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Introduction:

As the world’s population becomes increasingly urbanized, issues of urban sustainability are becoming more and more important. Cities, particularly in North America, are at present quite unsustainable, using far more land and resources than they physically encompass (Wackernagel and Rees 1996). As a result, urban areas are simultaneously depleting global resources and accumulating increasingly unmanageable quantities of wastes. The global food system is one aspect of this problem, as agricultural lands worldwide are degraded to feed consumers thousands of kilometers away. One proposed alternative to the current system is the nurturing of a more localized urban agriculture. Urban agriculture could potentially reduce the environmental and economic costs of transport, make healthier and fresher food more available to city dwellers, particularly those with low incomes, and reduce the volume of urban organic waste disposal problems. These benefits are difficult to realize because the lands which have traditionally been used for agriculture within our urban areas are in high demand and vulnerable to development. As a result, rooftop agriculture, in containers or combined with green roof systems, has become an attractive possibility. However, the practicality of green rooftop agriculture has not been extensively tested.  

One of the most common barriers to the adoption of sustainable alternatives is the lack of confidence and easily accessible straightforward and tested experience to depend on.  Previous work on rooftop agriculture, and particularly the use of green roofs for agriculture, has been largely theoretical. The majority of what formal research has been done is available only in German, where the green roof industry is much more developed. Information in English is largely restricted to green roof technology, dealing with topics such as roof loading and roofing membranes.  Practical information on growing techniques, crucial to constructing a successful rooftop garden, is much more sparse.  Research in both topic areas needs substantial expansion before developers, bankers, architects, contractors and engineers will confidently include green roofs in new developments.

Therefore, this project seeks to evaluate perceived barriers to rooftop vegetable production in the green roof context.  The project goal is to evaluate the feasibility of green roof technology for urban agriculture in Peterborough and elsewhere, testing the hypothesis that green rooftop agriculture is viable as an urban agricultural alternative.  Through a demonstration project, perceived barriers to rooftop vegetable production are examined in the green roof context. Soil temperature, soil moisture, crop health, quality, and productivity are monitored. The results for different soil treatments, of mulch, shadecloth, and bare soil, were compared. In this way the suitability of various crops, varieties of crops, and soil treatments to rooftop conditions were evaluated.

Methods:

Study Area:

The study was conducted on the Environmental Sciences Building at Trent University in Peterborough, Canada. Peterborough is located in Agriculture Canada’s plant hardiness zone 5a, a designation based on climactic conditions such as summer and winter temperatures, rainfall, the length of the frost-free period, and maximum wind speeds (Agriculture and Agri-Food Canada 2001). The final winter frost usually takes place in mid May, and the last in mid September, though two weeks on either side is not overly unusual (Dueck 2001).  According to the official Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) figures, the Peterborough season for warm weather crops lasts from May 5, the date the 30-year average daily mean air temperature reaches 10°C, to Sept. 24, the date when the temperature first drops below -2°C, or the date when the 30-year average daily mean air temperature drops to 12 °C or lower. May 19 is the spring planting date, or the last of three consecutive days with daily mean air temperatures equal to or greater than 12.8°C, after the date the 30-year average daily mean air temperature reached 10°C (Brown and Bootsma 1997). The areas crop heat unit rating is 2600, a measure of the frost-free growing season crop heat units available for tender crops such as corn, soybeans, and tomatoes (Brown and Bootsma 1997).  Crops that may be considered borderline for the area include melons, eggplant, and peanuts (Dueck 2001). 

Soil composition:

The rooftop soil mix is around 15 inches thick, made up of 40% loam, 40% sand, and 20% peat with a pH of 5.5 - 6.5. The original basic ingredient specifications are:

· Sandy loam: containing 2 - 20% organic matter by volume, free from subsoil, noxious weeds, toxic materials, stones, foreign objects, roots, and grasses.

· Granite sand: washed and screened, with a particle size of 5 - 8 mm.

· Sphagnum peat moss: type 1 high quality fibrous peat, in decay-resistant particle form, with a pH of 4.0 - 5.0.

· Fertilizer: complete commercial synthetic slow release fertilizer with a maximum of 35% water-soluble nitrogen.

· Lime or other soil amendments to be mixed into the topsoil prior to delivery at rate determined by a soil test.








(Henriquez and Nemeth 1989)

Soil preparation:

The green roof garden area was tilled 3 times to a 4" depth with a rototiller, on May 17, 24, and 28.

