SECTION 4 SEED DISPERSAL

Lo! sweetened with the summer light,
the full-juiced apple, waxing over-mellow,
Drops in a silent autumn night.
(Alfred, Lord Tennyson “The Lotus-Eaters”)

. Background
Seeds may have many potential fates, as shown by the
descriptive model (Figure .), which follows the dispersal of the seeds of eastern redcedar. Seed dispersal
refers to the movement of seeds or fruit, beginning
with seed release from the parent tree and ending

 .

with the seed coming to rest at the spot where it
will eventually germinate or die. While trees remain
stationary over most of their life span, their seeds
and pollen can travel great distances during dispersal.
Effective seed dispersal, by enhancing the capacity of
individuals to colonize new locations, may determine
the survival of the next generation of plants.

A descriptive model of eastern redcedar (Juniperus virginiana L.) cone-crop dispersal from June through May
of the following year (Holthuijzen et al. 1987). Numbers are percentages of the total cone crop and are
means for four sample trees.
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There are six major types of seed dispersal: wind
dispersal, vertebrate dispersal (ingestion), ant dispersal, ballistic dispersal (where the seeds are ejected
explosively from a seed pod), adhesive dispersal (seeds
that have hooks, barbs, or sticky substances that cling
to fur or feathers), and unassisted dispersal (where
no obvious dispersal adaptation is present) (Hughes
et al. ). Seeds and fruits of British Columbia tree
species are usually wind dispersed, vertebrate dispersed (ingestion), or unassisted (gravity). A second
form of vertebrate dispersal is also found in British
Columbia, where highly nutritious, long-lasting seeds
are moved to food caches and stored for later use.
This section will look at primary and secondary
dispersal of British Columbia tree species, some
methods for quantifying seed dispersal, and typical
methods for analyzing the data.

• What is the temporal distribution of seeds:

.. Why study seed dispersal?
Seed dispersal is of interest to plant ecologists and
to researchers studying evolution (see Harper ).
Seed dispersal patterns influence the genetic structure
of tree populations, variation in the composition of
forest stands, and the success of many silvicultural
prescriptions for natural regeneration. Many studies
use tree seed dispersal as a starting point, because
natural regeneration of a species requires suitable
levels of seed production and seed rain (the overall
input of seeds per unit area per unit time). Estimates
of stand-level seed production and seed rain are often
a component of silvicultural system trials.
Questions that might be asked in seed dispersal
studies include the following:

•

• What is the primary seed dispersal mechanism for
a species?

• How does the seed dispersal pattern of one species
affect establishment of another species? (For example, interspecific competition for germination sites.)
• What is the species composition of the seed rain,
and how does it vary from year to year, or from
place to place on the landscape?
• What is the spatial distribution of seeds relative to
good germination spots, source trees, etc.? Are
there differences among species? What are the
primary factors affecting the distribution?
• What spatial patterning is exhibited (in terms of
uniformity, clustering, linear gradients)?
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over a day?
over a season?
over a year?
over several years?

• How does opening size (or any of the other factors
•
•
•
•

that affect dispersal patterns) influence the density
and/or distribution of seeds?
What proportion of dispersed seeds undergo
secondary dispersal?
Which species exhibit secondary dispersal?
Under what conditions does secondary dispersal
occur?
How do primary and secondary seed dispersal
patterns affect what seral communities are likely to
become established during primary or secondary
succession?
How do different silvicultural treatments affect the
distribution of seeds?

.. Mechanisms of seed dispersal
Seed dispersal has two phases (Watkinson ):
primary dispersal, in which seeds travel from the
parent tree to the surface of the ground; and secondary dispersal, during which the seeds are moved by
one or more agents after hitting the ground.
Primary dispersal may be passive (the seeds fall
to the ground because of gravity), generally found
in large-seeded species such as Garry oak or Rocky
Mountain juniper, or dispersal may be aided by
traits that facilitate active seed movement by wind,
water, or animals. For seeds of most western
conifer species, wind is the primary dispersing
mechanism (McCaughey et al. ), so seeds of
white spruce, subalpine fir, western larch, and
western white pine, for example, have aerodynamic
adaptations such as wings to aid in the dispersal
of seeds.
Wind dispersal is also common in northern angiosperm tree species, and many have evolved structures
to optimize the distance their seeds are carried. The
major categories of wind-dispersed angiosperm
fruits are samaras (the self-rotating, winged seeds
of most Acer and Fraxinus spp.), plane-winged seeds
(like those produced by Alnus spp. and Betula spp.),
and the light plumed seeds produced by Populus
and Salix.
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Many trees and shrubs have brightly coloured,
nutritious, fleshy fruits that are consumed by birds
and other animals. Among British Columbia tree
species, this dispersal mode is used by wild cherries
(Prunus spp.), hawthorns (Crataegus spp.), mountain
ash (Sorbus spp.), Pacific dogwood, and cascara.
Other trees have large wingless seeds that are often
moved to distant microsites by hoarding animals or
birds. Several British Columbia tree species, such as
Garry oak, yew, and several pine species including
whitebark pine, use this dispersal mechanism. Clark’s
nutcracker (Nucifraga columbiana) is the primary
dispersal agent of limber pine and whitebark pine
seeds. These seeds may be moved long distances to
caches under forest litter. Some seed predators (Section ) inadvertently act as dispersers because many
of the hoarded seeds are never consumed and germinate in the caches (Hutchins and Lanner ).
Secondary dispersal refers to the movement of
seeds after they have fallen to the ground. Secondary
dispersal can result in very long-distance seed movement, but more often results in movement over only
short distances (Zasada et al. ). Even seeds
adapted for dispersal by wind or birds can be moved
by other dispersal agents before they eventually come
to rest. Seeds may be cached by chipmunks, but be
redistributed by water during spring runoff or moved
by wind across snow.
Water is the agent with the greatest potential for
long-distance secondary dispersal of seeds. Tree
species found in floodplains often have their seeds
dispersed by water, and the movement of seeds on
rivers has been observed for many species. Seeds of
Populus seem to be adapted to this type of dispersal
as they readily germinate and root under water
(Zasada et al. ).
The importance of over-snow dispersal depends
on the time of seed dispersal, the quantity of seeds,
and the timing of annual snowfall (Dobbs ;
Matlack ). Seeds dispersed before the first winter
snow cannot be transported in this manner.
Secondary seed dispersal may result in movement
of seeds over a short distance, however, the movement may be very important, such as when seeds are
moved to a better microsite than would have resulted
from primary dispersal (Zasada et al. ). Seeds
released during the winter from western hemlock,
Alnus, and Betula can be dispersed by wind across
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crusted snow, accumulating in large numbers in
small depressions.
.. Timing of seed release
The timing of seed rain for different species can be
placed into three categories: () species whose seeds
mature in summer and disperse during the current
growing season; () species whose seeds mature in
late summer and are dispersed during the dormant
season; and () species whose seeds mature in late
summer, but dispersal is delayed for several to many
years (species with serotinous and semi-serotinous
cones) (Zasada et al. ).
. Species that disperse seeds in summer include willows, trembling aspen, and balsam poplar. The
dispersal period for these species is usually not
more than  month.
. Fall and winter seed dispersal occurs in most western
conifers, as well as birch, alders, and some willows
(McCaughey et al. ; Zasada ). Timing of
seed dispersal from mature conifer cones and alder
catkins is determined by the occurrence of weather
which dries them, opening the scales and allowing
the seeds to be released (Harrington et al. ). In
general, wet weather keeps cones and catkins closed,
and wet weather following dry weather closes catkins, terminating a dispersal period.
In fall-dispersed seeds, dormancy requirements are satisfied after seeds have reached the
ground. In winter- or spring-dispersed seeds, the
dormancy requirements may be partially or completely met while the seeds are still attached to the
parental tree. In some species this results in germination while seeds are still attached to the tree
(e.g., bigleaf maple) (Zasada ).
. Delayed dispersal occurs in several serotinous species, such as black spruce, jack pine, and lodgepole
pine (see Section ..). Black spruce retains its
seeds in semi-serotinous cones for many years, and
annual seedfall occurs as cones gradually open.
Seed dispersal is usually greater in late spring and
summer, but some seeds may be dispersed yearround (Zasada ). Fire flexes the scales of
serotinous cones, thus large quantities of seed may
be dispersed immediately after a fire. Timing and
length of the dispersal period depends on fire
intensity and weather. Most serotinous species have
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hairs or wings, adapting them for dispersal by wind
(Hughes et al. ). Wind dispersal may be enhanced in the immediate post-fire period because
fire opens the canopy and clears the ground of
obstacles to the passage of wind and seeds (Hughes
et al. ).
.. Dispersal distance
The distance a seed travels from its parental source
depends on its mode of dissemination—gravity,
animals, or wind. Dispersal distance is often expressed
as a dispersal curve (Figure .), which is the frequency
distribution of dispersed seeds versus the distance
from the seed source.
Heavy, nonwinged seeds usually depend on gravity
or animals for dispersal. When gravity is the sole
means of dispersal, the seeds will remain very close to
the parental tree. The distance these seeds travel may
depend on the slope, with seeds travelling farther on
steep slopes. Many non-winged seeds also rely on animals either as primary or secondary dispersal agents.
When seeds are dispersed by animals, the distance the
seeds travel from the source can be highly variable.

When seeds are eaten, birds and mammals can
defecate or regurgitate the seeds far from their point
of origin. Generally, among fruiting species, small
seeds are dispersed farther than large seeds (Hoppes
). The dispersal distances for ingested seeds are
limited by gut passage rates, which vary from a few
minutes in frugivorous birds to several months in
ungulates (see review by Willson ). The direction
of seed movement and the local density of seed deposition will be influenced by the behaviour of the
particular frugivore (Stiles ). Caching of seeds by
squirrels and chipmunks also extends the dispersal
distance of the seeds. Clark’s nutcrackers carry seeds
long distances to caches under forest litter, where, if
conditions are favourable, seeds may subsequently
germinate (Tomback ).
Wind-dispersed seeds generally travel farther than
animal-dispersed seeds (Willson ). For comparative tables of dispersal mechanisms and distances, see
Hughes et al. (). Species that most efficiently disperse seeds are the willows, aspen, and balsam poplar
(Zasada et al. ). Observations show that these
seeds can be dispersed in relatively large quantities to

 . Seed dispersal curves for nine conifers of the Inland Mountain West (McCaughey et al. 1986). Dispersal characteristics of different species can be compared by showing the relative number (percentage) of seeds found at
different distances from the seed source.
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at least several kilometres from the nearest source
(Zasada ).
Many external factors affect the distance that winddispersed seeds will travel. Wind speed is a primary
factor, with strong winds dispersing seeds greater
distances than light winds, and prevailing winds
usually determining the direction of dispersal. Wind
speed also affects abscission, but the speed required
to cause seed abscission depends on how many abscission layers are present (Greene and Johnson ,
). The wind speeds required to actually achieve
seed abscission in most species is demonstrably
greater than median wind speeds reported for North
American weather stations, resulting in seed dispersal
distances being greater than would otherwise be
expected (Greene and Johnson ). However,
standard wind measurements are very different
from wind speeds within the trees, which are usually
lower; even high winds are rapidly reduced within
the canopy. Thus, median wind speeds from a reference station can be used only as an index of general
conditions.
Seeds are likely to travel farther from trees that are
in exposed positions, such as on ridgetops. Within a
stand, air speed will depend on stand density and
structure. Stands where the trees are closely spaced
will have low horizontal air speed.
Rising thermal winds can also disperse seeds uphill
in mountainous terrain at mid- to lower elevations
(McCaughey et al. ); updrafts are more important
in dispersing light seeds. Dispersal may be more frequent in the early afternoon when more abscission
events take place because of low relative humidity
and high wind speeds (Greene and Johnson ).
Dispersal distance is also dependent upon the tree
characteristics, size of the seed crop, and seed morphology (see Section ..). Seeds are likely to
disperse farther from tall trees, from fruits or cones
concentrated near the top of the tree, and from
dominant trees.
There can be considerable variation within a single
species in dispersal distance; such variation can affect
sibling competition, density-dependent predation or
parasitism, and the probability that seeds of particular individuals will locate canopy gaps (Greene and
Johnson ). Intraspecific variation in dispersal
distance may be due to differences in seed size and
shape, but vertical and horizontal wind intensities are
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usually more important (Greene and Johnson ).
Thus, the variation in dispersal distance between
trees of the same species is probably due more to
their location (and exposure to wind) than to
genetic differences.
.. Quantity and quality of dispersed seeds
The regeneration potential of a site is often related
to the quantity of filled seeds reaching the soil surface. This varies substantially among species and
years. Many angiosperm species, such as Betula and
Alnus, can produce substantially more seeds than
conifers, and do so over shorter intervals (Eremko et
al. ; Zasada et al. ; see also Tables . and .).
However, the germination of angiosperms such as
Betula is generally lower than that of conifers (Zasada
et al. ).
The quality of dispersed seeds may vary due to
insect and disease attack (affecting cone opening and
seed release), and the activity of animals, particularly
birds. For white spruce, quality was highest when seeds
were dispersed in September, but quality declined
after that (Dobbs ; Zasada ). Other species
such as paper birch disperse high-quality seeds both
early and late in the cycle (Zasada et al. ).
.. Climatic conditions
Weather (e.g., rain, heat, storms, drought) can have a
major influence on seed dispersal affecting both primary and secondary dispersal. Seeds may fall from
the parent tree as the bracts and fruits dehydrate and
dehisce (e.g., Salix spp. and most conifers), or the
entire cone may disintegrate (e.g., Abies spp.). Abscission of seeds increases with higher lateral winds and
lower humidity. Prolonged dry weather may cause
cones to open prematurely, and storms may blow
catkins and immature seeds to the ground.
Temperature also plays a major role in seed dispersal of several species. In British Columbia, lodgepole
pine, black spruce, and jack pine have serotinous or
semi-serotinous cones. Seeds are not released until
the resin binding the cone scales is melted by fire or
high temperature, so in years when temperatures
do not reach a certain threshold, seeds may not be
released. Winds are a major dispersal agent for seeds
after a fire or hot weather, but logging can also be a
dispersal agent when seeds are spread with logging
slash (Fleming and Mossa ).
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In species such as Picea, seeds are released while
the cones are still on the tree, which allows the seeds
to travel long distances. In Abies species, seeds are
wind-disseminated after the cones disintegrate on the
tree in September and October. Other conifer species
release cones with the seeds still attached, so dispersal
distances are relatively short for these species. Ponderosa pine cones, for example, fall to the ground with
the seeds still inside. The seeds are released when high
temperatures dry the cones and cause the scales to open.
The seeds of some species can germinate while
still attached to the parental tree. Germination of
maple seeds can occur on the tree after dormancy
requirements have been met and if environmental
conditions are suitable (Zasada ). The viability of
these germinants depends on suitable conditions; low
temperatures and low humidity can kill the seedlings
before and after they are dispersed.
.. Dispersal patterns
The dispersal pattern of seeds is closely linked to the
action of their primary dispersal agent. Regardless of
dispersal mode, the highest levels of seedfall are found
within the stand. Generally, the farther away from the
source, the fewer the seeds, and the more variable the
density. In animal dispersal, the pattern is more variable because dispersal is independent of wind direction.
Wind-dispersed seeds can be considered as coming from a point source (a single tree releasing seeds),
or as an area source (a stand of trees dispersing seeds
into an adjacent clearcut) (Greene and Johnson ).
With wind-dispersed seeds, the highest numbers of
seeds are found close to the source; the quantity of
seeds decreases rapidly with distance downwind
from the seed source, and continues at a low level
(McCaughey et al. ). This results in a U-shaped

distribution of seed dispersal across openings such as
clearcuts (McCaughey et al. ).
In contrast, the distribution pattern of animaldispersed seeds is highly variable. One example is the
clumping pattern of whitebark pine trees resulting
from seed dispersal by the Clark’s nutcracker
(Guiguet and Beebe ; Hutchins and Lanner ).
Seeds distributed by frugivores follow a dispersal
pattern similar to that of wind-dispersed seeds.
Seedfall is highest near the source, but if the tail
of the seed shadow crosses the edge of a treefall
gap in the forest or bird perches in an open field,
there can be another, smaller seedfall peak, which
produces a bimodal dispersal pattern (McDonnell
; Hoppes ).
Secondary dispersal alters the primary dispersal
pattern. The subsequent effects of wind or water on
seeds on the ground results in the clustering of seeds
within depressions. Rocks and vegetation can act as
barriers to seed movement, catching seeds moving
horizontally along the surface. Clustering can also
result from animals moving seeds to caches.
.. Dynamics of seedfall
Specific morphological adaptations have evolved to
aid the dispersal of wind-dispersed seeds. Some seeds
have plumage, others have wings. Mechanically,
plumage and wings operate in different manners
(Niklas ); plumage causes parachute-like behaviour, wings cause helicopter- or glider-like behaviour
(Table . and Figure .). Such structures slow the
rate of fall, allowing lateral winds to carry the seeds
greater distances before coming to rest on the ground
(Farmer ). The large plumage of Populus spp. acts
as a parachute, decreasing the terminal velocity and
allowing the seeds to remain airborne longer.

 . Seed dispersal mechanisms of winged seeds (after Niklas 1992; Farmer 1997)
Wing type

Species examples

Mechanism

Plumage

Populus, Salix

Parachute: decreases terminal velocity

Plane-winged

Betula, Thuja plicata, Chamaecyparis nootkatensis

Glider: linear gliding flight

Autogyroscopic

Acer, Picea, Pinus

Helicopter: autorotation creates lift

Winged

72

field studies of seed biology

a)

b)

c)

d)

smaller the glide angle, the larger the dispersal range
of the seed or fruit. For more information on the
aerodynamics of plane-winged and autogyroscopic
fruits and seeds, see Ward-Smith ().
The mean terminal velocity of seeds may vary
considerably among populations of some species
(e.g., lodgepole pine), while being fairly constant
within other species (e.g., most spruces). The size of
the seeds and of their wings determine the maximum
speed of descent (terminal velocity) of a seed. Small
seeds with large wings probably disperse farther than
larger seeds with small wings (McCaughey et al. ).
Variation in terminal velocity due to seed size could
enhance dispersal distance (Greene and Johnson ).
The terminal velocity of seeds can be determined
by dropping seeds in still air (e.g., within a closed
stairwell) and measuring their descent time with a
stopwatch. Reported values for representative western
tree species are given in Table ..

 . Examples of dispersal mechanisms of winged

 . Mean terminal velocities reported for seeds

seeds: (a) plumage (Salix); (b) wingedautogyroscopic (Pinus); (c) plane-winged
(Alnus); (d) winged-autogyroscopic (Acer).
Sources: (a) Zasada et al. [1998]; (b),
(c), and (d) “The Secret Life of Tree Seeds”
poster, B.C. Ministry of Forests, Victoria, B.C.

(with seed wings attached) of some British
Columbia tree species

Species

Mean terminal
velocity
(m/s)

Source

Hardwoods

Winged seeds or fruits are produced by gymnosperms (e.g., Pinus, Picea) and a host of angiosperms
(e.g., Acer, Betula). There are two categories of winged
seeds: plane-winged and autogyroscopic. In planewinged seeds, the seed coat or fruit wall grows more
or less symmetrically with the longitudinal axis, generating a more linear gliding flight. In autogyroscopic
seeds, lift is created by wings that permit autorotation
during free fall, such as the helicopter-like movement
of maple samaras (Niklas ).
Plane-winged seeds and fruits benefit aerodynamically by concentrating their centres of mass in a
position relative to the chord of their wings (see Niklas
), which stabilizes the location of the centre of
pressure (where resultant aerodynamic forces act on
the wing). The precise position of the centre of mass
determines the incidence angle at which equilibrium
occurs, this in turn determines the glide angle. The
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Balsam poplar

0.28

Greene (unpublished)

Trembling aspen

0.39

Greene (unpublished)

Paper birch

0.55

Björkbom 1971; Greene
and Johnson 1995

White spruce

0.57

Zasada and Lovig 1983

Western hemlock

0.60

Greene and Johnson 1995

Sitka spruce

0.60

Greene and Johnson 1995

Conifers

Lodgepole pine

0.60–1.0

Greene 1990

Engelmann spruce

0.61

Greene and Johnson 1996

Black spruce

0.61

Greene and Johnson 1989

White spruce

0.62

Greene and Johnson 1995

Douglas-fir

0.93

Greene and Johnson 1995

Tamarack

0.96

Greene (unpublished)

