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Abstract

Semi-natural grasslands are becoming increasingly rare, and their vegetation may be
affected by environmental changes and altered management. At Kungsangen Nature
Reserve, a wet to mesic semi-natural meadow near Uppsala, Sweden, we analysed long-
term changes in the vegetation using data from 1940, 1982, 1995 and 2016. We also ana-
lysed the spatial and temporal dynamics in the Fritillaria meleagris population based on
countings of flowering individuals in 1938, 1981-1988 and 2016-2021. Between 1940 and
1982 the wet part of the meadow became wetter, which led to an increased cover of Carex
acuta and pushed the main area of flowering of F. meleagris up towards the mesic part.
Annual variation in the flowering propensity of F. meleagris (in May) was affected by temper-
ature and precipitation in the phenological phases of growth and bud initiation (June in the
previous year), shoot development (September in the previous year) and initiation of flower-
ing (March—April). However, the response to weather was in opposite directions in the wet
and mesic parts of the meadow, and the flowering population showed large year-to-year var-
iation but no long-term trend. Variation in management (poorly documented) led to changes
in different parts of the meadow, but the overall composition of the vegetation, species rich-
ness and diversity changed little after 1982. Species richness and species composition of
the meadow vegetation, and the long-term stability of the F. meleagris population are main-
tained by the variation in wetness, highlighting the importance of spatial heterogeneity as an
insurance against biodiversity loss in semi-natural grasslands and nature reserves
generally.

Introduction

Traditionally in large parts of Europe, managed hay meadows (used for winter fodder produc-
tion and aftermath grazing) formed an essential foundation in the agricultural system up until
the agricultural revolution [1-4]. Meadows along river banks and sea shores are an exception
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to the rule that semi-natural grasslands generally are nutrient-poor since the yearly flooding
brings new nutrients to the meadow [1]. However, small elevational differences lead to spatial
variation in flooding, and thereby also to spatial heterogeneity in nutrient availability, soil aera-
tion and related factors.

Thanks to their nutrient-rich soil, floodplain meadows have been important for sustainable
production by a management that usually involves mowing in mid to late summer followed by
aftermath grazing [5]. With the introduction of commercial fertilisers, the vast acreage of
meadows was no longer needed [4], and they were converted to pastures, arable fields, forested
or simply abandoned (with overgrowth as the result). Apart from remaining meadows being
few and far between, management practices have weakened, resulting in a general loss of spe-
cies diversity and a more trivial flora [6]. In addition, anthropogenic nitrogen deposition has
led to further decreases in plant species diversity, as this favours competitive and other nutri-
ent-demanding species, which also leads to increasing litter production [7,8]. By shading and
preventing seeds from reaching the soil surface, this increase in biomass and litter makes it
more difficult for plants to establish [9]. However, some meadows still retain high conservation
values, regarding both their cultural heritage and biodiversity values, not only for plants but
also for fungi, insects and birds [10; www.nationalredlist.org]. Semi-natural grasslands are also
important for the delivery of ecosystem services such as water regulation, pollination and car-
bon storage [11].

Prior to the last decades of the nineteenth century there were vast areas of flooded meadows
on the plains along the River Fyrisan, both north and south of the city of Uppsala, south-cen-
tral Sweden [12]. The only remnant today is Uppsala Kungsing, hereafter referred to by its
locally used name ‘Kungsangen’-‘the King’s meadow’, established as a nature reserve in 1951.
In this paper we use unique long-term data to discuss the dynamics in the vegetation of Kung-
sdngen over eight decades.

The 12.5-ha reserve is situated about 3 km south of Uppsala, surrounded by fertilised pas-
tures and arable fields. Elevation varies between 1.2 and 2.2 m a.s.l. in the studied area which
creates a spatial heterogeneity in wetness (Fig 1). The soil is an alluvial clay [12], partly a gyttja
clay [13]. The meadow’s groundwater generally follows the water level in the river [12].

The history of hydrology and management is complex (see S1 Appendix for details). After
land uplift, vast meadow systems were created by iron-age farmers, remaining thereafter
under continuous use [14: p. 206]. Kungsingen itself was below sea level prior to ca. AD 700
[15], and increasing parts became available for fodder (mainly Equisetum fluviatile and Carex
spp.) from around 1600 [15], although seashore plants such as Glaux maritima and Triglochin
maritima were still present [16] (nomenclature follows Euro+Med Plantbase [17]). The
meadow flooded each spring, and also, in some years, during autumn. More recently the water
level in the river increased slightly between 1940 and 1970 [18].

Traditionally, mowing was carried out in late July (later in wet years) followed by aftermath
grazing [15]. In 1942, Sernander [19: p. 23] observed that grazing took place throughout the
whole summer. As Kungsingen was set aside as a nature reserve in 1951 [20], it was stipulated
that the meadow should be mown annually with aftermath grazing.

However, subsequent management has varied, and is poorly documented, but in 1979-
1983 mowing occurred around 24 June [21]. The wettest parts were only mown in some years,
allowing the sedges to form tall tussocks that had to be cut by rotor cultivator in the 1990s (S.-
O. Borgegérd, unpublished manuscript). Following a new management plan in 1999 [22], the
meadow is mown in early August, followed by cattle grazing.

The vegetation of Kungsdngen has been investigated several times: the first in 1938-1940
[14: pp. 147-165], repeated and extended in 1982 [21]. We now add results from 1995 and
2016, allowing an analysis of vegetation changes over eight decades. Changes in vegetation
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Fig 1. Kungsingen nature reserve with the River Fyrisén to the left. Vegetation plots (2 m x 2 m) were placed along
four profiles (Profile 1 followed since 1940, Profiles 2-4 since 1982), colours identify the four vegetation clusters
identified in 1982. For profile 1, the Wet and Mesic parts identified in 1940 are indicated. Flowering Fritillaria
meleagris were counted in six plots, 1-6, (red squares, 10 m x 10 m). Background colours show elevation based on laser
scanning with 1 m grid (Markhéjdmodell grid 1+) from Lantmateriet (the Swedish Land Survey, www.lantmateriet.se).
Plot elevation varies between 1.2 and 2.2 m a.s.l. Inset shows location in Sweden. The area treated by rotor cultivator in
the 1990s roughly corresponds to Cluster 4.

https://doi.org/10.1371/journal.pone.0282116.g001

since the 1940s could be hypothesised to concern species with specific preferences regarding
grazing and mowing. For example, low management intensity might favour large competitive
species and be disadvantageous for rosette-forming, light-demanding and early-flowering spe-
cies. Combined changes in management and water level may in turn also affect the availability
of mineral nutrients, and in concert with airborne nitrogen deposition (which increased until
ca 1990 and then decreased; [23]), lead to changes in species composition.

