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Abstract Rarefaction analysis is a common tool for

estimating pollen richness. Using modern and fossil

pollen data from the Canadian Arctic and Greenland,

we examine the effects of pollen concentration

(grains/cc) and evenness (the distribution of species

abundances) on palynological richness. Our results

show that pollen richness and concentration have a

strong negative correlation at low pollen concentra-

tions. There is a positive correlation between pollen

evenness and richness, although the strength of this

relationship is difficult to determine. Rarefaction

analysis on samples of low concentration or high

evenness is likely to lead to pollen richness being less

underestimated than on samples of high concentration

or low evenness. These findings corroborate theoret-

ical research on these issues.

Keywords Pollen analysis � Rarefaction �
Diversity � Pollen concentration � Evenness �
Paleoecology � Arctic

Introduction

Fossil pollen data are used to infer past floral

diversity based on the premise that at the landscape

scale, pollen and plant diversity is roughly correlated

(e.g., Moore 1973; Seppä 1998; Weng et al. 2007).

Several diversity estimation techniques have been

employed in such investigations, including the Simp-

son (Ritchie 1982; Cwynar 1982) and Shannon

indices (Weng et al. 2007). These indices account

for both species richness (the number of species) and

evenness (the distribution of species abundances)

(Legendre and Legendre 1998). However, they do not

account for sample size, leading to the possibility that

more taxa will be encountered in samples with higher

pollen sums (Weng et al. 2006). To address this

problem, Birks and Line (1992) introduced to the

Quaternary paleoecological community the concept

of rarefaction, a technique that permits the estimation

of palynological richness using standardized pollen

counts. However, despite the now widespread use of

rarefaction (e.g., Bennett et al. 1992; Seppä 1998;

Berglund et al. 2007), its limitations—which may

include potential relationships among pollen concen-

tration, evenness, and richness—are rarely addressed

when interpreting paleoecological data (Odgaard

2001; Weng et al. 2006). To permit reliable interpre-

tations of pollen-based richness estimates, it is

essential to critically examine how factors such as

concentration and evenness influence rarefaction

results.
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The purpose of this paper is to use modern and

fossil pollen data to test two key hypotheses related to

the estimation of palynological richness and assess

the importance of these factors in understanding

diversity in pollen assemblages:

(1) That palynological richness is negatively corre-

lated with pollen concentration (Weng et al.

2006); and

(2) That palynological richness is positively corre-

lated with pollen evenness (Odgaard 2001).

The premise behind hypothesis 1 is that in a

sample of low pollen concentration, a larger propor-

tion of the total pollen in the sediment will have to be

counted to achieve the same number of grains as a

sample with a high concentration (Weng et al. 2006).

In this case, where a larger proportion of the total

population of pollen grains is counted, more rare taxa

would be detected, inflating the richness of the lower

concentration sample relative to a high concentration

sample. Hypothesis 2 suggests that the presence of a

few abundant taxa (e.g., anemophilous and well-

dispersed taxa such as Pinus) may impede the

detection of lower frequency taxa compared to

samples where taxon frequencies are more even.

Therefore, unevenness in pollen frequencies would

lead to palynological richness being greatly under-

estimated (Odgaard 2001; Weng et al. 2006).

The potential influence of concentration and

evenness on palynological richness has been recog-

nized (Seppä 1998; Odgaard 1999), and theoretical

models have been used to predict their effects (Weng

et al. 2006; see also Smol 1981). However, few

studies have striven to test these hypotheses using

actual pollen data (but see Räsänen et al. 2004). We

do so here, using modern and fossil pollen data from

the Canadian Arctic and Greenland. Samples from

the Arctic are ideal to study pollen-based diversity

problems, since: (1) the floral and palynological

diversity is low compared to other regions, suggest-

ing that a larger proportion of pollen taxa can be

detected and identified; (2) the lack of trees means

that the dispersal of herb and shrub pollen has not

been impeded by larger plants, ensuring that they are

better represented than in forest environments (Odg-

aard 1999); (3) pollen concentrations are relatively

low, so any concentration effects may be detectable

(Gajewski 1995). Furthermore, the study sites we use

in this paper are located well north of treeline,

making it possible to remove ‘long-distance’ taxa

from the pollen sum so that we can focus on plants of

the tundra environment (Weng et al. 2006).