Western redcedar

1.25

Greene and Johnson 1995
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.. Approaches to Studying Seed Dispersal
Most basic studies of seed dispersal include documenting seedfall beneath a parental canopy. The most
common approach to sampling seed rain is to use
seed traps. Seed traps are suitable for seeds dispersed
by wind as well as by vertebrates that ingest seeds or
fruit and then defecate or regurgitate them. Pivotal
to these studies is the determination of a suitable size,
number, and placement of the seed traps. It is also
important to keep in mind that it is viable seeds
that are of interest in seed dispersal studies. See
Section . for tests for seed viability.
Many studies use a one-dimensional approach,
where seed traps are used to determine the seed
dispersal distance in one direction (generally downwind). These types of studies produce a dispersal
curve. A mathematical equation can then be fitted to
the data. This approach is suitable when the objective
is to determine the distances which tree seeds can
disperse, or for making various kinds of comparisons.
A one-dimensional approach can be used to study
the genetic structure of populations, successional
dynamics after natural disturbance, and tree invasion
into grasslands, tundra, or old fields. In forestry, dispersal curves are used to evaluate prescriptions for
natural regeneration in strip cuts, patch cuts, and
clearcuts, which depend on a satisfactory density of
tree seeds dispersing from the unlogged forest into
the centre of the cutblock.
In a two-dimensional approach, data from seed
traps are collected to provide information on the
number and distance of seeds dispersed in all directions. A dispersal curve extending in all directions
from a point source describes the seed shadow
generated by an individual tree. A seed shadow is
therefore an area of dispersed seeds, centred on (or
downwind from) a seed-producing individual or
stand. A two-dimensional approach would be used
to determine the effectiveness of leaving seed trees
in a clearcut to provide seeds for the natural regeneration of a site.
Seed rain variability and sampling problems make
it difficult to accurately describe seed deposition in
two dimensions. It is not always clear whether pointto-point differences in seed rain density are actually
due to the change in distance from the source, or to
sampling error. In conducting studies of seed rain,
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there are difficulties in replicating the sampling.
Therefore, there is usually a high degree of uncertainty associated with descriptions of seed rain
patterns (e.g., maps of seed rain density) within a
stand or across a block.
To minimize the uncertainty inherent in documenting seed rain patterns over space, use the largest
possible seed trap. With increasing seed trap size,
there is a decrease in sampling error and the probability that trap-to-trap differences are due to chance.
Although larger traps are more cumbersome, using
. m2 traps instead of . m2 could reduce the uncertainty level by a factor of . If you are using small
traps, cluster two to four seed traps around a point.
Keep in mind that these are subsamples of one
experimental unit; having additional traps does not
increase the number of replications of the design.
An alternative two-dimensional approach may be
taken when studying trees with large seeds (e.g., Carya,
Juglans, Malus, Quercus, some Acer spp.) which fall
primarily beneath their own tree crowns. Dispersal
of large seeds can be effectively studied by mapping
the resting location of all seeds, or determining seed
density in sample quadrats within a fixed radius of
the parental tree.
In a three-dimensional study, the seed shadow is
followed over time. Most ecological studies of seed
biology and plant demography are conducted over
several years because of natural variation in seed
production and other factors. The periodicity of
natural seed production (Section .) usually requires
many years of monitoring to obtain a good picture of
mean seed rain density and its variance.
Biologists have studied the fate of individual seeds,
or even of artificial seeds (e.g., Augspurger and
Franson ) under conditions of controlled release
(e.g., Greene and Johnson , ). Such studies
are useful to assess the rate of fall and the horizontal
distance travelled by different species when seeds are
released from different heights or under different
wind conditions. This information is typically used
to describe the basic biology of a species (e.g.,
McCaughey and Schmidt ), or to subsequently
model its dispersal behaviour (e.g., Greene and
Johnson ).
It is possible to distinguish between primary and
some forms of secondary dispersal on the basis of
where the seeds are found (see Matlack ). For
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wind-dispersed seeds, one could assume that most
seeds found in elevated seed traps are the result of
primary dispersal, and any seeds found underneath
are the result of secondary dispersal (horizontal
movement). For other types of secondary dispersal,
seed density can be determined and then the area
sampled again at a later date to determine if any of
the seeds have been removed (see also Section ).
Secondary dispersal by water has generally been noted
in the literature as an observation, because of the technical difficulties in tracing the movements of seeds.
. Measurements and Methods
.. Basic considerations
Mapping the resting spots of large seeds can be facilitated by clearing the forest floor under the canopy
of the parental tree and slightly outside the crown
projection, or by spreading tarpaulins under the tree
crown. Individual seeds can either be removed or
marked (paint or nonphytotoxic compound) after
counting to ensure they are not counted twice; this is
especially important if repeated measurements are
taken. Leaving marked seeds on the ground permits
you to determine if they are being removed by birds
or rodents. To study the timing of seed dispersal,
seeds or fruits should be collected two or three times
per day, which will provide a good estimate of the
rate of dispersal (J. Zasada, pers. comm., ).
The design, distribution, and monitoring of traps
are a primary concern of forestry researchers studying tree seed dispersal. Many studies of wind- and
vertebrate-dispersed (ingested) seeds (see Hoppes
) measure seed dispersal by collecting seeds after
they fall in some type of seed trap. You may find that
collaborating with an ecologist interested in litter fall
or entomology will maximize your sampling system,
as plant detritus and insects are often caught in the
seed traps.
The ideal height of the seed trap opening is flush
with the forest floor, because it is the level at which
seeds would naturally rest before germination. However, there are difficulties with low-lying seed traps:
water may accumulate, seeds may be washed out,
or rodents may enter the trap and eat the seeds.
Seed traps may be set higher to avoid seed deflection
by ground foliage, or to continue collecting seeds
after snowfall.
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A problem, especially for plumed seeds, is retaining
them in the trap after falling. Many kinds of seeds
can be lost through wind gusts, flooding, and movement by animals. Deep-walled seed traps, adhesive
surfaces, cover screens, and frequent monitoring can
help retain the seeds (see Section ..).
Some seeds are inevitably consumed before you
can count them, and exclusion of predators may
therefore be necessary. Most insects are so small it is
difficult to exclude them, but mammals and birds can
be excluded using coarse-weave wire screening or
hardware cloth. Make sure the grid size is not too
small to exclude any of the seeds of interest, nor large
enough to permit rodents. An – mm grid size is
good for most conifer seeds. (Refer to Table . for
sizes and weights of British Columbia tree seeds; and
Section  for more information about exclusion of
predators). If it is important to know the portion
that are secondarily dispersed by animals, it may
be possible to modify some of the methods from
Section  for this purpose.
The more frequently that you can monitor and
count your seeds the better; detailed phenological
interpretations are then possible (or may even be
an objective of the study), and some of the risks
discussed above can be minimized. Weekly monitoring is recommended during the period of active
dispersal (unless more frequent monitoring is necessary); this can be decreased to biweekly or monthly
monitoring the rest of the year. Some researchers
count and evaluate seeds at the trap site; others
prefer to bag the contents of each trap and evaluate
them later. However, this last method requires
organization and commitment to avoid a backlog
of unexamined seeds.
A special problem is assessing the dispersal of
seeds that can germinate on the tree, such as bigleaf
maple (Zasada ) or true firs and western hemlock
which can germinate either in cones in the tree or in
cones on the ground, (e.g., squirrel caches). Since the
dispersal of maple seedlings may occur many months
after seed dispersal, seed traps would most likely be
removed and sampling stopped before this event. It
may be necessary to sample germination in the tree
and in cones to determine their proportion of the
total crop. While it might be useful to determine the
success of these germinants in finding a suitable
microsite after dispersal and surviving, that could
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be very time consuming. By measuring the effective
dispersal rather than seed rain, no distinction need be
made between the dispersal of seed and germinants.
Such measurements can be facilitated by deploying
an array of trays filled with sterilized potting soil.
Other methods are discussed in Section ..
Generally it is difficult to measure dispersal by
vertebrates that hoard seeds. Seed traps are not recommended as the sole measuring tool, but they can
be used in combination with cache searches. Cache
locations can be mapped, but with this method there
is no way to determine what proportion of the seeds
will remain uneaten, or their germination potential.
Another method measures “effective dispersal,” in
which dispersal is inferred from the number of seedlings counted during the next growing season. To
determine the amount of seed that is being removed
by hoarding vertebrates, two sets of traps can be used:
one that excludes predators and one that allows seed
removal (see Section  for methods of measuring
seed predation).
Measuring secondary dispersal over snow requires
different techniques For example, the primary dispersal agent for Betula lenta is wind, and seed release is
from September through March. Secondary dispersal
occurs when seeds are moved horizontally across the
snow. Both primary and secondary dispersal can be
monitored simultaneously if the seed trap for primary
dispersal is suspended above the snow: any seeds that
accumulate under the trap must have arrived there
by horizontal movement. Snow under the trap (the
top  cm) can be collected from traps or protecting
platforms, and melted to extract seeds for counting
(Matlack ). Total seed deposition by both primary and secondary means can be estimated by
collecting snow samples from unprotected areas. To
limit the impact of footprints in the snow (because
seeds accumulate in hollows), treatment plots should
be approached from downwind. It is also possible
to control for seeds present in the snow before the
beginning of an experiment by covering additional
quadrats with polyethylene sheeting to prevent any
seed deposition during the experiment and then
sampling them at the end (Matlack ).
Secondary dispersal in water by rivers is important
to species that live on floodplains. Seeds are also
moved from their original positions by rain. Reports
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of these phenomena appear in the literature as
observations, and no methods have been found for
measuring the quantity and distance of this type of
dispersal. Potential methods include mapping the
presence of seeds in “deposition” sites such as river
bends compared to other locations; using nets or
other barriers to collect seeds; and analyzing
isozymes of individual trees or clones (since poplars
and other floodplain species tend to spread by
coppicing) and comparing “downstream” and the
“upstream” individuals.
.. Seed trap design
The most widely used seed trap is a fixed-area tray,
usually rectangular, which excludes rodents with  or
 mm grid hardware cloth. Adjustments will have to
be made for some larger seeds, such as oak and bigleaf
maple, as the – mm grid size is too small for them
to pass through. The same trap design could be used
for both wind- and vertebrate-dispersed seeds. For
more information on designing traps for predator
exclusion, see Section .
Proper drainage must be provided, as well as an
easy way to remove and count seeds. Large aluminum
baking pans and plastic greenhouse trays have been
used as the basic seed trap, with holes punched for
drainage and hardware cloth crimped over the top
to keep out birds and rodents. A good basic design
is one with a wooden frame, with metal window
screening (about  mm grid) stapled to the bottom,
allowing water drainage but retaining seeds
(McCaughey and Schmidt ; Youngblood and
Max ). A wooden lid with permanently stapled
hardware cloth (Figure .a) eliminates the need to
repeatedly unstaple the hardware cloth. The lid must
be precisely crafted to fit tightly over the base with no
room for rodents to enter. Other trap designs are
shown in Figure .. A seed trap with a wooden lid
and permanently stapled hardware cloth (Figure .a)
will deter predators and provides easy access for
monitoring. A trap made from a galvanized flue
thimble (Figure .b) can be placed flush with the
surface, but leaves accumulating on the surface may
blow away resulting in the loss of seeds. A trap made
from a tractor funnel (Figure .c) will retain leaves
and seeds. The recessed surface will help to retain
the contents.
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Species with light seeds and those with appendages
for air flotation (like those of dandelion, fireweed,
aspen, and willow) require specialized traps. Other
traps do not work as well for these species because

Lid

Base

 . Seed trap designs: (a) a trap with a wooden
lid and permanently stapled hardware cloth;
(b) a trap made from a galvanized flue
thimble; (c) a trap made from a tractor
funnel. Source: (b) and (c) after Zasada
and Gregory (1972).
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the seeds can easily be wafted back out of the trap.
Sticky traps consisting of an adhesive such as Tanglefoot™ on replaceable index cards, filter-paper disks,
or cardboard sheets have been found effective. Sticky
traps are messy to make and maintain, and they
capture detritus and insects as well as plant seeds,
thus should only be used when absolutely necessary.
In areas where wind and dust are prevalent and traps
for light seeds are required, funnel traps and gluedsoil depression traps work well (Johnson and West
). For light seeds such as Betula and Alnus, a
deep-walled funnel trap with walls above the rodentexcluding screen can prevent seeds from wafting out
of the trap (Zasada and Gregory ; Figure .c).
Water-filled trays have been used to capture and
retain willow and aspen seeds (Walker et al. ).
The dispersal unit of these seeds usually stays attached
to the water surface once it lands and, because these
species germinate relatively quickly in water, viability
can be tested at the same time (Wyckoff and Zasada
[]). Wet soil is also a good medium for catching
and holding these types of seeds (Zasada et al. []).
To avoid freezing when measuring seed dispersal during winter, kerosene can be used rather than water
(Matlack ). Both water- and kerosene-filled trays
should be inspected frequently (even daily) because
leaf litter can accumulate and decrease the effective
seed collection area.
To exclude rodents, a bag or tray can be suspended
above the forest floor (Hughes et al. ), and the guy
wires or a flexible tripod of intersecting wires can be
used to hold open the mouth of the bag. However,
rodents can still climb into the traps with the aid of
vegetation or snowpack. Cattle, bears, or heavy snow
may also cause traps to collapse. To facilitate the
handling of suspended bags, Velcro™ tabs are
recommended to attach the bags to the frame.
A combination design has flexible, replaceable
bags (e.g., nylon window screening, woven grain
bags, polyester cheesecloth, or remay) that can be
changed regularly and the contents tallied in the
laboratory. The bags are held within a rigid frame
(similar to Figure .a without the bottom screen)
which is laid on the forest floor and covered with a
rodent-exclusion screen.
Another approach is to fill traps with potting soil,
and then count the number of seeds that germinate.
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. Experimental and Sampling Design
.. Estimating seed rain density
Replication is a major problem in many studies. Both
replication of seed traps within a treatment site and
replication of treatment sites can be limited by time
and money. For example, to compare seed rain density in a treatment and a control site, a researcher
must decide how many samples (seed traps) will be
taken, and how many treatment and control sites to
use. A common design in silviculture is the pairedsite experiment. In this design two adjacent and
presumably similar sites—a treatment site (e.g.,
clear-cut) and a control site—are compared, then
the difference between the two is monitored. Often
several samples are taken from each site. The
assumption is that any observed difference after
treatment is due to the treatment. In reality, the
lack of replication of the experimental units (sites)
means that you cannot separate the site effect from
the treatment effect in the predicted error value.
For a more complete discussion of experimental
design, see Sections . and . and MacDonald
and Stednick ().
Determining the number of seed traps needed
within a site should be done very early in designing
your experiment in consultation with a statistician. A
pilot study or data sets from similar experiments may
be used to make a preliminary assessment of the seed
rain variability and determine the number of seed
traps required to capture that variability. Time and
money restrictions may preclude installation of all
the traps required. Compromises are made in most
studies, and it may be preferable to limit the number
of seed traps rather than limit the number of experimental units (sites). In general, it is most efficient to
use nested sampling to characterize your variability,
instead of taking one large sample. For example, by
taking four smaller subsamples from one site, variability can be estimated within the site. However,
remember that these are subsamples, not replicates;
to treat them as replicates would be pseudoreplication (Hurlburt ; MacDonald and
Stednick ).
The number of seed traps should increase with increasing distance from the seed source (Hoppes )
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because seed rain density decreases and variability
increases with distance from the seed source. As a
general rule, the number of seed traps should double
for each tree-height away from the seed source. Although the number of traps can be fewer nearer the
source, it may be problematic if near traps are
clumped together (D.F. Greene, pers. comm., ).
Unless the source is a monoculture, the non-random
distribution of species requires that traps be spread
out along the forest edge. Indeed, because of this
non-random distribution of source trees, you should
avoid having a small number of traps near the forest
boundaries.
Increasing the sampling intensity with distance is
especially important when identifying the maximum
dispersal distance (Portnoy and Willson ). The
final distance will depend on such factors as the size,
weight, and aerodynamics of the seeds. For example,
sampling dispersal of seeds that can travel long distances, such as willow, will require a larger number of
traps laid out over a larger area than a species such as
subalpine fir, which has a shorter dispersal distance.
The strength and direction of the prevailing winds
will also affect the placement of seed traps. In particular, consider the frequency of gusts which may
cause abscission of the seed, and updrafts which
may result in seeds travelling beyond the limit of
the study layout.
The problem of how much total trap area is required at each distance will depend most strongly
on source density and, sadly, luck. Luck is involved
because many species are markedly variable in the
production of seeds. Most have temporal coefficients
of variation of . (oaks, pines) up to almost .
(most conifers, a few hardwood species). Years of
virtually no seed production occupy about % of
long-term records. A simulation performed on a year record from New Zealand showed that sampling
for  consecutive years would be required to obtain
apparent mean production values within two-fold
of the observed long-term mean (D.F. Greene, pers.
comm., ). Ideally, therefore, an investigator
must either wait to put in the traps until binocular
estimates indicate a reasonable seed supply, or be
willing to continue the study for several years. However, you can estimate the total trap area required.
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Using data from long-term studies, Greene and
Johnson () estimate mean annual seed production per square metre (Q) as:
Q =  B0.92 m-0.58 N ,
where: B = mean source basal area (m2),
m = individual seed mass (grams), and
N = source density (number/m2).
For example, suppose you wish to estimate seed
production in a stand of Engelmann spruce (mean
seed mass . g, mean basal area of source trees
. m2, and density of source trees ./m2). Well
inside the forest in an average year you could expect
about  seeds/m2, and at the forest edge, about half
that amount ( seeds/m2). As a rule of thumb, at
 m from the forest edge you could expect about
% of the deposit well within the forest (D.F. Greene,
pers. comm., ), or about . seeds/m2. Thus, to
register a single seed at  m, quite a large trap area
is required. To be cautious, the minimal estimate of
the required trap area should be increased -fold,
because you may well be sampling in a poor year. In
general, investigators use relatively small amounts of
trap area, and published studies may therefore be
dominated by “mast-year” examples (D.F. Greene,
pers. comm., ).
You may wish to examine the final resting spots
of individual seeds, in which case the horizontal
distance and direction travelled may be noted (e.g.,
Zasada et al. ), or the microsite attributes of resting spots recorded (e.g., Janzen et al. ).
Whatever the measurement method employed,
each seed trap should provide a single value for the
number of viable seeds intercepted per square metre
per year. This point-measurement of seed rain density is usually the standard unit for further analysis.
The point measurement is often extrapolated from
seed traps with collection areas of less than . m2, or
is averaged over several years. Usually only filled,
viable seeds, or the ratio of viable seeds to the total
captured, are of interest. See Section . for methods
to determine viability.
Since many study areas do not have analogous
treatments replicated in separate stands, it is often
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more practical to replicate seed rain studies over
time, (e.g., by measuring treatment and control sites
in three consecutive years). Several precautions
should be taken: take samples at essentially the same
time from the treatment and control sites; ensure that
the control site is comparable to the treatment site;
and check that local events that affect trends do not
occur at one site but not at the other (MacDonald
and Stednick ).
When to start and stop, and how often to sample
will be determined by the timing of seed release of
the species. It is best to sample more frequently during the period of heaviest seed rain, usually the first
several weeks of seed release. Weather conditions
may also influence your schedule; sampling should
be more frequent in windy conditions, since wind
increases abscission rates, and seeds may be removed
from traps by wind and rain.
Site information should be collected to characterize the study area (see Section .). However, if
you are modelling how seeds disperse from a tree
or from a stand edge, some additional data will be
required:
• seed rain density under the tree, or within the
intact stand;
• approximate heights from which the seeds are
released;
• seed samples to measure mass and area to determine wing loading, and terminal velocity when
dropped in still air (Greene and Johnson );
• information on dispersal agents, such as prevailing
wind velocities at different heights (Section ..)
and relative abundance of seed-dispersing vertebrates;
• landscape features that impede (or enhance) the
flow of wind or water, or attract or repel seedcarrying birds or mammals (Johnson et al. ).
Estimating seed rain from a point source
To study seed dispersal from a single source
(individual tree), for both wind- and vertebratedispersed seeds, the source tree should be sufficiently
isolated from other trees. Contamination of seed
traps with seeds from nearby trees is probably the
most significant problem in this type of study. The
type and size of trap used will depend on the seed
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characteristics of the species being studied and the
types of predators expected (see Section ..).
The layout of traps around a point source is the
same for both one-dimensional and two-dimensional
studies, except that sampling may be more intensive
in a two-dimensional study. The objective of a onedimensional study is to derive a dispersal curve (as
described in Section .) in one dimension; the objective of a two-dimensional study is to map changes
in seed rain in two dimensions. The difference between one- and two-dimensional studies lies more in
presentation of the data than in the design. For both
types of studies an array of traps is arranged around
the parental tree. While the ideal trap arrangement
should be random, it does not account for the variability of seed dispersal increasing with distance
from the source (thus the number of seed traps should
also increase with distance). For this reason most
seed-trap layouts use a systematic design—a circular
arrangement with the diameter of the circle increasing with distance from the starting point (Figure .),
or a systematic linear arrangement (Figure .).
When species produce large seeds dispersed by
gravity, the seeds primarily fall directly beneath the
parental trees. Three methods are available: each seed
location can be mapped, seed traps may be set out, or
density determined in an array of survey quadrats
(see Sections . and .).
Estimating seed rain from an area source
To estimate the overall seed input to a unit of land
with seed-bearing trees, seed traps should be distributed randomly throughout the stand or treatment

a)

area. Such layout patterns are appropriate for mature
uncut forest stands, and under uniform shelterwood
and seed tree canopies. When studying a stand composed of a single species, or if you are only interested
in the seed dispersal characteristics of one species, a
trap suitable to just that species should be chosen.
For seed rain mapping, sampling on a regular grid
is more practical than random sampling (for examples,
see Carkin et al. ; Noble and Ronco ; Alexander ; McCaughey and Schmidt ; Matlack ;
Youngblood and Max ). If a grid is used, ensure
that the grid interval is not a multiple of mean intertree distance or mean crown diameter. For example,
if the trees are very uniform and have a mean crown
diameter of  m, grid sampling at , , , or  m (etc.)
would have a greater-than-random chance of repeatedly sampling under the same part of the trees (e.g.,
adjacent to the bole, or at the periphery of a tree crown).
Seed-trap layouts suitable for quantifying the seed
input into a forest opening would use a systematic
layout (two variants are shown in Figure .). The
number of seed traps increases as distance from the
area source increases, permitting a researcher to sample rare long-distance seedfall events. Although such
sample arrays are two-dimensional, they describe
seed dispersal in only one dimension, with multiple
transects of seed traps serving primarily as subsamples
for describing seed input at different distances from
the seed source. Results are portrayed as seed dispersal curves, as shown in Figure ..
Comparisons between tree species are generally
based on stand-level measurements. To study species

b)

 . Schematic of the distribution of seed-traps placed around a point-source. Each box represents a seed trap.
(a) concentric circles; and (b) a cross (after Hoppes 1988).
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a)

b)

 . Recommended seed-trap layouts at a forest edge for an area source. Sampling density increases with distance
from the seed source: (a) traps distributed at regular 10 m intervals; (b) traps distributed randomly within each
distance category.

at the stand level, several seed traps (suitable for the
species under study) must be used in each stand to
provide a reliable measure of seed rain density. The
number of traps within a stand has a relatively small
effect on the overall power of a test, so it is better to
have more stands per treatment than to have more
traps per stand. When seed production levels are low,
seed rain becomes more variable and spotty, so the
number of seed traps per stand should increase to
sufficiently characterize the variability. It usually
requires many years of monitoring to get an accurate
picture of mean seed rain density. The number and
distribution of traps should be based on what is required to adequately sample in the poorest seed year.
The most difficult situation occurs if the composite seed rain of an entire tree community is to be
sampled. The type(s) of trap used will depend on the
different species being sampled. For example, to
document seed rain of all trees into a boreal forest
site might mean collection of the wind-dispersed
seeds of birch, aspen, balsam poplar, willows, white
and black spruce, balsam fir, and lodgepole pine.
Questions a researcher must ask are: What kind of
trap arrangement and what type of traps would be
needed (spatial and temporal)? Could the same type
of trap be used for all species? Would the trap array
have to differ among species? Would trapping “season” differ? An array of different kinds and densities
of seed traps, monitored at different times, will prob-
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ably be required to obtain a good picture of overall
seed inputs. Long-term studies (– years or more)
may be necessary to get a reasonable idea of annual
periodicity of seed rain (D.F. Greene, pers. comm. ).
. Data Analysis
The analysis of seed rain data follows the norms of
most sample surveys and of those experiments that
depend upon sampling within experimental units.
If you are also interested in spatial patterns of seed
dispersal, then specialized statistical tools may be
required. So far, modelling of seed rain patterns is
really only feasible in the simplest scenarios (e.g.,
around widely spaced seed trees or at cutblock edges).
.. Descriptive analysis
Single-source and area-source (stand-level) seed rain
density can be described by a measure of the central
tendency (e.g., mean, mode, or median values) and
the variation (e.g., standard deviation or % confidence interval) in trap-to-trap measurements.
Seed traps are often deployed to determine what
proportion of the forest area under study receives an
adequate seed rain density (i.e., density above some
arbitrary threshold) and an even distribution (dispersion) of viable seeds (i.e., high densities in some traps
may not compensate for few or no seeds in other
traps). In stands where extreme values prevail, using
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the mode or median to describe central tendency is
usually more appropriate than using the mean. This
would be the case, for example, where there are
mostly zero or many seeds per tray, rather than an
even (or constant) range in the number of seeds per
tray. In these situations, the spread about the norm is
better described using percentiles or quartiles rather
than standard deviation or confidence intervals.
Results (in significant digits) should be expressed in
terms of the method or measurement employed (size
of seed trap and sample size, or total seed trap collection area, in this case).