One notable plant species in the meadow is the bulbous geophyte Fritillaria meleagris (Lilia-
ceae). The species is native to central and eastern Europe, with scattered localities further east
to Altai [24]. In central Europe, the species is considered to be vulnerable (VU; [25]). Sten Carl
Bjelke found F. meleagris at Kungsdngen in 1742 or 1743 where Linnaeus noted it in 1755 as
‘copiosissime’ [19: p. 94]. It was thought to have been dispersed with wastes from nearby Upp-
sala, perhaps from the botanical garden [26]. Today it is probably the largest population in
Sweden (Sebastian Sundberg, pers. comm.), reflected in its Swedish name ‘kungsangslilja’. The
spectacular flowering of F. meleagris in May attracts thousands of Uppsala citizens, and the
species is used in the logotype of Region Uppsala. It appears with purple (most common) and
white flowers (and with a few pink intermediates). The white morph was preferred by flower-
picking townsfolk [19], which may have decreased its relative frequency in the population by
reducing recruitment from seeds.
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Earlier studies have suggested that yearly weather variations can cause variation in flower-
ing propensity in long-lived perennials (e.g. [27]). For F. meleagris, several authors have shown
that variation in flowering is related to variation in wetness [18,28-30]. We will here present
long-term trends and annual variation in flowering in F. meleagris with data going back to
1938, and relate this to weather variation and spatial heterogeneity in wetness on Kungséngen.

Fritillaria meleagris seeds are water-dispersed and require a cold period to germinate [21].
It probably takes several years from seed to mature bulb. In early spring, the bulb sprouts a
stalk along with scale-like, ground-level leaves, and above those up to eight normal leaves from
the stalk [21]. Flowers emerge in May and are cross-fertilised [31], but according to Zych et al.
[32], selfing (rarely occurring in natural populations) results in fully developed seeds. Seeds are
enclosed in a capsule which matures in June and July after which the stalk withers [18]. In
years with early mowing the seeds will end up in the hay, rather than being dispersed [21].

After senescence in June, the previous year’s bulb is replaced by a new bulb formed by the
two inner low leaves [21]. After summer dormancy, a shoot bud forms that develops a stalk in
late August, which reaches the soil surface in early November. The stalk, unexpanded leaves
and a pre-formed flower bud then enter winter dormancy [21,33]. The species thus has three
periods that we assume to be particularly influenced by environmental conditions: June in the
previous year (growth and bud initiation), September (shoot development) and March-April
(initiation of flowering).

In perennial plants, the allocation of resources to reproduction may diminish future
chances to flower. Such a cost of reproduction is difficult to demonstrate in natural popula-
tions, as it is often confounded by year-to-year variation in resources and weather conditions
[34]. The probability of flowering is often related to plant size (e.g. [35]). Accordingly, Zhang
[21] found that flowering F. meleagris at Kungsidngen originated from a larger bulb in the
spring than vegetative individuals, while in summer they produced a smaller new bulb for next
year. Thus, one could hypothesise that many flowering individuals will be vegetative in the fol-
lowing year, or even enter prolonged dormancy (i.e. skip one or several growing seasons;

[36]), a feature shared with many other bulbous plants [36].

Aims

We will view the vegetation composition found in the 1940 survey as a reflection of traditional
management of a wet-mesic meadow. Since then, the management has periodically adopted
the modern practice of early hay harvest, as well as being mechanised, and we hypothesise that
this (in combination with other environmental changes, such as nitrogen deposition) may
have led to losses in species richness and plant diversity and to changes in community
composition.

For F. meleagris we ask whether population size (reflected by flowering) shows a trend over
the last eight decades, or whether variation in flowering can be explained by between-year
weather fluctuations, and whether flowering in one year is affected by flowering in the preced-
ing year. To be able to discuss the importance of flowering and other life stages for the popula-
tion dynamics, we performed a sensitivity analysis based on demographic data from Zhang
[21]. Finally, we tested whether the relative frequency of the white morph has increased after
1940, as picking flowers at Kungsangen is now prohibited.

Materials and methods
Field methods

In June 1940, Gustaf Sandberg recorded the vegetation in twenty-eight 2 m x 2 m plots along a
profile across Kungsdngen (Profile 1, Fig 1, details in Sandberg [14: pp. 149-150]). Detailed
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Table 1. Total species richness (S) and inverse Simpson diversity (D) in Profile 1 (1940-2016) and all profiles
(1982-2016). Note that in 1940 only Profile 1 was surveyed.

Survey year Source Profile 1 (Plots 1-28) Profiles 1-4 (Plots 1-76)
S D S D

1940 Sandberg [17] 63 11.8 Not surveyed

1982 Zhang [18] 72 163 78 20.4

1995 This study 61 17.3 69 21.1

2016 This study 73 16.0 91 21.2

https://doi.org/10.1371/journal.pone.0282116.t001

descriptions, with landmarks and distances along the profile, made it possible to later relocate
these plots within a few metres. In 1982, Zhang [21] recorded the vegetation in these plots, and
in three additional parallel profiles (Profiles 2-4, plots 29-77; Fig 1). We repeated these analy-
ses in 1995 and 2016. Hence, one dataset is composed of the 28 plots in Profile 1, surveyed in
1940-2016, and a second dataset consists of all 76 plots in Profiles 1-4, surveyed in 1982-2016
(Table 1).

Following Sandberg [14], all surveys recorded species cover using the 5-degree Hult-Ser-
nander-Du Rietz scale, where a score of 5 indicates a cover of 50% or more, 4 a cover less than
50% but over 25%, etc., and 1 a cover of 6.25% or less (data in S2 Appendix).

In 1938, Sandberg [19: p. 98] counted the number of flowering F. meleagris in six 10 m x 10
m plots along Profile 1 (Fig 1). We repeated the census in 1981-1988 and in 2016-2021. The
individuals were classified according to their colour as purple, pink or white. The 2016 census
began too late to distinguish the different colour morphs.