Methods

Rarefaction permits an estimation of pollen richness

using a standardized pollen count (Birks and Line

1992). This standardization is important since paly-

nological richness depends in part on pollen sum—as

the sum increases, more taxa can potentially be

detected. The units of rarefaction analysis represent

the estimated number of pollen taxa reduced to a

certain pollen sum, usually the lowest sum of the

group of samples being compared. The estimated

number of taxa [E(Tn)] is given by:

EðTnÞ ¼
XT

i¼1

1� ðN � NiÞ!ðN � nÞ!
ðN � Ni � nÞ!N!

� �

where E(Tn) is the expected palynological richness in

a standardized pollen count Ni, T is the palynological

richness in the original pollen count, N is the overall

pollen sum, and n is the number of grains selected for

standardization in the rarefied sample (Birks and Line

1992; Weng et al. 2006). It is important to note that

unless all pollen grains are detected and enumerated,

rarefied richness will always underestimate the rich-

ness of the population.

Evenness (or equitability) represents the degree to

which taxon frequencies are similar (Olszewski

2004). Despite the numerous evenness indices avail-

able (Legendre and Legendre 1998), it remains an

under-utilized parameter in palynological analysis

(Odgaard 2001). In one of the few palynological

studies where evenness was calculated, Räsänen et al.

(2004) utilized a variation of the Shannon diversity

index and showed a correlation between pollen

evenness and richness within a series of moss

polsters. In this paper, we use another index of

evenness, Hurlbert’s (1971) probability of interspe-

cific encounter (PIE). This index, which ranges from

zero to one, represents the probability that two

individual pollen grains, randomly selected (without

replacement) will be of different taxa (Hurlbert

1971). Thus, samples dominated by a few taxa (low

evenness), will have a PIE value closer to zero
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compared to samples where the taxa are more evenly

distributed. The utility of this metric for palynolog-

ical data is that it is not biased by sample size or

species richness, unlike several other evenness mea-

sures (Olszewski 2004). The value of PIE is given by:

D1 ¼ 1�
XT

i¼1

ni

N

� � ni � 1

N � 1

� �

where D1 is the PIE, T is the richness of the sample, ni

is the abundance of the ith taxa, and N is the overall

pollen sum.

Rarefaction determinations were computed using

PAST (Hammer et al. 2001) and PIE calculations

were implemented in Microsoft Excel. In both cases,

calculations were undertaken on the same datasets,

which comprised all lacustrine samples (n = 218) in

the ‘Arctic’ biome of the North American Modern

Pollen Database (Whitmore et al. 2005) and on all

fossil samples from four lake sediment cores from the

central and western Canadian Arctic (core RS36,

from Gajewski 1995; JR01 from Zabenskie and

Gajewski 2007; KR02 from Peros and Gajewski in

press; and SL06, unpublished) (Fig. 1). The modern

pollen data were generated by several analysts;

Gajewski and Zabenskie counted the pollen in cores

RS36 and JR01, respectively, and Peros counted the

pollen in cores KR02 and SL06. Fossil pollen counts

were derived from 1-cm-thick subsamples roughly

evenly spaced along the length of each core.

The total pollen sum of each modern and fossil

sample varied, but in this study only those taxa (both

pollen and spores) that have their distributions

primarily in the Canadian Arctic (Porsild and Cody

1980) were retained for analysis; all tree, unidentified

and indeterminable grains were removed before

rarefaction and evenness analyses to ensure that only

tundra taxa were incorporated into the sum. After

removing these grains, only those samples with a

pollen sum greater or equal to 100 were retained for

analysis. The pollen data were input as counts and

underwent a 10-step rarefaction (i.e., the output

consisted of pollen sums of 10, 20, 30, etc., grains).

Pollen concentration was determined for 138 of

the modern samples and the entire fossil dataset using

standard procedures (Faegri and Iversen 1989). Some

modern samples lacked the necessary information for

calculating concentration and were excluded. The

concentration values reflect the summed concentra-

tions of the same Arctic taxa used in the rarefaction

and evenness analyses.