Garden plan:

A 7.5 x 30 m (225 m2) plot was established. This was divided into 4 6m long plots by 60 cm wide paths, in addition to a final 3.6 m plot. These were again subdivided to facilitate access to the plants by 3 30 cm wide paths. As a result, the vegetable beds occupied only 192.24 m2 of the garden.

Half the plots were covered with moisture-retaining materials while the other half remained bare (see Figure 1). Most received 4 “ of straw mulch underlain with 4 layers of newspaper, applied when the crop plants were over 4" tall to avoid restriction of growth. However, bed 1 (A and B) did not receive a newspaper layer, since it would have interfered with the hilling of the potatoes.  Similarly, bed 3 (A and B) was covered with shadecloth instead of mulch, since most of the crops in this bed take a fairly long time to grow to a sufficient height for mulch to be appropriate.  The shadecloth, obtained from Lee Valley (Ottawa), blocked 50% of the light the other plants received.  The shadecloth beds were covered with three 2 m x 4 m pieces of cloth, held in tent shape by garden stakes and clothes pegs.  In addition, the half the tomatoes in bed 2 (A and B) received approximately 2 “ of cedar chips instead of straw.  This was a result of informal studies at Peterborough’s Ecology Park, which found that tomatoes grew worse with straw mulch than with none, while cedar mulch resulted in the best performance of the three (Dueck 2001).

When planning the beds an effort was made to incorporate companion planting ideas, despite their in some cases contradictory advice.  Two different varieties of each crop were planted, each in one treated and one untreated bed (see Figure 1).  Each variety was chosen to be as flavourful, productive, early, heat and wind resistant as possible. Canadian sources for all the varieties planted are available in Appendix 1.

Planting:


All the fairly hardy crops (radishes, beets, lettuce, carrots, onions, corn, as well as half the bush and pole beans) were sown between May 30 and June 5.  The 2nd halves of the bean rows were sown 15 days later. Tomatoes and peppers were purchased as small plants at a nearby garden centre and were planted out on the roof June 8.  Unfortunately, the Yukon gold potatoes were purchased well in advance of the Red chieftains, and were placed in trays in the greenhouse on May 23.  The Red chieftain potatoes were not placed in greenhouse until June 6, 14 days later. Both varieties were planted out June 7, after being sprinkled with Green Earth Garden sulphur (Brantford, Ont.) to prevent the cut potatoes from rotting.  The cucumber and squash, since they are known to be more sensitive to frost, were planted 3 per 3" diameter pot in the greenhouse, thinned to the strongest after a week in outdoors.  The squash seeds were soaked overnight and sown June 8 to be planted out June 15.  The cucumbers were sowed weekly from June 7 to 28, with each set planted outside a week later to space out the harvest.

Soil amendments:


In mid to late May, approximately 205 kg of composted sheep manure from a local farm was spread as evenly as possible over beds 1, 2, and 4 of the main garden plots, as well as all the end beds where radishes and squash were grown. The relevant area measures 165.84 m2; therefore the manure was applied at a rate of 1.24 kg/m2. Bed 3 was left for crops that prefer not to be in soil where manure has been applied the same year.


Twice over the season, at the end of June and again at the end of July, Muskie organic-based fish emulsion liquid 5:1:1 fertilizer from Green Earth (Brantford, Ont.) was applied to the garden. Applied at a rate of 5 mL/L, in total 374 L (1.945 L/m2) of the mixture was applied.

Continuing plant care:


Every week, a number of steps were taken to maintain continuing crop health. First, the health of the various crops was observed and note was made of any changes. In addition, tomatoes and pole beans were staked if necessary, and the side shoots of the Starfire tomatoes were pinched out. All the non-mulched beds were hoed, and the bases of the plants were weeded where needed. Finally, the potato beds were hilled until they reached a final height of 20 cm, leaving a minimum shoot length of 20 cm above ground.

Pest control:


Mice and chipmunks present on the roof were trapped using small wire Haveaheart live traps.  These were checked a minimum of every hour when open, and closed when the sun was high, around 11:00 am.  The traps were baited with peanut butter or a granola bar mixture.  Once trapped, the rodents were released over the river, in the hope that they would be less likely to return.  Cayenne pepper sprinkled around the plant stalks was also used in an attempt to repel the rodents from the corn.


To repel earwigs living in the straw mulch diatomaceous earth was sprinkled around the plant rows.  The diatomaceous earth used is available as ‘Insectigone’ from Green Earth (Brantford, Ont.).  In addition, Ivory liquid soap mixed with hot water was applied to corn infested with black aphids.

