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Abstract

Seed harvesting from wild plant populations is key for ecological restoration, but may threaten the
persistence of source populations. Consequently, several countries have set guidelines limiting the
proportions of harvestable seeds. However, these guidelines are so far inconsistent, and they lack a
solid empirical basis. Here, we use high-resolution data from 298 plant species to model the
demographic consequences of seed harvesting. We find that the current guidelines do not protect
populations of annuals and short-lived perennials, while they are overly restrictive for long-lived
plants. We show that the maximum possible fraction of seed production —what can be harvested
without compromising the long-term persistence of populations — is strongly related to the
generation time of the target species. When harvesting every year, this safe seed fraction ranges
from 80% in long-lived species to 2% in most annuals. Less frequent seed harvesting substantially
increases the safe seed fraction: In the most vulnerable annual species, it is safe to harvest 5%, 10%
or 30% of population seed production when harvesting every two, five or ten years, respectively. Our
results provide a quantitative basis for seed harvesting legislations worldwide, based on species’

generation time and harvesting regime.

Significance:

The UN Decade on Ecosystem Restoration, 2021-2030, foresees upscaling restoration, and the
demand for native seed is skyrocketing. Seeds for restoring native vegetation are often harvested in
wild, but too intensive harvest can threaten the donor populations. Existing guidelines that set limits
to wild seed harvest are mostly based on expert opinions, yet they commonly lack empirical basis
and vary among regions in one order of magnitude. We show that the current guidelines urgently
need to be reformulated, because they are overly restrictive in long-lived species, while they do not
protect annual plants from extinction. Using matrix population models of nearly 300 plant species,

we provide a quantitative basis for a new seed harvesting legislation world-wide.


https://doi.org/10.1101/2023.01.12.523821
http://creativecommons.org/licenses/by-nc-nd/4.0/

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.12.523821; this version posted June 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

Introduction

The restoration of degraded ecosystems is a major goal of global nature conservation (1). We are in
the middle of the 'UN Decade on Ecosystem Restoration' (2), with a key goal to reverse the
destruction and degradation of billions of hectares of ecosystems. However, ecological restoration at
such scales requires high volumes of plant seeds for the re-establishment of native vegetation (3).
Although there is a growing industry for the production of wild plant seeds in specialised seed
orchards (4, 5), large-scale harvesting of seeds from wild populations is still common in ecological
restoration, and is projected to continue growing (6). Seed harvesting is particularly common for

plant species that are long-lived or difficult to cultivate (7-10).

With increasing demands for wild plant seeds, there is a growing risk of driving source populations to
local extinction (11, 12). Moreover, donor populations are often remnants of habitats with high
conservation value (11, 13). Some regions, in particular the US (14), Australia (15), and Europe (16,
17), have therefore begun to set limits for the maximum fraction of seeds that can be harvested
annually from wild plant populations, to prevent significant negative effects on their long-term
viability (‘safe seed fraction’, hereafter). Notably, though, the safe seed fraction guidelines are
inconsistent across countries, with e.g. 20% harvest allowed in the US (14) and 10% in Australia (15),
but only 2-10% in Germany, depending on plant growth type (16). When the harvest does not take
place annually, some guidelines permit higher safe seed fractions (16). In general, however, these

guidelines are mostly based on expert opinion and lack a solid quantitative basis.

Only a few studies have experimentally tested the effects of seed harvesting on wild populations.
However, these studies are either focused on individual species or specific ecosystems (11, 18, 19).
More effective rules would require collection of data across multiple species and ecosystems, but
this course of action is labour- and cost-demanding. As an alternative to collecting new data, Menges
and colleagues (12) used published plant matrix population models to link seed harvesting to the

probabilities of population extinction for 22 perennial species. While this study is widely used to back
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up seed collection guidelines for rare species for ex-situ conservation (e.g., (15, 20), the species set is
limited to mostly herbaceous perennials of temperate and subtropical North America. To obtain a
guantitative basis for predicting the effects seed harvesting on wild populations globally, data from

many more species across life histories and ecosystems are essential.

