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REFEREED RESEARCH

Increasing germination of 2 upland
sedges, Carex inops ssp. inops and

Carex tumulicola

Kelly Broadlick and Jonathan D Bakker

Seed head of Carex inops ssp. inops at the Violet Prairie Seed Farm,
Tenino, Washington.

ABSTRACT

Propagation of native plants is generally more successful when
plant scientists and managers have a broad understanding
of the natural history of a species, including the conditions
that seeds of that species require to germinate. We studied 2
sedges, Carex inops L.H. Bailey ssp. inops (long-stolon sedge
[Cyperaceae]) and Carex tumulicola Mack. (splitawn sedge),
that grow in upland prairies of western North America. We
tested multiple combinations of stratification period and ger-
mination temperature to identify the best regime for increas-
ing germination of each species. We also conducted smaller
tests of smoke treatments and perigynia removal, which are
additional ways to enhance germination. Based on our results,
we recommend that C. tumulicola receive 2 mo of cold moist
stratification and then be exposed to day/night temperatures
of 15/8 °C (59/46 °F) or 19/11 °C (66/52 °F) for 1 mo. We rec-
ommend that C. inops not receive cold moist stratification but
instead be exposed to the same germination conditions for at
least 2 mo. Germination patterns differ: C. tumulicola germi-
nates rapidly and uniformly, whereas C. inops germinates non-
uniformly over an extended period. Perigynia removal clearly

Seed head of Carex tumulicola at the Naas Preserve, Coupeville, Wash-
ington.

increases germination of C. inops. Smoke treatments had min-
imal effects on germination. Many of the germination require-
ments that we identified are consistent with the natural history
of these species, such as differences in timing of seed matura-
tion. By increasing the feasibility of propagating these species
from seeds, our work enables genetically diverse populations
of these species to be incorporated into restoration projects.
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ropagation of native plants is generally more success-

ful with a broad understanding of the natural history

of individual species. We examined the germination
requirements of 2 sedges, Carex inops L.H. Bailey ssp. inops
(long-stolon sedge [Cyperaceae]) and Carex tumulicola Mack.
(splitawn sedge), that occur in dry prairies of western North
America. These species are a desirable component of prairie
restorations, but previous propagation efforts have resulted in
very poor (< 5%) germination (Krock and others 2016). Al-
though these sedges also spread by rhizomes and can be propa-
gated vegetatively, propagation from seed enhances genetic di-
versity in outplantings. In this study, we focused on dormancy
release, germination temperature, smoke water, and perigynia
removal.

Seed dormancy describes the physical, physiological, and
(or) morphological conditions of a seed that prevent germina-
tion, even under ideal conditions of moisture and temperature
(Baskin and Baskin 2014). The ability to delay germination
until conditions are conducive is a common and important
strategy for many native plants, especially those of temperate
regions.

Sedges (Carex spp.) typically exhibit physiological dor-
mancy at maturity (Baskin and Baskin 2014). Physiological
dormancy can range from strict dormancy, in which seeds will
not germinate under any conditions, to conditional dormancy,
in which germination tends to happen at lower rates and only
in optimum temperatures. Twenty wetland sedges investigated
by Schutz (1997) and Kettenring and Galatowitsch (2007) all
had conditionally dormant seeds at maturity. As with most
physiologically dormant temperate species, dormancy was
relieved by cold moist stratification for many of these sedges
(Schutz 1997; Schutz and Milberg 1997; Schutz and Rave 1999;
Kettenring and Galatowitsch 2007). More recently, Sobze and
others (2019) reported that 9 wk of stratification increased ger-
mination for 2 of 5 upland sedges and 2 of 4 wetland sedges.

A reduction in dormancy following a period of after-
ripening (extended warm dry conditions) is common in spe-
cies of dry habitats, including some sedges. For example, 4 to
8 wk of warm dry storage increased germination in 3 of 6 tem-
perate wetland Carex species (Schutz 1997). In another study,
after-ripening increased germination in 9 species while cold
stratification increased germination in 4 species (Schutz 2000).

Germination percentage is typically highest for sedges ex-
posed to warm temperatures (for example, 20-25 °C [68-77 °F];
Schutz 2000). The ability to germinate in lower temperatures is
often not gained until seeds are fully non-dormant. Some forest
sedges have a lower optimum germination temperature, but in
general, temperature requirements for Carex germination are
usually quite high (Schutz and Rave 1999).

