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1 Introduction

Designed, but naturalistic, perennial herbaceous vegetation involving either, or both,
native and non-native species is increasingly in vogue in the urban landscapes of
Europe and North America (Oudolf and Kingsbury, 2013; Rainer and West, 2015).
This change is significantly due to the value people place on the experience of flowers
in urban landscapes (Todorova, et al., 2@dddemann-Matthies and Bose, 2007;
Southon, et al2017) and thie capacity to evoke emotionally powerful memories of,
and relationships with nature (Lindemann-Matthies, 2002; Clayton,) 200&
functionality of herbaceous vegetation in the delivery of ecosystem services, for
example, habitat and food for fauna (Salisbury, et al., ; 20icks et al., 2016) is also
important. There is a growing awareness amongst urban people of the importance of
flowers to invertebrate pollinators and associated faunal food-webs (Southon, et al.,
2017). Ecological research (Baldoek,al.,2015) shows that species undertaking
these roles may be drawn from both native and non-native;flaragnt geographical
distribution of species is often not the critical factor in maximizing functional

effectiveness (Salisbury et al., 2015).

As flower-rich, forb-dominated vegetation is used on a large scale, long-term
manageability becomes a critical concern; individual forb species need to be able to
compete, resist colonization and persist. These functional requirements pose a
dilemma to designers of naturalistic herbaceous vegetation, as public support for its
inherently disordered appearance is heavily reliant on it being exceptionally flowery
(Hoyle, 2015 Lindemann-Matthies and Bose, 2007). This requires forbs to be more

dominant than grasses, but in sennural “meadow” vegetation the opposite is the
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norm (del-Val and Crawley, 2005). Bjgrn, et al. (2016) ask whétiepossible to

use design and management to establish and maintain forb-rich vegetation with low
grass content that is also resistant to weed invasion at low maintenanc® levels
Evidence from purely ecological perspectives grounded in naturally occurring
vegetation suggests that forb-rich vegetation can only be maintained over a limited
period. In acid grassland, grasses regained their former dominance over forbs within
as little as three years post cessation of graminicide use (Del Val and Crawley, 2005).
However, acid grasslands tend to be relatively forb-poor (Rodwell, 1992), and in this
particular instancehe return to a grass-dominated vegetation was hastened by high
levels of rabbit grazing (Del Val and Crawley, 2005). On the other hand, in restored
prairie grassland sown with forb-only mixtures, sizeable amounts of prairie forbs
persisted for at least eight years after sowing, with priority effects limiting

colonization by unsown grasses (Werner et al., 2016). These results suggest that while
forb-rich sown vegetation cannot be maintained indefinitely without additional

intervention, it can nonetheless persist for quite some time.

The percentage forb biomass in meadow communities varies greatly, depending on
cutting regime, leaf phenology, soil productivity and climatic factors (Robertson and
Jefferson, 2000), from >90% in unproductive meadows with summer drought to

<10% in meadows on highly productive soil in maritime climates. Under favourable
climatic and edaphic conditions, grasses highly competitive, resulting in meadows
that tend to be insufficiently flowery to cue public support (Southon, et al., 2017).
Grasses do however play an important functional role in meadows, with evergreen
species in particular suppressing weed invasion in winter when standing biomass is at

its lowest and the community most open. Hence, while grassy meadows may be an
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attractive model in terms of functionality, their anticipated low flower density on

typically productive urban soils tends to limit aesthetic success.

An alternative model for designed urban landscapes are tall-forb communities such as
North American Prairie whose peak growth and flowering occur in summer and
autumn. These communities cannot be managed by cutting in summer, and with most
species being winter-deciduous, they are subject to weed seedling colonisation in
winter, particularly in maritime climates. These seedling weeds can be controlled by
annual flash burning in spring (Hitchmough and de la Fleur, 2006). This practice has
fewer benefits for prairie persistence in continental climates (Schmithals and Kihn,

2014) and is energy and time intensive.

An alternative would be to reduce weed colonization by incorporating forbs into the
mix that are functionally equivalent to grasses in terms of their winter-green
phenology, thus resulting in similar benefits in terms of weed suppression (Young et
al., 2009). For example, in the context of designed tall-forb Prairie communities, this
could be achieved by adding an under-canopy layer of forb species that are leafy in
winter, thus closing the gaps created by the deciduous habit of the taller prairie forbs.
On productive soils, competition for light exerted by dominant canopy species is
intense (Keddyet al.,1997) leading to the elimination of shade-intolerant under-
canopy species. In productive semi-natural prairie communities, survival of the latter
is often contingent on patches of unproductive soil where biomass accumulation of
the shade-casting species is restricted (Curtis, 1959). In designed vegetation,
incorporating shade tolerant under-canopy species appears more promising than

encouraging patchiness.



76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

Temperate shade-tolerant forb species are most numerous in deciduous woodland.
Taylor and Pearcy (1975) identify three main ecological strategies for woodland
under-story species to persist in their habitats; (1) early growing, slightly shade-
tolerant; (2) intermediate, shade-tolerant; and (3) late growing, highly shade-tolerant.
The latter group are characterized by low to very low growth rates, often in
combination with drought-tolerant, evergreen foliage, for example; Hepatica nobilis
and Asarum europaeum, whose photosynthetic activity peaks in spring and late
autumn when trees are leafless (Overdieck, 1985). The majority of woodland
understory forbs belong to the intermediate, shade-tolerant group, for example,
Anemone nemorosa, Primula elatior and Primula vulgaris. Growth occurs while the

tree canopy is leafless, with dormancy esdidyy mid-summer.

To use woodland forbs as under-canopy to tall forbs in designed herbaceous
vegetation requires their light requirements to be met. Hirose and Werger (1995)
found approximately 80% of photosynthetic photon flux density (PPFD) incident on a
tall, wet meadow was intercepted by the canopy on an overcast day in late July.
McCain et al. (2010) record a mean PPFD extinction of 70% for prairie-grass
dominated vegetation. Extinction ranges are similar for woodland (Holmes, 1995; Le
Duc and Hawvill, 1998 The duration of the shade-free window is also important.
Routhier and Lapointe (2002) found the biomass of the under-canopy forb Trillium
erectum to be positively correlated with number of days from Trillium emergence to

woodland leaf emergence.



100 To be sustainable, forbs used in designed two-layer plantings need to be relatively
101  unpalatable. Herbivory, in combination with competition for light can have a major
102 influence on forb persistence (Edwards and Crawley, 1999; del-Val and Crawley,
103 2005) forbs are typically more palatable than grass&siy European woodland

104 forbs are relatively unpalatable (Whale, 1984) howdweir basal foliage provides

105 shaded refugia for slugs, thus potentially increasing grazing pressure (Nystrand and
106  Granstrom, 1997), disproportionately affecting the more palatable forbs (Hitchmough
107 and Wagner, 2011).

108

109  This paper investigates the utility of a novel, designed community including@both
110 tall over-canopy of North American forbs and an under-canopy of woodland forbs
111  native to Europe and North America, in creating flower-rich designed vegetation of
112  high persistence that is resistant to weed invasion. It also looks at how the various
113  experimental factors influenced the composition and properties of this novel

114  vegetation over a four year periddis the first published study to explicitly look at

115 whether designed vegetation performance and functionality, can be improved by
116  utilizing phenological understanding and adding extra canopy layers. Key research

117  questions were as follows:

118

119 e Was the combination of a summer-growing over-canopy and winter/spring-
120 growing under-canopy effective in inhibiting weed biomass over a four year
121 period?

