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Abstract

Grassland restoration is a key measure for re-establishing damaged floral communities. As seed banks are often degraded,
methods are needed to overcome dispersal limitation of the remnant vegetation. One approach is to vacuum harvest seeds
from donor sites. While this is a cost-effective method, individual species’ traits describing reproduction methods and dis-
persal mechanisms may affect the success with which seeds are collected and subsequently germinate. We collected seeds
using low-cost vacuum harvesters in species-rich meadows in Poland. We predicted the relative success with which seedlings
emerged from this collected material with respect to their percentage cover in the donor sites on the basis of individual
species’ functional traits. Prolific species that rely on seed as opposed to vegetative reproduction, and those that germinate
in late summer/autumn, exhibited the highest level of emergence. To a lesser extent, drought-tolerant or shade-intolerant
species were well represented in the collected material. There was also weak evidence that wind-dispersed seeds would have
a higher likelihood of being collected by this method. Our results suggest that vacuum harvesting is a valuable method to
collect seeds for use in grassland restoration; however, it has limitations. In particular, additional methods may be needed
to introduce into grassland restoration sites the propagules of species that vegetatively reproduce or seed early. The over-
representation of species that produce large numbers of seed may potentially introduce priority effects that could also have
unintended long-term implications for the structure of the floral community.

Keywords Semi-natural grassland - Functional traits - Provenance - Restoration - Species characteristics - Molinia meadows

Introduction

The successful restoration of species-rich grasslands is typi-
cally dependent on the artificial introduction of seed from
species that are characteristic of the target habitat type (Ste-
venson et al. 1997; Pywell et al. 2003; Edwards et al. 2007).
This is due to dispersal being a constraining factor during
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grassland restoration for many plant species, particularly
where the existing seed bank has become largely impov-
erished owing to long-term changes in land management
(Bischoff 2002; Donath et al. 2003; Thomson et al. 2011).
Dispersal distances for individual species are typically a
product of a wide variety of mechanisms that depend on
wind, gravity, water and the activity of living organisms
(Ghazoul 2005). Differences in individual species’ func-
tional traits that affect dispersal by these mechanisms could
have a significant influence on the establishment of these
species in grassland restoration sites (Pywell et al. 2003;
Edwards et al. 2007).

A wide variety of approaches have been used to collect
seed for grassland restoration, including the sowing of seeds
originating from commercially grown stock, as well as the
collection of local provenance seeds from the swards of spe-
cies-rich grasslands (Morgan and Collicutt 1994; Jones et al.
1999; Pywell et al. 2003; Edwards et al. 2007). Normally,
seeds from existing species-rich grasslands are transferred
by harvesting green hay and then spreading it along with
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the diaspores it contains onto sites targeted for restoration
(Morgan and Collicutt 1994; Jones et al. 1999; Edwards
et al. 2007). Unfortunately, this approach relies on expensive
machinery that is not always widely available. As a result,
there has been interest in the use of seed vacuum harvest-
ers that can be converted at low cost from widely available
gardener’s leaf blowers/lawn vacuums (Briggs 2001; Kalm-
bacher et al. 2005). Such vacuum harvesters are both simple
and cost effective, collecting large number of seeds without
compromising germination rates when sown (Stevenson
et al. 1997; Riley et al. 2004; Kiehl et al. 2010). Typically
the aperture of the sucking unit ranges from 10-15 cm in
diameter for hand-held devices, to > 1 m for heavier tractor-
mounted harvesters (Scotton et al. 2011).

As for many seed-collecting methods, the use of suc-
tion harvesting may be expected to introduce bias towards
particular species. For example, those functional groups of
plants that use wind-based dispersal mechanism or have very
light seeds may be expected to be preferentially collected.
It is also possible that the collection of seed with vacuum
harvesters is more efficient for plant species characteristic
of dry habitats. In those habitats, gaps are relatively large
and frequent, which increases the chance for successful
establishment from seed (Grime 2002). While these prob-
lems have received limited attention in the literature, such
sampling bias could potentially affect what species become
established during grassland restoration (Stevenson et al.
1997; Riley et al. 2004; Kiehl et al. 2010). The order with
which species establish into new grasslands, so called “prior-
ity effects’, can have long-term ramifications for the structure
of plant communities (Young et al. 2005). If suction sam-
pling of seeds preferentially biases certain plant functional
types then such priority effects may undermine the validity
of vacuum harvesting as a method for promoting grassland
restoration (Young et al. 2005).