Statistical analyses

Changes in vegetation. Plot elevation was extracted from laser scanning data with 1 m
grid (Markhéjdmodell grid 1+) from Lantmiteriet (the Swedish Land Survey, www.
lantmateriet.se), using ArcGis v. 10.8 [37].

Vegetation data were analysed using the ‘vegan’ package [38] in R v. 4.2.1 [39]. The analyses
included ordination by non-metric multidimensional scaling (NMDS). To define vegetation
clusters we calculated a dissimilarity matrix with ‘vegdist’ (using Bray-Curtis as dissimilarity
measure), then created a hierarchical cluster dendrogram with ‘hclust’ (with ‘ward.D2’ as the
agglomeration method), and ‘cutree’ to cut the dendrogram into clusters. In ordination dia-
grams we enclosed groups of plots by convex envelopes with the ‘ordihull’ function, and used
“ordisurf to overlay a Generalised Additive Model (GAM) of elevation on the ordination
graph. Diversity was calculated as the inverse Simpson index (D = 1/5p;?).

Differences in species cover were tested with an Anova with Survey year as predictor and
Plot as random factor using the Ime4’ package in R [40], with packages ‘pbkrtest’ [41] and
‘ImerTest’ [42] for posterior tests of differences among surveys. The class midpoints in the
Hult-Sernander-Du Rietz scale were used to transform the 5-degree scale data into percent
cover. We tested differences in plot frequency for the species between the first and last survey
(1940 vs 2016 for Profile 1; 1982 vs 2016 for all profiles). We used a binomial test of the null
hypothesis that the number of plots a species had occupied was equal to the number of plots
from which a species had disappeared.

As proxies for ecological conditions we used ecological indicator values for Swedish vascu-
lar plants [43]. We calculated changes in the species indicator values using abundance-
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weighted value for plot j following Diekmann [44],

n

Weighted average = Z(r,j x x;)/ Z Ty
i=1

i=1

where 7;; is the cover of species i (abundance scale 1-5) in sample plot j, and x; the indicator
value of species i.

Six indicators were thought to help explain changes in species composition over time [43].
These indicator values express the degree of positive reaction to Moisture (scale 1-12), Light
(1-7), Nitrogen (1-9), Grazing/mowing (1-8, where 1, does not endure grazing and mowing;
4, neutral; 8, demands repeated or continuous grazing or mowing), Soil disturbance (1-9,
where 9 indicates required yearly disturbance) and Soil reaction (1-8, where 1 is a pH < 4.5
and 8 is pH > 7.5). The Phosphorus indicator was not used, as it was correlated with the Nitro-
gen indicator (r = 0.72). We used ‘envfit’ within the vegan package to fit indicators as environ-
mental vectors onto the NMDS ordinations. Differences in indicator values between groups or
clusters identified in the ordination were tested with mixed repeated-measures Anova with
Survey year as a repeated effect, Plot identity as a random effect and Cluster as a fixed effect
(using SPSS v. 28 [45]).

Variation in flowering in Fritillaria meleagris. To relate the number of flowers to
weather we used monthly values for temperature and precipitation in the three active periods-
June and September in the previous year, and March-April (just before flowering) in the cur-
rent year—from the Ultuna weather station, ca 2 km south of Kungséngen (https://www.{fe.slu.
se/lm). Temperature and precipitation were uncorrelated (p = 0.35, 0.66 and 0.99 for the three
periods, respectively). We used a generalised linear mixed model (GLMM) to evaluate the
interactive effects of climatic variation and topography on the number of flowers produced per
plot in a given year. Because our response variable (number of flowers) was discrete count
data, we used a model with Poisson errors and we included a random effect for plot to account
for plot-specific intercepts. Specifically, our model took the form:

Log(N,,) ~ clim, + elev, + clim, x elev, + 0, + €

where N is the number of flowers produced in plot p during year y, clim is the climate for year
y, elev is the elevation of plot p, 0 is a random intercept for plot p, and € is the Poisson error
term. We centred and scaled predictor variables prior to analysis by subtracting their mean
and dividing by their standard deviation [46]. We used the ‘glmer’ function of the Ime4 pack-
age [40] to fit the model in R. We computed the marginal and conditional R* for GLMMs
using the ‘MuMIn’ package [47].

A similar model was used to test the effect of the number of flowers in the previous year
(log-scaled), again in combination with elevation and with plot as a random factor. Since data
for the previous year was lacking for 1938, 1981 and 2016 we eliminated these years, so that
this test was based on 12 years’ data.

To be able to discuss the importance of the various life stages on population growth rate, we
performed a sensitivity analysis based on demographic data from Zhang [21]. We constructed
transition matrices (S6 Appendix) from which we calculated long-term population growth
rates and sensitivity values for the yearly transitions 1981 to 1982 and 1982 to 1983. We used
the following five stages: small, medium, large vegetative, reproductive and dormant. We
included a dormant stage, since prolonged dormancy was observed in the field by Zhang ([21];
cf. [36]). Including such a cryptic stage will give more accurate results [48]. Into this stage we
placed plants that were present in 1981 and 1983, but not seen in 1982. We assumed that simi-
lar proportions of the population are in the dormant stage each year. We also assumed that
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newly discovered plants originated from plants in the dormant stage irrespective of which
stage they entered. Plants found in 1981 but never relocated were assumed dead. Analyses
were made using MATLAB [49].

Ethics statement

We obtained permission from the Uppsala County Board to work in the Kungséngen Nature
Reserve.

Results
Changes in vegetation

At Kungsingen today we find species typical of wet-mesic mown and grazed meadows. The
sea-shore plants still growing at Kungsdngen at the time of Linnaeus have all disappeared
except Alopecurus arundinaceus and its hybrid with Alopecurus pratensis. There are no rare or
red-listed plant species found on the meadow today.

Profile 1, 1940-2016. In Profile 1 the total number of species varied over time between 61
and 73 and was somewhat lower in 1940 and 1995 than in 1982 and 2016 (Table 1). There
were 8 species with evidence for a net decrease between 1940 and 2016, and 14 with an increase
(S7 Appendix). In 1940 there was a strong dominance of the grasses Deschampsia cespitosa
(22% of the total abundance), Poa pratensis, Elytrigia repens and A. pratensis, but from 1982
the obvious dominant was Carex acuta (from 6% in 1940 to 16% in 1982-2016).