Carex inops ssp. inops and C. tumulicola occur on prairies
that were traditionally managed by Native Americans through
controlled burning (Dunwiddie and Bakker 2011). Fires were

typically set in late summer and early fall to encourage the
growth of prairie plants, many of which were important food
crops. These fires reduced competition and released nutrients
into the soil, providing opportunities for seed germination and
establishment.

Indigenous communities around the world have known for
centuries about the stimulatory effects of fire on plant com-
munities, but the effects of smoke on germination were not
noted in scientific literature until relatively recently. de Lange
and Boucher (1990) found that the application of smoke in-
creased the germination of Audouinia capitata, a threatened
endemic South African shrub that had proven difficult to
propagate from seed. Karrikins have since been identified as
the compounds in smoke that stimulate germination (Flematti
and others 2004; van Staden and others 2004) and also affect
other aspects of plant growth (Meng and others 2016).

Karrikins are universally present in smoke, regardless of
the vegetation type burned. They are also in the smoke pro-
duced by burning filter paper and in Liquid Smoke, a readily
available flavoring product (Doherty and Cohn 2000; Flematti
and others 2004). A common way of exposing seeds to smoke-
derived compounds is to bubble the smoke through water and
then apply the smoke water to the seeds. However, smoke water
also contains compounds that inhibit germination; exposing
seeds to undiluted smoke water often results in 0% germination
and can even kill seeds (Doherty and Cohn 2000; van Staden
and others 2004). Only when smoke water has been sufficiently
diluted can the stimulating effects of karrikins occur, assuming
that dormancy has already been relieved (Baskin and Baskin
2014). For example, germination responses of 37 smoke-
sensitive species of Western Australia fluctuated seasonally due
to changes in dormancy state (Roche and others 1998).

Another way to stimulate germination is to remove physical
barriers to germination. Carex seeds are enclosed by the per-
igynium, a layer of tissue that varies in size, shape, thickness,
and durability among species. The perigynium can dampen
signals that stimulate germination and (or) physically restrict
emergence of the seedling. Its removal improves germination
in some species, including C. stipata (Hough-Snee and Coo-
per 2011), C. nebraskensis (Hoag and others 2001), and C. pen-
sylvanica (McGinnis and Meyer 2011). Our focal species have
very different perigynia: C. tumulicola has a thin perigynium
that easily falls off of mature seeds, whereas C. inops has a thick
perigynium that is wrapped tightly around the seed and has a
swollen fleshy portion at the basal end.

In light of the above considerations, our objective was to
evaluate the germination, dormancy, and viability of seed of
C. inops and C. tumulicola. First, we tested 5 durations of cold,
wet stratification (0-4 mo) and 3 post-stratification diurnal
temperature regimes, and also made anecdotal observations
about after-ripening. Second, we developed a protocol to test
the effects of smoke water and Liquid Smoke on germination of
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non-dormant sedge seeds, building on the results of our dor-
mancy release and germination temperature trial. Finally, since
the perigynium does not fall off easily from C. inops, we tested
whether removing it increased germination of this species.

MATERIALS AND METHODS

We tested 2 accessions of Carex inops ssp. inops and 1 accession
of Carex tumulicola. All accessions were collected from western
Washington State. One C. inops accession (Wild; 318 seeds/g;
purity 98%) was wild-collected from Tenalquot Prairie (Rainier,
Washington) on 15 June 2015. The other C. inops accession
(Farm; 362 seeds/g; purity 96%) was harvested from plants at the
Violet Prairie Seed Farm (Tenino, Washington) on 15 May 2015;
these plants had been grown from seed that was wild-collected
at several South Sound prairie sites. The C. tumulicola accession
(681 seeds/g; purity 98%) was wild-collected from Naas Prairie
(Coupeville, Washington) on 13 September 2015. All seeds were
stored at room temperature (22 °C [72 °F]).

Dormancy Release and Germination Temperature

The first experiment aimed to identify the cold moist strati-
fication period that would release dormancy and the optimal
germination temperature for each species. Work began in Sep-
tember 2015. From each accession, 3200 seeds were imbibed in
aerated deionized (DI) water for 24 h, rinsed in a 10% concen-
trated bleach solution (1:9 bleach: DI water) for 1 min, rinsed
in DI water, and then blotted dry. Neither species has physical
dormancy;, so all seeds imbibed water readily.