In this paper we assess the use of vacuum harvesting as
a method for seed collection during grassland restoration.
We contrast the practical advantages of this method with its
ecological effectiveness by testing whether the likelihood of
collecting seeds during vacuum harvesting is dependent on
key functional traits of individual species. We predict that
the seed mixture collected with vacuum harvesting methods
will be dominated by plant species which:

1. Produce large numbers of seed.
Put greater reproductive effort into seed as opposed to
vegetative reproduction.

3. Utilise wind-based dispersal mechanisms.

4. Have seeds that ripen and are shed from the plant close
to the time of suction.

5. Are typical of dry sites and sparse, open vegetation.

6. Develop inflorescences and release seed at a specific
height.

@ Springer

Materials and methods
Donor sites description

Seeds were collected from 11 meadows with a total area
of 4.22 ha within the Bagno Serebryskie Nature Reserve
(51°10'N, 23°32'E). The reserve is a complex mosaic of
chalk-lake mires, species-rich Molinia meadows and orchid-
rich xerothermic grasslands. It is considered to be one of the
most valuable calcareous fens in Poland and has importance
at a European scale (Natura 2000 site). The meadows were
composed of a mixture of Molinion spp. and Molinietalia
caeruleae, Caricion davallianae, Festucetalia valesiacae
and Arrhenatheretalia elatioris communities (Oberdorfer
1994; Kacki et al. 2013). The management of these com-
munities was limited to sward cutting and removal once a
year in autumn. Forty-two 5 X 5-m quadrats were used to
assess plant community composition by vertical projection
of percentage cover. These 42 quadrats were allocated across
all sites in a manner proportional to their individual area (see
Online Appendix A), although within individual meadows
they were randomly located. The floral composition of the
donor sites was assessed from 23 July to 4 September 2009.

Vacuum harvesting of seeds

Vacuum harvesting of seeds from the 11 meadows was
undertaken using three petrol driven vacuums; two hand-
held vacuum harvesters (Echo ES-250ES; Echo, Lake
Zurich, IL) and one walk-behind model supported by wheels
(MEP Sirio; MEP-Electrolux, Spain). The hand-held vacu-
ums collected seeds into a fine mesh bag installed onto the
air outlet pipe. The MEP Sirio vacuumed seed via a hood
mounted on the front, through a fan into a large collect-
ing sack held behind. In both cases the air speed was ca.
65 m s~! (Kioritz 2008; Coates 2015).

Seeds were vacuum harvested from 8 August 2009 to
10 September 2009 and again from 14 September 2009 to
10 October 2009. These two sampling periods allowed the
maturation of seeds from different plant species and helped
ensure samples were representative of the vegetation pre-
sent. In all cases, suction harvesting occurred after nesting of
grassland birds was completed and before the October sward
cut of the meadows. Collection time to area ratio remained
consistent for each meadow. Approximately 5 m® of material
composed of seed, chaff, soil particles and litter was col-
lected across all meadows. The mass of the collected seeds
could not be accurately determined as their separation from
the chaff was unfeasible. A clear and unambiguous clas-
sification of the donor meadows by the occurring vegeta-
tion was not possible because of the uneven terrain and the
associated diversification of plant communities within the
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meadows. For this reason, the collected material was bulked
across all 11 meadows with subsequent analysis focusing on
the efficiency of suction harvesting as a method of collecting
the seeds of individual plant species (see below for details).
The collected material from the two different suction har-
vesters was also bulked. This was done as the hand-held and
wheeled harvesters were considered to be complementary.
While the wheeled vacuum harvesters were the most effi-
cient in terms of collecting volume of material, they had a
practical limitation in that they were hard to carry to some
meadows where access was limited. In addition, wheeled
vacuums have only a few centimetres ground clearance and
so are not adapted to uneven ground.

