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Abstract

In northeastern North America, paleoecological records of Thuja and Juniperus are problematic due to their
indistinguishable and poorly preserved fossil pollen grains. However, macrofossils and stomata of Thuja and Juniperus
are distinctive. Difficulties with macrofossil data are that the analysis is time-consuming, and macrofossils are usually
scarce in lake sediments. Using stomata as a proxy of macrofossils has two advantages: (1) stomata are more
abundant than macrofossils; and (2) they can be counted from pollen preparations. Crawford Lake has 5-15%
Thuja—Juniperus (Cupressaceae) pollen through most of the past 13,000 yr except for a dearth during the Pinus pollen
zone at ca. 10,000-7500 *C yr BP. Macrofossil, stomatal and pollen results showed the late glacial (ca. 13,000-10,000
14C yr BP) pollen mostly was derived from Juniperus (likely J. communis) indicated by smaller pollen, a few Juniperus
stomata, and absence of Thuja stomata and macrofossils, whereas pollen at 7500-0 “Cyr BP was from Thuja
occidentalis indicated by larger pollen, and abundant Thuja stomata and macrofossils. This bimodal stratigraphic
pattern of Cupressaceae pollen appears at other sites in southern Ontario, which suggests the possibility of separating
these taxa to an earlier Juniperus and later Thuja at these sites. The late glacial Thuja macrofossils reported in previous
studies may indicate early immigration of a small population via favourable habitats along Ontario’s Niagara
Escarpment. Alternatively, these Thuja macrofossils may be derived from younger sediments, as suggested by the
questionable stratigraphies and puzzling **C dates. The separation of two genera would provide valuable information
in paleoecological interpretation of pollen data because the taxa occupy different habitats.
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1. Introduction

In northeastern North  America, the
Cupressaceae pollen type mainly includes two
genera, Thuja and Juniperus. The separation of
Thuja and Juniperus fossils is important for paleo-

ecologic and paleoclimatic interpretations. Thuja
is a northern temperate tree that grows on organic
soils in lowlands and calcareous mineral soils on
uplands (Johnston, 1990), whereas Juniperus, most
commonly J. communis, is a widely distributed,
heliophytic shrub of open ground, especially on
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dry rocky soils in the subarctic and arctic. The
pollen of these two genera cannot be separated
with confidence by palynologists under the light
microscope in routine pollen analysis (e.g.
McAndrews et al., 1973; Moore et al., 1991),
although Juniperus occasionally has a pore (mono-
porate) and Thuja has no aperture (inaperture)
(Adams and Morton, 1972, but see SEM micro-
graphs in Bortenschlager, 1990). Thuja pollen
tends to be about 20% larger than Juniperus on
slides mounted with either glycerin jelly (Richard,
1970; Parent and Richard, 1990) or silicone oil
(personal observation). Due to their lack of dis-
tinctive features the pollen grains may be confused
with some algal and bryophyte spores (Moore,
1980). Thus, paleoecological records of Thuja and
Juniperus are problematic.

Recently, Parent and Richard (1990) provide
an identification key to separate Thwja and
Juniperus pollen among other taxa in Cupressaceae
family, but their key is difficult to use because the
surface features such as gemmae are rarely pre-
served in fossil grains that are often angularly
broken (McAndrews et al., 1973). Poor preserva-
tion may be responsible for the low abundance of
Cupressaceae pollen in lake sediments and wetland
peat because Cupressaceae has relatively high per-
centages (9%) in the modern pollen rain of south-
ern Ontario using pollen trap methods (Cambon,
1994). The only criterion provided by Richard
(1970) and Parent and Richard (1990) that might
be useful to differentiate these two taxa in fossil
records is the size measurement of the pollen
grains, if a large number of grains are availabie.
As classified by Parent and Richard (1990), there
are five forms of Cupressaceae pollen grains:
whole, slightly split, opened in a “V”* shape, spin-
dle-like, or split in halves, and the absence or
presence of these shapes cannot be used as an
identification criterion. The presence of intermedi-
ate forms makes size measurement difficult to
apply, which is presumably the reason that Parent
and Richard (1990) only measured whole and half
grains and only used sizes of half grains in their
key.