 . Split-plot-in-time analysis of variance (ANOVA)

.. Comparative analysis
Treatment comparisons can follow standard analysis
of variance (anova) approaches. This assures that the
variance is appropriately partitioned. For example,
the comparison of seed rain under four different silvicultural treatments in three separate stands might
be as follows: all of the four treatments, T, would
have to be applied within each stand (e.g., number
of blocks = three), with extensive subsampling in
each treatment unit (assume p =  subsamples), and
over several years (assume y =  years). The anova
table and appropriate F-tests would then be set up as
in Table .. If the number of seed traps differs
among stands, observations should be weighted by
the number of subsamples per treatment cell when
conducting anova or regression.
When the number of subsamples in the treatment
cells varies, the degrees of freedom (df) also vary: if
individual counts are Pijk,

Subsamples, P(TNY)
(subsamples nested
within treatments,
stands, and years)
Total:

tnyp - 1 = 2099

then:
t

n

y

Σ j=
Σ k=
Σ pijk - , and
total df = i=
t

n

y

subsample df = Σ Σ Σ (pijk - )
i= j= k=
where:
i = treatment,
j = stands, and
k = years.
Multiyear data collected from the same fixed
network of seed traps can be treated as a split-plotin-time anova, as laid out in Table .. If data are
collected over time from the same sampling units,
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table for a hierarchical sampling design
Source of variation

Degrees of freedom

Test for effect

Stand, N

(n-1) = 2

—

Treatment, T

(t-1) = 3

MST / MSN*T

N*T

(n-1)(t-1) = 6

—

Year, Y

(y-1) = 4

MSY / MSY*N

Y*N

(y-1)(n-1) = 8

—

Y*T

(y-1)(t-1) = 12

MSY*T / MSY*N*T

Y*N*T

(y-1)(n-1)(t-1) = 24

—

(p-1)tny = 2040

—

Note: Lowercase letters represent the number of levels of the
sources, (e.g., Treatment (T) has four levels, t = four
treatments; n = three stands; p = 35 subsamples;
y = 5 years).

and the data from year-to-year are dependent, then
a repeated-measures analysis would be appropriate.
The main objectives of repeated measures analysis
are to check if there is a trend over time, to take into
account the inherent variation of a site, and to see
if the trend is the same for all treatment levels.
Repeated-measures data can also be analyzed using
multivariate anova with the multiyear data as response
vectors. Refer to Moser et al. (), Potvin et al.
(), Meredith and Stehman (), Gumpertz and
Brownie (), and Nemec () for more detailed
discussions and a wider range of options for the
analysis of repeated measures (see also Section ..).
If significant effects are found, a suitable multiple
comparison method may be used to identify which
means are significant. However, if your goal is to determine if a treatment—or several treatments—were
significantly different, sufficient information may be
gained by the anova. Presentation of your anova
results, with a graph of your data, generally provides
an effective visual comparison between treatments.
It may not be necessary, or even relevant, to have a
comparison between plot A in year  and plot D in
year . If you do require multiple comparisons, Day
and Quinn () suggest Scheffé’s method for
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unplanned comparisons, or Dunnett’s test when a
control is compared to all other treatments. A small
number of planned contrasts (not more than the
degrees of freedom for that source) do not need any
multiple range type of correction, the p-values of
their associated t-values or F-values can be used
without correction. For many non-orthogonal contrasts, a Bonferroni correction can be used; otherwise
use Scheffé’s method, since it is naturally very conservative. For more information see Milliken and
Johnson (). Duncan’s multiple range test and the
Student-Newman-Keuls (snk) test are also commonly used. Refer to Sit () for more discussions
on anova and multiple comparisons for various
types of experimental designs.
.. Regression analysis
The main objective of many seed dispersal studies is
to relate seed rain density to distance from the seed
source. The relationship of seed rain density, or the
probable fate of any individual seed, is well described
by the dispersal curve. The typical shape of the
frequency distribution of seeds as a function of the
distance from the source plant is a concave negatively
sloping line (Zasada ). The two common mathematical expressions for the dispersal curve are: the
inverse power model (Gregory ):
y = ax-b ,
where:

y = the probability density associated
with the dispersal,
x = the distance from the source, and
a and b = unknown values that can be
empirically derived;

and, the negative exponential model (Frampton et al.
):
y = ae-bx ,
where:

y = the probability density associated
with the dispersal,
x = the distance from the source,
e = the base of natural logarithm
(.), and
a and b = unknown values that can be
empirically derived.
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This equation was used by Youngblood and Max ()
to describe seeds originating within a mature forest
and dispersing from a forest edge into a clearing.
Advanced statistical regression analysis of seed
dispersal data typically consists of (iterative) nonlinear curve fitting; see Sit and Poulin-Costello ()
for details on fitting data to the negative exponential
model and related functions using the sas statistical
package. There are advantages and disadvantages to
both these models. The inverse power model has the
advantage that it transforms to a straight line when it
is plotted on log-log paper. Thus the numerical values of a and b can easily be estimated. The negative
exponential model transforms to a linear relation
when plotted on semilog paper, and the probability
density y remains a finite number as the distance
from the source x converges to zero. The disadvantage of both models is that neither provides any
insight into the mechanistic attributes of dispersal
and their effects on dispersal curves.
There appears to be little difference between the
inverse power and negative exponential model in
predicting actual dispersal curves (Niklas ). Both
models have difficulties in predicting dispersal curves
because variations in weight, size, and shape of seeds
or fruits will affect the dispersal curve. The height at
which seeds are borne on the plant, the ambient wind
speed, and directional components (lateral wind direction) causing seed release or abscission will also
affect dispersal curve characteristics. There is also the
problem with describing the number of seeds plotted
as a function of distance from a point source. The
inverse power and the negative exponential models
adequately describe one-dimensional dispersal
curves, but in reality seeds are seldom disseminated
in this manner; spatial distributions in two dimensions are more common.
With more complex statistical models, it is possible to incorporate additional information such as the
“strength” of the seed source. For example, the basal
area of trees at the seed source has been incorporated
as an additional independent variable to predict the
density of Engelmann spruce seeds at various distances downwind of a seed source (McCaughey and
Schmidt ). Other terms could be added to provide a more accurate picture of seed dispersal, such as
release height above the ground, terminal velocity of
the seeds, and wind velocity.
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.. Spatial analysis
Seed dispersal in two dimensions can be described by
generating a map of seed rain density. Data are collected from a systematic array of seed traps, and
interpolated between observation points to generate
an isopleth map of seed rain density (e.g., Engle ;
Augspurger and Hogan ). This can be done with
standard interpolation algorithms in statistical packages such as sas and systat, with or without various
smoothing options. The problem with this method is
the assumption that no sampling error occurred (i.e.,
that all trap-to-trap differences represent real trends
in seed rain density over the distances concerned).
These types of errors can be reduced by the use of
large traps and replication over time.
Refer to Robertson (), Isaaks and Srivastava
(), Legendre and Fortin (), and Rossi et al.
() and their references for more details on the
use of geostatistics. These techniques are presumably
applicable to describing trends in seed predation
(Section ) and seed bank patterns (Section ) as well.
Some commercial software packages for geostatistical
analysis are listed in Appendix C.
.. Mechanistic modelling
In addition to statistical methods, mechanistic models are another option for fitting observed trends in
seed dispersal behaviour. These models predict
median horizontal distance travelled by the seed crop
away from a single tree, using information such as the
release height above the ground, horizontal wind
velocity, and the terminal velocity of seeds falling in
still air. For example, Okubo and Levin () applied
a tilted Gaussian plume model to predict the mode of
the dispersal curve:
xm = h Ua /Us

For information on other mechanistic models, refer
to Greene and Johnson (, , ) and
Andersen ().
An advantage to the mechanistic approach is that
data from a variety of plants growing in very different
habitats can be placed within a single objective
classification scheme based upon the aerodynamic
properties of airborne spores, pollen, seeds, and
fruits. However, most models make a large number
of assumptions (Greene and Johnson ), so the
resulting predictions may be far from reality, in particular for light seeds. Seeds of willows and poplars are
often carried above the height of formation (where
they are produced). Most mechanistic models do not
address the question of how long seeds stay airborne
and how that relates to the distance travelled. In a
study on white spruce (Zasada and Lovig ), seeds
were found to follow very complex flight patterns
that may or may not be based on terminal velocity.
Direct observation reveals a substantial number of
ups and downs in the flight path of individual seeds.
Populus and Salix seeds also follow complex flight
paths that would seem to defy description by a
mechanical model (J. Zasada, pers. comm., ).

for heavy seeds or fruits (Us>  ms-)

and
xm = h Ua /W*
where xm
h
Ua
Us
W*
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=
=
=
=
=

for light seeds or fruits (Us<  ms-1)
the modal distance,
the height of seed release,
the ambient wind speed,
the seed terminal velocity, and
the vertical airflow mixing velocity
attending turbulence.
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SECTION 5

SEED PREDATION

Every part of nature teaches that the passing away of one life
is the making room for another.
(Henry David Thoreau)

. Background
Studies of seed predation are important to understanding how seeds are lost between dispersal and
germination. Research has shown that seed predators
can account for over % of the loss of a viable tree
seed crop (Gashwiler ), including between  and
% of the cones removed by squirrels (Hurly et al.
). In severe cases, up to % of the seed crop may
be destroyed by predators, which can exert a significant influence on patterns of plant recruitment, plant
species diversity, and plant community structure. Not
only can seed predation affect the process of natural
regeneration but it can also undermine the success of
artificial seeding efforts.
A further rationale for studying seed predation is
the lack of knowledge about the nature and magnitude of seed predation on tree seeds of western North
America, especially hardwood species. While predation
of conifer seeds was investigated fairly extensively
from about  to , research has tapered off in
recent decades. This loss of interest may coincide with
the rise of reforestation by tree planting rather than
by natural regeneration or aerial seeding. The current
strong interest in maintaining “natural” levels of
biological diversity (e.g., tree genetic diversity) as
well as the search for more cost-effective means of
reforestation may help to renew interest in natural
regeneration. Unfortunately, there is a lack of recent
published accounts describing or assessing methods
used to carry out seed predation investigations. The
material that is available is often unclear or incomplete;
this section seeks to address the information gap by
describing and assessing some common methods for
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studying seed predation. This section deals with predation on seeds that are mature; predation on seeds
that are not fully developed is discussed in Section ...
Seed predation studies usually have the objective
of determining the number of seeds lost to predation.
Questions that might be asked in seed predation
studies include:

• Which species or species groups are preying on
the seeds?

• Which species of seeds are being preyed upon?
• What proportion of seed loss can be attributed
to predation versus other losses?

• What proportion of seeds are lost to predation
by specific predators/predator groups?

• What proportion of seeds are lost to predation
before versus after dispersal?

• How does the pattern of predation change over
•
•
•
•

time in the short term (single year) and the long
term (multiyear)?
How does predation differ among different disturbances, ecosystems, sites, or other factors?
How does providing alternative foods and seed
mixes affect seed predation?
How does seed predation affect recruitment of
new trees?
How do fluctuations in predator and prey populations affect seed predation?

. Seed Predators
Although studies of the predators themselves are an
essential component of seed predation research, describing detailed methods for taking a census of seed
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predators is beyond the scope of this manual. Instead
we provide basic information about common seed
predators, suggest when and why we should study
them, and include references for detailed methodology.
There are three main groups of seed predators:
small mammals, birds, and invertebrates. Of these,
seed predation by small mammals has been the most
studied (West ). Although the role of birds and
invertebrates in seed predation is less well documented, these groups can also destroy significant
amounts of seeds (Gashwiler ; West ). Within
all three groups, some species specialize in feeding in
trees while others are ground feeders.
Mice, voles, shrews, chipmunks, and squirrels are
small mammals that commonly eat tree seeds. In
British Columbia, the deer mouse (Peromyscus
maniculatus) is perhaps the single most important
consumer of tree seeds. Chipmunks (Eutamias
townsendii on the coast and E. amoenus in the
interior) and voles (Microtus and Clethrionomys
species in the interior) have also been identified as
significant seed predators (Sullivan et al. ). Red
squirrels (Tamiasciurus hudsonicus) are known to
harvest –% of the cone crop of some conifer
species, and up to % of the cones from any one
tree (Hurly et al. ; West ).
Bird species that prey on seeds or cones before
dispersal include hairy woodpeckers (Picoides
villosus), Clark’s nutcrackers (Nucifraga columbiana),
red crossbills (Loxia curvirostra), and white-winged
crossbills (L. leucoptera) (Eremko et al. ). About
% of the annual diet of red polls (Carduelis flammea) consists of paper birch and Alnus spp. seeds
(White and West ). Common ground-feeding
species include juncos (Junco oreganus), varied
thrushes (Ixoreus naevius), song sparrows (Melospiza
melodia), fox sparrows (Passerella iliaca), whitecrowned sparrows (Zonotrichia leucophrys), pine
siskins (Carduelis pinus), and golden-crowned sparrows (Zonotrichia coronata) (Eremko et al. ).
Insects are the most commonly studied group of
invertebrate seed predators, although some attention
has also been paid to mollusks. All conifers have insect species complexes that attack their reproductive
structures (Finck et al. ). Some examples of insect
seed predators are the western conifer seed bug
(Leptoglossus occidentalis), which attacks the seeds
of various species from British Columbia to Mexico,
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and the ponderosa pine seed moth (Cydia piperana),
which is especially destructive to pine seeds in western North America. For more information on cone
and seed insects, see Hedlin et al. (); common
insect pests of conifer cone and seed orchards
Table . in Finck et al. (). For information
on diseases, which are another form of seed predation, see Sutherland et al. ().
For most research, knowing what species or species groups are eating seeds will be enough, although
it is always helpful to know which are most abundant.
Wildlife and insect pest inventories can be valuable
sources of information on the species of small mammals, birds, or invertebrates present in the study area.
For simple observational techniques, see Bookhout
(editor, ) for small mammals and birds, and
Southwood () and Pedigo and Buntin ()
for invertebrates.
Seed predator censuses are needed when it is important to link the numbers of seed eaters to the
number of seeds eaten and for studies that seek to
determine the proportion of seed loss attributable
either to different causes or among specific seed
predators. Censuses are usually done before the
study—to establish a baseline—as well as during the
study. For established census techniques, see von
Trebra () and Sullivan (a) for small mammals; Franzreb () and Millikin () for birds;
and Hulme () for invertebrates. Von Trebra
(), Sullivan (a), and Gashwiler () also
incorporated surveys of animal populations into
research on conifer seed predation.
Observations about possible seed predators in the
study area are also important in helping to determine
the approach and methods used to study seed predation. For example, different techniques will be
required to study animals that eat seeds on the tree
as opposed to those that eat seeds on the ground.
. Approaches to Studying Seed Predation
Studies of seed predation can be divided into those
that examine predation on natural seed crops or on
artificially introduced seeds. Studies of natural seed
crops can focus on either pre-dispersal (in the tree) or
post-dispersal (on the ground) predation. Predation
on artificially introduced seeds can be studied using
either unmarked seeds or seeds marked with paint.
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.. Natural seed crops versus artificially
introduced seeds
Natural seed crops provide seeds of natural abundance, species composition, and distribution in both
time and space. They do not alter the behaviour or
populations of the seed predators being studied (beyond normal fluctuations). Studying predation
on natural seed crops is appropriate to examine
predator–prey interactions, to avoid confounding the
results with unnatural predator responses, and to
study natural regeneration without artificial seeding.
Introduced seeds may artificially increase the food
source beyond natural background levels, which
could elevate predator numbers or alter their behaviour in other ways. The quantity of available food will
also be increased if only filled seeds are used (not all
natural seeds will be filled).
Natural seed crops are required for studies of predispersal seed predation, as no techniques for artificially
attaching seeds to trees have been documented to date.
Using natural sources of seeds also enables researchers
to separate pre-dispersal from post-dispersal predation.
However, studies of natural seed crops require the additional preliminary step of determining the species and
numbers of seeds available, which is not necessary when
using introduced seeds.
Artificially introducing seeds is probably the best
approach for experimental research because the investigator can start with the same number and
species of seeds in each experimental unit. This is
also the obvious approach for studying the effects of
seed predation on reforestation through artificial
seeding. The spatial variability and unpredictability
of natural seed supply would require a larger sample
size and preliminary surveys (seed trapping) to determine an adequate sample size for the experimental
design. Because seeds can be introduced artificially
at any time, this approach is also appropriate for
research on the time of year that seeds are least or
most vulnerable to predation. Researchers can also
use both natural and artificially introduced seeds
to study different aspects of predation in the
same project.
For exclosure-type studies, there may be a conflict
between the size of seeds and the mesh size of devices
used to exclude predators, particularly birds. Seeds
that are too large (e.g., Garry oak acorns, winged maple
seeds) to pass through the mesh required to exclude
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predators are probably best studied using artificially
introduced seeds placed inside exclosures. For smaller
seeds (e.g., most British Columbia tree species) mesh
size should not present a problem unless fine mesh is
used to exclude invertebrates. Although the screen
can be removed during seedfall, it would be difficult
to be sure that was no predation occurred during
this period.
.. Predation on natural seed crops
Studying predation on natural seed crops involves
first determining the species and numbers of seeds
available for predation. Pre-dispersal seed numbers
may be estimated by counting the number of seeds,
cones, or other secondary reproductive structures on
representative trees in the study area. Such estimates
must be done before any predation begins and are
essential for studies of pre-dispersal predation. As
with all estimates, the problems associated with
error must be taken into account (see Section .
for methods used to estimate natural seed production). See Figure . for an example of the life
table approach.
Pre-dispersal estimates can also be used to establish
the baseline for post-dispersal (ground) predation
studies, but trapping seeds on the ground is enough
to give an estimate of the number of seeds available
for ground feeders (see Section . for detailed methodology on seed trapping). If trapped seeds are
compared with pre-dispersal estimates, it is possible
to separate seed predation (or at least seed loss)
occurring before and after seed dispersal.
Pre-dispersal predation can be assessed by
comparing the estimated number of seeds or reproductive structures (e.g., cones) on selected trees
before and after predation (e.g., see West ). This
is probably the easiest method to use, but the error
associated with estimating seed numbers may be
high. Another method is to compare estimates of
the number of seeds or reproductive structures on
the tree before predation with the number of seeds
collected in seed traps on the ground—after dispersal
but before ground predation. This method assumes
that predation is the only source of seed loss before
dispersal. It is also theoretically possible to place
exclusion devices (e.g., screens or cages) around
certain branches to prevent predation. Seed predation
can then be assessed by comparing seed number
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estimates on protected branches with numbers on
unprotected branches. We have found no documented examples of this last method.
Post-dispersal predation is usually determined by
comparing the number of seeds or germinants found
on the ground in an area that is subject to predation,
with the number of seeds or germinants found in a
comparable area where predation has been excluded.
Approaches to exclusion are discussed in more detail
in Section .. under Unmarked seeds. The numbers
of seeds before and after predation in fixed areas without exclusion could also compared. This approach
does not allow any assessment of the number of seeds
lost to other causes.

effects of declining seed numbers (i.e., because predators may make less effort as seed numbers go down
and therefore predation would decline at a different
rate). An advantage of marking seed locations, even
without replacement, is that it could help determine
how many seeds are lost to other causes, such as germination or rot.
Both marked and unmarked introduced seeds can
be used to help determine loss to different predators
and to causes other than predation, such as being
unable to relocate seeds. Glass beads, the same size as
the seeds being studied, have been used to determine
the size of the loss due to the inability to relocate
seeds (Johnson and Fryer ).

.. Predation on artificially introduced seeds
The first step in a study on artificially introduced
seeds is to distribute the seed. This can be done
from the air over large areas or by hand over
smaller areas.
Large-scale distribution is used for operational
seeding and this method can be used for research on
the impact of predation on artificial seeding for regeneration. Seed distributed this way is similar to
naturally dispersed seed in that the researcher has no
control over the number of seeds per experimental
unit, although the spatial distribution of seeds may
be less variable than with natural dispersal. Seed traps
can be used to evaluate seed distribution following
aerial seeding.
Smaller-scale hand seeding is more labourintensive but better suited to studies requiring tight
experimental control, because the same numbers of
seeds can be placed in each experimental unit. With
hand seeding, there are two possibilities:
. unmarked seeds can all be distributed at the
beginning of the study and the remaining seeds
counted one or more times, potentially until no
more seeds are found; or
. the location of each experimentally distributed
seed can be marked (e.g., with toothpicks) and the
missing seeds replaced at each monitoring date.

Unmarked seeds
Experiments that use unmarked seeds are relatively
simple to set up and require no specialized equipment or materials. For these reasons, more seeds can
be monitored for the same effort, which can improve
sample size. However, naturally dispersed seeds must
be excluded or background seed rain recorded to
separate unmarked experimental seeds from
naturally dispersed seeds.
Unmarked seeds can be studied both with and
without exclosures, employing methods similar to
those used for studying post-dispersal predation on
naturally dispersed seeds. Distributing unmarked
seeds in defined areas and then counting the survivors one or more times over one or more seasons is
the simplest procedure. However, to determine other
causes of seed loss or to distinguish among predators
(when using unmarked seeds) it is necessary to selectively exclude different categories of predators (e.g.,
birds, small mammals, invertebrates). With selective
exclusion of predators, unmarked seeds can be used
to distinguish among broad predator groups, but not
among individual predator species.
Different predator groups can be physically
excluded from seeds with different types of cages
(exclosures). Consumption can be compared among
different exclusion devices and with no exclusion to
assess the proportion of seed loss attributable to
each group. Studies by Gashwiler () and Hulme
() are good examples of this approach. Excluding
all predators may provide some information on
other types of seed loss, such as germination or
decay.

A single input of seeds may more closely mimic
natural seedfall patterns (and therefore predator
response) and is less time consuming. Replacing
seeds is more labour intensive, but the pattern of
seed consumption could be determined without the
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Marked seeds
Seeds can be marked with either paint or radioisotopes. Experiments that use marked seeds can
provide more complete information about causes of
seed loss because the recovery rates are generally high
(Lawrence and Rediske ; Fraser ) and
individual predator species can sometimes be
distinguished by distinctive marks left on the seed
remains. The location in which a recovered seed is
found may also provide clues to what ate it (for
example, seed remains found in the burrow of a
particular species). Recovering marked seeds is time
consuming, and therefore not suited to studies that
require a large number of seeds.
Radioactive marking requires highly specialized
equipment and facilities and the laboratory and
operators must be properly licensed to handle
radioactive material. However, at the appropriate
concentration, radioisotopes do not appear to affect
germination of tagged seeds and yield the highest
recovery rates (Lawrence and Rediske ).
Other substances used for marking seeds include
plastic paints of various colours (Liddle et al. ),
invisible fluorescent paints (Colbry ), and DayGlo fluorescent dyes (Fraser ). Although paints
do not involve the same difficulty in handling as radioisotope markers or require specialized recovery
tools, neither the effect of paints (plastic and
fluorescent) on germination nor their resistance to
abrasion is known. Latex, used to bond fluorescent
dye to seeds, provides resistance to abrasion but will
also lower germination rates (Fraser ). Predators
might also be repelled or attracted by the paint and
thus bias estimates of predation (e.g., birds see and
respond to colours), but there is no information
available on this potential problem. The technique
may also be unsuitable for tiny seeds. Although recovery rates are good, they are probably not as high
as radiotagged seeds for the same amount of effort.

of seeds will help alleviate this problem. Counting
germinants only may underestimate predation since
some ungerminated seeds could escape predation
and germinate later. A combination of approaches
allows the researcher to separate seed loss to germination compared to other causes (including
predation) (see Johnson and Fryer ).
The simplest way to quantify seed predation is to
count seeds before and once after predation within a
single year. This approach is useful for pilot studies to
provide a broad estimate of predation and for making quick comparisons among several treatments or
sites. However, both tree seed crops and predator
populations can fluctuate significantly within and
among years, so results from single counts cannot be
extrapolated to other seasons or years.
Monitoring seed loss several times within one
year can provide information about the seasonal
vulnerability of prey seeds. Examples of factors that
can affect seasonal seed predation rates include the
abundance of other, preferred food sources in summer, and the absence of migrating bird species in
winter. If seeds are trapped for monitoring predation
on natural seed crops, patterns in vulnerability can
be correlated with patterns in seed availability. The
frequency of monitoring has varied in previous
studies from two or three samplings (Gashwiler ,
) to weekly samplings for several months
(Lawrence and Rediske ). The former focused
on specific periods, such as overwinter survival of
seeds, while the latter was able to follow the precise
fate of seeds tagged with radioisotopes.
Multiyear sampling is essential for studying
predator–prey interactions, predicting the long-term
patterns of predation, studying the effects of disturbances such as forest harvesting, and determining the
impact of predation on tree regeneration from seed.
As with single-year studies, monitoring frequency
within any one year can vary.