In the ordination of Profile 1 we distinguished plots that were separated according to eleva-
tion into a Mesic group in 1982 (plots 2-16, elevation > 1.55 m a.s.1, Fig 1) and a Wet group
(18-25, elevation < 1.35 m a.s.l.). Five plots were not assigned to a group (plot 1 is somewhat
disturbed by trampling, plots 26-28 were on the elevated levee by the river and plot 17 fell
between the distinct groups).

In the species ordination (Fig 2B), aquatic plants, such as Alisma plantago-aquatica, C.
acuta, E. fluviatile, Lemna spp. and Utricularia vulgaris, are found on the right. Slightly further
to the left we find plants characteristic of wet meadows, such as Stellaria palustris and Thalic-
trum flavum. In the lower part Carex cespitosa and Filipendula ulmaria are found. Fritillaria
meleagris has a central position together with the majority of other meadow herbs and grasses,
such as A. pratensis, Avenula pubescens, Lathyrus pratensis and Ranunculus acris. In the upper
left part several ruderal species are placed, such as Capsella bursa-pastoris and Plantago major.

The indicator values were (irrespective of survey) significantly higher for plots in the Wet
group than in the Mesic group regarding Moisture and Light (Fig 3; S3 Appendix [analyses
with p-values]; and Fig 2A [vectors in inset graph]), and lower regarding Grazing/mowing
indicator values.

The vegetation in the Wet group changed considerably between 1940 and 1982, The most
conspicuous change was the strong increase in cover of C. acuta between 1940 and 1982 (Fig
4A). This led to a more clear separation of the two groups along NMDS1 (Fig 2A), and was
concomitant with an increase in the moisture indicator value (Fig 3). Nearly half of the species
found in 1940 were not found in the three following surveys, e.g. D. cespitosa, E. repens and P.
pratensis, and the number of species decreased from 28 in 1940 to 17 in 2016. Throughout the
entire study period, the group was characterised by wet meadow species such as A. arundina-
ceus, Caltha palustris, Carex disticha and Galium palustre, and from 1982 also C. cespitosa, E.
fluviatile, F. ulmaria and Persicaria amphibia.

The Mesic group was dominated by grasses (A. pratensis, D. cespitosa, Festuca rubra,
Phleum pratense, P. pratensis and Schedonorus pratensis, and from 1982 A. pubescens). Among
the many herbs, L. pratensis, Ranunculus auricomus, R. acris, Rumex acetosa, Trifolium repens
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Fig 2. (a) NMDS ordination of plots in Profiles 1 on Kungsingen in 1940, 1982, 1995 and 2016. mesic plots, n = 15;
wet plots, n = 8). NMDS stress = 0.07. Inset shows environmental vectors based on abundance-weighted indicator
values for each plot. (b) Species ordination, showing the six most abundant species in each envelope and other
representative species that are mentioned in the text (such as ruderals). The red dot is Fritillaria meleagris. Some
species’ positions are slightly shifted to reduce text overlap. For full species names, see S2 Appendix.

https://doi.org/10.1371/journal.pone.0282116.g002

and Vicia cracca were found in all four surveys in relatively high frequency. The most conspic-
uous change was the gradual decrease of D. cespitosa. This led to a more equal distribution of
cover among species (Fig 4A) and more variable vegetation (increasing envelopes in Fig 2A).
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Fritillaria meleagris occurred mainly in this group, and did not change much in cover over
time (mean cover in the 5-degree scale was 0.73, 0.87, 0.87 and 0.73 for the four surveys,
respectively).

Both groups moved downwards along NMDS?2 (especially the Wet group; Fig 2A). This axis
was positively associated with Soil disturbance and Nitrogen, and negatively with Soil reaction
(Fig 2A, inset). This is consistent with the decrease in Soil disturbance indicator in the Wet
group between 1940 and 1982, and in the continuous decrease in the Nitrogen indicator from
1940 to 2016 in both groups: species with high nitrogen indicator values (e.g. D. cespitosa, E
repens, P. pratensis, Ranunculus repens, R. auricomus) have been partly replaced by those with
slightly lower values (C. acuta, C. cespitosa, P. pratense, Stellaria graminea).

Profiles 1-4, 1982-2016. When all four profiles are considered for 1982-2016, species
richness was still lowest in 1995 (69) and highest in 2016 (91) but diversity (D) did not vary
much (Table 1). There were 33 species with a net decrease between 1982 and 2016 (but only 6
of these had cover >1% in any survey), and 14 with an increase (S7 Appendix). The two species
with the highest cover over the whole study were A. pratensis (13%) and C. acuta (12%).
Among the other eight species with highest cover in 1982, C. disticha, D. cespitosa, F. rubra
and P. pratensis, were also top ten in 1995, as were C. cespitosa, C. disticha and F. rubra in 2016
(Fig 4B).

To be able to follow changes in different parts of the meadow we first performed a cluster
analysis of the starting point, i.e. the 1982 recordings. We identified four clusters that were (i)
spatially separated in the meadow (Fig 1), (ii) well separated in the ordination as described
below (Fig 5A) and (iii) reflect the elevation gradient (mean elevation for Clusters 1-4 was 2.0,
1.9, 1.5 and 1.3 m a.s.L,, respectively).
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https://doi.org/10.1371/journal.pone.0282116.9004

In the ordination of all surveys we follow the changes within each starting cluster. In the
species plot (Fig 5B) we find wetland plants such as C. palustris, Carex vesicaria, C. acuta and
E. fluviatile to the right. Ruderal plants such as C. bursa-pastoris and Poa annua are found
towards the upper left, and in the centre are generalist meadow plants such as A. pratensis, A.
pubescens, D. cespitosa, P. pratensis, and also F. meleagris (Fig 5B). Clusters 1, 2 and 4 moved
towards the left in the biplot after 1982 (Fig 5A), while changes along axis 2 were small. Over
the years the clusters have become more diverse (larger envelopes) and less well separated
(larger overlap among envelopes).