Relationships between variables were assessed by

examining scatter-plots and by calculating Pearson’s

Fig. 1 Map of modern and

fossil Arctic pollen sites

discussed in this paper, with

the exception of Abernethy

Forest, Scotland (Birks and

Mathewes 1978)
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r correlation coefficients for variables with linear

relationships. These techniques were implemented in

S+ and Microsoft Excel.

Results

Modern pollen data

In total, 198 modern samples had ‘Arctic pollen’

sums equal to or greater than 100 grains (i.e., this sum

did not include tree, unidentifiable, or indeterminable

grains). Within these 198 samples, 34 Arctic pollen

types were selected for rarefaction analysis. A plot of

palynological richness [E(T100)] versus latitude

(Fig. 2a) indicates that pollen richness gradually

increases to a maximum at around 72�N, and then

decreases slightly at 80�N, the latitude of central

Ellesmere Island. Figure 2b, which includes only

those sites with an Arctic pollen sum equal to or

greater than 300 grains (n = 51) shows a similar

trend, suggesting that overall patterns of

Fig. 2 Scatter-plots of Arctic samples from the North American

Modern Pollen Database (Whitmore et al. 2005): (a) Estimated

pollen richness [E(T100)] versus latitude; (b) Same as (a), but with

[E(T300)]; (c) Pollen richness [E(T200)] versus observed July air

temperature; (d) Pollen concentration versus latitude; (e) Proba-

bility of interspecific encounter (PIE) versus latitude; (f) Pollen

concentration versus richness [E(T100)]; and (g) Pollen richness

[E(T100)] versus PIE. A loess smoother was applied to the data
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palynological richness are not overly sensitive to the

magnitude of the sum for Arctic pollen types.

In general, plant species diversity decreases to

the north in the Canadian Arctic, but the actual

pattern of vegetation zonation is more complex,

with lowest plant diversity in the northwestern

islands, and higher diversity in parts of the north-

east (Young 1971; Edlund and Alt 1989). For

example, the Fosheim Peninsula—where a number

of the modern pollen samples were collected—is a

‘polar oasis’ located on central Ellesmere Island,

which supports a Low or Middle Arctic-type of

vegetation community (Gajewski 2002). When this

vegetation zonation is accounted for, this pattern of

increasing and then decreasing pollen richness with

latitude is the reverse of regional-scale observations

of plant diversity, which tend to show that plant

diversity and productivity decrease with increasing

latitude (Young 1971). Furthermore, pollen richness

[E(T200)] is negatively correlated with summer

temperature (Fig. 2c), a finding again opposite to

the clear positive relation seen between plant

species richness and July temperature across the

Canadian Arctic (Rannie 1986).

Figure 2d shows that pollen concentration

decreases with increasing latitude, with the exception

of samples from the relatively productive Fosheim

Peninsula, a pattern that is in contrast to the

palynological richness results shown in Fig. 2a and

b. This pattern corresponds with the decrease in the

primary production of the regional flora. While

variations in sediment accumulation rates may also

influence pollen concentration across this latitudinal

gradient, the two-orders-of-magnitude decrease in

pollen concentration across the Middle- to High

Arctic transition suggests that plant primary produc-

tion is the major factor controlling Arctic pollen

concentration.

In contrast to the pattern in concentration, pollen

evenness shows only a very weak relation with

latitude (Fig. 2e). When concentration and richness

are compared (Fig. 2f), a strong relationship is

apparent, with higher richness generally being regis-

tered in samples of lower concentration. In addition,

there is a strong, positive relationship between pollen

richness and the probability of interspecific encounter

(PIE; Fig. 2g). As richness decreases, however,

values of PIE occur over a broader range, indicating

that samples of high richness within the modern

dataset generally have fairly evenly distributed spe-

cies frequencies.

Fossil pollen data

Summary diagrams of the five most abundant local

and regional pollen types at each site, along with

estimated palynological richness, are shown in Fig. 3.