.. Quantifying seed predation
Regardless of the approach taken, predation can be
quantified by counting seeds or germinants, either
once or many times after predation. Counting numbers of seeds is the most common procedure, but
could result in overestimating predation because
losses due to other causes, including germination,
will be counted as “eaten.” Marking seeds or locations

. Methods, Techniques, and Equipment
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See Sections  and . for information on surveying
natural seed crops.
.. Distributing seeds
Large-scale distribution of seeds can be accomplished
with either a fixed-wing aircraft or helicopter fitted
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with various types of seeders (Mitchell et al. ).
The quantity and uniformity of seed distribution are
controlled by the calibration of the seeder and method of flying. Larger areas can also be operationally
planted on the ground using seeders attached to
machines that create scarified planting spots or
furrows. This method requires fewer seeds than
aerial seeding.
.. Excluding seed predators
The choice of exclosure design and materials depends
on which predator group or combination of predator
groups you want to exclude. Table . summarizes the
exclusion choices for each of the three main predator
groups and combinations of predators. Ground-feeding birds and small mammals can be prevented from
gaining access to seeds with cages made of wire mesh
(hardware cloth) on wooden frames, with or without
sheet metal. Invertebrates can be excluded with fine
mesh or sticky barriers, or can be removed from
selected areas with chemical poisons.
Similar designs can be used for both birds and
small mammals, but bird exclosures must have mesh
over the top, whereas small mammals can be excluded
with open-topped designs as long as the walls are tall
enough and of materials the mammals cannot climb
(e.g., sheet metal). The walls of small mammal exclosures must also extend below ground, to prevent
the animals digging their way in.
Exclosures may be square, rectangular, or cylindrical, and enclose areas from . to  m2 and be from
. to . m tall. Mesh sizes smaller than  cm will
effectively exclude small mammals (Wagg ; Gashwiler ; Sullivan and Sullivan ). Mesh size can

be larger for birds, but . cm may still allow several
bird species such as juncos, chickadees, and small
finches to enter (Gashwiler ). Therefore, to exclude bird species but allow entry by small mammals,
mesh sizes >. cm but <. cm are recommended.
The wood frame seed trap (described in Section
..) can be adapted as a vertebrate exclosure where
a design with a lid is required. This design allows for
easy access to the exclosure to count seeds and/or
germinants. However, unlike seed traps, exclosures
should not have window screening on the bottom, as
this could impede germination of seeds and requires
removal of all vegetation in the exclosure.
Exclosures designed to exclude only small mammals have sides made of a strip of wire mesh topped
with a strip of sheet metal and no lid. The height of
the sides depends on the type of small mammal to be
excluded. Bending the sheet metal outward helps to
prevent the animals from getting in (Figure .).
Joints between pieces of sheet metal must be smooth
and tightly sealed since chipmunks have been able to
climb exclosure walls by getting a toehold in the
seams (Wagg ). Vegetation that the animals could
climb to get into the excluded area must also be removed on a regular basis. The depth to which sides
are buried will depend on how soft the soil is and
what species of predators are in the area. Walls buried
 cm deep have successfully prevented invasion, but
even burial up to  cm may still allow entry of some
animals (Gashwiler ). Sheet metal could alter the
microclimate within smaller exclosures, so larger
areas are recommended for such designs. Seeds could
then be placed in the centre of the exclosure to avoid
microclimate edge effects. Wire mesh allows the entry

 . Summary of exclosure choices for seed predators
Predator(s) to be excluded

Exclusion device

Birds
Small mammals
Invertebrates
Birds and small mammals
Birds and invertebrates
Small mammals and invertebrates
All three groups

Wire mesh cage with mesh lid, mesh >1 cm and <2.5 cm
Wire mesh and sheet metal cage with no lid, sides buried
Pesticides and/or sticky barriers
Wire mesh cage with mesh lid, mesh <1 cm
Lidded mesh cage (as above) with pesticides/sticky barriers
Wire mesh and sheet metal cage (as above) with pesticides/sticky barriers
Very fine mesh cage with lid and sides buried
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of seeds from natural sources and should not alter
microclimatic conditions inside the exclosure.
Flying invertebrates can only be physically excluded
with a fine mesh (e.g., window screening). Therefore,
such exclosures are only practical for studies using
artificially introduced seeds, because most seed from
natural sources would also be excluded. Flightless
insects (such as ants) can be prevented from gaining
access to seeds placed on an elevated platform by
coating the underside of the platform with a sticky
substance, such as Tanglefoot™ (Heithaus ).

 .

Sticky strips could also be laid around the perimeter
of the excluded area, although they would have to be
checked regularly to remove debris that might provide a “bridge.”
Chemical poisons have also been used to separate
invertebrate predator groups from each other and
from vertebrate seed predators. Note, however, that
poisoning small mammals for this purpose is not
legal in British Columbia (Mitchell et al. ), and in
any case is considered ineffective because reinvasion
is rapid (Sullivan b; Mitchell et al. ). Because

Small mammal exclosure described by Wagg (1964). The three illustrated wall designs show: (a) Simple vertical
wall, (b) hardware cloth wall with sheet metal bent downward to the outside, and (c) hardware cloth and sheet
metal wall with top bent horizontally to the outside and supported by additional wooden frame. Different
widths of sheet metal and hardware cloth should be tested; however, Wagg recommended that the sheet metal
be at least 45 cm wide for designs a) and c) and that the bent portion be at least 15 cm wide.
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of the potential for poisoning non-target species we
do not recommend using chemical exclusion.
.. Marking and recovering seeds
Radiotagged seeds
In Canada, use of radioisotopes requires licensing
from the Atomic Energy Control Board of Canada.
Proposals are reviewed to determine how the radioisotope is being used, how often it is used, what the
concentration is, whether it occurs naturally, and
what the half life is (C. Smith, Univ. B.C. Radiation
Safety Officer, pers. comm., ). An environmental
review, specific provisions for disposal of the
material, or amendments to an existing licence for
particular uses may be required before approval is
granted. Research that uses low concentrations of a
short-lived isotope (especially a naturally occurring
one) will be subject to fewer restrictions and difficulties in obtaining approval. It should be noted that
federal regulations concerning use of radioactive
materials are being rewritten.
In several older studies, the radioisotope Scandium46 was used to tag seeds because it is a strong
gamma emitter, has a half-life of  days, has low
solubility, and is not phytotoxic. This half-life is
considered short and the concentrations used
( microcuries per seed) very low. However, there
may be isotopes available that pose a lower risk to the
environment and could be adapted for this application using the methods, summarized below, from
the older literature. We have not found any recent
published accounts of the technique.
Scandium46, in the form of ScCl solution, is first
diluted to a working solution of  microcuries/mL
(Lawrence and Rediske ). A drop of the surfactant Tween- added to the working solution
increases penetration of the seed coat by the radiotracer. The tagging procedure is standardized by
soaking  cleaned seeds for  hour in  mL of
diluted Sc46 solution. Seeds are removed and air
dried for  hours. The initial activity of the
tagged seeds should average about  microcuries
per seed.
Sc46 at a concentration of  microcuries per seed
does not appear to impair the germination percentage of tagged seeds (Lawrence and Rediske ).
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Before placing seeds in the field they may be slightly
moistened with a % Rhoplex solution to minimize
any loss of the tracer through weathering.
A sodium iodide crystal scintillator is used to relocate radioactively tagged seeds in the field (Lawrence
and Rediske ; Radvanyi ). Portable scintillometers are designed for rugged use and are battery
powered with a hand probe. A Geiger-Mueller
counter is not sensitive enough to gamma radiation
to be effective. The range of the scintillator is about
 cm in air and  cm through soil.
To locate tagged seeds or hull fragments, either a
dial reading or earphones can be used. With the
probe held approximately – cm away from the
radiating source, detecting whole seeds or larger seed
coat fragments is quite easy even  months after
placement of the seeds (Radvanyi ). When a seed
is missing from the point of initial placement, a spiral
search pattern with the scintillometer probe should
be conducted until the seed is found.
Painted seeds
Plastic paints and Day-Glo fluorescent dyes can be
seen in daylight. Day-Glo pigments fluor-esce under
visible wavelengths such as violet, blue, and bluegreen (Fraser ). Invisible fluorescent paints
appear white in daylight but require a source of
longwave ultraviolet light to cause fluorescence.
Both plastic and invisible fluorescent paints can be
sprayed onto seeds (Colbry ; Liddle et al. ).
The D-series of Day-Glo pigments has increased
stability in direct sunlight and can be applied using
the methods of Fraser () by: () immersing seeds
for  minutes in a constantly stirred, °C solution of
. g powdered dye in  mL acetone, then removing
and air drying on paper towel, or () immersing
seeds until completely coated in a : solution of Dow
Latex -R and distilled water (constantly stirred),
removing seeds and placing in a constantly agitated
container of powdered dye until thoroughly coated.
Excess dye can be removed by screening. The coated
seeds are then air dried on paper towels. The second
method makes the dye very resistant to weathering,
but does reduce germination.
Recovery of painted seeds is labour intensive and
time consuming, and involves sifting through the site
for seeds. Locating seeds marked with invisible fluor-
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escent paints is also a difficult task, and a longwave
ultraviolet light source is required for recovery. Organic dyes such as Day-Glo fluorescent pigment
fluoresce under daylight conditions and recovery of
marked seeds can be as high as % (Fraser ).

ground before and after predation. An estimate of p is
given by the formula:

Interpreting marks on seed remains
Marks left on seeds fed to specific captive predators
can also be compared to marked and recovered seeds.
Redpolls and chickadees slit the seed coat and remove
the embryo of birch seeds (J. Zasada, pers. comm.
). For illustrations and descriptions of marks left
by other specific predators, see Lawrence and Rediske
(, ) and Radvanyi (, ). Radvanyi
() described marks made by captive predators
of white spruce seed as follows:
• Mice and voles generally remove a third to half
the seed coat on one side of the seed and consume
the entire endosperm and embryo. The edges of
the remaining seed coat are scalloped but entire.
• Chipmunks chew the seed in half, usually with the
plane of the cut edge at right angles to the long axis
of the seed. The chewed edges of these seeds tend
to splinter and are more deeply cleft than those
eaten by mice.
• Shrews generally make a smaller opening in the
seed coat than do mice and chipmunks. The
chewed edges are more finely serrated and the
endosperm incompletely removed.
• Insects exhibit considerable variation in the size
and nature of the opening in the seed coat.

The approximated standard error of this estimated
proportion is given by the equation

. Data Analysis
Much of the information about experimental design
and sampling considerations discussed in seed dispersal studies (in Section .) applies, with some
adaptation, to seed predation studies.
Analyses for seed predation studies general seek to:
• estimate the proportion of seeds lost to seed predators; and
• compare these proportions among different seed
species, different groups of predators, or different
site conditions.
The proportion (p) of seeds lost to predators over
time can be estimated from the number seeds on the
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number of seeds remaining
pˆ =  .
number of seeds available

ˆ =
S.E.(p)

ˆ - p)
ˆ
p(
,
n

where n is the number of seeds available.
Example
To compare the proportion of seeds of the same species taken by two different groups of predators, use
either a z-test when n is large (both n(p) and n(-p)
must be greater than  for the two sets of predation
data), or a contingency table chi-square (χ2) test.
Let p̂ , n denote the proportion of seeds eaten by
and number of seeds available to predator , and p̂,
n the same for predator . The estimated difference
between the proportions of seeds lost to predator 
compared to predator  is .(pˆ  - pˆ ), with the approximated standard error
S.E.(pˆ  - pˆ ) =

pˆ ( - pˆ ) pˆ ( - pˆ )
+ n
.
n


To test the null hypothesis that the difference
between these two proportions is zero versus the
alternative hypothesis that the difference is not equal
to zero, use the z-test with the test statistic,

z=

pˆ  - pˆ 
S.E.(pˆ  - pˆ )

when the sample size is large. The computed test statistic is compared with tabulated values from the
standard normal table (z-table). The null hypothesis
(of no difference) is rejected if |z| > zα/ where zα/ is
the tabulated z-value corresponding to a cumulative
probability of ( - α/).
If the large sample size requirement for the z-test
is not satisfied, then the contingency table approach
can be used to make comparisons. In this case, the
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actual seed counts are used as the data rather than the
proportions lost and remaining. Table . shows the
data structure.
 . Two-dimensional contingency table for
analyzing seed losses to two predators
Number of
seeds not eaten

Number of
seeds eaten

Row
total

Predator 1

n(1, not eaten)

n(1, eaten)

n1

Predator 2

n(2, not eaten)

n(2, eaten)

n2

n(not eaten)

n(eaten)

N

Column total
where:

n(, not eaten) = number of seeds not eaten for
predator 
n(, eaten) = number of seeds eaten for predator 
n(, not eaten) = number of seeds not eaten for
predator 
n(, eaten) = number of seeds eaten for predator 

n(, not eaten) + n(, eaten) = n
n(, not eaten) + n(, eaten)= n
N = n + n = total number of seeds available

The chi-square test can be used to compare the distribution of the seed counts across the two categories for
the two predators. The chi-square test statistic is given by
(observed - expected)2
expected
all cells

χ2 = Σ

where observed represents the observed count in the
sample, and expected represents the expected count.
The expected counts can be computed by multiplying
the corresponding row and column totals, and then
dividing by the grand total. For example, the expected number of seeds not eaten for predator  is:

n × n(not eaten)
.
N
The observed χ2 value is compared with a tabulated value, χ2α having degrees of freedom equal to
(number of rows -)(number of columns -).
Both the z-test and the contingency table chisquare test can be used to compare the proportion
of a particular species of seed lost to several different
predators in two different site types (e.g., different
site series, logged versus unlogged). The contingency

table approach is suitable for comparing more than
two predators and more than two site conditions (e.g.,
three or more site preparation treatments, or seral
stages). One requirement of the chi-square test is that
the expected count in each cell must be greater than .
To compare more than two factors, a log-linear
model which is a generalized approach to analyzing
multidimensional contingency tables can be used.
For further discussions on categorical data analysis
methods, see Agresti (), Chapter  of Johnson
and Bhattacharyya (), and Lesperance ().
When monitoring seed predation behaviour over
time, two different methods can be used to measure
the proportion of seeds lost to predation:
method  Measure the proportion based on the initial number of seeds available and the number of
seeds remaining at each measurement time. These
are, in fact, cumulative proportions. The resulting
time plot will have a decreasing pattern. The data
obtained from this method can be used to determine
how much seed to put out to have adequate germination for regeneration.
method  Measure the proportion based on the
number of seeds available at the beginning of each
time period and the number of seeds remaining at
the time of measurement. The resulting time plot will
not necessarily be decreasing. It will likely have a cyclical pattern, showing the times at which predation
is at its highest or lowest. These data can be used to
determine the optimal time for releasing seeds for
best germination results.
Table . illustrates the two methods for computing
predation proportion over time using hypothetical data.
 . Comparison of methods for calculating proportion of seeds lost to predation over time

E(1, not eaten) =

94

Time
0
1
2
3
4

Number
of seeds
not eaten
100
90
72
66
53

method 
cumulative
proportion eaten

method 
proportion eaten
per time period

0
0.1
0.28
0.34
0.47

0
0.1
0.20
0.08
0.20
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SECTION 6 SEED BANKS

The wingéd seeds, where they lie cold and low,
Each like a corpse within its grave, until
Thine azure sister Spring shall blow.
(Percy Bysshe Shelley “Ode to the West Wind”)

. Background
Many of the viable seeds produced by trees fall to the
ground, become buried in the soil, and do not germinate for several years. Seeds of other species may be
retained by trees for many years before they are released and germinate. These dormant, viable seeds,
stored in either the soil or in tree canopies, are called
seed banks. This chapter deals with soil seed banks
only; canopy seed banks are discussed in Section ..
because the methodology is similar to that used for
pre-dispersal surveys.
Knowledge of the species composition, numbers,
and distribution of seeds in soil seed banks is important for understanding and predicting natural
regeneration and revegetation after disturbance;
developing effective vegetation management prescriptions; and describing overall floral diversity.
Seed banks of tree species in northern temperate
and boreal forests, such as those found in British
Columbia, have not been studied extensively. According to Archibold (), conifer seed viability may last
from  to  years under controlled conditions, and
perhaps as long as  years for white spruce (see Section .). The longevity of angiosperm tree seeds in
artificial storage (freezers and refrigerators) ranges
from a few months to decades, depending on the species and storage conditions. For more details see
Schopmeyer (technical coordinator, ).
Although there has been much research into optimum artificial storage conditions to maintain seed
viability, little is known about how long tree seeds
remain viable under natural conditions (i.e., either
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on or buried in forest floor). Recent results from a
seed burial study on southern Vancouver Island (C.L.
Leadem, unpub. data ) suggest that the seeds of
many British Columbia conifer species and some
hardwood species germinate within the first growing
season when buried outside. A few hardwoods (e.g.,
alder and birch species) persisted for up to  years
after burial and may last even longer. Seeds of pin
cherry (Prunus pensylvanica) are known to remain
dormant in soil for several decades (Marks ). In
contrast, the viability of seeds of Populus and Salix
species lasts from only a few hours to a few weeks
(Haeussler et al. ) and, therefore, these are not
considered seed bank species.
Questions that might be asked in seed bank studies include the following:
• What species are represented in the seed bank?
• How many seeds of each species are present in the
seed bank?
• How many of the seeds are viable?
• How many of the seeds found in seed banks will
germinate () under controlled conditions and/or
() in the field under natural conditions?
• What is the vertical distribution of seeds?
• What is the horizontal distribution of seeds?
• How is seed distribution in the soil related to
seed source?
• How is germination of seeds affected by
disturbance?
• How long can seeds remain viable in the soil?
• What conditions break the dormancy of buried
seeds?
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. Approaches to Studying Soil Seed Banks
The most common approach to studying existing
seed banks involves collecting soil samples from the
area of interest. Species, numbers, and distribution
are then determined either by separating the seeds
from the soil and directly counting and identifying
them (direct count method), or by allowing seeds to
germinate from the soil samples in a controlled environment and counting and identifying the germinants
(sample germination method). With either direct
counts or sample germination, vertical distribution
can be assessed by dividing soil samples into layers
parallel to the soil surface.
Two additional approaches have seldom been used
but are essential for meeting some of the above objectives. Monitoring germination from seed banks in the
field is used to determine the number and species
of seeds that will actually germinate under field
conditions and thus contribute to post-disturbance
regeneration (Yearsley ). Studying seed mortality
and the duration of dormancy under natural conditions in the soil requires burial of known quantities
of seed which are retrieved at regular intervals and
tested for viability (e.g., Granstrom ). These two
approaches can be used together to enhance the information collected. Other approaches to studying
germination are discussed in Section . (seed germination under controlled laboratory conditions) and
Section . (seed germination under field conditions).
.. Seed separation versus direct counts
Direct counts are appropriate when it is important
to do a complete inventory of seeds present including
viable and non-viable seeds. Sample germination is
more suited to pilot projects where a rough estimate
of the number and species of viable seeds is needed.
Both techniques are appropriate when the objective
is a baseline inventory of numbers and species composition. The most thorough approach is to first
separate seeds from the soil, count them, and then
germinate the separated seeds. Another approach is
to separate seeds from the samples after a period of
germination.
Direct counts yield the most accurate measure of
the species and numbers of seeds present in the soil
seed bank (see Brown ). This method also provides data on the number and species of non-viable
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seeds present. However, the seed separation process
for direct counts is extremely time consuming, especially where the density of seeds is low. Also, to
determine how many seeds are viable, additional tests
must be done (e.g., tetrazolium stain). Often a high
proportion of seeds are non-viable, so a large number
of seeds must be tested to get an accurate estimate of
the viable proportion. In addition, small seeds may
be missed or hard to identify.
With sample germination, only viable seeds are
counted. This method is less labour intensive than
direct counts and can yield good results when the
objective is to determine the number and species of
viable seeds present in the soil (Gross ). Some
species are more easily identified as plants (germinants or seedlings) than as seeds. It takes longer to
get results from sample germination because the
monitoring period required is at least – months.
The main problem with sample germination is that
some species and individuals will probably be missed,
because their germination requirements are not met.
Thus, seed numbers can be underestimated and
species composition biased. Finally, the number and
species composition of ungerminated seeds (whether
viable or non-viable) cannot be determined with
this method.
.. Assessing vertical distribution
For vertical distribution, layers can correspond either
to the functional layers of forest floor (i.e., lfh layers:
litter, fermentation, and humus layers) or to layers of
equal thickness. Functional layers can also be defined
simply as forest floor (organic layers) or mineral soil.
The functional division will provide information that
can be linked to other soil biological processes such
as rates of organic matter accumulation and decomposition, soil fauna (including seed predators), soil
mixing, etc. These layers often vary considerably,
however, so the volume of soil involved will have to
be determined for each layer. Also, environmental
conditions such as temperature may vary with depth.
Equal-thickness layers are the best means to generate
depth distribution patterns for seeds. These distributions can probably be more easily linked to
environmental conditions and the division of
samples is easier because no judgements about the
boundaries between functional layers are required.
However, because the lfh layers vary in thickness,
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seeds from one functional layer may be compared
to seeds from another (e.g., litter with fermentation).
.. Monitoring germination in the field
Monitoring germination in the field is used to determine what germinates from the seed bank under
natural conditions (including various disturbance
regimes), and/or the long-term contribution of the
seed bank to natural regeneration. Field monitoring
will not provide any information about non-viable
seeds and viable seeds that have not germinated, and
the information is likely to come only from seeds
close to the surface. Also, with this method there is
little control over conditions such as predation or
unplanned disturbances. Field germination can be
done in conjunction with environmental monitoring
to determine the conditions that result in germination. Seed trapping should also be part of field
germination studies to help separate the seed bank
germinants from recent seed rain germinants. Monitoring should be carried out over several weeks to
months per season, and for more than one season, to
describe the seed bank flora, because conditions in
any  year can have a profound influence on whether
seeds germinate and survive as plants.
.. Seed burial experiments
The age of seeds found in natural seed banks cannot
be determined. This is essential to understanding and
predicting the length of viability and therefore the
potential for germination. Burial experiments can be
used to determine how long seeds can remain viable
in the soil. Such experiments can never completely
mimic natural conditions because the seeds are
usually placed in a mesh bag to avoid confusion with
naturally occurring seeds and for easy retrieval. Mesh
bags may exclude invertebrate and other seed predators and thus bias estimates of seed loss in the soil.
To avoid this problem, seeds could be radioactively
tagged, buried without enclosing them in mesh bags,
and retrieved using a scintillometer (see Section ),
but recovery of seeds may not be as complete.
. Methods, Techniques, and Equipment
.. Collecting and preparing soil samples
Soil augers are best suited to collecting soil samples in
grasslands or in the mineral layers of forest soils where
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there are few large roots and little or no coarse litter
or other organic material at the surface (Figure .).
Augers do not work as well for collecting forest floor
samples because there are too many roots. The auger
may crush or tear samples because of the high content of partially decomposed organic matter,
especially in the litter layer.

 . Using a soil auger to remove a soil core for
seed bank studies.

