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ABSTRACT

An untested theory states that C4 grass seeds could germinate under lower water
potentials (Ψ) than C3 grass seeds. We used hydrotime modelling to study seed water
relations of C4 and C3 Canadian prairie grasses to address Ψ divergent sensitivities
and germination strategies along a risk-spreading continuum of responses to limited
water. C4 grasses were Bouteloua gracilis, Calamovilfa longifolia and Schizachyrium
scoparium; C3 grasses were Bromus carinatus, Elymus trachycaulus, Festuca hallii and
Koeleria macrantha. Hydrotime parameters were obtained after incubation of non-
dormant seeds under different Ψ PEG 6000 solutions. A t-test between C3 and C4

grasses did not find statistical differences in population mean base Ψ (Ψb(50)). We
found idiosyncratic responses of C4 grasses along the risk-spreading continuum.
B. gracilis showed a risk-taker strategy of a species able to quickly germinate in a dry
soil due to its low Ψb(50) and hydrotime (hH). The high Ψb(50) of S. scoparium indi-
cates it follows the risk-averse strategy so it can only germinate in wet soils. C. longifo-
lia showed an intermediate strategy: the lowest Ψb(50) yet the highest hH.
K. macrantha, a C3 grass which thrives in dry habitats, had the highest Ψb(50), sug-
gesting a risk-averse strategy for a C3 species. Other C3 species showed intermediate
germination patterns in response to Ψ relative to C4 species. Our results indicate that
grasses display germination sensitivities to Ψ across the risk-spreading continuum of
responses. Thus seed water relations may be poor predictors to explain differential
recruitment and distribution of C3 and C4 grasses in the Canadian prairies.

INTRODUCTION

Grasses with a C4 photosynthetic pathway often co-dominate
with C3 species in cool semi-arid grasslands such as the Cana-
dian prairies (Coupland 1950), including the mixed grass prai-
rie, the fescue prairies and their transition zones. However,
temperatures in some of these grasslands are marginally
favourable for C4 grasses as average daily air temperatures
within any month are much below 21 °C (Government of Can-
ada 2014), a threshold considered to predict a decline in physi-
ological advantages for C4 plants and their ability to compete
against C3 species (Ehleringer et al. 1997; Collatz et al. 1998;
Sage & Kubien 2007). The marginal distribution of C4 grasses
in Canadian mixed grass prairies is further illustrated by the
regional climate dictating that these prairies belong to a C3

exclusive grassland type according to C3/C4 distribution mod-
els (Collatz et al. 1998). The unexpected abundance of C4

grasses in Canadian cool prairies may be partially explained by
advantages during recruitment over C3 species, as this process
is a key factor determining geographic ranges in grasslands
(Minnick & Coffin 1999).

Differences in temperature requirements for seed germina-
tion between C4 and C3 grasses are well documented, with base
and optimal temperatures for seed germination higher for C4

than C3 grasses (Jordan & Haferkamp 1989). Germination is

especially sensitive to low water availability (Evans & Ethering-
ton 1990; Ludewig et al. 2014). Moreover, differences in water
requirements for germination between C3 and C4 grass species
could be anticipated because the warm season is also the driest
in most ecosystems (Baskin & Baskin 2001). While the ability
of C4 grass seeds to germinate at lower water potentials than
those of C3 grasses was previously studied, results are far from
conclusive. After a compilation of data from different sources,
Baskin & Baskin (2001) proposed that C4 grass seeds are able
to germinate under greater water stress (lower water potentials)
than those of C3 grasses. While extensive in the number of spe-
cies (n = 25) studied, the Baskin & Baskin (2001) review
included data obtained through different experimental meth-
ods and were deficient in statistical analyses of results. Qi &
Redmann (1993), who independently tested the same hypothe-
sis on a smaller pool of cultivated and native pasture species
(n = 6), did not find differences in germination responses to
water stress between C4 and C3 grasses. Besides the hypothesis
of seed water relations, differences between C3 and C4 grasses
do not take into account that recruitment is naturally episodic
for species in arid and semi-arid lands due to high annual vari-
ations in amount and timing of precipitation (Lauenroth et al.
1994). Species may depict different risk-spreading strategies for
germination under restricted soil water (Daws et al. 2008).
Some species are risk-takers, able to rapidly progress towards
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germination even at low soil water potentials. In contrast, other
species are risk-averse as they avoid desiccating conditions and
rely on the onset of prolonged wet periods for recruitment
(Daws et al. 2008). Further studies including different recruit-
ment strategies are needed to draw a comprehensive framework
for seed germination sensitivity to water potential designed for
C3 and C4 species.
Population base hydrotime threshold models have been used

