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Increasing the taxonomic resolution of fossil pollen identification is critical for advancing Quaternary paleo-
ecology to a point where species-specific ecologies can be addressed in the fossil record. Here, we determine
the critical morphological features that permit species-level differentiation of Alnus pollen, an abundant pol-
len type in Quaternary records from western North America. We examined over 21,000 pollen grains from
the region's three common alder species: Alnus viridis subsp. sinuata Regel, Alnus incana subsp. tenuifolia Nut-
tall and Alnus rubra Bongard. Modern pollen samples were collected from 27 to 35 individual plants from

g?lll‘gsris(;rphology across the range of each species. Nine morphological traits were measured on 30 pollen grains from each
palynology plant, and the number of pores was determined for an additional 200 pollen grains from each individual.
Alnus (alder) Nested ANOVA analyses suggest that for individual Alnus plants, pollen morphology appears relatively stable,
nested ANOVA compared to variation between species. Statistically significant differences exist between the pollen of all

classification and regression trees three alder species in most morphological traits, but there is a high degree of within-species variability and

between-species overlap in pollen morphology. Since no morphological trait on its own was sufficient for
pollen identification to species, classification and regression tree (CART) analysis was used to derive multi-
trait classification models. CART analyses show that A. rubra and A. viridis subsp. sinuata pollen can be differ-
entiated into two distinct morphotypes, analogous to species separation, based on annulus width, arci
strength, exine thickness and overall diameter. The intermediate pollen morphology of Alnus incana subsp.
tenuifolia prevents identification of Alnus pollen to species when all three species are present in the pollen
source area. This research lends support to paleoecological studies in western North America that have differ-
entiated Alnus pollen into two morphotypes and revealed distinct postglacial histories that are masked when

Alnus pollen are not differentiated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pollen analysis is one of the most widely used tools in pal-
eoenvironmental science. It is the primary technique for determining
vegetation dynamics on long time scales, but also provides pal-
eoenvironmental records of changes in climate, hydrology, edaphic
conditions, and the impact of anthropogenic activity. The broad utility
of fossil pollen analysis relies on accurate and precise pollen identifi-
cation, and these identifications assume spatial and temporal stability
in pollen morphology. However, fossil pollen records often suffer
from low taxonomic resolution due to the difficulty in identifying
many pollen types beyond the family or generic level (Birks, 1993;
Seppd and Bennett, 2003). Given the large ecological differences be-
tween species within genera and between genera within plant fami-
lies, low taxonomic resolution constrains the paleoecological and
paleoenvironmental inferences that can be drawn from fossil pollen
analysis. The prevalence of important autoecological differences be-
tween species means that grouping pollen types by genus masks
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species changes in reconstructions of paleovegetation dynamics, as
well as differential responses of congeneric species to changes in cli-
matic and environmental conditions (Finkelstein et al., 2006). Low
taxonomic resolution also hinders the field from answering questions
about species specific ecologies and interspecific interactions through
time (Flenley, 2003; Payne et al., 2011) and inhibits correlations be-
tween paleovegetation reconstructions and modern plant survey
data (Finkelstein et al., 2006).

In particular, improving the taxonomic resolution of Alnus pollen
identification in paleoecological records is important for a number
of reasons. Alder are important early seral species on landscapes un-
dergoing plant community succession (Connell and Slatyer, 1977;
Bormann and Sidle, 1990; Chapin et al., 1994; Titus, 2009) and are im-
portant indicator species for forest fire and ecosystem disturbance re-
gimes (Lantz et al.,, 2010). It is likely that alder played a similarly
important role in plant succession and ecosystem dynamics through-
out the late Quaternary period (Hu et al., 2001; Lacourse, 2009). Due
to their ability to fix atmospheric nitrogen, alder species facilitate the
establishment of conifers (Chapin et al., 1994), but interactions be-
tween specific alder and conifer species through time cannot be doc-
umented in fossil pollen records if alder pollen are only identified to
the generic level. In western North America, alder species are often
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integral components of plant communities and are ecologically dispa-
rate such that grouping them into a single taxonomic unit results in a
substantial loss of paleoecological information. For instance, the
coastal tree species Alnus rubra Bongard (red alder) is the largest
alder in North America and often forms extensive stands on open
coasts, wet slopes, and along lakeshores and riverbanks to a maxi-
mum elevation of 300 m (Douglas et al., 1998). Alnus incana subsp.
tenuifolia Nuttall (mountain alder) and A. viridis subsp. sinuata Regel
(green alder) have shrubby growth forms, but A. incana subsp. tenuifolia
is able to persist at higher elevations (to 3000 m) than A. viridis subsp.
sinuata or A. rubra (Douglas et al., 1998). These three alder species
also have substantial differences in life history and tolerance to shade,
drought, fire, waterlogging, and soil pH and texture (Niinemets and
Valladares, 2006; NRCS, USDA, 2011), as well as different forest associ-
ations (e.g., Gavin et al., 2005). Since Alnus can account for up to 80% of
fossil pollen assemblages in Quaternary sediments from western North
America (e.g., MacDonald and Ritchie, 1986; Hansen and Engstrom,
1996; Brown and Hebda, 2003; Lacourse, 2005; Lacourse et al., 2005),
differentiating the pollen of these three species could greatly increase
the taxonomic resolution of pollen records from this region and the pal-
eoenvironmental inferences that can be drawn from them. In eastern
North America, Mayle et al. (1993) showed that Alnus viridis subsp.
crispa (formally A. crispa) is an important indicator of Younger Dryas
cooling in fossil pollen records from Altantic Canada and highland
areas of New England. Additional studies that differentiate the pollen
of alder species are needed to maximize paleoecological and paleo-
climate information in Holocene reconstructions.

To date, no definitive method for species-level identification has
been devised for fossil alder pollen from western North America.
The pollen morphology of alder from North America and Europe has
been described to a limited extent (Heusser, 1969; Richard, 1970;
Furlow, 1979; Mayle et al., 1993; Wittborn et al., 1996; Blackmore
et al., 2003), but the vast majority of paleoecological studies simply
group all pollen from alder species into their genus Alnus (e.g.,
Bryant and Holloway, 1985; Williams et al., 2004; Whitmore et al.,
2005; Minckley et al., 2008). Some Holocene paleoecological studies
from the Pacific coast of North America (e.g. Cwynar, 1990; Sugita,
1990; Gavin et al., 2001; Lacourse, 2005; Lacourse et al., 2007) have
separated alder pollen into two morphotypes, an Alnus rubra-type
and an Alnus viridis-type, and in one instance an Alnus incana-type
(Arsenault et al., 2007). These morphotype distinctions are based on
modern reference collections and morphological descriptions of
Alnus pollen from eastern North American and European studies,
where Alnus is also sometimes differentiated into two morphotypes
(e.g. Mayle et al.,, 1993), or on limited examination of overall pollen
size and interporal concavity in western North America (Heusser,
1969).

Previous studies used multi-trait classification methods such as
discriminant function analysis to identify a suite of morphological
traits with which to identify fossil pollen to species (e.g., Birks and
Peglar, 1980; Hansen and Engstrom, 1985). Recent studies have
used multi-trait classification and regression trees (CART) to differen-
tiate the pollen of Picea (Lindbladh et al., 2002) and Pinus (Barton et
al., 2011) species. CART analysis can provide a more powerful statisti-
cal approach than discriminant function analysis when comparing
morphological traits that overlap between species (Breiman et al.,
1984; Lindbladh et al., 2002). CART models can also incorporate
rank and ordinal data, which is not the case with discriminant func-
tion analysis, as this technique assumes that multivariate data are
from a normal distribution with common covariance (Breiman et al.,
1984). Here, we use over 21,000 modern pollen grains from the three
common alder species in western North America (i.e. Alnus rubra,
A. viridis subsp. sinuata, and A. incana subsp. tenuifolia) to determine if
it is possible to identify Alnus pollen to species in Quaternary sediments.
We did not include A. rhombifolia Nuttall in this study because its range
is more or less limited to southern Oregon and California. We measured

10 pollen morphological traits for each of the three alder species. Nested
ANOVA and other statistical analyses were used to identify statistically
significant differences between species. Classification and regression
trees (CART) were then used to create a multi-trait identification meth-
od for differentiating Alnus pollen.

2. Materials and methods
2.1. Pollen sample collection and preparation

Modern pollen samples from across the range of all three alder spe-
cies (Fig. 1) were collected from herbaria (Supplementary Table 1). A
total of 93 individual alder plants were sampled: 35 pollen samples
were collected for Alnus viridis subsp. sinuata (Fig. 2A), 27 for A. incana
subsp. tenuifolia (Fig. 2B) and 31 for A. rubra (Fig. 2C). Botanical nomen-
clature follows the Flora of North America Editorial Committee (1993+).
Male catkins were prepared for light microscopy using standard tech-
niques (i.e., acetolysis) and unstained pollen were mounted in 2000 cs
silicone oil (Faegri and Iversen, 1989; Bennett and Willis, 2001). Silicone
oil was used because it remains fluid after mounting and other media
such as glycerine can cause changes in pollen size and shape (Andersen,
1960; Whitehead, 1961; Faegri and Iversen, 1989; Mdkeld, 1996).

