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ABSTRACT 

A suite of microclimate variables affected germination of five Great Plains native plants seeded 
on an extensive green roof. Germination was significantly ( = 0.05) greater in a greenhouse 
control versus the green roof for shortbeak sedge and prairie spiderwort (Carex brevior (35% 
versus 23% Tradescantia occidentalis 19% versus 0%). No significant germination 
difference between the greenhouse and green roof existed for two, warm-season species, Liatris 
squarrosa and Eragrostis spectabilis. Significant differences in microclimatic conditions 
between green roof plot locations suggest a heterogeneous environment can decrease seed 
germination. This impact was attributed to differences in the receipt of solar radiant energy, 
surface temperature, and vapor pressure deficit. Light reflection and thermal emission from 
the adjacent buildings supplied additional energy in some locations (depending on time of year 
or time of day) that varied greatly over only a few meters. Designers must carefully analyze 
microclimate impacts and consider those implications for plant selection and seeding. 
Establishment of some native seeds in high temperature zones may take more irrigation or 
benefit from mulching than those in moderate temperature zones. Increased seeding rates and 
targeted seeding dates may also be useful strategies. Future green roof research should examine 
germination across steep microclimate gradients, seed a wider suite of native plants to broaden 
plant biodiversity, and follow seedling development and mortality.  
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INTRODUCTION 

Green roofs represent engineered layered ecosystems (Sutton 2015) that accrue economic and 
ecological benefits (Patricia 2014; Theodosiou 2003; Brenneisen 2006, Culligan et al. 2014; 
Dunnett and Kingsbury 2004; Getter and Rowe 2006). 

Because of their extreme drought resistance, Sedum species are most commonly planted on 
extensive green roofs. However, some species of native grasses and forbs have become popular 
for increasing biodiversity because they also have the ability to survive in arid and exposed 
environments (Tilman and Downing 1996), especially small prairie disturbance patches (Platt 
and Wiess 1977). Biological diversity not only influences aesthetic value and determines habitat 
formation, but also indirectly influences other performance measures (Tilman et al. 1996; Wolf 
and Lundholm 2008; Lundholm et al. 2010; Lundholm and Williams 2015).  

Currently, the main methods for installing plant material on green roofs include cuttings, plugs, 
nursery containers, pre-grown mats and modules. Compared to traditional roofs, live planting 
installation costs are more than that for seeding (McDavid 2012; Sutton 2013). However, little is 
known of the efficacy of seeding green roofs even though such seeding may provide an effective 
way to diversify the green roof species palette and its functional traits over the life of the green 
roof by selecting plants from stressed plant communities (MacDonagh and Shanstrom 2015). 

Green roofs present stressful (Oberndorfer et al. 2007) dynamic (Carlisle and Piana 2015) 
ecosystems. Disturbance patches often occur on them due to unevenly distributed microclimates 
often unanticipated by planting designers, such as parapets, reflection and shading from nearby 
structures or from death owing to insects, disease, invasive weeds and herbivores. Seeding and 
reseeding present efficient ways to fill the gaps caused by plant death. 

Little has been published on microclimate impacts on seeding green roofs. Some work (Brown 
and Lundholm 2015) investigated microclimate and substrate depth effects on green roof 
plantings as being “harsher” and developmentally “limiting.” For example, substrate depth and 
position relative to the underlying building, (i.e., the underlying room was air-conditioned) 
influenced plant community development. They also found more non-native, ruderal species in 
the most difficult microclimates during the driest portion of the year.  Previous green roof 
research on Lincoln’s Larson Building extensive green roof (Schwarz 2015) showed unequal 
incoming shortwave solar radiation between two plots, one which was close to a south-facing 
building wall and another which was located a short distance from the building toward the 
middle of the green roof. Drought disturbance patches occurred on the Larson Building green 
roof within this variable radiation area. Based on Schwarz’s findings, we address the following 
research question: How might differences in microclimate be measured and quantified and how 
do they impact germination of a suite of native, stress-adapted species?  
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MATERIALS AND METHODS 

To examine the microclimate-germination nexus, an experiment on seed establishment was 
conducted on the Larson Building variable microclimate green roof (40°48'56.2"N 
96°42'07.0"W) (Figure 1), and in a more stable greenhouse environment at University of 
Nebraska-Lincoln East Campus (40°49'53.3"N 96°39'53.3"W) (Figure 2). 