to study seed germination sensitivity to water stress in multiple
plant species, including vegetables (Bradford 1990), weeds,
invasive plants (Batlla & Benech-Arnold 2004; Allen et al.
2007), forest species (Daws et al. 2008) and range grasses
(Gundel et al. 2012). We used hydrotime modelling as a tool to
study seed water relations (hydrotime parameters) of native C3

and C4 grasses in an attempt to address divergent sensitivities
between groups and their germination strategies along the risk-
spreading continuum of responses to limited water. Outcomes
will assist in elucidating the processes that control ecological
sorting of grass species in Canadian prairies.

MATERIAL AND METHODS

Plant material

We studied germination and seed water relations of grass spe-
cies native to Canadian mixed-prairie grasslands. This is an
appropriate system to study the hypothesis of functional diver-
gences between C3 and C4 grasses in seed water relations
because the climate of the mixed-prairie is dry sub-humid to
semi-arid, with individual years ranging from humid to arid
(Coupland 1992). In the mixed-prairie grasslands dry years as
well as moist years tend to be grouped (Coupland 1992), pro-
viding different opportunities for seedling establishment. The
climate in Canadian mixed prairie grasslands is continental,
characterised by long cold winters and short summers (Coup-
land 1992). Mean July and January daily temperatures recorded
for a representative weather station for the region at Swift Cur-
rent, Saskatchewan (50°160 N, 107°440 W) are 18.5 °C and
�10.6 °C, respectively (Government of Canada 2014). Mean
annual precipitation in the area is 357 mm, more than two-
thirds occurring during the growing season as rainfall. The
average length of the frost-free period is 122 days.
Seeds of tested species were purchased from licensed seed

companies and included registered varieties, wild harvested
seeds and seeds from cultivated stands derived from plants col-
lected in Alberta, Saskatchewan and Manitoba. The C3 grasses
were Bromus carinatus Hook. & Arn., Elymus trachycaulus
(Link) Gould ex Shinners subsp. trachycaulus (Syn = Agropyron
trachycaulum (Link) Malt.), Festuca hallii (Vasey) Piper and
Koeleria macrantha (Ledeb.) Schultes ‘ARC Mountain View’.
The C4 grasses were Bouteloua gracilis (Willd. ex Kunth) Lag.
ex Griffiths ‘Bad River’, Calamovilfa longifolia (Hook.) Scribn.
and Schizachyrium scoparium (Michx.) Nash (Syn = Andropo-
gon scoparius Michx.). Festuca hallii, C. longifolia, and S. scopa-
rium were harvested from cultivated wild-harvested sources in
the above-mentioned provinces. Bromus carinatus seeds were
wild-harvested and E. trachycaulus seeds belong to a commonly
used genotype native from the area whose provenance was not
disclosed by the seed company. Seeds harvested during 2011
were purchased in 2012 and stored dry at �20 °C immediately
after purchase. We assumed that seed underwent dry after-

ripening during seed company storage. Species seed weights
were obtained from an unpublished literature review of one of
the authors (M. A. Naeth, unpublished data).