Seed mixture analysis

Directly after each collection, the vacuumed material was
thoroughly mixed, deposited on canvas sheets in a barn
and left to dry. Two percent of the volume of this material
was removed (weighing 9 kg) and was split into eight sub-
samples (each 1.125 kg). Each of these samples was sieved
through a 15-mm mesh and stored under dry conditions at
below 0 °C until February. Then the collected material was
spread onto eight plastic trays, which were filled with steri-
lised soil taken from the donor area. Soil sterilisation (and
the consequent seed bank deactivation) was accomplished
by steaming for 30 min at 115 °C and 101325 Pa on 2 suc-
cessive days. The trays were then deposited in a cold store
at 6 °C for 7 weeks to break dormancy. From April 2010
the trays were kept in a greenhouse and watered to keep
soil moist. Seedlings were identified as soon as possible
and then removed. Seedlings which could not be identified
were transplanted to a separate pot and grown on until more
diagnostic characteristics developed. In winter 2010/2011
the trays were kept in the cold store and then moved back to
the greenhouse until October 2011. Over 20,000 seedlings
were identified, and ca. 98% of them emerged in the first
year of the assessment.

Vacuum collection efficiency of individual species (sp)
relative to their occurrence within the donor site meadows
was defined using a collection rate index (e,,), where ey, = In
(Gy/Cp); where Gy, is the percentage of all seedlings emerg-
ing from the vacuumed material represented by species sp,
and Cg, is the average percentage cover of that same species
observed in the harvested meadow sites. To derive a solu-
tion to this equation in cases where either the numerator or
denominator were zero, a fixed value of 0.01 was added to
both G, and Cg, scores. Species with a positive ey, score
were overrepresented in the emerged vacuum-harvested
material relative to what would be expected from their per-
centage cover in the donor meadows, while species with a
negative score were underrepresented. The combination of
seedling counts in the nominator of the ey, index with plant

coverage in the denominator made the entire index sensitive
to species that produce more seeds per ramet, which was
taken into account by including seed production per ramet
in the regression model (see below).

Traits and species selection

A trait can be defined as any attribute that will influence a
plant’s establishment, survival or fitness, and plays a key
role in determining establishment success during grass-
land restoration (Pywell et al. 2003; Woodcock et al. 2011).
The following trait data were derived from the D? Disper-
sal Database (Hintze et al. 2013), Biolflor Traitbase (Klotz
et al. 2002), LEDA Traitbase (Kleyer et al. 2008) and the
Database of Ecological Indicator Values of Vascular Plants
of Poland (Zarzycki et al. 2002). For each of the species
recorded in this study we defined the following functional
traits:

1. Mode of reproduction, divided into the classes: (a) seed,
(b) mostly by seed, (c) by seeds and vegetatively, (d)
mostly vegetatively, and (e) vegetatively only; these
categories were replaced by 1.00, 0.75, 0.50, 0.25, and
0.00, respectively, to make the variables suitable for
quantitative analysis.

2. Seed production, defined as the average number of seed
per ramet/shoot (Kleyer et al. 2008).

3. Mean seed-releasing height, derived from the minimum
and maximum releasing heights (Kleyer et al. 2008).

4. Time of seed shedding, which was the arithmetic mean
of the first and the last month of seed shedding (Kleyer
et al. 2008).

5. Seed longevity, which refers to seed survival in the soil
(Kleyer et al. 2008).

6. Habitat preferences (realised ecological optima) of plant
species in terms of light availability, soil moisture, and
soil fertility given by species ecological indicator values
(Zarzycki et al. 2002).

7. Seed dispersal by wind expressed in terms of the anemo-
chory ranking index (Hintze et al. 2013). The index was
calculated as a percentile rank of the wind dispersal
potential of a given species in relation to wind dispersal
potentials of all species for which data were available.
Seed terminal velocity (maximum speed when falling in
still air) was used as an indicator of anemochory poten-
tial. Since the effect of seed terminal velocity incorpo-
rates the effects of seed size, shape, and weight (Greene
and Johnson 1993), none of these characteristics was
considered separately to avoid covariance between these
effects.