 

Figure 1 a) Layout of two blocks on the green roof with planting study blocks on the Larson Building 
green roof in Lincoln, NE: Block 1 next to the building and patio and Block 2 located toward the middle 
of vegetated area; b) a late afternoon view of the two blocks and the bare area in between them on the 
green roof. 
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Both experimental sites are located in Lincoln, NE, which has a four-season humid, 
continental climate characterized with cold, dry winter and hot, relatively humid summer. During 
the study period, average monthly air temperature ranged from 18.9 to 31.9°C, with a total 
precipitation of 120.9 mm. The greenhouse temperature regime was set at 72 ℉ (22.2°C). In the 
greenhouse, the two blocks were arranged equidistant from fans to minimize temperature and 
light variation. 

 

 

 

 

 

 

 

 

Figure 2 Two blocks of five flats, in the greenhouse after seeding. 

Conditioned on availability, five Great Plains native species were used, covering grass, forb, and 
sedge lifeforms. They were respectively: lilac penstemon (Penstemon gracilis), prairie 
spiderwort (Tradescantia occidentalis), purple lovegrass (Eragrostis spectabilis), scaly 
gayfeather (Liatris squarrosa) and shortbeak sedge (Carex brevior). These species are drought 
and stress adapted for shallow to deep, dry prairie soils (McGregor et al. 1986). All species, 
except purple love grass, were stratified at 39.2 ℉ (4°C) for four weeks to overcome dormancy 

(Lindgren 2004; Burgess 1966; Schütz and Rave 1999; Baskin et al. 1989) before sowing. 
Since three species (Liatris squarrosa, Penstemon gracilis, Tradescantia occidentalis) had 
similar pre-germination requirements, it was hypothesized that these species would germinate if 
roof and greenhouse conditions were acceptable. Carex brevior and Eragrostis spectabilis will 
readily germinate without stratification (Houseal and Smith 2010). According to pre-planting 
germination tests from Nebraska Crop Improvement Association (268 Plant Science Hall, 
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Lincoln, NE, 68583-0911), Penstemon and Tradescantia seeds showed very low viability. As a 
precautionary measure, in consideration of the harsh green roof environment, the numbers of 
seeds sown for all species at both locations were tripled beyond what would normally be applied 
for each species. Midwest extensive Roof Media (Midwest Trading Horticulture Supply, INC, 
P.O. Box 398 Maple Park, IL, USA, 60151) was the growing substrate for both the green roof 
(10-cm-deep) and the greenhouse (5-cm-deep).  

The experiment design was a 5 X 5 Latin square. Each block design (4 total) had five 
replications (flats) and five sections within each replication (flat).  Within each section of the 
flat, the five species were laid out in a row-column treatment design (see Table 1).  Within each 
cell there were three seeds (experimental unit) planted for each species for a total of 75 seeds per 
flat and 375 seeds per block.  

 
Seeds were hand-planted with the aid of a cardboard template designed with a grid of 25 holes to 
guarantee repeatable seed spacing (17.8 cm × 17.8 cm, with a 3.8 cm distance between two 
adjacent holes on the template). Three seeds were planted per hole and planting was completed 
on May 31, 2016, in the greenhouse and on June 1, 2016, on the green roof. To deter seeds from 
being dislodged and washed away during rain or irrigation events, the planted green roof area 
was lightly covered with approximately 3mm of sand. On the green roof, a few existing annual 
weeds were removed before seeding, and because of generous seeding row spacing, we assumed 
no interspecific and intraspecific competition during the germination. Seed germination was 
checked daily and recorded until July 15, when no new germination occurred.  
 
The average percent germination was calculated as: 
 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑡ℎ𝑎𝑡 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙𝑙𝑦

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑠𝑖𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑡𝑖𝑛𝑔 𝑡𝑜 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛
  Eq. 1 

 

Table 1 Assignment of species within each cell of the row-column treatment design in a replication. Each 
cell was planted with 3 seeds for a total of 75 seeds per replication (15 seeds of each species). 

