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Germination and Establishment in Willamette Valley Native Prairie Plants 

Native plants provide many ecosystem services while also having great beauty and 

are a valuable component of the landscape. As use of these plants in habitat restoration, 

agricultural insectary plantings, and home landscapes increases so does demand for 

information on the basic biology of a group of species that have only been sparingly studied.  

Germination is one of the first major events in a plant’s life cycle and can be affected 

by both the physiological state of the seed and the environment the seed is in. Seeds can 

become dormant and may require some environmental signal for germination. I conducted a 

series of germination trials on a set of Willamette Valley native prairie plants to test whether 

cold stratification or various scarification treatments can be used to break seed dormancy.  I 

used each species’ responses to classify the dormancy type of each species.   

The environmental conditions that the seed experiences also affect germination. The 

effect of temperature on germination was studied using a temperature gradient table.  Seeds 

were tested to characterize species based on the temperature range at which its seeds can 

germinate. Germination in some species was bounded within clearly defined temperature 

limits, while germination in others occurred over the full range of studied temperatures. The 

germination data were modeled with linear regression to create standard estimates for the 

physiological limits of each species to allow for comparisons between the species. 

After seeds germinate the initial stages of establishment can have great implications 

on the survival of the plant. A greenhouse experiment was conducted to study the competitive 

interactions of six of the species. Plants were grown together in pots for 90 days and biomass 

collected. The mean competitive effect and competitive response of each species was 

calculated and the results were regressed against each species’ values for several 

physiological traits that were available from the literature. The experiment found that species 

with higher relative growth rates had greater competitive effects on other species. 

The first two experiments measured physiological traits of several Oregon native 

species. The third demonstrated the utility of standardized traits in predicting ecological 

behavior. This trait based approach has great potential as a tool for comparing ecological 

  



 

similarities and differences across different ecosystems and different species pools. 
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Germination and Establishment in Willamette Valley Native Prairie Plants 

 

General Introduction 

 

Plants need water, light, and mineral nutrients to grow and reproduce. As a plant 

grows it begins to take up the resources that are available in the space it occupies. Those 

resources are then unavailable to any other plants in the area. In a classic study, Ross and 

Harper (1972) did a series of experiments in a greenhouse where they demonstrated that the 

first plant to occupy a space will be the least affected by competitor plants and will have the 

strongest competitive effect on neighbor plants. The importance of this “priority effect” on 

competition between plants has been demonstrated to be important in both wild and cultivated 

habitats (DeFalco, et al. 2007; Larsen and Bibby, 2005). There is even some evidence that an 

understanding of the processes influencing priority can be used to help design seeding 

methods that result in the desired plant mixture following establishment (Larsen and Bibby, 

2005). 

 Following a disturbance that removes vegetation, the identity of the first plants that 

occupy a space depends on the species pool, their germination requirements, and their 

competitive abilities. The species pool is determined by the seed bank and any seeds that are 

brought to the site by dispersal agents or added as a planned seeding. The dormancy state of 

the seed and the environmental conditions that the species requires will determine when 

plants germinate and begin taking up resources. After germination plants will grow at different 

rates to fill up the available space. To understand how these processes influence competitive 

interactions and the composition of mature vegetation, ecologists need to know the species 

present, their types of seed dormancy, the conditions that result in seed germination, and the 

relative strength of direct resource competition among species pairs. The germination ecology 

and relative competitive ability of many of the species native to the prairies and other non-

forested upland areas of the Pacific Northwest have not been extensively studied. This thesis 

describes three studies meant to provide information on characteristics of several species 

commonly found in northwest grasslands and often included in native seed mixtures.  

The first study (chapter two) describes a series of experiments to test for dormancy 

mechanisms and dormancy breaking treatments that are effective for several Pacific 

Northwest prairie plants. This study screened the seeds of a total of 29 species for their 

responses to treatments including chemical and mechanical scarification and cold 

stratifications of several durations. The second study (chapter three) tested the seeds of 20 

species to determine the temperature limits beyond which germination will not occur. The 

study consisted of four germination trials using a temperature gradient table. The third study 
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(chapter four) describes an experiment I conducted to determine the competitive interactions 

of six native species when grown in a green house.   

These three studies provide important basic information about the regeneration 

ecology of several Northwest native plants. This information can be useful to restorationists 

who wish to return these species to degraded landscapes, farmers and land managers who 

wish to use these species to generate ecosystem services, and ecologists trying to 

understand interactions of these plants in natural areas.  
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Larsen, S.O. and B.M. Bibby, 2005. Differences in thermal time requirement for germination of 
three turfgrass species. Crop science 45:2030 – 2037 

 
Ross, M.A., and J.L. Harper 1972.  Occupation of biological space during seedling 

establishment. Journal of Ecology 60(1): 77-88 
 
DeFalco, L.A., G.C.J. Fernandez, and R.S. Nowak 2007. Variation in the establishment of a 

non-native annual grass influences competitive interactions with Mojave Desert 
perennials. Biological Invasions 9:293–307 
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Abstract 

Seeds from 30 species of grasses and forbs native to Pacific Northwest prairies were tested for physical 

and physiological dormancy.  The physical dormancy was determined by mechanically and chemically 

scarifying seeds. Physiological dormancy was evaluated with cold stratification before germination. 

Experiments were analyzed individually with ANOVA analysis, and by seed lots through time using 

multiple regression.  

Three of the tested species had too little germination to determine what kind of dormancy was 

present. Physical dormancy was found in three legumes that required a treatment to break the hard seed 

coat. These species, Lotus unifoliolatus, Lupinus albicaulis, and Trifolium willdenovii also had 

increased germination following cold stratification. This can be taken as evidence of physiological 

dormancy. Physiological and physical dormancy together is considered combinational dormancy.  

Another eight species had increased germination after cold stratification. This included both 

species that did not germinate without cold stratification (Aquilegia formosa, Camassia leichtlinii, C. 

quamash, Heracleum maximum, Lomatium nudicaule, Perideridia oregona, and Sidalcea campestris), 

and species with germination proportions that increased following stratification (Eriophyllum lanatum, 

and the legumes). Four annual forbs (Clarkia purpurea, Collomia grandiflora, Gilia capitata, and 

Madia gracilis) had increased germination when seeds were cold stratified, but the response was more 

consistent with a low temperature requirement for germination than physiological dormancy. The 

remaining 12 species germinated with no pretreatments. Understanding the germination requirements of 

these species will aid in their propagation for restoration and the provisioning of ecosystem services and 

may help explain the ecology of these species on the landscape. 
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Introduction 

The time of year a seed germinates can have a significant effect on a plant’s fitness 

and persistence (Shabba and Qian 2008). Growth and fecundity can be increased when 

seeds germinate earlier in the growing season, particularly for large seeded species (Verdu 

and Traveset 2005). In a variable environment where early emergence might expose 

seedlings to harsh conditions mechanisms that prevent germination can increase the 

likelihood of long term survival (Pake and Venable 1996). Plants have evolved a number of 

mechanisms that maximize germination during a season that optimize the chance of survival. 

Plants can have particular tolerances for temperature or light that increase the likelihood of 

germination at the right time (Baskin, et al 1993; Hardegree 2006). Some species have seed 

dormancy, where even under appropriate conditions a seed will not germinate. There are 

many manifestations of seed dormancy in the plant kingdom, but botanists have classified 

them into dormancy types based on the specific mechanisms that prevent germination (Baskin 

and Baskin 2004). Seeds with under developed embryos that need time to develop before 

germination are considered to have morphological dormancy (Scholten, et al. 2009). Seeds 

with impermeable layers that prevent the embryo from imbibing water and commencing 

germination have physical dormancy (Baskin, et al. 2004; Rolston 1978). Other species 

experience physiological changes that affect the ability of the seed to germinate. These 

physiological dormancy mechanisms often are cued to environmental conditions that signal 

the beginning or ending of favorable germination seasons. In fact periods of cold and warm 

temperatures can cause seeds to cycle between dormant and non-dormant states depending 

on what time of year it is (Baskin, et al. 1993; Meyer and Kitchen 1992). Two other classes of 

dormancy involve combinations of these mechanisms. Morpho-physiological dormancy 

includes both an underdeveloped embryo and a physiological mechanism; combinational 

dormancy includes both physical and physiological dormancy. 

The particular triggers that cause a seed to change dormancy states can differ 

between species. In some species, a period of warm temperatures brings seeds out of 

dormancy and they germinate when cooler temperatures arrive at the beginning of winter 

(Baskin and Baskin 1991). Other species require a period of cooler temperatures before 

germination in the spring (Baskin, et al. 1992). Exposing moist seeds to particular temperature 

conditions in an effort to affect their dormancy state is called stratification. Cold stratification 

tests have been used to separate species of annual forbs into ecological guilds. Seeds of 

winter annuals tend to increase in dormancy (reduced germination) following a cold 

stratification, and summer annual seeds decrease in dormancy (increased germination) 

following a cold stratification (Milberg and Andersson 1998). 

The Willamette valley has a Mediterranean climate with wet mild winters and dry 

summers. In contrast to the dense conifer forests of much of the rest of western Oregon the 
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Willamette valley has extensive grasslands with remnant patches of native prairie in areas that 

have escaped urban and agricultural development. These prairies are important habitat for 

unique species of plants and animals and they provide many valuable ecosystem services. 

There is considerable interest in protecting remnant stands as well as propagating the species 

for restoration and other plantings. To do this successfully it is helpful to know the dormancy 

types of the species present and what treatments can break that dormancy. The species 

native to the prairies of the Willamette valley include many not found outside the region and 

thus there is not an extensive literature on their dormancy conditions. Work on grassland 

species from Mediterranean climates in Australia and California and drier habitats in the 

intermountain west has found evidence of dormancy (Jain 1982; Bell, et al 1993; Forbis 2010). 

The Willamette valley prairie ecosystem extends into the Puget trough of western Washington 

and several species from those prairies have been shown to have dormancy as well (Drake, et 

al. 1998). Taxonomy can be useful when trying to predict whether there is seed dormancy in 

other species from the Willamette prairie species pool. Physiological dormancy is widely 

represented across many families, orders, and classes of plants, while physical dormancy is 

more restricted, with the Fabaceae and Malvaceae being two families found in Northwest 

prairies with documented physical dormancy (Baskin and Baskin 2004; Baskin, et al. 2000).  

In order to better understand the species of Willamette prairies I conducted a series of 

experiments designed to characterize their germination requirements. The objective of these 

experiments was to use common seed pre-treatment techniques, cold moist stratification and 

mechanical or acid scarification, to test a suite of species native to the prairies of the 

Willamette valley of western Oregon for the presence of physiological or physical dormancy. 

The experiments were conducted over a two year period. This allowed me to also study the 

influence ageing in dry storage has on the germination of the seeds. 

 

Methods  

Seed Sources 

There were 30 species involved in at least one of the six separate experiments (Table 

2.1). Nomenclature follows the USDA plants database (USDA, NRCS. 2010). The species 

chosen are commonly found in remnant prairies of the Willamette valley and available from 

commercial sources. Aquilegia formosa, Camassia leichtlinii Heracleum maximum, and 

Potentilla gracilis were collected from plants growing on the valley floor in the Corvallis, 

Oregon area, while Camassia quamash was collected from the Cascade foothills near the 

South Santiam River. The rest of the seed lots came from commercial seed production fields 

in the Willamette valley. The harvest dates were not consistently reported so seed age was 

calculated for each seed lot starting September 30th of the year the seed was acquired even 

though the seeds were purchased in December. After purchase the seeds were stored in a  
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Scientific name and authority Common name Family 

Achillea millefolium L. Yarrow Asteraceae 
Aquilegia formosa Fisch. ex DC. red columbine Ranunculaceae 
Artemisia douglasiana Besser Douglas' sagewort Asteraceae 
Camassia leichtlinii  (Baker) S. Watson great camas Lilliaceae 
Camassia quamash (Pursh) Greene common camas Lilliaceae 
Clarkia purpurea (W. Curtis) A. Nelson 
& J.F. Macbr. 

purple godetia Onagraceae 

Collinsia grandiflora Lindl. blue eyed mary Scrophulariaceae
Collomia grandiflora Douglas ex Lindl. grand collomia Polemoniaceae 
Danthonia californica Bol.  California oatgrass Poaceae 
Deschampsia cespitosa (L.) P. Beauv. tufted hairgrass Poaceae 
Elymus glaucus Buckley blue wildrye Poaceae 
Elymus trachycaulus (Link) Gould ex 
Shinners 

slender wheatgrass Poaceae 

Eriophyllum lanatum (Pursh) Forbes Oregon sunshine Asteraceae 
Festuca roemeri (Pavlick) Alexeev Roemer’s fescue Poaceae 
Gilia capitata Sims globe gilia Polemoniaceae 
Heracleum maximum Bartram cow parsnip Apiaceae 
Hordeum brachyantherum Nevski meadow barley Poaceae 
Koeleria macrantha (Ledeb.) Schult.  prairie junegrass Poaceae 
Lomatium nudicaule (Pursh) J.M. Coult. 
& Rose  

barestem desert parsley Apiaceae 

Lotus unifoliolatus (Hook.) Benth. spanish clover Fabaceae 
Lupinus albicaulis Douglas sickle-keeled lupine Fabaceae 
Madia gracilis (Sm.) D.D. Keck slender tarweed Asteraceae 
Perideridia oregana (S. Watson) 
Mathias 

Oregon yampah Apiaceae 

Potentilla gracilis Douglas ex Hook. slender cinquefoil Rosaceae 
Prunella vulgaris L. self heal Lamiaceae 
Rupertia physodes (Douglas ex Hook.) 
J. Grimes 

scurfpea Fabaceae 

Ranunculus orthorhynchus Hook. straight-beaked buttercup Ranunculaceae 
Sanguisorba annua (Nutt. ex Hook.) 
Nutt. ex Torr. & A. Gray  

prairie burnet Rosaceae 

Sidalcea campestris Greene meadow checkermallow Malvaceae 
Trifolium willdenovii Spreng. tomcat clover Fabaceae 

 

Table 2.1. All of the species included in at least one germination experiment. 

room temperature cabinet.  