Both reproduction mode and seed production were
included in the analysis because the correlation coefficient
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between them for the considered species group was only
—0.06. The information on seed longevity was used to check
if the conditions and period of storing seeds influenced the
results of the seedling emergence analysis. It was taken into
consideration that the viability of species that do not create
a seed bank remained high due to keeping them at a tem-
perature well below 0 °C throughout the winter, which was
exceptionally cold in the year of the investigations. In ca. 2%
of cases, species data within a trait were missing. In such
cases, the average value for the genus was used.

Data analysis

In the following analyses we identified which underlying
traits of plant species could be used to predict the success
of seed collection with vacuum harvesters. The analysis was
restricted to species that were recorded in at least two quad-
rats in the donor grasslands and covered at least 0.1% of the
quadrat area. Less abundant species were omitted because
their low cover could have been the reason for their absence
in the analysed sample of the seed mixture. In addition
shrubs (e.g. Crateagus spp.) were excluded from the analysis
as they were not representative of target grassland flora, nor
was their fruit likely to be collected by suction harvesting.

All analyses were undertaken using general linear mixed
effects models in R version 3.0 (R Core Team 2015) within
the Ime4 package (Bates et al. 2013). We applied a multi-
model inference approach using the MuMIn package (Bartori
2013) to assess trends in individual species’ collection rate
index (e,,) to reproduction type, seed production, seed dis-
persal mode, time of seed shedding, seed-releasing height
and habitat requirements in terms of light, soil moisture and
soil fertility. The e, value of each species was treated as a
single data point in the analysis, with genera nested within
family specified as random effects to account for the hierar-
chical phylogenetic structure of the data.

Rather than aiming to produce a ‘potential’ best-fit
model, the multi-model inference approach provided an
unbiased method for estimating parameter importance by
considering all potential model combinations. This avoids
problems associated with trying to produce a single best-fit
model where the order of parameter deletion or addition can
result in different combinations of fixed effects (Burnham
and Anderson 1998; Symonds and Moussalli 2011). The
approach used Akaike’s information criterion (AIC) to com-
pare model fit (Burnham and Anderson 1998). We assessed
all possible combinations of the fixed effects, excluding
interactions, and ranked these on the basis of their AIC
value. Overall, we compared 1024 models including both
a null model (intercept only) and a saturated global model.
For each of these models an AIC difference (A;) was calcu-
lated as A; = AIC; — AIC,i,, where AIC_; is the lowest
recorded value for any model, and AIC; is the model-specific
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AIC value. A, indicates the relative support for each model
and is used to derive Akaike weights (w;) (Burnham and
Anderson 1998), which describe the probability that model
i would be selected as the best-fitting model if the data were
collected again under identical conditions. The w; of all n
models sums to 1, so that the higher the value of this param-
eter the greater the weight of evidence that it has an effect
on the response variable of interest.

Following Burnham and Anderson (1998), any model
with a A; < 2 has equivalent power in explaining variation
in the data relative to the identified best-fit model, i.e. that
model with a A; of 0. This is referred to as the AAIC < 2
model sub-set. Within this sub-set, individual fixed effects
will be represented to different extents, from inclusion
within all models present in the AAIC < 2 model sub-set
to none. To assess the relative weight of evidence in sup-
port of each fixed effect, a variable importance score was
calculated as the sum of the w; scores of models contain-
ing a given explanatory factor over the sum of w; scores
from all models within that AAIC < 2 subset. In addition,
averaged parameter estimates weighted by individual model
w; scores were calculated (Burnham and Anderson 1998).
Finally, as AIC provides a relative measure of model fit, we
also followed the recommendations of Symonds and Mous-
salli (2011) and derived a marginal R*-value for the global
model, which provides an indication of goodness of fit of
the models to the data.