Liatris squarrosa 
Eragrostis 

spectabilis 
Penstemon gracilis Carex brevior 

Tradescantia 

occidentalis 

Tradescantia 

occidentalis 
Liatris squarrosa  

Eragrostis 

spectabilis  
Penstemon gracilis Carex brevior 

Carex brevior 
Tradescantia 

occidentalis 
Liatris squarrosa 

Eragrostis 

spectabilis 
Penstemon gracilis 

Penstemon gracilis Carex brevior 
Tradescantia 

occidentalis  
Liatris squarrosa 

Eragrostis 

spectabilis 

Eragrostis 

spectabilis 
Penstemon gracilis Carex brevior 

Tradescantia 

occidentalis 
Liatris squarrosa 
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Average percent germination for each species were compared between green roof and 
greenhouse as well as between the two blocks for each site. Each micrometeorological variable 
was also compared to determine the relationship to germination results. 

Environmental monitoring  

The sky view above each block was recorded using a camera with a hemispherical (fisheye) lens 
(Figure 3) (Nikon CoolPix 995 and Nikon 0.21x Fisheye Lens FC-E8, Nikon Inc. 1300 Walt 
Whitman Road, Melville, NY 11747, USA). Software (AutoCAD 2012, Autodesk, Inc., 111 
Mclnnis Parkway San Rafael, CA 94903, USA) was used to estimate the proportion of the 
hemisphere above each block filled with sky or obstructed. 

                                       

Figure 3 Canopy cover images taken with a fish-eye lens for Block 1 (upper left), Block 2 (upper right) 
on the green roof and Block 3 (Bottom left), Block 4 (Bottom right) in the greenhouse. Reflected sunshine 
can be inferred as another source of solar radiation for Block 1 at mid-day as shown by illuminated and 
highlighted building exterior in the upper left photo. 
 

Each day between 12 and 2 pm CDT from June 1 to July 7, 2016 when the sun was close to solar 
noon, a suite of microclimate variables was measured and recorded at the greenhouse and on the 
green roof. These mid-day measurements included incoming shortwave solar radiation (Lux) 
(Hydrofarm LG 17010 Digital light meter, Hydrofarm, Petaluma, CA USA ), atmospheric 
temperature (°C), relative humidity (%), wind speed (ms-1) (measured with a handheld Kestrel 
5000 Weather and Environment Meter, NIELSEN-KELLERMAN, 21 Creek Circle, Boothwyn, 
PA 19061), and soil surface temperature (°C) (measured with a handheld Everest InterScience 
3000 USB 2.0 Infrared Thermometer, Raytek Corporation, Santa Cruz, CA USA) before and 
after watering. On the green roof, the variables were measured at three randomly selected points 
in each block. In addition, measurements were made in a bare (non-planted) area midway 
between the two planting blocks (referred to as Middle, Figure 1a). In the greenhouse, a suite of 
microclimate variables was measured in each flat and the two blocks were measured separately.  
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Measurements in each block were averaged for the next step of analysis. A graduated beaker was 
installed on the green roof to monitor the precipitation and direct irrigation input. After the 
midday measurements, all plots in each block were watered with a fan nozzle until saturated (8 
liters). 

Atmospheric Vapor Pressure Deficit (VPD) was computed (based on relative humidity and air 
temperature) as the difference between saturated and actual vapor pressure in the air. VPD is an 
indicator of the evaporative driving force for water transport in plants; it shows the demand for 
water in concert with surface temperature. Its impact on seed germination has been confirmed 
(Gibson and Bachelard 1986) as has its effects on plant growth (Sinclair et al. 2007). 

Micrometeorological variables were measured for all blocks near solar noon (air temperature, 
surface temperature, incident shortwave radiation, and relative humidity from which vapor 
pressure deficit (VPD) was calculated) to determine their influence on seed germination. 
Averages of variable measurements for each block and intermediate bare area (middle) between 
two blocks on the green roof were examined with pertinent graphical and SAS analysis. Clear 
skies were the norm except on June 1, June 25, July 1, July 2, July 3 and July 4. Note: 
Micrometerological variables were not measured on June 14, 28, 29, and 30. 

Statistical analysis 

Seed germination and microclimate variable measurements were compared using analysis of 
variance (ANOVA) implemented with the SAS 9.4 GLIMMIX procedure (Stroup 2013). 
Resulting least square means (LSMeans) were evaluated using pair-wise comparisons (=0.05). 
The results presented in the seed germination Tables 3 and 5 are the numbers calculated when 
two least square means are compared. Thus, the LSMeans presented are the difference between 
two given means, not the actual LSMeans. The microclimate data are presented as actual 
LSMeans and also portrayed using graphical analysis. 