Core KR02 comprises 69 samples and 23 taxa (Peros

and Gajewski in press); SL06 35 samples and 29 taxa

(unpublished data); RS36 18 samples and 32 taxa

(Gajewski 1995); and JR01 58 samples and 22 taxa

(Zabenskie and Gajewski 2007). Cyperaceae is the

most abundant pollen type in each of the four

diagrams. Poaceae and Salix are also present in

moderately high quantities, although herbs such as

Oxyria, Saxifragaceae, and Artemisia are also com-

mon. At sites KR02, RS36, and JR01, estimated

palynological richness [E(T100)] is variable but

appears to increase over the course of the Holocene.

The pollen richness record for core SL06 shows no

clear trend over the *2500 years it represents.

Figure 4 shows the palynological richness of the

fossil samples plotted against pollen concentration.

Cores KR02 and RS36 show statistically significant

negative linear relationships between the two vari-

ables (Table 1). Core JR01 shows a similar trend,

albeit one that is weaker and is only apparent with the

inclusion of the three highest concentration samples.

The pattern of the samples from core SL06 is similar

to that of JR01, although there appear to be two

samples that are potential outliers. When these

samples are removed, a statistically significant neg-

ative relationship is apparent, as is found in the other

three cores (Table 1).

Scatter-plots of pollen richness and PIE-estimated

evenness for the fossil samples are shown in Fig. 5.

Each of these relationships is positive, linear, and

statistically significant at a range of pollen sums

(Table 1). These relationships are also stronger than

those between pollen richness and concentration,

with r values averaging *0.7 compared to *0.63

and less in the latter case. Furthermore, there do not

appear to be outliers in the plot of samples from core

SL06, unlike the previous figure.
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Discussion

The results are consistent with hypotheses 1 and 2:

there exists a negative relationship between pollen

richness and concentration and a positive relationship

between pollen richness and evenness for both

modern and fossil pollen data (Odgaard 2001; Weng

et al. 2006). Fundamentally, both of these relation-

ships are a function of the degree to which the sample

is representative of the population from which it is

derived. Usually, only a small fraction of any

population is detected and enumerated (Odgaard

2001). Our findings show that under certain circum-

stances, rarefied richness is highly influenced by both

the abundance of grains within, and evenness of, the

population.

Pollen concentration

Weng et al. (2006) argue that the effect of concen-

tration may be important when interpreting temporal

transitions between biomes (e.g., treeline), where

significant differences in concentrations occur. Our

results suggest that concentration can be important

even within the same biome, and that concentration

values that vary by only a few thousand grains are

sufficient for this effect to be detectable.

To further elucidate the effect of concentration, we

have re-examined data from Abernethy Forest, Scot-

land (Birks and Mathewes 1978), which was used as

a case study in Birks and Line (1992). Pollen richness

was estimated using all pollen grains from 49 samples

(sample counts range from 96 to 648) that date from

Fig. 3 Summary pollen percentage, rarefaction estimated

richness, estimated evenness (PIE; probability of interspecific

encounter), and concentration data for four lake-sediment cores

from the Canadian Arctic plotted against calibrated years BP

(Stuiver et al. 1998). The values of all columns are based on

the percentage of the local and regional pollen sum. Note that

the sums for the rarefaction results vary
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5500 to 12300 14C yr BP (Fig. 6). Palynological

richness is highest during the Younger and Older

Dryas periods (Fig. 6a), which Birks and Line (1992)

interpret as representing a diverse landscape of herb-

dominated vegetation types, frequent disturbance,

and much bare ground. Based on our results,

however, we offer an alternative interpretation: that

the high pollen richness of these periods is largely an

artifact of their corresponding low pollen concentra-

tions (Fig. 6a). This claim is supported by a strong

correlation between estimated pollen richness

[E(T90)] and concentration (Fig. 6b).