Seed base water potential for germination can vary according
to the dormancy status of each seed lot (Bradford 1996). As
our aim was to obtain a quantitative mathematical description
of potential seed germinability under low water potentials, we
excluded seed lots with noticeable dormancy. Species were
included in the study if any seed lot had unnoticeable or low
seed dormancy as determined by >70% germination after
30 days at 20 °C in distilled water and darkness and by a lack
of significant germination percentage differences between seeds
incubated at 20 °C and those incubated at fluctuating tempera-
tures 15/25 °C for 12/12 h�day�1. We followed this procedure
because diurnally fluctuating temperatures are known to be the
main environmental signal breaking seed dormancy in grass-
land species (Thompson & Grime 1983). The seven species
included in this study were selected from an initial set of 13
grass species. Species not included according to the above-
mentioned selection process were Bromus ciliatus L., Des-
champsia caespitosa (L.) P. Beauv., Hesperostipa comata Trin. &
Rupr., Pascopyrum smithii (Rydb.) A. L€ove, Nassella viridula
(Trin.) Barkworth and Sporobolus cryptandrus (Torr.) A. Gray.

Laboratory experiments

Seed experiments were conducted in a growth chamber (Model
DS33SD; Powers Scientific Inc., Pipersville, USA) at 20 °C, the
temperature associated with highest germination across water
stress treatments for both C4 and C3 grass species (Qi &
Redmann 1993). Experiments were conducted with ambient
dim white light provided by two fluorescent tubes (Sli Lighting
Eco-Line 4100K F17T8/84). Photoperiod was 12 h day�1 at an
average irradiance rate of 14 � 2 lmol�m�2�s�1. Pure seed
units were selected by diaphanoscopy. Then, four replications,
each with 30 seeds (caryopsis, one seeded florets or seeds), at
each of 0, �0.3, �0.5, �0.8, �1 and �1.5 MPa water potential
treatments were evaluated for each species. Water potentials in
the germination media were generated with solutions contain-
ing different concentrations of polyethylene glycol (PEG) 6000
following equations published in Michel & Kaufmann (1973).
Actual water potential was measured using a Decagon WP4-T
dewpoint potentiometer (Decagon Devices, Inc., Pullman,
USA). Transparent polystyrene boxes (11 9 11 9 3.5 cm) lined
with two layers of Whatman no. 1 filter paper were used; filter
paper was evenly soaked with one of the PEG solutions. Germi-
nation boxes were covered with plastic film to prevent evapora-
tion. Seeds incubated with solutions containing PEG were
transferred to fresh solutions in days 2, 5 and 10 after seeding
to correct for increases in PEG concentration. Position of ger-
mination boxes was rotated within each growth chamber after
each germination monitoring. Germination was recorded as
the initiation of embryo growth, verified as the protrusion of
the radicle or coleoptile emergence (in C. longifolia) through
seed coats. Germination was monitored every day and ended
after 20 days. This period ensured that germination rates were
closely related to current seed conditions. Counted germinated
seeds were removed from germination boxes. Seed mortality at
the end of the experiments was determined by applying gentle
pressure with tweezers or by diaphanoscopy (e.g. small seeds)
and dead seeds were excluded from the data.
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Model description and data analysis

We used the hydrotime model as a population base threshold
model to describe the germination response of seeds to differ-
ent water potentials, which is based on the linear relationship
between germination rate and water potential (Bradford 1990;
Allen et al. 2007). The hydrotime model relates time to germi-
nation to the difference between the actual seed water potential
(Ψ) and the minimum or base water potential Ψb(g), allowing
germination of fraction ‘g’ through the following equation
(Gummerson 1986):

hH ¼ ½W�WbðgÞ�tg ð1Þ

where hH is the accumulated hydrotime (in MPa day�1)
required from imbibition to germination; and tg is time for the
‘g’ fraction to germinate (in days). The model assumes that hH
is constant for a seed lot, thus variation in time to germination
among fractions depends on the difference between Ψ and
Ψb(g) (Bradford 1990). The model also assumes that variation
in Ψb within a seed lot is normally distributed to use probits
for the analysis (Bradford 1990); rΨb being the standard devia-
tion of the population. The values of the parameters Ψb(50)

(population mean base Ψ), hH and rΨb were determined using
repeated probit regression analysis to determine the best fit
(least residual variance) to the data, as previously described by
Bradford (1990). Differences among species in 95% confidence
intervals for Ψb(50) and rΨb were determined through regres-
sion analyses of cumulative germination (probits) versus esti-
mated base water potentials. In this probit analysis, rΨb is the
reciprocal of the slope of the regression line (Bradford 1990).
Regression and t-test analyses between C3 and C4 species in
Ψb(50) were conducted using STATISTICA version 10 (Stat-
Soft Inc. Tulsa, OK, USA).

