'om a cultivated field in Berkeley, 
California. Pollen was isolated by shaking inflo- 
rescences into plastic bags to dislodge pollen and 
anthers. Pollen and anthers were immersed in 
distilled water and poured through a 90 mm sieve 
to remove the anthers and other extraneous mate- 
rial. The untreated pollen samples were concen- 
trated through centrifugation and checked for 
purity under a microscope. 

The treated samples were subjected to standard 
pollen extraction and concentration techniques 
(F~egre and lversen, 1975; Moore and Webb, 
1978). This method, which contains C-bearing 
compounds, clearly will introduce the maximum 
possible isotopic change to the pollen samples and 
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was investigated specifically to determine the mag- 
nitude of  this effect. Samples were placed in a 
polyethylene boiling tube, covered with 10% 
hydrochloric acid (HC1) to remove carbonates, 
and stirred for 5 minutes. Following two distilled 
water washes and centrifugations at 3000 rpm, 
tubes were filled with 10% potassium hydroxide 
( K O H ) to remove some organic matter, and boiled 
in a water bath for 20 minutes. After centrifu- 
gation, the K O H  was decanted and samples were 
washed with distilled water and centrifuged twice. 
Samples were then covered with 30% hydrofluoric 
acid ( H F )  to remove siliceous material, placed in 
a boiling bath for 10 minutes, and stirred occasion- 
ally. The HF was decanted and the samples washed 
with water and centrifuged twice. Acetolysis, a 
process for removing cellulose from pollen 
samples, followed. Dehydration was achieved by 
covering the samples with glacial acetic acid, 
centrifuging, and decanting. A 9:1 mixture of  acetic 
anhydride and sulfuric acid was added and tubes 
were placed in a boiling bath for 3 minutes. After 
centrifuging and decanting, glacial acetic acid was 
again added, centrifuged, and decanted, followed 
by multiple distilled water washes until odor of 
acetic acid was no longer evident. Treated samples 
were checked for purity under a microscope. 

Bulk host plant samples were ground with a 
coffee mill, acidified with I N HC1 to remove 
carbonates, rinsed with deionized water by centri- 
fugation and freeze dried. The plant tissue and 
pollen samples were combusted in sealed tubes 
containing Cu, CuO and Ag (Minagawa et al., 
1984). The released CO2 was purified cryogeni- 
cally, its yield measured manometrically, and its 
13C/12C ratio measured by mass spectrometry. 
Accurate measurements of  yields were possible 
only on several pollen samples due to difficulties 
in transferring, and accurately weighing, micro 
quantities of pollen from small polyetheylene vials 
to glass combustion tubes. For approximately 75% 
of  the measurements (the method used in later 
stages of  this study), the pollen was introduced to 
the combustion tube as a water/pollen slurry and 
the water was removed via lypholization. This 
sample introduction method did not allow for 
accurate measurements of  pollen mass. 

All isotope ratios are expressed in the 6 notation 
where: 

~13C = [(13C/12C )sample/(13C/12C)std - 1 ] x 1000 

The isotopic standard is the PDB carbonate 
(Craig, 1957). The precision of  the determination, 
assessed from replicate analyses of  the same plant 
tissue sample, was +0.40%o. 

Scanning electron microscopy was performed on 
both treated and untreated Cynodon dactylon 
pollen samples. Prior to microscopy, samples were 
sputter-coated with Ag according to standard 
preparation techniques. Secondary electron 
imaging was done on an ISI DSI 130 instrument, 
with the accelerating voltage set a 10 kV. 

3. Results and discussion 

The results of the isotopic measurements 
are presented in Table 1. The ~3C values of 
the plant tissue within the C3 and C4 groups 
show some variability, but all fall within specified 
ranges representative for the two grass groups 
(C 3--= - 2 7  +4%0; C4 = - 12___ 3%< Bender, 1968; 
Smith and Epstein, 1971). The ~13C values of 
untreated pollen are closely related to that of their 
parent plant (Fig. 2), but ranged from values 6.3%o 
more positive (Hordeum murinum) to 2.5%,, more 

I . . . .  - 2 o  
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a ] 3C value of plant ( ~ )  

Fig. 2. The relationship between the 15~3C value of  the host plant 
and that of untreated pollen (data from Table 1 ). Comparisons 
made only for samples where pollen and plant tissue were 
collected from the same plant. 