122
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¢ Did the design of the five plant communities (i.e. sowing mix and density
variables) affect the longer-term characteristics (species richness, abundance,

persistence, and biomass) of the vegetation?

e Was species richness, abundance, persistence, and biomass affected by

mulch type and soil productivity?

e Are two-layer communities visually successful models for future urban
planting design?

2 Methods

The experiment was conducted in Sheffield (53°N24', 1°'W30'"), United Kingdom, on
an old field previously used for research on prairie vegetation. The topsoil consisted
of a well-drained clay loam. Physical and chemical analyses for the soil materials

used in the study, plus site climate data are given in Hitchmough et al. (2004).

In September 2005, all standing vegetation was eliminated from the site using a
glyphosate-based herbicide. In December 2005 a fully factorial, randomised split-
split-plot design involving 4 replicates of each treatment combination etagpsA

total of 16 treatment main plots of 3 m x 2 m, were randomly selected from a 3 x 6
rectangular arrangement, leaving two positions un-assigned. Of the selected plots,
eight were allocated at random to a ‘productive’ soil treatment with the original soll

profile intact. The remaining eight plots were allocated to an ‘unproductive’ treatment
achieved by inverting the 300 mm upper layer of topsoil under an excavated 300 mm

layer of the site’s subsoil. Four of the productive ‘topsoil’ main plots were then sown



149  with the plant community mixes at low density (approximately 100 seedlings m
150  while the other four were sown at high density (i.e. approximately 200 seedlif)gs/m
151 The same processas applied to less productive ‘subsoil’ main plots.

152

153  Prior to sowing, each main plot was randomly split into two split-plots, one of which
154  was covered with a 50 mm deep mulch of coarse sand, and the other with a 50 mm
155 layer of site subsoil. These split-plots were further split into five; 2000mm x 600 mm
156  split-split-plots to be over-sown with one of five randomly assigned seed mixtures
157  designed to result in target communities characterized by different ratios of over-
158 canopy (tall:medium) and under-canopy(low species); T1 (tall dominated = 3:1:1),
159 T4 (tall and medium dominated =3:3:1) T3 (nho dominance =1:1:1), T2 (low

160 dominated =1:1:3), T5 (medium and low dominated = (1:3:3).

161  All five target communities included the same twenty-six species (nine taller over-
162  canopy, nine shorter over-canopy, and eight under-canopy species) (Table 1). Over-
163  canopy species were selected on the basis of past studies on establishment and
164 management of prairie species in northern Britain (Hitchmeatigih ,2004;

165  Hitchmough and de la Fleur, 2006), germination and emergence characteristics of
166  woodland under-storey forbs (Ahmad and Hitchmough, 2007) and palatability to

167  slugs (Hitchmough and Wagner, 2011).

168

169  Over-canopy forbs were North American prairie and woodland edge species, selected
170  to flower between summer and autumn, and provide food for native pollinators

171 (Garbuzov and Ratnieks, 2015). Under-canopy forbs were Western European or
172  North American woodland species. Phlox pilosa was included because it is subject to

173  shading within its prairie habitat. Species selection was used to build in gradients of
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tolerance towards shading, and palatability to molluscs (Table 1). Seed was obtained
from Jelitto Seeds (Germany) and Prairie Moon Nursery (MN, USA). Sowing was

completed by January $2006.

Seed mix portions for the 160 split-split-plots were made up individually to ensure
equivalent sown composition. Composition of seed mixtures was based on target
number of seedlings for each species (ranging from 1-9 seedlings per split-split-plot,
depending on sowing density and canopy layer ratios). Within each target community
field emergence data (Ahmad and Hitchmough, 2007) was used to ensure species
within a given canopy height group were present at approximately the same density.
After initial emergence in 2006, seedlings of each species within central 800 x 400
mm permanent quadrats within the 1000 x 600 mm split-split-plots were identified

and counted. Seedlings in excess of the target were removed. Where seedlings were
below target, additional seedlings were transplanted into the permanent quadrats to
achieve species level target densities. This process was completed by 30th July 2006,
resulting in56 seedlings per quadrat (=170 seedlings m™) for low-density treatments,

and 84 seedlings per quadrat (=260 seedlings m™2) for high-density treatments.

Between 2007 and 2010, all plots were cut annually in early January and the cut
material raked up and removed. No weeding was undertaken beyond September

2006.

2.1 Experimental management and data recording

Immediately after thinning/transplanting at the end of July 2006, seedling numbers

per quadrat were counted to provide a baseline measurement. In September 2009, a
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final count of individuals was carried out for species from the tall- and mid-canopy
layers, with all counted individuals cut off at ground level and individually bagged
labelled, and dried prior to weighing standing biomass. Weed biomass per quadrat
was also harvested and treated in the same way. Under-canopy species were
harvested in the same way in early May 2010 close to peak biomass. Due to the large
volume of biomass, it was impracticable to oven-dry samples; instead, they were air-
dried in a sealed glasshouse, then stored in a warm room for one year, with final dry

weight determined at equilibrium with the atmosphere.

2.2 Statistical analysis

For all analyses, species were grouped in two, rather than three layers. We dispensed
with the distinction between taller over-canopy species and shorter over-canopy
species, as the latter were characterized by poor persistence. We constructed GLMMs
(Generalised Linear Mixed Models) using Poisson errors to analyse treatment effects
on sown species richness (Table 2), both pooled across the two main layers, and
individually for over-canopy and the under-canopy layer, as well as on plant densities
of the six most abundant individual species (Table 4). Treatments edgcladil,

mulch, sowing density, seed mix, and all possible interactions between these factors
as fixed effects. Blocks, main plots nested within blocks, and split-plots nested within
main plots were included as random effects (Schabenberger and Pierce, 2002). In
spite of focusing just on these most abundant species, no convergence was achieved
for GLMM models for Lathyrus vernus. Consequently, count data for this species was
Box-Cox-transformed using the MASS package 7.3-43 in R 3.2.1 (R Foundation for
Statistical Computing, Vienna, AT), and then analysed with a LMM (Linear Mixed

Models), using the same effects specifications as before. Similar LMMs were
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constructed for various biomass parameters (Table 4), over-canopy biomass and total
weed biomass in autumn 2009, and under-canopy biomass in spring 2010 (Table 5)
as well as biomass of the same six most abundant species as before (Table 6). Again,
data was Box-Cox transformed prior to LMM analyses. All mixed model analyses
were performed with SAS 9.3 (SAS Institute, Cary, NC, US), using PROC MIXED

for LMMs and PROC GLIMMIX for GLMMs.