For each accession, we counted out 16 groups of 200 seeds
each (Table 1). We evenly divided each group of seeds into 4
lots, each of which was placed in a Petri dish (100 x 10 mm,
polystyrene, Carolina Biological Supply). Seeds were placed on

2 sheets of filter paper (9 cm, qualitative, Carolina Biological
Supply) moistened with DI water, covered with alid, and placed
in incubators. We used 4 incubators set to approximate the diur-
nal temperatures and light regime of typical western Washing-
ton seasons: winter, spring, intermediate, and summer. Winter
conditions were 5 °C (41 °F) and light for 10 h, then 2 °C (36 °F)
and dark for 14 h; these were also the conditions for cold moist
stratification. Spring conditions were 15 °C (59 °F) and light
for 12 h and then 8 °C (46 °F) and dark for 12 h. Intermediate
conditions were 19 °C (66 °F) and light for 12 h and then 11 °C
(52 °F) and dark for 12 h; these conditions represent the shoul-
der seasons between spring and summer and between summer
and fall. Summer conditions were 24 °C (74 °F) and light for
14 h, and then 14 °C (57 °F) and dark for 10 h.

Dishes were checked every 2 to 3 d for almost 3 mo (84 d).
Germinants were tallied and removed, and DI water was added
as necessary to keep the filter paper moist. Germination was
defined as the emergence of both a radicle (embryonic root)
and a coleoptile (embryonic leaf). Although no minimum
length was specified, both had to be visible and identifiable,
which usually occurred when they were at least 1 mm long.
Seeds that had only 1 of the 2 structures, or for which they were
too small to be distinguished, remained in the dish until they
fully met the germination criteria or died.

Stimulating Germination

The second and third experiments evaluated additional
ways to stimulate germination in non-dormant seeds. In the
second experiment, we evaluated the effects of smoke-derived
compounds on germination. Only 2 accessions, Farm C. inops
and C. tumulicola, were evaluated in this trial; Wild C. inops
was not included because the entire accession was used in the

previous experiment. This experiment began in April 2016.

Cleaned seed of Carex inops ssp. inops.

Cleaned seed of Carex tumulicola.
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TABLE 1

Stratification periods (0—4 mo) and germination temperatures (spring, intermediate, summer, winter) experienced by each treatment dur-
ing the dormancy release and germination temperature experiment.
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Treatment Weeks 0-4 Weeks 5-8 Weeks 9-12 Weeks 13-16 Weeks 17-20 Weeks 21-24 Weeks 25-28
0-SPR Spring

O-INT Intermediate

0-SUM Summer

1-SPR Winter Spring

1-INT Winter Intermediate

1-SUM Winter Summer

2-SPR Winter Spring

2-INT Winter Intermediate

2-SUM Winter Summer

3-SPR Winter Spring

3-INT Winter Intermediate

3-SUM Winter Summer

4-SPR Winter Spring

4-INT Winter Intermediate
4-SUM Winter Summer
WIN Winter

Notes: Each treatment was applied to 200 seeds per accession. Winter treatment was included for visual comparison but was not analyzed statistically.

Smoke treatments were derived from 2 sources. The first,
smoke water, was produced as described by Krock and others
(2016) and de Lange and Boucher (1990). In September 2015,
native prairie plant chaff was burned over Quercus garryana
Douglas ex Hook. (Oregon white oak [Fagaceae]) coals and
cooled smoke was pulled through DI water by vacuum suction.

10/19/2015

The second source, Liquid Smoke, is a commercial product
(Wright’s Hickory Liquid Smoke, B&G Foods, Parsippany, New
Jersey). Both smoke sources were stored frozen.

Three concentrations of each smoke treatment were evalu-
ated: high (0.01%), medium (0.0001%), and low (0.000001%).
These concentrations were selected based on an initial trial

11/07/2015

256 Newly germinating seedling of Carex inops ssp. inops.

Newly germinating seedling of Carex tumulicola.
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in which each source was serially diluted and the effects of
the dilutions on germination of lettuce seeds were measured
(Broadlick 2016). A DI-water control was included for com-
parison.

Dry seeds from each accession were randomly separated
into 7 groups of 200. Each group was placed in a piece of fine
mesh screen and tied shut with a rubber band. From each smoke
treatment dilution and from the DI-water control, 200 ml were
prepared and placed in open-topped glass jars at room temper-
ature. Mesh bags were clipped to the inside of the jars to fully
submerge seeds. Aquarium bubblers aerated the solutions.