20 R. Amunds'on eta[..; Review of Palaeobotany and Pa[ynoh)gy 99 (1997) 17 24 

Table 1 
Stable carbon isotopic composition of selected Poaceae plants, fresh pollen, and chemically treated pollen 

Grass species Photosynthetic Plant Untreated pollen Treated pollen 
pathway ~13C (%0 PDB) 6~3C (%,, PDB) ~13C (%, PDB) 

Qvnodon daco, hm C4 - 14.4 ( 1 ) - 13.7 ( 1 ) - 17.6 ( 1 ) 
- 1 3 . 8  ( 2 )  - 1 5 . 5  ( 2 )  

- 1 4 . 0  ( 3 )  

--13.6 (4) 
-13.3 (5) 
-13.7 (6) 

Hihtria cenchroides Ca - 18.1 16.5 - 18.9 
Orcuttia cal(tbrnica C4 - 14.6 - 15.3 23.0 

-14.8 

Pennisetum clandestinum C4 12.8 
- 12.4 
-12.7 

Zea mays C4 - 11.3 
-11.6  

Opizia stolonijbra C4 - 16.3 

Lolium mult!)qorum C3 30.2 ( 1 ) 
- 3 0 . 2 ( 1 )  

Lolium mult([torum C 3 - 28.5 
-28.1 
-28.1 

Hordeum tnurinum C3 - 29.8 
-30.3 
-30.6  

Bromus carinatus C3 - 30.0 
-29.6  

Arena barbata C3 - 27.8 
-27.6 
-27.4 

-18.2  (1) 28.8 ( l )  
-17.2  (2) -23.3 (2) 

18.8 (3) 25.2 i3) 
-21.9 (3) -23.9 (4) 

18.2 (4) 
- 1 9 . 8  ( 4 )  

- 1 2 . 1  - 1 4 . 4  

- 18.8 25.5 

-25.1 (1) -27.5 (1) 
-24.6 (1) -25.6  (3) 
-23.9  (1) 23.1 (4) 
-26.1 (2) -25./) (5) 
-25.8 (2) 
-24.9 (4) 
-25.8 (5) 
-26.8 (5) 
-27.5 -30.1 

-25.3 

-26.4  
-26.4 
-29.8 

Numbers in parentheses indentify samples from the same plant collected at one location. Multiple values lbr a given sample are 
results of replicate analyses. 

n e g a t i v e  (Cynodon dactylon) t h a n  t he  8~3C v a l u e s  

o f  t he  r e s p e c t i v e  p a r e n t  p l a n t .  

S E M  m i c r o g r a p h s  o f  u n t r e a t e d  p o l l e n  f r o m  

Cvnodon dactylon r e v e a l e d  a v a r i e t y  o f  t i s sue  t ypes  

in  a d d i t i o n  to  p o l l e n  ( F i g .  3A,  B).  T h e  c h e m i c a l  

n a t u r e  o f  t h e s e  v a r i o u s  c o m p o u n d s  w a s  n o t  inves t i -  

ga t ed .  M a n o m e t r i c  m e a s u r e m e n t s  o f  CO2 p r o -  

d u c e d  d u r i n g  p r e p a r a t i o n  o f  t he  p l a n t s  a n d  p o l l e n  

fo r  i s o t o p i c  a n a l y s i s  i n d i c a t e d  t h a t  t he  h o s t  p l a n t s  

( w i t h  t he  e x c e p t i o n  o f  Cynodon dactylon, w h i c h  

h a d  C p e r c e n t a g e s  b e t w e e n  21 a n d  2 7 % )  c o n t a i n e d  

29 to  4 8 %  c a r b o n  a n d  u n t r e a t e d  p o l l e n  f r o m  43 
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A C 

B D 

Fig. 3. SEM micrographs of Poaceae pollen. Untreated Cvnodon dactylon pollen (A) at 436 x and (B) at 1130 x magnification. 
Chemically treated Bromus carinatus pollen (C) at 426 × and (D) at 1090 × magnification. Scale bars located at the lower center of  
the micrographs represent approximate length in gm. 

to 48% carbon. One treated pollen contained 64% 
carbon. Although we have only one accurate meas- 
urement of the C content of treated pollen, it is in 
close agreement with independent measurements 
of treated pollen by Heslop-Harrison (1968). The 
results of the chemical treatments on pollen 
morphology, relative to its untreated state, are 
illustrated in Fig. 3C and D. At low magnification, 
there is some evidence of a loss of non-pollen 
debris. The major difference, when compared to 
the untreated grains, is observable at high magni- 
fications (Fig. 3D), where the grains appear to be 
more fragile and most show some evidence of 
collapse. 