Soil pH: 


Using a small trowel 4 points in the garden or a selected area of the garden were sampled to approximately an 8 cm depth and mixed together in a single zip lock plastic bag. The sample was then left open to dry for 2 weeks or more. When dry, the soil was sifted in a 2.00 mm grid sieve. 3 replicates of 5.0000 g +/- 0.0005 g sifted soil were then measured into a dixie cup with a Can lab electric balance. To each of these replicates 20 mL of double distilled water was added.  The mixture was then stirred for 20 min. After allowing the mixture to rest for 40 minutes, the pH was measured using a Corning pH/ion metre. 

Original rooftop community:


From May 1 to August 31 the upon the first flowering of a wildflower species on the roof the wildflower species was noted and identified. Some of the more common grass and agricultural weed species were also identified where possible. The small rodents trapped as a pest control were also noted when caught.


The Southern crop protection and food research centre method of extracting earthworms using hot mustard powder was used to sample the green roof’s earthworm population.  Approximately 4 hours prior to sampling in the field 53 g of hot mustard powder was weighed into a plastic container with a leak proof lid. 125 mL of water was then added 50 mL at a time, stirring until a thick but pourable and lump-free paste formed. In the field, a 0.6 m2 frame was placed on the ground surface. Long grass which impaired visibility within the frame was clipped back and soil from outside the frame was used to bank up the outer sides to prevent the mustard mixture from escaping. In a graduated plastic bucket, 3 L of water was mixed with the mustard paste and stirred vigorously to eliminate lumps. Additional water was then added to fill the bucket up to the 7 L mark and the mixture was again vigorously stirred and poured into a watering can. The mix was stirred one last time and slowly and evenly applied over the soil surface. Tweezers were ready to remove worms when each had completely emerged.  After 20 minutes, all the worms were considered to have emerged and the frame was removed.

Watering:


First, it is important to note that the summer of 2001 was a drought year, with virtually no rainfall between June 1 and September 1.  Fairly frequent deep watering was used in an attempt to moderate this, but these results are certainly different from those that would have been found in an unusually moist summer like 2000.

At first, the installed irrigation system was used to provide water.  However, it was realized that the system was not able to cover the plots evenly, so this was supplemented with hand watering until a hose could be hooked up to the municipal water supply and a portable rotating sprinkler used.  After June 19, each bed was given half an hour of water, beginning as soon as possible after 8 am, with no more than a weekend between waterings.  After July 6, the schedule was altered, giving the beds variable watering, as it was recognized that some held water longer due to the use of mulch and shadecloth.  Instead each was watered until a moisture metre inserted at the base of the driest plants registered over 4 (‘moist’) on a 1 to 10 scale, and the time required for each bed was noted.  See Figure 1 for watering station locations.
Soil temperature:

Soil temperatures at 5 and 15 cm depths were taken weekly until June 25, at which time temperature readings began to be taken three to four times a week.  Temperatures were taken in grassy and tilled areas both on the roof and at ground level, between 12:30 and 1:30 pm to minimize variability. When mulch and shadecloth were installed separate readings were taken at these sites as well. After July 6, an attempt was made to account for the variation due to moisture levels, and so 5 cm moisture readings were taken along with soil temperatures, striving for a fairly even moisture level between temperatures.

Wind:

A 3-cup totalizing Cup Counter Anemometer Mark II [made by R. W. Munn Ltd. (London)] was placed at plant height, around 50 cm from ground level.  The wind run in kilometres and the time were then checked at somewhat irregular intervals, generally daily, and from this the average wind run in metres per second was calculated.  To measure peaks in wind speed a Turbo Metre wind speed indicator [made by Davis Instruments (Hayward, CA)] was used at three different locations in the garden (at the two ends and the middle), as well as at each of the ground level temperature reading locations.  The reader was held at breast height into the wind and the highest speed over 30 seconds was recorded. This was done at the same time as the soil temperatures, between 12:00 and 1:00 pm, three to four times per week.

Crop productivity:

Everything that was harvested was weighed on a 2 kg mechanical scale, with each bed’s harvest weighed and recorded separately.  This included the tomatoes, where the harvest from areas with the cedar mulch was also separated from the straw mulched plants’ produce.  The produce was then delivered to the local YWCA, for distribution through the Grow-A-Row program to the local food banks, halfway houses, and missions.

Produce quality:

Since the focus of this project is food production, an attempt was also made to qualify the quality of the green roof’s produce with small taste test.  Sufficient resources were not available to conduct a test large enough to be conclusive.  There were nine participants in total.  In turn each participant tasted samples of produce from each bed, and gave a rating from 1 to 10, with 10 signifying ‘best tasting.’  They were not told which treatment each sample represented, and were not permitted to see how the others had judged each selection. 