2.2. Morphological measurements

The morphological traits assessed for each pollen grain were cho-
sen based on published identification keys and morphological
descriptions of alder pollen in eastern North America and Europe
(Richard, 1970; Furlow, 1979; Mayle et al., 1993; Kapp et al., 2000;
Blackmore et al., 2003) and on informal criteria used by palynologists
when separating fossil alder pollen into two morphotypes, an
A. rubra-type and an A. viridis-type. Five quantitative morphological
traits were measured on each pollen grain: diameter, arci width,
exine thickness, and annulus width and height (Fig. 2D). Annulus
area was derived for each pollen grain based on annulus height and
width. For traits where multiple measurements were possible on
one grain (e.g., there are up to six arci on any given pollen grain),
multiple measurements were taken and then averaged across an indi-
vidual pollen grain. Three qualitative morphological traits were also
assessed on each pollen grain. Arci strength was assigned a relative
rank from O (arci not visible) to 5 (very prominent, robust arci). The
overall protrusion of the annulus was scored on a scale from 1 (annu-
lus flush with the exine) to 3 (annulus protruding substantially from
the exine). Overall grain shape when a pollen grain is lying on its
isolpolar axis was assessed as concave, convex or mixed based on
the inward curvature of the exine between the pores on each pollen
grain. These six quantitative and three qualitative traits were deter-
mined on 30 pollen grains from each individual alder plant. The num-
ber of pores was also counted on an additional 200 pollen grains per
individual alder plant. In total, 21,390 pollen grains are included in
this dataset. All measurements were made under oil immersion at
1000x magnification using Zeiss AxioVision 4.7.1 (Carl Zeiss
Microlmaging, 2008), which includes a measurement interface that
allows individual morphological traits to be measured to two deci-
mal places (0.00 £ 0.02 pum). All measurements were made on pollen
grains that were lying flat on their isopolar axis.

2.3. Statistical analyses

Due to the hierarchical sampling design (i.e., pollen samples are
from only one of the three alder species and pollen grains are from in-
dividual alder plants), nested ANOVA analyses were performed for
each quantitative trait to test the null hypothesis that means do not
differ between the three alder species. The nested model allows for
partitioning of the total variability in each morphological trait into
components explained by each of the nested factors i.e., between
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Fig. 1. Species range maps for Alnus viridis subsp. sinuata (green alder), Alnus incana subsp. tenuifolia (mountain alder) and Alnus rubra (red alder). Circles represent pollen sample
locations, though some cannot be seen due to overlap in sample location. Distribution map source: Thompson et al. (1999).

species and between individuals within a species. As more than one
catkin per individual plant was used, within catkin variability is not
assessed. A Bonferroni correction was applied to each pair-wise
nested ANOVA model to adjust the p-value for multiple comparisons
and decrease the probability of Type I errors. ANOVA model signifi-
cance was set at o= 0.05. The amount of variation in each morphological
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trait attributable to a given nested factor was also determined as percent
variance for each full ANOVA model. To assess the degree of overlap in
morphological traits between species, Mann-Whitney U two-way com-
parisons were performed between each of the three alder species for
each quantitative trait. As per Clegg et al. (2005), the resulting U statistic
was scaled by the multiplier (2/n;n;), where n; and n; are the number of
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Fig. 2. Isopolar views of (A) Alnus viridis subsp. sinuata, (B) Alnus incana subsp. tenuifolia, and (C) Alnus rubra pollen at 1000x magnification under oil immersion. Isopolar view (D) of a sim-

plified 5-pored convex alder pollen grain showing the five measured morphological traits.
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Table 1
Summary of quantitative morphological traits for the pollen of each alder species.
Alnus viridis subsp. sinuata Alnus incana subsp. tenuifolia Alnus rubra
n=1050 n=_810 n=930
Morphological trait Mean + SE* Min Max Mean + SE Min Max Mean £ SE Min Max
Arci width (um) 1.574+0.02 0.00 2.69 1.674+0.01 0.00 2.78 1.824+0.01 0.00 2.90
Annulus width (um) 7.03 4+ 0.02 4.73 9.27 7.5140.03 4.72 10.19 7.8640.02 5.84 9.97
Annulus height (um) 2.67+£0.01 1.51 4.09 2.86+0.01 1.43 4.02 2.884+0.01 1.88 3.99
Annulus area (um?) 18.7940.12 8.66 37.51 21.67+0.14 9.22 39.45 22.84+0.14 11.80 34.45
Exine thickness (um) 1.914+0.01 1.17 3.11 2.04+0.01 133 3.24 2.11+0.01 1.31 3.37
Diameter (pm) 22.08 +0.06 16.22 28.83 22.95+0.06 16.73 28.28 23.99 +£0.06 18.39 30.05

@ SE =standard error of the mean.

pollen grains included in the dataset for each species. The resulting U sta-
tistic gives a quantitative measure of variable distribution overlap, with
0 indicating no overlap in trait distribution and 100 indicating complete
overlap. The statistical significance of interspecific differences in arci
strength, annulus protrusion, grain shape and pore number was tested
using Wilcoxon rank-sum tests. Statistical analyses were performed
using R (R Development Core Team, 2007).

Classification and regression tree (CART) analysis was used to de-
vise multi-trait classification methods for identifying alder pollen to
species. CART uses recursive partitioning of independent variables
to create a binary decision tree that is conceptually similar to a stan-
dard dichotomous identification key (Breiman et al., 1984). Graphical
output consists of a tree encompassing internal binary nodes that co-
incide with specific splitting variables and threshold values, and ter-
minal nodes that unify data into a specific class (i.e., a species). The
probability of correct classification for each specific terminal node is
quantified via the number of correctly classified cases within that
node. Total model classification error is a function of misclassification
across the terminal nodes. The tree that results from CART modelling
is pruned to minimize cross-validation error and avoid over-fitting
via an assessment of model complexity parameters i.e., tree nodes
that over-fit data are removed until the decision tree is of an optimal
size and misclassification cost is minimized (Breiman et al., 1984;
Therneau et al., 2009). Pollen classification begins at the top of the
tree. If the internal splitting variables are true for an individual pollen
grain, then the right branch is followed. If the criterion is not met, the
left branch is followed until end nodes and species classifications are
reached.

A classification tree including all three alder species was grown using
all quantitative morphological traits as well as arci strength and pore
protrusion as model inputs. To determine the accuracy of the resulting
decision tree, a randomly selected test set of 30% of the data was held
in reserve and used to test model predictions. To assess the possibility
of identifying pollen in regions where only two of the three species co-
occur, two species classification trees were also built for A. rubra and
A. viridis subsp. sinuata, and for A. viridis subsp. sinuata and A. incana
subsp. tenuifolia. Again, 30% test sets were held in reserve. Two further
CART models were derived for the three species and the A. rubra and
A. viridis subsp. sinuata datasets, but with qualitative traits excluded.
CART analysis was performed using the ‘Rpart’ package (Therneau et
al., 2009) in the R statistical environment (R Development Core Team,
2007). As CART derived decision trees can be unstable i.e., small changes
in the data used to create the tree can result in changes in important
splitting variables (Sutton, 2005), random forest analysis was used to
create an overall ranked list of morphological trait importance and to
support CART models for species identification. Random forest models
generate large quantities of bootstrapped trees via random sampling
and classify data input by combining the results of all generated trees.
Ranking of morphological trait importance for classification is a function
of each trait's mean Gini decrease. Random forest modelling was per-
formed using the ‘randomForest’ package (Liaw and Wiener, 2002) in R.

3. Results
3.1. Alnus pollen morphology and variability

Despite different ecologies, life history traits and species ranges,
the pollen morphology of the three western North American alders
is very similar (Fig. 2). Alder pollen appear psilate, i.e. with no exine
ornamentation, when observed under standard light microscopy,
but scanning electron microscopy reveals that alder pollen are finely
scabrate (Blackmore et al., 2003). Alder pollen range in diameter
from 16.2 to 30.1 pm, with almost complete overlap between the
three species (Table 1). Alder pollen are stephanoporate with three
to six annulate pores (Table 2) arranged equatorially (Fig. 2), with
the endexine detached from that of the pores, forming a vestibulum.
Pores tend to protrude with each surrounded by exine thickening
(an annulus) that is 1.4-4.1 um in height and 4.7-10.2 um in width
(Table 1). The overall shape is oblate (i.e., two flattened sides oppo-
site each other) and often there are thickened, curved bands (arci)
connecting the pores. The strength of the arci varies in all three
alder species and grains with no visible arci occur in all three species
(Table 2). For all of the quantitative traits, the smallest mean dimen-
sions occur in Alnus viridis subsp. sinuata and the largest occur in
A. rubra (Table 1; Fig. 3). Mean values for A. incana subsp. tenuifolia
are intermediate across all quantitative traits. However, there is ex-
tensive overlap in morphological traits between all three species
(Tables 1 and 2; Fig. 3).