Fossil leaves and seeds of Thuja occidentalis are
distinctive, and reports of Thuja macrofossils in
late Quaternary sediments of northeastern North

America include McAndrews (1972, 1981), Watts
(1979), Anderson (1982), Warner (1982), Warner
et al. (1984), Liu (1990) and Yu et al. (1996).
However, due to the highly time-consuming nature
of macrofossil analysis and scarcity of macrofossils
in most pollen cores, only a few pollen analysis
investigations are accompanied by macrofossil
studies.

Conifer-stomatal analysis of late Quaternary
sediments as a paleoecological tool (e.g. Hansen,
1995) holds promise for separating Thuja and
Juniperus and also confirming their local presence
in the catchment. Conifer stomata resist decay, are
usually well preserved and are identifiable to genus
or even species level (Florin, 1951). Stomata of
Thuja and Juniperus have distinctive and identifi-
able features. For stomatal analysis, pollen analysis
slides are used and thus it requires little extra time
in a paleoecological study. Analysis of conifer
stomata has been used in paleoecology for recon-
structing tree-line in the Alps (e.g. Ammann and
Wick, 1993; Wick, 1994), for confirming local
arrival of conifer trees in the Hudson Bay
Lowlands (Hansen, 1995), and for identifying the
tundra-forest border in central Canada (Hansen
et al., 1996).

The objectives of this study are to combine
pollen, stomatal, and macrofossil analyses to sepa-
rate Thuja and Jumiperus in a late Quaternary
sediment record from Crawford Lake, Ontario,
and to compare the record with those of other
sites in southern Ontario, especially along the
Niagara Escarpment. In this paper, I describe the
differences between Thuja and Juniperus stomata
from herbarium/fresh specimens and use the cri-
teria to identify fossils from lake sediments. I use
the detailed results from pollen, stomatal and
macrofossil analyses at Crawford Lake to discuss
the late Quaternary history of Thuja and Juniperus
in southern Ontarioc and to summarize the
advantages and disadvantages of these three
paleoecological methods.

2. Study site

Crawford Lake (43°28'N, 79°57'W) is located
about 60 km southwest of Toronto atop the
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Niagara Escarpment at 279 m above sea level
(Fig. 1). The lake has a surface area of 2.4 ha
(250 x 150 m) and a maximum depth of 24 m. The
lake is meromictic and has partially well-preserved
laminated (varved) sediments in the deep north
basin. The top varved sediments spanning the past
2000 yr have been studied for fossil pollen at 5-,
10- or 25-yr intervals (McAndrews and Boyko-
Diakonow, 1989), and for microscopic charcoal
(Clark and Royall, 1995). The lake is partly sur-
rounded by dolomite cliffs of up to 6 m above the
lake surface, which are mostly covered with eastern
white cedar (Thuja occidentalis). A lakeside cedar
swamp is present on the southeastern side of the
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Fig. 1. Map showing location of Crawford Lake and other
southern Ontario sites discussed in the text. H=Hams Lake
(Bennett, 1987); C=Crawford Bog (J.H. McAndrews, in
Karrow, 1987); G=Gage Street site (Anderson, 1982; Schwert
et al.,, 1985); E=Edward Lake (McAndrews, 1981); M =Mary
Lake (Bennett, 1992); B=Bartley Lake (Bennett, 1992) and
Greenbush Swamp (Warner, 1982; Warner et al., 1984). Inset
shows the study area (circle) in eastern North America.

lake. Forests around the lake mainly consist of
Acer saccharum, Betula lutea, B. papyrifera, Carya
cordiformis, Fagus grandifolia, Fraxinus americana,
Ostrya virginiana, Pinus strobus, Quercus rubra,
Thuja occidentalis, Tilia americana, Tsuga cana-
densis and Ulmus americana. Soils are generally
shallow with abundant rocks. The old-growth
cedar forests on the cliff faces of the Niagara
Escarpment have been intensively studied by
Larson and his colleagues on community organiza-
tion (Larson et al., 1989), distribution (Larson
and Kelly, 1991), dendrochronology and
dendroecology (Kelly et al., 1992, 1994).