Results:

Soil pH:

Samples taken of the rooftop soil before any amendments were added had an average pH of 7.3 (S.D. = 0.12). After composted manure was applied, this average rose to a pH of 7.7 (S.D. = 0.0059). By the beginning of August, the plots without manure remained near the first reading, at a pH of 7.2 (S.D. = 0.049), while the pH of those to which manure had been added was only marginally higher at 7.3 (S.D. = 0.14).

Original rooftop community:

Since the building was erected the rooftop has been the home of a number of wildflowers and grasses.  Notable among these are a number of legumes, including White clover (Trifolium repens), and Red clover (Trifolium pratense), which may have influenced the soil’s fertility.  The principal agricultural weed in the vegetable beds was Quackgrass (Elytrigia repens).  Other common weeds included Redroot pigweed (Amaranthus retroflexus), Ragweed (Ambrosia artemisifolia), Lamb’s quarters (Chenopodium album), Purslane (Portulaca oleracea), and Dandelion (Taraxacum officionale). For a more extensive list of the species present, see Appendix 2.

As for the green roof’s animal inhabitants, eight mice and a chipmunk were caught on the rooftop, and far more were seen in and around the areas mulched with straw.  Earthworms were tested for in early May, but none were found.  However, throughout the season, especially in the fall when the weather was damp, many earthworms were found when digging in the plant beds.

Watering:

The mulched and shaded beds required, on the whole, less watering than the unshaded beds, with beds A and B receiving 1105 and 940 water-minutes versus beds C and D, which received 1330 and 1355 respectively.  The average watering time for beds A and B was 40.9 (S.D. = 31) minutes, versus 48.8 (S.D. = 26.1) for beds D and E.  However, from the results of a single-factor ANOVA test we are not able to conclude that the difference in watering time between the five beds is statistically significant (F crit = 2.441, F cal = 0.562, P = 0.6905), see Appendix 3). 

Soil temperature:

When a single-factor ANOVA test was conducted on all the 5 cm soil temperature data (on the roof and at ground level), no significant difference was found (F crit = 2.273, F cal = 1.717, P = 0.1339). However, when a second test was conducted using only the July and August data, a significant difference was found (F crit = 2.292, F cal = 6.521, P < 0.05). The results of this second test were considered to be superior to the first because the contribution of all data categories was more equal for this period (data from the mulched beds begins June 29; the shaded bed temperatures were recorded beginning July 16).  For the 15 cm temperature data the same pattern holds true (see Appendix 4).  As can be seen in Figures 2 and 3, the significant difference lies not between the rooftop and ground level temperatures, but between the temperature of the mulched beds and the rest.  It is possible that these figures may have been influenced by differences in watering regimen, despite best efforts to avoid this problem.  However, two-sample t-tests of the moisture data indicate that only the data for the grassy areas shows a significant difference in moisture level (t-crit = 2.064, t-stat = 2.283, P < 0.05, see Appendix 4).  A t-test comparison of the tilled soil areas does not show a significant difference (t-crit = 2.064, t-stat = 1.009, P > 0.05, see Appendix 4).  Since neither the tilled or grassy soil temperature data varies significantly from the rooftop to the ground level (see Figures 2 and 3), increased watering at ground level would not likely exert enough influence to alter the current results.

Wind:


Despite a number of individual recorded maximum wind runs of over 5 m/s, the average maximum wind run for the rooftop is quite a bit lower, at 2.14 m/s. This is higher than the ground level average of 1.89 m/s, but the variability of the data is so high, with standard deviations of +/- 1.76 and 1.89 respectively, that the difference is not likely to be statistically significant (see Figure 4). This is confirmed with the results of a t-test (t-crit = 2.120, t-stat = 0.027, P > 0.05, see Appendix 5). 

Productivity:


The mulched and shaded beds did produce a somewhat higher total yield than the uncovered beds, with 114.9 kg of produce in comparison to the untreated beds’ 103 kg (see Table 2). When total yield of the mulched and shaded plants was compared to that of those who went untreated with a t-test, no significant overall difference was found (t-crit = 2.048, t-stat = 0.331, P > 0.05, see Appendix 6).  Only a few crops strongly benefited from the mulch or shade, such as the potatoes, onions, bush beans, and basil (see Table 2 and Figure 5).  The peppers also benefited from the mulch, not so much in productivity levels, but in that the mulched beds were the only ones to produce some ripened (red or yellow) peppers (see Table 2). Some crops’ productivity improved in the untreated beds, including the beets, pole beans, lettuce, and winter squash (see Table 2 and Figure 5). The tomatoes also preformed better in bare soil, though to a lesser degree than the crops previously mentioned. The tomatoes in the untreated soil outperformed both those mulched with cedar and with straw, with a per plant yield of 909.47 (see Figure 6). The mulched plants’ productivity was somewhat lower at 97.48 and 92.54 % of the uncovered plants’ yield respectively for the cedar and straw mulches.