Results

Of the 163 species recorded within the donor sites, 98 were
recorded in at least two quadrats and covered at least 0.1%
of the quadrats area and so were included in the following
analysis. Sixty-nine species emerged from the material col-
lected by vacuum harvesting (Online Appendix B). There
was a considerable difference between the cover of species
within these donor sites and their subsequent representa-
tion in the emerged material originating from the vacuum
harvesting process (Table 1). Among the 69 species, only
12 were overrepresented relative to the donor sites (Online
Appendix C). Of these, the species most effectively col-
lected using vacuum harvesting were Agrostis stolonifera
(Poaceae) (eSp = 2.79), Agrostis capillaris (esp =2.28), Plan-
tago media (Plantaginaceae) (e, =1.91), Plantago lanceo-
lata (esp = 1.33), and Deschampsia caespitosa (eSlD =1.71)
(Poaceae). Conversely, Carex davalliana (Cyperaceae),
Nardus stricta (Poaceae), Phragmites australis (Poaceae),
Potentilla erecta (Rosaceae) and Geum rivale (Rosaceae)
obtained the lowest values of ey, and as such were underrep-
resented (— 5.61, — 4.05, — 3.08, — 4.44, and — 3.23, respec-
tively). The former three of these were relatively abundant
in the grasslands, but were not detected in the collected seed
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Table 1 The ranked dominance

i Donor site percentage cover
of plant species in the donor

Percentage of emerged seedlings

site based on their average Species Mean (%) SE Species Mean (%) SE

percentage cover, and that of

the percentage of seedlings Molinia caerulea 19.6 3.8 Galium boreale 21.8 0.7

emerging from the vacuum- Galium boreale 6.6 2.3 Molinia caerulea 18.7 0.7

harvested material Potentilla erecta 6.0 1.4 Deschampsia caespitosa 16.8 0.9
Cirsium canum 5.5 1.8 Galium verum 5.8 0.3
Geum rivale 35 1.0 Plantago lanceolata 4.7 0.3
Centaurea jacea 33 0.7 Plantago media 4.4 0.3
Deschampsia caespitosa 2.9 0.7 Pimpinella saxifraga 4.0 0.3
Briza media 2.9 0.7 Festuca arundinacea 24 0.2
Serratula tinctoria 2.8 1.2 Agrostis capillaris 2.2 0.1
Carex davalliana 2.6 1.6 Centaurea jacea 1.9 0.1
Sanguisorba officinalis 2.6 0.5 Serratula tinctoria 1.7 0.1
Pimpinella saxifraga 2.2 0.3 Holcus lanatus 1.4 0.1
Other species 39.5 - Other species 14.8 -

Means and their SEs were derived from data collected in the 42 plant quadrats and the eight germination

trays

mixture. Three species that emerged from the vacuum-har-
vested material were not recorded from the donor meadows.
These were Bidens tripartita (Asteraceae), Conyza canaden-
sis (Asteraceae) and Sonchus asper (Asteraceae). The two
latter species have seeds that are wind dispersed over large
distances.

Of the 1024 models explaining the response of plant ¢,
scores to the plant traits, only four were represented within
the AAIC < 2 confidence set (Table 2). The global model
for this relationship explained a biologically meaningful
proportion of the variance in the data (Ridj = 0.41). Only

three explanatory traits were present in all four models
within the AAIC < 2 confidence set. These were

Table 2 The four linear mixed models (M1-M4) within the Akaike’s
information criterion (A/C) difference (AAIC) < 2 confidence set that
explain the response of individual species’ emergence success of the

reproduction mode (e.g. the reliance on seed or vegetative
reproduction), total seed production and the month of shed-
ding ripe seeds. The overrepresentation of seedlings in the
germinated material was particularly common for species
that shed their seeds in late summer/early autumn. This coin-
cided with the period over which suction harvesting
occurred. Plants that influenced this result most were D.
caespitosa, Pimpinella saxifraga (Apiaceae), and Daucus
carota (Apiaceae).