Here, we employed a modelling approach and simulated seed harvesting for 298 plant species
ranging from annuals to long-lived trees from many habitats around the globe using matrix
population models stored in the the COMPADRE Plant Matrix Database (21, 22), Table S1.
Specifically, we (1) tested the efficacy of current guidelines at safeguarding long-term population
persistence, (2) identified traits that are associated with species vulnerability to seed harvesting, and
(3) used the trait that best determines species vulnerability to seed harvesting, generation time, to
predict safe seed fraction, and formulated quantitative basis for seed harvesting in wild plant

populations world-wide.

Results

To test how well the current safe seed fraction guidelines protect source populations from
overharvesting, we modelled the maximal possible harvest fractions permitted in the US, Australia,
and Germany. To allow comparison across species, we expressed effects of seed harvesting as
relative population sizes, where 1 indicates no effect, 0 indicates extinction, and e.g. 0.8 represents a
20% reduction of population size in comparison to the population size that would be reached without
seed harvesting. Seed harvesting according the existing safe seed fraction guidelines results in rather
variable relative population sizes among species (Figure 1). For instance, the current US guidelines
(20% seed harvesting allowed) protect long-lived palms, with relative population sizes of 0.6 to 1
after 30 years, but would drive all 10 annual plants in our data to extinction (Fig. 1). With the more
restrictive German guidelines (2% seed harvesting allowed), annual plants are projected to persist,
with relative population sizes of 0.54 to 0.63 after 30 years. Within all other plant growth types, the

effects of seed harvesting on the relative population sizes are much more variable. For example, with
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90 the 20% seed harvesting currently allowed in the US, the predicted relative population sizes of
91 herbaceous perennials would range from 0 (local extinction) to 1 (no effect) after 30 years, while that
92 of shrubs would range from 0.12 to 0.99, of succulents from 0.27 to 0.99, and of trees from 0.18 to

93  0.99 (Fig. 1).

94 We next examined whether and which life history traits are better predictors of seed harvesting
95 impacts (Figure 2). We found out that generation time, the mean age of reproductive individuals in
96 the population, is the strongest predictor of population vulnerability to seed harvesting. This life
97  history trait alone explains 52.3% of the variation in harvesting vulnerability, and vulnerability to seed
98  harvesting decreases with increasing generation time (Fig. 2B). Four other life history traits are also
99  significantly related to seed harvesting vulnerability (Fig. 2B) — species that reproduce more
100 frequently and/or postpone their first reproductive event are more vulnerable to seed harvesting,
101  while species with clonal reproduction and/or persistent seed banks are less vulnerable — but the
102 predictive power of these traits is low (Fig. 2A, Table S3). Population vulnerability also differs
103 significantly among plant growth types, but with minor effects (Fig. 2C, Table S3). All five life history

104  traits together explain 62.3% variability in vulnerability to seed harvesting among species.

105 To improve the efficacy of seed harvesting regulation, we then used the best predictor of species
106  vulnerability to seed harvesting, generation time, to estimate safe seed fraction across species. For
107  annual harvesting, the safe seed fraction ranges from close to 0% to 100%, with an average of 2.3%
108  (95% Cl: 0.5-4.1%) for annual and biennial plants, 10.1% (6.8-14.2%) for species with a 5-year

109  generation time, and 40.1% (36.4-43.7%) for species with generation times of 20 years (Fig. 3A). With
110  simulated harvesting only every two years, the safe seed fraction for annuals and biennials increases
111 from 2.3%to 5.3 % (2.7-7.9%), and with a 5-year or 10-year harvesting interval to 11.3% (6.5-16.0%)
112  and 30.3% (23.8-36.8%), respectively (Fig 3B-D). For plant species with generation times above two
113  vyears, a 5-year harvesting cycle resulted in an average safe seed fraction of >30% (Fig. 3C). While safe
114  seed fraction critically depends on generation time, there is substantial residual variation among

115 species.
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116  The estimated safe seed fraction for each species was not substantially affected by environmental
117  stochasticity. The median of safe seed fractions based on models that included environmental
118  stochasticity (see methods) was on average 1.8% larger than the safe seed fraction based on the

119 mean models for each species, yet they were closely correlated (Figure S3).