3 Results

3.1 Species richness

Mulching had a significant effect {l>= 6.91; P = 0.022) on overall species richness
within communities after four years, with sand mulching resulting in higher richness
(Fig. 1A). We also found a weakly significant soil productivity x seedling density
interaction effect on richne¢b1,12=4.81; P = 0.049), with richness levels in 2009/10
highest in productive topsoil treatment plots sown at the lower density (Table 2).
Over-canopy species richness was more responsive to experimental treatments than
under-canopy species richness, for which there were no significant effects. Over-
canopy species richness was significantly affected by sowing density«(b.18; P

= 0.029), with higher levels of richness associated with low-density sowing, and by
type of mulch (k2= 7.79; P = 0.016), with higher richness being associated with

sand-mulching (Fig. 1B).

3.2 Species abundance and dominance
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249  Of 26 species sown in 2006, 22 persisted into the final year of the experiment (Table
250 2), some only as sporadic occurrences. Species-level analysis using the more

251 appropriate GLMM approach was only possible for the five most common species
252  (Table 4). In all five, plant numbers in the final year of the experiment were

253  significantly related to seed mix (A gerardiids= 3.21; P = 0.016; P = 0.006; P.

254  elatior: R 9s=9.62; P < 0.001; P. wulgariside = 5.77; P < 0.001; S. novae-angliae

255  F4906=3.81; S. integrifolium: Fes= 7.91; P < 0.001) and specifically amount of seed
256  sown in the different mixes. T$relationship was weakest in A gerardii and S.

257 novae-angliae, and strongest in P. elatior (Fig. 2A). Plant numbers in S. integrifolium
258  also varied with mulciiF:112 = 28.90; P < 0.001), with sand mulch having a positive
259  effect(F1,12=28.90; P < 0.001) on numbers of plants still present in 2009/10 (Fig.
260  2A).

261

262  For the sixth species, L. vernus, LMM analysis of transformed plant counts (Table 4)
263 indicated that density of this species, was similarly affected by seed mix3B5; P

264 < 0.001). A significant interaction between seed mix and sowing densidy=<H.06;

265 P =0.004) appeared to be due to numbers being reduced at the higher sowing density
266  particularly in mix T4 (low canopy dominated ; see Fig. 2B). The Isighenbers of

267 L. vernus were found on sand mulch (Fig. 2B).

268

269 3.3 Community biomass

270  Mean standing biomass (£SE; N=160) of the sown components in the vegetation in
271  2009/10 was 856 (+55) g'fr(2009) for the over-canopy in autumn 2009 and 144

272  (¥8) g m? for the under-canopy in spring 2010, respectively. Weeds coretrijust

273 42 (¥5) g P in autumn 2009 and about 13 (x3) ¢f in spring 2010 to these biomass
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totals.Treatment factors interacted in a complex manner in determining community
biomass, with significant second and third-order interactions in statistical models
(Table 5) resulting in complex and difficult to interpret patterns across treatment

combinations.

In the case of over-canopy biomass, a significant second-order interaction between
mulch and seed mix gfge = 3.52; P = 0.010) was indicative of a reduced over-canopy
in the case of seed mix T1 (tall dominated) when sown onto sand rather than subsoil
mulch. The biomass of the under-canopy layer was higher on subsoil ffulche

14.02; P = 0.003), with, the size of the effect varying between different combinations
of experimental treatments (see higher order interactions involving mulch in Table 5).
A significant interaction between sowing density and sowing mixs(# 16.25; P <

0.001) was indicative of a much higher under-canopy biomass in mix T1, (tal

dominated) when sowing density was low.

3.4 Species biomass and dominance

In terms of biomass the most dominant species at the 2009/10 final census were;
Silphium integrifolium (mean biomass: 375 ¢?)n Symphyotrichum novae-angliae
(312 g m¥), Primula vulgaris (84 g M), Andropogon gerardii (84 g ), Primula

elatior (49 g i) and Helianthus mollis (33g A (Table 3). Biomass patterns across
treatments are shown for S. integrifolium, the dominant over-canopy species in Fig.

3A, and P. wulgaris, the dominant under-canopy species, in Fig. 3B.
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298 The biomass of S. integrifolium, was significantly affected by three-way interactions
299 involving sowing density x mulch x seed mix 6= 10.96; P < 0.001). On sand

300 mulch, for example, at low sowing density, Silphium biomass was highest with seed
301 mixes containing a low to medium proportion of over-canopy species (mixes T2, T5,
302 T3), whereas at high sowing density, the highest biomass was with T3 and T4, with
303 medium to high proportion of seeds of over canopy species (Fig. 3A). Biomass of
304 Symphyotrichum novae-angliae, was unaffected by experimental treatments, and
305 Andropogon gerardive only found a significant two-way interaction between

306 sowing density and seed mixsds = 3.05; P = 0.020).

307
308 In the under-canopy layer, both Primula elatior and P. vulgaris, showed highly

309 significant two-way interactions between sowing density x seed mix (P. elafiar: F
310 =7.37; P <0.001; P. vwulgarissfs= 7.47; P < 0.001) due to higher Primula biomass
311 in low-density sowings in some mixes (Fig. 3B). In the case of P. elatior, mulch had a
312  significant main effect (Foe = 8.94; P = 0.011), with slightly higher biomass levels on
313  subsoil muich.

314

315 4 Discussion

316

317 4.1 Was the combination of a sumrgrowing over-canopy and winter/spring

318 growing under-canopy effective in inhibiting weed biomass over a 4 year period?

319

320 Initial weed invasion was low due to the use of weed seed free sowing mulches and
321 plot weeding in the first year. Despite no weeding post 2006, and seed rain from the
322  surrounding brown field vegetation, by September 2009, weed biomass was still very

323  small by September 2009, at only 4% of the total biomass of sown species. In a
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previous experiment on the same site with a similar prairie plant community, but
without an under-canopy layer, mean weed cover values after three years without
weeding averaged 45.6% when management involved only cutting and removal of the
vegetation in spring, and 12.3% with the optimal weed management treatment of
spring burning (Hitchmough and de La Fleur, 2006). This suggests that the
combination of a winter green understory layer and a summer green upper canopy
layer was efficacious in reducing weed colonization. To explore the underlying
mechanism further, a series of two-sided Spearman correlation tests were carried out
to explore the relationships between weed biomass and other biomass components
(over-canopy biomass, under-canopy biomass, and also biomass individually of the
two most dominant species in the over-canopy, Silphium integrifolium and
Symphyotrichum novae-angliae), as well as with sown species richness (all tests with
N = 160). The strongest associations of weed biomass were with total sown biomass
(i.e. under-canopy plus ovesnopy), with Spearman’s rho rs=-0.375, with over-

canopy biomass at = -0.363, and with biomass of Silphium integrifoliumst ¢

0.388 (all three at P < 0.001). No significant correlations were found between weed
biomass and under-canopy biomasgs=(¥0.10; P = 0.214), and between weed

biomass and biomass of Symphotrichum novae-angkae-(.07; P = 0.354).

Neither was there a significant correlation between weed biomass and sown species
richness (& =-0.07; P = 0.721). Without a significant relationship between weed
biomass and biomass of the sown under-canopy, we were not able to establish any
correlational evidence for a weed-suppressive role of the added understory. However,
this does not necessarily prove that this layer does not contribute to weed suppression.
To explicitly test for such a contribution, we would have had to specifically include

suitable control treatments involving the sowing only of the prairie over-canopy on its
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own, looking at weed establishment both in the presence as well as in the absence of a

sown understory.