When the rooftop garden productivity is compared with the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA) data on provincial yields, it is clear that the rooftop is not, on the large, up to commercial standards of production, with an overall yield only 26.7% of the ministry totals (see Table 3).  Some crops seem to have done very well, such as the lettuce and the radishes, with higher yields per m2 than the commercial totals.  The beets, bush beans, cucumber, and peppers also did fairly well, but some crops had spectacularly poor harvests, such as the corn, pole beans and onions (see Table 3).

Table 3: Percentage difference between rooftop and Ontario overall usable or marketable yield in kg/m2.

Crops
Rooftop

 (kg/m2)
Ontario*

 (kg/m2)
% difference

Beets
1.12
2.64
42.3

Beans (bush)
0.185
0.496
37.2

Beans (pole)
0.0288
0.496
5.8

Carrots
0.706
3.61
19.5

Corn
0.0267
0.86
3.1

Cucumber
0.732
1.72
42.7

Lettuce
1.52
1.34
113.7

Onions
0.324
3.65
8.9

Peppers
0.614
1.43
43

Potatoes**
0.335
2.32
14.4

Radishes
0.403
0.333
120.9

Tomatoes
0.758
5.88
12.9

Winter squash
0.218
1.34
16.2

Zucchini
0.304
1.12
27.2

Total
7.28
27.2
26.7

* (OMAFRA 2000a).

** potato figures specific to central Ontario (OMAFRA 2000b).

Produce quality:


Overall, the results for the mulched and shaded beds were somewhat higher, with an overall rating of 6.7 (S.D. = 2.9) out of ten, as compared to the 6.6 (S.D. = 2.6) for the unmulched beds.  However, we again find when an ANOVA single-factor test is preformed, the differences between the two sets of ratings are not statistically significant (F-crit = 2.657, F-stat = 1.506, P > 0.05, see Appendix 7).  Most of the variation seems to be related, instead, to a chance grouping of the better-tasting crop varieties in beds A and C, since bed B actually has the lowest taste test mean rating (see Table 4).  Of the six crops tested (zucchini, tomatoes, carrots, lettuce, peppers and cucumber), the only ones to show a discernible correlation between variety and taste in the test were the peppers and carrots.  In the peppers this was fairly mild, with 7.4 and 8 for Yellow belle, while Red dawn received 6.8 and 6.5. By contrast, the preference for Scarlet Nantes carrots over the Nutri-Red variety shown by participants was quite pronounced, with a 9 and 7.2 for Scarlet Nantes and a 4.2 and 4.6 for Nutri-Red.

Table 4: Mean flavour rating compared by vegetable bed, with standard deviations, for zucchini, tomatoes, carrots, lettuce, peppers, and cucumber:


A
B
C
D

Mean
7.3
6.1
6.8
6.4

Standard deviation
3.2
2.5
2.5
2.6

Discussion:


While the products of this project were not equivalent to those garnered from conventional commercial vegetable production, it seems that, on a green roof such as the one considered here, rooftop growing conditions are not substantially different from those on the ground. Even when measures were taken to moderate perceived barriers to rooftop production such as soil temperature, only a few crops responded positively. Further experimentation is certainly needed before it will be possible to conclude that green rooftop food production is at a stage where it can serve as a viable agricultural alternative in any broad commercial sense. However, we can conclude that such a development is a possibility, given a broader incorporation of green roofs such as this one into the urban landscape. 


There are a number of confounding factors which may, if removed, have altered the study’s results. Primary among these was the question of the rooftop soil’s pH, which was somewhat high for vegetable growing, and may have interfered with plant nutrient absorption. While most garden plants can tolerate a soil pH of anywhere between 5.2 and 7.8, plant growth is best supported in soils with a slightly acid pH range of 6.0 and 7.0 (Rosen et al 1998). The rooftop soil pH was 7.3 at the beginning of the summer, a neutral and perhaps somewhat high pH for most vegetables. After the manure application in mid to late May, however, the average soil pH rose to 7.7, most likely an indication that the manure had not completely composted prior to the time of application. By early August the pH of the manured soil was more neutral at 7.3 again, but the interval may very well have had a negative impact on plant growth on the green roof. In the future a nutrient application in the fall, which was not possible for this year’s project given its limited time span, would be recommended. 