Many species do not germinate well right off the plant, but require a dry after-ripening 

period before a larger proportion of the seed population germinates (Forbis 2010). All the trials 

occurred following at least 3 months of storage so seeds should have had some time to after-

ripen before the germination treatments were applied. Germination took place over the next 

two years allowing some seed to age up to 22 months before the last germination test took 

place.   
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Germination Procedures 

Seeds were placed on Whatman number one filter paper moistened with distilled 

water in plastic Petri dishes. The dishes were placed under natural light in a greenhouse 

where temperatures in general remained between 15oC and 25oC. Most of the germinations 

took place between January and May, but the last stratification treatments germinated in June 

through September. The forbs in experiment one had 50 seeds in each dish, 25 seeds per 

dish were used in the other experiments. A large seeded species (Lupinus) in experiment 

three was tested with 10 seeds per dish. Experiments generally consisted of two replicates of 

each species, the warm green house treatment in experiment six being the exception with only 

one dish per species. The number of germinating seeds in each dish was tallied daily and 

additional water was added as necessary. Germination was defined as the emergence of a 

recognizable radical from the seed coat. After seeds began to germinate the experiments 

lasted until at least two days passed without any more germination. The final proportion of 

seeds germinating was recorded for each dish. 

Six separate experiments were conducted on a total of 30 species (Table 2.2). The 

first experiment was a screening to test the germination of sixteen species commonly used in 

native prairie restoration projects. The second and third experiments used scarification 

techniques to test for physical dormancy. The third through sixth experiments tested whether 

cold moist stratification could break physiological dormancy. 

Table 2.2. The treatments applied in each experiment.  

Experiment 
Stratification 

duration (days) 
Scarification 

treatment 
Temperature 
differences 

Species 
count 

1 0 none none 16 
2 0 mechanical none 6 
3 44 Acid none 5 
4 49 , 94 none none 8 
5 61 , 98 , 190 none none 9 
6 62 none warm / cool 28 

 

Scarification 

Mechanical and chemical scarification tests were performed on species with low 

germination in experiment one to test for physical dormancy. In experiment two, sandpaper 

was used to mechanically scarify the seeds. Seeds were rolled between two sheets of 

sandpaper for about two minutes. The sand paper was checked for dust and the seed coats 

checked for damage to ensure the seed coats were broken. In experiment three, seeds were 

scarified with concentrated sulfuric acid. Seeds of each species were placed in acid for 30 

minutes, removed, washed with several changes of de-ionized water, and placed in Petri 

dishes for germination or additional treatments. 
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Cold Moist Stratification. 

Seeds undergoing cold stratification were prepared in Petri dishes as usual, but they 

were placed on a shelf in a walk-in refrigerator that effectively maintained 5o C temperature. 

The dishes were separated into groups to receive the same treatment, placed in covered 

cardboard boxes. The boxes were occasionally checked to ensure the seeds remained moist, 

subjecting the seeds to several periods of light; otherwise the seeds were in the dark. 

 

The Experiments 

The first experiment screened the species acquired in year one for the potential 

presence of dormancy. Experiments two, three, and four included species with low 

germination in experiment one and subjected them to treatments designed to break specific 

types of dormancy. Experiments five and six also tested for the presence of dormancy, but 

included additional species acquired in the second year of testing. 

Experiment two subjected two sets of seeds of each species to sandpaper 

scarification. Following the scarification treatment the scarified seeds and two sets of non-

scarified seeds of each species were germinated in the greenhouse. Species with a significant 

increase in germination following scarification were classified as having physical dormancy. 

To test for the potential presence of combined dormancy mechanisms, both a 

scarification treatment and a cold moist stratification treatment were included in experiment 

three. Four sets of seeds of each species were scarified in sulfuric acid. At the same time four 

sets of seeds of each species were placed into Petri dishes as controls. Two sets of each 

treatment were placed in the greenhouse for germination, and the other two sets were cold 

stratified for 44 days. The acid scarification and cold stratification treatments tested for 

physical and physiological dormancy, respectively. Species with germination increases 

following scarification and cold stratification were categorized as combinational dormancy. 

Experiments four and five tested several species for the affect of cold moist 

stratifications ranging from 49 to 190 days had on physiological dormancy (Table 2.2). 

Experiment four only included species tested in experiment one while experiment five included 

additional species and was started at a later date than experiment four. 

Experiment six subjected 28 species to cold moist stratifications treatments to test for 

physiological dormancy. There were three sets of seeds of each species placed in the cooler. 

After 62 days of cold stratification three sets of seeds stored dry at room temperature were 

prepared and all of the seeds were brought to greenhouses for germination. The germinations 

were conducted in naturally lit greenhouses set to maintain different temperatures. Two dishes 

for each treatment were placed in a cooler greenhouse set to maintain 18oC (65o F) in the 

daytime and 13oC (55o F) at night. A single dish for each treatment was placed in a warmer 
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greenhouse set to maintain 24oC (75o F) daytime temperatures and 18oC (65o F) at night. The 

cool green house maintained lower temperatures than the warm green house, but the heating 

and cooling mechanisms were not able to exactly produce the set temperatures. 

 

Analysis 

The separate effects on germination of the various treatments included in each 

experiment were analyzed with one way ANOVA. Additionally, experiments three and six were 

designed to test the combined influence of two treatments simultaneously; in these 

experiments two-factor linear regression models were used to test for the influence of main 

effects and interactions on germination. Combining all the experiments together allowed for 

comparisons based on the additional factors of seed age and for one species differences 

between two seed lots. Seed age was measured from September of the harvest year to the 

day the seeds were placed in the greenhouse for germination. A multiple regression model 

including continuous cold stratification duration and seed age terms, and indicator variables 

for mechanical and acid scarification and seed lot (when applicable) was used to fit the data 

from experiments one through six for each species. 

 

Results 

Experiment 1 -Initial Germination Test.  

Species included in the initial trial 

germinated at rates ranging from 0 to 98% 

(Table 2.3). More than 85% of the seeds 

germinated in four species, Koeleria, 

Prunella, Clarkia, and Hordeum, Four 

species, Camassia, Collomia, Collinsia, and 

Lotus, had less than three percent 

germination, and the remainder had 

moderate germination levels. The species 

with low germination either did not receive 

appropriate germination stimuli, some of the 

seeds were dormant, or the seeds were not 

viable. Species with poor germination were 

selected for further experimentation to 

determine if various treatments could improve 

the germination rates.  

Species Mean SD 
Camassia quamash 0 0 
Collomia grandiflora 0 0 
Collinsia grandiflora 0.01 0.01 
Lotus unifoliolatus 0.02 0.00 

Elymus trachycaulus 0.10 0.07 
Trifolium willdenovii 0.11 0.01 
Lupinus albicaulis 0.21 0.05 

Gilia capitata 0.28 0.01 
Festuca roemeri 0.32 0.06 

Eriophyllum lanatum 0.37 0.04 
Madia gracilis 0.49 0.12 

Elymus glaucus 0.68 0.05 
Koeleria macrantha 0.89 0.01 

Prunella vulgaris 0.92 0 
Clarkia purpurea 0.95 0.04 

Hordeum brachyantherum 0.98 0.01 

Table 2.3. The proportion of seeds of 
each species germinating in experiment 
one. 
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Experiment 2 - Mechanical Scarification 

Experiment two included four of the species with the least germination in experiment 

one, and Trifolium a second legume species, and Gilia a species in the Polemoniaceae with a 

seed coat mucilage similar to the non-germinating Collomia. Scarification did not improve 

germination of Camassia and Collinsia (Figure 2.1). Trifolium willdenovii was the only species 

with a statistically significant increase in seed germination rate following mechanical 

scarification in a one-way ANOVA model (F1/2 = 85, P = 0.01). Lotus unifoliolatus did not 

germinate when untreated while scarified seeds did at moderately high levels, but the actual 

values were variable and there was only suggestive evidence of a difference (F1/2 = 14, P = 

0.06). Collomia had a non-significant increase in germination following scarification (F1/2  = 4, 

P = 0.18) and Gilia was unaffected (F1/2   = 0.7, P = 0.48).  

 

Experiment 3 - Factorial Cold Moist Stratification, Acid Scarification  

  Experiment three tested two species with no germination in experiment two, another 

two species that responded to mechanical scarification, and a third legume, Lupinus, for their 

responses to both cold moist stratification and acid scarification. No Collinsia seeds 

germinated so there was no measurable effect of the treatment (Figure 2.2). Ninety percent of 

untreated Camassia quamash seeds that were in the cold room germinated before the end of 

the 49 day period. Acid scarified common Camas seeds that were stratified in the cold room 

only germinated at a two percent rate. Only one of the acid treated seeds not held in the cold 

room germinated. Analysis of these data in a two way ANOVA found a significant effect of cold 

stratification (F1/4 = 487, P < 10-4), acid scarification (F1/4 = 440, P < 10-4), and a significant 
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Figure 2.1. The proportion of seeds germinating in experiment two. Seeds were either 
scarified with sandpaper or left as a control before being moistened and placed in the 
greenhouse.  Error bars are standard deviations. P-values are form two sample t-tests. 
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interaction (F1/4 = 696, P < 10-4). 

Figure 2.2. The proportion of germinating seeds of five species after acid scarification with 
or without cold stratification treatments in experiment three. Error bars are standard error of 
the mean based on mean squared error of the ANOVA models for each species. Different 
letters above bars within a species denote significant difference (P < 0.05) based on 
Fisher’s LSD protected by a one way ANOVA F-test for group differences.  

  The three legumes generally responded similarly, with no germination in untreated 

seeds, and maximum germination in seeds receiving both the scarification and stratification 

treatments. Cold stratified Lotus germinated more readily than acid scarified seeds. This led to 

a two way ANOVA model with a significant effect of cold stratification (F1/4 = 393, P < 10-4) and 

acid scarification (F1/4 = 618, P < 10-4) on germination, and a significant interaction (F1/4 = 169, 

P = 0.0002) between the two factors. Lupinus seeds did not germinate without acid 

scarification leading to a significant effect in the ANOVA model (F1/4 = 46, P = 0.002). The 

increase in germination from the only scarified seeds to the seeds with both treatments was 

not enough to result in a significant effect of cold stratification (F1/4 = 2.1, P = 0.21), or the 

interaction (F1/4 = 2.1, P = 0.21). Trifolium had a steady increase in germination from cold 

stratified seeds through acid scarified to doubly treated seeds. The ANOVA model indicated a 

significant effect of cold stratification (F1/4 = 20, P = 0.01), acid scarification (F1/4  = 40, P = 

0.003) on germination, and suggestive evidence of an interaction (F1/4 = 5.9, P = 0.07) 

between the two factors. 

 

Experiment 4 - Cold Moist Stratification 1 

  Experiment four applied longer cold stratification treatments to three species with the 

lowest germination in experiment two. Collinsia seeds had very little germination and the 

germination percentage did not significantly differ between treatments (F2/5 = 0.7, P = 0.56). 

Camassia seeds did not germinate without stratification, but 10% germinated after 44 days of 

cold treatment, and more germinated after removal to the greenhouse, bringing the total to 

80% (Figure 2.3). All of the Camassia seeds germinated before 94 days in the cold room. 
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Germination percentage significantly differed between treatment groups (F2/5 = 266, P < 10-5). 

All of the Collomia grandiflora Petri dishes had abundant germination at least a week before 

the end of the 44 day cold stratification. The germinants were large and starting to die and 

decompose so the dishes were removed at day 38. Overall 70% of the seeds germinated 

compared to no germination in the control treatment (F1/6 = 401, P = 10-6). 

Figure 2.3. The proportion of seeds germinating in experiment four. Seeds were cold 
stratified in a 5o C cold room for the time indicated. All of the Collomia seeds germinated in 
the cooler before the seeds were moved to the greenhou8se on day 49. Error bars are the 
standard deviation. P-values are from one way ANOVA tests for a difference between 
treatments 

 

Experiment 5 - Cold Stratification 2 

In experiment five, seeds of nine species were cold stratified seeds of nine species for 

two, three or six months. The trial included both species with low germination in previous tests 

and other species suspected to benefit from cold moist stratification based on taxonomy or 

personal experience. The seeds of three species, Collinsia, Lupinus, and Rupertia, did not 

germinate, regardless of the stratification (Figure 2.4). A little more than a third of the 

Eriophyllum seeds germinated after the 61 and 98 day cold stratification treatments. The 

percent germination almost doubled after the 190 day stratification treatments. There was a 

significant effect of stratification duration (in days) on germination percentage in a linear 

regression model (F1/4 = 14.77, P = 0.02). For the rest of the species no seeds germinated 

after the two shorter germination periods, but a small percentage of seeds germinated in the 

longest stratification. There was a significant effect of stratification duration on percent 

germination of F1/4 = 15, P= 0.02), Heracleum (F1/4 = 8, P = 0.05), Lomatium (F1/4 = 25, P = 
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Figure 2.4. The proportion germination of several seeds after cold stratification for three 
durations. Error bars are the standard error of the mean. 

0.007), Perideridia (F1/4 = 47, P = 0.002), and Sidalcea (F1/4 = 27, P = 0.007) seeds in linear 

regression models.  