In addition to these fixed effects, species traits describing
light and soil moisture preferences were represented within
three of the four models of the AAIC < 2 confidence set.
There was a positive correlation between light preference
and the e, scores, such that shade-tolerant species tended

vacuum-harvested material (esp) to the fixed effects of individual spe-
cies’ traits

Seed production  Time of seed Reprod. type  Light pref.  Soil moisture pref. ~ Seed disper- AIC A, W;
shedding sal by wind

M1 1 1 1 1 1 3325 000 0.39
M2 1 1 1 1 3336 1.18 0.22
M3 1 1 1 1 3337 129 021
M4 1 1 1 1 1 1 3339 146 0.19
Variable 1.00 1.00 1.00 0.79 0.78 0.19

importance

score
p 0.402 0.389 1.362 0.580 -0.334 0.588

The inclusion of a fixed effect within each of these models is indicated by 1, while AIC scores, delta weight (Ai) and the model selection prob-
abilities (w;) are provided. Parameter estimates (f) were generated by averaging across all models within the AAIC < 2 confidence set and using

the selection probabilities to weight this process

Reprod. reproduction, pref. preference

@ Springer
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(b) Mean month of seed release

(a) Total seed production (In, N+1)

152

\ °
\
° o\ o® °
\
o ®o do o0 o o
\

oo oo Wﬂvogo oo
\
®e go @oo °
\
° oo q° ° °
\
° o ooy °
\
o\
\
Voo
& 5 § 5

(98) paes Jo BuiseAley WNNOBA JO SSBUBAI08)T

° \
\
o
\ o
\
°1
oo %
° A o
o ° 4 0— ° oo
°
Y o
o ° % % o ©
° °% ° —o&wm&uoo
° oo—o oo f
© 50 oy ©
° so 8 8o ° °
° %6 ° d ® o
w o
o ®00 o %o o0
. S TN
\
o
— o
~ <) N <

(959) pass Jo BuiSeAIRY WNNJBA JO SSOUSAI0SYT

9 10 [

Time of seed shedding

8
(d) Light preference index

i

3
Seed production

(c)Reproductive mode

© ©00000 DWOO O O

© 0 00 ©woo g@onﬁnkgggoeog o o

-

\
& o o
& 5 & 3

(98) pass Jo BuiSeAIRY WNNOBA JO SSBUBAN08YT

O 0 0©O 0 © WO 00 O

\
\
\
\
° ®o0 o @ @ o
1
\
\
\
© © 0 0000 >R 0 @D O °
\
\
\
o—o ° °
1
\
\
\
o
Y [S) N <

(959) pass Jo BuiSeAIRY WNNJBA JO SSUSAI0SYT

50

45

4.0
Light requirements

(f) Ranked wind dispersal index

35

30

vss

vs
Reproduction mode

ws
(e) soil moisture preference index

o
v

61

- o o
o
° o
— o
o 00 °
o ° @
° o od o
° &®
o o
o
o %o —o o ° °
° omo °o o o
o DV g, %
o ool © °
° 8 ° o
q © o ©
°
o oo
o %50 —oo
\ °
o
om_
g 1
o ° °
° \
o » —o
o o
1
i
1
o
N © o i

oo Oﬁowoooooeo o o

i
1

@0 00 000y ® ®O® o o

~ o N <

(95) pass Jo BuiseAley WNNJBA JO SSEUBAI0R)IT

0.50 0.75 1.00

Anemochory ranking index

0.25

0.00

Soil moisture requirements

pringer

Qs



Landscape and Ecological Engineering (2018) 14:147-155

153

«Fig. 1 Graphs showing the emergence success of individual plant
species collected using suction-harvesting techniques from species-
rich donor sites (e,) in response to the plant functional traits of seed
production, month of seed shedding, reproductive type, light pref-
erence, soil moisture preference and ranked wind dispersal index.
Regression lines (dashed lines) are for univariate relationships only
and are included to provide a visual reference for the relationship. V
Vegetative only, VVS mostly vegetative, VS vegetative and seed, VSS
mostly by seed, S seed

to be underrepresented in the emerging material. The model
averaged parameter estimates for soil moisture preferences
showed a negative correlation with the ey, scores. Overall
species adapted to dry/semi-dry soils with high light require-
ments had typically high e, scores, e.g. Galium verum
(Rubiaceae), G. album, P. saxifraga, Campanula glomerata
(Campanulaceae), and Helianthemum nummularium (Cista-
ceae), and shade-tolerant species found on moister organic
soils were underrepresented in the emerging material, such
as Lycopus europaeus (Lamicaeae), Filipendula ulmaria
(Rosaceae), and Geum rivale (Rosaceae).