RESULTS  

Differences in microclimatic parameter: Greenhouse/Green roof 

Graphical analysis of hemispherical images above each block (Figure 3) using AutoCAD 
indicated 52.5% of the sky was obstructed on the green roof by the surrounding building in 
Block 1 while 43.1% of the sky was obstructed by the surrounding building in Block 2. In 
contrast, in the greenhouse, there was no difference in sky hemisphere obstruction between the 
two blocks (Figure 3). 

To understand the different seed germination results between the two experimental sites (i.e. 
green roof versus greenhouse), data from each block’s daily measurements were averaged. 
Statistical analysis showed significantly higher midday air temperature (31.82 °C vs. 26.27°C) 
and surface temperatures (42.27 °C vs. 32.53°C) on the green roof as compared to the 
greenhouse. Measures of midday incident shortwave radiation (1211.33 lux vs. 472.54 lux) and 
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VPD (2.6 kPa vs. 1.0 kPa) were also significantly higher on the green roof for all days during the 
experiment except on July 2 and July 3, when it was rainy and cloudy.  

Differences in germination: Greenhouse/Green roof 

The total number of germinated seeds for each species was summed (Table 2), from which the 
average percent germination was computed (Eq. 1), and then compared between greenhouse and 
green roof. There was little difference between the average percent germination of Liatris 

squarrosa and Eragrostis spectabilis between the two sites, while seeds of Carex brevior and 
Tradescantia occidentalis grown in the greenhouse had a higher average percent germination 
than those on the green roof. There was no germination of T. occidentalis on the green roof and 
no germination of Penstemon gracilis in either the greenhouse or on the green roof. A significant 
difference in average percent germination occurred between green roof and greenhouse for C. 
brevior (=0.10) and T. occidentalis germination between green roof and greenhouse (Table 3).  

Table 2 Average percent germination of each species in the greenhouse and on the green roof. 

 

Green roof Greenhouse *NCIA Test 

Number of 
seeds 
germinated 

Average 
Percent 
Germination 

Number of 
seeds 
germinated 

Average 
Percent 
Germination 

Average 
Percent 
Germination 

L.  squarrosa  13 8.7 16 10.7 49 
E. spectabilis  24 16.0 30 20.0 39 
P. gracilis  0 0 0 0 3 
C. brevior  35 23.3 53 35.0 67 
T. occidentalis  0 0 28 19.0 3 

NCIA = Nebraska Crop Improvement Association 
 

Table 3 Least Squares Means Standard Error of the Difference by species for average percent 
germination between two experimental sites. As P. gracilis did not germinate in either situation; it was 
removed as a variable in this analysis. 
Simple Effect Level GH GR Estimate Std Error 
L.  squarrosa 0.098 0.0879 0.01014 0.067 
E. spectabilis 0.1762 0.1633 0.01291 0.067 
C. brevior 0.3649 0.2389 0.126 0.067 
T. occidentalis 0.1942 -0.0034 0.1976 0.067 

 
In general, except for T. occidentalis in the greenhouse, the other four species’ average percent 
germination values were much lower than the result from the NCIA tests. C. brevior in Block 1 
(green roof near the building) had the lowest average percent germination among all four blocks 
(Table 4 and Table 5). 

Differences in microclimatic parameters:  Green roof blocks 

No significant difference in near solar noon air temperatures occurred along the gradient from 
near the building (Block 1) to the center of the green roof. For most days, the middle area (bare 
growth medium) had the highest values of surface temperature, while Block 2 (furthest away 
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from the building) had the lowest surface temperature. Days to germination differed between 
greenhouse and green roof (Table 6). Surface temperature in Block 1 was statistically higher 
(hotter) than that in Block 2 as well as the intermediate (middle) location (Figure 4 and Table 7). 

Table 4 Number of seeds germinated and average percent germination of each species in each block on 
the green roof and in greenhouse. 

  Number of Seeds 
Germinated 

Average Percent 
Germination 

Number of 
Seeds 
Germinated 

Average Percent 
Germination 

Green roof Block 1   Block 2   
L.  squarrosa  0 0 13 17.3 
E. spectabilis  5 6.7 19 25.3 
P. gracilis  0 0 0 0 
C. brevior  0 0 35 46.7 
T. occidentalis  0 0 0 0 
Greenhouse Block 3   Block 4   
L.  squarrosa  6 8 10 13.3 
E. spectabilis  12 16.0 18 4.0 
P. gracilis  0 0 0 0 
C. brevior  26 34.7 25 33.3 

 

Table 5 LSMeans Standard Error of the Difference by species for germination percentage between two 
blocks. 