 

Experiment 6 - Cold Stratification, Temperature Factorial 

 Experiment six included most of the species from experiment one, except for two 

species for which there was not enough seed, and additional species first acquired in the 

second year. Potentilla gracilis seed was not cold stratified so only dry stored seeds were 

tested. Seeds of three species, Collinsia, Lupinus, and Rupertia, did not germinate. There was 

a significant interaction between cold stratification and germination in three other species, and 

there was suggestive evidence of an interaction in two species (Figure 2.5). Artemisia did not 

germinate in the warmer greenhouse without cold stratification, but there was good 

germination in both treatments in the cooler greenhouse. The ANOVA model reflects this with 

significant (F1/2 > 29, P < 0.05) effects of stratification, temperature and their interaction. 

Camassia seeds that were not cold stratified did not germinate. C. leichtlinii germination was 

somewhat reduced in the warmer greenhouse, resulting in significant main effects and 

interactions (F1/2 > 1029, P < 10-15). C. quamash seeds only germinated in the warm 

greenhouse and therefore the ANOVA model had both significant main effects and their 

interaction (F1/2 > 343, P < 0.04). The greatest number of Clarkia seeds germinated in the 

cooler green house and without stratification; germination was much reduced in the warmer 

greenhouse. The ANOVA model indicated that temperature had a significant effect on 

germination   (F1/2 = 33, P = 0.03), while the effects of stratification and the interaction were 

only marginally significant (F1/2 < 17, P < 0.08). In the warmer greenhouse Gilia seeds had the 
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most germination following stratification, and the least germination without stratification. Seeds 

in the cooler greenhouse had an intermediate germination level. The ANOVA model fit a 

marginally significant interaction effect (F1/2 = 16, P = 0.06), but the main effects were not 

significant (F1/2 < 9, P > 0.1).  

Figure 2.5. The proportion germination of seeds of species with at least a marginally 
significant interaction (p-value < 0.06) between the effects of cold stratification and 
greenhouse temperature in experiment six. Error bars are standard errors of the mean. 

The germination percentage of ten of the other 22 species was at least marginally 

affected by at least one of the treatments (Figure 2.6). Germination of Collomia (F1/3 = 1249, P 

< 10-4), Eriophyllum (F1/3 = 263, P = 0.0005), Lomatium (F1/3 = 14, P = 0.03), Lotus (F1/3 = 56, P 

= 0.005), and Sidalcea (F1/3 =21, P = 0.02) was significantly increased following cold 

stratification, while germination of Koeleria was reduced (F1/3 = 46, P = 0.007).  Stratification 

resulted in a marginally significant increase in germination of Madia (F1/3 = 6, P = 0.09) and 

decrease in germination of Prunella (F1/3 = 6, P = 0.09) and Sanguisorba (F1/3 = 7, P = 0.07). 

Significantly more Danthonia seeds germinated in the warmer greenhouse (F1/3 = 16, P = 

0.03), while fewer Prunella seeds germinated in the warmer greenhouse, although the effect 

was only suggestive (F1/3 = 9, P = 0.06). 

 

Seed Lot Analysis 

 Eleven species were tested over sufficient time to test for changes in germination or 

dormancy over time. Germination of five of the species declined with age, while germination of 

the other six remained constant (Table 2.4).  Most of these species were involved in several of 

the experiments. Temperature was not controlled in most experiments so it was not included 

in the seed lot model. The exception was Clarkia which was only in two experiments, one with 

controlled temperatures. The temperature factor was included in this species’ analysis 

because a significant interaction resulted in otherwise confusing results (Table 2.4). 
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Seed lots from two different sources were used for Eriophyllum and four of the grasses (Table 

2.5). The grass seed lots were only used in a single experiment each so longitudinal analysis 

was not possible, while there was a suggestive evidence of a difference in germination 

between seed lots for Eriophyllum (Table 2.4).   

 

Discussion 

Fifteen of the thirty tested species showed no evidence of seed dormancy. All of the 

tested grasses are in this group. Four of the grasses had high germination in every test, but 

Festuca germination was low overall. These results support those of other studies that found 

generally no evidence of dormancy in these grass species (Flessner and Trindle 2003; Darris 

2001; Skinner 2004, Darris 2007). In this study, cold stratification (and a warm greenhouse) 

hindered Koeleria germination, and this agrees with field observations that spring seedings of 

this species perform better than fall seedings (Gonzalves and Darris 2008). Other studies 

have reported evidence of dormancy for a few Pacific Northwest grass species.  Populations 

of Festuca roemeri have greater germination after a short, 14 day, cold moist stratification 

Figure 2.6. Coefficients of the effect of cold stratification and a warmer greenhouse from a 
multiple linear regression model predicting germination percentage. Error bars are the 
standard error of the coefficient estimate. This graph only includes species that had some 
germination and did not have a significant interaction between effects. Bars marked with an 
asterisk represent a significant effect as tested by ANOVA main effects model, species 
labels have a system of significance codes. (* = 0.01 < p-value < 0.05, ** = 0.001 < p-value 
< 0.01, *** = p-value < 0.0001, a period (.) represent a suggestive effect (p = 0.05 – 0.1). 

  



17 

treatment (Darris, et al. 2006). Similarly, Darris et al. (2006) also reported that Danthonia 

seeds exposed to cold or warm moist stratification treatments have higher germination 

compared to untreated seeds. Hulling and nicking seeds also increases germination, 

uggesting that the seed coat is the source of the dormancy (Darris, et al. 2010). In my study 

not exhibit any clear evidence of dormancy, although germination was variable.  

Some populations of Deschampsia cespitosa from high elevations display dormancy, but 

dormancy has not been reported for Willamette valley populations (Skinner 2006).  

In addition to the grasses, several perennial forbs showed no evidence of dormancy.  

Achillea, Artemisia, Prunella and Sanguisorba germinated strongly without the need for 

dormancy breaking mechanisms.  A few other studies also have documented no seed 

dormancy for some native prairie forbs. A test of native prairie species from Washington state 

populations found Prunella seeds had some germination without cold stratification, and no 

germination following 12 weeks of cold stratification (Drake, et al 1998). Sanguisorba seeds 

showed no evidence of dormancy in this study, which is similar to results from three other 

Sanguisorba species from Alaska (Holloway and Matheke 2003). However, In Moscow, Idaho 

seeds collected from Sanguisorba annua, the Willamette valley species, had progressively 

better germination following 45 and 90 day cold stratifications (Skinner 2007a). Also, one field 

study did indicate that Achillea germinates better in fall planting than in spring, suggesting that 

cold stratification may improve germination in some populations (Skinner 2003).  

Gilia seed germinated well without treatments, but three other annual forbs, Clarkia, 

Collomia, and Madia had increased germination in cold stratified treatments. Clarkia seed 

  seed days acid sand  days strat seed    

s

Danthonia did 

  age strat scar scar temp X temp lot d. f. 
Camassia 1.8 55.6*** 7.5* 0.5    1/23
Clarkia 21.3* 11*   36.2** 18.1*  1/3 
Collinsia 0.5 0.5 0.1 0.1    1/23
Eriophyllum 7.1* 14.7**     5.6. 1/11
Gilia 0.8 1.5  0.4    1/12
Koeleria 127.4*** 44.7**      1/5 
Lotus 0 36.4*** 22.4*** 8.2*    1/19
Lupinus 24.1*** 3.3. 23.3***     1/18
Madia 1.1 6.2.      1/5 
Prunella 0.4 2.4      1/5 
Trifolium 8* 9.7** 24*** 16.8***       1/15

Table 2.4. F statistics measuring the effects of multiple factors in linear regression models 
describing the proportion germination of species included in both early and late 
experiments. Symbols represent significance of the F test. ( . <0.1,  * < 0.05, ** < 0.01,  
*** < 0.001)  Column headings are shortened for space, days strat is the duration of cold 
stratification treatments, acid scar is acid scarification and sand scar is mechanical 
(sandpaper) scarification. Temperature was only included in the Clarkia model because 
the other species had several tests with uncontrolled temperature, only Eriophyllum 
included seeds from more than one seed lot.   
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ermination was not consistent across the two temperature environments: seeds that were n

tratified germinated much better in the cool green house than the warm greenhouse (8%

78%; Table 2.6). Seeds that were cold stratified germinated only slightly better in the cool 

green house than the warm greenhouse (72% and 68%). Collomia seed has been pr

shown to require cold stratification in another Corvallis trial (Bartow 2003a).  However, it i

clear whether these results reflect a strict cold s
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emperatures, seeds germinate only at the onset of winter rains and not when the soil 

warms in the spring, plants are more likely to have adequate moisture to complete their 

lifecycle. 

The increases in germination following cold stratification treatments demonstrated in 

ten species and suggested in another two can be taken as evidence of physiological 

dormancy. The three species of Apiaceae (Heracleum, Lomatium, and Perideridia), only had 

germination after long term cold stratification treatments, between 98 and 190 days. 

Perideridia seed from the Willamette valley is reported to need 90 days of cold moist 

stratification for good germination (Bartow 2002). Lomatium nudicaule was reported to requ

cold stratification for Willamette valley seed, but in a study of seed from Washington prairie

had no germination either before or after 12 weeks of cold stratification (Bartow 2003b; 

1998). The other Lomatium species tested in the Washington study, L. utriculatum and

triternatum, both responded to cold stratification, but differed in the optimum duration (Drake 

1998). Another species, Lomatium dissectum, from the snake river area of eastern Oregon, 

was sh uire  than 12 eeks at 3 C for maximum g n, et a

2009). Du icatio e Lomatiu ze icatin

L. dissec  morp ical d u

morphoph cal quire 1 Ba n and

Baskin 2006). This combination of morphological and physiological dormancy is commonly

encountered in members of the Apiaceae and may be present in Perideridia as well 

kin 1991; Baskin, et al 1992). 

Sidalcea and the two species in the Ranunculaceae, Aquilegia and Ranunculus, als

only germinated after long stratification. The two germinants overall for Ranunculus 

orthorhynchus in this study are not enough to draw strong conclusions. Six weeks of cold 
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stratification slightly increased germination of Ranunculus occidentale from Washington Sta

but 12 weeks of stratification resulted in no germination (Drake, et al 1998). Aquilegia is 

reported to benefit from at least 6 weeks of cold stratification (Trindle and Flessner 2003). 

Even when cold stratified, there was low germination in this study of Sidalcea seed. In a 

different study 45 and 90 day cold stratifications of seeds did not improve germination, while 

scarification did (Bartow 2007). Plants in the Malvaceae are reported to have physical 

dormancy so it is possible that the response to stratification observed in experiments five and 

six is due to degradation of the seed coat allowing germination rather than an actual 

te, 

physiolo

od 

ton do 

 

ther than Rupertia, which did not germinate in any trial, the species in Fabaceae 

(Lotus, 

two only 

 low 

t no 

gical change in the seed (Baskin, et al. 2000). 

The two Camassia species failed to germinate without cold stratification, but had go

germination after shorter duration stratifications. Camassia quamash from western 

Washington State also will not germinate without stratification while six and 12 week 

stratifications results in progressively more germination (Drake, et al 1998). Seeds from 

Pullman Washington are reported to require cool germination conditions and a 42 to 100 day 

cold stratification period (Anonymous 2000).  

In this study, Eriophyllum seeds from Willamette valley seed lots had good 

germination after 60 day cold stratification treatments, while the longest stratification (190 

days) had even more germination. Eriophyllum seeds from western Washington have low 

germination in untreated seeds, maximum germination after 42 days of cold stratification, and 

reduced germination after 84 days (Drake, et al. 1998). Seeds from eastern Washing

not germinate without treatment, 10% of seeds germinate after 45 days of cold stratification, 

and 75% germinate after 90 days of cold stratification (Skinner 2007b). These varying results

suggest that populations of Eriophyllum differ in the precise length of cold stratification 

required. Those differences may reflect adaptations to the different climates around the 

Northwest region. 