After 56 h in the solutions, seeds were rinsed with tap water,
swirled in a 10% concentrated bleach solution for 60 s, and
then rinsed again in tap water for 10 s. Each group was then
evenly divided into 4 lots, each of which was placed in a Petri
dish. Seeds were placed on 2 pieces of filter paper and watered
with DI water as described above. Germination regimes were
chosen based on the results from the first experiment: C. inops
was placed directly into intermediate conditions while C. tu-
mulicola was placed in cold moist stratification for 8 wk and
then moved to intermediate conditions. Dishes were checked
3 times per week, germinants were tallied and removed, and
additional DI water was added as needed.

The third experiment, perigynia removal, was conducted
only on the Farm C. inops accession. The perigynium was re-
moved from 200 dry seeds by rubbing them with 80 grit sand-
paper in a 35 mm soil sieve. After perigynia removal, seeds
were treated identically to the DI-water control of the smoke
experiment.

After-ripening

Our smoke treatment and perigynia removal experiments
were conducted more than 6 mo after the dormancy release
and germination temperature experiment. During the interim,
seeds were stored under warm (22 °C [71 °F]), dry conditions
in the laboratory. We realized later that we could compare ger-
mination patterns of seeds that received the same treatment
after different lengths of storage, and thus make informal ob-
servations of whether after-ripening had occurred. We did so
using the Farm C. inops and C. tumulicola accessions. Farm
C. inops seeds that received no stratification and were exposed
to intermediate conditions were used in the dormancy release
and germination temperature experiment (initiated 19 wk
after seed collection) and the perigynia removal experiment
(initiated 49 wk after seed collection). Carex tumulicola seeds
that received 2 mo of stratification and then were exposed to
intermediate conditions were used in both the dormancy re-
lease and germination temperature experiment (initiated 4 wk
after seed collection) and the smoke experiment (initiated
32 wk after seed collection). For each accession, we visually
compared germination patterns to see if they varied with time
since seed collection.

Viability Testing

At the end of each experiment, non-germinated seeds
were tetrazolium (TZ) tested. Tetrazolium staining indicates
whether a seed is physiologically active; seeds that do not stain
are non-viable (Peters 2000). Some species, including some
Carex spp., are difficult to test as seeds may not stain if in a
state of deep dormancy (Vivrette and Meyr 2002). The recom-
mended protocol (Peters 2000) led to poor staining, so we in-
creased the staining period after consulting with Sabry Elias, a
TZ testing expert at Oregon State University (Elias 2016). Spe-
cifically, we cut seeds longitudinally through the embryo and
incubated them cut-face-down in 1% TZ at 30 to 35 °C (86—
95 °F) for 48 h. One-half of each seed was tested. We evalu-
ated viability using a dissecting microscope. Embryo stain-
ing, endosperm firmness, embryo size, and seed size were all
taken into account in the assessment of viability. Staining in
the aleurone layer was ignored. We placed difficult-to-classify
seeds in a third category and later split them between the vi-
able and non-viable categories.

Analyses

Germination counts and TZ results were compiled in a rela-
tional database and analyzed in R (version 3.5.1). We calculated
3 key variables: germination, the percentage of seeds that ger-
minated; dormancy, the percentage of non-germinated seeds
that were TZ-responsive; and viability, the percentage of seeds
that either germinated or were TZ-responsive. Although these
variables are expressed as percentages, analyses were based on
counts of seeds that met or did not meet each criterion. Germi-
nation was our primary response variable and was calculated in
all experiments and at multiple dates. We calculated cumulative
germination over time. Germination patterns were explored by
plotting cumulative germination percentages for each treat-
ment group over time, from the date they were removed from
stratification until 12 wk (84 d) later. Dormancy and viability,
our secondary variables, were calculated only for the dormancy
release and germination temperature experiment, at the end of
the germination testing period.

We analyzed species separately since they germinated at
very different rates. Statistical analyses of germination focused
on patterns after 56 d for C. inops and after 28 d for C. tumuli-
cola. These time periods were chosen to maximize differences
in germination among treatments while minimizing the length
of the germination period, since shorter germination periods
are more useful for growers. Analyses used generalized linear
models (GLMs) with a binomial distribution to assess the ef-
fects of stratification period (0 through 4 mo; treated as a fac-
tor), germination temperature (spring, intermediate, summer),
and their interaction on the numbers of germinated and non-
germinated seeds. Petri dishes were included as replicates in
the analyses. For analysis of C. inops, we also included acces-
sion identity (Wild, Farm) in the model. The treatment that
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remained in winter conditions for the entire period was visually
compared to the others but was not included in analyses as it
was not part of our factorial experimental design. Treatments
were compared on the basis of their statistical significance and
the amount of deviance they accounted for. Significant treat-
ments or interactions with more than 2 levels were followed by
pairwise comparisons with Bonferroni corrections for multiple
comparisons.