Cluster 1 (12 plots; 53, 44 and 45 species in the surveys 1982, 1995 and 2016). The plots in this
cluster are situated near the entrance or along the borders of the meadow (Fig 1). In addi-
tion to the dominant meadow generalists the cluster is characterised by ruderal or weedy

species such as C. bursa-pastoris, E. repens, Matricaria discoidea, P. major, Polygonum avicu-
lare, Taraxacum spp., Tripleurospermum inodorum and Urtica dioica. From 1982 to 1995
there was an increased cover of F. rubra, L. pratensis and T. repens and a decrease in
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Fig 5. (a) NMDS ordination of plots in Profiles 1-4 on Kungsingen in 1982, 1995 and 2016. The plots are allocated among
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overlap. For full species names, see S2 Appendix.

https://doi.org/10.1371/journal.pone.0282116.g005
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ruderals, and in 2016 the cluster had gradually become more similar to Cluster 2 (larger
overlap in Fig 5A).

Cluster 2 (26 plots; 51, 47 and 54 species in three surveys). Besides grasses such as D. cespitosa
(decreasing over time; Fig 4B), A. pratensis and A. pubescens, this cluster was characterised
by many herbs, e.g. Geum rivale, L. pratensis, R. acris, T. repens and V. cracca. The increased
similarity with Cluster 1 is exemplified by the increase in E. repens. In 1982, the cover of F.
meleagris was highest in this cluster, but in 1995 it was similar, and in 2016 somewhat
higher, in Cluster 3.

Cluster 3 (21 plots; 46, 46 and 53 species in the three surveys) represents a transition between
the mesic and wet parts of the meadow (Figs 1 and 5A). Several species indicating moist
conditions are shared with Cluster 4 (e.g. C. disticha and F. ulmaria; Fig 4B), whereas A.
pratensis is shared with Clusters 1-2). A characteristic species was C. cespitosa, but it had
lower cover in 1995 than in 1982 or 2016. As in Clusters 1 and 2, D. cespitosa was important,
but had decreased considerably in 2016.

Cluster 4 (17 plots; 25, 33 and 33 species in the three surveys) represents the wet, species-poor
part, dominated by C. acuta. In 1982 it was well separated (Fig 5A), but later showed some
overlap with Cluster 3 as the dominance of C. acuta decreased (Fig 4B), and species richness
increased. C. disticha and P. amphibia were common during the whole study, whereas a
number of wet meadow and aquatic species (e.g. E. fluviatile, Lemna spp. and Lysimachia
thyrsiflora) varied in importance over time.

The largest difference in indicator values among clusters was for Moisture, which ranged
from just over 5 in Clusters 1 and 2 to almost 9 in Cluster 4 (Fig 6, S4 Appendix). The opposite
order was found for Soil disturbance and Grazing/mowing, where Clusters 1 and 2 had the
highest values and Cluster 4 the lowest. Changes over time were small and were found only for
Moisture (a slight decrease over the years, particularly in Cluster 4) and Nitrogen (a notable
decrease in Cluster 4 between 1995 and 2016; Fig 6, S4 Appendix).

Variation in flowering in Fritillaria meleagris

Fritillaria meleagris is most abundant in the mesic parts of Kungsingen (Figs 2B and 5B). The total
number of flowering plants in the six plots (each 10 m x 10 m) varied between 1695 (1982) and
4519 (2021), with an average over the 15 censuses (from 1938 to 2021) of 2683 (Fig 7, S5 Appendix).
The variation was considerable between consecutive years, but without any increasing or decreasing
trend over time (Fig 7). The number of flowering individuals in 1938 was highest in plot 5, but in
the 1980s highest in plot 4 (Fig 8). From 2016, plot 5 again was highest in most years.

The proportion of white flowers varied between 2.4 and 4.5% (mean = 3.7, s = 0.59) with no
trend over time. The intermediate pink variety could not always be distinguished from the
purple but seems to vary around 1-3% (S5 Appendix).

We found direct effects of temperature and precipitation on flowering, as well as interac-
tions between weather predictors and elevation for all three investigated periods (statistical
analyses summarised in S8 Appendix). As exemplified in Fig 9, plots at relatively high eleva-
tions (i.e. plots 1-4) tended to have fewer flowers after a warm early spring (March-April)
whereas plots at relatively low elevations (i.e. plots 5 and 6) tended to have more flowers when
this period was warmer. The response to temperature was the same for the other periods (June
and September in the previous year, Fig 10). For precipitation the reverse responses were seen:
wet periods favoured flowering at high elevation and disfavoured flowering at low elevation
(Fig 10).
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https://doi.org/10.1371/journal.pone.0282116.9006

There was a positive relationship between the number of flowers and the number of flowers
in the previous year (p = 0.019 in GLMM,; in this model there were no effects of elevation

[p = 0.30] or any interaction [p = 0.25]).

The matrix analyses show that long-term population growth rates (A) were 0.893 and 0.955
for the two yearly transitions. For both transitions the sensitivity matrices reveal that the most
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Fig 7. Total number of flowering Fritillaria meleagris in six plots (10 m x 10 m) along Profile 1 (Fig 1) on Kungsingen, in 1938, 1981-1988 and 2016-
2021. Data in S5 Appendix.

https://doi.org/10.1371/journal.pone.0282116.9007

important stages for long-term population growth rate were large vegetative plants surviving
as large vegetative plants, becoming reproductive or retrogressing to medium-sized vegetative
plants. Also, the survival of reproductive individuals was important, especially for the 1982-
1983 transition. The contribution of the dormant stage for the 1981-1982 transition is small
but noteworthy (see sensitivity analyses in S6 Appendix). Individuals entering dormancy were
mainly from the smallest size class (83 of 196 and 77 of 128 individuals for the two transitions)
and the opposite was also found, i.e. that most dormant plants entered the smallest size class
(57% and 48%, respectively (see transition matrices in S6 Appendix).

Discussion
Changes in vegetation

Opverall species richness and diversity at Kungsangen had not changed much since the 1940s.
We had expected a decrease in species richness and diversity as the management has varied,
with increased mechanisation, periods with too early mowing and grazing, and occasional tus-
sock reduction. Also, the disappearance of the former surrounding meadows [12] could have
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led to species loss as dispersal opportunities disappear [50]. The removal of hay should in the
long run lead to a depletion of nutrients e.g. [51], but this could have been counteracted by air-
borne nitrogen deposition as well as flooding of the River Fyrisan over the wetter parts of the
meadow.