Untreated pollen is a complex mixture of organic 
compounds. An outer, sporopollenin-rich exine 
layer overlies an inner cellulose-rich intine layer 
(Heslop-Harrison, 1971). Additionally, lipids and 

proteins have also been detected (Heslop- 
Harrison, 1968). Relative to whole plant tissue, 
cellulose is enriched in 13C by approximately l to 
2%~) while lignin is depleted by about 2 to 4%0 
(Benner et al., 1987). Lipids, relative to whole 
tissue in grasses, are depleted in 13C by up to 8%,) 
(Parker, 1964). Pollen is composed of approxi- 
mately 2 10% cellulose and 2 24% of sporopol- 
lenin, a complex, highly resistant bipolymer of 
carotenoids and carotenoid esters (Brooks and 
Shaw, 1971). Each species has different propor- 
tions of these pollen components (Brooks and 
Shaw, 1971), probably accounting for the range 
in 813C values observed for untreated pollen in 
our study (Table 1). 

Most fossil pollen is subjected to diagenetic 
processes that rapidly remove lipids, cellulose and 
proteins. In addition to these natural decomposi- 
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tion processes, chemical extractions used to con- 
centrate the fossil pollen removes alkali-soluble 
organics, silicates and carbonates. Additionally, 
the acetolysis step removes the intine, cellulose 
and cytoplasmic contents of the pollen grain, leav- 
ing only the sporopollenin-rich exine (Hemsley 
et al., 1992). The obvious disadvantage of this 
method is the use of C-bearing chemicals, which 
introduce the likelihood of C isotope changes in 
the remaining pollen. 

The isotopic composition of the chemically 
treated C4 pollen is clearly depleted in ~3C by 
several permil relative to untreated pollen while 
the few C 3 pollen samples appear to vary randomly 
around the value of the untreated samples ( Fig. 4). 
Most importantly, the chemical pretreatments 
drive the 613C value of the treated C4 pollen 
toward values characteristic of C3 pollen. These 
isotopic changes and differences between grass 
types are likely due to (1) effects of chemical 
treatments and/or (2) inter-specific variation in 
the chemical composition of sporopollenin 
(Brooks and Shaw, 1971). Acetic anhydride, the 
C-bearing chemical used in the acetolysis step, has 
a 15~3C value of -19.5%o (n=2) and glacial acetic 
acid, the final compound used before the water 
rinse, has a ~13C value of 20.4+_0.1%,, (n 3). 
These values are not entirely consistent with the 
magnitude of the observed shift in the pollen 
isotopic composition of the C4 grasses, but incom- 
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Fig. 4. The relationship between the ~3C value of untreated 
and chemically treated pollen. The data, particularly for the 
C 4 samples, suggests that the chemical pretreatment utilized 
(acetolysis see text for description) isotopically alters the 
remaining pollen. 

plete reactions between these chemicals and the 
pollen could presumably produce such isotopic 
change. The acetolysis treatment involves the solu- 
bilization of cellulose through the reaction with 
acetic anhydride to produce cellulose acetate 
(Fmgre and Iversen, 1975). Incomplete removal of 
cellulose acetate or the reaction of the acetic 
anhydride with the remaining pollen could both 
contribute to the isotopic shifts that appear 
following the treatment. The alternative hypothesis 
is that all chemically resistant pollen approaches 
the same isotopic composition, regardless of the 
photosynthetic pathway of the plants. Such an 
interpretation is highly unlikely given the tilct that 
specific organic compounds (lipids, proteins, etc.) 
from C3 and C4 plants all reflect photosynthetic 
pathway-specific differences (Tieszen and Fagre, 
1993) and because the untreated pollen shows such 
distinctive isotopic differences. 