 O

Lupinus, and Trifolium), all had increased germination following cold moist 

stratification. Lupinus had some germination after experiment one, but by experiment 

seeds that were acid scarified germinated (Table 2.7). Trifolium also had sharply reduced 

germination after dry storage. Lupinus albicaulis seed from Western Washington has

germination in untreated seeds, higher germination after 6 weeks cold stratification, bu

germination after 12 weeks of cold stratification (Drake, et al. 1998). The germinating legumes 

also responded positively to scarification treatments. This form of physical dormancy is 

commonly found in the legume family (Rolston, 1978; Baskin, et al. 2000). 
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Conclusion 

Native grassland species of the Willamette valley exhibit physiological, physical and 

combinational dormancy. Fourteen species showed no evidence of dormancy. Cold 

stratification treatments resulted in increased germination in ten species indicating 

physiological dormancy. Scarification increased germination in three species indicating 

physical dormancy. Two species had both physical and physiological dormancy, classifying 

them as having combinational dormancy. The sizes of the embryos were not measured so 

there is

less of 

r 

 or 

 the 

6)  

gn of 

y be desirable to use mixes that 

include 

 no information on whether morphological or morphophysiological dormancy is present 

in any of these species. Three of the tested species had very low germination regard

treatment. Either the seeds had low viability or these species may need different dormancy 

breaking treatments or different germination conditions than were provided in these 

experiments. Most of the results reported here were supported by evidence found by othe

researchers, but dormancy can vary within a species. Plants adapted to different elevations

latitudes may differ in their dormancy states (Cavieres and Arroyo 2000). Even plants from

same population can differ in dormancy conditions when availability of resources vary due to 

competition or differences in the weather (Platenkamp and Shaw 1993; Swain et al. 200

 The variability in germination responses observed in this study suggests that 

information about seed germination requirements could be useful in the effective desi

seed mixes for restoration plantings.  For instance, it ma

a range of germination strategies, particularly in cases when only a single seeding of a 

restoration site is planned.   
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 Germination 
start date 

1/9 5/25 2/9 2/9 2/9 2/9 6/1 7/8 10/8 

Stratification 
duration 

0 0 62 62 0 0 61 98 190 

Scarification no no no no no no no no no 

Other treatment     cool warm cool warm       

Clarkia 
purpurea 

0.95c   0.8bc 0.68b 0.78bc 0.08a       

Elymus  
glaucus * 

0.68a   0.96a 0.92a 0.78a 0.92a     

Elymus 
trachycaulus * 

0.1a  0.66a 0.56a 0.6a 0.72a       

Eriophyllum 
lanatum * 

0.37c 0.28b 0.48d 0.44d 0a 0a 0.38c 0.36c 0.66e

Festuca  
roemeri * 

0.32a   0.12ab 0.04b 0.16ab 0.04b       

Hordeum 
brachyantherum 

0.98a              

Koeleria 
macrantha * 

0.89a   0.08b 0.16b 0.44c 0.52c     

Madia gracilis 0.25f 0.03b 0.12d 0.16e 0.07c 0a       

Prunella 
vulgaris 

0.92cd 0.9cd 0.86bc 0.4a 1cd 0.84bc       

Table 2.5 Th ents one, 
e, and six.  Species marked with an asterisk (*) were from separate seed lots in 2007 
d 2008. The top rows describe the date and treatments of each experiment. Means with 

fferent letters are significantly different based on a Fisher’s least significant difference in 
one way ANOVA model testing for differences between treatments. 

e proportion germination of seeds of species included in experim
fiv
an
di
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Year 2008 2008 2008 2008 200

 

 

 

 

 

 

 

 

 Germination start date 2/9 2/9 2/9 2/9 6/1 7/8 10/8 
Stratification duration 62 62 0 0 61 98 190 

Other treatment cool warm cool warm       

Achillea m lium 0.24a 0.84b 0 0.88b illefo  .72ab       
Aquilegia formosa 0.04a 0a 0a 0a      

Artemisia do lasian 0.94b 0.68b 0.88b 0ug a a      
Camassia le tlinii  0.92c 0a ich  1b 0a      

Danthonia rnic 0.14a 0.02a 0.36a califo a 0.4a      
Deschampsia cespitos    a  0.8a 0.48a 0.88a 1a    

Heracleum um 0a 0 0.08a  maxim       a 
Lomatium aule 0a 0a 0.80b  nudic 0.06a 0.04a 0a 0a 
Perideridi a 0.26a 0a 0a 0. 8b a oregan b 0a 0a  7

Potentil is    la gracil    0.72a 0.8b   
Rupertia physodes 0a 0a 0a 0a 0a 0a 0a 

Ranunculus o ynchus   rthorh 0.02a 0.04a 0a 0a    
Sanguisorba annua   0.48a 0.44a 0.72a 0.76a      

Sidalcea t 0  campes ris 0.1c 0.08c .04b 0a 0a 0a 0.1c 

Table 2.6 The proportion germination of seeds of species acquired in the 
second year and only included in experiments five and six.  The top rows 
describe the date and treatments of each experiment. Means with different 
letters are significantly different based on a Fisher’s least significant difference 
in a one way ANOVA model testing for differences between treatments. 
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Year 2007 2007 2007 2007 2007 2007 2008 2 08 2008

Table 2.7 The proportion germination of seeds of species included in experiments one, two, three, four, five and six.  The top rows describe the 
date and treatments of each experiment. Means with different letters are significantly different based on a Fisher’s least significant difference in 
a one way ANOVA model testing for differences between treatments. Horizontal lines separate data from experiments one through six in the 
table. 

2007 2007 2007 2007 2008 2008 008 2008 20

 Germination 
start date 

1/9 2/20 2/21 4/6 4/6 4/6 2/9 2 /8 10/8 4/6 4/10 5/25 5/25 2/9 2/9 /9 6/1 7

Stratification 
duration 

0 0 0 0 44 0 0 8 190 44 49 94 0 62 62 0 61 9

Scarification no no sand acid acid no no o no no no no no no no no no n

Other 
treatment 

                cool wa cool w         rm arm   

Camassia 
quamash 

0a 0a 0a 0.1b 0.01a 0a .8 e 0a     0.9d 0 c 1 0a 0.98e 0a 0a   

Collinsia 
grandiflora 

0.01a 0a 0a 0a 0a 0a 0a 0.02a 0a 0a 0a 0a    0.03a 0a  

Collomia 
grandiflora 

0a 0.06b 0.13c       0.74d 2ab        0a 0.73d 0a 0.0 0a   

Gilia capitata 0.28c 0.46d 0.44d       2d 0 0.6e .3c 0.       0.4  .3c 0 16b  

Lotus 
unifoliolatus 

0.02b 0a 0.28e 0.14c 0.92f 0a  0.24d 0.02b     0.24d   0a 0.24d 0a   

Lupinus 
albicaulis 

0.21b    0.22b 0.34c 0a 0a a 0a 0a       0a 0a 0a 0a 0

Trifolium 
willdenovii 

0.11c 0a 0.56f 0.94g 0a 0.18d 0.24e     0.08bc 
0.06 

0a 4ab     
abc 

0.0 0a   
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The Effect of Temperature on the Germination of Pacific Northwest Prairie 

Plants 

Abstract 

 A series of experiments were conducted on a temperature gradient table to determine 

the temperature limits for germination of 20 plant species found in western Oregon prairies. 

The temperature gradient table has a heating and cooling unit at each end and creates an 

even temperature gradient along it. Seeds were placed along the gradient to test how 

temperature influenced their germination. There were four trials all together. The first two had 

the  

test range.  

 Germination for most species occurred along the whole gradient, and there was some 

germination at the maximum, the minimum, or both temperatures. The cardinal temperatures 

(basal, optimal, and ceiling temperatures) were estimated using linear regression models. In 

this model the germination rate (1/d) wa ch test tube and the data separated 

into suboptimal and superoptimal group ations describing 

the relationships of the germination rates to temperature for each group was used to estimate 

the basal and ceiling temperatures. The optimum temperature was calculated from the 

intersection of the two regression lines. 

 The germination of five species was too low for the conclusions to be drawn about 

their response to temperature. The annual forbs (Clarkia purpurea, Collomia grandiflora, Gilia 

capitata, and Madia gracilis) and one perennial forb (Eriophyllum lanatum) had best 

nation at low temperatures. The grasses (Deschampsia cespitosa, Elymus glaucus,  

mus trachycaulus, and Koeleria macrantha) and two forbs (Achillea millefolium and 

a vulgaris) had consistent germination across all tested temperatures, Potentilla gracilis 

Tellima grandiflora germinated across a narrow temperature range while Sanguisorba 

a and Artemisia douglasiana germinated best at higher temperatures. 

Most species germinated in less time at higher temperatures. This tended to result in 

nstant mean number of accumulated degree days for each species across 

ation will aid in propagation of these species and greater 

rstanding of how these species behave on the landscape. 

troduction 

The timing of germination relative to patterns of resource supply can have a significant 

ffect on competitive interactions in both cultivated and wild habitats (DeFalco et al. 2007; 

arsen et al. 2004). The first plant to become established in a particular patch of habitat will 

have the first opportunity to acquire the resources associated with that space and will thus 

 same temperature range, but in the third and fourth the settings were varied to expand the

s calculated for ea

s. The X-intercept of regression equ

germi
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ha  

greater fitness (Verdu and Traveset 2005). , there can also be risks associated with 

 too quickly.  This is often the case for seed produced at the end of the growing 

ces some period of dormancy or quiescence before germination.   

ermin

ion 

008; 

bare, under litter, or under gopher mounds (Rice 1985).  Two species of Erodium 

o best

. The germination niche is an important component of 

f 

species. 

nd 

re three objectives 

um, 

ies; 3) to estimate how long it 

erminate at a given temperature, and to determine if the number of 

ccumulated degree days to germination is constant across temperatures.  

ve a competitive advantage (Ross and Harper 1972). Early emerging seeds also can have

However

germinating

season that experien

G ating too early can expose seeds to adverse environmental conditions such as lethal 

cold or drought, if they germinate too early. 

Temperature is known to be a critical environmental variable that governs germinat

responses across a wide range of plant species (Covell, et al. 1986; Hardegree, et al. 2

Jordan and Haferkamp 1989). Temperature can be used by plants as a cue that a particular 

location is favorable for establishment. In California annual grasslands seeds can disperse to 

sites that are 

d  in the bare sites, and their seeds have the highest germination when germinated 

under large temperature fluctuations typical of the bare soil (Rice 1985). Plant communities 

often consist of species with a variety of germination niches (Gulmon 1992). This could allow 

the species to avoid competition by occupying different germination niches. In grasslands in 

Holland researchers identified shifts in the predominant germination niche among plant 

community members along a successional gradient (Olff 1994).   

The prairies of the Pacific Northwest are gaining attention as sources of ecosystem 

services and areas in need of restoration

a plant’s strategy for persisting on the landscape. Documenting the germination responses o

the species that grow in Willamette Valley prairies will help to clarify their strategies and 

illuminate the processes that need to be taken into account for management of these 

When the germination niche is documented for a number of species in an ecosystem it 

becomes possible to ask larger questions like what explains rarity or range size (Luna a

Moreno 2010; Thompson, et al. 1999).   

 In this study I determined the temperature tolerances for germination of a group of 

herbaceous species native to the prairies of the Willamette valley. There we

of the study: 1) to qualitatively compare the germination responses of a range of Willamette 

Valley prairie species along a temperature gradient; 2) to generate estimates of the maxim

minimum, and optimum germination temperatures (the cardinal temperatures) to allow for 

quantitative comparisons of germination response between spec

takes a seed to g

a
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Methods 

Species and Environment 

The Willamette Valley of western Oregon has a Mediterranean climate with wet mild

winters and dry summers (Figure 3.1). The rainy season begins in October with cold rain

continuing over the winter. As temperatures rise in the spring there are continued rains, but 

precipitation decreases. In summer there can

 

s 

 be long periods where the soils are very dry. 

n 

al 

emperature Gradient Table 

I used a temperature gradient table to test for the influence of temperature on 

ermination patterns. The temperature gradient table was constructed out of a large slab of 

luminum with 140 holes the diameter of test tubes drilled into it (Appendix 1). One end of the 

table was attached to a cooling/heating unit; the other end was attached to a heating unit,  

The abundant rain results in dense coniferous forest over much of the region, but In 

the Willamette valley there are extensive grasslands with remnant patches of native prairies i

undeveloped pockets. There is considerable interest in restoring the threatened prairie 

habitats, and using the prairie species in other types of plantings as well. This study included 

20 Willamette valley native prairie plant species that are commonly found in remnant habitats, 

and often included in restoration projects (Table 3.1). Seeds were either acquired from loc

growers specializing in source identified native seed or collected from local natural areas. 

Seeds were stored in a room temperature cabinet and germinated without any pretreatments 

in the spring following collection. 
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Figure 3.1. The mean maximum and minimum daily temperatures and mean precipitation 

totals for Corvallis, Oregon. Data is estimated as the normal monthly average from 1971-

2000 for a grid point centered in Corvallis averaged from multiple nearby climate stations. 
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both thermostat controlled.  The aluminum slab conducts heat creating an even gradient along 

the table. The table contained test tube sized holes (15mm diameter) positioned in seven pairs 

of rows with ten holes per row. Paired rows were 55 mm apart, and pairs were 200 mm apart. 

Altogether there were 140 holes in 14 rows over 1585mm. The temperature gradient was 

perpendicular to the rows so holes within the same row experienced the same temperatures 

and the temperature difference between rows was proportional to their distance apart. There 

w t 

tw

te  

e ture treatments. The table was set from 1o C to 38o C for the third trial, and 1o 

C to 33o C for the final trial. The range of temperatures the seeds experienced was a few 

grammed temperature range (Table 3.2). 

 

ere four trials of five species each. The table was set to a range of 3o C to 33o C for the firs

o trials. Because, most of the species had germination at the highest and lowest 

mperatures, the temperature settings were adjusted in the subsequent trials to create more

xtreme tempera

degrees narrower than the pro

 

 

Scientific name Common name Group Trial 
Achillea millefolium L. Yarrow P 1 

Artemisia douglasiana Besser Mugwort P 1 
Cama

 

globe gilia A 3 
hult. prairie junegrass G 2 

Lotus unifoliolatus (Hook.) Benth. spanish clover AL  3 
Madia gracilis (Sm.) D.D. Keck slender tarweed A 3 

Potentilla gracilis Douglas ex Hook. slender cinquefoil P 3 
Prunella vulgaris L. lance-leaf selfheal P 1 

Sanguisorba annua (Nutt. ex Hook.) Nutt. 
ex Torr. & A. Gray prairie burnet P 1 

Tellima grandiflora (Pursh) Douglas ex 
Lindl. fringecup P 4 

Trifolium willdenovii Spreng. tomcat clover AL  3 

ssia leichtlinii  (Baker) S. Watson Great camas P 4 
Camassia quamash (Pursh) Greene common camas P 4 

Clarkia purpurea (W. Curtis) A. Nelson & 
J.F. Macbr. Purple godetia A 1

Collomia grandiflora Douglas ex Lindl. grand collomia A 4 
Deschampsia cespitosa (L.) P. Beauv. tufted hairgrass G 2 

Elymus glaucus Buckley blue wildrye G 2 
Elymus trachycaulus (Link) Gould ex 

Shinners slender wheatgrass G 2 
Eriophyllum lanatum (Pursh) Forbes Oregon sunshine P 4 
Festuca roemeri (Pavlick) Alexeev Roemer's fescue G 2 

Gilia capitata Sims 
Koeleria macrantha (Ledeb.) Sc

Table 3.1. The names and functional groups of the species included in each temperature 

ps include perennial grasses (G), perennial forbs (P), and annual 

forbs (

table trial. Functional grou

A).  
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Germ

 2.5 cm r was ad d and a

ed o  of wat ver the surface 

of the sand. st species were pl st tube. There were two  

re  a total of 2 r each speci in the tr  

Germin ost daily, an ded to ma n a con tent 

rded 

ric 

 germination 

lerances. 

  trial 1   oC trial 2   oC trial 3   oC trial 4 oC  

ination Procedures 

Glass test tubes were filled with of river sand. Wate de llowed to 

drain into the sand. Excess water was pour

 Five seeds of the te

ff creating a thin film er o

aced in each te

plicates of each species in each row for 8 tubes fo es ial.

ating seeds were counted alm d water was ad intai sis

water level.  Once the seeds started germinating they were checked until there were at least 

two days without any more germinating seeds in any of the test tubes for any species. The 

day each seed germinated was recorder to calculate thermal time (degree days) to 

germination. At the conclusion of the trials the total number of seeds per test tube that 

germinated was counted for comparisons. 