3. Materials and methods
3.1. Stomatal reference preparation

The reference materials for conifer-stomatal
analysis were collected from herbarium specimens
(TRT, Royal Ontario Museum Vascular Plant
Herbarium) except for a Thuja leaf sample col-
lected from Crawford Lake (Table 1). The leaves
from different parts of branches were mixed and
ground. The samples were treated with hot 10%
KOH, acetolysed, stained with safranine and
mounted in silicone oil. Seven morphological char-
acters ( Fig. 2) were measured to the nearest 0.5 pm
for the first ten entire stomata in surface view
encountered on each slide at x 100 objective
( x 1000 magnification) using a NIKON microscope
equipped with an ocular micrometer.

3.2. Fossil pollen and stomatal analysis

A sediment core of 5 cm in diameter was taken
from the lake under 22.2 m water on 15 March
1994 with a modified Livingstone piston sampler
(Wright, 1967), and a plastic tube sampler with a
piston was used for taking the top 70 cm soft
sediments. Core segments were wrapped in plastic
wrap and aluminum foil in the field. Pollen samples
were 0.8 ml (or 1.6 ml for basal clay samples).
Pollen preparations followed standard procedure
(Fegri and Iversen, 1989), with fine-sieving to
remove clay-sized particles (Cwynar et al., 1979).
The concentrate was stained with safranine and
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Table 1

Mecasurements of Thuja and Juniperus stomata (in pm)

Thickness of N
ventral wall

Overall length  Overall width  Width of guard Width of pore Height of polar Width of polar

Taxon

lamellae

lamellae

(mean range)

cell

(mean range)

(mean range)

(mean range)

(mean range)

(mean range)

(mean range)

10

3.2 (2.5-5) 7.9 (6-9) 23(1.5-3.5)  1.0(<1-1.5)

8.3 (6.5-9)

19.7 (17-22)

0-25)

224 (2

Thuja occidentalis L.

(TRT 16165, Ottawa, ON)

Thuja occidentalis L.

10

20.4 (16-24) 9.6 (8-12) 2.5(2-3) 8.5 (7-11) 2.0 (1.5 2.5) 1.0 (<1-1.5)

25.6 (22-29)

(ZY, Crawford Lake, ON; 95-01-28)
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10

2.0 (1.5-2.5)

102 (9-11.5) 3.9 (3-4.5)

82(6 11) 5(3-6)

21 (17-26)

29.3 (27-32)

Juniperus communis var. depressa Pursh.

{TRT 111620, Hudson Bay, ON; 53-07-19)
Juniperus communis var. depressa Pursh

(TRT 69181, Bruce Co., ON)

10

1.7(1 2.5)

5 (4-6) 9.4 (7-10.5) 4.3 (3.5-5.5)

8.5 (7-11)

19.3 (16 24)

27.9 (25-30)

10

32(254) 10.6 (8-13) 3.7 (3-4) 1.7 (1.5-2.0)

8.4 (7-10)

19.9 (17-22)

27.1 (23-31)

Juniperus communis var. depressa Pursh

(TRT 151742, Macon Co., NC; 66-08-22)

Juniperus virginiana L.
(TRT 35918, ON)

10

20.3 (17-25) 8.6 (7.5-10) 3.5(2.5-4) 9.6 (9-10) 44 (3.5-6) 1.2 (1-1.5)

24.6 (22.5-27)

=

1.0

34(25-4)

4.2 (3-6) 10.8 (10--12)

10 (9-12)

23.3 (20-26)

29.2 (24-33)

ontalis Moench

(TRT 207551, Kenora, ON)

Juniperus hori:

i

b

Fig. 2. Outline drawing of a conifer stoma (surface view) show-
ing seven morphological characters measured: a=overall
length; b=overall width; ¢=width of guard cell; d=width of
pore; e=height of polar lamellae; f=width of polar lamellae;
and g=thickness of ventral wall.

mounted in silicone oil. Pollen was identified by
comparison with a reference collection aided by
the illustrated key of McAndrews et al. (1973).
Conifer-pollen percentages presented in this study
were calculated on the sum of at least 300 ter-
restrial pollen. The conifer-stomatal identification
was determined from pollen preparations by com-
parison with a reference collection aided by the key
and drawings in Hansen (1995). The pollen and
stomatal concentrations were estimated by addition
of exotic Lycopodium spores (batch# 710961,
mean=13,911+306 spores per tablet) as marker
particles (Benninghoff, 1962; Maher, 1981). Size
measurements of half grains of Thuja—Juniperus
pollen were determined with a x40 objective for
7-10 half grains at selected levels.