Efficacy of light extinction depends on canopy depth (McCain, et al., 2015) and
density (Suzakiet al.,2003). The leaf canopies of Silphium integrifolium and
Symphotrichum novae-angliae and were 900-1200mm tall, and dense, with a mean
combined dry biomass of 687g%m September 2009. Weed biomass was mostly
restricted to plot edges, and composed of Holcus lanatus and ruderal Epilobium. The
longevity of these effects is potentially considerable. Sown prairie vegetation on
productive soils in Sheffield parks with biomass levels similar to those described in

this study, was largely weed free after thirteen years (Hitchmough, 2017).

In the present study, the winter-green foliage of the two Primula dominants
(approximately 16 plants per’nseeFig. 5 may have contributed to weed

suppression by restrictii ght availability to any weeds present in gaps between the
Primula rosettes during winter and spring. Alternatively the main contribution of this

layer may simply have been to add additional biomass to that of the upper canopy.

4.2 Did the design of the five plant communities (i.e. sowing mix and density) affect
the longer-term characteristics (species diversity, abundance, persistence, and

biomass) of the vegetation?
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374  We had expected the starting ratio of over-cartopynder-canopy speci¢s have a

375 clearer effect on community development than the statistical analysis suggests. One
376  explanation for these relatively small effects may haenb®at the same species

377  were present in all plots (albeit in differing initial ratios), and from the second year,
378 the dominant over-canopy species were shading all plots irrespective of the mix

379 originally sown. Seed mix starting point did however affect numerical abundance of
380 the six most common species after four years , but not their biesnAssigher

381 densities, individuals of a species were smaller. This is consistent with Farrer and
382  Goldberg (2011) who showed that adult biomass in prairie species tends to be more
383 negatively affected by neighbours of the same species rather than other species.
384  Although “ species” was not an experimental variable (all sub-plots had the same

385 species) the study does show the criticality of species selection as a design decision.
386 Had the six most successful species not been selected, outcomes would have been
387 radically different.

388

389 We had anticipated that increasing sowing density would increase inter- and intra-
390 specific competition thus reducing weed colonization, but also persistence of smaller
391 or shade intolerant sown species. This latter was partly supported by the data; richness
392 of sown over-canopy species was highest on plots sown at the lower density. In terms
393 of the density of individual species, statistically detectable density effects on

394 abundance of the six dominant species were limited to a single interaction between
395 density and seed mix for L. vernus. This indicates that this species is suppressed by
396 over-canopy forbs when these are sown at high density. This species emerges into
397 growth in March, an@s hence more sensitive to competition for light with the over-

398 canopy species.
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Irrespective of initial sowing density the two most abundant and productive over-
canopy species (S. novae-angliae and S. integrifolium), were able to maintain
dominance, increasing the resilience of the community to weed invasion, but causing
the decline of many of the shorter over-canopy species. Reduced sowing rates of these
types of tall species may, at least in the short term, improve survival of shorter over-
canopy species. While occurrence was too sporadic for formal statistical analysis, in
the 2009/10 census, Echinacea purpurea and Gillenia trifoliata were most abundant

in low-density sowings on sand mulch.

4.3 Was species richness, abundance, persistence, and biomass affected by mulch

type and soil productivity?

Abundance of two of the six most successful species, S. integrifolium and L. vernus
was significantly higher on sand mulch. Sand mulch also resulted in a richer over-
canopy. It seems likely that this was an indirect effect of reduced levels of slug

grazing both of established plants and self-sown seedlings. In contrast, no mulch-
related patterns were observed for the two unpalatable Primula species (Jennings and
Barkham, 1975) that dominated the under-canopy layer. Under-canopy biomass was
higher on plots with subsoil mulch. This may be due to either reduced light
competition with the over-canopy dominant S. integrifolium on subsoil mulch, or to

lower moisture stress.

Our assumptions that community biomass, and hence competitive displacement

effects within the community (Buckland and Grime, 2000), would be greater on the
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more productive topsoil than on the subsoil plots were not confirmed. As no biomass
harvests were made prior to 2009, it is possible that these effects did occur transiently,
but as the roots of species grew into the topsoil buried 300mm beneath the surface,

productivity on the subsoil became indistinguishable from the topsoil.

In terms of urban landscape practice, these are constructive findings. Communities of
highly productive over-canopy species and highly shade-tolerant under-canopy
species, when combined with each other, were able to persist and function effectively
under highly productive conditions that would subject shorter, more unproductive
meadow-like communities to invasion and decline. The soil at the experimental site
was typically moisture-retentive, but probably too dry for species of wet habitats, such
as Eupatorium maculatum, Phlox glaberrima and P. maculata, particularly under

competition from taller over-canopy species as in the present study.

Fig. 5 shows the leaves of the dominant S. integrifolium well emerged off the 6
March in 2010. Roberts, et al., (2015) report an average leafing up date for Quercus
robur,adominant woodland tree in Britain, as®&pril, althoughin Sheffield,

leafing up more typically occurs in early May. Whilst leaf phenology varies from year
to year, intense shading at ground level oamlearlier in the year in this study than

in woodland, potentially restricting the range of under-canopy species that can persist.

4.4 Are two-layer communities visually successful models for future urban

planting design?

Whilst our experimental design does not allow us to discern whether the impact of the

under-canopy hadsignificant effect on weed suppression, the presence of this layer



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

19

was valuable from an aesthetic perspective, providing greenery during winter when
otherwise winter dormant prairie vegetation is unattractive. It also greatly increased
the duration of the flowering season, with under-canopy species flowering from
March to May (Fig. 5), and over canopy species from July to October (Fig. 4 and 6).
This long flowering season makes this vegetation potentially attractive both to people
and to generalist invertebrate pollinators. Aesthetic and biodiversity potential were
however gradually undermined by the decline in species richness that led to fewer
flowers in early summer, and a simplification of community structure.

As a model for practice, the prototype discussed in this paper could be improved by
extending the range of over and under-canopy forbs. In this study, we restricted
ourselves to under-canopy species that could be established by sowing seed in situ,
thereby excluding many of the most shade tolerant species including many woodland
species with complegeed dormancy (Baskin and Baskin, 2001). Where resources
allow, evergreen species with equivalent shade tolerance to the two Primula species
used in this study, for example; Ajuga reptans, Omphalodes, and Pulmonaria, could

be established by planting.

Because the over-canopy species used in this study were North American that could
be established by sowing seed in situ, capacity for resilience was limited, as many of
these species are palatable to slugs (Hahn, et al., 2011; Hitchmough and Wagner,
2011). Although we did not have the resources to monitor slug populations and slug
grazing impacts directly in this in this study, we knew from previous studies on this
site (Hitchmough and Wagner, 2011) that it supports a large slug population. Our
species selection process gave us a range of taxa that varied in their demonstrated

palatability to slugs. All of the species that declined are palatable to slugs, whilst the
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species that were largely extant in 2009/10 are less palatable to slugs (Tables 7 and 8).
Sand mulches reduce the frequency of slug grazing on emergent shoots in spring
(Hitchmough and Wagner, 2011), by restricting slug mobility to wet nights. On large-
scale plots sand-mulching restricts slug grazing to the plot edges, but our

experimental plots were too small to achieve this.