  

Temperature Measurements 

After each trial, temperatures within a single test tube in each row were reco

every five minutes over a one to four day period using Hobo V2 data loggers (Onset Corp.). 

Probes were inserted into the test tubes for measurement, and the test tubes were filled up 

with water to ensure that the probes were measuring soil water temperature, not atmosphe

temperature. The mean temperature of each row was used in analysis of

to

 

 

  
distance Row mean Range Mean range mean range mean range 

0 A .5 8.9 0 1.0 4.6 0.8 1 8.9 0 .2 6.5 
55 9.6 0.2 1.0 5.4 0.7 A2 9.6 0.1 7.6 
255 12.3 0.2 0.9 .7 .7  B1 12.5 0.2 11.3 8 0
310 B2 13.2 0.3 13.2 0. 0.9 .8 .7 2 12.2 9 0
510 C1 16.0 0.0 15.9 0.9 2.9 .6 0.3 15.9 1 0
565 C2 16.5 0.3 16.6 0.3 17.0 0.8 13.9 0.6 
765 D1 0.3 19.1 0 0.7 7.1 .5 19.3 .2 20.8 1 0
820 D2 19.7 0.6 20.0 0 0.7 8.0 .5 .2 21.6 1 0

1020 E1 22.5 0.1 22.5 0 NA .2 25.1 21.0 0.4 
1 .3 0.2 NA 075 23E2 23.3 0.2  26.1 21.9 0.4 
1 .7 1.4 275 F1 25.7 0.2 25 0.3 29.7 25.0 0.5 
1330 .6 1.1 F2 0.3 2626.4 0.4 30.4 25.9 0.5 
1 .1 1.6 530 G1 29.2 1.0 29 1.1 34.3 28.9 1.4 
15 0.0 2.1 85 G2 30.0 1.9 3 2.0 35.5 29.9 2.5 

se
M Max = 

38 
in = 
1 

x = 
ttings oC  3 

 = 
33 

Min = 
3 

Min = Max ax 
33 1 

= Min = M Ma
33 

Table 3.2. The observed temperatures along the temperature table for each trial. All values

are in degrees Celsius.  
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lation of regression equations (Covell, et al. 1986; Garcia-Huidobro, et al. 1982; 

Hardegree, et al. 2008; Jordan and Haferkamp 1989).  

Species responses to environmental gradients often follow a hump shaped pattern 

with maximum values at an optimal temperature and zero values beyond the species 

tolerances. (Whittaker 1956). The germination rate, calculated as the inverse of the number of

days each species takes to reach a specific germination percentage (1/days), often has a 

sharply hump shaped distribution when plotted against temperature. In this study, cardinal 

temperatures were calculated for the seeds germinating at the 40th percent of maxim

germination. This was the second germinating seed in each test tube for species with 

maximum germination of five or four seeds 

m

with both higher and lower ge

tures with low germination relative to the species maximum.  

If the germination rate at temperatures with no germination is set at zero, and the da

at the ends of the gradient are pruned of all but one temperature with no germination, the 

idealized hump shaped species response can be broken into two linear sections: a suboptimal

range and a super optimal range. The suboptimal range includes all values from the lo

temperature

s

m
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temperature with the maximum germination rate was included in both ranges. A few times 

ratures between the suboptimal range and the super optimal range. 

These w

line is an 

tion level. The intersection of the two lines estimates the optimum germination 

mperature (To). The inverse slope of the regression on the suboptimal temperature data is 

ee days above the basal temperature until germination of 

that per

te 

It is 

s of other species (Jordan and 

Haferka

 

l 

e the 

oblems inherent in the 

cardina

 to 

there were multiple tempe

ere excluded from analysis. This is because the regression modeling seeks to 

describe the steeply sloping part of the idealized distribution. Values from the optimal 

temperature range should have a level response along the top of the curve.  

When the data fits this model, the regression of germination rate (1/days) on 

temperature for the suboptimal temperature range has a positive slope, while the super 

optimal equation has a negative slope (Figure 3.2). The x-intercept of the suboptimal 

estimate of the basal temperature (Tb), the lowest temperature at which the defined 

percentage of the seed will develop. The x-intercept of the regression on super optimal 

temperatures estimates the ceiling temperature (Tc), the maximum temperature with the set 

germina

te

an estimate of the number of degr

centage of seeds.  

Extrapolation of the linear regression equations beyond the data range to calcula

cardinal temperatures requires that the actual estimates should be interpreted carefully. 

likely that the actual germination rate doesn’t exactly follow the regression lines. Indeed, 

nonlinearity has been observed in germination response

mp, 1989; Marshall and Squire, 1996). Despite the drawbacks, this method is a 

straightforward way to generate standardized statistics that can be used in quantitative

comparisons or analysis (Qui, et al. 2010).  As long as the limitations are recognized this is a 

good way to rank species that have tolerances that are more extreme than the experimenta

range. Other methods requiring more data or more complicated analysis may provide 

increased accuracy for precise modeling, but were beyond the scope of this screening. 

(Larsen and Bibby, 2005; Hardegree 2006). 

   

Thermal Time to Germination 

The slope of the suboptimal cardinal temperature line can be used to estimat

degree days to germination of the 40th percentile seed, but to avoid pr

l temperature model (i.e. forcing the data to fit the linear models and extrapolating 

beyond the data range) a different estimate of thermal time to germination also was made. 

The mean degree day accumulation (above 0 oC) until each seed germinated was calculated 

for each germination temperature. This allowed comparisons to be made in the degree days

germination along the gradient. ANOVA was used to test for significant differences in degree 

day accumulation before germination between isothermal rows.  
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narrow tolerance range (Figure 3.2).  
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Results 

Figure 3.2. Three examples of the regression model fit to 40% germination rate data. S

text for description of model. a. Prunella vulgaris had a significant fit to the regression 

equation for both suboptimal and superoptimal temperatures. b. Sanguisorba annua had a 

significant fit for the suboptimal temperature range, and a marginally significant fit for

super optimal range. The data from the lowest and two highest tested temperatures wa

excluded from the analysis. c. Elymus trach

ee 

 the 

s 

ycaulus had a significant fit for the sub optimal 

range, and no fit for the super optimal range.  

 

Qualitative Comparisons 

The gradient table established a smooth temperature gradient along its length, and 

temperatures were relatively constant, but there was more variation in temperature in the 

hottest rows (Table 3.2).  The two species of Camassia did not germinate over the course of 

the fourth trial so they are excluded from the following results. The tested species varied in 

their responses to temperature with some being relatively unaffec

tion at either the low or high end of the temperature gradient, and some havin
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Cardinal temperatures 

Festuca, Lotus, and Trifolium had very low germination so regression analysis was 

not possible. For the remaining species, there was enough germination at each temperature to 

use regression modeling to describe the relationship between germination rate and 

temperature. The maximum germination of Gilia, Potentilla, and Sanguisorba was three seeds 

per test tube, while four was the maximum germination of Madia.  Six species (Clarkia, 

Eriophyllum, Gilia, Potentilla, Prunella, and Tellima) had significant linear regression equations 

for both suboptimal and super optimal temperature ranges. Those species have estimates for 

all three cardinal temperatures and the thermal time to germination (Table 3.3). Seven more 

species had a significant regression equation for only the suboptimal range. Four of those 

species, Achillea, Artemisia, Deschampsia, and Elymus glaucus, had no data that fit the 

definition of the superoptimal range and therefore only basal temperature and thermal time 

were calculated. The other three species, Elymus trachycaulus, Koeleria, and Sanguisorba, 

generated non-significant regression equations for the super optimal range, so optimum and 

ceiling temperature estimates were calculated, but their accuracy is questionable. Collomia 

had a significant regression only for the super optimal range and therefore there is only a good 

estimate for the ceiling temperature, but basal temperature, optimal temperature, and thermal 

time to germination were calculated from the non-significant suboptimal regression equation.   

o c 1Species Tb T  T  θ  
Achillea millefolium 7.2*** nd nd 32*** 
Artemisia douglasiana 10.6*** nd nd 62*** 
Camassia leichtlinii -2.9*** 22.8*** 28.2*** 58*** 
Camassia quamash 1.2ns 11.6ns 17.2** 71ns 

rpurea 4.2*** nd nd 54*** 

7.3** 17.5** 21** 102** 

Clarkia pu
Collomia grandiflora 3.5*** nd nd 54*** 
Deschampsia cespitosa 5.7*** 25ns 58.3ns 54*** 
Elymus glaucus 1.5*** 17.4* 25.2* 66*** 
Elymus trachycaulus 0.7** 21* 33* 116** 
Eriophyllum lanatum 5.7*** 20.5ns 43ns 54*** 
Festuca roemeri 5.9ns 7.1ns 21.2ns 19ns 
Gilia capitata 7.3* 24.1* 35.4** 172* 
Koeleria macrantha 2.1*** 22.8** 40.8** 64*** 
Lotus unifoliolatus 9.2* 20.4~ 33.5~ 46* 
Madia gracilis 

Table 3.3. Cardinal temperatures for 40% of maximum germination for all species with 

enough germination for analysis. Cardinal temperatures (oC) include basal (T ), optimal b

(To), and ceiling (Tc). Also given is the thermal time above basal temperature to 

germination (θ1). The stars indicate the p-value of the regression that the estimate is 

based on (*** < 0.001, ** < 0.01, * < 0.05, ~ < 0.1, and ns > 0.1). nd means there was no 

data that fit the definition of sub or super optimal temperature range. 
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Figure 3.3. Germination response of study species to temperature. Values represent the 
average number of seeds per test tube that germinated at each temperature. Species are 
listed by trial run. The error bars are the standard error of the mean (n=2). The p-values in 
the right column are from one way ANOVA tests for difference between temperatures. The 
maximum average germination rate per temperature is listed below the p-value. Maximum 
values can be between 0 and 5 seeds per test tube. Horizontal lines mark cardinal 
temperatures for 40% germination calculated from regression equations (see text for 
explanation). The single dashed lines are basal temperature (Tb), the solid lines are 
optimum temperature (To), and doubly dashed lines are ceiling temperature (Tc). Only 
cardinal temperature lines derived from significant regression equations are shown. The X-
axis of the Clarkia purpurea graph in trial 1 begins at -3 oC to show Tb. The other X-axes 
begin at 0 oC. 
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Thermal Time to Germination 

When the mean number of degree days above 0o C to germination was calculated at 

each temperature the response of each species was relatively constant across temperatures. 

There were no significant differences between temperatures for 11 of the 18 species that 

germinated in the trials (Figure 3.3). For the other seven species the different responses were 

generally at temperatures near the ends of the species tolerances.  

 

Discussion 

The study species can be separated into groups based on their germination response: 

a group of species with broad temperature tolerances, a group with narrow temperature 

tolerances, a group that germinated more at cooler temperatures and a group that germinated 

more at warmer temperatures.  

The perennial grasses, Deschampsia, Elymus glaucus, and Elymus trachycaulus, and 

the perennial forbs Achillea, and Prunella had good germination at all tested temperatures. 

The grass Koeleria had good germination across temperatures, but it was more variable than 

the previous species. These species would be able to germinate at any time of the year there 

was sufficient water for germination. As perennials they would not need to ripen seeds for 

survival, only to grow enough to become established before annual growth was limited by cold 

or dryness. The other grass, Festuca, may also be in this group, but the seed lot had very low 

germination, probably due to age, and interpretation was not possible. Species with broad 

temperature tolerances would be expected to have an advantage in a variable environment, 

and among British plants, species with a broad temperature tolerance have an increased 

geographic range (Thompson, et al. 1999). A broad temperature tolerance is not always a 

successful strategy, as even endangered plants can have wide temperature tolerances for 

germination (Burmeier and Jensen 2008). 

Potentilla, Sanguisorba, and Tellima seeds only germinated within a relatively narrow 

temperature range. These were the only species with rows without germination at both ends of 

the temperature gradient. Species with strong germination responses to specific conditions 

m dy 

o

th

to l 

s also 

w

C ey 

ay be cueing in on particular conditions indicative of favorable habitats (Rice 1985). A stu

f herbs and small shrubs in a fire impacted Mediterranean plant community in Spain found 

at species with less germination evenness (including species with narrow temperature 

lerances) had greater local abundance (Luna and Moreno 2010). The advantage at the loca

cale may have come at the expense of ecological adaptability, because these species 

ere more likely to have smaller ranges (Luna and Moreno 2010). 