3.2. Morphological trait comparisons between Alnus species

Qualitative morphological traits and the number of pores per pol-
len grain vary within each alder species, but most alder pollen are 4-
or 5-pored (Table 2). The number of pores differs significantly be-
tween A. incana subsp. tenuifolia and each of the other two species
(p=<0.001 for both pair-wise comparisons), but not between
A. viridis subsp. sinuata and A. rubra. Pore protrusion is also variable,
with moderate protrusion (class 2) most common in all three species
(Table 2), but no statistically significant differences were found be-
tween the three alder species in this trait. However, the pollen of
the three alder species differ significantly in arci strength (A. viridis
subsp. sinuata and A. incana subsp. tenuifolia, p=0.006; A. viridis
subsp. sinuata and A. rubra, p=<0.001; A. incana subsp. tenuifolia
and A. rubra, p=10.002) with arci less pronounced in A. viridis subsp.
sinuata than in the other two species (Table 2). Statistically significant
differences in overall shape also exist (A. viridis and A. incana subsp.
tenuifolia, p=0.002; A. viridis subsp. sinuata and A. rubra, p=<0.001;
A. incana subsp. tenuifolia and A. rubra, p=0.001). Overall shape varies
in all three species with most A. rubra having a convex shape (Table 2).
However, considerable intraspecific variability in these qualitative traits
indicates that none of the traits on their own are sufficient for dis-
tinguishing the pollen of these three alder species.
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Table 2
Percentage of Alnus pollen grains classified as each qualitative morphological trait.
Morphological trait Alnus viridis subsp. sinuata Alnus incana subsp. tenuifolia Alnus rubra
n=1050 n=3810 n=930

Number of pores®

3 0.3 0.9 0.5

4 22.5 47.8 234

5 70.3 494 72.4

6 6.9 1.8 3.6
Pore protrusion

1 154 12.0 14.7

2 51.1 479 52.4

3 334 40.1 329
Arci strength

0 6.0 43 13

1 103 4.1 1.7

2 26.5 17.5 9.5

3 27.6 274 19.1

4 22.8 29.8 36.9

5 6.9 16.9 31.5
Pollen shape

Concave 26.9 12.2 5.7

Mixed 46.2 444 31.2

Convex 26.9 433 63.1

2 For the number of pores, n= 8050 for A. viridis subsp. sinuata, n= 6210 for A. incana subsp. tenuifolia, and n=7130 for A. rubra.

Nested ANOVA models comparing morphological traits between
species indicate that there are statistically significant differences in
pollen morphology both between and within species (Table 3;
Fig. 3). This general trend of statistically significant differences is con-
sistent across all quantitative morphological traits with the exception
of annulus height, which does not differ significantly between
A. rubra and A. incana subsp. tenuifolia. Between species variation ac-
counts for 74.4-91.4% of total model variance for all quantitative

traits, with variation within species and variation within individual
plants accounting for the remaining 8.6-25.6% of variation (Supple-
mentary Table 2). The low amount of variation within individual
plants, relative to the variation between species, suggests that indi-
vidual alder plants produce pollen that is morphologically similar.
This contrasts with the morphometric results of Clegg et al. (2005)
who found that morphological variation within individual Betula
plants accounted for between 30.1 and 49.1% of the total variation.
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Fig. 3. Box plots showing within-species variability and between-species overlap for each quantitative morphological trait in Alnus pollen: (A) annulus width, (B) diameter,
(C) annulus area, (D) exine thickness, (E) arci width, and (F) annulus height. Solid lines bisecting each box plot represent the trait median for that species across all samples.
Box edges mark the first and third quartiles. Whiskers extend to the smallest and largest non-extreme data points. Species are A. viridis=Alnus viridis subsp. sinuata;

A. incana = Alnus incana subsp. tenuifolia; and A. rubra = Alnus rubra.
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Table 3
Summary results of nested ANOVA analyses for each quantitative morphological trait.

Pair-wise Nested Nested U Statistic (U)(2/n1n3)
comparisons® comparison comparison
(between (within species)
species)
F-ratio p-value F-ratio p-value Overlap (%)
Arci width
V-1 3864 <0.001 5.90 <0.001 792
V-R 23221 <0.001 6.01 <0.001 57.1
[-R 67.43 <0.001 7.54 <0.001 789
Annulus width
V-1 277.02 <0.001 15.72 <0.001 67.1
V-R 969.77 <0.001 9.75 <0.001 372
[-R 15751 <0.001 1593 <0.001 73.5
Annulus height
V-1 18238 <0.001 1039 <0.001 723
V-R 257.98 <0.001 9.84 <0.001 64.6
[-R 1.56 0.213 9.92 <0.001 98.0
Annulus area
V-1 34039 <0.001 16.62 <0.001 65.1
V-R 780.12 <0.001 13.10 <0.001 445
[-R 4838  <0.001 1622 <0.001 84.6
Exine thickness
V-1 153.74 <0.001 1593 <0.001 745
V-R 39492 <0.001 1343 <0.001 56.7
[-R 4437  <0.001 1824 <0.001 86.5
Grain diameter
V-1 16198 <0.001 2363 <0.001 7438
V-R 92446 <0.001 19.00 <0.001 425
[-R 23048 <0.001 2031 <0.001 71.1

2V =Alnus viridis subsp. sinuata, | = Alnus incana subsp. tenuifolia, R =Alnus rubra.
Significant p-values are in bold.

Scaled U statistics indicate extensive overlap in morphological traits
between all three alder species. The greatest amount of morphologi-
cal overlap occurs between A. rubra and A. incana subsp. tenuifolia
(71.1-98.0%) and the least amount of overlap between A. rubra and
A. viridis subsp. sinuata (37.2-64.6%), again reflecting the intermedi-
ate morphological position of A. incana subsp. tenuifolia relative to
the other two species (Table 3). This trend is consistent across all
quantitative morphological traits as well as arci strength and overall
pollen shape. While there are statistically significant interspecific dif-
ferences in mean values for most traits, the large amount of intraspe-
cific morphological variability as well as the interspecific overlap in
morphology precludes the use of mean values for pollen identifica-
tion to species. As with the qualitative morphological traits, none of
the quantitative traits can be used on their own for identifying alder
pollen to species.

3.3. Multi-trait CART models for identifying fossil alder pollen to species

CART analysis provides a multi-trait method for identifying alder
pollen. The full CART model derived for all three alder species clas-
sifies pollen grains based on annulus width, arci strength and exine
thickness (Fig. 4A). Model accuracy is 89.1% and 61.0% for A. viridis
subsp. sinuata pollen and A. rubra pollen, respectively; however, of
the A. incana subsp. tenuifolia pollen used to create the decision
tree, only 5.5% are classified accurately (Table 4). Total model classi-
fication error is 44.6%, which is explained in part by the mis-
classification of A. incana subsp. tenuifolia pollen as both A. rubra
and A. viridis subsp. sinuata. When model classification accuracy is
tested using the 30% test set (Table 4), 89.8%, 3.3% and 58.8% of
A. viridis subsp. sinuata, A. incana subsp. tenuifolia and A. rubra pollen
are classified to species correctly. The intermediate morphology of
A. incana subsp. tenuifolia pollen prevents the model from accurately
classifying pollen from this species, which in turn inflates overall
model classification error. Misclassification and high model error are
even more pronounced if the CART model is built using only

A Annulus Width < 7.52 pm

Arci Strength < 3.5 A.viridis (P = 0.545)

A.rubra (P =0.625) Annulus Width < 8.35 um

Awviridis (P = 0.543)

Exine < 2.26 um

A.incana (P=0.517) A.viridis (P = 0.440)

B Annulus Width < 7.52 pm

Arci Strength <3.5 Awviridis (P=0.754)

A.rubra (P=0.852) Annulus Width < 8.31 um

A.rubra (P=0.827) A.viridis (P = 0.608)

C Annulus Width < 7.52 pm

Exine < 1.92 um A.viridis (P=0.752)

A.rubra (P=0.809) Diameter < 23.34 pm

A.rubra (P =0.650) A.viridis (P=0.723)

Fig. 4. CART derived decision tree for the simultaneous classification of (A) Alnus viridis
subsp. sinuata, Alnus incana subsp. tenuifolia and Alnus rubra pollen, and (B) Alnus viridis
subsp. sinuata and Alnus rubra pollen with all quantitative traits and arci strength and
pore protrusion are model input. Shown in (C) is the CART model for separating Alnus
virdis subsp. sinuata and Alnus rubra built using quantitative traits only. Morphological
splitting variables and threshold values occur at each internal node. Terminal nodes indi-
cate species classification and the within-model probability of correct classification.

quantitative traits. This decision tree classifies pollen solely on the
basis of annulus width and classifies pollen as either A. rubra or A. viridis
subsp. sinuata i.e., classification accuracy for A. incana subsp. tenuifolia is
0%.