In contrast to most prairie species, many Eurasian, Eastern Temperate Asian and
Eastern South African species are much less palatable and potentially more persistent
in multi-layer communities, for example; Aconitum, Actaea, Agapanthus, Dierama,
Filipendula, Geranium, Knautia, Kniphofia, Leucanthemum, Persicaria, Veronica,
and Veronicastrum (Asian and North Americ@djtchmough, 2017). However,

many of the species in these genera establish too slowly or unreliably from in situ
sowing, thus requiring planting, and incurring additional establishment costs.
Aesthetics and functionality could be further improved by reducing dominance in the
over-canopy by selecting species with more equivalent growth rates, height and
ecological fitness. Sowing or planting over-canopy species at densities that are
inversely proportional to tiiedominance potential is an effective means of reducing
extirpation of the slowest-growing, most shade-intolerant species (Hitchmough,

2017).

5 Conclusion

The combination of a shade-tolerant forb under-canopy with a tall forb over-canopy

was effective in restricting weed invasion under a low-maintenance regime in a

Western European climate. Our study was not designed to separate the effects of
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these two layers, and a future study is warranted to more clearly unpick these
relationships. Addition of a winter-green under-canopy layer increased the
attractiveness of the vegetation during this time of year and extended the flowering
season, with peaks in spring and late summer to autumn. It seems likely that this
combination of layers can potentially be applied to a diversity of designed herbaceous
plant communities, to close seasonal gaps when the over-canopy species are either
dormant or have reduced canopy covdis application of phenology to design is

likely to become more important as the combination of urban heat islands and climate
change increase the capacity for weed invasion over-winter in designed herbaceous
vegetation. The study highlights how atrtificial, designed plant communities can utilize
species that do not naturatig-occur to provide increased urban functionality by

combining complementary ecological traits.



22

6 References

Ahmad, H., and Hitchmough, J.D. (2007). Germination and emergence of understorey
and tall canopy forbs used in naturalistic sowing mixes. A comparison of performance
in vitro v the field. Seed Science and Technology, 35,3: 624-637.

Baldock, K. C. R., Goddard, M. A., Hicks, D. MKunin, W. E., Mitschunas, N.,
Osgathorpe, L. M., Potts, S.G., Robertson, K. M., Scott, A. V., Stone, G. N.
\Vaughan, I. P., and Memmott, 2015)[Where is the UK's pollinator biodiversity?
[The importance of urban areas for flower-visiting indects. Proceedings of the Royal
Society B-Biological Sciences, 282, 1803, 20142849

Baskin, C.C. and Baskin, J.M. (2001). Seeds; Ecology, Biogeography and Evolution
of Dormancy and Germination. Academic Press, San Diego.

Bjarn, M. C., Weiner, J., and @rgaard, M. (2016). Is colourful self-sustaining forb
vegetation mere fantasy? Urban Forestry and Urban Greening, 15, @&-79.
doi.org/10.1016/j.ufug.2015.11.011

Buckland S.M., and Grime, J.P. (2000). The effects of trophic structure and soil
fertility on the assembly of plant communities; a microcosm experiment. Oikos, 91,
336-352.

Clayton, S. (2007). Domesticated nature: motivations for gardening and perceptions
of environmental impact. Journal of Environmental Psychology, 27, 215-224.

Curtis, J.T. (1959). The Vegetation of Wisconsin. An Ordination of Plant
Communities. Wisconsin University Press, Madison.

del-Vval, E., and Crawley, M. J. (2005). What limits herb biomass in grasslands:
competition or herbivory®ecologia, 142, 202-211. doi - 10.1007/s00442-004-1719-
8.

Ellenberg, H., Weber, H.E., Dull, R., Wirth, V., Werner, W. and Paulisen, D. (1991).
Zeigerwerte von Pflanzen in Mitteleuropa. Erich Goltze KG, Géttingen.

Farrer, E. C., and Goldberg, D. E. (2011). Patterns and mechanisms of conspecific
and heterospecific interactions in a dry perennial grasslanunal of Ecology, 99,
265-276. doi - 10.1111/}.1365-2745.2010.01734.x

Garbuzov, M. and Ratnieks, F.LW. (2015). Using the British Collection of Asters to
compare the attractiveness of 228 varieties to flower-visiting insects. Environmental
Entomology, 44, 638-646.

Hahn, P.G., Draney, M.L. and Dornbush, M.E. (2011). Exotic slugs pose a previously
unrecognized threat to the herbaceous layer in a Midwestern woodland. Restoration
Ecology, 19, 786-794.


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=13&SID=Q11u4lZxLk8bRsfsyp6&page=2&doc=14
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=13&SID=Q11u4lZxLk8bRsfsyp6&page=2&doc=14

23

Hicks, D. M., Ouvrard, P., Baldock, K. C. R., Baude, M., Goddard, M. A., Kunin, W.
E., Mitschunas, N., Memmott, J., Morse, H., Nikolitsi, M., Osgathorpe, L. M., Potts,
S. G., Robertson, K. M., Scott, A. V., Sinclair, F., Westbury, D. B., and Stone, G. N.
(2016). Food for pollinators: quantifying the nectar and pollen resources of urban
flower meadows. PLoS One, 11(6), e01581dixi.- 10.1371/journal.pone.0158117

Hirose, T. and Werger, M.J.A. (1995). Canopy structure and photon flux partitioning
among species in a herbaceous plant community. Ecology, 76, 2, 466-474.

Hitchmough, J.D. (2017). Sowing Beauty; Designing Flowering Meadows feeh S
Timber Press, Portland.

Hitchmough, J.D., ande La Fleur, M. (2006) Establishing North American Prairie
vegetation in urban parks in northern England: Effect of management practice and
initial soil type on long term community development. Landscape and Urban
Planning, 78, 386-397.

Hitchmough, J.D., de la Fleur, M. and Findlay, C. (20&4}ablishing North

American Prairie vegetation in urban parks in northern EnglRad 1. Effect of

sowing season, sowing rate and soil type. Landscape and Urban Planning, 66, 75-90.
doi - 10.1016/S0169-2046(03)00096-3

Hitchmough, J.D. and Wagner, M. (2011). Slug grazing effects on seedling and adult
life stages of North American Prairie plants used in designed urban landscapes. Urban
Ecosystems, 14, 279-302.

Holmes, T.H. (1995). Woodland canopy structure and the light response of juvenile
Quercus lobata (Fagaceae). American Journal of Botany, 82, 1432-1442.

Hoyle, H. (2015). Human happiness versus urban biodiversity? Public perception of
designed urban planting in a warming cltmdJnpublished PhD Thesis, University
of Sheffield.

Jennings, T. J., and Barkham, J. P. (1975). Food of slugs in mixed deciduous
woodland.Oikos, 26 (2), 211-221. doi - 10.2307/3543711

Keddy, P., Twolan-Strutt, L., ahd Shipley, B. (19%)perimental evidence that
interspecific competitive symmetry increases with soil producti@iios,80, 2 253-
256.

Le Duc M. G. and Havill, D. C. (1998). Competition between Quercus petraea and
Carpinus betulus in an Ancient Wood in England. Journal of Vegetation Science, 9, 6,
873-880.