Another factor that may have reduced the usable yield of some crops considerably was the impact of some of the original rooftop community residents. A number of mice made their homes on the green roof, and had a serious impact on the beets, radishes, and corn. If they arrived via the narrow sod covered ramp which leads to the Trent roof from ground level, then this problem is perhaps confined to this project. However, the mice may also have come out from the building upon which the roof is installed, in which case the problem is not likely to be at all unusual. Insects were not as serious a problem as might have been expected, but this is likely to change in future. This area had never before been used to grow vegetable crops. In later years the impact of the insect community could change dramatically, as it alters to take advantage of new opportunities.


Early in the project, as methods were still being devised, the watering regimen for the green roof was somewhat uneven. This may have had an effect on yields, particularly on plants such as squash, which must be protected as seedlings to produce a strong yield. When plants are under stress, the proportion of male blossoms in squash usually increases. Since the normal proportion is already ten to one, this can seriously impact yields (Bodnar and Fitts 2000). 


The comparison of yields from the rooftop with official Ontario figures may also be less clear-cut than it seems. The Ontario totals are those of experienced farmers, who have spent years learning how to maximize yields. In addition, some of the yields recorded may be more comparable to others, depending on the methods used. If a crop was harvested at a different period in its growth, or if a crop were planted in succession, production tallies could be dramatically different. Variations in weighing methods could also have an impact. The rooftop figures are internally consistent, with each crop treated the same way for all beds, but the OMAFRA methods are unknown, and quite likely to be different in at least a few cases.


The shadecloth made much less of an impact on yields or soil temperatures than was expected, though the plants appeared to be healthier underneath it, and the bush beans responded positively, with 62.5 % greater yields. This may have been due in part to the fact that the shade had to be lifted to aid watering and pollination in the early morning whenever the researcher was present. The shade was not replaced until between 11:00 and 11:30. With as little as one hour before the 12:30 – 1:30 temperature reading, the recorded difference in temperature between treatments may not be as large as might develop at other times.

There are a number of possible further research directions which could follow from this research. One area worth investigating would be the effect of the building below the green roof garden. Does leaching from the building’s heating system make the roof warmer, or is the green roof system sufficient insulation that the result is energy savings, rather than an extended season?  An intriguing way of investigating this question would be a phenological study of the wildflowers on the rooftop and at ground level in the same area. Significant phonological differences might indicate that the rooftop climate is more ‘northerly’ or ‘southerly’ than the area below. A study such as this would enable researchers to take into account the complex interaction of many factors, such as water, warmth, and wind.


Another area which bears investigation is the possible effect of more lightweight soil mixes. Most green roofs use a soil to which ingredients have been added to lessen its load on the building. These might conceivably change the way the soil responds to high temperatures and absorbs water, which might in turn effect the health of the plants grown in it. In such cases mulches and shade may have a more beneficial effect than was found in the present study. More broadly, there is a need to investigate how widely relevant the results from this study actually are. It is unknown whether the same kind of results would be valid for other types of green roofs, in different locations, with varying soils, and shallower green roof systems.


In terms of increasing the sustainability of the rooftop system, further research is needed to develop and make available practical systems for rainwater collection and rooftop irrigation, integrated with green roof technology. Nelson (1996) posed a challenge to architects that is still awaiting fulfilment: to design rooftops to be truly sustainable, to “combine optimal insulation, passive solar heating, photovoltaic electric power, rainwater collection, and agricultural production.”


In conclusion, it is clear that there continues to be much uncertainty surrounding rooftop agricultural systems. While this project was able to demonstrate that agricultural production on green roofs is possible and potentially quite successful, there are many barriers which this project was unable to address. Prominent among these are access and water constraints. A large-scale operation on the Trent roof would not be possible because of access concerns, and the project was very much dependent on the use of the municipal water supply. Both of these could be at least partially moderated in a structure that was constructed with the needs of green roof agriculture in mind. One of the most significant barriers to green roof agriculture is visible in the fact that the results of this project would most likely not be replicable on green roofs installed on existing buildings. As a result, without significant political action to neutralize the many barriers developers are faced with in building intensively green-roofed structures, it is unlikely that the potential of green roofs will be fully explored for some time.
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Appendix 1:

McKenzie Seeds

30 – 9th St., Brandon, MB  R7A 6E1

(204) 571-7500

www.mckenzieseeds.com

(Kentuky wonder pole bean, Cylindra formanova beet, Detroit dark red beet, Scarlet nantes carrot, Kandy plus sweet corn, Morden early cucumber, National pickling cucumber, Yukon gold potato,** Butternut squash, Starfire improved tomato*)

OSC Seeds

P.O. Box 7, Waterloo, ON, N2J 3Z9

(519) 886 - 0557

www.oscseeds.com
(Sparkler white tipped radish, French breakfast radish)

O'Leary Potato Packers Ltd.