The two species CART model for A. viridis subsp. sinuata and
A. incana subsp. tenuifolia failed to separate these two species:
model accuracy for A. incana subsp. tenuifolia is only 46% and 55% of
test set pollen grains of this species are misclassified as A. viridis
subsp. sinuata. However, the two species CART model for separating
A. rubra and A. viridis subsp. sinuata is reasonably successful as differ-
entiating these two species. This CART model uses annulus width and
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Table 4
Three species and two species CART classification accuracies for model and test set
pollen.

A. Three species CART model (Fig. 4A)

Alnus Alnus Alnus rubra
viridis incana (N=620)
subsp. subsp.
sinuata tenuifolia
(N=700) (N=540)

Identified as Data n % n % n %

Model 624 89.1 336 622 224 362
Testset 314 898 174 646 119 385
Model 10 1.5 30 55 18 2.8
Testset 9 2.6 9 33 8 2.7
Model 66 9.4 174 323 378 610
Test set 27 7.6 87 321 183 588

A. viridis subsp. sinuata
A. incana subsp. tenuifolia

A. rubra

B. Two species CART model (Fig. 4B)

Alnus viridis Alnus rubra
subsp. sinuata (N=620)
(N=700)
Identified as Data n % n %
A. viridis subsp. sinuata Model 631 90.2 237 38.2
Test set 321 91.7 128 41.2
A. rubra Model 69 9.8 383 61.8
Test set 29 8.3 182 58.8

C. Two species CART model (quantitative traits only) (Fig. 4C)

Alnus viridis Alnus rubra
subsp. sinuata (N=620)
(N=700)
Identified as Data n % n %
A. viridis subsp. sinuata Model 584 83.5 200 323
Test set 289 82.6 91 294
A. rubra Model 116 16.5 420 67.7
Test set 61 174 219 70.6

arci strength to differentiate A. rubra and A. viridis subsp. sinuata pol-
len (Fig. 4B). Model and test set accuracy for A. viridis subsp. sinuata
and A. rubra classification are improved compared to the three species
CART model (Table 4). The model classifies A. viridis subsp. sinuata
pollen most accurately, with 90.2% of pollen grains used in creating
the model correctly identified and 91.7% of test set grains classified
accurately. Model classification for A. rubra pollen is less accurate at
61.8%, with 58.8% of Alnus rubra test set grains classified accurately.
Total model error is reduced to 23.1%, compared to 44.6% in the
three species CART model.

To determine the model that best differentiates A. viridis subsp.
sinuata and A. rubra pollen, CART analysis was also performed with
all qualitative traits excluded. This model classifies 83.5% of A. viridis
subsp. sinuata and 67.7% of A. rubra pollen correctly (Table 4), on
the basis of annulus width, exine thickness and diameter (Fig. 4C).
Test set pollen classification is comparable to model prediction, with
82.6% and 70.6% of A. viridis subsp. sinuata and A. rubra test grains
classified correctly. In general, the CART identification methods for
distinguishing A. viridis subsp. sinuata and A. rubra pollen are
supported by random forest analysis, with annulus width and overall
diameter ranked as the two most important traits for distinguishing
the pollen of these species (Supplementary Table 3).

4. Discussion
4.1. Alder pollen identification
What is most clear from the morphometric analyses on alder

pollen is that no morphological trait on its own is sufficient for
species-level pollen identification. There are statistically significant

differences in the pollen morphology of all three species, but given
the substantial degree of overlap in morphological variability be-
tween species, these differences in mean trait values are not particu-
larly useful for identifying fossil pollen. Instead, the pollen
morphologies of the three alder species form a morphological contin-
uum, where A. viridis subsp. sinuata pollen are the smallest across
traits, A. rubra are the largest, and A. incana subsp. tenuifolia are inter-
mediate (Table 1; Fig. 3). A comparison of mean trait values and/or
reliance on one or a few morphological traits is insufficient when
attempting to differentiate the pollen of these three alder species.

CART analysis produces a multi-trait method for pollen identifica-
tion by defining important morphological traits and threshold values
for these traits. In doing so, CART analysis provides a better tool for
classification of alder pollen than is possible by examining individual
morphological traits in isolation. However, the classification error for
A. incana subsp. tenuifolia was over 90% in the three species CART
model (Fig. 4A, Table 4) and 100% in a model that excluded qualita-
tive morphological traits. As the morphology of A. incana subsp.
tenuifolia pollen is intermediate between the other two species, mor-
phological overlap is extensive enough to prevent CART models from
defining appropriate trait thresholds by which to classify A. incana
subsp. tenuifolia pollen. Alnus incana subsp. tenuifolia pollen cannot
be reliably distinguished from that of the other two species.

The intermediate pollen morphology of A. incana subsp. tenuifolia
does not reflect the genetic relatedness of these three species of Alnus.
The A. incana species complex and A. rubra both fall within the Alnus
subgenus in the broader genus Alnus, whereas A. viridis subsp. sinuata
is part of the phylogenetically distinct Alnobetula subgenus (Chen and
Li, 2004). These phylogenetic patterns are not reflected in pollen mor-
phology. Changes in pollen morphology are likely driven by within-
range selection pressures related to plant-pollinator interactions,
climate, and/or other factors (e.g., Ejsmond et al., 2011).

Alnus incana subsp. tenuifolia does not currently occur along the
Pacific coast of North America (Fig. 1), so a method for distinguishing
pollen of the other two Alnus species is useful for increasing the tax-
onomic resolution of Quaternary pollen records from this region.
With A. incana subsp. tenuifolia excluded, CART analyses provide ro-
bust solutions for the separation of pollen from A. rubra and A. viridis
subsp. sinuata, both of which are common along the north Pacific
coast (Fig. 4). CART classification accuracies for the two species
models range between 61.8 and 91.7% (Table 4), results that are com-
parable or better than CART classification accuracies for species of
Picea (Lindbladh et al., 2002) and Pinus (Barton et al., 2011). The
two species CART models are appropriate for differentiating alder
pollen only when it can be safely assumed that A. incana subsp.
tenuifolia has not occurred in the pollen source area at any time
over the period of record. Small, light seeds are characteristic of
Alnus, as is the ability to disperse rapidly, particularly along water-
ways. These life history characteristics combined with substantial
changes in climate (Wright et al., 1993; Williams et al., 2004) suggest
that large shifts in the late Quaternary ranges of alder species oc-
curred along the Pacific coast of North America. However, while
A. incana subsp. tenuifolia macrofossils (e.g., seeds) have been found
in northern locations such as northern Yukon (Matthews, 1975), no
macrofossils of this species have been found in late Quaternary sedi-
ments along the Pacific coast, where A. rubra and A. viridis subsp.
sinuata macrofossils are common (e.g., Cwynar, 1987; Wainman and
Mathewes, 1987; Lacourse et al., 2007). Therefore, it is unlikely that
A. incana subsp. tenuifolia occurred along the Pacific coast during
the late Quaternary in conjunction with the other two species of
alder. It is possible that alder species that do not currently occur in
the region were present in the past. For instance, Alnus rhombifolia,
currently native to southern Oregon and California (Thompson et
al., 1999), may previously have had a more northern distribution
(Furlow, 1979; Reinink-Smith, 2010), in which case its pollen would
confound species identification. Furthermore, studies of modern pollen
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distributions show that alder pollen are routinely blown far outside the
boundaries of current species ranges, travelling distances in the hun-
dreds of kilometres (MacDonald and Ritchie, 1986; Fagri and Iversen,
1989; Mayle et al,, 1993; Whitmore et al., 2005). For these reasons,
the absence of A. incana subsp. tenuifolia and reliable discrimination of
A. viridis subsp. sinuata and A. rubra pollen must be assumed with cau-
tion, especially in areas close to modern range limits.

If the absence of A. incana subsp. tenuifolia pollen can be safely as-
sumed, then separation of A. viridis subsp. sinuata and A. rubra pollen
can be achieved via CART modelling (Fig. 4B, C). Even with A. incana
subsp. tenuifolia excluded, CART models are not able to differentiate
A. viridis subsp. sinuata and A. rubra pollen in all cases (Table 4). We
recommend that the two species CART models be used for separating
A. viridis subsp. sinuata and A. rubra pollen into two morphotypes that
are analogous to species separation and representative of their shrub
vs. tree growth forms. In general, these results are similar to those of
Clegg et al. (2005), who found that pollen of congeneric Betula spe-
cies, the closest relatives to Alnus (Navarro et al., 2003), could not
be identified to species, but could be separated into ‘tree birch’ and
‘shrub birch’ pollen based on differences in pore depth and pore-
diameter ratio.