120

121 Discussion

122  Seed harvesting in wild population is indispensable for ex-situ conservation and ecosystem

123 restoration, but overharvesting can threaten source populations (13). Consequently, some countries
124  have introduced limits that restrict wild seed harvesting (14—16). Here, using data from wild

125 populations of 298 plant species from five continents, we show that the current seed harvesting

126  guidelines are often ineffective: existing guidelines do not protect populations of annuals and short-
127  lived perennials, while they are overly restrictive for long-lived plants. Based on generation time, the
128  trait that best predicts seed harvesting vulnerability, we estimate that safe seed fraction varies from
129 2% in annual and biennial plants to 80-100% in long-lived plants, when seeds are harvested annually.
130 Lower frequency of harvesting allows for higher seed fractions in a viable way. The safe seed

131  fractions presented here can serve as a solid quantitative basis for seed harvesting regulations

132 globally.

133  When wild seed harvesting follows the existing safe seed fraction guidelines, the effects on

134  population sizes can vary from no effect to extinction, depending on the species. For example, annual
135  seed harvesting of 20% of the annual seed production, as currently recommended in the US (14),

136 would have small effect on palms, trees or some herbaceous perennials, but it would drive all

137  annuals plants to extinction within three decades. In reality, extinction will be less common because
138  we modelled an extreme scenario when seeds are harvested every growing season for 30

139  consecutive years from the same population, which is possible but uncommon (13). Nevertheless,

140  the high variability in model outcomes highlights that effective safe seed fraction guidelines must be

6
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141 more nuanced than one-size-fits-all — one safe seed fraction for all species — as currently

142 implemented in many regions (14, 15, 17).

143  The current German safe seed fractions guidelines are plant growth-type specific (16). For annual
144 plant species, the safe seed fraction is 2% when harvesting annually, which in our modelling does not
145 cause unacceptable population declines (Figure 1). For herbaceous perennials, the safe seed fraction
146 in Germany is set to 10% for annual harvest, yet this threshold leads to a wide range of relative

147 population sizes, from substantial population declines to no effects. The variability within the

148  herbaceous perennials is even stronger when following the US guidelines (20% of annual seed

149  production). Plant growth type alone is thus a poor predictor of species vulnerability to seed

150  harvesting.

151 Over 60% of the vulnerability to seed harvesting is predicted by life history traits. The highest

152 predictive value in our analyses offers generation time, which alone predicts the seed harvesting

153 vulnerability by more than 50%. Population growth rates in long-lived species are generally

154  insensitive to changes in fecundity (23, 24). Indeed, (12) showed that long-lived plants are relatively
155 insensitive to seed harvesting. Other life history traits in the present study have much smaller

156  predictive power for seed harvesting impacts. For instance, species with higher iteroparity (i.e.

157  reproducing more than once during their life cycle), and species that are later sexually mature, are
158  more vulnerable to seed harvesting, while clonal species and species with permanent soil seed banks
159  are less vulnerable. The buffering effect of seed bank against the effects of seed harvesting are well
160  supported by the literature (25). However, the relatively small effect of clonality on the impacts of
161  seed harvesting is surprising, since clonality provides an alternative reproduction independent of
162  seed production, and has been experimentally identified as a major predictor of vulnerability to seed
163 harvesting in grassland plants (18). This discrepancy is likely because many matrix population models
164  calculate generation times of individuals originated from seeds, i.e. genets. Clonal reproduction thus

165 leads to longer generation times of the genets (24, 26), and explains little additional variability in
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166  vulnerability to seed harvesting above what is already explained by generation time as the more

167  universal predictor.

168  To provide a universal quantitative basis for seed harvesting guidelines, we estimated safe seed

169  fraction as a function of generation time, the best predictor of vulnerability to seed harvesting

170  (Figure 3). The lowest safe seed fractions are in annuals and biennial, 2.3% for annual harvest, which
171 is close to the current German guidelines of 2%, (16). The safe seed fraction continuously increases
172 with generation time, but remains below 10% for plants with generation times of five years and less.
173  Adhering to such low seed safe fractions is possible only when collecting seed manually, yet this is
174  very labor intensive. In grasslands, seeds are commonly harvested using combine harvesters, which
175  typically removes 30% of the ripe seeds (27). Such a high proportion is safe for annual harvesting only
176  in species with generation time above 15 years. Grasslands are dominated by annuals and

177  herbaceous perennials, of which 60% in our dataset have generation times below 15 years. Annual
178 seed removal with combine harvesters thus threatens a substantial proportion of grasslands species,

179  especially non-clonal forbs and annuals (18).