3.3. Plant-macrofossil analysis

During the subsampling for macrofossil analysis
the outer 1-2mm of each core segment was



Z. Yu [ Review of Palaeobotany and Palynology 96 ( 1997) 241-254 245

scraped off to remove possible contaminant macro-
fossils. All non-horizontally oriented macrofossils
on or near the sediment surface were also removed
for the same purpose (cf. Jackson, 1989). Samples
of mostly 10cm long sediment core segments
(about 200 ml in volume) were dispersed by gentle
agitation in water and then washed through
500 um mesh to concentrate macrofossils.
Identifiable materials were picked under a stereo-
microscope at x 8 magnification. Seeds and leaves
were identified by comparison with a modern
reference collection at the ROM.

4. Results
4.1. Reference stomata

In the reference materials (Table 1), Juniperus
communis and J. horizontalis stomata are larger
with a longer (9.4-10.8um) and wider
(3.4-4.3 um) polar lamellae, and thicker ventral
wall (1.7-2 um) compared to Thuja occidentalis
stomata. Also Juniperus stomata tend to be oval
or rectangular in shape with length-to-width ratio
of about 1.36-1.45 (see p. 107 in Van Geel et al.,
1989, for pictures of Juniperus stomata), whereas
for Thuja the ratio is only 1.14-1.25 (see p. 247 in
Hansen, 1995, for a picture of a Thuja stoma). For
Thuja stomata, the Florin ring (subsidiary cells)
and other epidermal cells are usually well preserved
both in reference and in fossil materials, but they
are seldom found in Juniperus even in reference
materials. The most useful features for separating
Juniperus and Thuja stomata are their shape, polar
lamellae, ventral wall, overall size and Florin rings.

4.2. Fossil pollen, stomatal and macrofossil
stratigraphy

The 430 cm long core presented in this study
from Crawford Lake probably spans the past
13,000 '“C yr, the time since local deglaciation
history (Dyke and Prest, 1987). The chronology
is based on four radiocarbon dates from the core
and regional pollen correlation with nearby dated
pollen sequences (e.g. McAndrews, 1981; Bennett,
1987). The combined conifer-pollen percentage

and conifer-stomatal percentage diagram is shown
in Fig. 3. A herb/shrub-dominated tundra-like veg-
etation zone was recorded at the base of this core,
lasting for several hundred years after deglaciation.
During this interval neither stomata nor conifer
macrofossils were found (Figs.3, 4), and
Thuja—Juniperus pollen was small in size (about
26 pm; Table 2; Fig. 5). The spruce (Picea) pollen
zone (ca. 12,000-10,000 **C yr BP) followed with
abundant Picea stomata and a few Juniperus sto-
mata; Thuja—Juniperus pollen was still small in size
during the spruce zone. During the pine (Pinus)
zone (ca. 10,000-7500 'C yr BP), percentages of
Thuja—Juniperus pollen were very low with abun-
dant Pinus stomata, and a few Abies and Larix
stomata at the base of this zone. Starting from
260 cm depth (since ca. 7500 '“Cyr BP), the
pollen record indicates a mixed forest dominated
by Fagus, Acer, Quercus, Ulmus, Tsuga and
Thuja—Juniperus. This zone was characterized by
abundant Thuje stomata with a few Tsuga and
Pinus stomata. The Thuja-Juniperus pollen size
increased to about 30 um (Table 2; Fig. 5). Fig. 4
shows the concentrations of pollen, stomata and
macrofossils of all the conifers. Thuja macrofossils
had similar abundance and pattern with its pollen
and stomatal records. Picea, Pinus and Juniperus
macrofossils were much scarcer than their stomata,
and Larix and Tsuga macrofossils were more abun-
dant than their stomata. Fig. 5 shows the summary
diagram of Thuja and Juniperus pollen, stomata
and macrofossils.