The group that germinates best at cool temperatures includes the annual forbs 

larkia, Collomia, Gilia, and Madia, and the perennial forb Eriophyllum. The Willamette vall
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has mild wet winters and dry summers. October is the first month in the fall with more than 

nd by November the average low temperature is less than 6o C 

(Figure 

 a 

007). Fitness can be 

creased in early germinating plants as well (Verdu and Traveset 2005).  In a California 

als that occurred there had the majority of their germination in the 

early pa

 little 

rminated at relatively high temperatures and seeds 

germina

d 

 

w 

s 

the 

ar differences between the tested species. For 

each sp

a 

tion project (Hufford 

5cm of monthly precipitation, a

1). Germination at cool temperatures would give these plants the ability to begin 

growth during the winter, become established before the warmer temperatures of spring when 

much of the growth happens, and produce seeds before the soils dry out in the summer. In

California grassland, annuals that were sown in mid - winter showed greater growth and 

competitive intensity than those sown in late winter (DeFalco, et al. 2

in

grassland most of the annu

rt of the growing season (Bartalome 1979). The other annuals tested in this trial, Lotus 

and Trifolium, may also belong to this group, but due to physical dormancy there was too

germination to make conclusions. 

Artemisia seeds only ge

ted in the highest temperature rows. Artemisia often grows on gravel bars and 

terraces within the flood plains of rivers. If seeds germinated in the winter, spring floods coul

kill the seedlings. Temperatures are mostly above 10o C (the minimum germination 

temperature for Artemisia) in May and June, after most of the risk of flooding has passed 

(Table 1). The riparian habitat may mitigate for the low rainfall totals for the summer months

and provide the seedling enough moisture to grow and establish.  

 Species that germinate at different temperatures will germinate at different times of 

the year. When the first rains of winter come will vary from year to year. A rainy fall may allo

species that germinate in warm conditions to get established and have a competitive 

advantage over species that will only germinate later in the year after the temperature drop

more. In systems with a high proportion of annuals or short lived species this can influence 

species composition of stands (Espigares and Peco 1993). 

The results of this study identify cle

ecies there was only a single seed lot tested. For species with broad geographic 

ranges and ecological amplitudes there likely will be variability in these measurements. Four 

different grass species from the intermountain west as well as the shrub, big sagebrush 

(Artemisia tridentata), were found to have slightly different responses depending on where 

they were collected (Hardegree, et al. 2008; Meyer and Monson 1992; Young, et al. 1991; 

Young, et al. 2003a; Young, et al. 2003b). Seeds from populations of a species of Festuc

from across the central Canada prairies had germination that was correlated with the moisture 

and temperature characteristics of the source environment (Qui, et al. 2010). This is one 

reason to caution against the use of off site genotypes for a restora
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Figure 3.4. The average degree day accumulation before germination of each species at 

each temperature with some germination. Values are the average degree day 

accumulation before germination for all germinating seeds at each temperature. Error bars 

are the standard error of the mean. The p-value in the right column is from an ANOVA 

testing for a significant difference in degree day accumulation between temperatures. The 

overall mean degree day accumulation for each species is listed in the right column below 

the p value and indicated by the horizontal line on the graph.  
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and Mazer 2003; Keller and Kollmann 1999). Plant vigor and the environment that the seeds 

ripen in can also affect the germination response (Haferkamp et al. 1995; Figueroa 2010). In 

this experiment temperatures were kept constant throughout the germination period. Some 

species have increased germination under a fluctuating temperature regime, which is what the 

seeds would experience in natural conditions (Rice 1985; Keller and Kollmann 1999). More 

accurate prediction of a particular species germination in the field would need to take that into 

account. 

 

Conclusion 

 Plant species native to the Willamette Valley of western Oregon can be placed into 

four groups based on their germination along a temperature gradient: there are broadly 

adapted species, narrowly adapted species, cool temperature adapted species, and warm 

temperature adapted species. Seeds of all of these species germinate sooner at high 

temperatures than low temperatures. The difference is related to the germination temperature, 

with seeds germinating after a generally consistent accumulation of degree days. This 

information can be used to increase the success of propagation projects, and help understand 

seedling recruitment, competition and natural patterns in plant communities. Similar 

screenings should be undertaken with the rest of the species common in these habitats to 

create a complete set of values for a traits database. 
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Traits and growth form as predictors of plant competitive interactions 

Abstract 
Direct seeding is an efficient method to restore native grasslands, but to be successful 

the plants must grow and establish in the face of both inter- and intra- specific competition. 
Plants with resource use complementarity may e able to more completely utilize available 
resources than plants with more direct competition. A close spacing of mature plants may be 
more resistant to invasion by non-native specie . If generalizations can be made about 
ecological behavior based on plant traits, or gro th form, species mixtures can be chosen for 
communities with limited information on specifi competitive interactions.  A greenhouse 
experiment was conducted to model competitive interactions during the first season of growth 
to determine if a plant’s functional group or physiological traits be used as a surrogate for 
species identity when predicting ecosystem behavior. Additionally an analysis was performed 
to look for evidence of resource use complementarity between different species. 

The experiment involved two perennial grasses, two perennial forbs, and two annual 
forbs, all native to the prairies of Oregon’s Willamette Valley. Each species was grown alone 
or with an individual of its own or another speci s. After 90 days the aboveground biomass 
was harves

Ana petition 
indices (RCI) for answering question one.  Anal sis as a diallele replacement series 
experiment provided information with respect to question two.  

The RCI values of each competitor spe ies, each competitor functional group and 
each of the six functional group pairs g ANOVA. The predictive values of 
the traits were examined using simple li etition intensity differed 
between both species and functional groups. T petitor species’ relative growth rate was 
the best quantitative predictor. 

Higher biomass would be expected in mixtures than single species plantings of the 
same density if the species utilize a different re urce profile. The experiment provided no 
evidence that the growth in mixtures differed from what would be expected based growth in 
single species pots.  

The results of this experiment suggest at the initial establishment phase of 
community development may be governed by a space capture model of resource use. This 
model predicts that the first plant to fill a particular volume of below or aboveground space will 
acquire the available resources at the expense of other plants in the area. In established 
communities heterogeneity of resource availability may allow plants to use resources 
complementarily.  
 
Introduction 

In many western plant communities, competition from invasive species can 
significantly hinder native species restoration plantings (Dyer and Rice 1997; Eliason and 
Allen 1997). Understanding the nature of the competitive interactions of a local species pool 
will help deal with this problem. Competition is an interaction mediated by limiting resources. 
There are two perspectives inherent in the interaction. One perspective involves the depletion 
of the resources by a competitor plant, the competitive effect. The other perspective involves 
the effect of the reduced resources on the target plant, the competitive response (Goldberg 
and Landa 1991). Plants with a large competitive effect will acquire most of the resources on a 
site and make them unavailable for other plants. Plants with a large competitive response are 
hindered by poor growth in the reduced resource environment created by the other plant. The 
response of a plant to the effect of competition influences its ecological characteristics. Plants 
with a large competitive effect may tend to dominate a site and limit the growth of competitor 
plants. Plants with a small competitive response may tend to persist on a site despite many of 
the resources being consumed by other plants. Understanding how members of the local 
species pool compete with each other will help in planning restoration seed mixtures. Including 
a species with a strong competitive effect may help to competitively exclude weeds, but it may 
also hurt the other species in the mixture. Choosing species with low competitive responses 
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could
including species with low competitive respons  could result in increased 

cumulation when compared to othe ure stands. This increased 

 

ed 

shment 
the 

ecies 

estions require different types of experiments to answer them. The first 
stimates of the reduction in biomass accumulation for each species, due to 

r. An additive series experiment tests each species alone and with a 
compet mpetition 

 help ensure persistence despite the presence of strong competition. A seed mix 
es to each other
r mixtures or pbiomass ac

biomass can make it more difficult for other species to invade the site (Kennedy, et al. 2002; 
Tillman 1997; Sheley and Carpinelli 2005). 

Over yielding occurs when two species have greater growth when grown together 
than when grown in pure stands. When this happens it suggests that the species do not 
directly compete for the same pool of resources. Plants compete for the same basic 
resources, but they come in different forms, at different rates through the season, and are 
distributed through space. Seasonal fluctuations in nutrient availability have been observed in 
Northwest prairies (Pfeifer-Meister and Bridgeham 2007). In a California grassland, plants 
from different functional groups have been shown to differ in how well they can take up the 
nitrogen that is mineralized in each season (Hooper and Vitousek 1998). Asynchrony in 
nutrient uptake within the same season can allow two species to avoid direct competition as 
well (Mamolos 2006). Species that cannot escape competition temporally could differ in the 
spatial arrangement of roots and leaves, or the particular amount of nutrients they can take up
(Fargione and Tillman 2006).  Identifying species that can overyield while simultaneously 
establishing at a site would greatly aid in successful use of direct seeding to create the desir
plant community in a restoration project. 

I conducted a green house experiment to test how a set of species common to the 
native prairies of the Willamette valley of Western Oregon compete during the establi
stage.  While the interactions between these species are important to people involved with 
management and restoration of Northwest prairies, discovering the general principals that 
govern interactions across the bewildering diversity of plants and habitats should be a goal of 
plant community ecologists (McGill et al. 2006). One way to do this is to characterize plants 
based on their physiological traits, or as functional groups of plants with a common suite of 
traits (Gaudet and Keddy 1988; Hooper and Vitousek 1998; Weiher, et al. 1999). The 
experiment was designed to answer two questions.  
 
Question 1: Are there differences in competitive ability of plants native to Pacific northwest 
prairies and can functional groups or physiological traits be used as a surrogate for sp
identity in determining ecological behavior? 
 
Question 2: Is there evidence of resource use complementarity / overyielding between 
different species that are found together in Willamette valley prairies? 
 

The two qu
question requires e
each competito

itor. By comparing the growth in competition to the growth alone a relative co
index can be created, allowing standardized comparisons between species (Grace 1995). 
Additive series experiments are limited by the fact that both species composition and stand 
density are varied. That confounding effect limits the utility of additive series experiments to 
measuring the effect of an additional plant on the growth of the target species.  

Answering the second question requires estimates of the relative sizes of inter and 
intra specific competition. A replacement series experiment keeps the total plant density 
constant while the number of individuals of each species in a planting is varied. The 
differences in the effect of intra specific competition between species limits the utility of 
replacement series experiments in estimating competitive effects, but this type of experiment 
can provide a relative comparison of inter-specific and intra-specific competition. If intra-
specific competition is stronger than inter-specific competition, overyielding may occur, 
suggesting there may be resource use complementarity between species.  
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 Methods 
Eight species were chosen from a group of Willamette valley prairie plants that ar

available from commercial seed producers and widely used in restoration projects. Additional
these species have estimates for several physiological traits available in the literature (Robert
2007). The species chosen included two spe
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cies each of perennial forbs, perennial grasse
nnual forbs (Table 4.1). In 1 gallon pots, a single individual of each species was 

planted alone or paired with another plant. The additive series experiment compared the 
growth of the each species as a single individual with the growth of the species in a p
by another plant. Species were tested against every other species as well as another plant of 
the same species. The set of pots with two individuals in them allows for a replacement series 
comparison between pure and mixed stands. There were initially 4 replicates of each plantin
but some of the plants did not get established so at the end of the experiment the design wa
unbalanced.  

Seeds were sprouted on filter paper moistened with distilled water in Petri dishes. Th
seeds were started in a staggered pattern, with E. lanatum and M. gracilis started a few days 
earlier than the rest to account for their delayed germination. The seeds germinated over a 
period of several days. This required two planting dates, a week apart, to plant the desired 
number of replicates with a healthy seedling.  

 When seedlings were fully germinated with the cotyledons exposed and green,
ere planted in 1 gallon pots filled with a one to one mixture of potting w

(S w SB40, Sungro Horticulture, Bellview, Washington). The pots were placed in the 
Oregon State University greenhouse under natural light in mid-March and watered daily. The 
greenhouse was set for 18o C at night and 23o C during the day, but on sunny days 
temperatures often exceeded the setting. The minerals and water provided by the soil media 
and watering regime were relatively abundant, but the available light in the March through 
June experimental period was less than would be found in outdoor habitats when they reach
similar temperatures.  

After approximately 3 months, on June 19, the above ground portions of the plants 
were clipped and placed in paper bags. The below ground portions were not harvested 
because the roots were too entangled with the growing media. The harvested material was 
placed in paper bags and dried at 42o C for at least 48 hours. Additional time was needed
dry a few of the larger samples. The air dried samples were weighed to the nearest 0.1 m
The estimates for the plant trait parameters were taken from a growth chamber screening of a
larger group of species (Roberts 2007). Estimates were calculated for five traits that were 
suspected of being related to establishment ability, specific leaf area, leaf weight ratio, ro
shoot ratio, relative growth rate, and unit leaf rate (table 4.2).  
 