180 Less frequent harvesting allows higher safe seed fractions. Harvesting seeds less often is already
181  suggested as a precautional principle in some guidelines (e.g. (13, 17), although mostly without a
182  clear specification of safe seed fractions and harvesting frequencies. Less frequent harvesting is
183 relevant especially for species with short generation times, where the safe seed fraction is the

184 lowest. In annual and biennials, the safe seed fraction increases from 2.3% for annual harvesting to
185 5% when harvesting every second year, 11% every five years and 30% every 10 years. Importantly,
186  harvesting at 10-year intervals allows to collect 30 % of the seed production even in the most

187  vulnerable species. Seed harvesting with combine harvesters, which collects on average 30% of the
188  seed (27), should be sustainable even in drylands with high proportion of annual plants, if done at

189  sufficiently long intervals.
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190 Seed harvesting is less problematic in species with long generation times. In species with generation
191  times above 20 years (most trees and palms, many shrubs and some herbaceous perennials (28)),
192  safe seed fractions are above 40% when harvesting every year, and above 80% when harvesting less
193  frequently. Previous empirical and modelling studies also reported that long-lived species are rather
194  insensitive to seed harvesting (12, 18, 29), although too frequent and too intense harvesting can
195 deplete populations of seedlings (19). Even in long-lived species, it might thus be beneficial to omit

196 seed harvesting in some years to give populations opportunities for juvenile recruitment.

197  Our results demonstrate the demographic impact of seed harvesting, and how it depends on plant
198 life histories. Yet, we could have overestimated harvesting impacts for three reasons. First, our

199  analyses are based on matrix population models of species averaged across years and sites, but

200  temporal or spatial variation in demographic rates could buffer some impacts of seed harvesting (30).
201 Indeed, incorporating environmental and demographic stochasticity into our models in a subset of
202 species resulted in safe seed fractions on average 1.8% larger, confirming that matrix averaging may
203 cause overestimation, but the effect was small. Second, our approach assumes plant populations to
204 be seed-limited. However, longer-lived plants are often limited by safe sites rather than seeds,

205  whereas seed limitation is more common in short-lived species (31). It is thus likely that in longer-
206 lived species the effects of seed harvesting are even less severe than our findings suggest, but for
207  annuals and short-lived forbs — the most vulnerable to seed harvesting — our results are more likely
208  to be accurate. A specific case of safe-site limited habitats are European seminatural meadows that
209  are annually mown with the biomass, including a large proportion of seed, used as fodder for

210  domestic animals. Species growing in this ecosystem are likely adapted to regular seed removal and
211  thusless vulnerable to seed harvesting than predicted by our models. Third, our models do not

212 incorporate maximal carrying capacities, because this information is rarely available for matrix

213 population models. In populations with high population growth rates and close to carrying capacity

214  of the environment, matrix models still predict population growth even though the population
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215  already reached maximal space occupancy. In such cases, seed harvesting might have much smaller

216  effect than predicted.

217 Seed harvesting in wild populations should be generally accompanied by monitoring of the harvested
218 sites. Our results provide the currently best quantitative basis for sustainable seed harvesting in wild
219 populations. Yet, they are model results, and all models are simplifications of the reality as it is

220 impossible to capture the full complexity of the real world (32). As a precaution, and to be able to
221  adjust harvesting practice if necessary, it is therefore important to monitor the harvested sites. The
222  safe seed fractions presented here cause only very slow population declines, maximum 2% per year,
223 and monitoring every few years should be sufficient to detect unexpected negative effects on

224  population sizes before the population would be irreversibly damaged.