The two species CART model built using all morphological traits
isolates A. viridis subsp. sinuata and A. rubra pollen based on annulus
width and arci strength (Fig. 4B), whereas the two species CART
model built using only quantitative traits separates the two species
based on annulus width, exine thickness and diameter (Fig. 4C). Ac-
cordingly, we propose criteria for morphotype separation that com-
bines the most important quantitative and qualitative traits:
individual alder pollen should be classified as A. viridis-type if they
have an annulus width <7.5 um, arci that are weak to moderate in
strength (1-3), an overall diameter of <23 um, and exine thickness
<1.9 um, otherwise pollen are classified as A. rubra-type. Overall
shape may be useful for assigning fossil pollen grains to A. rubra-
type, as A. rubra has a much higher proportion of convex pollen
than A. viridis subsp. sinuata (Table 2). If opposing group qualifiers
are met for an individual pollen grain, then it should be classified as
‘Alnus undifferentiated’. The traits identified as important for the sepa-
ration of alder pollen into an A. viridis-type and an A. rubra-type support
the morphological differences recognized previously by palynologists
separating alder pollen into two morphotypes in western North
America (e.g. Lacourse, 2005) as well as eastern North America (e.g.
Mayle et al,, 1993). Using the number of pores per alder pollen grain
to differentiate species, which has been suggested as a possible identifi-
cation method by Reinink-Smith (2010), is not supported by our large
dataset (n=21,390) and was similarly rejected as a method for separat-
ing alder species in fossil pollen records by Hansen and Easterbrook
(1974).

4.2. Implications of alder pollen identification for paleoecological studies

Identifying fossil alder pollen as A. viridis-type or A. rubra-type is
valuable for paleoecological reconstructions because it allows for the
distinction between tree (A. rubra-type) and shrub alder (A. viridis-
type) in areas where A. incana subsp. tenuifolia is not present such as
along the north Pacific coast of North America. This distinction, while
primarily associated with growth form, also reflects important ecologi-
cal and functional life history differences: in addition to obtaining a larg-
er adult height, A. rubra has a longer lifespan, larger seed mass, lower
cold tolerance, and higher shade and drought tolerance than A. viridis
subsp. sinuata (Lacourse, 2009). Separating the pollen of these two
taxa is therefore important for enhancing our understanding of Holo-
cene plant community dynamics in western North America.

The ability to distinguish the pollen of different species in fossil re-
cords is especially important when species have differential responses
to environmental conditions and differing ecologies (Finkelstein et al.,
2006), as is the case for A. viridis subsp. sinuata and A. rubra along the

north Pacific coast. While most paleoecological studies from this region
have not identified alder pollen past the generic level, studies that have
separated alder pollen into morphotypes show that A. viridis and
A. rubra have different postglacial histories (e.g. Cwynar, 1990;
Lacourse, 2005) and forest associations (Gavin et al., 2005). Lacourse
(2005, 2009) demonstrated that individual alder species had strong
temporal associations with different conifers on northern Vancouver Is-
land following the last glaciation: A. rubra-type pollen increased in
abundance during the expansion of Picea sitchensis and then decreased
and increased along with this conifer through the Younger Dryas, wheras
A. viridis-type pollen was closely associated with the arrival and dynam-
ics of other conifers i.e., Pinus contorta and Tsuga mertensiana. A similar
association occurs between A. rubra-type and Pseudotsuga menziesii pol-
len in Holocene lake sediment records from coastal Oregon (e.g., Long et
al., 2007). These patterns suggest that A. rubra and A. viridis subsp. sin-
uata played different roles in facilitating the establishment of conifers fol-
lowing the last glaciation that are consistent with modern successional
trends (e.g., Chapin et al.,, 1994). However, the distinct postglacial histo-
ries for the two species of alder as well as their interactions with conifer
populations are lost when Alnus pollen are not differentiated. More
paleoeclogical studies that differentiate A. viridis-type and A. rubra-type
pollen are needed so that these types of species interactions can be inves-
tigated on long ecological timescales. In some instances, increased taxo-
nomic precision in fossil pollen analysis may also permit separation of
exogenous drivers of Holocene ecosystem change such as climate from
endogenous processes such as succession and competition (Flenley,
2003).

5. Conclusions

This research demonstrates clearly that no morphological trait can
be used on its own to distinguish the pollen of the three common
alder species in western North America. Despite statistically significant
differences in mean values, the pollen morphology of each species is
highly variable across traits, with a large degree of morphological over-
lap between species. The intermediate morphology of Alnus incana
subsp. tenuifolia prevents the pollen of this species from being distin-
guished from that of the other two species, and pollen of the two
shrub alders, A. viridis subsp. sinuata and A. incana subsp. tenuifolia,
also cannot be differentiated. However, the method derived from our
large dataset confirms that individual alder pollen can be assigned to
one of two morphotypes (i.e., A. rubra-type and A. viridis-type), analo-
gous to species separation, where and when A. incana subsp. tenuifolia
is absent. Multi-trait CART modelling provides trait thresholds for dif-
ferentiating A. viridis subsp. sinuata and A. rubra pollen into these eco-
logically relevant morphotypes. The principal morphological traits
that distinguish these two pollen morphotypes are annulus width, arci
strength, exine thickness, and diameter. Given the intermediate mor-
phology of A. incana subsp. tenuifolia pollen, these morphotype identifi-
cations should only be used in regions where it can be safely assumed
that A. incana subsp. tenuifolia has been absent from the pollen source
area for the entire period of record e.g., in coastal British Columbia. Dif-
ferentiating fossil Alnus pollen using this morphotype method will
greatly enhance the taxonomic resolution of Quaternary pollen records
from the north Pacific coast and the paleoecological and pal-
eoenvironmental inferences that can be drawn from them.

Acknowledgements

We thank the University of Victoria, University of British Columbia
(Beaty Biodiversity Museum) and Royal British Columbia Museum
herbaria and R.W. Mathewes for providing sample material, and A.F.
Lotter (Editor) and two anonymous reviewers for the thoughtful re-
views. This research was funded through research grants from the
Natural Sciences and Engineering Research Council (NSERC) of
Canada and Canadian Foundation of Innovation to T. Lacourse, and



L. May, T. Lacourse / Review of Palaeobotany and Palynology 180 (2012) 15-24 23

through a NSERC CGS scholarship and Canadian Association of Paly-
nologists research award to L. May.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.revpalbo.2012.04.007.

References

Andersen, T., 1960. Silicone oil as a mounting medium for pollen grains. Danmarks
Geologisk Undersogelse 4, 1-24.

Arsenault, A., Clague, ].J., Mathewes, RW., 2007. Late Holocene vegetation and climate
change at Moraine Bog, Tiedemann Glacier, southern Coast Mountains, British Co-
lumbia. Canadian Journal of Earth Sciences 44, 707-719.

Barton, A.M., Nurse, A.M., Michaud, K., Hardy, S.W., 2011. Use of CART analysis to differ-
entiate pollen of red pine (Pinus resinosa) and jack pine (P. banksiana) in New En-
gland. Quaternary Research 75, 18-23.

Bennett, K.D., Willis, KJ., 2001. Pollen. In: Smol, J.P., Birks, H.J.B., Last, W.M. (Eds.),
Tracking environmental change using lake sediments. : Terrestrial, algal, and sili-
ceous indicators, 3. Kluwer Academic Publishers, Dordrecht, pp. 5-32.

Birks, H.J.B., 1993. Quaternary paleoecology and vegetation science — current contribu-
tions and possible future developments. Review of Palaeobotany and Palynology
79, 153-177.

Birks, HJ.B., Peglar, S.M., 1980. Identification of Picea pollen of Late Quaternary age in
eastern North America: a numerical approach. Canadian Journal of Botany 58,
2043-2058.

Blackmore, S., Steinmann, J.AJ., Hoen, P.P., Punt, W., 2003. The northwest European
pollen flora, 65, Betulaceae and Corylaceae. Review of Palaeobotany and Palynolo-
gy 123, 71-98.

Bormann, B.T., Sidle, R.C., 1990. Changes in productivity and distribution of nutrients in
a chronosequence at Glacier Bay National Park, Alaska. Journal of Ecology 78,
561-578.

Breiman, L., Friedman, J.H., Olshen, R.A,, Stone, CJ., 1984. Classification and regression
trees. Wadsworth, Belmont.

Brown, KJ., Hebda, RJ., 2003. Coastal rainforest connections disclosed through a Late
Quaternary vegetation, climate, and fire history investigation from the Mountain
Hemlock Zone on southern Vancouver Island, British Columbia, Canada. Review
of Palaeobotany and Palynology 123, 247-269.