A sharp serrated knife (e.g., a new bread knife)
works well to cut samples of forest floor (Figure .a).
Pruning clippers will cut through the finer roots, and
a small pruning saw and/or long-handled pruning
loppers can be used to cut through larger roots. You
may have to cut a wedge of forest floor away from
one side of the sample to gain access to it, especially
for samples thicker than about  cm (Figure .b).
Sample locations should be moved a few centimetres
away from trees or stumps to avoid large roots that
can take up a large portion of a small sample and bias
the volume collected. Use a flat trowel or spatula to
lift the samples out after the sides have been cut (Figure .c). A Japanese garden knife is sturdy enough to
lift the samples out, and is sharp enough to cut the
soil. An alternative is to lift out a larger volume of soil
than is actually needed with a sharp shovel and then
trim the sample to the required size.
Square samples ranging from  to  cm square
(Matlack and Good ; Brown ) are easy to
handle and fit into standard inserts for greenhouse
trays. Samples smaller than about  ×  cm are diffi-
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 . Method for cutting a square forest floor sample: (a) cut the sides of the sample with a knife; (b) cut and remove
a wedge of forest floor beside the sample; and (c) cut the bottom of the sample and lift out with a spatula.

cult to keep intact unless they are thin (e.g., <  cm).
The thickness of the sample may vary depending on
soil thickness and the part of the profile of interest.
Auger sizes range from about  to  cm in diameter;
 or  cm are common sizes. They are capable of
removing cores up to  cm thick.
Keep square samples intact until they are divided
into layers by placing them directly into inserts and
then into standard plastic greenhouse trays for transport. Avoid compressing samples unless vertical
distribution is not important to the study. If the trays
must be stacked, invert strong greenhouse trays over
full trays to take the weight, or provide some other
support for the upper layers of trays. Plastic sheets
or remay must be placed between stacked trays to
prevent seeds falling through the drainage holes into
lower samples. If vertical distribution is not important or samples are divided into layers in the field
(such as those collected with an auger), then the
samples may be put into paper bags for transport. If
plastic bags are used, allow for air circulation to prevent samples from going mouldy and killing seeds
before they have a chance to germinate.
Samples collected in the summer and fall will
contain seeds from the current year’s crop. Samples
collected in the spring will lack seeds that have germinated over summer or been lost to winter mortality
(e.g., predation). If seasonal patterns of seed bank
numbers are important, then samples should be
collected in both spring and fall.
Samples collected for immediate germination in
the spring do not need further treatment since they
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have just gone through winter in situ. Samples collected in summer or fall should be stratified for at
least  weeks at –°C. For more information about
stratification of seeds or samples before germination,
refer to Sections .. and .., and Tables . and ..
If vertical distribution information is desired, cut
the square samples into layers parallel to the soil surface (Figure .). A sharp serrated knife and clippers
make it possible to cut layers of forest floor as fine as
 cm thick, if samples are small and moist enough to
hold together. This is easier to do in the lab than in
the field. Samples collected with an auger can be divided in the field by gradually pushing the sample
out of the auger (Figure .a), measuring the desired
thickness, and slicing the layers off with a sharp serrated knife (Figure .b).
.. Seed separation and direct counts
For direct counts, seeds must first be separated from
the rest of the soil sample. Seed separation involves
some or all of the following steps: dispersing or
breaking up the soil sample, floating and removing
larger pieces of organic debris, washing the remaining sample through sieves of various sizes, and
floating and removing seeds (see Malone ; Benoit
et al. ). A similar technique called elutriation uses
a modified pneumatic root elutriator (designed to
separate organic matter from soil) to separate seeds
from the soil (Gross ).
Solutions of hexametaphosphate or Calgon ( g/L)
and sodium bicarbonate ( g/L) are used to disperse
or break up the soil sample (Benoit et al. ).
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 . Preparing square soil samples for greenhouse germination: (a) a sample is split into layers (parallel with the soil
surface) using a cardboard box template as a guide to ensure the layers are of uniform thickness; (b) each layer
is placed in an individual greenhouse tray insert; and (c) inserts are placed in greenhouse trays.

a

b

 . Dividing a soil core into layers. For each layer
the sample is pushed out of the auger and
(a) measured, then (b) sliced off and placed
in a labelled bag.
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Magnesium sulphate (Epsom salts) can also be added
(Malone ). Soil separation may also be promoted
by adding detergent to eliminate surface tension
(J. Zasada, pers. comm., ). After the soil is mixed
vigorously ( minutes) or allowed to soak ( minutes) in this solution, the organic material—including
the seeds—floats to the top.
The suspended material is passed through one or
more sieves to separate remaining soil and organic
matter particles from the seeds. A single fine sieve
can be used for a small volume of sample material,
or a coarser sieve for large seeds. If you are trying to
extract seeds of a particular species of known size,
the mesh size of the sieves can be selected to maximize retention of seeds and exclusion of the other
materials. For small seeds, a wide range of seed sizes
or large volumes of sample material, samples should
be washed through several mesh sizes (e.g., . mm
down to . mm). The size of the finest-mesh sieve
should be less than that of the smallest seeds (if
known). The material left in the sieves is transferred
to filter paper to dry for  hours.
Dried seeds are separated from the other debris by
hand, using a dissecting microscope if necessary, and
tallied by species. Reference collections of seeds are used
to identify seeds (the University of British Columbia
Botanical Gardens have some voucher specimens).
The viability of most seeds can be determined using
tetrazolium stain (described by Moore ). Seeds
of species that do not stain reliably with tetrazolium
may be tested for viability by germination in a growth
chamber or other means. See Section . and Leadem
() for more information on seed viability tests.
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.. Germinating seeds in samples
Samples are usually germinated in a greenhouse, but
they can be placed in a growth chamber or kept outside. Because environmental conditions can be finely
adjusted, a growth chamber is useful for controlled
experiments or for testing seeds separated from soil
samples. Growth chambers, however, are too small to
be used for large volumes of soil. A greenhouse is
essential if the samples are to be germinated in the
winter. In the greenhouse, temperature can be kept
relatively steady with a computerized system, or may
fluctuate by up to °C using manual thermostats.
Light and watering regimes can be maintained automatically with timers or computer control. Samples
kept outside must be adequately protected from contamination by outside seeds. Outside germination
conditions cannot be controlled, but it is still a useful
way to monitor a large number of samples where greenhouse space is limited. If the location is close to the
site where the samples were collected, conditions can
be similar to those experienced by the intact seed bank.
Inserts in greenhouse trays are the most efficient
way to fit samples into a given space (Figure .). If
space is not limiting, any size or shape of plastic pot
will do as long as the samples are treated consistently
(i.e., do not put some in deep pots and others in shallow pots). Samples may be mixed with or placed over
a sterilized growing medium, such as potting soil, to
provide extra soil for growth of germinants and to
help prevent thin or small samples from drying out.
The samples may be left intact or broken up. A remay

 . Soil samples in the greenhouse. Standard
plastic inserts and trays efficiently accommodate the large number of samples required to
adequately characterize a seed bank.
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liner in the container will prevent tiny seeds being
lost through the drainage holes.
Samples should be randomly distributed in a
greenhouse since conditions usually vary throughout
the building. Rotating samples periodically will ensure that all samples experience all conditions. If
possible, try to record the temperature manually in
several different areas in the greenhouse to determine
how much variation there is. You may have to adjust
the watering regime if samples dry out at different
rates in different areas.
Samples must be protected from contamination by
wind-dispersed seeds, even in the greenhouse. Remay
is an effective barrier against unwanted seeds but lets
in light, air, and water. However, any barrier must be
easy to remove for germination counts. Instead of a
barrier, you can distribute trays of sterilized potting
soil among the samples and estimate contamination
by counting germinants in the potting soil.
Water the samples frequently (as often as once a
day) as they may dry out quickly and both seeds and
germinants are vulnerable to drought. During germination, samples should be kept above freezing and
below °C. Temperature is often kept on a diurnal
pattern that is warmer in the day than at night which
can be synchronized with the light regime to achieve
a specific daylength. Light supplementation may be
especially important for samples germinated in the
winter. If known, temperature and light conditions
can be set to mimic natural daily and seasonal
regimes, as these will give results most similar to
field germination.
Germinants should be clipped off or pulled as soon
a they have been positively identified. Some species
are distinct even at the cotyledon stage and can be
removed quickly. However, most germinants will
need to be grown until they produce true leaves and,
sometimes, reproductive structures, before they can
be identified. New germinants that cannot be identified immediately must be marked to distinguish
them from older unidentified germinants. Otherwise,
new germinants may be mistaken for germinants that
were counted on previous sampling dates but have
since died, resulting in underestimated seed numbers.
Mark each new germinant with a toothpick, a small
loop of thread or wire, or a collar cut from a plastic
drinking straw (J. Zasada, pers. comm., ), using a
different colour for each sample date. Toothpicks are
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suitable where there are only a few germinants spaced
well apart. Thread or wire loops or straw collars work
best where there are many germinants.
Another method is to transplant unidentifiable
germinants as soon as they emerge. However, this
approach includes a number of drawbacks: more
space is required for the individual pots; more time is
needed to transplant and care for all the germinants;
ungerminated seeds could be removed from the sample with the soil around the transplants roots; and
mortality may be high due to the transplanting process. Transplanting is recommended only for species
that must be grown to a large size or for a long time
before a positive identification can be made (see
Franklin ).
The samples should be monitored frequently (two
or more times a week), especially at the beginning of
the germination period, until the rate of germination
and mortality has been established. Besides drought,
germinants can be lost to attack by fungus, mould, insects, and other pests. Frequent monitoring will help
you observe potential problems so that solutions can
be found before many seeds or germinants are lost.
After an initial flush, germination often slows
down. Stirring, crumbling, or turning samples over
can stimulate renewed germination by exposing
ungerminated seed to light. Varying the temperature
regime can also help, or samples can be put through
another cycle of cold stratification. Samples should
be monitored as long as seeds are still germinating,
if possible. Several months will be required in most
cases, and possibly more than one year.
.. Monitoring germination in the field
(See also Yearsley  and Section , Table ..)
The study site must be clearly marked on a map with
written directions so that it can be easily relocated.
Within the site each monitoring plot must also be
marked. Depending on the layout, tall stakes (rebar
or wood) painted and flagged can be used to mark
the boundaries of larger areas enclosing several
monitoring plots. Each corner of the monitoring plot
should be marked with a short piece of rebar or large
spike, painted and flagged at the top. An accurate
map of the study site showing the locations of all the
monitoring plots in relation to each other, and to
important permanent site features, is also essential.
If only field monitoring is being carried out, then
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larger plots can be used to maximize the area sampled
with fewer plots. Plots should still be small enough to
allow for access without walking in them to look for
germinants. The abundance of germinants should be
taken into account, if possible, when deciding on plot
size. In general, the more abundant the germinants
the smaller the plot can be. Smaller plots will also be
easier to track germinants when other vegetation is
abundant. Larger plots are appropriate in areas with
few germinants and sparse vegetation. For studies
where soil samples are also taken to compare field
results with the overall seed bank, the monitoring
plots should be the same size, shape, and distribution
as the soil samples. Vertical distribution may be
gauged by scraping off layers of soil of known thickness and then monitoring germination.
Like greenhouse germinants, individual field
germinants should be marked as they emerge. Loops
of coloured wire or plastic drinking straw collars may
be best because they are less likely to be eaten or removed by natural causes, and will not rot. It is also
useful to map the location of germinants within the
monitoring plot to help keep track of them and provide information about the horizontal distribution
of germinants. If only the identity and number of
germinants are of interest, then the germinants can
be clipped off or pulled out as soon as they are
identified. For studies on the contribution of the seed
bank to natural regeneration, markers will have to
remain on the germinants to track them over time. If
so, the original markers will have to be replaced with
larger ones as the plants grow.
The study site should be monitored frequently
(two or more times a week) because germinant mortality can be high, especially during a dry, hot spell.
Good access to the site is essential, otherwise monitoring frequency may be compromised. Monitoring
should begin as soon as snow (if present) has melted
and continue as long as new germinants are being
found. Recording and monitoring soil environmental conditions (e.g., moisture, temperature)
along with above-ground conditions (e.g., temperature, precipitation) will help to explain the response
of buried seeds.
In the field, seed bank germinants must be distinguished from those of recent seed rain. Records
should be kept of potential sources of seeds in the
vicinity of the study area and of the timing of seed
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dispersal, especially wind-blown seeds. Seed traps can
also be used to estimate the amount and species of
seeds in the current seed rain (see Section ). Trap
numbers, size, and distribution should be the same as
the monitoring plots. Combining field monitoring
with determining the seed bank contents of soil samples removed from the site, will provide information
about which species are definitely not in the seed
bank. Although barriers (e.g., remay) can be spread
over the plots to exclude current seed rain, they may
significantly alter natural conditions (e.g., raise temperatures). Both covered and uncovered plots can be
installed but this will increase the number of plots
required for adequate replication.
.. Seed burial experiments
Mesh or cloth bags made of nylon (e.g., nylon stockings), fibreglass screening, or other synthetic fibres
can be used to contain replicates of seeds for burial.
Natural fibres such as cotton are less suitable because
they may rot if the seeds are to be buried for more
than a few months. If necessary, seedlots can be protected from larger seed predators by enclosing each
batch of bags in hardware cloth cages (Haywood ).
Batches of seeds to be exhumed on different dates
should be buried far enough apart so that it is possible
to dig up each one without disturbing the remaining
batches. Seeds should not be buried much deeper
than they are likely to occur under natural conditions
(although this may not be known for some species).
However, it is useful to contrast more than one depth,
especially if environmental conditions (e.g., soil temperature) can be monitored at the same time. Most
tree seeds in British Columbia are probably found
within – cm of the soil surface.
Bags containing seeds can be buried by removing
intact blocks of forest floor, placing a bag in the hole,
and replacing the soil block (Granstrom ); or by
digging holes and backfilling without trying to maintain soil integrity (Leadem ). To approximate
natural conditions, seed containers should be in
contact with the soil.
Seeds should be recovered at least once a year for
several years. Estimates of the number of years to plan
for can be based on what is known about seed longevity under artificial storage conditions. Exhuming and
examining seeds at different times of the year can show
how seed losses vary depending on seasonal conditions.
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The causes of seed loss may be difficult to determine. Where germination has taken place soon after
burial it may be hard to tell whether the seeds germinated or simply rotted away. Losses can also be
caused by fungi, microorganisms, or predators that
chew through the seed bags. Undamaged seeds can
be tested for viability using a variety of standard
methods (see Section . and Leadem ).
. Experimental and Sampling Designs
.. Seed bank inventory studies
Seed bank inventory studies involve determining the
number, species composition, and distribution of
seeds in the soil. The sampling design employed depends on the distribution of seeds in the study area
(or on what the researcher believes the distribution
is). Except for the case where the researcher is interested in assessing the horizontal distribution of seeds,
random sampling should be used. Random sampling
is based on the notion that each soil sample has an
equal probability of being selected, and selecting a
soil sample in no way affects the selection of any
other samples. Random sampling ensures that no
systemic error is introduced into the data. For
assessing horizontal seed distribution, systematic
sampling—usually using a grid—should be used.
If it is known that seed distribution is different
for different site characters, such as site series, then
the study area should be stratified by the site character before sampling. Stratified sampling often
produces more accurate estimates. The stratification
criteria should be chosen such that the variability
within a stratum is smaller than that between strata.
Stratification also allows seed bank inventory by
stratum.
If the researcher does not know the seed distribution or a suitable stratification criterion, then simple
random sampling should be used for the entire study
area. If the researcher knows a suitable stratification
criterion, but is unable to stratify the study area before sampling due to lack of knowledge of the study
area, then either simple random sampling with poststratification or double sampling for stratification
could be used. For both sampling schemes, a simple
random sampling of the study area is first conducted.
In addition to the sampling variable of interest, the
researcher would also collect data on the stratifi-
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cation variable. In the case of post-stratification, the
data would then be stratified based on the observed
values of the stratification variable. Post-stratification
is helpful if the study area cannot be stratified before
sampling; however, it will likely result in unequal
sample size per stratum. In the case of double sampling, the data in the initial sample are classified into
strata. A second sample is then selected from the
initial sample using stratified sampling. In double
sampling, the researcher can control the sample size
in each stratum. See Thompson () for a thorough
discussion on various sampling schemes.
The number and distribution of seeds in seed
banks is highly variable, so the larger the number of
samples collected the more representative the results
will be. A larger number of small samples are generally considered to represent the seed bank better than
a few large (e.g., greater than  ×  cm) samples
(Bigwood and Inouye ; Benoit et al. ). Although a large number of large samples would be
ideal, bigger samples are difficult to collect intact and
almost impossible to slice into uniform layers. In addition, the volume of soil may be too great to process.
Large samples can be collected by taking a series of
smaller, contiguous samples. This technique allows
for spatial distribution mapping at a fine scale.
However, because the individual samples within a
contiguous group are not independent, they cannot
be used for frequency calculations. Another advantage of small samples is that they fit better between
the areas that cannot be sampled in many forest soils,
such as tree roots, rocks, and fallen logs. This results
in fewer sample locations being moved to avoid these
obstructions.
The number of soil samples collected depends on
how accurate the estimate needs to be, how often the
estimate can be wrong, how much variability is in the
data, and what resources are available. The minimum
number of soil samples can be determined based
on the confidence interval formula generated from
preliminary samples. Note, however, it may be impractical to collect and assess the seed bank content
in these preliminary samples. The total volume of soil
samples sufficient to be representative of a seed bank
has been estimated to be  cm3 for pasture land
(Forcella ), but for forest soils, sample volumes
range from  cm3 (Brown ) to   cm3
(Matlack and Good ).
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A serious mistake in many previous seed bank
studies has been to pool soil samples (combine and
mix), then remove subsamples for seed bank determination. This practice results in losing information
about variation among samples. Such variation is an
important descriptor of the spatial distribution of
buried seeds, and is essential to understanding the
relationships between the distribution of seed sources
and the distribution of seeds in the soil. In addition,
this information will help future researchers choose
appropriate sample sizes for forest soil seed banks,
since so little is currently known. Data from groups
of samples can always be pooled after collection from
the original, individual samples.
For more discussion on experimental design, see
Sections ., ., ., and ...
.. Comparison studies
Comparison-type studies require ample replication
and randomization. Replication is an independent
repetition of the experimental factor(s) and ensures
that study results are not by chance. For example, if
a study seeks to compare the number of viable
Douglas-fir seeds in the seed banks in two different
site series, then several locations per site series should
be randomly selected for measurement. A location is
an experimental unit for the factor site series. The
number of replications is the number of randomly
selected experimental units per site series. Within a
location, multiple soil samples might be collected for
measurement. These soil samples are called subsamples.
A common mistake is to have a single location for
each site series and regard the soil samples within a
location as experimental units. This situation is called
pseudoreplication, because the researcher assumes
the experimental factor is replicated when in fact it is
not (see Section .). A design with pseudoreplication
could indicate differences between the two locations,
but no conclusion could be made about the two
site series.
Randomization refers to the random assignment
of the experimental factor to the experimental unit. It
is a means for reducing systematic errors in the data.
In the case of site series, it is not possible to randomly
assign site series to a location—a location belongs to
a certain site series before the experiment is conceived.
To compensate, locations must be randomly selected
from all possible locations available for the
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experiment for a particular site series. Randomization also includes random selection of soil samples
within a location for measurements. For more discussions on experimental design, see Sections ., . and
., and Sit ().
. Data Analysis
Summary statistics such as means and standard deviations may be calculated to describe the seed bank
for inventory purposes. Be careful that the computation formula used corresponds to the sampling method.
A common mistake is to use the formula for simple
random sampling in all situations. For example, if a
site is first stratified by site series or disturbance level,
then the formula for stratified sampling should be used.
See Cochran () and Thompson () for the formulae for the different types of sampling methods.
anova can be used to compare the number of viable seeds among several site factors (e.g., site series,
site preparation treatments, seral stages). The design
of the study will determine the type of anova (oneway, factorial, or split-plot) that is suitable. For this
type of study, each area representing a level of the site
factor of interest is the experimental unit. If several
sample plots are included in each area, then these
plots are subsamples only and cannot be considered
replicates. If only one area is sampled for each level of
the site factor, then the study will have no replication.
anova can still be used to compare the areas, but any
differences can only be attributed to the fact that each
level occupies a separate area, not to the different
levels of the main site factor. The results cannot be
extended to other areas with similar site factors.
Spatial analysis methods should be considered to
assess the horizontal distribution of the seeds. For
this objective, the data must be collected systematically.
The location (x,y coordinates) and status (viable, not
viable; or present, absent) of seeds at each location
must be recorded. To determine whether the distribution of seeds is clumped, regular, or random, the
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Monte Carlo method could be used to repeatedly
sample from the data set. (van der Kamp 1995).
The vertical distribution of seeds can be compared
using multivariate analysis. For example, to compare
seed distribution among three soil layers (e.g., litter,
fermentation, and humus) between two different site
series, several soil cores are randomly taken from
each site. For each core, the three layers are identified
and the number of viable seeds are counted. Since the
depth of each layer may vary from soil core to soil
core, the analysis should be based on number of seeds
per soil volume. Because the numbers of viable seeds
in the three layers are interdependent (a soil core
with a high number of seeds in the top layer would
likely have high number of seeds in the lower layers),
viable seeds per volume in the two sites for the three
soil layers must be compared simultaneously using
multivariate analysis of variance (manova). If the test
is significant, then separate analysis of variance can
be used to determine which soil layers differ in the
mean number of viable seeds per volume for the two
site types. If the manova is not significant, then you
could conclude that the vertical distribution of viable
seeds is the same for the two site types.
For burial experiments, regression analysis may be
appropriate to characterize the pattern of seed viability over time in soil. Since at each collection date, a
different bag of seeds is extracted from the ground,
the data collected at each date are independent, and
regression is possible. If the data are recorded as percent viable seed per bag, then a transformation of the
data may be necessary before regression. Transformation of data should not be done automatically for
percent data; the original data should always be
analyzed first. If the residual analysis indicates that
the regression assumptions are strongly violated then
transformation of the data could be considered. As
regression is a robust technique, it is valid even if the
residuals are slightly different from the normal distribution. See Section . for more discussion of
regression analysis.
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SECTION 7 SEED QUALITY AND VIABILITY

Though I do not believe
that a plant will spring up
where no seed has been,
I have great faith in a seed.
Convince me that you have a seed there,
and I am prepared to expect wonders.
(Henry David Thoreau)

.. Factors Affecting Seed Biology
.. Factors affecting dormancy and emergence
In many tree species, seed maturation is accompanied
by induction of a state of dormancy. Viable seeds are
considered dormant when they are placed under conditions favourable for growth, yet fail to germinate.
Dormancy is a mechanism whereby species can enhance their survival by delaying germination until
conditions in the external environment are conducive
to active growth (Osborne ). The expression of
dormancy is under genetic control (Naylor ), but
is also strongly influenced by environmental factors
(Steinhoff et al. ; Rehfeldt , ).
Dormancy is advantageous for seeds that mature
in the late summer or early fall, since seeds that germinate in the fall could be immediately exposed to
harsh winter conditions. Seedling mortality likely
would be high under such conditions. In nature,
dormant seeds remain inactive until favourable growing conditions occur the following spring. Some
seeds may remain dormant for two or more growing
seasons and, depending upon the species and the
environment, can remain viable for many years. The
major factors affecting seed dormancy are species,
seed source, crop year, and environmental factors
such as temperature and moisture.
Tree seeds are generally released from dormancy
only after they have been exposed to the cold, wet
conditions typically found in nature during the fall
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and winter. Emergence occurs as temperatures rise
again in the spring. Sometimes, seeds fail to germinate because water and gases cannot permeate the
seed coat. Under natural conditions, such seed coat
dormancy may be removed through interaction with
chemicals in the soil solution. This chemical action
can break down resistant seed coats or leach chemical
inhibitors from the seeds. Dormancy of some seeds
may be broken after the seeds pass through the digestive systems of birds or other animals, but this is not
a common means of releasing dormancy in British
Columbia tree species. (See Section .. for dormancybreaking methods). Some species, such as Salix and
Populus, do not become dormant and generally
germinate a short time after maturity.
.. Factors affecting germination
Moisture
Seeds naturally dehydrate as they mature. When the
moisture content (mc) of a mature seed falls below
%, the seed can survive an extended period of
artificial storage (Table .). (An exception is Garry
oak, a member of the white oak group; the seeds exhibit recalcitrant storage behaviour and must be stored
at % mc or more. See Section ...) Metabolic
activity is very low in seeds with less than % mc,
so seeds must be rehydrated to physiologically active
levels (usually % mc or more) for germination to
proceed. Although dry seeds absorb water rapidly,
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 . Moisture content guidelines for orthodox tree
seeds (from Leadem 1996)
Moisture content
(%)

Physiological status

<5

All water is chemically bound; removal may
be detrimental

5–10

Seeds may be stored for prolonged periods
at low temperatures (-18°C)

<20

Seeds may revert to dormant state

25–30

Reduced risk for premature germination
during stratification (2–5°C)

30–45+

Moisture level of fully imbibed seeds in
preparation for stratification or sowing

physical properties of the seed coat, such as waxiness,
hairiness, and thickness, may impede or restrict the
entry of water into the seed.
Once seeds are fully hydrated, moisture content
and respiration remain relatively constant as the essential growth processes of germination take place.
The embryo grows primarily through cell division
and elongation of existing cells. Cell elongation is
promoted by the transport of sugars, which increases
the ability of embryo cells to take up more water. As
more water is absorbed by the embryo, the increased
water pressure assists in the elongation of the radicle,
enabling it to break through the seed coat, which by
then has become softened or weakened. Water uptake
continues following radicle emergence. Young germinants are very vulnerable to drought because seedling
tissues are soft and unlignified; thus the availability
of adequate moisture (both soil and air) is critical at
this time.
Temperature
After an extensive study of more than  herbaceous
species from a variety of habitats, plant families, and
life cycle types, Baskin and Baskin () concluded,
“Temperature, through its influence on dormancy
and germination, is the primary environmental factor
regulating germination, and light and soil moisture
are of secondary importance.”
This conclusion undoubtedly is true for most tree
seeds. Metabolic processes such as water uptake, gas
diffusion, and respiration all proceed faster at higher
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temperatures. Germination is dependent on all these
processes, and thus is strongly affected by temperature.
All seeds have an optimum temperature or temperature range for germination. For some species,
the optimum temperature range is relatively narrow,
while other species may be able to germinate over a
wide temperature range. Dormancy-release treatments such as stratification may broaden the range
of temperatures over which germination may occur
(Section ..).
For most British Columbia tree seeds, the optimal
temperature range for germination is between  and
°C. In general, germination is considerably slower
when temperatures fall below °C. The seeds of
some hardwood species (e.g., Acer, Populus, Salix) can
germinate at –°C, but at very slow rates (Wyckoff
and Zasada []; Zasada et al. []; Zasada and
Strong []). Abies seeds are reportedly capable of
germination while buried in snow. Prolonged exposure to temperatures of °C or higher is usually
lethal to germinating seeds.
Light
Many tree seeds (from both conifers and hardwoods)
require light to germinate, although the seeds of
several British Columbia conifer species appear to
germinate equally well in light or darkness (Li et al.
). For those species with a light requirement, if
all other environmental conditions have been satisfied, seeds lying on or near the soil surface will
receive enough light to trigger germination. Seeds
buried too deeply in the soil (more than . cm)
likely would not receive enough light to germinate.
As with other physiological processes, seeds must be
hydrated to respond to the light stimulus. The light
requirement for germination may be lessened by
treatments such as stratification. For example, seeds
of species that require light for germination are able
to germinate in darkness once they have been
stratified.
The light stimulus is received through the phytochrome system, which operates as an on/off switch for
many physiological processes in plants (Figure .).
In light-sensitive seeds, germination is usually stimulated by exposure to red light (– nm) and
inhibited by exposure to far-red light (– nm).
Absorption of far-red light converts the pigment
phytochromefar-red (usually the active form) back to
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been displaced by water. The seed coat acts as a
barrier to oxygen for the embryo during germination,
but the coat is no longer an obstacle once the radicle
emerges through the micropyle.