Lindemann-Matthies, P. (2002). The influence of an educational program on
children’s perception of biodiversity. The Journal of Environmental Education, 33,2,
22-31. doi - 10.1080/00958960209600805


https://scholar.google.co.uk/citations?user=X6GJ_zQAAAAJ&hl=en&oi=sra

24

Lindemann-Matthies, P. and Bose, E. (2007) Species richness, structural diversity and
species composition in meadows created by visitors of a botanical garden in |
Switzerland. Landscape and Urban Plannit®y,3-4, 298-307.

McCain, K.N.S, Baer, S.G., Blair, J.M. and Wilson, G.W.T. (2010). Dominant grasses
suppress local diversity in restored tall grass prairie. Restoration Ecology, 18, 40-49.

Nystrand, O, and Granstrém, A. (1997). Forest floor moisture controls predator
activity on juvenile seedlings of Pinus sylvestris. Canadian Journal of Forest
Research, 27,11, 1746-1752. doi - 10.1139/x97-148

Oudolf, P. and Kingsbury, N. (2014). Planting, A New Perspective. Timber Press.
Portland.

Overdieck, D. (19850, gas exchange of the understory plant Asarum europaeum
L. in November. International Journal of Biometeorology, 29, 1, 57-65.

Rainer, T. andWest, C. (2015). Planting in a Post-Wild World: Designing Plant]
[Communities for Resilient Landscapes, Timber Press, Portland.

Roberts, A.M.1., Tansey, C., Smithers, R.J. and Phillimore, A.B. (2015). Predicting a
change in the order of spring phenology in temperate forests. Global Change Biology,
21, 2602-2611.

Robertson H.J. and Jefferson, R.G. (2000). Monitoring the condition of lowland
grassland SSSIs: 1 English Nature’s Rapid Assessment Method. English Nature.
http://publications.naturalengland.org.uk/publication/64033?category=4a4f7 .
accessed 10-11-2015.

Rodwell, J.S. (1992) British Plant Communities. Volume 3: Grasslands and Montane
Communities. Cambridge University Press, Cambridge.

Routhier, MC. and Lapointe, L. (2002). Impact of tree leaf phenology on growth
rates and reproduction in the spring flowering species Trillium erectum (Liliaceace).
American Journal of Botany, 89, 2, 5@D5.

SalisburyA, Armitage, J., Bostock, H., Perry, J., Tatchell, M. and Thompson, K.
(2015) Enhancing gardens as habitats for flower-visiting aerial insects (pollinators):
should we plant native or exotic speciés®irnal of Applied Ecolog[s2, 5,]1156

1164.

Schabenberger, O., and Pierce, F.J. (2002). Contemporary Statistical Models for the
Plant and Soil Sciences. CRC Press, London.

Schmithals, A. and Kiihn, N. (2014).To Burn or Not to Burn? Effect of Management
[Strategy on North American Prairie Vegetation for Public Urban Areas in Gefmany.
PLoS One, 9,10, €108588

Smith, B. and Wilson, J.B. (1996). consumer’s guide to evenness indices. Oikos,
70-82.


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=X1i5KyS1srx52EFD4TA&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=X1i5KyS1srx52EFD4TA&page=1&doc=2
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=X1i5KyS1srx52EFD4TA&page=1&doc=2
http://www.timberpress.com/books/planting_post_wild_world/rainer/9781604695533
http://www.timberpress.com/books/planting_post_wild_world/rainer/9781604695533
http://onlinelibrary.wiley.com/doi/10.1111/jpe.2015.52.issue-5/issuetoc
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4186812/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4186812/

25

Southon, G. E., Jorgensen, A., Dunnett, N., Hoyle, H., and Evans, K. L. (2017).
Biodiverse perennial meadows have aesthetic value and increase residents’

perceptions of site quality in urban green-space. Landscape and Urban Planning, 158,
105-118. doi - 10.1016/j.landurbplan.2016.08.003

Spira, T.W. (2011). Wildflowers and Plant Communities of the Southern Appalachian
Mountains and Piedmont. University of North Carolina Press, Chapel Hill.

Suzaki, T., Kume, A. and Ino, Y. (2003). Evaluation of direct and diffuse radiation
densities under forest canopies and validation of the light diffusion effect. Japanese
Forest Research, 8, 283-290.

Taylor, R.J. and Pearcy, R.W. (1975). Seasonal patterns of thexcange
characteristics of the understory plants from a deciduous forest. Canadian Journal of
Forestry, 54, 1094-1103.

Todorova, A., Asakawa, S. and Aikoh, T. (20{Pjeferences for and attitudes |
[towards street flowers and trees in Sapporo, Japan. Landscape and Urban
Planning, 69, 4, 403-416.

Werner, C.M., Vaughn, K.J., Stuble, K.L., Wolf, K. and Young, T.P. (2016)
Persistent asymmetrical priority effects in a California grassland restoration
experiment. Ecological Applications, 26, 6, 1624-1632.

Whale, D.M. (1984 Habitat requirements in Primula species. New Phytologist, 97,
665-679.

Young, S.L., Barney, J.N., Kyser, G.B., Jones, T.S. and DiTomaso, J.M. (2009)
Functionally similar species confer greater resistance to invasion: implications for
grassland restoratioRestoration Ecology, 17, 6, 884-892.


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=3&SID=X1i5KyS1srx52EFD4TA&page=2&doc=17
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=3&SID=X1i5KyS1srx52EFD4TA&page=2&doc=17

26

Table 1. Ecological characteristics of the species used (from Curtis 1959; Ellenberg,
et al., 1991; Hitchmough and Wagner, 2011; Spira, 2011; USDA Plant Database

http://plants.usda.gov

Table 2. Effects of experimental treatments on sown species richness, both pooled
across the two layers and individually for each separate layer. Analyses were based on
plant counts in autumn 2009 (over-canopy layer) and spring 2010 (under-canopy
layer). Mixed model F-values and significance levels are given. Significant model
terms P < 0.05) in bold.

Table 3. Overall abundance and biomass of sown over-canopy species in autumn
2009 and sown under-canopy species in spring 2010, respectively. Species are listed
in order of declining biomass. Plant densities across the experiment are expressed as
mean = SE (N=160), and as a percentage of baseline densities in 2006, and finally in
terms of split-split-plot occupancy (Maximum = 160). Phlox divaricata, P. pilosa,

Zizia aptera and Helenium autumnale were not found in 2009/10.

Table 4. Effects of experimental treatments on plant densities of the six most
abundant species at the 2009/10 census. Mixed model F-values and significance
levels are given. Significant model ternfis<{0.05) in bold.

Table 5. Effects of experimental treatments on biomass of canopy components in the
final year of the experiment. Analyses were based on biomass harvests in autumn
2009 (over-canopy layer and weeds) and spring 2010 (under-canopy layer). Mixed
model F-values and significance levels are given. Significant model tEBrm®.05)

in bold.

Table 6. Effects of experimental treatments on biomass of the six most abundant sown
species in the 2009/10 census. Analyses were based on biomass harvests in autumn
2009 (over-canopy species) and spring 2010 (under-canopy species). Mixed model F-
values and significance levels are given. Significant model td?r<)(05) in bold.