 
 
 

Scientific name Common name Code Growth form 
Elymus glaucus Bukl. blue wildrye EG G 
Festuca idahoensis Elmer  
ssp. roemeri (Pavlick) S. Aiken Roemer's fescue FR G 
Eriophyllum lanatum (Pursh) Forbes Oregon sunshine EL P 
Prunella vulgaris L.  
ssp. lanceolata (W.Bart.) Hultén lance selfheal PV P 

eck & J. Clausen ex Applegate slender tarweed MG A 

Clarkia purpurea (W. Curtis)  
A. Nels. & J. F. Macbr.  purple godetia CP A 
Madia gracilis (Sm.) 
 K

Table 4.1 Species included in the experiment. Growth forms include perennial grass (G), 
perennial forb (P), and annual forb (A). 
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Analysis 
 

relative 

T
c t reduction. This allows the effect of each species to 
be compared among target species differing in growth rate and mature size. RCI can be used 

the competitive effect and the co . Co iv
 the  RCI values by the com s and ca  the means. 

ed by the target specie stimate the competitive 
d response was e c ombination, for 

l as for each NO was used  test 
cies.  

ssed against five p s as m red by R erts 
bination (Table 4.2). Extr s F tests were used check 

 significant mod n adjus  r2.  A 
 using the rank spo nd comp ive 

effect fo
nks 

ant 
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lues were used to calculate an expected growth in the mixed stand 
(1:1). Th

 and 
e 

 (Table 4.3). When species 
ere compared across all combinations, there were significant differences in competitive 
ffects between species when measured as RCI (F5/102 = 9.1, p < 10-6, adj r2 = 0.28) as well as 
hen measured as ranks (chi squared on 5 df = 25, p = 0.0001). M. gracilis had the largest 
ompetitive effect, reducing the growth of its competitor by an average of 69 percent (Figure 

Additive series experiment 
 Because the plants were 

planted on two dates, final biomass was 
converted to a growth rate of grams per 
day. The mean growth rate for the single 
plant treatment was calculated for each 
species. For the additive series 
experiment the difference in growth rate 
between plants grown with a competitor 
and the growth rate alone was divided by 
the alone grow

Species SLA  LWR RS RGR ULR 
EG 36 0.87 0.14 0.215 0.768

th rate to calculate a 
competition index (RCI) (Grace, 

1995). RCI was calculated as: RCI = (Ta 
- Tc) / Ta, where Ta is the mean growth of 
the target plant alone, and Tc is the 
growth of the target plant in competition. 

his measure isolates the effect of the 
ompetitor on the target plant as a percen

to estimate both mpetitive intensity mpetit e intensity is 
calculated by grouping petitor specie

s the means e
lculating

When RCI values are group
response. Competitive effect an stimated for each spe ies c
each species across mixtures, as wel

I between each spe
 functional group. A VA  to

for differences in RC
 
Traits correlation 

 regreRCI values were
om

hysiological trait
a sum of square

easu ob
 to (2007) singly and in c

for significance of the models, and
complementary analysis was done

els were compared ba
s in competitive re

sed o
nse a

ted
etit

r each species across mixtures. A Kruskal-Wallace rank sum test was used to 
determine if there were differences in the competitive response or competitive effect ra
between species. Additionally linear regression was used to determine if there were signific
trends in ranks depending on the physiological traits.    

 
Replacement series experiment 

Analysis of the replacement series experiment involved calculation of the mean sin
plant growth rate from the pure stand treatment (target species : competitor species = 2:0) for
each species. Those va

e observed growth of each pot was divided by the expected growth to calculate the 
percent overyielding. T-tests were used to determine if the difference between observed
expected values was zero. Significant positive values could be interpreted as overyielding du
to resource use complementarity, while negative values suggest some interference. 

 
 
Results 

When the competitive effects and responses of each species were compared within 
species there were no significant differences in either measure
w
e
w
c

FR 27 0.74 0.37 0.171 0.939
EL 64 0.78 0.22 0.176 0.465
PV 48 0.8 0.24 0.169 0.5
CP 66 0.72 0.30 0.200 0.4

14
44

MG 49 0.8 0.22 0.209 0.661

Table 4.2 . The values for the traits of each 
species in the experiment that were tested as 
predictors of competitive interactions. SLA is 
specific leaf area (mm2/mg), LWR is leaf weight 
ratio (mg/mg), RS is the root to shoot ratio 
(mg/mg), RGR is the relative growth rate 
(mg/mg/day), and ULR is the unit leaf rate 
(mg/cm2*day) (from Roberts, 2007).  
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Table 4.3. Relative competition indices (RC
 the formula at t

bioma  Tc is the
n, 

mp
m

nse

I) for the species compared in the study. 
he top of the table. Ta is the target’s 
 target’s biomass when grown with the 
p-values from ANOVA tests for a 
etitive effect on the other species are 
 ANOVA tests for a significant difference 
 when paired with each competitor.  

Values are calculated with
ss when grown alone, while

competitor. At the bottom of each colum
difference in the competitor species’ co
listed. The right column lists p-values fro
in the target species’ competitive respo

4.1). F. idahoensis had the smallest competitive effect, reducing its competitor’s growth by an 
average of only 12 percent. The competitive effect differed between functional groups, bu
differences were less than those between species (F2/105 = 9.1, p = 0.01, adj r2 = 0.07).  

There were also trends among species based on their physiological traits. SLA, LWR,
RGR, RS were significantly correlated with RCI

  Competitor 

t the  

 
 in simple regressions, while LWR, RS, and 

GR were correlated to the ranked effects. When the Bonferoni adjusted critical p-value of 
ssion model tests) is used as the cutoff for significance, only RGR and RS 

were sig

gest 
e 

e Kruskal-Wallace rank sum test 
showed nly suggestive evidence of a difference (chi squared on 5 df = 9.7, p = 0.09). There 

ween competitive response and any of the measured traits 

(T  / es e RCI = a - Tc)  Ta R pons
Target CP EG EL M P p-FR G V value 

CP 0.64 0.72 0.42  0. 0.0.21 63 45 0.14 
EG 0.32 0.54 0.63 0. 0.0.27 76 44 0.33 
EL 0.82 0.60 0.35 0. 0.5-0.29 84 0 0.38 
FR 0.58 0.52 0.32 0.12 0. 0.62 33 0.14 
MG 0.33 0.58 0.07 0. 0.20.28 47 1 0.28 
PV 0.59 0.61 0.31 0.08 0.83 0.46 0.09 

 Effect     
p-value 

0.21 0.46 0.75 0.87 0.17 0.9 
 

R
0.005 (for 10 regre

nificantly related to either RCI or ranked effect. The trait that was most strongly 
correlated with competitive effect was relative growth rate with a stronger effect in the ranks 
analysis (p < 10-7, r2 = 0.61) than the RCI analysis (p < 10-5 ,  r2 = 0.19) (Figure 4.2).   

F. idahoensis had the lowest competitive response, averaging only a 33 percent 
reduction in growth when grown with a competitor (Figure 4.1).  C. purpurea had the lar
competitive response, averaging a 54 percent growth reduction from competition. Despite th
nominal differences there were no significant differences between the species when RCI was 
compared (F5/102 = 1.1, p = 0.38, adj r2 = 0.003), while th

 o
were no significant relationships bet

  CP EG EL FR MG PV 
CP   1.20 1.11 1.39 1.15 1.19 
EG 0.40   0.75 1.20 0.63 1.05 
EL 0.76 NA   1.27 1.17 1.06 
FR 0.44 0.48 0.75   0.92 1.21 
MG 0.12 0.19 0.35 NA   0.97 
PV 0.63 0.89 0.87 0.34 NA   

Table 4.4. Overyielding indices for species combinations included in the study. 
Values above the diagonal are the overyielding indices, calculated as the ratio 
of the observed total pot biomass to the biomass that would be expected if each 
species performed as well as it did when grown with a conspecific competitor. 
Below the diagonal are p-values from one sample t tests of the difference 
between observed and expected total pot biomass.   
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when evaluated based on either RCI or ranked responses.  
 of all 

c ected based 
o s 
c rowth than 
w bserved 
v

 

structures involved ht ve ut cq n. ul  of relative growth rate 

Mixtures of E. glaucus and M. gracilis averaged the lowest percent overyielding
ombinations, achieving only 63 percent of the growth that would have been exp
n the effect of intraspecific competition (Table 4.4). The C. purpurea and F. idahoensi
ombination had the largest percent overyielding, averaging 39 percent more g
ould be expected. These and all of the other differences between expected and o
alues were not significant when tested with one sample t- tests (p > 0.12).   
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Figure 4.1: Mean competitive response and mean competitive intensity of each species a
measured by RCI. Error bars indicate the standard error of the mean. For each series, 
species that were not significantly different from each other based on Tukey’s honestly 
signifi

s 

r cant difference test are labeled with the same letter. P-values from ANOVA tests fo
differences between species were significant for competitive intensity (p-value = 3.4E-07) 
but there was no evidence for differences in competitive response (p-value = 0.38). 

Discussion 
The best predictor of competitive effect was species identity. Functional group identity

was not a very good predictor, but with only two representatives from each group there may 
be too small of a sample size to make broad conclusions. While there were no traits that 
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ssed species identity in predictive value, the linear regression of relative growth 
ed a highly significant model. The traits were measured in short term growth cha
riments using standardized procedures (Roberts 2007). While the values observed
 from those observed in field conditions the estimates are useful for comparing plants o
ent species. The traits used as predictors of competitive interactions in this study are 
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(RGR) is a measure of how fast the plant accumulates biomass relative to its starting biomass
(Shipley and Keddy 1988). Plants with high RGR values will rapidly convert available 
resources into biomass, and can quickly expand into more areas with available resources. 
Unit leaf rate (ULR) measures the biomass assimilation per unit of leaf area and is as
with photosynthetic capacity (Touchette, el al. 2008). 

In this experiment, fast growing species have the largest competitive effect on oth
species; it is possible to further break down the data to better understand the results. Wilson 
(2007) proposed decomposing RCI into two aspects, relative crowding, and competitive 
intensity. Relative crowding is the ratio of the biomass of the competitor in the mixture to th
biomass of the target species when grown alone. Competitive intensity is the difference 
between the target’s biomass in the mixture and when grown alone, divided by the biomass o
the competitor in the mixture. When relative crowding and competitive intensity are multiplied 
the competitor’s biomass is factored out and the product is RCI. Relative crowding measu

n 
(2007) proposed decomposing RCI into two aspects, relative crowding, and competitive 
intensity. Relative crowding is the ratio of the biomass of the competitor in the mixture to th
biomass of the target species when grown alone. Competitive intensity is the difference 
between the target’s biomass in the mixture and when grown alone, divided by the biomass o
the competitor in the mixture. When relative crowding and competitive intensity are multiplied 
the competitor’s biomass is factored out and the product is RCI. Relative crowding measu
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Figure 4.2: Scatter plot of the competitor’s relative growth rate versus the target’s relative 
competition index. The line is the linear regression model describing the relationship (r2 =
0.19). RGR values are:  PV = 0.169, FR = 0.171, EL = 0.176, CP= 0.2, MG= 0.209, EG = 
0.215  

 

0.17 0.18 0.19 0.20 0.21

-1
.0

1
.0

-0
.5

0
.0

0
.5

R
C

I

Competitors RGR

  



56 

a competitor’s propensity to capture space and the associated resources, causing a reduction 
in growth of the target species. Competitive intensity quantifies a plant’s ability to affect the 
environment in a way that interferes with the target species. When RCI is decomposed and 
the factors are regressed against RGR, intensity is not significantly correlated, but crowding is. 
This suggests that during the establishment phase plants that can quickly establish and 
occupy the available space will have larger competitive effects on their neighbors. A study that 
grew a set of wetland plants from eastern Canada as competitors to a single “phytometer” 
species found the competitive effect was correlated with the competitor species’ biomass 
(Gaudet and Keddy 1988). Another greenhouse study found that the competitor’s biomass 
was the best predictor of the target species’ growth (Ramseier and Weiner 2006). These 
results and the results of this experiment fit the space capture model of competition suggested 
by Ross and Harper (1972). When seeds germinate on an empty site, resources are available 
throughout the space. The first plant to occupy a unit of space will 
available resources. As the space becomes occupied resource availability becomes 
dependent on the uptake of nutrients and water and the interception
plants. In this situation, fast growing plants will be able to access t
prevent slower growing plants from obtaining them. In the resource rich 
experiment the growth of a plant into the previously unoccupied space ha
reduction of resources. This explains the strong effect of relative grow
effect. 

In the replacement series experiment there was no eviden
yielding and resource use complementarity between species. This 
of a difference in competitive intensity after relative crowding is factored o
the initial stages of growth young plants are not yet developed enou
differences in resource use. It may be only larger plants that can access 
spatial areas. As communities develop, resource availability is affected by the 
(Hooper and Vitousek 1998; Wedin and Tilman 1990). Nitrogen cycling ca
dependent on the nature and timing of the plant uptake and litter inputs, resulti
in the limiting resources throughout the year (Augustine and McNau
allow differentiation of the resources into spatially or temporally distinct pool
their ability to access the different pools it could explain the increased pro
seen in more diverse stands (Tillman 1997, Sheley and Carpinelli 2005). 

This study only examines plant growth in the establishment stage. T
significant interactions between species during seed germination 
the germinant (Leger and Espeland 2010). Effects in those stages ma
difference in early growth when looked over the entire establishment pro
there may be higher plant densities and harsher conditions there ca
effects between species during the establishment phase such as nurse pla
and Walker 1

fa
re
a n this study, including a longer lived species with low com

 be predicte
alone. A

be able to acquire the 

 of the light by existing 
he available resources and 

conditions of the 
d a large potential for 

th rate on competitive 

ce that there was over 
is also reflected in the lack 

ut. It is likely that in 
gh to have clear 

resources in different 
species present 

n become 
ng in changes 

ghton 2004). That can 
s. If plants differ in 

ductivity that is often 

here can be 
stage, and in the survival of 

y counteract the 
cess. In nature where 

n be significant facilitative 
nt effects (Callaway 

se 

petitive response, like 

ion in 

d by relative growth rate 

trient 

997). 
 These results suggest that in the high resource conditions of the establishment pha

st growing species can occupy the site and potentially exclude undesirable weeds from a 
vegetation or restoration site. If the fast growing species are relatively short lived, like the 

nnuals i
Roemer’s fescue, may be a wise strategy. The annuals can prevent dominance by weeds in 
the early stages of succession, and a diversity of long lived perennials can resist invas
the later stages (Tillman 1997). It is important to remember that this is a greenhouse study. 
Under natural conditions species will germinate at different times of year, resulting in 
differences in primacy of space occupation than would

dditionally growth rate rankings may vary as temperature and nutrient levels change 
seasonally and across a landscape. The species with the fastest growth in the high nutrient 
conditions of the experiment may not do as well as other species in more stressful low nu
conditions (Shipley and Keddy 1988). 
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Chapter 5 Conclusion 
 

ancy. 
The spe se 
differen

When six of the species are grown together the species with the fastest growth had 
ect 

where t ve the largest competitive effect on the other plants 
 the area. The greenhouse experiment I conducted started seeds at the same time. The 

t 
times. T  a 
particula uirements as well as the physiological 

aits such as relative growth rate will aid in the prediction of how these plants will behave 

projects
The species with the earliest germination and fastest growth will likely be the 

ompetitive dominant at the beginning of succession, but those species may not be dominant 
at other seral stages. Plants differ in the strategies they exhibit to persist on the landscape. 
Grime et al. (1968) identified three main strategies that plants could be grouped into, ruderal 
plants that can disperse widely and establish quickly, highly competitive species can crowd 
out other species and come to dominate older stands, and stress tolerant species which are 
able to thrive on sites that other better competitors cannot survive on. In this classification 
system it is likely that the priority effect is most important for the ruderal species. Competitive 
dominants are likely to depend on their ability to draw down resources such as soil nitrogen 
more than other species (Fargione and Tilman 2006). Stress tolerant species often occupy 
habitats where harsh conditions limit competition and abiotic factors are most influential.  