 . Absorption of far-red light converts the pigment phytochromefar-red (usually the active
form) back to phytochromered (the inactive
form) (Leadem 1996). This reaction is reversible, depending on the relative amounts of red
and far-red light. In sunlight, red light is
predominant, whereas far-red light is
predominant in canopy-filtered light.

Other factors
The failure of a seed to germinate is not always linked
to dormancy. Poor germination may be caused by
seed immaturity—a problem common in highelevation or high-latitude areas where the growing
season may be shortened by adverse weather conditions. Insects, fungi, and other pests may attack seeds
and severely diminish seed quality and viability
(Hedlin et al. ; Sutherland et al. ; Sutherland
and Glover ). Soil conditions, such as texture,
moisture, and degree of compaction, can also affect
seed germination. Soils that absorb solar radiation
and hold moisture may speed the rate of germination
and increase the survival of germinants (Section ..).
. Seed Testing in the Laboratory

phytochromered (the inactive form). This reaction is
reversible, depending upon the relative amounts of
red or far-red light. The intensity of light required to
activate the phytochrome system is low, and about
 µW/cm2 (comparable to bright moonlight) can be
enough. The phytochrome system has ecological
significance for the establishment of trees from lightsensitive seeds. Sunlight under open conditions is
rich in red light, whereas light filtered through a forest canopy is predominant in far-red light. The ratio
of red to far-red light also varies, depending on
whether the canopy consists primarily of conifer or
hardwood trees (Section ..).

The variety and complexity of environmental factors
encountered under field conditions make it difficult
to assign causes for the results obtained in the field.
Did an area fail to regenerate naturally because of
poor seed production, predation, or seed dormancy?
Or was the failure caused by environmental conditions such as drought or low temperatures during the
emergence period? Often, it is not possible to separate biological from environmental factors. For this
reason, it is advisable to conduct tests under more
controlled conditions in the laboratory. Laboratory
tests serve as controls for the tests being conducted
in the field, and help identify (or at least eliminate)
certain factors as causative agents.

Oxygen
Most seeds cannot germinate without oxygen, because
oxygen is required to support the respiration that
fuels the seed germination process. Oxygen requirements vary by species, but most tree seeds are able to
germinate at concentrations well below the % by
volume found in normal atmosphere; oxygen is
therefore not generally considered to be a limiting
factor in seed germination. In flooded soils, however,
the amount of available oxygen can be limited
because the air usually found in soil pore spaces has

.. Sampling methods
Detailed sampling procedures are prescribed for use
by certified seed testing laboratories (Association of
Official Seed Analysts ; International Seed Testing
Association ). The sampling procedure begins by
taking small portions, primary samples, at random
from different positions in the seed source (e.g., seedlot). These primary samples are combined and mixed
to form a single composite sample. This composite
sample, after thorough mixing, is subdivided into a
number of smaller samples (two or more) that are
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taken to the laboratory for testing. These subsamples
are referred to by seed analysts as the submitted samples. Submitted samples are often larger than required
for the laboratory tests. Thus, the submitted samples
are further reduced to working samples in the laboratory. All tests are then carried out on the working
samples. Different tests require different sizes of
working samples.
Seed analysts use these specialized terms to keep
track of the various steps in the sampling and testing
process, but the procedures are the same as those
used in most research studies. For example, suppose
you have to determine the quality of seeds produced
by a given stand. Depending on your experimental
requirements, you would collect a certain number of
cones. The cones (and the seeds they contain) are the
primary samples. All these cones and their seeds are
put into a single container, and become the composite
sample. After the seeds have been extracted from the
cones, they are taken to the laboratory for testing,
and become the submitted sample. Most likely you
have collected more seeds than required for testing,
so the submitted sample must be reduced to become
the working sample, which for a standard germination
test is four replications each of  seeds.
Mechanical equipment may be used (see Edwards
and Wang ) to obtain submitted and working
samples, but for most research purposes where there
is a large quantity of seeds, they may be sampled by
hand. To obtain the submitted sample, with the fingers
and thumb kept straight and together, push your hand
to the required depth in the container (Figure .a).
Close the fingers tightly around a portion of seeds
and withdraw the hand.
In the laboratory, the submitted sample must be
thoroughly mixed, then divided to give the proper
working sample. The following sampling methods
can be carried out using readily available, or easily
constructed, equipment.
. Spoon method Pour the seeds evenly over a tray or
large sheet of paper. Using a spoon or spatula, remove
small portions of seeds from several random positions until the required amount of seeds is obtained.
This method is best used on small-seeded species.
. Random cups method Pour the seeds into an
ordinary dustpan so that they are evenly spread
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across the back edge of the pan. Place small cups or
beakers (usually –) randomly on a tray or large
sheet of newspaper. With a single sweep of the
dustpan, uniformly distribute the seeds over the
containers on the tray. Whatever seeds fall into the
cups become the working sample. If not enough
seeds fall into the cups, return the remaining seeds to
the dustpan and make a second pass. Continue until
a sufficient working sample is obtained.
. Modified halving method This is good method if
you have to do a lot of sampling. Construct a grid of
 mm (¼") or  mm (⅜") plywood (Figure .b).
Note that all cells are open at the top, but alternate
cells have cardboard squares stapled to their bases.
Place the grid over a tray or large sheet of paper and
pour the seeds evenly over it (using the dustpan
sweep as in [ii]), covering the entire grid. When the
grid is lifted, some of the seeds will be retained by the
cells with bases, while the rest of the seeds will remain
on the tray. Repeat the process until the required
amount of seeds are collected in the grid.
The description of sampling methods given above
is only a brief synopsis of the topic of sampling. Mechanical methods that require specialized equipment
are available for sampling large quantities of seeds.
For more complete information, see Edwards ()
or Edwards and Wang ().
Number of samples
Generally, four replications of  seeds are used for
germination tests (Interna-tional Seed Testing Association ; Association of Official Seed Analysts
). However, either the number of replications or
the number of seeds may be altered to suit experimental requirements. The number of seeds per
replication may be reduced when few seeds are
available (e.g., for germination tests of seeds from
controlled crosses), but test results may be unreliable
if fewer than  seeds per replication are used.
Reducing the number of replications is not recommended; with a limited number of seeds it is better
to have fewer seeds per replication and increase the
number of replications. For example, if only 
seeds are available, six replications of  seeds will
provide better estimates of experimental error than
three replications of  seeds.
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.. Seed purity, seed weight, and
moisture content
Seed purity test results report the composition (by
weight) of the pure seeds of the named species, the
seeds of other species, and inert matter. Seed weight
is generally expressed as the weight of  pure seeds,
or as seeds per gram.
Seed moisture content (mc) is defined as the
quantity of water lost when the sample is dried under
specified conditions (see below). By international
convention, the mc of seeds is expressed as a percentage of the fresh weight (fw) of the original sample.
This is different from other expressions of mc for
scientific purposes, which are usually made on a dry
a)

weight (dw) basis. Seed moisture content is usually
calculated as:
seed moisture content (%) = (M - M) ×

100
,
(M - M)

where:
M = weight of the empty container and cover,
M = weight of the container, cover, and seeds
before drying, and
M = weight of the container, cover, and seeds
after drying.
Determining seed moisture content is critical for
long-term storage (Section .), and for some dormancy

b)

1) Place open hand into the container.

(1) Construct a grid from plywood; alternating cells do not have a bottom.

(2) Insert hand, with fingers open, deep
into the container.

(2) Pour seeds evenly over the grid.

(3) Close fingers around the sample and
withdraw the closed hand.

(3) The working sample is retained in the grid;
the remaining seeds are left in the tray.

 . a) Sampling seeds by hand. b) Sampling seeds with a grid.
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release treatments (Section ..). The moisture content of some angiosperm seeds may be difficult to
determine accurately because of their large size and
the presence of volatile substances. Such seeds may
have to be cut in pieces (halves or quarters) or
ground before testing, and the moisture content
determined by Karl-Fischer titration (Hart and
Golumbic ) or other method.
The most commonly used method to determine
dw is to dry the seeds in a forced-draught oven at
°C ±°C for h ± h (Association of Official Seed
Analysts ; International Seed Testing Association
). First, the empty container and cover are
weighed (covers and containers should have matching numbers in case they become separated). Then at
least two working samples of – g each are placed in
the separate containers; the containers are covered
and weighed. The seeds are placed in a preheated
oven, and dried in the containers with the covers
removed. At the end of the drying period, the covers
are replaced, and the seeds and containers are weighed
again. All weights are recorded to three decimal
places. In damp weather, it is recommended that
containers and covers be dried, and cooled in a
dessicator for at least – minutes, before they
are used.
The methods for reporting seed purity, seed
weight, and seed moisture content were developed
primarily for use in the international seed trade to
ensure standardization by approved laboratories of
international seed testing associations (Association
of Official Seed Analysts ; International Seed
Testing Association ). Standardized methods are
beneficial in that they allow easy comparison of results, and provide protocols for the expression of seed
characteristics. Use of such protocols, however, does
not prohibit modifying the means of reporting seed
characteristics as required for research purposes.
.. Preparing seeds for testing
Determining filled seeds
Laboratory germination tests are generally conducted
on filled seeds under specified conditions. For both
laboratory and field studies, valid comparisons of
germination cannot be made unless the total number
of filled seeds used in the test is known. It is sometimes argued that it is not necessary to determine the
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actual number of filled and empty seeds (e.g., when
assessing direct seeding trials, when testing the viability of seeds collected from seed traps, or when
using the data to calculate the regeneration potential
based on the seeds available on the site). However, in
all cases, the number of filled seeds is of critical
importance. How, for example, do you interpret a
reported germination of %? You must know the
number of filled seeds to respond. If the seeds are
% filled, then germination is only %, but if only
% of the seeds are filled, then germination is %.
To ensure that only filled seeds are used in the test,
seeds may be X-rayed before testing, and the empty
seeds removed. Otherwise, ungerminated seeds remaining at the end of the test must be examined to
determine whether the seeds are filled or empty. The
seeds may be cut open, or they may be dried and
X-rayed (see Section .. for details). Tetrazolium
chloride can be used to assess the viability of different
tissues of ungerminated filled seeds (Section ..).
Surface sterilization
In some instances, mould can significantly reduce
germination of infected seeds, especially if the seeds
are poor quality. Surface sterilization of seeds with
hydrogen peroxide may be beneficial, but sterilization
treatment should be considered the exception rather
than the rule. Germinating seeds are extremely
sensitive to phytotoxic substances, so preliminary
testing is essential. Tests should be done on a small
sample of dry seeds. If germination is improved by
the treatment, sterilize dry seeds by immersing them
in % hydrogen peroxide (HO) for  minutes,
followed by three rinses with de-ionized water.
It is possible to quantify the degree of mould infestation (or other characteristic) by grouping the
seeds into classes according to predetermined criteria
(see Table .). Assessing the seeds for mould at the
end of  week and again at the end of the test is
usually enough to obtain meaningful data. Such
data can be analyzed using nonparametric methods
(Sections . and ..).
Hydration of seeds
Before beginning the germination test, seeds of
most British Columbia conifer species are stratified.
Table . (conifers) and Table . (hardwoods) present treatments currently used in British Columbia.
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Seeds must be physiologically active to respond to
treatment (Section .), so most conifer seeds are
soaked in water for  hours at room temperature
(–°C) before stratification or testing. Notable
exceptions are Abies seeds, which are soaked for 
hours, and western redcedar seeds, which are not
soaked before germination tests. For soaking, seeds
should be covered with a volume of de-ionized water
(or tap water if it is of reasonable quality) equal to at
least twice the volume of the seeds.
 . Classification of mould infestation in seeds
Class

Infected seeds (%)

1

0

2

1–25

3

26–50

4

51–75

5

76–100

Each replication should be labelled with the appropriate code for species, seedlot, treatment, and
replication number. (Four replications of  seeds
are generally used. See discussion above.) Seeds that
do not require stratification may be surface-dried on
paper towels and incubated immediately after soaking. Seeds of species that require chilling are put in
capped plastic vials or plastic bags for stratification
at –°C, according to the recommendations for the
species (Tables . and .). The volume of the
stratification container should be much larger than
that of the seeds to allow ample space for air above
the seeds. If cold storage area permits, it is sometimes
convenient to stratify seeds in the containers that will
be used for incubation.
To schedule the work load to coincide with a
standard work week, it is convenient to begin soaking seeds on Monday (-hour soak) or Tuesday
(-hour soak) to start the experimental incubation
on Wednesday. Since tests are conducted normally
for a specified number of weeks (usually –) (see
Table .), tests that begin on Wednesday will end

 . Stratification and incubation regimes for British Columbia conifer seeds(Leadem 1996)
Treatment
Species name
Abies amabilis
Abies grandis
Abies lasiocarpa
Chamaecyparis nootkatensis
Picea glauca
Picea sitchensis
Pinus contorta
Pinus monticola
Pinus ponderosa
Pseudotsuga menziesii
Thuja plicata
Tsuga heterophylla
Tsuga mertensiana

Soak
48 hours
48 hours
48 hours
10–28 days
24 hours
24 hours
24 hours
48 hours
24 hours
24 hours
none
24 hours
24 hours

Stratification
b
b
b
d

b

f

4+12 weeks
4+12 weeks
4+12 weeks
16–20 weeks
3 weeks
3 weeks
3 weeks
4W+8C
3 weeks
3 weeks
none
4 weeks
4 weeks

c
c
c

e

Temp (°C)a
25/15
25/15
25/15
30/20
30/20
30/20
30/20
30/20
30/20
30/20
30/20
20°C
20°C

Incubation
Length (days)
28
28
28
21
21
21
21
21
21
21
21
28
28

W = warm stratification; C = cold stratification.
The first temperature is given during the -hour light period, the second temperature is given during the -hour dark period. If
only one temperature is shown, light is given for  hours, but the temperature does not alternate.
b Seeds soaked for  hours receive a water change after  hours.
c Stratification-redry treatment: seeds are soaked for  hours, drained to remove excess water, and placed, with no surface drying, at
–°C for  weeks. After stratification for  weeks, the seeds are dried to % moisture content, then chilled for an additional  weeks.
d Water should be changed every second day.
e Warm/cold stratification: seeds are soaked, drained and kept at –°C for  weeks, then stratified for  weeks at –°C.
f Seeds should be heavily misted for several days after sowing.
a
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on Wednesday, allowing  days of the work week for
cleanup or other tests.
.. Dormancy-breaking procedures
Dormant seeds can be stimulated to germinate using
treatments that emulate natural conditions or satisfy
certain physiological requirements (Taylorson and
Hendricks ). The choice of a suitable dormancyrelease treatment can increase germination rates, and
broaden the range of environmental conditions under which germination can occur.

Stratification
Stratification is the most consistently effective
dormancy-release treatment for British Columbia
tree seeds. Stratification enables seeds to germinate
more quickly and completely, and can sometimes
eliminate the need for other special conditions, such
as light or the close control of temperatures. Even
when the final germination percentage remains the
same, the germination rate of most tree seeds is often
improved by stratification, especially when seeds are
incubated at low temperatures (Figure .) (Table .).

 . Stratification and incubation conditions for British Columbia hardwood seeds
Treatment
Species name
Acer macrophyllum

Soak

Stratification

48 hours

45–130 days

Alnus rubra

24 hours

14–28 days

b

Arbutus menziesii

24 hours

60 days

c

Temp (°C)a

Incubation
Length (days)

20

28

30/20

21

–

–

Betula

none

none

30/20

21

Betula papyrifera var. neoalaskana

none

none

30/20

21

24 hours

90 days

c

–

–

30/20

56e

–

–

Cornus nuttallii
Fraxinus latifolia

24 hours

2W+7C

d

Malus fusca

48 hours

90 days

c

Populus balsamifera ssp. balsamifera

none

none

30/20

10

Populus balsamifera ssp. trichocarpa

none

none

30/20

10

Populus tremuloides

none

none

30/20

10

c

Prunus emarginata

48 hours

90–126 days

–

–

Quercus garryana

48 hours

none

20

28

Rhamnus purshiana

none

none

–

–

Salix amygdaloides

none

none

–

–

Salix bebbiana

none

none

–

–

Salix discolor

none

none

–

–

Salix exigua

none

none

–

–

Salix lucida ssp. lasiandra

none

none

–

–

Salix scouleriana

none

none

–

–

–

–

30/20

14

Salix spp.

W = warm stratification; C = cold stratification.
a The first temperature is given during the -hour light period, the second temperature is given during the -hour dark period. If
only one temperature is shown, light is given for  hours, but the temperature does not alternate.
b Ager et al. ().
c Schopmeyer (technical coordinator, ).
d Warm/cold stratification: seeds are soaked, drained, and kept at °C for  months, then stratified for  months at –°C
(Schopmeyer, technical coordinator, ).
e International Seed Testing Association ().
– no information available.
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a) Lodgepole pine

b) Sitka spruce

c) Douglas-fir

 . Germination of (a) lodgepole pine, (b) Sitka spruce, and (c) Douglas-fir at different temperatures and after
stratification for 0, 3, 6, and 18 weeks (Leadem 1996; data from Jones and Gosling 1994).

 . Summary of stratification methods: (a) Conventional stratification; (b) Stratification-redry; (c) Stratification
(bigleaf maple); (d) Stratification (warm + cold); (e) Stratification (hardwoods)
(a) Conventional stratification
Process

Soak

Stratify

Incubate

Time

24 or 48 h

3–4 weeks

3–4 weeks

Temperature

20–25°C

2–5°C

20–25°C

mc

to >30%

30–60%

30–60%

Stratification simulates winter conditions by exposing moist seeds to cold temperatures. Seeds are soaked in water (hydrated)
usually for  hours, drained, then placed in a plastic bag or other container, and refrigerated (–°C) for several weeks. With
the exception of western redcedar seeds (not considered to be dormant), all British Columbia conifer seeds require stratification for best germination (Table .). Although Salix and Populus seeds are not stratified, many other British Columbia
hardwoods (e.g., Acer, Arbutus, Cornus, Fraxinus) have a chilling requirement (Table .). Even hardwood seeds that can germinate without stratification (e.g., red alder) often benefit from chilling when they are incubated under low temperatures
(Ager et al. ). Damaged seeds, or those of low vigour, may deteriorate during stratification (Leadem ); in such cases,
the seeds should be sown without chilling.
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 . (b) Stratification-redry
Process

Soak

Stratify

Redry

Stratify

Incubate

Time

48 hours; change
after 24 hours

4 weeks

4–8 hours

12 weeks

3–4 weeks

Temperature

20–25°C

2–5°C

20–25°C

2–5°C

20–25°C

mc

to >30%

30–60%

to 25%

25%

25–60%

Conventional stratification techniques may be in-sufficient to stimulate germination in some conifer species. The true firs
(amabilis, grand, and subalpine) respond best to a two-part stratification called stratification-redry (Edwards ; Leadem
, ). Seeds are hydrated for  hours and then stratified for  weeks at –°C; seed moisture content is high, usually
above %. The seeds are then dried to –% mc and chilled for an additional  weeks. At such low moisture contents,
seeds receive the extended chilling they require, but moisture levels are too low to permit emergence of the radicle (i.e., evident germination). The stratification-redry treatment has also been found effective for some sources of Douglas-fir seeds,
but not for other tree species.

 . (c) Stratification for variable dormancy (hardwoods)
Process

Soak

Stratify

Incubate

Time

48 hours; change
after 24 hours

X weeks (to 5% germ.)
X = 60–120 days

3–4 weeks

Temperature

20–25°C

2–5°C

20–25°C

mc

to >30%

30–60%

30–60%

Some species such as bigleaf maple require extended stratification, but the optimum duration for individual seed sources is
unknown. An empirical procedure for seeds with variable dormancy is to place the hydrated seeds (> % mc) at –°C,
and maintain them at low temperatures until about % of the seeds germinate. For bigleaf maple, this is about – days
(J. Zasada, pers. comm., ). Germination of the least dormant individuals at low temperatures generally indicates that
dormancy also has been released in the remaining, more dormant seeds, and that the seeds may be transferred to warmer
temperatures for testing or seedling production.
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 . (d) Stratification (warm + cold)
Process

Soak

Stratify-warm

Stratify-cold

Incubate

Time

48 hours; change
after 24 hours

X weeks (to 5% germ.);
X = 3–5 weeks

6 weeks

3–4 weeks

Temperature

20–25°C

20–25°C

2–5°C

20–25°C

mc

to >30%

30–60%

30–60%

30–60%

A variation of stratification (c) is the dormancy treatment used for western white pine. The usual recommendation for
releasing dormancy in western white pine is  days warm stratification (–°C) followed by  days cold stratification
(–°C). However, the duration of warm stratification varies, depending upon the seed source. Seeds are kept under warm
conditions until about % of the seeds show evidence of germination, then the seeds are immediately transferred to cold
temperatures (D.W.G. Edwards, pers. comm., ).