P.O. Box 220, O’Leary, PE, C0B 1V0

1-800-O’Leary-1

www.olearypotato.com
(Red chieftain potato**)

Stokes Seeds

P.O. Box 10, St. Catherines, ON, L2R 6R6

1-800-396-9238

www.stokeseeds.com
(Yellow belle sweet pepper, Red dawn sweet pepper, Patio hybrid tomato, Genovese basil)

Vesey’s Seeds Ltd.

PO Box 9000, Charlottetown, PE, C1A 8K6

1-800-363-7333

www.veseys.com
(Royal burgundy bush beans, True blue bush beans, Yellow wonder pole beans, Nutri-red carrots, Quickie early bi-colour corn, Brunia green oakleaf lettuce, Sierra red batavia lettuce, Jetset onion sets, Spanish golden globe onion sets, Funny face hybrid bush-type pumpkin, Golden dawn III hybrid yellow zucchini, Richgreen hybrid green zucchini)

* Starfire transplants grown by Horling’s garden centre, who claimed that the seeds were purchased from Stokes Seeds. However, these are now unavailable from Stokes. The McKenzie variety is likely the same or very similar.

** Potatoes planted were purchased from the Peterborough Co-op (Yukon Gold) and the Peterborough Farmboy garden centre. However, seed potatoes of these varieties are also available from these mail order sources.

Appendix 2:

Wildflower species:

(in order of appearance, May 1 - August 31, 2001)

Common name:

Latin name:

Mouse ear chickweed

Cerastrium vulgatum
Common dandelion

Taraxacum officionale


Tall buttercup

Ranunculus acris


Fleabane sp.

Erigeron sp.
Cinquefoil sp. 

Potentilla sp.
Cow vetch

Vicia cracca


Black medick

Medicago lupulina
Forget-me-not

Myosotis sp.
Common flax

Linum usitatissimum
Yellow goatsbeard

Tragopogon pratensis
White clover

Trifolium repens


Field hawkweed

Hieracium pratense


Oxeye daisy

Chrysanthemum leucanthemum


Sulphur cinquefoil

Potentilla recta

Common blue-eyed grass

Sisyrinchium montanum
Red clover

Trifolium pratense


English plantain

Plantago lancelota


White sweet clover

Melilotus alba


Common St. Johnswort

Hypericum perforatum


Yarrow

Achillea millefolium


Common mullein

Verbascum thapsus


Cynthia

Krigia biflora






Black-eyed susan

Rudbeckia serotina






Peppermint

Mentha piperita


Nodding thistle

Carduus nutans 


Queen Anne's lace

Daucus carota

Buckwheat

Fagopyrum sagittatum


Wormseed mustard 

Erysimum cheiranthoides

Goldenrod sp.

Solidago sp.


Field pennycress

Thlaspi arvense


Pink knotweed

Polygonum pensylvanicum






Grassses present included:

Canada blue grass 

Poa compressa
Kentuky blue grass

Poa pratensis





Quackgrass

Elytrigia repens






Orchardgrass

Dactylis glomerata






(Newcomb 1977; Elmore 2000; Dueck 2001).

Appendix 3:

Watering time statistic results:

Anova: Single Factor














SUMMARY







Groups
Count
Sum
Average
Variance



Bed A
26
1105
42.5
1540.5



Bed B
24
940
39.16667
362.3188



Bed C
31
1420
45.80645
721.828



Bed D
27
1330
49.25926
726.3533



Bed E
28
1355
48.39286
657.5066



















ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
1804.847
4
451.2116
0.562198
0.6905
2.440814

Within Groups
105138.5
131
802.5842












Total
106943.4
135





Appendix 4:

Soil temperature statistic results:

Anova: Single Factor (all 5 cm depth temperatures)











SUMMARY







Groups
Count
Sum
Average
Variance



Roof tilled
30
764.5
25.48333
31.40489



Roof grassy
33
794.75
24.08333
16.94792



Roof mulched
22
486
22.09091
9.158009



Roof shaded
16
388.5
24.28125
11.26563



Ground level tilled
29
718
24.75862
27.99323



Ground level grassy
30
767.75
25.59167
34.69174











ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
200.8751
5
40.17502
1.716573
0.133936
2.272898