Bryant, V.M., Holloway, R.G., 1985. Pollen records of Late-Quaternary North American
sediments. American Association of Stratigraphic Palynologists Foundation, Austin.

Chapin, F.S., Walker, LR., Fastie, C.L., Sharman, L.C., 1994. Mechanisms of primary suc-
cession following deglaciation at Glacier Bay, Alaska. Ecological Monographs 64,
149-175.

Chen, Z., Li, J., 2004. Phylogenetics and biogeography of Alnus (Betulaceae) inferred
from sequences of nuclear ribosomal DNA ITS region. International Journal of
Plant Sciences 165, 325-335.

Clegg, B.F., Tinner, W., Gavin, D.G., Hu, E.S., 2005. Morphological differentiation of
Betula (birch) pollen in northwest North America and its paleoecological applica-
tion. The Holocene 15, 229-237.

Connell, J.H., Slatyer, R.0., 1977. Mechanisms of succession in natural communities and
their role in community stability and organization. The American Naturalist 111,
1119-1144.

Cwynar, L.C, 1987. Fire and forest history of the North Cascade Range. Ecology 68,
791-802.

Cwynar, L.C., 1990. A late Quaternary vegetation history from Lily Lake, Chilkat Penin-
sula, southeast Alaska. Canadian Journal of Botany 68, 1106-1112.

Douglas, G.W., Straley, G.B., Meidinger, D.V., Pojar, J., 1998. lllustrated Flora of British
Columbia. Volume 2: Dicotyledons (Balsaminaceae Through Cucurbitaceae). Min-
istry of Environment, Lands & Parks and B.C. Ministry of Forests, Victoria.

Ejsmond, MJ., Wronska-Pilarek, D., Ejsmond, A. Dragosz-Kluska, D., Karpifiska-
Kotaczek, M., Kotaczek, P., Koztowski, ]., 2011. Does climate affect pollen morphol-
ogy? Optimal size and shape of pollen grains under various desiccation intensity.
Ecosphere 2, 117, http://dx.doi.org/10.1890/ES11-00147.1.

Faegri, K, Iversen, J., 1989. Textbook of Pollen Analysis, Fourth Edition. Blackwell Press,
Oxford.

Finkelstein, S.A., Gajewski, K., Viau, A.E., 2006. Improved resolution of pollen taxonomy
allows better biogeographical interpretation of post-glacial forest development:
analyses from North American Pollen Database. Journal of Ecology 94, 415-430.

Flenley, J., 2003. Some prospects for lake sediment analysis in the 21st century. Quater-
nary International 105, 77-80.

Flora of North America Editorial Committee, 1993+ +. Flora of North America North of
Mexico. Oxford, New York.

Furlow, ].J., 1979. The systematics of the American species of Alnus (Betulaceae). Rho-
dora 81, 1-121.

Gavin, D.G., McLachlan, J.S., Brubaker, L.B., Young, K.A., 2001. Postglacial history of
subalpine forests, Olympic Peninsula, Washington, USA. The Holocene 11,
177-188.

Gavin, D.G., Brubaker, L.B., McLachlan, J.S., Oswald, W.W., 2005. Correspondence of pol-
len assemblages with forest zones across steep environmental gradients, Olympic
Peninsula, Washington, USA. The Holocene 15, 648-662.

Hansen, B.S., Easterbrook, DJ., 1974. Stratigraphy and palynology of late Quaternary
sediments in the Puget Lowland, Washington. Geological Society of America Bulle-
tin 85, 587-602.

Hansen, B.C.S., Engstrom, D.R,, 1985. A comparison of numerical and qualitative
methods of separating pollen of black and white spruce. Canadian Journal of Bota-
ny 63, 2159-2163.

Hansen, B.C.S., Engstrom, D.R., 1996. Vegetation history of Pleasant Island, southeast-
ern Alaska, since 13,000 yr B.P. Quaternary Research 46, 161-175.

Heusser, CJ., 1969. Modern pollen spectra from the Olympic Peninsula, Washington.
Bulletin of the Torrey Botanical Club 96, 407-417.

Hu, FS., Finney, B.P., Brubaker, L.B., 2001. Effects of Holocene Alnus expansion on
aquatic productivity, nitrogen cycling, and soil development in southwestern Alas-
ka. Ecosystems 4, 358-368.

Kapp, R.O., Davis, 0.K, King, ].E., 2000. Ronald O. Kapp's pollen and spores, Second Edition.
American Association of Stratigraphic Palynologists Foundation, College Station.

Lacourse, T., 2005. Late Quaternary dynamics of forest vegetation on northern Vancou-
ver Island, British Columbia, Canada. Quaternary Science Reviews 24, 105-121.

Lacourse, T., 2009. Environmental change controls postglacial forest dynamics through
interspecific differences in life-history traits. Ecology 90, 2149-2160.

Lacourse, T., Mathewes, R.W., Fedje, D.W., 2005. Late-glacial vegetation dynamics of the
Queen Charlotte Islands and adjacent continental shelf, British Columbia, Canada.
Palaeogeography, Palaeoclimatology, Palaeoecology 226, 36-57.

Lacourse, T., Mathewes, RW., Hebda, RJ., 2007. Paleoecological analyses of lake sedi-
ments reveal prehistoric human impact on forests at Anthony Island UNESCO
World Heritage Site, Queen Charlotte Islands (Haida Gwaii), Canada. Quaternary
Research 68, 177-183.

Lantz, T.C., Gergel, S.E., Henry, G.H.R.,, 2010. Response of green alder (Alnus viridis
subsp. fruticosa) patch dynamics and plant community composition to fire and re-
gional temperature in north-western Canada. Journal of Biogeography 37,
1597-1610.

Liaw, A., Wiener, M., 2002. Classification and regression by randomForest. R News 2,
18-22.

Lindbladh, M., O'Connor, R., Jacobson, G.L, 2002. Morphological analysis of pollen
grains for paleoecological studies: classification of Picea from eastern North Amer-
ica. American Journal of Botany 89, 1459-1467.

Long, CJ., Whitlock, C., Bartlein, P.J., 2007. Holocene vegetation and fire history of the
Coast Range, western Oregon, USA. The Holocene 17, 917-926.

MacDonald, G.M,, Ritchie, ].C., 1986. Modern pollen spectra from the western interior
of Canada and the interpretation of late Quaternary vegetation development.
New Phytologist 103, 245-268.

Maikeld, E.M., 1996. Size distinctions between Betula pollen types — a review. Grana 35,
248-256.

Matthews, J.V., 1975. Insect and plant macrofossils from two Quaternary exposures in
the Old Crow-Porcupine Region, Yukon Territory, Canada. Arctic and Alpine Re-
search 7, 249-259.

Mayle, FE., Levesque, AJ., Cwynar, L.C.,, 1993. Alnus as an indicator taxon of the Younger
Dryas cooling in eastern North America. Quaternary Science Reviews 12, 295-305.

Minckley, T.A., Bartlein, P.J., Whitlock, C., Shuman, B.N., Williams, J.W., Davis, O.K,,
2008. Associations among modern pollen, vegetation, and climate in western
North America. Quaternary Science Reviews 27, 1962-1991.

Navarro, E., Bousquet, J., Moiroud, A., Munive, A,, Piou, D., Normand, P., 2003. Molecular
phylogeny of Alnus (Betulaceae), inferred from nuclear ribosomal DNA ITS se-
quences. Plant and Soil 254, 207-217.

Niinemets, U., Valladares, F., 2006. Tolerance to shade, drought, and waterlogging of tem-
perate northern hemisphere trees and shrubs. Ecological Monographs 76, 521-547.

NRCS, USDA, 2011. The PLANTS Database. National Plant Data Center, Baton Rouge,
USA. ( http://plants.usda.gov, 3 January 2012).

Payne, R]., Lamentowicz, M., Mitchell, E.A.D., 2011. The perils of taxonomic inconsis-
tency in quantitative palaeoecology: experiments with testate amoeba data. Bore-
as 40, 15-27.

R Development Core Team, 2007. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna.

Reinink-Smith, L.M., 2010. Variations in alder pore number - a possible new correla-
tion tool for the Neogene Kenai lowland, Alaska. Palynology 34, 180-194.

Richard, P., 1970. Atlas pollinique des arbres et de quelques arbustes indigénes du Que-
bec. Ill. Angiospermes (Salicacées, Myricacées, Juglandacées, Corylacées, Fagacées,
Ulmacées). Le Naturaliste Canadien 97, 97-161.

Seppd, H., Bennett, K.D., 2003. Quaternary pollen analysis: recent progress in paleo-
ecology and paleoclimatology. Progress in Physical Geography 4, 548-579.