The reliance of plants on wind dispersal, as defined by the
anemochory ranking index, was positively correlated with
species e, scores. However, as this trait was only found in
one of the models within the AAIC < 2 confidence set there
was limited evidence in support of its role in predicting seed-
ling emergence from the harvested material (Table 2). Mem-
bers of the Fabaceae, such as Vicia villosa, Vicia cracca,
Lotus corniculatus and Lathyrus pratensis, were particularly
likely to have high terminal velocities for their falling seeds,
and as such, low anemochory ranking index values. These
species typically also had low e, values and were under-
represented by vacuum harvesting. However, this was not
limited to this family, with high terminal velocities and poor
e, scores found for both Polygonum bistorta (Polygonaceae)
and Cirsium canum (Asteraceae). Conversely, species like
Conyza canadensis, Agrostis spp., S. asper, Epilobium
palustre (Onagraceae), Cirsium arvense, Holcus lanatus
and D. caespitosa all have low terminal seed velocities and
are associated with high emergence rates from the suction-
harvested material (Online Appendix C).

The AAIC < 2 confidence set of models did not include
the traits of seed-releasing height, seed longevity, or soil fer-
tility preferences. These three traits were therefore excluded
from explaining emerging trends defined by the ey, score in
the collected material.

Discussion

Nearly half of the flora found within the donor sites emerged
from the harvested seed, suggesting that vacuum harvesting
provided a reliable method for supplementing natural seed
propagation. No impact of seed bank longevity was detected,

which suggests that the portion of the emerged plants did not
differ significantly among the species, regardless of their
regenerative strategy (regeneration in autumn in the year of
seed shedding or in the following years).

Suction sampling to collect seeds introduced bias result-
ing from trait characteristics of individual plant species
within the donor sward (Stevenson et al. 1997; Riley et al.
2004). As may be expected, there was a slight trend whereby
plants that produce large number of seeds were overrepre-
sented, which was due to a greater probability of collection
in the harvested material as a result of weight of numbers.

Of comparable importance to the number of seeds pro-
duced was the phenological overlap between the typical time
of shedding of ripe seeds and the timing when the suction-
harvesting operations are feasible (August—October). Plants
that shed their seeds in autumn were more likely to be col-
lected than those reaching maturity in early summer, with
some suggestion that there was a decrease in emergence suc-
cess for seeds collected after mid-September (Fig. 1). The
consequences of this mismatch between plant phenology and
the timing of seed collection is an issue not limited solely
to suction-harvesting techniques (Jones et al. 1999; Grime
2002; Riley et al. 2004). Indeed, besides the collection of
seeds from monocultures (e.g. agricultural crops) there
would likely always be some level of mismatch in the tim-
ing of peak seed production and seed collection for at least
some species. For more destructive seed-collection methods
(i.e. the cutting of the sward to produce green hay) it would
only be possible to have one or two harvesting times per
year, potentially resulting in the loss of some plant species
from the collected material. However, for non-destructive
sampling methods, like suction harvesting, it would be pos-
sible to overcome this mismatch by taking multiple samples
throughout the growing season.

As was predicted, vacuum harvesting favoured the collec-
tion of species that placed a greater reproductive effort into
seed production, with those species that depend on vegeta-
tive reproduction being underrepresented in the emerging
material. This may reflect the trade-off that results in plants
producing a high quantity of smaller seeds to balance their
reproductive effort (Bruun and Poschlod 2006). Although
seed weight was not examined directly (due to collinearity
with our index of wind dispersal), this bias may be poten-
tially important. For example, depending on the conditions
in which plants established, seed size could affect coloni-
zation success so that small seeds benefited from frequent
cutting and grazing regimes, while larger seeds were more
capable of establishing under increased vegetative competi-
tion (Kahmen and Poschlod 2008). The lower number of
vegetatively propagating plants in the collection may also
explain why the emergence of seedlings tended to increase
with the individual species’ light requirements and decreased
with their requirements for water in soil. Plants growing in
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the denser vegetation and on less drought-prone soil types
tended to rely more heavily on vegetative reproduction, a
result of the selection pressure caused by a higher risk of
seedling mortality due to competition (Grime 2002). This
tendency may explain why those species within the donor
meadows could have been underrepresented by a collection
method targeted only at the removal of seeds from plants.
However, this does suggest that where plants are largely
obligate in their reliance on vegetative reproduction, suction
sampling may be an inappropriate method for their collec-
tion. Under these circumstances alternative strategies aimed
at promoting the seeds’ dispersal to the restoration sites may
be necessary, e.g. the use of directly planted seedlings rather
than seeds (Warman et al. 2007).