Within Groups
3604.248
154
23.40421












Total
3805.123
159





Anova: Single Factor (July and August 5 cm temperature data)











SUMMARY







Groups
Count
Sum
Average
Variance



Ground level tilled
21
556
26.47619
15.6369



Ground level grassy
21
586.5
27.92857
18.45714



Roof tilled
22
594
27
20.42857



Roof grassy
22
557.5
25.34091
9.794913



Roof mulched
21
463
22.04762
9.572619



Roof shaded
16
388.5
24.28125
11.26563



















ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
467.3306
5
93.46611
6.520849
2.2E-05
2.291827

Within Groups
1677.011
117
14.33343












Total
2144.341
122





Anova: Single Factor (comparison of all 15 cm temperature data)











SUMMARY







Groups
Count
Sum
Average
Variance



Ground level tilled
29
632
21.7931
13.31281



Ground level grassy
30
648.5
21.61667
16.08075



Roof tilled
30
642.25
21.40833
13.09691



Roof grassy
33
703.75
21.32576
10.54096



Roof mulched
22
431
19.59091
13.01515



Roof shaded
16
337
21.0625
5.829167



















ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
74.45895
5
14.89179
1.196329
0.313569
2.272898

Within Groups
1916.977
154
12.4479












Total
1991.436
159





Anova: Single Factor (comparison of July and August 15 cm temperature data)









SUMMARY







Groups
Count
Sum
Average
Variance



Ground level tilled
21
480.5
22.88095
7.747619



Ground level grassy
21
492.5
23.45238
6.247619



Roof tilled
22
491.5
22.34091
8.080628



Roof grassy
22
495
22.5
5.97619



Roof mulched
21
410
19.52381
13.5619



Roof shaded
16
337
21.0625
5.829167



















ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
211.4744
5
42.29489
5.299467
0.0002
2.291827

Within Groups
933.7735
117
7.98097












Total
1145.248
122





t-Test: Two-Sample Assuming Equal Variances

(Moisture level comparison of grassy area data)


Rooftop
Ground level



Mean
3.192308
1.6538462



Variance
2.491186
3.411859



Observations
13
13



Pooled Variance
2.951522




Hypothesized Mean Difference
0




df
24




t Stat
2.283076




P(T<=t) one-tail
0.015788




t Critical one-tail
1.710882




P(T<=t) two-tail
0.031576




t Critical two-tail
2.063898




t-Test: Two-Sample Assuming Equal Variances

(Moisture level comparison of tilled area data)


Rooftop
Ground level



Mean
4.384615
5.0769231



Variance
1.923077
4.2019231



Observations
13
13



Pooled Variance
3.0625




Hypothesized Mean Difference
0




df
24




t Stat
-

1.0086




P(T<=t) one-tail
0.161615




t Critical one-tail
1.710882




P(T<=t) two-tail
0.323229




t Critical two-tail
2.063898




Appendix 5:

t-Test: Two-Sample Assuming Equal Variances




(comparison of maximum wind speed readings from the rooftop and ground level)

*note: test utilized only data points where a corresponding variable was available.


roof average
ground level average

Mean
1.911111111
1.888888889

Variance
2.491666667
3.474861111

Observations
9
9

Pooled Variance
2.983263889


Hypothesized Mean Difference
0


df
16


t Stat
0.027292788


P(T<=t) one-tail
0.489281865


t Critical one-tail
1.745884219


P(T<=t) two-tail
0.978563729


t Critical two-tail
2.119904821


Appendix 6:

t-Test: Two-Sample Assuming Equal Variances (comparison of total productivity figures):


Mulched /shaded
Uncovered

Mean
7658.118667
6867.6873

Variance
45865248.06
39911368

Observations
15
15

Pooled Variance
42888307.95


Hypothesized Mean Difference
0


df
28


t Stat
0.33054099


P(T<=t) one-tail
0.371725962


t Critical one-tail
1.701130259


P(T<=t) two-tail
0.743451924


t Critical two-tail
2.048409442


Appendix 7:

Anova: Single Factor (comparison of taste ratings by bed)










SUMMARY






Groups
Count
Sum
Average
Variance



Bed A
46
334
7.26087
10.03043



Bed B
45
275.5
6.122222
6.456313



Bed C
39
264
6.769231
6.392713



Bed D
45
286.5
6.366667
6.822727



















ANOVA







Source of Variation
SS
df
MS
F
P-value
F crit

Between Groups
33.78672
3
11.26224
1.506247
0.214707
2.657451

Within Groups
1278.57
171
7.47702












Total
1312.357
174
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