Table 7. Palatability and shade tolerance of species that by September 2009/May
2010, were effectively extinct. Location within the grid is based on observation within
this and past experiments (Hitchmough and Woudstra, 1999; Hitchmough and
Wagner, 2011), and in cultivation in the UK.

Table 8. Palatability and shade tolerance of species that were extant by September
2009/May 2010. . Species that appeared most persistent are shown in bold. Location
within the grid is based on observation within this and past experiments (Hitchmough
and Wagner 2011), and in cultivation in the UK.
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Table 1. Ecological characteristics of the species used (from Curtis 1959; Ellenberg et
al.,, 1991; Hitchmough and Wagner, 2011; Spira, 2011; USDA Plant Database

http://plants.usda.gov
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Species Distribution/habitat Relative Soil moisture  Shade Palatability
growth stress tolerance  to slugs
productivity tolerance

Under -canopy 300-

450mm

Dodecatheon meadia  Eastern USA, prairie- low medium high low

woodland

Lathyrus vernus Eurasia, woodland- low medium high Low-medium

woodland edge

Phlox divaricata Eastern USA/Canada, low medium medium high

woodland-woodland edge

Phlox pilosa Eastern USA, prairie- low medium-high  medium-  high-medium

woodland edge low

Polemonium reptans Eastern USA, woodland - low-medium  medium medium low

woodland edge

Primula elatior Eurasia, woodland low low-medium high low

Primula vulgaris Eurasia, woodland low low-medium high low

Zizia aptera Eastern USA, low-medium medium medium-  medium-low

woodland-woodland edge low

Shorter over-canopy

750-900mm

Echinacea purpurea Eastern USA, prairie- medium medium-low  medium high

woodland edge

Gillenia trifoliata Eastern USA/Canada, medium medium-high  high- medium

woodland-woodland edge medium

Phlox glaberrima Eastern USA, prairie to medium low medium medium

woodland edge

Penstemon digitalis Eastern USA, prairie medium medium low medium

Phlox maculata Eastern USA, prairie to medium low medium medium

woodland edge

Rudbeckia fulgida var.  Eastern USA, prairie to medium low medium high

speciosa woodland edge

Silene regia Eastern USA, prairie to medium medium low medium

woodland edge

Solidago speciosa Eastern USA, prairie medium medium-high  low medium

Symphyotrichum Eastern USA, prairie medium medium-high  low low

oolentangiense

Taller over-canopy,

>900mm

Andropogon gerardii Eastern USA, prairie high high low low

Eupatorium maculatum Eastern USA, prairie- high low medium-  medium-low

woodland edge low

Helianthus mollis Eastern USA, prairie high high low low

Helenium autumnale Eastern USA, prairie- medium-high  medium low medium-high

woodland edge

Phlox amplifolia Eastern USA, prairie- high low medium low

woodland edge

Rudbeckia subtomentose Eastern USA, prairie- high medium medium-  low

woodland edge low

Silphium integrifolium Eastern USA, prairie high high low low
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Symphyotrichum novae- Eastern USA, prairie to high medium medium-  low
angliae‘Septemberrubin’  woodland edge low
Veronicastrum Eastern USA, prairie- high low-medium medium low

virginicum woodland edge
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Table 2. Effects of experimental treatments on sown species richness, both pooled
across the two layers and individually for each separate layer. Analyses were based on
plant counts in autumn 2009 (over-canopy layer) and spring 2010 (under-canopy
layer). Mixed model F-values and significance levels are given. Treatments with
significant model terms(< 0.05) are shown in bold.

Effect D.f. Across layers Over-canopy Under-canopy
GLMM GLMM GLMM
F P F P F P
Soil 1,12 0.85 0.374 0.22 0.646 : 0.65 0.437
Density 1,12. 334 0.093: 618 0029 : 137 0.264
Mulch 1,12 6.91 0.022 7.79 0.016 | 0.72 0.414
Seed mix 4,96: 027 089 106 0.382. 0.64 0.637
Soil x Density 1,12 481 0.049 1.72 0.214 . 1.76 0.210
Soil x Mulch 1,12. 0.17 0687: 032 0582 0.00 0.995
Soil x Seed mix 4,96: 023 0924 024 0916 0.14 0.968
Density x Mulch 1,12. 0.00 0968: 0.21 0.653: 0.24 0.634
Density x Seed mix 4,96: 029 0.885. 0.16 0.958: 0.44 0.780
Mulch x Seed mix 4,96 1.30 0.277 1.31 0.272: 0.37 0.830
Soil x Density x Mulch 1,12. 0.00 0950: 0.01 0929 0.06 0.816
Soil x Density x Seed mix 4,96 020 0935! 0.37 0.831: 0.06 0.993
Soil x Mulch x Seed mix 4,96: 032 0861: 029 0.883. 0.10 0.982
Density x Mulch x Seed mix 4,96 023 0922: 0.29 0.882: 0.29 0.882
Soil x Density x Mulch x Seed mix 4, 96 0.36 0.837: 048 0.750: 0.22 0.927
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Table 3. Overall abundance and biomass of sown over-canopy species in autumn
2009 and sown under-canopy species in spring 2010, respectively. Species are listed
in order of declining biomass. Plant densities across the experiment are expressed as
mean = SE (N=160), and as a percentage of baseline densities in 2006, and finally in
terms of split-split-plot occupancy (Maximum = 160). Phlox divaricata, P. pilosa,

Zizia aptera and Helenium autumnale were not found in 2009/10.

Species Layer Biomass Plantdensity = Percentage Occurrence
(g nm?) (Plants ?)  (baseline: 2006) (max.: 160)
Silphium integrifolium Over-canopy 375.4+38.2 6.74+0.43 59.8 131
Symphyotrichum novae-anglia¢ Over-canopy 312.0+34.5 4.04+0.32 61.6 117
Primula vulgaris Under-canopy 83.8+4.7 9.20+£0.39 69.8 158
Andropogon gerardii Over-canopy 83.8+14.0 3.55%0.32 36.8 97
Primula elatior Under-canopy 49.3+5.2 6.89 £0.42 41.1 144
Helianthus mollis Over-canopy 32.7+6.6 1.72+£0.28 42.7 50
Solidago speciosa Over-canopy 13.6+3.4 0.96 £0.16 194 35
Lathyrus vernus Under-canopy 10.6+1.5 3.32+£0.28 44.4 99
Echinacea purpurea Over-canopy 10.1+2.8 1.04 £0.20 9.3 35
Rudbeckia subtomentosa Over-canopy 9.3+2.0 1.54 +0.20 17.9 55
Veronicastrum virginicum Over-canopy 7.4+14 2.25+0.25 22.1 73
Phlox amplifolia Over-canopy 39+15 0.41+0.10 8.0 16
Gillenia trifoliata Over-canopy 24+£0.7 1.07+£0.16 9.9 42
Eupatorium maculatum Over-canopy 24+15 0.23+£0.08 2.3 10
Symphyotrichum Over-canopy 1.1+05 0.31+£0.08 7.4 14
oolentangiensis
Penstemon digitalis Over-canopy 1.1+£04 0.20 £ 0.06 2.0 10
Rudbeckia fulgida Over-canopy 0.60+0.51 0.08 +0.04 0.8 4
Phlox glaberrima Over-canopy 0.34+0.23 0.06 +0.03 1.6 3
Polemonium reptans Under-canopy 0.16 £0.05 0.33+0.08 3.2 17
Phlox maculata Over-canopy 0.07+£0.07 0.02+0.02 0.5 1
Silene regia Over-canopy 0.01+0.01 0.02+0.02 0.2 1
Dodecatheon meadia Under-canopy 0.00+0.00 0.37 £0.09 5.9 17
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Table 4. Effects of experimental treatments on plant densities of the six most
abundant species at the 2009/10 census. Mixed model F-values and significance
levels are given. Only treatments with model terms signifiddrt@.05) for at least
one species are shown.