Dormancy and viability were analyzed using the same struc-
ture described above. For dormancy, the binomial response was
the numbers of non-germinated seeds that were TZ-responsive
and non-TZ-responsive. For viability, the binomial response
was the numbers of live seeds (that is, sum of germinated and
TZ-responsive seeds) and non-TZ-responsive seeds.

The effects of smoke water and Liquid Smoke were analyzed
separately because there was no reason to expect the same
concentrations of different sources to have the same effect. For
each smoke source, we used a GLM with a binomial distribu-
tion to assess the effect of concentration (high, medium, low,
none) on the numbers of germinated and non-germinated
seeds. Analyses were conducted after 56 and 28 d of germina-
tion for C. inops and C. tumulicola, respectively.

The effect of perigynia removal on C. inops was assessed by
comparing germination in the removal treatment with that in
the DI-water control. This analysis used a GLM with a binom-
ial distribution to assess perigynia removal (removed, intact)
on the numbers of germinated and non-germinated seeds after
56 d of germination.
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Figure 1. Cumulative germination patterns over 84 d (12 wk) for 2 accessions of Carex inops ssp. inops and 1 accession
of C. tumulicola (rows) when placed in 3 different germination temperature regimes (columns) after being subject to
different periods of stratification (colors). Data are averaged across 4 lots per treatment combination. Vertical lines
indicate the dates at which germination was analyzed statistically (see Figure 2). The black germination pattern in each
graph is from seeds that remained in winter conditions for another 12 wk after 4 mo of stratification.
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RESULTS

Dormancy Release and Germination Temperature:

Germination

Germination profiles varied strongly among germination
temperatures, stratification periods, and species (Figure 1). For
C. inops (both Farm and Wild), germination occurred grad-
ually throughout the testing period, particularly under spring
conditions or under intermediate conditions after no to little
stratification (0-2 mo). For C. tumulicola, few seeds germi-
nated without stratification and, for those that received stratifi-
cation, most germination occurred during the first month after
stratification.

All factors were statistically significant for C. inops germina-
tion after 56 d, but the most important, in terms of deviance
accounted for, were the main effect of germination temperature
and the interaction between stratification period and germina-
tion temperature (Table 2; Figure 2). The main effect of germi-
nation temperature reflected higher germination under spring
or intermediate than under summer conditions. The stratifica-
tion period x germination temperature interaction occurred
because stratification period had stronger effects for seeds that
were subsequently exposed to intermediate conditions and
had no effect on seeds exposed to summer conditions. The
highest germination (39%) occurred when seeds received no
stratification and were exposed to intermediate conditions.
Germination differed between accessions—it was higher for
Farm- than for Wild-collected seed—though these differences
were small compared to other terms. Interactions with acces-
sion were also significant but accounted for relatively little of
the deviance, though some combinations differed considerably.
For example, unstratified seeds exposed to spring conditions

TABLE 2

had 23% germination for Farm-collected seed but only 2% for
Wild-collected seed.

All factors were statistically significant for C. tumulicola
germination after 28 d, but stratification period was by far the
most important term (Table 2; Figure 2). Germination was
much higher for seeds that received 2 or more mo of stratifi-
cation; in numerous lots of unstratified seed, no germination
occurred. The stratification period x germination temperature
interaction was significant in part because seeds that received
2 mo of stratification were unlikely to germinate if exposed to
summer conditions. The highest germination (36%) occurred
when seeds received 2 mo of stratification and were then ex-
posed to intermediate conditions.

Dormancy Release and Germination Temperature:

Dormancy

Dormancy levels of seeds that did not germinate were higher
for C. inops than for C. tumulicola (34% vs. 10%). For C. inops,
dormancy was strongly affected by stratification period and by
the accession X stratification period interaction and was much
less strongly affected by germination temperature (Table 2;
Figure 3). Overall, dormancy was higher for seeds that experi-
enced more stratification and for Wild- than Farm-collected
seeds. The significant accession x stratification period inter-
action reflected a strong difference between accessions in the
dormancy of unstratified seeds (Farm: 18%; Wild: 45%).