 . (e) Stratification for variable dormancy in deeply dormant hardwoods
Process

Soak

Stratify

Incubate

Time

Until mc = Y

X+2 weeks (to 10% germ.);
X = 1–8 months

3–4 weeks

Temperature

20–25°C

2–5°C

20–25°C or

mc

(e.g., Y = 30%)

Y% mc

store at 2–5°C, 10% mc

A procedure developed for beechnuts and other European hardwood seeds by Suszka () may also prove effective for
removing the dormancy of British Columbia hardwood seeds. It is similar to the variable-dormancy treatment described
above, but also involves hydrating the seeds to a predetermined moisture content (Y), depending on the species (e.g., % mc
for beechnuts), then maintaining the seeds at this mc for X+ weeks at –°C. The duration of treatment, represented as X
(in weeks), is the time when % of the seeds have germinated. This length of stratification is enough to break dormancy, but
because seeds are chilled at reduced moisture levels, germination is prevented. After treatment, the seeds can either be sown,
or dried to below % mc and stored for several years (Muller and Bonnet-Masimbert ; Muller et al. ). Such dormancy-breaking treatments are usually applied after storage, but they can also be applied before storage (i.e., immediately
after collection). The time period X can be considered as an indication of the degree of seed dormancy, and potentially could
be used to compare the dormancy levels of different seed sources. The period X is – months for beechnuts (Fagus sylvatica),
– months for wild cherries (Prunus sativum), and – months for ash (Fraxinus spp.) (Muller ; Suszka et al. ).
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Other stratification treatments
Subalpine larch seeds and other species that are
difficult to germinate may be stratified in situ using
a procedure that more closely approximates natural
conditions under the snowpack. To stratify subalpine
larch, Carlson () used plastic tubes (. cm diameter  cm long) which were filled to within  cm
of the top with a peat-perlite mix, then thoroughly
wetted. Seeds were covered with about  mm of soil,
firmly pressed, and covered with  mm of fine gravel
to prevent soil from splashing during irrigation. The
trays of tubes were thoroughly watered, covered with
clear polyethylene to retain moisture, and placed in a
cold room at °C for  days. After  days, the tubes
were removed from cold storage and placed under
conditions suitable for germination.
Yellow-cedar seeds can be difficult to hydrate and
require exceptionally long stratification. The seeds are
soaked for  days at room temperature (–°C),
then stratified (–°C) for  months. Even with long
stratification, the seeds often germinate poorly. It
may be necessary to pregerminate the seeds by putting them on damp peat in shallow dishes, covering
the dishes with plastic wrap, and incubating them at
constant °C. As the seeds germinate, they can be
pricked out into nursery containers.
Light treatments
A number of tree species require light to release seeds
from dormancy (Section ..). Experimentally, light
treatment may be given in the form of a single
exposure prior to incubation, or as daily exposures
throughout the incubation period. Studies involving
the responses of seeds to light require suitable sources
of red and far-red radiation. Filters must restrict the
wavelengths to within a narrow band, and provisions
must be made to reduce heat levels around the seeds
if exposure times are extended. A transparent water
bath at least  cm deep is an inexpensive and effective
way to absorb excess infrared radiation.
Before using any filter system, the transmission
spectrum should be determined with a spectrophotometer. Some sources for red/far-red light include
the following:

• Light sources can be constructed using Corning
Plexiglas filters (red light  nm; far-red light
 nm) with two W cool white fluorescent tubes
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for the white and red light treatments and one W
incandescent bulb for the far-red treatment
(Haeussler and Tappeiner ).
• An inexpensive red/far-red light source may be
made from a desk lamp and cellophane paper (from
art supply store); the red light (transmission range:
– nm) provided by a red or white incandescent bulb (W) or a cool white fluorescent tube
filtered through two layers of red cellophane or red
Plexiglas (Witham et al. ); the far-red light (transmission range: – nm) provided by a W or
W incandescent bulb filtered through four layers
of blue, one green, and two layers of red cellophane.
High wattage bulbs are not recommended because
they generate too much heat, and may bleach the pigments in the cellophane with prolonged exposure.
With low-wattage bulbs, the filter may be placed in
front of the light source and tightly taped to the
lampshade. An alternative method is to place the
sample in a light-tight box with the cover removed
and replaced by the filter.
Energy levels from most light sources tend to be
higher in the red region than in the far-red portion
of the spectrum. Haeussler and Tappeiner ()
compensated for the lower energy levels in the far-red
region by exposing the seeds to red light for  minutes
and extending exposure to the far-red light source to
 minutes. Light energy levels of red and far-red
sources do not have to be exactly equivalent. Betula
papyrifera seeds demonstrated definite red/far-red
responses to red (– nm) and far-red (–
 nm) light sources which measured  W m–2
and . W m-2, respectively (Bevington ).
Conditions for dark (controls) can be established
by wrapping germination dishes (or other containers) in aluminum foil or other opaque covering. The
dishes should only be examined in a dark room
under the illumination of a dim green safelight. Use
of a green incandescent bulb is not recommended,
as such light sources can emit in the red and far-red
regions. A safelight can be constructed of two W
cool white fluorescent lamps covered with  layers
of green cellophane. Radiation from this light source
did not induce germination when used to count
Betula papyrifera seeds (Bevington ). A green
safelight can also be made from a flashlight by
covering the lens with an appropriate filter.
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Other dormancy-release treatments
Other dormancy treatments (Table .) will be only
briefly described here because they are not widely
used for temperate tree species. Scarification is an
important technique for breaking the dormancy of
many hard-seeded legume tree species that are an
important component of tropical forests. Hard seed
coats are a means of protecting seeds from fungal and
insect attack under conditions of high temperatures
and high humidity. Mechanical or chemical degradation of the seed coat is necessary for germination,
and in nature is often facilitated by seeds passing
through the intestinal tract of birds and other animals.
Few temperate forest species require scarification
—Schopmeyer (technical coordinator, ) does not
recommend it for any British Columbia trees—but
seed coats of pines are sometimes clipped to facilitate
germination (Hoff and Steinhoff ; Leadem ).
Application of plant growth regulators (especially
gibberellic acid and cytokinin) have been shown to
enhance germination of angiosperms, but have limited effectiveness for conifer species (Leadem ).

tests, however, the relatively favourable conditions of
standard tests may give an overly optimistic view of
germination. Valuable data can be obtained by conducting germination tests under conditions similar
to those found in study sites. Temperatures used
should range from suboptimal to optimal (and
possibly beyond) to gain a fuller appreciation of
species’ response. Conducting tests under the relatively cool temperatures that mimic field conditions
may require more time, but will be more relevant to
understanding responses in field studies.
The measures of germination used for comparing
laboratory and field results are also important. Since,
in natural conditions, the speed and time of emergence
can be critical (e.g., in areas where moisture is readily
available only in early spring), measures such as germination rate and speed may be the best indicators of
field performance. Laboratory tests, by eliminating
some of the variability associated with field tests, can
assist in interpreting field data so that the factors
affecting germinant establishment and survival may
be more clearly identified.

.. Laboratory germination tests
Standard germination tests are widely used because
they provide consistent results and allow comparisons
of tests conducted in different laboratories. For field

Incubation of seeds
The temperature and photoperiod conditions for
incubation will be determined by the experimental
requirements. Standard incubation conditions
commonly used for British Columbia tree seeds are
°C for  hours (with light) and °C for  hours
(dark). The true firs (Abies spp.) generally respond
better to °C for  hours and °C for  hours
(Leadem ), with light being given during the
high-temperature period.
The seeds may be incubated in  ×  cm plastic
boxes, filled with a medium consisting of two layers
of filter paper (such as Whatman #) covering one
layer of Kimpak™ (a multilayered crêped wadding).
For this size of container,  mL of de-ionized water
is added to moisten the media; this amount is
sufficient for a germination test of – weeks duration (provided the lids fit tightly and there are no
cracks in the boxes). The seeds are spread evenly on
the moist filter paper so that no two seeds are touching and all are in direct contact with the media, then
the lids are replaced on the boxes. Petri dishes filled
with several layers of filter paper may also be used,
but Petri dishes have a smaller surface area for testing, and the medium tends to dry out more quickly.

 . Dormancy release treatments for tree seeds
(Leadem 1996).
Treatment

Description

Stratification

Moist chilling at 2–5°C; removes
metabolic blocks, weakens seed coats,
increases germination promoter levels

Light

Exposure to specific wavelengths;
stimulates the phytochrome system

Leaching

Soaking in water; removes inhibitors
from seed coats

Scarification

Chemical (sulphuric acid) or
mechanical (abrasion) treatment:
breaks down seed coats

Plant growth
Enhances natural levels in favour of
regulators (hormones) germination regulators
High oxygen

Supplies respiration; removes
metabolic blocks concentrations
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Test environments are fairly consistent over the
incubation period since most laboratory tests are
conducted in covered dishes incubated in controlled
environment chambers. However, the dishes should
be randomly arranged on shelves in the chamber to
guard against the introduction of systematic error
due to consistent differences in light intensity, temperature, or other factors. Random label lists can
be generated from the codes used to identify seed
source, treatment, replication number, or other
experimental variables.
Germination criteria
The criteria for germination may be the cracking
of the seed coat, or development of all structures
necessary for a normal seedling (i.e., root, stem,
cotyledons). For many studies, seeds are considered
to have germinated once the length of the radicle is
four times the length of the seed coat. Use of a radicle
length shorter than four times is not recommended
because of the greater probability of counting abnormal (“stunted”) germinants as “normal.” For
Abies species, which have relatively large seeds, a
radicle that is twice the length of the seed coat may
be satisfactorily used as a germination criterion.
Typically, for research studies, germinants are
counted  times a week for the duration of the test,
which is usually – weeks in a standard laboratory
test (Tables . and .). During peak germination
periods, it is advisable to count daily. Many service
laboratories count germinants once a week, which is
too infrequent for research studies that require
precise information on when and how changes in
germination occur.
Under field conditions or in the nursery, the term
emergence is generally used instead of germination.
In epigeal germination (Figure .b), the standard
criterion for emergence is the time when the seed
coat has lifted off the soil surface or, in hypogeal
germination (Figure .a), when the epicotyl is
clearly evident.
Salix and Populus germinants (Figure .) exhibit a
departure from the usual pattern of epigeal germination (Simak ). Willow and poplar seeds contain
only a large embryo, surrounded by a transparent
coat. Within the first day of germination, the hypocotyl increases in length and a ring of fine hypocotyl
hairs (the coronet) arises and attaches the seedling to
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the substrate. Thereafter, the elongating hypocotyl
rises into a vertical position and the radicle starts
to elongate.
For nursery or field tests, test duration is typically
– weeks, but may be longer depending upon
environmental conditions. See Section . for information on field germination tests.
It is best to write entries on data sheets when
counting germinants, rather than entering data directly into a datalogger or computer, since it is easy
to make errors during the counting process. The first
day that visible signs of germination activity (chitting)
occur should be noted on the data sheets, as this will
be later used to indicate the initiation of the germination curve. The number of germinated seeds is

 . Stages of germinant development in hypogeal
and epigeal germination (Leadem 1996):
(a) Garry oak, an angiosperm, illustrates
hypogeal germination, in which cotyledons
remain below the ground; (b) white spruce, a
gymnosperm, exhibits epigeal germination, in
which cotyledons are raised above the ground.
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1

2

3

4

5

6

7

12 hrs

24 hrs

24–36 hrs

36–48 hrs

48–72 hrs

3–5 days

10–14 days

 . Stages of germination for Populus seeds, showing time period in which each stage usually occurs (Wyckoff and
Zasada [1998]). Within the first day of germination, the hypocotyl increases in length and shows a positive
geotropic bending (Stages 1, 2). Hypocotyl hairs (the coronet) arise and attach the seedling to the substrate
(Stage 3). Then, the elongating hypocotyl rises into a vertical position, and the radicle emerges (Stage 4). The
seed coat bursts and is removed as the hypocotyl elongates and the cotyledons expand (Stages 5, 6). Epicotyl
development begins after about 10–14 days (Stage 7).

recorded in columns under the date on which the
counts are made. If large numbers of abnormal
germinants are observed, a classification system
(Clark ) may be used to record the nature of the
abnormality. On the last day of the test, the number
of germinants is recorded, as well as the number of
ungerminated seeds. The reason(s) for lack of germination should be noted, if known. If seeds have not
been X-rayed before testing and a precise result is
required, cutting tests (Section ..) should be done
on all ungerminated seeds to determine the exact
number of filled seeds in the test.
Additional information on methods and procedures
for testing tree seeds of Canadian conifer species can
be found in Edwards ().
Germination measures
Germination percentage, the most common
expression of seed germination, is calculated as:
number of germinated seeds × %
number of filled seeds
The estimated variance, although not a germination measure per se, is a valuable aid for interpreting
germination data. In some instances, the estimated
variance may be as important as the mean germination percentage. Consider a study to examine the
effects of different seed sources on germination. If the
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resulting data have large variance, then the results
must be narrowly interpreted concerning seed origin.
On the other hand, a data set with small variance
would suggest a more generalized species response; it
may also suggest that factors other than seed source
should be examined for their impact on germination.
The estimated variance may be used to demonstrate
the benefits of certain treatments; the germination of
stratified seeds, for example, is far less variable than
that of unstratified seeds.
Germination rate has both practical and ecological
significance. The rate at which seeds germinate has
long been recognized as an element of seed vigour,
and an indication of the ability of a germinant to
become successfully established as a seedling
(Leadem ). Many seed treatments increase the
rate of germination, but not the total germination. In
natural regeneration studies, germination rate may be
more important than total germination, particularly
for sites where moisture and plant competition are
limiting factors. Germination rate is often expressed
as R, or the number of days it takes % of the sown
seeds to germinate. A similar term, R', or germination
speed, is the number of days for % of the germinating seeds to germinate. Differences in germination
rates also can be presented graphically using nonlinear regression analysis procedures (Tipton )
(see Section .).
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Germination value () (Czabator ), an expression that combines the speed and completeness
of germination into a single number, is calculated as:
 = peak value () × mean daily germination (),

the true firs, which germinate slowly, is usually low
(about –). Germination values of spruces generally are intermediate (–). Germination values
have no units, and have not been widely accepted by
those who prefer separate reporting of germination
rates and total germination.

where:
 = the maximum quotient obtained by
dividing the number of accumulated
daily germination by the corresponding number of days, and
 = total germination divided by the
number of days in the test.
The absolute magnitude of  depends upon
the species, but values usually range from  to 
(Table .). Because of the germination characteristics
of different species, a  of  means something different for pine than for fir or for hemlock. Pines tend
to have relatively high  values (i.e., more than )
because they germinate very quickly, while the  of
 . Germination values for British Columbia conifers
Species

Germination value ()

Pacific silver fir

10

grand fir

12

subalpine fir

13

Douglas-fir, coastal

40

Douglas-fir, interior

52

western hemlock

19

western larch

52

lodgepole pine, coastal

52

lodgepole pine, interior

58

western white pine

18

yellow (ponderosa) pine

45

Sitka spruce

35

interior spruce

40

Sitka/interior hybrids

36

western redcedar

25

yellow-cedar

5

Source: D. Kolotelo, B.C. Ministry of Forests, Tree Seed Centre,
Surrey, B.C. from results of germination tests conducted from 1990 to 1995.
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... Quick tests and other viability tests
A standard germination test requires a minimum of
 weeks to complete; with stratification, the test can
take  weeks or longer. Sometimes standard tests
cannot be done because of time constraints or the
lack of adequate facilities. In such cases quick tests of
seed viability can provide reasonably good estimates
of seed quality. The quick tests most commonly used
for tree seeds are the hydrogen peroxide, tetrazolium,
X-ray, and cutting and excised embryo tests. No
single quick test is best in all situations, and each
has its advantages.
The basic principle behind all quick tests is that
the seeds are treated by some “quick” procedure, then
classified according to established criteria. Quick test
results of several samples can be calibrated by correlating the percentage of germinable seeds determined
by quick test to the percentage of seeds that germinate in a standard test. Quick tests may take less time
than standard germination tests, but they are usually
more labour intensive, and the results can be more
variable than results from standard germination tests.
For further information about quick tests and
other tree seed testing methods, see Leadem (),
Edwards (), Association of Official Seed Analysts
(), International Seed Testing Association (),
and Edwards and Wang (). The specific procedures used in the B.C. Ministry of Forests Tree Seed
Physiology Laboratory are given in Clark ().
Hydrogen peroxide test
Of the three tests, the hydrogen peroxide method is
the only one that actually measures growth. The
primary advantages are objectivity and simplicity,
and since this test requires less time and less
equipment than most other viability tests, it is also
the least expensive.
The hydrogen peroxide test requires  days to
complete and can be difficult to do on small seeds. It
is carried out by cutting – mm off the micropylar
end of the seed coat, and incubating the seeds in a
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% hydrogen peroxide (HO) solution at °C. The
test is ended after  week, and seeds with radicles
longer than  mm are counted as viable.
Tetrazolium chloride test
The tetrazolium chloride () test focuses directly
on the physical and physiological condition of the
embryo and endosperm (or, in conifers, the megagametophyte). Evaluation is based on the degree and
location of stained and unstained areas. Because
results can be obtained within – hours, tetrazolium is faster than all quick tests except the X-ray
method. However, the interpretation of staining
patterns relies heavily on the expertise of the analyst.
To conduct the test, seeds are soaked in water
overnight to soften the coats, then a thin longitudinal
slice is cut through the coat and storage tissue to hasten penetration of the tetrazolium (,,-triphenyl
tetrazolium) solution (Figure .). The seeds are
soaked in a %  solution at °C for – hours. The
time required for adequate staining varies with the
species and seed source; excessive incubation should

A. 1
before

B. 1
before
cut

cut

A.2
after

B.2
after

 . Cutting diagram for the tetrazolium test. A
thin longitudinal slice is cut through the seed
coat and storage tissue to hasten penetration
of the tetrazolium solution. Cuts may be made
horizontally to the long axis of the seed (1a,
b), or perpendicular to the long axis (2a, b).
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be avoided since dark staining may mask weakened
tissues. The intensity and location of the stain is an
indication of whether the embryo is vigorous enough
to produce a viable seedling. The uniformity of
staining and the rate at which staining develops
in different areas may indicate weakened tissue.
Necrotic, unstained areas generally are of greater
significance than stained areas, especially if they occur in the shoot or radicle meristems. In the radicle
area, the meristem is located just behind the radicle
tip, while in the shoot, meristematic growth emanates
from the base of the cotyledons. Meristematic areas
must be well stained to produce a viable seedling.
For additional information, refer to Moore (),
Leadem (), and International Seed Testing Association ().
X-ray test
The X-ray method is the most rapid of the quick
tests. Only a few minutes are required to produce an
X-ray image, and a large number of seeds may be
examined in a short time. Soft (low-energy) Xradiation does not affect seed germination or cause
any apparent chromosome damage (Kamra and
Simak ). Viability evaluation is based on a
physical examination of seed contents, and results
have been shown to correlate well with germination
test results (Leadem ). The primary drawback is
the high cost of X-ray exposure and developing
equipment; but once equipment is acquired, the cost
of materials compares favourably with most standard
testing methods.
Celluloid film or photographic paper may be used
for X-ray exposures. Kodak Type M industrial X-ray
film provides good resolution and a permanent
record, but requires a darkroom and developing
apparatus. Polaroid film can be used for making
seed radiographs (Edwards ); a darkroom is not
required but the film is more expensive than X-ray
film or paper. Photographic paper is less expensive
than X-ray film and can be processed in an instant
processor, but the images have relatively poor resolution and are not permanent unless special provisions
are made. Photographic paper is normally used when
a permanent record is not required.
A monitor can be attached to the X-ray machine
and the images viewed directly. The advantage of
such a system is that no developing is required; the
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disadvantages are the lack of a permanent record, and
the much higher cost of equipment.
Seeds can be placed directly on the X-ray film or
photographic paper, but for most routine work a
holder is used. Holders may be clear plastic boxes or
compartmentalized trays, but any material intended
for use as a seed holder should first be tested for Xray penetrability. The seeds and film or paper are
placed in the shielded cabinet of the X-ray machine,
and the exposure is made. Typical settings for a
Faxitron (brand name) X-ray machine are  mA and
 kV with an exposure time of  minutes. The film or
paper is developed, and each seed image is examined.
Seed development and viability are determined by
evaluating the density, shape, and location of opaque
matter (bright areas) in the X-rays. If the purpose is
to determine the presence of filled and empty seeds,
then the seeds in the holder must be compared to the
corresponding X-ray images of the same seeds. Empty
seeds may be removed using forceps or a vacuum
pencil (the type used for manipulating electronics
components). Care must be taken not to disturb the
seeds in the holder during the X-ray process.
X-rays are best performed on dry seeds (<% mc)
because moisture (which appears opaque and bright
in X-rays) tends to obliterate the details of seed contents. X-rays may still be used on moist seeds instead
of a cutting test, or to determine the number of
ungerminated filled seeds left at the end of a germination test. Simply dry the remaining seeds at room
temperature (–°C) for – hours (or overnight),
then X-ray as usual.
Cutting tests
The cutting test is done by cutting a longitudinal section
through the seed to expose the embryo and storage
tissue. Although not as reliable as viability tests, cutting
tests are often used in field situations to assess seed
development and the presence of insects or disease.
Take – seeds at random and examine them by
slicing each seed into equal parts with a razor blade
or scalpel. Unless the seed has been exactly bisected,
you cannot observe the exact extent of embryo elongation. The contents of each seed are more accurately
appraised if a -power hand lens is used. The preferred method for slicing a seed is to stand it on its
narrower edge on a cutting surface, using forceps to
hold it in place. A vertical cut is then made downward
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through the seed between the prongs of the forceps.
Another method is to place the seed flat on a firm
surface, and to slice it parallel to the cutting surface
(i.e., horizontally). A third, but less desirable method,
is easier to perform under field conditions, and is
suitable for small seeds such as spruce, lodgepole
pine, western redcedar, and yellow-cedar: lay the seed
flat on the cutting surface and make a vertical cut
downwards. Since the seed is cut through its narrowest dimension, it may be more difficult to accurately
assess storage tissue development. See Eremko et al.
() and Kolotelo () for diagrams and additional information.
Excised-embryo tests
The excised embryo test is generally less used than
other quick tests because it is more labour intensive,
and interpretation may be more difficult. Seeds for
the excised embryo test are soaked in tap water for
– hours. Species that require mechanical or
chemical scarification must first be given the appropriate treatment. Embryos are excised from soaked
seeds with the aid of a scalpel or razor blade, then
incubated on moistened filter paper for – days at
–°C with  hours of light per day. Evaluation is
based on chlorophyll development and growth of the
embryo. The test is effective for hardwood species
because the seeds turn green quite readily, and is a
recommended procedure for Fraxinus spp. and Malus
spp. (International Seed Testing Association ).
Evaluation in conifers can be more difficult because
embryo extension occurs before changes in colour.
The excised embryo test relies heavily on the skill
of the analyst, and embryos must be rejected if they
become damaged. Refer to the International Seed
Testing Association () for detailed procedures.
Respiration measures
Oxygen use (respiration) is relatively easy to measure
in the laboratory, and is a direct indicator of the
physiological state or health of the seed. To determine
respiration rates, seeds are incubated in a phosphate
buffer solution (to maintain seeds in good physiological condition) in a temperature-controlled
cuvette. Respiration is measured as a function of the
rate of oxygen depletion of the solution. For further
information on the significance and determination of
seed respiration, refer to Leadem ().
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. Field Tests of Tree Seed Germination
Evaluation of germination success in the field requires
introducing a fixed number of seeds to a microsite,
then counting the number that germinate over some
time interval. Some questions may lend themselves to
modifications of laboratory methods for studying
seed germination (Section .), but because experimental conditions are so difficult to control, field
trials are not suitable for investigating the physiological mechanisms affecting germination. The greatest
advantage of field tests is that germination responses
to treatments can be directly observed under field
conditions, providing a better understanding of the
ecological implications of the treatments being applied.
.. Experimental design and analysis
Field germination trials may evaluate treatments implemented at the stand level (e.g., canopy thinning),
or at the level of individual germination plots or
microsites (e.g., seedbed types). Care must be taken
to recognize how treatments are nested and replicated. The layout of treatments and monitoring plots
must be appropriate for statistical tests to answer the
questions posed, and statistical tests must match the
experimental design.
Plots should be distributed in unbiased and
representative locations within uniform sites (see
Section . for discussion of site selection). Variability
can be high, and (despite preventative measures)
some animal damage can be expected. A rough estimate of – plots per treatment combination can
be used, although you should determine your own
sample size needs based on the variability of the site
(Section ..). When testing treatments, such as different site preparation methods, it is important to
have plots in multiple independent replications of
each treatment, not just in one stand or cutblock;
this will help avoid a problem of pseudoreplication.
Statistical analysis of experimental factors (e.g., seedbed type, site preparation method, silvicultural
system) can be performed using analysis of variance.
Continuous independent variables (e.g., duff thickness, canopy opening) are best assessed by regression
analysis. Experimental factors and continuous variables can be combined in analysis of covariance.
The purpose of many field germination studies is
to test for different degrees of canopy influence, and
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for this purpose, germination plots may be installed
under different forest cover treatments. Canopy
effects may be sampled over a range of random or
fixed points (e.g., various distances from a forest
edge) differing in their subcanopy light regime,
thereby lending themselves to analysis by correlation
or regression methods. Alternatively, canopy treatments may represent separate stand treatments (e.g.,
different silvicultural systems) which would be tested
by anova. Sample points should be situated randomly
within the treatment blocks, and the canopy characteristics of each microsite should be documented
using the appropriate cover- or light-measuring
methodologies described in Section .. Even if the
primary interest is the response to treatments at the
stand level, high spot-to-spot variation in canopy
effects makes it desirable to collect enough microsite
information to analyze plot-to-plot variation as well
(e.g., by regression analysis or analysis of covariance).
.. Delimiting the site
One of the first requirements for evaluating field
germination is a means of delimiting the microsite
under study, and to contain the seeds being tested, so
that sampling of sprouted seeds is limited to those
introduced to the site.
One approach is to spread and evaluate seeds only
within a fixed radius (e.g.,  cm) from a tagged centre pin, or between two pins marking the diagonal
corners of a square or rectangular quadrat that is
placed on the plot only during establishment and
monitoring. This results in less impact to the microenvironment, but with no protection, the seeds may
be washed away or removed by birds and rodents.
Another option is to set out a rigid circular or rectangular plot perimeter (e.g., using plastic lawn
edging or wood) (Figure .). This method constrains
the movement of seeds, but may modify the microclimate. A tall, solid frame may alter subtle microsite
effects, so frame height should be kept minimal.
Smaller frames may be more suitable for testing
smaller microsites, such as those prepared
by mounding.
Seed samples should be located within the plots,
but away from the edge. Several tree species or seedlots can be tested in the same plot, although interior
fences of interlocking metal window screening are
recommended to keep different subsamples of seeds
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Lid