RESULTS

Germination rates and final germination percentages were pro-
gressively inhibited when seeds were subjected to more negative
water potentials (Figure S1). None, or a small percentage, of
B. carinatus, E. trachycaulus, F. halii, K. macrantha and
S. scoparium seeds germinated at �1.0 MPa; however, even
with an increased lag period, approximately 40% of B. gracilis
and C. longifolia seeds germinated at that water potential (Fig-
ure S1). At �1.5 MPa, observed germination was prevented or
negligible in all species but C. longifolia (Figure S1).
The hydrotime model showed that there were significant dif-

ferences in base water potentials among species as determined
by their confidence intervals (Fig. 1, Table 1). C. longifolia and
B. gracilis, species with the C4 pathway, had lower Ψb(50) val-
ues in the distribution (Fig. 1, Table 1); S. scoparium, another
C4 species, had a Ψb(50) higher than all the C3 species (Fig. 1,
Table 1). Other hydrotime parameters varied across the studied
species and respective C4 or C3 groups. The hydrotime model
and regression analyses showed that there were significant dif-
ferences among species in the distribution of population base
water potentials along seed subpopulations, as determined by
rΨb (P < 0.001; Fig. 1, Table 1). The rΨb indicated that differ-
ences in germination uniformity within seed subpopulations
were higher in some species, such as C. longifolia, and smaller
in others, such as F. hallii (Fig. 1, Table 1). The hH, accumu-
lated hydrotime required from imbibition to germination,
indicated that germination speed also varied among species;
with C. longifolia seeds the most slow to germinate (Table 1).
The fraction of total variation accounted for by the hydrotime
model was high for all species and allowed calculation of
hydrotime parameters and the modelling of germination time
courses (Figure S1).

Fig. 1. Frequency distributions of base water potential (Ψb) in seed popula-

tions of C3 and C4 grasses. Distribution curves are of C3 grasses (1) Festuca

hallii, (2) Elymus trachycaulus, (3) Bromus carinatus, (4) Koeleria macrantha.

Distribution curves of C4 grasses (Bouteloua gracilis, Calamovilfa longifolia

and Schizachyrium scoparium) are labelled in the figure.

Table 1. Estimated population hydrotime parameters for germination of C3 and C4 grass species native to the Canadian mixed grass prairie.

species carboxylation pathway seed weight (mg) Ψb(50) (MPa) Ψb(50) CI (MPa) rΨb (MPa) hH (MPa day�1) r2

B. gracilis C4 0.63 �1.00 �1.03/�0.97 0.41 2.6 0.90

B. carinatus C3 4.80 �0.63 �0.65/�0.60 0.44 2.4 0.91

C. longifolia C4 1.90 �1.32 �1.37/�1.27 0.55 6.3 0.84

E. trachycaulus C3 3.55 �0.70 �0.73/�0.66 0.46 3.1 0.85

F. hallii C3 2.55 �0.78 �0.80/�0.76 0.26 2.7 0.94

K. macrantha C3 0.27 �0.48 �0.50/�0.47 0.36 2.8 0.98

S. scoparium C4 2.00 �0.31 �0.33/�0.31 0.31 1.4 0.95

Ψb(50) is the mean base water potential in MPa, Ψb(50) CI are the 95% confidence intervals for base water potential, rΨb is the SD of the base water potential,

hH is the hydrotime constant (MPa day�1).

Coefficients of determination indicate the fraction of total variation explained by the model.
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A t-test analysis for independent samples gave non-signifi-
cant differences between C3 and C4 species in Ψb(50) (t = 0.75,
P = 0.53). The Ψb(50) mean (�SE) for C3 species (n = 4) was
�0.65 � 0.06 MPa; that of C4 species (n = 3) was
�0.88 � 0.30 MPa.