The effect of stratification period on C. tumulicola dormancy
depended on the subsequent germination temperature (Table
2; Figure 3). These patterns were complex: Dormancy was
highest for unstratified seeds placed under spring conditions,
for seeds that received 3 mo of stratification and intermediate

Statistical results of analysis of accession (A; Carex inops only), stratification period (SP), and germination temperature (GT) on germina-
tion, dormancy, and viability of Carex inops ssp. inops and Carex tumulicola.

Germination Dormancy Viability
Species / Source df Deviance P Deviance P Deviance P
Carex inops ssp. inops
A 1 15.2 <0.001 24.7 < 0.001 14.5 0.001
GT 2 134.0 < 0.001 7.8 0.020 39.3 < 0.001
SP 4 53.7 <0.001 161.0 < 0.001 59.4 < 0.001
A:GT 2 9.2 0.010 4.8 0.091 9.6 0.008
A:SP 4 34.0 <0.001 98.3 < 0.001 61.8 < 0.001
GT:SP 8 81.2 < 0.001 49.7 <0.001 37.8 < 0.001
A:GT:SP 8 28.8 <0.001 57.1 < 0.001 20.0 0.010
Carex tumulicola
GT 2 93.3 < 0.001 2.0 0.374 108.9 < 0.001
SP 4 250.6 < 0.001 30.2 <0.001 57.0 < 0.001
GT:SP 8 72.1 < 0.001 98.7 <0.001 23.0 0.003

Notes: Each species was analyzed separately. Germination is cumulative through 56 and 28 d, respectively, for C. inops and C. tumulicola. Dormancy and viability
were calculated after 84 d of germination. The treatment that remained in winter conditions was not included in these analyses. Statistically significant effects

(P<0.05) are in bold. Data are in Figures 2-4.
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Figure 2. Germination (percentage of seeds that germinated) of 2 accessions of Carex inops ssp. inops and 1 accession
of C. tumulicola (rows) when placed in 3 different germination temperature regimes (columns) after being subjected
to different periods of stratification (colors). The black horizontal line within each row indicates the germination rate
for seeds that remained in winter conditions. Data are cumulative through 56 and 28 d of germination for C. inops and
C. tumulicola, respectively. Each point corresponds to a lot of 50 seeds (4 lots per treatment combination), and bars
are mean values. Within each graph, stratification periods with the same lowercase letters are not statistically different
from one another. Within each row, germination temperatures with the same capital letters are not statistically differ-
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ent from one another. Full statistical results are reported in Table 2.

conditions, and for seeds that received 2 mo of stratification
and summer conditions.

Dormancy Release and Germination Temperature:

Viability

Viability was higher for C. inops than for C. tumulicola
(C. inops: 48%; C. tumulicola: 32%). For C. inops, the most im-
portant factors were stratification period and the accession x
stratification period interaction (Table 2; Figure 4). Viability
was lower in seeds that received 1 or 2 mo of stratification than
in those subject to other stratification periods. The accession
x stratification period interaction was significant because vi-
ability was much less affected by stratification period for Farm-

than for Wild-collected seeds. Seeds that were placed in sum-
mer conditions had lower viability than those that received
spring or intermediate conditions.

Viability of C. tumulicola seed was most strongly affected
by germination temperature: Seeds that received summer con-
ditions had lower viability than those that received spring or
intermediate conditions (Table 2; Figure 4). Viability was lower
for seeds that received no stratification than for those that re-
ceived a few months of stratification.

Stimulating Germination
Germination of C. inops was improved by low concentra-
tions of smoke water, but not by Liquid Smoke (Figure 5).
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Figure 3. Dormancy (percentage of non-germinating seeds that responded to tetrazolium) of 2 accessions of Carex inops
ssp. inops and 1 accession of C. tumulicola (rows) when placed in 3 different germination temperature regimes (col-
umns) after being subjected to different periods of stratification (colors). Data were analyzed after 84 d of germination.
Other details as in Figure 2. Full statistical results are reported in Table 2.

Perigynia removal more than doubled germination of C. inops
seed (P = 0.0042), from 8% to 18%. Germination of C. tumuli-
cola tended to increase when exposed to medium or low con-
centrations of smoke water, or to medium concentrations of
Liquid Smoke (Figure 5).

After-ripening

Comparisons of cumulative germination patterns (Figure 6)
suggest that extended after-ripening delayed and reduced ger-
mination of C. inops. Perigynia removal increased the germi-
nation rate, though the total number of germinants remained
lower than for the earlier experiment.