Over-canopy

Under-canopy

Silphium  iSymphyotrichuri  Andropogon Primula Primula Lathyrus vernu
integrifolium | novae-angliae gerardii vulgaris elatior
GLMM GLMM GLMM GLMM GLMM LMM
Effect D.f. F P F P F P F P F P F P
Mulch 1,12 2890 <0.001: 141 0.259: 3.83 0.074 223 0.161: 0.23 0.642: 17.16 0.001
Seed mix 4,96: 791 <0001 381 0006 321 0016 577 <0001 9.62 <0.001 585 <0001
Density x Seed mix 4,96 0.71 0.586: 042 0.794. 057 0686 158 0.185: 0.58 0.681: 406 0.004
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Table 5. Effects of experimental treatments on biomass of canopy components in the
final year of the experiment. Analyses were based on biomass harvests in autumn
2009 (over-canopy layer and weeds) and spring 2010 (under-canopy layer). Mixed
model F-values and significance levels are given. Only model terms significant (
0.05) for at least one species group are shown.

Over-canopy Under-canopy Weeds

Effect D.f. F P F P F P

Mulch 1,12 4.18 0.063 1402  0.003 0.51 0.490
Soil x Mulch 1,12 5.35 0.039 191 0.192: 0.05 0.833
Density x Seed mix 4,96 1.58 0.185 1625 <0.001: 0.24 0.917
Mulch x Seed mix 4,96 352 0.010 119 0318 347 0.011
Soil x Density x Mulch 1,12 7.61 0.017 1758 0.001 0.51 0.487
Density x Mulch x Seed mix 4, 96 3.26 0.015 432 0.003 6.03 <0.001
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Table 6. Effects of experimental treatments on biomass of the six most abundant sown
species in the 2009/10 census. Analyses were based on biomass harvests in autumn

2009 (over-canopy species) and spring 2010 (under-canopy species). Mixed model F-
values and significance levels are given. Only model terms signifiean0(05) for
at least one species are shown.

Over-canopy

Under-canopy

Silphium Symphyotrichum Andropogon gerard Primula wulgaris Primula elatior Lathyrus vernus
integrifolium novae-angliae

Effect D.f. F P F P F P F P F P F P
Mulch 1,12 311 0.103 1.17 0.301 3.29 0.095 3.82 0.074 8.94 0.011 6.81 0.023
Soil x Mulch 1,12 477 0.0496 2.20 0.164 0.05 0.828 2.65 0.130 0.08 0.776 0.01 0.907
Density x Seed mix 4, 96 1.27 0.286 0.91 0.464 3.05 0.020 747 <0.001 7.37 <0.001 1.59 0.182
Mulch x Seed mix 4,96 882  <0.001 0.34 0.851 2.45 0.051 1.68 0.160 0.47 0.760 5.00 0.001
Soil x Density x Mulch 1,12 3.27 0.096 2.88 0.115 0.02 0.884 9.21 0.0104 8.66 0.012 6.27 0.028
Soil x Density x Seed mix 4,96 0.21 0.935 0.43 0.787 0.59 0.673 1.48 0.215 0.50 0.734 3.96 0.005
Density x Mulch x Seed mix 4,96 1096 <0.001 0.78 0.543 0.15 0.964 2.60 0.041 2.69 0.036 2.50 0.047
Soil x Density x Mulch x Seed mix4, 96 0.38 0.821 0.61 0.654 0.37 0.826 3.02 0.022 171 0.155 0.82 0.516
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Table 7. Palatability and shade tolerance of species that by September 2009/May 2010
were effectively extinct. Location within the grid is based on observation within this

and past experiments (Hitchmough and Woudstra, 1999; Hitchmough and Wagner,
2011), and in cultivation in the UK.

Shade tolerance

low intermediate high
Low
Phlox amplifolia
Palatability  intermediate Phlox glaberrima
Phlox maculata
Ziza aptera

Phlox divaricartus

high | Helenium Phlox pilosa

autumnale Rudbeckia fulgida
var. speciosa
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Table 8. Palatability and shade tolerance of species that were extant by September
2009/May 2010. . Species that appeared most persistent are shown in bold. Location
within the grid is based on observation within this and past experiments (Hitchmough
arnd Woudstra, 1999; Hitchmough and Wagner 2011), and in cultivation in the UK.

Shade tolerance

low intermediate high
Andropogon Helianthus mollis Dodecatheon
Low gerardii Polemonium reptans meadia
Penstemon Silphium Lathyrusvernus
digitalis integrifolium Primula elatior

Symphyotrichum Primula vulgaris
novae-angliae

Symphyotrichum  Gillenia trifoliata

Palatability  intermediate| oolentangiense Rudbeckia
Solidago subtomentosa
speciosa Silene regia

Echinacea
high purpurea
Eupatorium

maculatum
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Figure legends

Figure 1. Species richness in terms of number of species per O@adrat for (A)

across layers, (B) for the over-canopy, and (C) for the under-canopy in autumn 2009 /
spring 2010 surveys. Significance levels of experimental treatment factors: *P<0.05;
**P<0.01; and **P<0.001.

Figure 2. Plant densities pef of (A) S. integrifolium, the most productive species in
the over-canopy, in autumn 2009, and (B) L. vernus, the species most responsive to
experimental treatments in the under-canopy, in spring 2010. Significance levels of
experimental treatment factors: *P<0.05; *P<0.01; and ***P<0.001.

Figure 3. Dry biomass in g fof (A) S. integrifolium, the most productive over-

canopy species, in autumn 2009, and (B) P. wulgaris, the most productive under-
canopy species, in spring 2010. Significance levels of experimental treatment factors:
*P<0.05; **P<0.01; and ***P<0.001.

Figure 4. The over-canopy layer in September 2006.
Figure 5. The under-canopy species Primula elatiofPardlgaris in flower in April
2010 prior to harvesting. The emerging leaves of Silphium integrifolium are already

present between the primula.

Figure 6. The over-canopy layer in September 2009 prior to harvesting.
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canopy species, in spring 2010. Significance levels of experimental treatment factors:

canopy species, in autumn 2009, and (B) P. wulgaris, the most productive under-
*P<0.05; *P<0.01; and ***P<0.001.

Figure 3. Dry biomass in g fof (A) S. integrifolium, the most productive over-
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Figure 4. The over-canopy layer in September 2006.
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Figure 5. The under-canopy species Primula elatiofPardlgaris in flower in April
2010 prior to harvesting. The emerging leaves of Silphium integrifolium are already
present between the primula.
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Figure 6. The over-canopy layer in September 2009 prior to harvesting.
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