225 In summary, we show that seed harvesting in wild populations is possible and allows long-term

226 population persistence, but the harvesting must be guided by the critical factors of plant generation
227  time and harvesting frequency. For longer-lived species, harvesting large fractions of seeds is unlikely
228  to harm wild populations, particularly if seeds are not harvested every year. For short-lived species,
229  though, more caution is necessary. A profitable harvesting of 30% of the seeds of annual species may
230  only be possible if the harvesting takes place only every 10 or more years. However, ultimately, even
231  with improved guidelines, seed harvesting from wild populations is unlikely to cover the growing

232 worldwide needs of ecological restoration (33). The ambitious targets of the UN Decade on

233 Ecosystem Restoration (2) may only be reached with professional, large-scale seed production in

234 seed orchards (4, 34, 35).

235

236 Methods

237 We used data stored in The COMADRE Plant Matrix Database (version 5.0.0. last accessed 25.8.2019
238  (22), and selected matrix population models for 298 species (SM, section 1). As the ultimate goal of

239  this study was to simulate seed harvesting, we selected field-based models for angiosperms with

10


https://doi.org/10.1101/2023.01.12.523821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.12.523821; this version posted June 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

240  clearly defined sexual reproduction (SM 1.3 for details). For the majority of studies in COMPADRE,
241 matrix population models are available for several annual transitions and populations. For all

242  calculations, except the stochastic simulations (see below), we used a single MPM per species
243 averaged across all years and populations available for that species. Below we briefly outline our

244  methods; a more detailed description is available in online supplementary information.

245  To test how well the current guidelines safeguard long-term populations persistence, we used matrix
246 population models to calculate 30-year projections of population sizes. We simulate seed harvesting
247  as a reduction of the sexually produced new recruits. We generally modelled the most extreme

248  scenario: the highest permitted seed fraction harvested every year. To allow comparison across

249  species, we expressed effects of seed harvesting as relative population sizes, where e.g. 0.8

250  represents a 20% reduction of population size and 0.3 a 70% reduction over 30 years, in comparison
251  to the population sizes that would be reached without seed harvesting (SM, section 4). As the effects
252 of seed harvesting were independent of the biogeographic origins of the examined species (Table
253 S2), we generally used all species in our dataset to test the guidelines of specific countries. We

254 present the results separately for different growth types, as in the German the guidelines the

255 recommended safe seed fractions are growth-type specific (16).

256  To find a better predictor of safe seed fraction than the growth types, we examined whether and
257  which life history traits were better predictors of seed harvesting impacts (Figure 2). To enable

258  practitioners to apply our findings, we restricted our analyses to five key life history traits readily
259  available from public databases (21, 22, 36) or easy to estimate in the field: generation time, mean
260  age at sexual maturity, the degree of iteroparity (frequency of reproduction) and clonality, and seed
261 bank persistence (Figure 2, SM section 5). We then related these traits to the vulnerability of our 298
262  species to seed harvesting, defined as the slope of the relative decrease in population size with

263 increasing seed harvesting (SM sections 3 and 6, Table S3).

11
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264  To provide a quantitative basis for improving seed harvesting guidelines, we used generation time,
265  the best predictor of species vulnerability to seed harvesting, to estimate safe seed fractions across
266  species (SM section 7). The safe seed fractions were defined as the proportions of seed production
267  where annual removal caused a <50% decrease of population sizes during 30 years of continuous
268  seed harvesting, compared to the same populations without seed harvesting. A 50% decrease over
269 30 years corresponds to an annual decrease of about 2%. Importantly, this threshold ensures a >95%
270  probability of population viability under environmental stochasticity in all analysed species but one

271 (Figure S4).

272  To understand how environmental stochasticity affected our prediction for seed harvesting based on
273 mean matrix population models, we simulated the effects of environmental stochasticity on

274  population dynamics (SM section 8). This was possible in 108 species for which we had at least three
275  spatial or temporal replicate matrix population models (so called individual models). We simulated
276 environmental stochasticity as projecting population vector by randomly drawn individual matrix
277 population models in each step, replicated 1000 times to obtain probability distributions of seed

278  harvesting impacts. To understand how robust our estimates were to environmental stochasticity,
279  we compared the safe seed fractions based on the mean matrix models to the respective medians of
280 the safe seed fractions based on stochastic simulations (SM section 8.1). We also used stochastic
281  simulations to test whether the thresholds of 50% population declines (see above) effectively

282 prevented populations from extinction (SM section 8.2).

283
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