Sugita, S., 1990. Palynological records of forest disturbance and development in the
Mountain Meadows Watershed, Mt. Rainier, Washington. Ph.D. Thesis, University
of Washington, Seattle, USA.

Sutton, C.D., 2005. Classification and regression trees, bagging and boosting. In: Rao,
C.R., Wegman, EJ., Solka, J.L. (Eds.), Handbook of Statistics, vol. 24. Elsevier,
Amsterdam, pp. 303-329.

Therneau, T.M., Atkinson, B., Ripley, B., 2009. Rpart: Recursive partitioning. R package.
http://CRAN.R-project.org/package=rpart2009Version 3.1-45.

Thompson, R.S., Anderson, K.H., Bartlein, P.J., 1999. Atlas of relations between climatic
parameters and distributions of important trees and shrubs in North America -
Hardwoods. Professional Paper 1650-B. US Geological Survey, Denver, USA.

Titus, J.H., 2009. Nitrogen-fixers Alnus and Lupinus influence soil characteristics but not
colonization by later successional species in primary succession on Mount St. Hel-
ens. Plant Ecology 203, 289-301.

Wainman, N., Mathewes, RW., 1987. Forest history of the last 12 000 years based on plant
macrofossil analysis of sediment from Marion Lake, southwest British Columbia.
Canadian Journal of Botany 65, 2179-2187.



24 L. May, T. Lacourse / Review of Palaeobotany and Palynology 180 (2012) 15-24

Whitehead, D.R., 1961. A note on silicone oil as a mounting medium for fossil and mod-
ern pollen. Ecology 42, 591.

Whitmore, ]., Gajewski, K., Sawada, M., Williams, J.W., Shuman, B., Bartlein, P,].,
Minckley, T., Viau, A.E., Webb III, T., Shafer, S., Anderson, P., Brubaker, L., 2005.
Modern pollen data from North America and Greenland for multi-scale pal-
eoenvironmental applications. Quaternary Science Reviews 24, 1828-1848.

Williams, J.W., Shuman, B.N., Webb, T., Bartlein, P.J., Leduc, P.L., 2004. Late-Quaternary
vegetation dynamics in North America: scaling from taxa to biomes. Ecological
Monographs 74, 309-334.

Wittborn, J., Rao, K.V., EI-Ghazaly, G., Rowley, ].R., 1996. Substructure of spore and pol-
len grain exines in Lycopodium, Alnus, Betula, Fagus and Rhododendron. Grana 35,
185-198.

Wright, H.E., Kutzbach, J.E., Webb III, T., Ruddiman, W.F., Street-Perrott, F.A., Bartlein,
PJ., 1993. Global climates since the last glacial maximum. University of Minnesota
Press, Minneapolis.

Carl Zeiss Microlmaging, 2008. AxioVision. Carl Zeiss, Jena. Release 4.7.1.



BIQUIN[OD) YSHLIE ‘OB 19ARIg 1 £78€00
BIqUIN[OD) YsNLIg ‘(9SeUlRI(] I0ATY UE[ISYOY) UBdUN(T ISOMYINOS “UONLIS UBYIIMOD)  178€00
BIqUIN[OD) YSNLIE ‘BAIR BT dPONO[[Y LLESE00 piqni snujy
BIQUIN[OD) YSHLIE ‘WNIPey Jedu LN
BIqUIN[OD) YSNLIg ‘AqQUINT Jeau ‘dAIosay [ed130]097 S[[IH Yong L, ST
BIQUIN[OD) YSNLIEG e JO YLOU ‘SMOQX() SO0K0SQ) LOGISTA
eIquinjo) ysnuig ‘sdoojurey] ‘A11o] oITOW JO8ISTA
BIqUINO)) YSHLI “JOLISI(] 15910, WY UOWIBS OB YA I8VOVIA
BIQUIN[OD) YSHLIE YN ISIYOIRUY c€TCO9TA
BIQUINOD) YSHLIY IS0 JOMOT Ju ¢0LOT8OA
eIquino) ysnug “jeor) surddoy ‘Treil  1ZTST90A
BIQUIN[O)) YSHLE “UOS[ON 8IVOCA
RIqQUN[OD) ysnLg ‘TreL], IVEVETA
oyep] ‘Kuno) yejeT A 1epa) 00TELA
eIqUIN[0D) ysnLIg ‘Aeyyyer [0ETCLA
eleqVy ‘Adf[eA Jouan[ 1e yoo1) dooys -08IS9A
rIquIN[0)) ysnug ‘uedeuey( ‘Suonswry JATHIA
uoyn g ‘uosmeq LTIVYIA
BIQUIN[OD) YSHLIE “UOS[IN 2A0Q® SSYI9A
BIqUIN[OD) YsnLIg ‘noqrie) ‘oxe  31g V89SV A
BIQUIN[OD) YSHLIG 01 ST US, YR2ID) U0GIe)) “IOLUSI(] [BUOISIY JOARY 908 I8VITCA
BIqQUIN[OD) YSNLI 931000) 90Ul YHOMIJA IOLISI(] [BUOISIY 93109K) 110,{-IOSBI] T8SOTA
BIqUIN[OD) YsnLIg ‘e uofeusiuoppy Jo pud YHOU ‘UISeq JOATY dUDIS ITO0LLTA
eIquinjo)) ysnug ‘(90e]d s,10A[03] o) 9TE[IIA 19)eMILd]D) JO YLIOU ULy O 06V0LTA
BIQUIN[OD) YSHILIF ‘BMY[O], TedU oXe T AIN[OBIA JOLNSI(] [BUOISRY ONeydaN-Adpyng ELOSITA
BIqUIN[OD) YsNLIE ‘AJ[[BA I0ATY BIQUIN[OD) ‘[IBI], JO YHIOU UK {9 D60TTIA
BLIOQ[V ‘SBIUOYEBIOJ JBJU ‘SUB(Q JIOATY BISBqRIY “Ied [euoneN Jodser SL660TA
BIQUIN[OD) YSILIE ‘AD[BA TOATY USOWEN[IWIS LCTLOTA
yey ‘ydoN Jedu qeny  9L6SOTA  pHofinuay «dsqns
eIqun[o)) ysnug ‘waej Jurpend) Jo 1som uny | <IN Ssewng 8Ty puvOIU SNUJY
HUOISSIY
($399Ys wINLIBQI9Y U0 pIjou sg) uonedo| ddweg wnLeqIH sardddg

*Apnys siyy ur sjudwaansedw drndwoydiow uadfjod 103 pasn “dds snujp Jo suowroads wneqioy 1 d[qe ], Areyudwdjddng



BIQUIN[OD) YSHLIE ‘PUB[S] IOANOOUBA “YIWSMOLIY I ¥98€00

BIQUIN[O)) YSNILIY ‘PUB[S] JOANOJUBA “JOLNSI(] JOULIBIA ‘e Ao[eH 061620

IqQUN[OD) YSNILIY ‘pPuUB[S] JOANOJIUBA ‘O3] UOSIYIBIA 1598€00

BIQUIN[OD) YSHLIE QYo e[ BT “oxeT Aowl], ‘WA Ayowl], LZS6¥10
BIQUIN[OD) YSTLIE ‘O3B SIOOURI] JO PUD 1SIM ‘UISSOID JIATY BUIPEN JO YINOS WY §'f (80€1€ ppnuis *dsqns
BIQUIN[OD) YSHLIE “S[[B BYMIE JOMO] 1096¢£C sSipraia snujp

BIqQUIN[OD) YysnLIg ‘I9AN0duUBA ‘sndwed eiquinjo)) ysnig Jo ANSIdATIU) ,8CTINYI

BIQUIN[OD) YSHLIE YII1) SUISOD) ‘UOUIIA SpIed [BIOUIAOL] 9B [BY ¢SO9LBTA
BIQUIN[OD) YSHUY ‘TUId]G[V 1O0J ‘B2 SSBWOS cELYITIA

BIqQUIN[OD) YSNLIE ‘PUBS] UABIA c6€086A

BIQUIN[OD) YsHLIE I9[U] J[[IAN HOJ FCSSTIA

eIquin[o) ysnuig ‘puelsy Sulidg yes ‘sofuen  7L68F1A

BIQUIN[OD) YSHLY JeWnIy TEILYA

BIqUIN[OD) YSHLIE BLIOITA PY ASUIe[[Iy] STITOTA

BIqUIN[O)) YsnLIg ‘Puels] ulids)[es ‘poomuIo STHPEA

BIQUIN[OD) YSNLIE ‘WeANSP[on) IOLNSIp Jjewrinbsyg JT6ETA

u03a10 ‘Ajuno)) erquun[o)) /4 9NOI JO }SLd W 9'[ A1) youey e T€98LA
BIQUIN[OD) YSHLIE ‘OB Weay) :8CO88A