   Green Roof   

Simple Effect Level Block 1 Block 2 Estimate Standard 
Error Pr > |t| 

L. squarrosa 0 0.173 -0.173 0.0659 0.009 
E. spectabilis 0.067 0.266 -0.2 0.0659 0.003 
C. brevior 0 0.467 -0.467 0.0659 <.0001 

     Greenhouse     

Simple Effect Level Block 3 Block 4 Estimate Standard 
Error Pr > |t| 

L. squarrosa 0.067 0.130 -0.063 0.1033 0.543 
E. spectabilis  0.160 0.195 -0.036 0.1033 0.731 
C. brevior 0.378 0.350 0.028 0.1033 0.780 
T. occidentalis 0.262 0.125 0.137 0.1033 0.186 

 

Incident shortwave radiation measurements (Figure 5) started June 9. Highest measured values 
were in Block 1 on most days except during cloudy days of June 25, July 1, 2, 3, and 4. Results 
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showed no significant difference among the three locations on the green roof. However, when 
testing clear skies days only, the incident shortwave radiation on Block 1 was significantly 
brighter than that for the other two locations (Table 8). No significant difference for VPD 
occurred among the three measuring locations (Figure 6). However, just as with incident 
shortwave radiation, if measurements on cloudy days were removed, the VPD in Block 1 was 
higher than Block 2 (Table 9). 

 

 

 

 

) 
Figure 4 Average midday soil surface temperatures measurements on the green roof. 

 

Table 7 LSMeans for Soil Surface Temperature (oC) among three locations on the green roof showing 
that Block 1 had a significantly cooler surface temperature than the other two areas (=0.05). 

Measuring location Estimate Significance 

Block 1 
Middle 
Block 2 

46.478 
49.890 
40.811 

A 
B 
B 
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Table 6 Average days and (SDev) from planting to germination for each species at two 
experimental sites.  

 L. squarrosa E. spectabilis  C. brevior T. occidentalis 

Greenhouse 9.3   (5.0) 9.1   (5.9) 13.9  (5.6) 18.6  (1.8) 

Green roof 11.7 (2.3) 19.2 (7.5) 26.2  (7.2) NG 
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Figure 5 Incident shortwave radiation measurements on the green roof. 

Table 8 Least Squares Means for incident shortwave radiation among three locations on the green roof 
showing that Block 1 received significantly more radiation than the other two areas (=0.05). 

Measuring location Estimate Significance 

Block 1 
Middle 
Block 2 

1573.89 
  1276.21 
1303.47 

A 
B 
B 

 

Table 9 Least Squares Means for Vapor Pressure Deficit (kPa) among three locations on the green roof 
(Clear sky days only) showing that Block 1 had a higher VPD than Block 2 but not higher than the 
Middle area (=0.05). 

Measuring location Estimate Significance 

Block 1 
Middle 
Block 2 

2.948 
2.785 

             2.681 

A 
 AB 

B 
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Figure 6 Midday Vapor Pressure Deficit (kPa) calculated for the green roof areas. 

Differences in germination:  Green roof blocks 

The replicated blocking effect at both sites allowed us to investigate the influence of green roof 
microclimate alone on seed germination (Tables 4 and 5). The two blocks on the green roof had 
different average percent germinations for each of the five species sown with only E. spectabilis 
seeds germinating in Block 1 (closer to the building) while there was little difference in 
germination between the two blocks in the greenhouse. Meanwhile, statistical test results showed 
a significant difference of germination for L. squarrosa, E. spectabilis, and C. brevior between 
two blocks on the green roof (Table 5). 

DISCUSSION 

Moist conditions and suitable temperatures are necessary for seed germination; thus it is not 
surprising that germination results were better overall in the greenhouse than that on the green 
roof. However, two species, L. squarrosa and E. spectabilis showed no significant difference of 
average percent germination between the green roof and greenhouse. This suggests that these 
two species could be good choices for seeding programs on green roofs, even under extremely 
hot summer conditions. The reasons for the lack of germination of P. gracilis in the greenhouse 
and on the green roof could be low viability and/or improper pretreatment (such as insufficient 
moisture and light during the cold treatment) (Lindgren and Schaaf 2004).  