There was some evidence, although less than might have
been expected, that the effectiveness of vacuum harvesting
increased with the wind dispersal (anemochory) potential
of individual species. Indeed, the impact of this factor was
smaller than the importance of traits predicting individual
species’ light or soil moisture requirements. The lack of
importance of this dispersal mechanism may be the result
of a difference between the action of vacuum harvesters and
the force of wind. Specifically, the speed of air flow gener-
ated by petrol vacuum harvesters typically exceeds those
that would be encountered in temperate grasslands by one
order of magnitude. Seeds that would not normally be wind
dispersed may still be light enough to be moved by the force
generated by these suction harvesters. As such, the anemo-
chory potential of individual plant species may be of com-
paratively limited importance in predicting the effectiveness
of collection of their seed.

We found no relationship between the releasing height
of seeds and their representation in the emerged material.
This may be explained by the narrow range of seed-releasing
heights considered (e.g. shrubs and trees were not part of the
species pool). Nevertheless, it would appear that the struc-
tural diversity of the donor sites did not impede seed collec-
tion by suction harvesting. In this respect, vacuum harvest-
ing may perform better than green hay collection or brush
stripping of seeds, both of which have been shown to be less
effective for seed set close to the ground (Kiehl et al. 2010).

Using suction sampling to collected seeds for grassland
restoration may lead to fundamental differences in plant spe-
cies composition between the donor sites and the receptor
sites. Where priority effects linked to the order of species
establishment have long-term consequences, such differ-
ences may be either hard to overcome using subsequent
management, or even permanent (Young et al. 2005). For
example, the high emergence rates of competitive grass spe-
cies from the collected material (e.g. D. caespitosa, H. lana-
tus and A. stolonifera) may suppress the establishment of
other important plants in the long term (Fagan et al. 2008).
Despite the bias associated with the composition of species
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collected by vacuum harvesting, hand-held suction devices
are a highly flexible tool that have the potential to be used
to increase the representation of certain species within the
collected material. This can be achieved by using a focused
sampling regime that targets underrepresented species for
seed collection, or alternatively actively avoids areas with
unwanted species such as pernicious weeds (Stevenson et al.
1997; Riley et al. 2004). The precision of hand-held suc-
tion devices, assuming the user has sufficient taxonomic
expertise, may therefore make vacuum techniques a more
effective tool for wild seed collection than industrial-scale
methods using large cutting booms (e.g. > 2 m in length)
(Morgan and Collicutt 1994; Jones et al. 1999; Pywell et al.
2003; Edwards et al. 2007). However, a priori knowledge of
which species are underrepresented by the collection method
remains vital to the success of this approach.

Conclusion

Vacuum harvesting from donor sites provides a practical
method for sourcing seeds of local provenance. However,
species’ shares in the collected seed mixture were not pro-
portional to their cover within the donor sites. Individual
species’ traits affected the success with which seeds were
collected and subsequently emerged. The highest levels of
emergence were exhibited by species: (1) with seed-based
dispersal, (2) that produce large numbers of seed, (3) that
shed seeds in the summer/fall, (4) are drought tolerant,
and (5) require much light. This study sets a reference that
can help in the design of collection campaigns for targeted
underrepresented species of high importance for conserva-
tion. Due to the trait-based analytical approach used, the
application of the results is not restricted to the vegetation
of the Bagno Serebryskie Nature Reserve. Ultimately, the
practical viability of vacuum harvesting is linked to its low
equipment costs, although this is countered by the large
investment in operational hours needed to collect material.
As such, these methods may be more suited for use in nature
reserves where volunteer labour can make this trade-off
between the cost of machinery and time more favourable.
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