For C. tumulicola, after-ripening did not appear to affect the
timing of germination but reduced it somewhat. Although the
smoke water experiment assessed germination for only 28 d,
the earlier experiment strongly indicated that few additional
germinants would be expected.

DISCUSSION

By varying the stratification period and germination tem-
perature, we increased the germination of C. inops and C. tu-
mulicola from < 5% (Krock and others 2016) to ~40%. This
outcome is a measurable improvement over previous practices
and means that these species can be more readily used by land
managers. These species differ in germination requirements
from many other Carex species. In particular, both species pre-
ferred spring or intermediate conditions for germination, with
minimal germination under summer or winter conditions.
Germination in winter is uncommon for many sedges from
temperate regions, but germination in summer is fairly com-
mon (Schutz 2000). Most sedges are associated with wetlands,
however, where summer may be the only time of year that the
water is low enough to expose soil for germination. By con-
trast, the prairies where C. inops and C. tumulicola grow have
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Figure 4. Viability (percentage of seeds that germinated or responded to tetrazolium) of 2 accessions of Carex inops ssp.
inops and 1 accession of C. tumulicola (rows) when placed in 3 different germination temperature regimes (columns)
after being subjected to different periods of stratification (colors). Data were analyzed after 84 d of germination. Other
details as in Figure 2. Full statistical results are reported in Table 2.

well-drained soils and prolonged summer droughts, making
summer a very inhospitable time for a germinating seedling.

Our results also demonstrate the necessity of evaluating spe-
cies individually. These species are closely related and occur in
the same ecological habitat yet have strikingly different stratifi-
cation requirements. However, these differences are consistent
with the ecological characteristics of the species. For example,
their opposite responses to cold stratification correspond to
differences in the timing of seed maturation. Each species’ dor-
mancy pattern appears to delay germination during the first
unsuitable season following seed maturation and promote it
during the next suitable season.

Carex inops ssp. inops

Carex inops seeds did not require stratification and germi-
nated best under intermediate conditions. In the wild, seeds
of this species ripen in June and would naturally experience

a long, dry summer before cooler temperatures and fall rains
return, suggesting that germination would occur in the early
fall once sufficient moisture is available. Germination would
continue gradually until temperatures decrease enough to
stimulate dormancy. Germination occurred non-uniformly,
which would minimize the impacts of unfavorable events (dry
weather, early freeze, for example) on population survival.
Carex inops is rhizomatous yet regularly produces small
quantities of viable seed. The non-uniform germination pat-
terns of this species and the delayed germination caused by the
presence of the perigynia suggest that seeds may accumulate
in the soil seedbank. For example, an average of 465 C. inops
seeds/m? were in the soil of a young (< 75-year-old) forest that
had encroached into a montane meadow in Oregon (Lang
and Halpern 2007; Halpern and others 2015). Other work
has shown that Carex seeds can survive over 130 y in the soil
(Schutz 2000). The seedbank can function as an insurance
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policy against poor weather conditions and can be a means to
capitalize on large disturbances. In the above-mentioned study
in Oregon, C. inops established so abundantly once the trees
were removed and a prescribed burn applied that it inhibited
the establishment of other meadow plants.

Although relatively smaller than the differences among
stratification periods and germination temperatures, we did
detect differences among C. inops accessions. Farm-collected
seeds germinated earlier and faster than did wild-collected
seeds, and some differences were very pronounced, such as the
difference in germination between unstratified seeds of the 2
accessions. These differences could reflect selective pressures in

0 14 28 42 56 70 84

Days

agricultural environments, but they are perhaps surprising as
the seeds that we used were only one generation removed from
wild-collected seed. Further research into variation among ac-
cessions and into the effects of agricultural practices on ger-
mination and dormancy is clearly required.

Carex tumulicola

Carex tumulicola seeds were dormant at the beginning of
these experiments, and dormancy was relieved by exposure
to cold moist stratification. Carex tumulicola seeds mature in
September, so the fact that they require cold stratification sug-
gests they naturally germinate in the spring. Our recommended
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germination regime, 2 mo of cold moist stratification followed
by exposure to intermediate conditions, resulted in the high-
est level of germination, one of the highest levels of viability,
and one of the lowest levels of dormancy. Longer stratification
periods did not enhance germination and, since these condi-
tions can provide opportunities for pathogens, we do not rec-
ommend their use. Interestingly, long-term exposure to win-
ter conditions resulted in gradual, non-uniform germination
similar to that for C. inops. Most combinations of stratification
and exposure to spring or intermediate conditions resulted in
higher germination, lower dormancy, and somewhat higher vi-
ability than were recorded for seeds kept in winter conditions.