5. Discussion

5.1. Stomatal analysis in the context of other
paleoecological tools

Because stomata are probably one of the most
important features of leaf cuticles, they have long
been studied by paleobotanists. Florin (1951)
found that the stomata are a striking feature for
differentiating conifer leaves. Boulter (1971) used
SEM techniques to examine the fine details of
conifer leaf cuticles, especially stomata, and
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Fig. 3. Percentage diagram of conifer pollen and identified conifer stomata at Crawford Lake. Regional pollen zonation follows

McAndrews (1981).

revealed the details of stomatal structure, such as
the cuticular flanges between the guard cells and
the subsidiary cells, the shape of the lignified
thickening of the guard cells, and the nature of
the stomatal depression within the hypodermis (see
Willmer (1983) for a general treatment of plant
stomata). Oladele (1983) provided a detailed study
of stomata in Cupressaceae, especially on Florin
rings, and Kerp (1990) reviewed cuticular analysis
of gymnosperms.

A major problem with the use of pollen data is
that taxonomic levels identified are usually at
genus and family levels. Also, the local presence
of certain taxa often cannot be detected from
pollen data because pollen grains can be trans-
ported long distances. Plant macrofossils solve
these problems, since they can usually be identified
to species level and are normally derived from

local sources. However, macrofossil analysis is
time-consuming, and macrofossils are usually
scarce in lake sediments. In contrast, conifer sto-
mata released from needle leaves are well preserved
in lake sediments due to their lignified nature.
They can be used to confirm the local presence of
certain taxa, and they are present in higher concen-
trations (x 10%/ml) than macrofossils (x 10%/ml)
(Table 3; Fig. 4). Stomata are counted from pollen
preparations with little extra time in a paleo-
ecological study. Stomatal concentration not only
relies on the abundance of needles but also the
preservation and release-ability of stomata from
needles. Abundant pollen and macrofossils are
present in well-preserved conditions, but stomata
need intermediate preservation to reach high con-
centration, i.e. partial decay to release stomata
from needles. At nearby Twiss Marl Pond (2.5 km
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Crawford Lake: Concentrations
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Fig. 4. Concentration diagram of conifer pollen (sawtooth curves), stomata (thin bars) and macrofossils (thick bars) at Crawford
Lake. One unit=20 x 1000 pollen grains/ml, 10 x 100 stomata/ml and 20 macrofossils per 100 ml, respectively. All open curves or

bars are x 10 exaggeration.

south of Crawford Lake) rapid sediment accumu-
lation rates (4 m of marl deposited in 4500 yr from
ca. 12,500 to 8500 *C yr BP) allowed excellent
preservation of pollen and macrofossils, but sto-
mata were rare. Their scarcity is attributed to the
low release rates of stomata from well-preserved
needles or a dilution effect of rapidly accumulated
sediments (Z. Yu, unpublished data).

A general term for the studies of non-palyno-
morph remains in palynological preparations is
palynodebris analysis (cf. Boulter, 1994), which
includes examination of leaf cuticles and well-
preserved wood (tracheids and rays). Paleo-
ecologists have emphasized different aspects of
palynodebris. For example, the inability to identify
grass pollen grains in grassy environments of tropi-
cal Africa and the presence of abundant cuticular
fragments (on the order of 100/ml) led Palmer
(1976) to undertake a systematic study of grass
epidermis. Palmer found that epidermal features
are useful in identifying members of the

family Gramineae (=Poaceae) and concluded
that cuticular analysis supplements interpretations
based on pollen analysis. In paleoecological studies
of soil samples, opal phytolith analysis (based on
shape of dispersed silica bodies) has been used to
provide paleoenvironmental information in cases
where pollen was poorly preserved or absent (e.g.
Rovner, 1971; Fredlund and Tieszen, 1994).

5.2. Palececological records of Thuja and
Juniperus in southern Ontario

Pollen, stomatal and macrofossil records from
Crawford Lake help to clarify the history of Thuja
and Juniperus in southern Ontario. Thuja occiden-
talis has been an important component of the
mixed hardwood forest since ca. 7500 *C yr BP.
No macrofossils and stomata of this species were
found in older sediments. The smaller pollen and
the occurrence of a few Juniperus stomata indicated
that the late glacial (ca. 13,000-10,000 *C yr BP)