The large isotopic shifts apparently induced by 
the chemical pretreatment tested here (chosen 
specifically because of the its large possible isotopic 
effects and the fact that it is commonly used in 
palynological studies) suggests that pollen collected 
for isotopic analyses be processed by alternative 
methods. The most desirable method would not 
involve any C-containing compounds. Therefore, 
a process involving the dissolution ot" mineral 
components with hydrofluoric acid and the 
removal organic detritus with oxidants would seem 
a viable approach. Fmgre and Iversen (1975) sug- 
gest short oxidations, in cold solutions, to remove 
lignin without removing significant amounts of 
exine. The isotopic effects of this treatment were 
not examined in this study, but should be examined 
as an alternate means of removing extraneous 
organic materials from sediment samples being 
processed for pollen concentration. 

How might these observations of the relation- 
ship between plants and chemically untreated 
pollen be applied to palynological reconstructions 
in grassland environments? The most direct 
approach would be to use a micro-pipetting tech- 
nique to isolate a sufficient number of Poaceae 
pollen grains for isotopic analysis. Brown et al. 
(1989) report that spruce (Picea) pollen weighs 
approximately 9 mg. The amount of CO2 required 
for auto runs varies with mass spectrometer instru- 
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m e a t  character is t ics .  The  mass  spec t romete r  in 
our  s tudy requi red  a p p r o x i m a t e l y  2 0 m m o l  o f  
C O  2, requi r ing  50 or  more  P i c e a  grains.  Othe r  
con t inuous- f low ins t ruments ,  wi th  e lementa l  
analyzers ,  can convenien t ly  analyze  0.5 mmol  o f  
CO2, requi r ing  a p p r o x i m a t e l y  two Picea  grains.  
Because o f  their  genera l ly  smal ler  size, a larger  
n u m b e r  o f  Poaceae  pol len  gra ins  might  be needed 
for  accura te  i so topic  measurements .  

A n  a l ternat ive ,  but  more  ambiguous ,  a p p r o a c h  
would  be to i so topica l ly  analyze  bu lk  pol len  
retr ieved f rom sediments  and  use mass  ba lance  
ca lcu la t ions  to es t imate  the percentage  o f  C4 grass 
pollen.  The  p rob lems  with mass  ba lance  me thods  
include (1)  differences in p r o p o r t i o n  o f  Poaceae  
gra in  number s  vs. mass  to remain ing  pol len  types 
in bu lk  pol len  samples,  (2)  small  var ia t ions  in the 
i sotopic  compos i t i on  o f  bo th  grass  and  non-grass  
pol len  f rom one loca t ion  to another ,  and  (3)  the 
presence o f  n o n - g r a m i n o i d  C4 pol len  in cer ta in  
envi ronments .  Clear ly,  mass  ba lance  app roaches  
will be, at  best, a semi-quan t i t a t ive  means  o f  
es tabl ish ing the percentage  o f  C4 grass at  a site. 

4. Conclusions 

The isotopic  compos i t i on  o f  un t r ea t ed  Poaceae  
pol len  has been shown in this s tudy  to be closely 
re la ted  to tha t  o f  the pa ren t  plant .  Cer ta in  chemical  
p re t rea tments ,  used to concen t ra te  pol len,  obscure  
this re la t ionship  and  are to be avo ided  in i so topic  
studies o f  pollen.  

One app l i ca t ion  o f  these f indings tha t  seems 
pa r t i cu la r ly  interes t ing is the use o f  pol len  i so topes  
in the search for the deve lopmen t  o f  C4 pho tosyn -  
thesis. G iven  the abi l i ty  o f  pol len  to resist deg rada -  
t ion and persist  in the geologic  record  (Brooks ,  
1971 ), it is poss ible  tha t  this a p p r o a c h  m a y  address  
the in t r iguing issue o f  the t iming o f  the evolu t ion  
o f  C4 grasses (Cer l ing et al., 1993, 1994; M o r g a n  
et al., 1994a,b).  In this app l ica t ion ,  the i so topic  
analysis  o f  grass  pol len  will p rov ide  a more  direct  
l ink to the compos i t i on  o f  grass flora than  the 
analysis  o f  paleosols ,  m a m m a l  teeth,  or  o ther  
com pounds ,  all o f  which con ta in  homogen ized  
i so topic  s ignatures  o f  much,  or  all, o f  the f lora o f  
an ecosystem. Whi le  technical  p rob l ems  remain  to 

be invest igated regard ing  pol len  concen t ra t ion  or  
p r epa ra t i on ,  the i sotopic  analysis  o f  pol len  could  
prove  to be a useful technique in Q u a t e r n a r y  and  
Ter t ia ry  pa leovege ta t ion  studies. 
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