In 1940, Sandberg distinguished four plant communities among the plots belonging to our
Wet group. Even though his classification was subjective, it is obvious that the Wet part of Pro-
file 1 had become more species-poor and very homogeneous between 1940 and 1982 (Fig 2A).
As an example of the importance of spatial heterogeneity over the meadow, the decrease in
species richness in the Wet part of Profile 1 between 1940 and 1982 was counteracted by an
increase in the Mesic part, leading to an overall net increase in species richness and diversity.
The increased diversity in the Mesic part is a result of the decreased dominance of D. cespitosa
after 1940 (Fig 4A). Around 1940 Kungsingen was grazed from early on, rather than mown
(S1 Appendix), a regimen that probably favoured D. cespitosa (cf. [52]).

The higher water level in the river after 1940 [18] would have led to more frequent flooding
of the Wet part and partly explain the expansion of species such as C. cespitosa, F. ulmaria, and
most notably, C. acuta. According to Sandberg [14], cutting C. acuta once during the vegeta-
tion season does not weaken it, and it is unattractive for cattle in the late season. However, the
early and continued grazing practised around 1940 will restrict its distribution [14: p. 173]. For
a few decades thereafter, management more or less adhered to the traditional late harvest fol-
lowed by grazing. The conclusion is that the rise in water level in combination with late grazing
from around 1950 was responsible for the expansion of C. acuta. Many studies have stressed
the importance of management. For example, Rysiak et al. [53] noted a 60% decrease in species
richness in abandoned plots compared to mown or grazed plots. Studies on calcareous pas-
tures have shown the importance of continuous management, in this case grazing, for retain-
ing a diverse and herb-rich vegetation [54]. It has also been shown that the vegetation could be
rather robust to the timing of grazing if the grazing pressure is sufficient [55], but the expan-
sion of C. acuta at Kungsingen indicates that timing is essential.

Contrary to our expectation, we found a decrease over time of the nitrogen indicator in
Profile 1 (Figs 2 and 3). This was surprising, as the decrease would not be expected from the
rise in water level in the river [18] since this would have increased flooding and nutrient
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inflow, or the increased nitrogen deposition, but is consistent with nutrient depletion follow-
ing intense management [56]. However, Krause et al. [57] could not detect any effects on flor-
istics that could be attributed to nitrogen deposition in floodplain meadows in Germany. On
the other hand, in a comparable study from England, Stevens et al. [58] found an increase in
Ellenberg N scores from 1965 to 2012, which they attributed to increased atmospheric nitrogen
deposition. Nitrogen effects are often confounded with effects of management and can be diffi-
cult to disentangle [59,60]. At Kungsdngen, the grazing/mowing indicators decreased in the
Wet part between 1940 and 1982, not supporting the hypothesis above regarding intense man-
agement. The answer may be found in the fact that mowing (no discrimination between
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species) and grazing (often selective and leads to soil disturbance) have species-specific effects
[61], and these two responses are confounded when they are merged into one indicator.

After 1982 we can consider community composition changes when analysing all four pro-
files, based on changes in the four clusters that line up along the first ordination axis in order
of increasing wetness (Fig 5A). In addition, the position of Cluster 1, with its ruderal species,
clearly reflects the effect of disturbance by tractor operation and by trampling of the cattle that
gathered here. A barn in the easternmost part was removed several decades ago, and as a con-
sequence, the ruderals and species richness have decreased and the vegetation has become
more similar to Cluster 2. Some ruderals, such as the annual Lithospermum arvense, are still
found close to the entrance, where the cattle gather. This is only a small area, but still impor-
tant as it contributes to species richness and heterogeneity of the reserve.

The increasing wetness from Cluster 2 to 4 is coupled with decreasing indicators for Soil
disturbance and Grazing/mowing. This may indicate that the, on average, taller wetland spe-
cies at Kungsangen are less competitive under grazing or mowing than species in the more
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mesic parts (cf. [62]. However, as discussed above, the Grazing/mowing indicator is difficult to
interpret, since some species react differently to grazing compared to mowing [61].

In the wettest part of the meadow (Cluster 4), C. acuta dominated the vegetation with tall
tussocks. Under a cutting regimen C. acuta will not form tussocks [63]. Without cutting and
with periodic high water, tussocks are formed that provide micro-habitats for mesic meadow
species [64], explaining why from 1995 a few meadow species are found in the wettest part of
the meadow. In the ordination, Cluster 4 moved towards a drier species composition between
1982 and 1995 (Fig 5A) and became more heterogeneous with lower wetness indicator values
and also more species rich. These changes did not continue after 1995, possibly counteracted
by the rotor cultivator treatment in the late 1990s —the decline in C. acuta was smaller along
Profile 1 where rotor cultivation was not applied than in the whole material (Fig 4).

The changes over time in Clusters 2 and 3 are smaller than in Clusters 1 and 4, and are more
difficult to interpret. All four clusters have become more heterogeneous over time, but differences
in indicator values are still consistently larger among clusters than among years. Our results,
therefore, emphasise that habitat heterogeneity is particularly important in small nature reserves
(cf. [65]): as we expected within-community changes have occurred in species richness and com-
position, but the current overall variation in the vegetation encapsulates the earlier variation, and
more. While species richness declined in Cluster 1 and increased in Cluster 4 (for different rea-
sons), overall species richness in 2016 was actually higher than in any previous survey. Thanks to
the spatial heterogeneity, species richness appears resistant to variation in management.

The importance of continuous management for the maintenance of species richness in
semi-natural grasslands is well known (e.g. [66]). Many studies have compared management
methods, trying to ascertain the best method for maintaining species composition and diver-
sity. A general conclusion from these studies is that confounding factors such as soil type, geo-
graphic location, land use history and species pool to a large degree influence the outcome
(e.g. [67,68]). For example, Tille et al. [69] in their meta-analysis found that the positive effects
of grazing or mowing, respectively, depended on continent, grassland type and altitude, but
when analysing the effects on plant species richness alone the effect of mowing and grazing
did not differ. A combination of grazing and mowing may be best [53]. In the study by Gilhaus
et al. [67], grazing was found to be beneficial for a high species richness; however, in their
study the grasslands with a mowing regimen were more fertile, and in some cases even ferti-
lised, a factor detrimental for species richness.