These studies help describe the species native to Pacific northwest prairies and begin 
to compare their ecological characteristics. The information I provide here can be used to 
understand how species will behave in the early stages of succession and can be used to 
identify the strategies the species exhibit to survive on the landscape.  
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 Plant species differ in their dormancy types and what treatments can break dorm

cies also differ in the range of temperatures at which they will germinate. The
ces can lead to differences in the time of year the seeds germinate.  

the largest competitive effect on the other species. This is a demonstration of the priority eff
he first plant to occupy a site will ha
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germination experiments I conducted suggest that different species will germinate at differen

he time of germination is another determinant of which species will be first to occupy
r area. Understanding both the germination req
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Appendix A: Performance of the temperature gradient table in four trials. 

The temperature gradient table was used in a series of four trials to test the 

ermination tolerances of 20 species. Following each trial the temperatures were recorded 

sing hobo data loggers to create a model of the temperatures across the table. 

emperature gradient table 

The temperature gradient table is constructed out of a large slab of aluminum with 140 

oles drilled into it. Each hole is drilled to fit a single test tube. Ten holes are arranged in each 

w. Rows are placed in seven pairs for a total of 14 rows (Figure A.1). Paired rows are 55 

m apart (i.e. A1 to A2) while there is 200 mm between pairs (ie.A2 – B1). Paired rows are 

beled with the same letter. At one end of the table is a cooling/heating unit. At the other end 

is a heating unit, both units are controlle ostats. The aluminum slab 

conducts heat, creating an even gradient along the table. There were four trials conducted on 

the gradient table. In the first two trials the cool end was set to 3 oC, while the warm end was 

set to 31 oC. In the third experiment the table was set from 1 oC to 38 oC. The fourth trial was 

set from 1 oC to 33 oC.  

A pair of florescent light bulbs extending most of the length of the table illuminate the 

table. The lights are on a timer set to maintain 12 hours of on and 12 hours of with transitions 

at six in the morning and six in the evening. The table is also illuminated by ceiling lights in the 

lab and indirect sunlight from windows. 

 

Temperature measurement 

Following the first trial which occurred in April, 10 Hobo V2 temperature data loggers 

(Onset Corp.) each with two probes capable of being inserted into the wet sand in the test 

tube were deployed to measure the temperatures on the table. The probes were rotated 

around the table in five intervals over a 41.5 hour period. During each interval the 20 

Figure A.1. Layout of the test tube holes in the temperature gradient table. Each row is 
labeled above. 
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temperature probes were placed in specific locations across the table and measurements 

ere tak uous 

d in the test tube in the sixth position from the side of the table 

 

D pect 

to position in the row and the time of day.  A multiple regression model predicting the 

temperature in the test tube could be fit with significant main effects and interactions between 

the distance along the table as a continuous variable, the position across the row as a factor, 

and hour as a factor (Table A.1). The ambient temperature of the room the gradient table is in 

slightly cycles diurnally, resulting in more temperatures below the row mean during the night, 

and temperatures above the row mean during the day (Figure A.3). Additionally there tended 

to be temperatures below the row mean in test tubes near the side of the table and 

temperatures above the row mean toward the center of the table (Figure A.4). In the next 

ree trials the probes were not moved around and they were all deployed for the same 

d l 

re  two, three and four than trial one. In trial two, which occurred in May, and 

e above average temperatures from six AM to six PM. In trial two 

the patt

  

w en every five minutes. The five sets of measurements occurred over a contin

period with overnight sample intervals that were longer than periods during the day. Altogether 

100 of the 140 holes were sampled to create a temperature model for the variation in 

across the table. There was very little variability within rows; so on following three temperature 

trials a single probe was place

to estimate the mean temperature. The second trial occurred in May and temperatures were 

sampled over a 99.5 hour period. The third trial occurred in July and temperature sampling 

lasted 44.5 hours. The fourth trial occurred in January and the sample period was 26.5 hours. 

The temperature settings of the table differed between trials, so each trial was analyzed 

separately to determine how the temperature varies over the table and through time. 

After the second trial, six Hobo pendant data loggers (Onset Corp.) were deployed to 

record the temperatures on the table surface in the large spaces between the rows. The Hobo

pendant loggers have one channel that records temperature and another that records light 

intensity. The loggers recorded measurements on the table for 99.67 hours.  

 

Results 

The measurements after the first trial demonstrate that there was little overall variation 

in mean temperatures within a row relative to the differences between rows (Figure A.2). Only 

in the warmest row pair was there any overlap between maximum and minimum values 

between adjacent rows.  

espite the low practical variability, there were patterns in the variability with res

th

uration for a trial. The balanced sampling design results in a clearer pattern in the diurna

siduals for trials

trial one from April, there wer

ern in the residuals was strongest in the cooler rows (Figure A.5). In row G1 (29.1o C) 

the pattern in the residuals almost disappeared. In the warmest row, G2 (30 o C) the pattern
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was actually reversed with warmer temperatures at night and cooler temperatures during the 

day, but the effect was small. Trial three was conducted in July and again there was a diurnal 

fluctuation in temperatures for the cooler rows, but in the two warmest rows there was no 

pattern to the variability in temperatures depending on the time of day (Figure A.6). Although 

the diurnal pattern is similar to the previous two trials, in trial three there is a phase shift with 

above average temperatures between noon and midnight and below average temperatures 

from midnight to noon. The maximum residuals of trial three were about twice the magnitude 

as the residuals from experiment one and around four times the magnitude of residuals in 

experiment two. 

Trial four was conducted in January and the pattern of residuals had a similar phase 

to the pattern in trial three, but the positive residuals were restricted to a shorter period (from 

2:00 PM to 10:00 PM). The positive residuals were larger than the negative residuals in trial 

four, but the magnitude was not as great as in trial three (Figure A.7).  

In experiment two the Pendant data loggers were deployed to determine the 

temperatures on the surface of the table between the rows. The temperatures were much less 

stable on the table surface and there was overlap between the maximum and minimum  
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Figure A.2. The mean temperatures across the temperature gradient table. Temperatures 
easured with probes placed in the germination test tubes. The tubes were arranged 

listed 

the 
ure. The legend is listed in reverse alphabetical order so it matches 

were m
in 10 positions across the table in each of 14 rows. Rows are grouped into series and 

in the legend. The overall mean temperature for each row is marked with a line. The 
100 test tube holes that were sampled are marked with hollow points. Points below the line 
were slightly cooler than the mean for the row, while points above the line were warmer. 
Error bars, best seen around points in the warmest rows, indicate the standard error of 
mean position temperat
the orde  r of the lines on the graph. 
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Table A.1. Sizes of main effects and their interactions in a linear regression model of test tube 
temperatures following trial one. The distance along the gradient is a continuous linear 
variable quantifying the relationship between rows. The position across the gradient is a 
categorical variable distinguishing which test tube from each row was being measured. The 
hour is a categorical variable distinguishing observations based on the time of day they were 
taken. 

 

 

 

 

 

 

 

 

 DF F value Pr(>F) 
Distance along temperature gradient 1 8280400 < 2.2e-16 
Position across gradient 9 50.705 < 2.2e-16 
Hour 23 23.856 < 2.2e-16 
Distance * position 9 23.633 < 2.2e-16 
Distance * hour 23 9.9743 < 2.2e-16 
Position * hour 140 1.5442 4.41E-05 
Residuals 10354   

A1 = 8.8 C

Figure A.3. Difference between measured temperature and the overall mean temperature for
each row for temperature measurements following trial one in April. Means are calculated for

each hour in the day.  The mean temperature in each row is listed in the legend. 
 

temperatures of adjacent spaces (Table A.2). There was a similar pattern in residuals of the 

surface temperatures to residuals of the test tube temperatures with respect to time of day,

the mean residua

 
 

 but 

ls were up to six times the mean residuals of the test tube temperatures 

(Figure 

s 

A.10). 

Discuss

A.8). 

The light on the table was most intense at the center of the table and less so towards 

the ends (Figure A.9). The table was not shielded from extraneous light, but light intensity wa

very low when the light directly above the table surface was off (Figure 

ion 

The temperature gradient table is effective at maintaining a relatively constant temperature. 
There is greater variability in rows set to maintain higher temperatures. 
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Figure A.4. The difference between the row mean and the test tube temperature during trial 
one calculated for each position along the rows. Rows run perpendicular to the temperature 
gradient. Positions one and ten are near the sides of the temperature gradient table, while five 
and six are near the center. Error bars are the standard error of the mean. 
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Figure A.5. Difference between measured temperature and the overall mean temperature for 
each row for temperature measurements following trial two in May. Means are 

each hour in the day.  The mean temperature in each row is listed in the legen
calculated for 
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each row for temperature measurements following trial three in July. Means are calculated fo
each hour in the day.  The mean temperature in each row is listed in the legend. There are no 
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r 
r 
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Figure A.7. Difference between measured temperature and the overall mean temperature for 
each row for temperature measurements following trial four in January. Means are calculated 

for each hour in the day.  The mean temperature in each row is listed in the legend. 
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Table A.2. The minimum, maximum, and mean temperatures recorded by pendant 
dataloggers deployed in the spaces between the test tube rows. Pendants were placed on the 
surface of the temperature table after trial 2. Also shown is the predicted temperature of the 
aluminum slab calculated as the mean of the adjacent test tube rows.  
 

 Table  Surface Temperature 
space Temperature Mean Min Max 

AB 11.0 15.5 14.4 18.0 
BC 14.5 17.9 17.0 19.7 
CD 17.8 19.7 18.9 21.0 
DE 21.2 22.6 21.8 23.6 
EF 24.5 24.1 23.3 25.1 
FG 27.8 25.7 24.7 27.0 
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Figure A.8. The mean difference between each measurement and the row mean for the 
surface of the temperature gradient table at each position during experiment two. 
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Figure A.9. Intensity of light on the surface of the temperature gradient table during trial two for 
each position on the table. 
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1200

Figure A.10. The light intensity on the surface of the temperature gradient table during trial two 
for each position over the course of the day. 

 

Additionally the temperature varies systematically over time with higher temperatures during 

the day and lower at night. The exact pattern of the variability depends on the ambient 

temperatures which differ depending on the time of year the trial was conducted.  The 

differences observed in temperatures within each row are very low when compared to the 

differences between rows. These differences will probably not negatively effect any 

experiments unless the temperature gradient is very small. 

The temperatures recorded on the surface had more variability than temperatures in 

test tubes within the aluminum slab. The range of temperatures the pendants recorded 

generally overlapped slightly with the ranges of the data loggers in adjacent positions (Table 

urface temperatures can be compared with estimates of the temperature within the 2). S

aluminum slab calculated as the mean of the test tube temperatures in the rows adjacent to 

the pendants position. The mean temperatures the pendant loggers recorded was generally 

less extreme than the estimated slab temperature. Specifically, the pendant means were 

higher than estimates of the slab temperatures in positions AB through DE, while the pendant 

means were lower than the slab estimated for positions EF and FG (Table A.2). The pendant 

type data loggers contact the surface of the table at the corners of their irregular shape. There 

is likely some conduction of heat directly through the walls of the datalogger to its internal 

thermocouple, but the temperatures are also influenced by the air just above the table surface. 

A Petri dish placed on the surface of the table would make much better contact with the 

temperature gradient table and could be expected to have variability intermediate to the 

endant measurements and test tube temperatures.  

from the florescent lights above th an any light that came in from 
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e outside or was provided by the room lighting. Over the course of the day as the sunlight 

comes through the lab windows and the room lights are turned on and off the light intensity 

varies only slightly when compared to the change that occurs when the florescent lights above 

the gradient table are turned off (Figure A.10). Light intensity does vary depending on the 

position along the temperature gradient with the central positions having higher intensity than 

the edge positions (Figure 9). As this variability changes systematically with the temperature 

gradient, there is the possibility that the effect of light intensity could get confounded with the 

effect of temperature. 

 

Conclusion 

 The temperature gradient table can create a linear gradient in temperature across its 

length. There is little variability in temperatures within rows except at temperatures above 

ble, and a little more depending on the ambient temperature in the lab. The ambient lab 

in 

ery 

ble 

itive to 

 

th

approximately 27o C. Temperatures did vary slightly depending on the position across the 

ta

temperature varied depending on the hour of the day and the time of year and thus the 

specific effect of the ambient temperature cycled diurnally and the cycles shifted phase 

different seasons. Overall this variability should not cause problems in trials except for v

high temperatures and very narrow gradients. The light intensity along the surface of the ta

is higher under the center of the lights than near the ends, so any trials that are sens

light intensity should take that into account. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