The two blocks on the green roof had different germination results with no germination for 4 out 
of 5 of the species in Block 1 (the block nearest the building). Incoming shortwave solar 
radiation, substrate surface temperature and vapor pressure deficit under clear-sky conditions 
indicate a distinctly different microclimate between the two blocks on the green roof under clear-
sky days as well as that between the greenhouse and the green roof. 
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The average number of days until emergence after planting on the green roof for each species 
was much longer than that for the greenhouse (Table 6), especially for C. brevior, whose primary 
emergence did not appear until late June. The growth of C. brevior seedlings on the green roof 
was slower than that of C. brevior growth in the greenhouse. Another unusual case was T. 

occidentalis. Although the final germination percentage in the greenhouse seemed acceptable, its 
first emergence appeared on July 1, much later than the other seeds’ emergence, and most of the 

T. occidentalis seedlings showed abnormal growth (lodging), which we attribute to shallow 
seeding depth. [Note: greenhouse trays were saved and received a 90-day cold treatment (dark at 
39° F) in the winter following this study. Anecdotally, T. occidentalis germinated the next 
spring.] 

Germination differences between the green roof and the greenhouse, and between the two green 
roof blocks, are attributed to microclimatic differences. Solar radiation energy drives higher 
surface temperature along with a larger quantity of water loss. For the same building, Schwarz 
(2015) found significant differences (=0.05) close to the building versus away from the 
building: daily averaged net radiation (34.5 MJ/m2/day versus 32.9 MJ/m2/day), and soil heat 
(0.88 MJ/m2/day versus 0.44 MJ/m2/day). Those factors likely inhibited the seeds’ germination 
or hampered seed viability. According to Getter et al. (2009), solar intensities impact plant 
community assemblage by influencing the substrate volumetric water content. Solar noon 
incident shortwave radiation measurements (Figure 6) were statistically different between Block 
1 and 2, with the highest measured values in Block 1 when testing clear sky days only (Table 8). 
As the solar zenith angles changed during the day, the reflected radiation from building shifted. 
However, around solar noon, when incoming solar radiation peaked, the strongest reflection 
concentrated on the plot nearer to the building façade (Schwarz, unpublished 10-minute average 
data showed strong spikes in solar radiation receipt under clear-sky conditions for the area 
nearest the building with a similar location as Block 1). Note, in the current study, solar noon incident 
shortwave radiation was not significantly different between the two plots on cloudy days, since 
there was little to no direct solar beam reflecting radiation from the building structure. The 
higher incoming shortwave radiation values measured with the Hydrofarm LG 17010 Digital 
light meter in Block 1 were attributed mainly to reflection from the adjacent building surface 
especially from windows and the metallic exterior walls (Figure 7) on clear days. This 
corresponded to the results from more reflective parts on the building wall as evidenced in 
hemisphere imagines above Block 1 (Figures 3 and 7).  

Schwarz (2015) also found the longwave radiation from the building was much higher than that 
from the sky so that the area in which the building obstructed more of the sky (Block 1, near the 
building), actually received a higher longwave radiant flux. Based on the spikes in incoming 
shortwave radiation in the area closest to the building (we assumed higher incoming longwave 
radiation based on the work of Schwarz (2005), and from the higher surface temperature, it can 
be surmised that additional radiation load strongly influenced seed germination. 



 
J. of Living Arch 5(1) 31-48   Feature     44 

Sand used to cover the seeds (for protection from runoff dispersal) had a larger volumetric 
specific heat and higher albedo (Sailor 2008) than the expanded shale and clay substrate mixture 
used on the green roof. This likely helped to reduce the temperature during the day and increase 
the seeds’ germination.  

In theory, the standardized germination test from NCIA seed laboratory should provide the 
“true” germination for each species since the tests are under ideal conditions including 
temperature, and moisture. However, in this research, T. occidentalis in the greenhouse had a 
better germination result than that in the seed laboratory test. This remains unexplained. 