Despite this relationship, higher concentration

samples may not be sensitive to this concentration

Fig. 4 Scatter-plots of

pollen concentration versus

estimated pollen richness

[E(T100)] for each site

shown in Fig. 3

Table 1 Pearson’s r
correlations between

pollen concentration and

PIE-derived evenness

values compared to pollen

richness for various rarefied

sample sizes

Values denoted with ‘*’ are

significant at P \ 0.05. The

upper count value for each

core is the highest rarefied

sample size with 10 or more

samples at 50 count

intervals

Core and rarefied

sample size

Pollen

concentration

Evenness

(PIE)

Degrees of

freedom

KR02 100 -0.510* 0.704* 62

150 -0.381* 0.476* 46

200 -0.479* 0.230 11

SL06 100 -0.392* 0.546* 31

150 -0.387* 0.518* 31

200 -0.386* 0.498* 31

250 -0.382* 0.499* 30

300 -0.391* 0.290 24

350 -0.568* 0.452 10

RS36 100 -0.649* 0.712* 16

150 -0.510* -0.536* 16

200 -0.416* 0.431 16

250 -0.469 0.367 11

JR01 100 -0.360* 0.770* 55

150 -0.168 0.548* 30

200 -0.422* 0.709* 15
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effect. In more productive regions, where concentra-

tions may be orders of magnitude higher than in the

Middle to High Arctic, the ratio of the sample count

to the total pollen content will tend to be low,

potentially reducing the impact of concentration on

the computation of pollen richness. Fig. 6c and d

show the same data from Abernethy Forest, and the

modern pollen data from Fig. 2f, re-plotted using

linear x-axes. In both cases, the ranges of the

concentration values far exceed those of the fossil

samples shown in Fig. 4. The negative relationship

occurs only in samples of low concentration. This

pattern suggests that in low concentration samples,

richness is disproportionately affected by the abun-

dance of grains in the sample, and that in high

concentration samples the effect is much less impor-

tant. It is critical to be aware of this when interpreting

rarefaction data from low productivity regions, such

as Arctic or desert biomes, or fossil data where low

concentrations occurred in the past.

Pollen evenness

While the evenness results are consistent with hypoth-

esis 2, the strong correlations may be related to a

fundamental problem associated with evenness: that

the number of different grains that are detected and

enumerated are biased by the evenness of the total

population—when this latter value is relatively even,

the detected richness will be comparable to that of the

population; when the population is uneven, the

detected richness will be underestimated (Odgaard

1999; Weng et al. 2006). Unfortunately, testing this

hypothesis by correlating the detected richness with the

detected evenness, as we have done here, cannot

completely resolve the issue, because a measurement

of population evenness is needed, but we only have an

estimate of the potentially biased sample. Furthermore,

the apparent strength of the relationship between

rarefaction-derived pollen richness and PIE may also

be due to the fact that the two values are not completely

independent; PIE is in fact calculated as part of the

rarefaction process (Olszewski 2004). Nevertheless,

scatter-plots of evenness and richness may still be

useful to identify those samples that do not fit the

general trend (Olszewski personal communication,

2007). In such cases, outliers may actually represent

samples that have meaningful richness values, rela-

tively unaffected by either evenness or concentration.

Relating concentration and evenness

Deconvolving the effects of concentration and even-

ness on sample richness requires a careful

Fig. 5 Scatter-plots of

pollen evenness versus

estimated pollen richness

for each site shown in Fig. 3
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examination of both sets of data. For example,

Fig. 6e shows estimated richness versus PIE for the

Abernethy Forest dataset. The samples with the

highest estimated richness values, which date to the

Younger and Older Dryas periods (the squares and

triangles, respectively), also record the most even

frequencies. This suggests that the richness of these

samples is not as influenced by evenness as the

samples of Holocene age (circles), which are rela-

tively uneven (the most abundant pollen type in the

late-glacial samples is Artemisia, at *40–60%, but in

the Holocene samples it is Betula or Pinus, at *70–

80%; Birks and Mathewes 1978). In contrast, the high

concentrations of the Holocene-age samples suggest

that this factor was not as important in influencing

their richness values, unlike those of the Younger and

Older Dryas periods (Fig. 6a and c). Thus, it seems

likely that the richness of the Holocene samples is

more greatly underestimated than the richness of

samples from the Younger and Older Dryas periods.

In other words, the richness of the populations of the

various levels may be more uniform than the

estimated values indicate for all 49 samples.