BIQUIN[O)) YSNLIg ‘A1) JUI0d ‘TOANOJIUBA -CS68LA

u03a10 ‘Ajuno)) eiquun[o)) ‘/ 9NOI JO }SLd W] 9'[ A1) youry e SSTILA

eiquinjo)) ysnug ‘9doH je I9ATY I9seI] Ul pue[s] seAl( -1899A

eIquinjo)) ysnug ‘wepmbing 101SI(] [BUOISIY JOANOIUR A IJJBIID) STEIA
BIQUIN[OD) YSHLIE JISSBIN BEE9A

BIqQUIN[O)) Ysnug ‘A310) Jurod I1S9A\ ‘JOANOIUB A LEEIA

BIUIOJI[ED) ‘AJuno)) IPJoquIny ‘pepruti], ‘9A0) 2onidg SOIBCA

_IqQUN[OD) YSNILIY “BI[AP JOALY SSBWOS ‘T HOJ ‘PuUB[S] JOANOJIUBA AL8SEITA

u03210 “A1uno) N[od ‘LT 998 ‘PIN00Y Noe[g ‘A1) S[[eq JO 1Som uy 9'[ LLT96TA

BIqQUINOD) YSTLIE ‘IOANOJUBA ‘BIIR BIQUIN[OD) YsnLIg JO ANSIOATU) ‘syueq ystuedg SIV8EIA
BIQUIN[OD) YSHLIE “IOALRY [[9M0] 009LETA

erurojI[e) ‘uodudAe( JO yInos sa[iw g Sy zni)) ejueg Jo 33po 1som -E8GSTIA

BIqUIN[OD) YSHIIE ‘PE-PLIS ‘[ BT} “IOANOOUBA 1SOM “NIBd dSNOYIYSIT ILOTITA

BIqUINIOD) YSNLIE BLIOIIA ‘Aeg BAOPIOD 1CCLYT

BIqQUIN[OD) YSNLIE “BLIOIOIA ‘sndwred BLIOIIA JO ANSIOATU() 15660€

BIqQUIN[OD) YSNLIg “BLIOIOIA ‘sndwred BLIOIIA JO ANSIOATU() PL60E



erquinjo)) ysnug ‘Aqewing ‘ANSIOAIU() JOSEI] UOWIS ‘SOMIYIBIA JIOY "I(T JO UOTOR[[00 ddudIdJaI udfjod oy
BIQUIN[OD) YSHLIE BLIOPIA WNLIBQIOH WNASNIA LIQUINO)) YSHLIE [A0Y

BIqUIN[OD) USTILI TOANOJUBA ‘WNASNIA AJISIOAIPOIY Ajedd ‘WNLIEGIOH BIQUINOD) YSHIIE JO AJISIOATU(
eIquIN[o)) YsnLIg ‘BLI0J01A ‘ASojorg Jo Juountedo ‘WnLIEqIOH BLI0JOIA JO AJISIOATUN |

BIqQUIN[OD) YsnLIg e Ie[[1d 1edu ‘AIONIID] demsnyg osey)  TGSHETA

BIqUINOD) SN ‘PY UOIONUdJ PIO [P UONOISINUL WOl W] 9'[ PY VA Xody c€6CO8A
UO)BUTYSEAY TWOOIRYAN OXe'] cOTEBEA

BIqUIN[OD) YsnLIg ‘Pue[s] AGSAIOIA I[U] [[OMIS JO INOS I9[U] [[OMIS c096S9TA
BIQUIN[OD) YSHLIG ‘PY MIIA 1UNON dn AemySiy woly uny £ edd dpLgoN c€9LTBIA
BIqUINIOD) YSNIIE VOIS ToTULY SIZUSNIRI JO ISLOINOS W ZSTTITA
BIQUIN[OD) YSHLIE “IOPI0Q UOSNA Y} JO YINOS UG “IOAL] YIS[V OEVLEA

BIqQUIN[OD) YSHLIY ‘AMH IBISSE)-)IEMI)S FOSTYIA

BIQUIN[OD) YSHLIE I9[U] I[[IAN HOJ ¢CCSSTIA

BIqUIN[O)) YsnLIg ‘s1o)enbpesy yied ‘ssed poy ¢CITSLOA

BIqQUIN[O)) YSNLIE ‘SoWe[ 1§ 110, JO I1SLaYII0U ‘OFpry AeLInA JTET690A

BIqUIN[OD) YSHLIE DFPRY PI0OAY PUB[SSOY (LVPVTTA

eIqun[o)) ysniig 9doH ea1) I9ATIS cEV8090A

BIqUIN[O) ysnug WPy ‘puelsy oddod  L€0T90A

BIQUIN[OD) YSILIE 981090 d0ULIJ JO YHOU UK 9’6 cOOEVSA

BIQUIN[OD) YSHLE “UNOI[IYD) JSIM BT SPOLIRYD JO SI0YS Yinos cCOSOVA
BIqUIN[OD) YSNLIE ‘9081 ], JO }SBAYNIOU Py UOAUR)) SB[ISIIY] STILYA

BIQUIN[OD) YSHLY JeWnIy LTILYA

BIQUIN[OD) YSHLIE “BOIR 93BT dPNO[[ Y OVSTA

BIqUIN[0D) YsniIg ‘(IfeMD epIeH) SPUB[S] MO[IRYD) UINQ) ‘PUB[S] BIETUL] cOE8TCA
BHOQ[V I [BUONEN OO X ‘93100) 9SIOH SUTYOry] JO Jueq ¢CLYOTA

BIqUIN(OD) YsniIg ‘(1remD epIeH) SPUB[S] MNO[IRYD) UIINQ) “91eTIPIS €9E9A
BIQUINOD) YSHLI “UBS[IIN IN O8CTA

eyse[y ‘Arepunog eIqUIN[O)) YSHLIG Y} JO YLOU W G'T 8O “IOATY Yos[V FI8LEA
UOISUIYSBA\ ‘[TeN} A1) A119d ‘SUTBIUNOA dPBISE)) ‘AJuno)) ysnuoyous 1S6SYA
BIqUIN[OD) YsnuIg oa1) Aein LT609A

BIQUIN[OD) YSHLIE “Nouudg 00VEA

BIqUINIOD) YSNLIG 9OFPOT MOquIRy T [[PMOd  S6SLETA

UOISUIYSBA\ ‘SSEd SUIAIS JO 1Som wy §°71 0910 uondasd( ‘Ajuno)) Sury] V8SSTIA



Supplementary Table 2: Nested ANOVA results and variance component analyses comparing the six quantitative morphological
traits between all three alder species (4lnus viridis subsp. sinuata, Alnus incana subsp. tenuifolia, and Alnus rubra). See Table 3 of the
main paper for F-ratios and P-values for species pair-wise comparisons.

Quantitative Trait and Sum of Mean Variance %
Source of Variance df  Squares Squares Component” Variance
Arci width (um)

Between species 2 31.90 15.95 0.4850 74.4
Within species 90 80.93 0.90 0.0250 3.8
Within individual plants 2696 382.85 0.14 0.1420 21.8
Annulus width (um)

Between species 2 371.18 185.59 5.8158 91.4
Within species 90 477.42 5.30 0.1637 2.6
Within individual plants 2696  1043.40 0.39 0.3870 6.1
Annulus height (unm)

Between species 2 30.02 15.01 0.4516 77.6
Within species 90 90.16 1.01 0.0303 5.2
Within individual plants 2696 268.49 0.10 0.1000 17.2
Annulus area (um?)

Between species 2 863540 4317.70 133.7310 89.0
Within species 90 15483.00 172.04 5.3603 3.6
Within individual plants 2696 30268.00 11.23 11.2270 7.5
Exine thickness (um)

Between species 2 20.99 10.50 0.3132 80.5
Within species 90 71.49 0.79 0.0247 6.3
Within individual plants 2696 136.27 0.05 0.0510 13.1
Grain diameter (um)

Between species 2 1781.80 890.87 27.3703 89.1
Within species 90  3815.50 42.39 1.3457 4.4
Within individual plants 2696  5435.40 2.02 2.0160 6.6

*Variance explained by each nested factor



Supplementary Table 3: Random Forest derived mean Gini decrease and morphological trait importance for each model. Models
shown are those based on A/nus viridis subsp. sinuata and Alnus rubra; Alnus incana subsp. tenuifolia is excluded.

Quantitative & Quantitative
Qualitative Traits Traits Only

(OOB*=21.3%)  (OOB=24.6%)

Trait Gini Rank Gini Rank
Annulus width 139.73 1 242.01 1
Grain diameter 122.76 2 207.93 2
Annulus area 99.62 3 138.31 5
Arci width 84.26 4 138.58 4
Arci strength 82.13 5 - -
Exine thickness 80.04 6 163.07 3
Annulus height 60.53 7 95.66 6
Pore protrusion 19.28 8 - -

* Out of bag error rates