Rainfall and extreme temperature are two main restrictions of certain species for green roof use 
(Oberndorfer et al. 2007). We finished setting up our experiment at the beginning of June though 
the original timing sequence was to seed in May. According to National Weather Service 
and High Plains Regional Climate Center data archives, average low and high temperatures for 
Lincoln in June 2016 exceeded previous years, and, concurrently, precipitation was much lower 
than normal (0.58 inch compared to 4.34 inches). Since P. gracilis and T. occidentalis are cool 
season plants, their reduced average percent germination suggests that it would be better to have 
started the germination experiment in the beginning of May or end of April. We surmise later 
seeding may have made a less favorable germination environment for the other native species. 

 

Figure 7 Incident solar radiation and reflection from the south side of the building. This figure was drawn 
to scale for the mid-day of Summer Solstice. It shows that reflective radiation does not reach the entire 
plot in Block 2, even from the building peak. 
 
Although the green roof blocks were watered every day, the high surface temperature (high VPD 
and thus potentially high evaporation) combined with poor water retention of green roof 

Blk 2 Blk 1

72°
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substrate may not have supplied enough moisture for germination, especially in Block 1. A 
future study should set up with several groups of experiments in different months to determine 
the best seeding seasons and use light mulching to hold moisture and lower temperatures. 

This initial experiment was limited by species seed availability and plot size, thus the 
experimental results may need more precision. For future research, more replications and more 
blocks are needed. Intraspecific and interspecific competition among the plants on green roofs 
might also be considered. If possible, monitoring and recording the change of incident shortwave 
and longwave radiation, and surface temperature on a green roof over the course of each day 
would be a better way to determine the relationship between germination and soil temperature 
changes. Vapor pressure deficit only represents the air-drying power above plots; soil moisture 
sensors may be needed to monitor the volumetric soil moisture, which has a more direct 
influence on seed germination. Substrate depth is one of the most important factors for 
biodiversity (Brown and Lundholm 2015), so its influence on germination may need to be 
considered in more detail. Wind speed likely played a role in moisture evaporation from the 
substrate, but that factor is difficult to measure since it changes rapidly and an average midday 
value was unrepresentative of on site conditions. Never-the-less, real-time monitoring of wind is 
needed to fine tune for microclimate impacts (Skabelund et al 2015).  

Another existing problem for seeding is the potential movement of the seed. It may have been 
controlled in this experiment by using a template and hand seeding, but for large-scale seeding 
on higher elevation, wind speeds on roofs are likely to have an impact and may destroy the 
original design layout. To solve this problem, McDavid (2012) suggested using hydromulch to 
quickly and efficiently seed for larger areas. Sutton (2013) suggested pelletizing seed and 
precision planting below the substrate surface. Because of the need to lower expense for green 
roof installation, more advanced techniques used for seeding programs on green roofs can be 
expected. 

CONCLUSIONS 

This research explored the impact of microclimate conditions for patch seeding and found 
seeding with native species is an efficient way to fill gaps in green roof plantings caused by plant 
death. Temperature and moisture as indicated by differences in VPD likely determined the seed 
germination and plant growth, and were largely impacted by solar (shortwave) and longwave 
(thermal) radiation. In this experiment, microclimate heterogeneity was mainly caused by 
interactions with the adjacent buildings including light reflection (shortwave radiation), thermal 
emittance (longwave radiation), and shelter effect. Also, contrasts between clear and cloudy sky 
conditions, resulted in micrometeorological conditions that changed along the timeline 
dependent upon changing sky conditions. 

The significant differences for microclimatic variables between the two green roof blocks 
suggested a heterogeneous environment within just a few meters, and based on such 
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heterogeneity, future experiments for species selection could be arranged along gradients to test 
their adaptabilities. To avoid failures, this heterogeneity should be accounted for in the design 
and pattern of green roof plantings. We concur with Brown and Lundholm (2015) “that green 
roof [planting] design needs to closely consider microclimate in selecting plant species for green 
roof applications.” 

The dynamic and heterogeneous microclimates on green roofs should be thoroughly investigated 
before any seeding program, and indeed, any planting, since, as demonstrated, microclimates 
change over only a few meters impacting seed germination and plant establishment. The 
significant differences in micrometeorological variables and the germination percentages found 
between green roof and greenhouse also should pose a caution to greenhouse-only testing of 
green roof plantings.  

Establishment of some native seeds in high temperature zones may take more irrigation or 
benefit from mulching. Observing and recording the growth condition of seedlings germinated 
on the green roof and in the greenhouse should be the next step in green roof establishment and 
recovery after this initial experiment. 
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