DISCUSSION

According to a compilation of mean Ψ that reduced germina-
tion to 50% in grasses, C3 species would have a higher (less
negative) Ψ threshold for germination relative to C4 species
(Baskin & Baskin 2001). Our data indicate that the global ten-
dency shown by Baskin & Baskin (2001) was not displayed by
Canadian prairies grasses, as C4 species Ψb(50) were not signifi-
cantly lower (more negative) than those of C3 grasses. The eco-
logical relevance of this finding is that germination sensitivity
to Ψ is not tightly associated to functional groups, and thus
seed water relations may be poor predictors to explain recruit-
ment and distribution of C3 and C4 grasses in the Canadian
prairies.
Phenology differences between C4 and C3 species which

prompted the hypothesis that C4 grasses could germinate on
drier soils during the warm season led to the proposition of Qi
& Redmann (1993) and Baskin & Baskin (2001) about C4 and
C3 functional divergences in germination sensitivities to water
potentials. However, differences in Ψ thresholds for germina-
tion may arise as a result of local adaptation to different habi-
tats (Allen et al. 2000; Finch-Savage & Leubner-Metzger 2006).
Adaptation to a site that is subjected to frequent and intense
water deficits, such as the Canadian prairies, may drive a con-
tinuum of responses between two contrasting germination
strategies that reduce risks of desiccation: the risk-taker strategy
of fast emerging species able to accumulate hydrotime (hH)
and rapidly germinate at low Ψ and the risk-averse strategy of
species that slowly germinate at high Ψ thus emerging during
prolonged wet periods (Daws et al. 2008). Our C4 grasses,
which were anticipated to have a low Ψ threshold for germina-
tion, showed contrasting strategies along the continuum. Bout-
eloua gracilis clearly showed the risk-taker strategy of a species
able to quickly germinate in a relatively dry soil due to its low
Ψb(50) and reduced hH. The B. gracilis risk-taker strategy that
would allow it to rapidly emerge and establish may support its
pioneer nature in sandy-loam soils and its vulnerability to be
outcompeted by taller colonisers (Coupland 1992). In contrast,
the high Ψb(50) of S. scoparium indicates that this species fol-
lows the risk-averse strategy, so it can progress towards germi-
nation only in wet soils. The risk-averse strategy of
S. scoparium seems to support its mesic habitat preference.
Thus, although S. scoparium can occur in relatively moist soils
in the mixed grass prairies of western Canada (Coupland 1950;

Moss 1983), it is more abundant in the more humid mixed and
tall grass prairies of eastern Canada (Best et al. 1971). That
C. longifolia showed an intermediate strategy, with the lowest
Ψb(50) and the highest hH, indicates its seeds are able to pro-
gress towards germination at suboptimal water availability but
with a slow germination rate characteristic of risk-averse spe-
cies.

Our pool of native C3 species encompasses a broad spectrum
of geographic, habitat and soil ranges. Koeleria macrantha, the
species with preference for dry environments and broad spec-
trum soil textures, had the highest Ψb(50), suggesting a risk-
averse strategy for a C3 species. The other C3 grasses, which
thrive in more structured soils (e.g. E. trachycaulus) or moister
and protected habitats (e.g. F. hallii), showed similar and inter-
mediate germination patterns in response to Ψ relative to C4

species. The small differences in Ψb(50) and hH among C3

grasses are not surprising as C3 species are able to germinate
early in the spring due to their low base and optimum temper-
ature for germination (Jordan & Haferkamp 1989). They then
avoid emergence during the growing season, which is the per-
iod of higher variation in soil water content in the Canadian
prairies (James et al. 2003).

Our results indicate that grasses display germination sensi-
tivities to water potential across the continuum of responses
expected according to the risk-spreading theory depicted for
sites with restricted soil water for recruitment (Daws et al.
2008). In semi-arid grasslands, where recruitment is an epi-
sodic phenomenon (Lauenroth et al. 1994), a further refine-
ment of the risk-spreading theory to include a higher number
of species and functional groups may be conducive to under-
standing germination niches and ecological sorting of plant
species.
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