Base

 . A recommended frame design for delimiting
field germination plots. This design is effective
in constraining the movement of subsamples
within the plot, and excluding seed predators.

from becoming mixed. This is especially important
if the plot is not level, is subject to flooding, or if
animals move the seeds.
.. Excluding other seeds
You should check to ensure that the experimental site
has not been contaminated by natural seed rain. Seed
rain from most conifers can be considered negligible
if the plots are located more than three tree-heights
from mature trees. But when testing germination of
hardwoods that disperse over long distances (e.g.,
aspen, cottonwood, birch, alder), seed rain contamination cannot be ignored, even in the middle of a
large clearcut. During the season when they are dispersing, seeds can be excluded with nylon window
screening, cheesecloth, or remay (which allows rainfall penetration); coverings can be removed after a
fixed number of test seeds have been introduced.
Such protective devices cannot validly be left in place
during the actual germination experiment, because
they can potentially modify the micro-environment
to a degree that the plot is no longer representative of
the microsite being tested. Alternatively, equivalent
plots (identical area and seedbed makeup) can be left
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unsown, and all germinants counted, and the mean
density used to adjust the germinant counts in the
plots with the introduced seeds.
The degree of error due to physical loss (as opposed
to biological loss) of seeds can be quantified by placing randomly on the site several replicates of glass
beads the same size as the seeds. Refer to Johnson
and Fryer () for additional details.
.. Preparing the seeds
The seeds used for germination trials should be locally
collected, or obtained from seed sources matched as
closely as possible to ecologically similar sites and
within the same relatively narrow geographic and altitudinal range. It is inappropriate to conduct studies
(and extrapolate results) when seeds are not genetically adapted to the specific site in which they are sown.
Seeds can be placed in experimental plots directly
after collection. Note, however, that in commercial
seed collections, the seeds are usually dewinged during processing. Also, if the seeds have been prepared
for nursery sowing, they may have been stratified
before shipping. These practices may be acceptable if
you are testing spot-seeding methods and the same
practices will be used in operational situations. However, if you are interested in evaluating natural seed
rain, you may not want the seeds subjected to any
treatments before sowing.
Seeds scattered on the surface of the seedbed
sometimes cannot germinate because they are perched
on obstacles or otherwise have poor contact with the
substrate material (though they may eventually be
washed in by rain). If the direct effects of the seedbed
and the microsite are of greater interest than documenting natural losses to the seed population, push
the seeds into the substrate or sprinkle some material
on top of the seeds. This approach may result in
higher germination levels, but it is rather artificial.
If unstratified seeds are used, it is better to sow
them during the season in which they would naturally be dispersed (e.g., fall for most conifers, spring
for Populus spp., late spring or early summer for aspen and willows) so they can meet their stratification
and/or germination requirements over the natural
progression of seasons. Unstratified conifer seeds
might also be sown in spring, but stratification may
be inadequate under such conditions (e.g., Dominy
and Wood ).
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If stratified seeds are used, they must be sown as
early as possible in the spring. If the seeds are not
present on the site before the time they would ordinarily emerge, they may not follow the same
germination pattern as naturally dispersed seeds
(J. Zasada, pers. comm., ). High germination
rates generally can be expected when stratified seeds
are sown in spring.

seeds into different vegetation types, and noted different degrees of seed predation among vegetation
types. In some cases, a more realistic estimate of a
site’s regeneration potential might be obtained by
calculating seed-to-seedling ratios from data
gathered from unprotected sites (e.g., Noble and
Ronco ; Alexander ; Cain ; McDonald
and Abbott ).

.. Excluding predators
Losses to seed predators are often the most serious
obstacle to obtaining good field information on seed
germination (Section .), especially for relatively
large-seeded species, such as Douglas-fir, ponderosa
pine, grand fir, maple, and oak. The use of predator
odours is sometimes an effective deterrent, but providing highly palatable alternative foods (e.g., sunflower
seeds) can reduce—though not eliminate—losses of
conifer seeds to small mammals (Sullivan a).
Offering alternative foods may be suitable for direct seeding operations, but may not be an option for
experimental studies where experimental seed losses
are unacceptable. Full physical exclusion is generally
the best approach. Devices range from small plastic
berry baskets to cone-shaped hardware-cloth tents
(Frenzen and Franklin ; Mitchell et al. ;
Adams and Henderson ). See Section . for a
full description of exclusion devices. The mesh must
be small enough to exclude deer mice without
detectably modifying the microclimate; – mm
mesh is generally adequate. The lower flange must
also be anchored to the soil and preferably buried
to prevent rodents burrowing under to get the seeds.
The best exclosures are large wooden frames (–
 cm on a side) similar to the seed traps described
in Section .. The lower frame can be buried in the
soil, with a tight-fitting screened lid resting on top
(Figure .a). The lid can be removed for monitoring
and, to minimize internal shading, the entire unit can
be set flush with the ground surface.
Instead of excluding seed predators from germination plots, many researchers consider them to be part
of the local environment and do not try to exclude
them. Zasada et al. () introduced seeds of several
conifer and hardwood species to unprotected burned
seedbeds and then monitored net germination
(emergence) and early survival. Similarly, Burton and
Bazzaz () introduced unprotected hardwood

.. Monitoring germinants
The survival of newly germinated seedlings is often
examined in association with germination studies.
Monitoring of germination is usually required to
capture the natural time span in which germination
occurs, which for many habitats in British Columbia
may be spread over – weeks. Simply counting
germinants at the end of the growing season is not
recommended (unless you are primarily interested
in net recruitment) because many seedlings die and
may be largely decomposed before the end of the
season (Gashwiler ). Monitoring at intervals of
– weeks is recommended, with all germinants
removed or tagged at each interval. For species such
as willows and aspen, whose seeds germinate within
– days and all germination occurs in a -week period, monitoring at -week intervals or more often
will be required.
Differential tagging of new germinants at each
monitoring interval (i.e., each cohort) is desirable,
because cohorts may differ in their susceptibility to
drought and pests. Researchers often use coloured
toothpicks or plastic cocktail swords to mark individual seedlings (e.g., Brown et al. ), but these
become impractical if germinant densities are high,
or if frost-heaving is a problem. Wire hoops are preferred because hoops are more difficult to displace
than markers stuck into the ground. Plastic-insulated
coloured wire (telephone wire or garden twist-tie
wire) can be cut into – cm lengths and looped
around the base of each seedling. Other options include tags used for banding birds, and sections of slit
plastic straws, which can be numbered with waterproof ink.
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. Experimental Design for Germination Studies
Most environmental studies involving tree seeds are
designed to compare how different treatments affect
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seed germination. Germination test conditions and
procedures are often governed by seed testing rules
(Association of Official Seed Analysts ; International Seed Testing Association ), at least for
many laboratory experiments. Regardless of whether
or not tests are conducted under standard conditions,
once the test environment has been determined, the
next task in designing an experiment is to determine
which factors (and levels of those factors) will be
selected for study.
.. Experimental factors
A factor is a variable that may affect the response of
an experiment, and has, in general, more than one
level. A particular factor is chosen because the experimenter wants to test or compare how the different
levels of that factor affect the measured response. A
factor can be classified as either fixed or random,
depending on how the levels are chosen. A fixed
factor has levels that are determined by the experimenter. If the experiment is repeated, the same factor
levels would be used again because the experimenter
is interested in the results for those specific levels, and
the results would be applied only to those levels. A
random factor has levels that are chosen randomly
from the population of all possible levels. If the
experiment is repeated, a new random set of levels
would be chosen. The experimenter is interested in
generalizing the results of the experiment to a range
of possible levels and not just to the levels selected
(Sit ). For example, the factor “seed source” is
considered random if the sources are chosen from the
full range of sources available in the province, and if
the purpose of the experiment is to extend the results
to the species as a whole. However, to examine the
effects of latitude on germination, and seed sources
are chosen from particular latitudes to test this effect,
then the seed source factor is considered to be fixed.
The factor and levels of a factor chosen for comparison depend on the underlying objectives of the
study. In general, a particular species is selected for
study because the species may exhibit difficulties with
germination or dormancy (e.g., Abies requires exceptionally long stratification to germinate well) and
information on the specific germination behaviour is
required. Species could be selected by their presence
in a particular biogeoclimatic zone (e.g., coastal versus interior), or their position in seral succession
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(e.g., pioneer versus climax). Species could also be
selected if one has an interest in the responses of
different species to a particular variable, such as
temperature.
Choosing different seed sources generally implies
that one is interested in the effects of genetic variation. For example, seed source may be included as an
experimental factor if one wants to compare the differences between northern and southern populations
of the same species, between coastal and interior seed
sources, or between low-elevation and high-elevation
seed sources.
There are two main groups of seed treatments: ()
treatments that are applied before the germination
test, and () treatments that are applied during the
germination period. Some examples are as follows:
. Treatments applied before the germination test:
a) dormancy release treatments (e.g., stratification,
scarification);
b) upgrading treatments (e.g., specific gravity
separation, polyethylene glycol);
c) cold storage conditions (e.g., number of years
stored; storage at +°C versus °C); and
d) seed moisture content (e.g., % mc versus
% mc).
. Treatments applied during the germination period:
a) environmental conditions (e.g., temperature,
moisture stress); and
b) daylength or thermoperiod (e.g., different day/
night hours, different day/night temperatures).
.. Experimental designs
Single factor
An experiment involving a single factor has a oneway design. Depending on how the factor levels are
assigned to the experimental units, the design could
be completely randomized, or a randomized block. In
a completely randomized design, there are many
homogeneous experimental units; each experimental
unit is randomly assigned to one of the factor levels.
Each factor level often has an equal number of
experimental units, or replications, although such a
balanced design is not necessarily required. If the
experimental units are not homogeneous, they could
be arranged into groups or blocks, according to some
common characteristic (e.g., location, aspect) so that
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the variation within a block is smaller than the
variation between blocks. Within each block of
experimental units, factor levels are assigned to the
experimental units at random. In essence, a
randomized block design has several blocks of
experimental units, with a completely randomized
design within each block. (See Figure . for an
example using two levels of one factor.)
Multiple factors
Carefully choose the blocking criteria. Since the
experimental units within individual blocks are
different, their responses to the factor levels are
expected to be different. However, the relative

a)

b)

 . Layouts for one factor with two levels (X = 8hour daylength, O = 16-hour daylength): (a)
completely randomized design, and (b)
randomized block design.
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responses to treatment effects should be consistent
from block to block. For example, to compare the
effect of two different daylengths on seed germination rate of lodgepole pine, a randomized block
design could be used with coastal and interior seed
sources being selected as the blocking criteria. This is
legitimate if seed source does not alter how daylength
affects germination rate. That is, the longer daylength
should be more (or less) effective than the shorter
daylength for both coastal and interior seed sources.
If, however, seed source alters the effects of daylength
(for example, longer daylength increases rates of the
coastal seed source, but decreases rates of the interior
seed source), then seed source is not a suitable
blocking criterion. If how seed source will influence
the effects of daylength on germination is not known,
or if the goal is to find out how the two factors—seed
source and daylength—interact with each other, then
a completely randomized design involving both
factors should be used.
In a factorial design experiment, more than one
factor is involved, and all levels of one factor are
combined with all levels of the other factors. In the
daylength–seed source example, a factorial experiment could be designed to assess the effects of
daylength and seed source on germination rate. Each
experimental unit would be randomly assigned one
level of the daylength treatment and one level of the
seed source treatment. The assignment of one factor
level to an experimental unit should not affect the
assignment of any level of the other factor. The primary advantage to using a factorial design is the
ability to examine both daylength and seed source
effects on seed germination, plus the combined
effects of daylength and seed source. A factorial
experiment may be carried out in a completely
randomized or randomized block design.
Assigning the factor levels to the experimental
units completely at random is easy to accomplish.
However, it is sometimes advantageous to do the
random assignment at several levels. For example,
consider an experiment that examines the effects of
cold storage conditions (+°C versus -°C) and
daylength (-hour day versus -hour day) on seed
germination (Figure .). Four hundred seeds are
available for the experiment. In a completely randomized factorial experiment, each seed would be
randomly assigned one of the four treatment combi-
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nations. In this case, an individual seed is the experimental unit for the factors cold storage condition and
daylength. However, it may not be efficient to assign
treatment combinations to each seed. Since the cold
storage treatment must occur before the daylength
treatment, the experiment could be designed differently. The seeds could be grouped into  trays of
 seeds each, and each tray could be assigned to one
of the two cold storage treatments (five trays at +°C
and five trays at -°C). Each tray of  seeds represents one experimental unit of the cold storage
treatment (Figure . a).
After cold storage treatment, each tray of seeds
could be subdivided into two groups of  seeds.
Within a tray, one group of seeds would be exposed
to  hours of daylight, the other group would be exposed to  hours of daylight. The assignment of

a)

b)

 . The two stages of a split-plot design (see
explanation in text).
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daylength to the two groups of seeds is completely
random. The experimental unit for the daylength
treatment now consists of a group of  seeds. This is
a split-plot design with cold storage as the main plot
treatment and daylength as the split-plot treatment
(Figure .b).
A split-plot design has the characteristic that the
two treatment factors have different experimental
units, and the experimental unit for the split-plot
factor is contained within the experimental unit
of the main-plot factor. The randomization of the
split-plot factor is restricted in that both levels of
daylength treatment must occur within each tray of
seed. In addition to ease of execution, the split-plot
design also yields more precise information on the
split-plot factor, but at the expense of losing information on the main-plot factor. For further discussion
of these and other types of experimental designs,
consult Anderson and McLean (); Steel and
Torrie (); Sokal and Rohlf (); Mead ();
Milliken and Johnson (); and Sit ().
.. Replication and randomization
An experimental unit is the smallest collection of the
experimental material to which one level of a treatment factor may be applied. Germination tests, for
example, are usually conducted on groups of  seeds;
for such tests, a group of  seeds represents one
experimental unit. A replication is an independent
application of a factor level. A factor level is considered to be replicated if it is applied to two or more
experimental units. The number of replications of a
level is the same as the number of experimental units
to which a factor is assigned (Sit ). For example,
if each factor level of a germination experiment was
assigned to four experimental units, then the experiment would have four replications. Replication
quantifies the size of the experimental error, so that
treatment factors can be properly compared. An
unreplicated study has weak comparison power and
can only be viewed as a one-time occurrence for
which the results cannot be generalized. Differences
observed in an unreplicated study could be due to the
treatment, or to random variation; without replication it is not possible to determine the cause of the
observed variation.
The number of replications required to detect differences between treatments will depend upon the
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variability of the experimental material. Seed testing
rules (Association of Official Seed Analysts ;
International Seed Testing Association ) prescribe
four replications of  seeds for germination tests,
because conditions for laboratory tests are relatively
uniform. More replicates are required for nursery
and field tests. Nursery-test results tend to be more
variable than laboratory tests, because of changing
conditions within greenhouses (e.g., shading, drying
of blocks near edges of watering booms). In the field,
tests are subjected to all the vagaries of field environments: seeds may be washed or blown away, eaten by
predators, or simply lost (hard to tell a small dark
seed from a small dark piece of soil).
When only a limited number of seeds are available,
such as in experiments using seeds derived from controlled genetic crosses, the number of seeds per
replication may have to be reduced to achieve sufficient replication to determine differences between
treatments. The minimum number of seeds per
replication depends upon the variability of the test
material. For tests conducted in closed dishes in controlled environment chambers, for example,  seeds
per replication might be used and still assure detection of statistical differences. It is advisable, however,
to increase the number of replications (perhaps from
four to six) whenever the number of seeds per replication must be reduced.
For germination tests conducted in controlled
environment chambers, the issue arises as to whether
controlled environment treatments are truly replicated
when only one chamber is used for each experimental condition. More than one chamber per condition
must be used to achieve true replication. The cost of
controlled environment equipment generally prohibits the use of more than one chamber, but in reality,
use of only one chamber per condition constitutes
pseudoreplication. In most tree seed studies, however,
the variance due to the effects of treatments (i.e.,
stratification, seed source) is usually far greater than
the variance due to within-chamber variation. Nonetheless, pseudoreplication should be acknowledged
when presenting and interpreting results.
Randomization is required for sound experimentation as it helps to reduce systematic bias within the
experiment. Randomization should occur at several
levels: random selection of experimental units for
treatment assignment, random assignment of
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treatment levels to the experimental units, and, where
necessary, random selection of sampling units within
an experimental unit for measurements.
. Data Analysis in Germination Studies
The method of analysis depends on the design of the
experiment and the type of data collected. For continuous data such as percent germination, analysis of
variance (anova) and regression are suitable analysis
methods. For discrete data, such as germination status
(germinated, not germinated), categorical data analysis
methods such as a chi-square test are more appropriate.
.. anova
Understanding the proper application of error terms
is essential when using anova for data analysis. A
common mistake is to use the experimental error
term to test all effects. The experimental error is only
suitable for testing when the design is simple. In a
randomized block design, for example, main effects
are often tested by the block-by-treatment interaction
terms. The following two examples show the error
term structure in anova tables for a one-factor
completely randomized design and a two-factor
randomized block factorial design.
One-factor completely randomized design
To comparetwo levels of soil storage conditions
( year versus  years),  bags of  seeds are buried
underground. At the end of year , five bags of seeds
are randomly pulled out of the ground for germination. The remaining  bags of seeds are assessed
at the end of year five. The percentage of seeds
germinated is recorded for each bag. A bag of seeds
is the experimental unit for soil storage treatment.
 
Source of variation

Degrees of freedom

Error term

Treatment, T

t-1 = 2-1 = 1

B(T)

Bag, B(T)

(b-1)t = (5-1)(2) = 8

—

Total

(b)(t)-1 = (5)(2) - 1 = 9

The term B(T), usually denoted as the experimental error, is the correct error term for testing soil
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storage treatment effects. Note that the total degrees
of freedom in an anova table should be one less than
the total number of measurements in an experiment.
Two-factor randomized block factorial design
To compare the effects of two stratification treatments (e.g.,  weeks,  weeks) and three germination
temperatures (e.g., °C, °C, °C) on white spruce
seed germination, seeds from four different seedlots,
randomly selected from all available seed sources, are
used in a study. Six batches of  seeds are available
from each seedlot. For each seedlot, one of the six
stratification-temperature treatment combinations
will be randomly assigned to an individual batch
of seeds. It is expected that the stratification–
temperature effects on white spruce seed germination
are consistent across seedlots, hence seedlot is acting
as a block in this design. A batch of seeds represents
the experimental unit for the stratification and
temperature treatments. Percent seed germination
is recorded for each batch of seeds.
 
Source of variation

Degrees of freedom

Error term

Seedlot, L

l-1 = 4-1 = 3

—

Stratification, S

s-1 = 2-1 = 1

L*S

Temperature, T

t-1 = 3-1 = 2

L*T

S*T

(s-1)(t-1) = 2

L*S*T

L*S

(l-1)(s-1) = 3

—

L*T

(l-1)(t-1) = 6

—

L*S*T

(l-1)(s-1)(t-1) = 6

—

Total

(l)(s)(t)-1 = 23

The term L*S*T is often called the experimental
error. However, it is only the correct error term for
testing stratification-temperature interaction (S*T).
Stratification (S) and temperature (T) effects are
tested by the corresponding seedlot interaction terms
(L*S and L*T) because S and T are replicated by randomly chosen seedlots. The terms L, L*S, L*T, and
L*S*T are not testable because these terms include
the seedlot factor which is not replicated (there is
only one of each seedlot).
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anova assumes that residuals must be independent, normally distributed, and have equal variance.
These assumptions must be checked to ensure the
analysis is appropriate. See Section .. for more
discussion of anova assumptions. For anova tables
for other designs, see Chapter  of Sit ().
.. Categorical data analysis
If the data collected in an experiment are categorical
(e.g., the degree of mould infestation, see Table .),
then anova is not suitable for the analysis. Categorical analysis methods such as the contingency table
chi-square test allow you to check whether the proportions of seeds in the classes are similar for the
treatments. Refer to Sections . and .. for examples of categorical data analysis.
.. Regression
Regression is a common method for modelling the
relationship between several variables. In seed germination studies, you may want to model the rate of
germination over time. Since the shape of the curve
relating percent germination and time is not a
straight line, nonlinear regression should be used for
modelling the data. The exponential Gompertz function is particularly suitable for germination data
(Tipton ). Cumulative germination percentage
can be fitted to the Gompertz curve of the form:
Y = A exp [-exp(B - Ct)],
where:
Y = cumulative germination percentage at
time t;
exp = exponential function;
A = parameter corresponding to the final
germination percentage;
B = parameter reflecting the start of
germination;
C = parameter indicating intrinsic rate of
growth (i.e., germination speed); and
t = time (e.g., number of days or number
of weeks).
In regression, germination data points at various
times t are used to estimate parameters A, B, and C.
The usefulness of the fitted regression model depends
on the suitability of the chosen function. A general
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rule for nonlinear regression is to use the simplest
model that best fits the data. For ease of interpretation, the form of the model should also be
compatible with the underlying biological mechanism driving the system. For example, both an
exponential function and a polynomial function have
an increasing trend. However, the exponential function is more suitable for modelling growth data,
because growth is well understood (biologically) to
be exponential in nature. Thus, parameters expressed
in an exponential function have more meaningful
interpretations than parameters expressed in a polynomial function. For a full discussion of commonly
used models for nonlinear regression and practical
hints for fitting nonlinear models, see Ratkowsky
() and Sit and Poullin-Costello ().
Nonlinear regression can also be used as a tool for
comparing trends (e.g., comparing the germination
trends of seeds receiving different treatments or of
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different species). The analysis would begin with
estimating the model parameters (A, B, and C) for
each replication of the treatment factor. The parameter sets thus estimated would then be used as data in
a multivariate analysis of variance (manova). If the
manova is significant, then univariate anova would
be done on each parameter separately to determine
which parameters are significant. This curve-fitting
approach to comparisons has several advantages. It
appropriately takes into account the time-to-time
correlation in the data. By reducing the data to a few
parameters, it simplifies the manova. Also, with the
appropriate choice of a model, features of the germination curve that are of most interest to the
experimenter (e.g., time when germination is first
observed, maximum germination speed, and final
germination percentage) can be directly compared.
Examples of this type of data analysis can be found in
Leadem (); Sit (b); and Stoehr et al. ().
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