Unlike C. inops, C. tumulicola demonstrated rapid and uni-
form germination under the optimal conditions we identified.
Dormancy levels were also lower (~ 20%), implying that ger-
mination was fairly complete: Most seeds that could germinate
at that point in time did so. These characteristics are not well
suited to seedbanking, implying that C. tumulicola may not be
as reliant on a seedbank.

Opverall seed viability was lower for C. tumulicola than for
C. inops. It is unclear whether non-viable seeds were dead or
were unresponsive to tetrazolium because they were experien-
cing deep dormancy. If the latter, perhaps other germination
conditions would stimulate these seeds to germinate. Many
aspects of the germination environment could be adjusted, in-
cluding daytime and nighttime temperatures, the diurnal tem-
perature range, length of day and night, presence and intensity
of light, and the addition of germination stimulators such as
gibberellic acid.

Implications for Plant Production

Our results have several implications for plant production.
Carex inops has non-uniform germination under most of the
germination conditions that we identified. A longer germina-
tion period would result in even more germination, though
the resulting germinants would also vary considerably in age
and size, which could have implications for their subsequent
performance. If plants are being grown as plugs, a sortable
tray such as the Ray Leach Cone-tainer (Stuewe & Sons Inc,
Tangent, Oregon) would allow plants of different ages to be
grouped and would alleviate some of the challenges of grow-
ing different-aged plants as a single crop. In comparison, C. tu-
mulicola has rapid and uniform germination and thus is more
convenient for propagators. Following our recommended ger-
mination regime should result in germination of most viable
seeds, and a longer germination period would have minimal
benefits for germination.

Incorporating perigynia removal into propagation proto-
cols would measurably increase germination of C. inops, but
doing so requires efficient and scalable perigynia removal
methods. Of course, these methods must also not be so aggres-
sive as to damage the seeds. Since we tested perigynia removal

secondarily, we were not able to assess its effects on seeds that
had received less after-ripening. We expect that perigynia re-
moval would also enhance germination in these seeds, as we
have no reason to expect after-ripening and perigynia removal
to interact.

Our results provide limited support for the inclusion of
smoke treatments. The Liquid Smoke treatment had a highly
nonsignificant effect on germination of C. inops but tended to
increase germination of C. tumulicola. It is unclear why the spe-
cies differed in response to this treatment, but perhaps C. inops
is more sensitive to the presence of other chemicals within Li-
quid Smoke. Most responses to smoke treatments were rela-
tively small; much larger changes in germination were achieved
by altering stratification period and germination temperature,
or by removing the perigynia from C. inops seeds. Nonethe-
less, smoke treatments are inexpensive to apply so even small
improvements in germination may be economically worth-
while. It is also possible that the smoke application method
could be enhanced. For example, we applied smoke treatments
before stratification and then moistened seeds with DI water
during stratification. Since chemicals within smoke affect the
germination of only non-dormant seeds, perhaps our approach
reduced karrikin concentrations below active levels by the time
dormancy was broken. Applying smoke treatments during or
after stratification might be more effective.

Finally, we note that we stored seeds at room temperature
since this was consistent with the natural conditions experi-
enced by these species, but it is common practice to store
orthodox seeds in cool dry conditions after collection. Our re-
sults therefore do not provide insight into the effects of storage
under cool dry conditions. However, the higher germination
rate in our study compared to studies that stored them under
such conditions (Krock and others 2016) suggests that a lim-
ited amount of after-ripening during storage may have helped
relieve dormancy for C. inops. Further research into this topic
is warranted.

CONCLUSIONS

The germination protocols summarized here provide large
improvements in propagation success for Carex inops ssp.
inops and C. tumulicola. On the one hand, Carex tumuli-
cola seeds require cold moist stratification but are otherwise
straightforward to germinate. Carex inops, on the other hand,
does not benefit from stratification but may prove more chal-
lenging to propagate because of its non-uniform and extended
duration of germination. Further testing and application of
these findings could further refine propagation protocols. For
example, C. inops germination was much higher with a little
after-ripening than with lots of after-ripening, and perigynia
removal increased germination with lots of after-ripening, but
we did not test perigynia removal with little after-ripening.
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Would this combination result in even more germination? By
increasing the feasibility of propagating these species from
seed, genetically diverse populations of these species can be in-
corporated into restoration projects.
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