It has been suggested that the most beneficial treatment regimen is the one that has been in
use historically [69], which, in the case for Kungsidngen would be the traditional management
with mowing in July-—August (depending on plant phenology) followed by aftermath grazing.
Continuous management in semi-natural grasslands does not mean, however, that there will
be no changes in the vegetation. For example, Poptcheva et al. [70] reported succession and a
slow immigration even after 20 years of mowing in a wet meadow. Furthermore, Kohler et al.
[71], in an experiment with annual mowing for 22 years, noted that species identities and
numbers were not constant and attributed that, besides immigration, to weather and different
observers. Continued and even reinforced [72] management has been shown to be important
for the maintenance of the often species-rich vegetation in semi-natural grasslands [73]. This
was shown also by Kohler et al. [71], where all treatments involving weaker management than
annual mowing resulted in reduced species numbers.

Variation in flowering in Fritillaria meleagris

Given the huge yearly variation in the number of flowers and variation in management, the
long-term stability is astonishing. In particular, we expected that the years with early harvests
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could have been detrimental, but the numbers in 1938 and 2020 were almost the same: 2818
and 2822, respectively, and in the peak years (1985 and 2021) ca 4500 plants flowered. Zhang’s
[21] detailed demographic data indicate that most of the between-year variation in the number
of flowers at Kungsidngen is caused by variation in the propensity to flower rather than in pop-
ulation size, as the proportion of the population that flowered varied (23, 13 and 18%, for the
years 1981-1983, respectively). Even larger variation in F. meleagris flowering was reported by
Tatarenko et al. [24: data from Fig 6]: over 22 years the proportion that flowered varied
between 10 and 59% at an English meadow, leading to a modest positive correlation between
the number of flowering and vegetative plants (r ~ 0.61). This is in line with observations of
irregular flowering in other long-lived geophytes. For example, Pfeifer et al. [74] showed that
in a steadily increasing population of the orchid Himantoglossum hircinum in Germany the
number of flowering individuals increased at the same (logarithmic) rate as the total popula-
tion, but with larger variation. Despite the large annual variation, the percentage of the Fritil-
laria population that flowers differed little between studies when averaged over years: 18% at
Kungséingen, and 29% in England [24: data from Fig 6].

Our matrix population simulations based on the data collected by Zhang [21] indicate nega-
tive long-term population growth rates (A < 1) in these years. However, the large difference in
A between the two transitions indicates that this result should be interpreted with caution.
Also, plants assumed dead may, in fact, have been dormant as several years of prolonged dor-
mancy have been observed [36] and has been suggested as a bet-hedging strategy [75]. If so,
population growth rates would have been higher. We could not see any connection between
flowering and prolonged dormancy as transitions to and from the dormant stage in our data
mostly concerned the smallest stage class, as was found by Mehrhoff [76] and Calvo [77] for
two North American orchids. This is in contrast to Lesica & Crone [78] who found for another
iteroparous geophyte (Silene spaldingii) that dormant plants were more likely to flower in the
following year. It is clear that a longer demographic study [79], incorporating mark-recapture
statistics [80], would be necessary to get a clearer picture of how prolonged dormancy affects
flowering and population growth.

Based on the sensitivity analysis we conclude that the most important stage for long-term
population growth rates was the survival of large plants, whether vegetative or reproductive
(S6 Appendix), as has been found for many other long-lived perennial plants (e.g. [27,81]).
Even if reproduction by seed was not included in the simulations (seedlings could not reliably
be distinguished in the field), one might assume that years of abundant flowering should also
influence population growth rate positively and has contributed to the observed long-term sta-
bility of F. meleagris at Kungsangen. This is in contrast with other sites in the province of Upp-
land where the species has decreased slightly since the 1930s [8], probably as semi-natural
grasslands have been abandoned (cf. [29,82]). However, F. meleagris has also dispersed to new
sites [83].

The conclusion that the number of flowering individuals varies more than total population
size led us to the assumption that the variability in flowering could be related to weather, for
example by temperature affecting growth or soil moisture affecting aeration during the three
active periods. Fritillaria meleagris has a restricted distribution along the wetness gradient
[28,30], and at Kungsidngen it mainly appears at an intermediate position along the wetness
gradient (centrally placed in the species ordination plots; Figs 2B and 5B). The long-term sta-
bility of flowering could be explained by the ability of F. meleagris to “track” variation in wet-
ness: wet and cold periods promoted flowering in the drier part of the meadow, and vice versa.
In the long-term, the peak in flowering shifted from the wetter plot 5 to the drier plot 4
between 1940 and 1982 (Fig 8), consistent with the concurrent increased wetness indicated by
vegetation changes in the wetter part in Profile 1 (related to the increased water level in the
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river between 1940 and 1970 [18]). In England, Trist [28] similarly noted that there were more
flowers of F. meleagris in the upper than in the lower part of a meadow in a wet year, and Cam-
eron [30] found a strong negative correlation between number of flowers and the water table
in the previous spring. At another English meadow, the highest number of flowers over a 20-yr
period occurred after moisture conditions had been restored [29], in line with our results that
wetness promoted flowering at the drier end of the niche of F. meleagris (Fig 10). Cameron
[30] found that flowering was strongly promoted by a dry spring in the previous year (R* =
0.71 for number of flowers vs water level). We found that low precipitation in early summer in
the previous year promoted flowering, but only in the wetter part of the meadow. Again, the
small altitudinal difference of 30 cm between plots 4 and 5 caused contrasting responses. Simi-
larly, in two English meadows (only 8 km apart) that were differently prone to flooding, flow-
ering peaked in different years [24]. Together, these observations show that the way weather
interacts with microhabitat conditions is more important than the direct effects of regional
weather variation. In contrast to these opposing within-site responses to weather, Lindell et al.
[27] found similar among-site responses to weather in Pulsatilla vulgaris ssp. gotlandica,
which, however, has a more narrow wetness niche [84].

We cannot tease apart the effects of wetness and temperature. However, temperature
should not vary much within the meadow, suggesting that wetness and soil aeration is impor-
tant at several stages in the life-cycle before flowering. In a similar study, Tye et al. [85] ana-
lysed individual-based flowering data from 32 years for four orchid species in Norway. The
study was conducted in mown fens, in which variation in soil aeration should play a similar
role as at Kungsangen. They found that flowering was promoted by summer rain in the previ-
ous year in a coastal locality, and by summer temperature in an inland locality. However, the
patterns were inconsistent, as one species showed no effect of weather, but our results show
that responses to weather variation can go undetected if within-site spatial variation in micro-
topography is ignored.