Similarly, how should the richness values in Fig. 3

be interpreted? Based solely on the increases in

richness seen in cores KR02, RS36, and JR01, it

would be tempting to infer that floral richness

increased around these sites over the course of the

Holocene. However, another interpretation is also

plausible: the increase in pollen richness is a function

of a long-term decrease in pollen concentration and/

or an increase in plant evenness at each of these sites

(Figs. 3 and 4). Both these factors may be due to

long-term cooling across the western and central

Canadian Arctic, a trend that has been inferred from a

range of proxies (Fisher et al. 1995; Kaplan and

Wolfe 2006) as well as pollen influx values at all

three sites (Gajewski 1995; Zabenskie and Gajewski

2007; Peros and Gajewski in press). The long term

cooling may have resulted in lower pollen concen-

trations by impacting primary production (Peros and

Gajewski in press), and it may have decreased the

abundance of Cyperaceae (dominant in the Low

Arctic) in relation to other Arctic herbs. Both these

scenarios can explain the increase in detected rich-

ness without an increase in floral richness occurring.

Thus, in the Canadian Arctic, long-term trends in

pollen richness may be an artifact of changes in

pollen concentration or evenness rather than the

introduction of new species into the area of

investigation.

From this, it follows that pollen concentration and

evenness may be related. If high pollen

Fig. 6 (a) Pollen richness [E(T90)] and concentration data

from Abernethy Forest, Scotland (Birks and Mathewes

1978)—‘A’ refers to Allerød; (b) Estimated richness versus

concentration for all 49 samples from frame (a); (c) Same as

(b), but with a linear x-axis; (d) Same data as Fig. 2f, using a

linear x-axis; and (e) Plot of evenness (PIE) versus richness for

the Abernethy Forest dataset. The symbols correspond to the

time period as shown in the legend and frame (a)
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concentrations are caused by the high production of a

few plants (in the case of the Arctic, mostly

Cyperaceae), this will lead to samples of low

evenness, compared to samples of low production,

where samples would have more even frequencies

(van der Knaap personal communication, 2007). This

relationship is apparent in cores KR02, RS36, and

JR01 (Fig. 7), whose scatter-plots appear similar to

those of Fig. 4, due to the strong correlation between

evenness and richness (Fig. 5). Thus, pollen produc-

tion (and sedimentation rates) determine pollen

concentrations, which can influence evenness, and

the probability that rare taxa are detected. This

explanation of how concentration affects detected

pollen richness differs from that of Weng et al.

2006 (discussed above), who suggest that the detec-

tion of more rare taxa in low concentration samples

is because a greater proportion of the population

is enumerated. Clearly, more work is needed to

disentangle the complex relationship between con-

centration, evenness, and richness.

Ultimately, interpretations of pollen richness must

be made cautiously and with an understanding of the

entire range of factors that can influence rarefaction

results (Birks and Line 1992; Weng et al. 2007).

Particular attention needs to be given to samples of

low concentration, such as those from low

productivity areas such as the Arctic. However, the

extent to which increasing the pollen sum would

offset this problem is unclear. For example, a

negative correlation between pollen richness and

concentration appears to exist in three cores from

southern Baffin Island, cores that have E(Tn) values

that range from 196 to 544. The authors note that

periods of elevated palynological richness are linked

to the expansion of open herb tundra (Fréchette et al.

2006); this relationship may reflect the productivity

of these systems rather than their species richness.

Conclusions

Since the pioneering work of Birks and Line

(1992), rarefaction analysis has become increasingly

common in palynological investigations. However,

the linkages between sample diversity, population

diversity, and floral diversity are complex. A

myriad of issues, including pollen production and

dispersal mechanisms (Weng et al. 2007), influx

(Smol 1981), sample size (Weng et al. 2006), and

the relationship between pollen and plant diversity

require careful consideration when interpreting

rarefaction-derived pollen richness estimates. In this

paper, we tested two important hypotheses relating

Fig. 7 Scatter-plots of

pollen concentration versus

estimated pollen evenness

for each site shown in Fig. 3
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pollen richness to concentration and evenness

(Odgaard 2001; Weng et al. 2006). We show that

pollen concentration can be important in the

detection of rare taxa and thus influence pollen

richness. Sample richness and evenness are posi-

tively correlated, but the strength of this

relationship is likely inflated. Future investigations

of this nature will help facilitate improved estimates

of past plant diversity.
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