We hypothesised that the propensity to flower could be related to the cost of earlier flower-
ing, since a high reproductive effort in one year can reduce flowering in following years. The
lack of a negative effect of flowering is surprising, since Zhang [21] showed that the size of the
new bulb formed by flowering plants was considerably smaller than the ones formed by vegeta-
tive plants, and a small bulb would decrease the chances to flower in the next year. Even with
long-term data, costs of reproduction is difficult to detect in natural populations [34], and the
effects may differ among species and habitats: Tye et al. [86] removed flowers in two orchid
species and in one species observed an increase in flowering the next year, followed by a
decrease the year after, but a reversed pattern in the other species. The positive relationship we
found with the number of flowering individuals in the previous year, could be a spurious rela-
tionship, since flowering is also related to weather in the previous year, as discussed above.

We hypothesised that the white morph should have increased since Kungsingen became a
nature reserve and the preferential picking of the white morph stopped. But the variation has
been, and still is, small and unchanging, around 3-4%, despite the large variation in the num-
ber of flowers. This is also supported by independent data collected at Kungsangen by Hed-
strom [31]: for 1982 and 1983 he recorded 4.2 and 3.8% white flowers, respectively, and our
result for the same two years was 3.5 and 4.2%, respectively. Zych et al. [32] similarly noted
approximately 5% white flowers in a small anthropogenic population in N. Poland but
reported only 10-30 white individuals in a large natural population (>>1 million) in S.
Poland. According to Tatarenko et al. [24], British sites have in general <10% white flowers,
but they also report a population with almost exclusively white flowers. The high percentage of
white flowers in introduced populations is probably a founder effect caused by a local desire to
breed the white morph. It seems that neither colour has a reproductive advantage [24]. At
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Kungsingen, Hedstrom [31] found that pollinators (bumblebees, Bombus spp. and honeybee,
Apis mellifera) show no colour preference, and there was no difference in the number of
ovaries.

Conclusions

In 1948 Rutger Sernander stressed the importance of the wetness zonation of Kungsingen,
and the development over the last eight decades supports his view. Management and hydrol-
ogy have unfortunately been poorly controlled and documented, but on the whole the spatial
variation in wetness is intact.

The variation in management and the increased wetness in the wet parts between 1940 and
1980 have caused changes in different parts of the meadow. After 1982, species richness increased
in the wettest part and decreased in the driest part. However, overall species richness and diversity
have remained largely the same, suggesting that the vegetation is resilient to changes. This is true
also for F. meleagris, which despite huge year-to-year variation showed long-term stability in the
number of flowering individuals, the reason being that variation in temperature and precipitation
acts in contrasting ways in the wetter and drier ends of the species’ range.

Hence, species richness, overall species composition, and long-term stability in the F.
meleagris population are maintained by the fine-scale variation in wetness, highlighting the
importance of spatial heterogeneity and appropriate management as an insurance against bio-
diversity loss in semi-natural grasslands and nature reserves in general.

Supporting information

S1 Appendix. Hydrology and management at Uppsala Kungsing.
(PDF)

S2 Appendix. Plot elevation and species cover in plots 1-76 in 1940-2016 (csv file
[comma-delimited with decimal points]).
(CSV)

S$3 Appendix. Anova of indicator values in Profile 1, 1938-2016.
(PDF)

S4 Appendix. Anova of indicator values in Profiles 1-4, 1982-2016.
(PDF)

S5 Appendix. Number of flowering Fritillaria meleagris at Uppsala Kungsing.
(PDF)

S6 Appendix. Matrix analyses of Fritillaria meleagris 1981-1983.
(PDF)

S7 Appendix. Species with a significant change in cover between the first and last survey.
(PDF)

S8 Appendix. Generalised linear mixed models of the effects of climate and elevation on
the number of Fritillaria meleagris flowers.
(PDF)

Acknowledgments

Mattias Vass and Brita Hytteborn assisted in the field. Robert Muscarella helped with statistical
modelling and Scott Spellerberg revised the language.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282116 March 8, 2023 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282116.s008
https://doi.org/10.1371/journal.pone.0282116

PLOS ONE

Eight decades of grassland dynamics

Author Contributions

Conceptualization: Hikan Hytteborn.

Data curation: Hakan Rydin.

Formal analysis: Hakan Hytteborn, Brita M. Svensson, Hakan Rydin.
Investigation: Hakan Hytteborn, Liquan Zhang, Hakan Rydin.

Methodology: Hakan Hytteborn, Bengt A. Carlsson, Brita M. Svensson, Liquan Zhang, Hakan
Rydin.

Project administration: Hakan Rydin.

Writing - original draft: Hikan Hytteborn, Bengt A. Carlsson, Brita M. Svensson, Hikan
Rydin.

Writing - review & editing: Hikan Hytteborn, Bengt A. Carlsson, Brita M. Svensson, Liquan
Zhang, Hakan Rydin.

References

1. Rosén E, Borgegard S-O. The open cultural landscape. In: Rydin H, Snoeijs P, Diekmann M, editors.
Swedish plant geography. Acta Phytogeogr Suec 1999; 84: 113—-134.

2. Norderhaug A, Ihse M, Pedersen O. Biotope patterns and abundance of meadow plant species in a Nor-
wegian rural landscape. Landsc Ecol 2000; 15: 201-218. https://doi.org/10.1023/A:1008141400166

3. Moog D, Poschlod P, Kahmen S, Schreiber K-F. Comparison of species composition between different
grassland management treatments after 25 years. Appl Veg Sci 2002; 5: 99—106. https://doi.org/10.
1111/j.1654-109X.2002.tb00539.x

4. Emanuelsson U. The rural landscape of Europe. How man has shaped Europe. Stockholm: Formas;
2009.

5. Elveland J. [Wet hay-meadows in northern Sweden-their history and present status]. Sven Bot Tidskr
2015; 109: 292—-336. Swedish with English abstract.

6. Wahlman H, Milberg P. Management of semi-natural grassland vegetation: evaluation of a long-term
experiment in Southern Sweden. Ann Bot Fenn 2002; 39: 159—166.

7. Berendse F. Implications of increased litter production for plant biodiversity. Trends Ecol Evol 1999; 14:
4-5. https://doi.org/10.1016/s0169-5347(98)01451-7 PMID: 10234237

8. MaadJ, Sundberg S, Stolpe P, Jonsell L. [Floristic changes during the 20th century in Uppland, east
central Sweden]. Sven Bot Tidskr 2009; 103: 67—104. Swedish with English abstract.

9. Grime JP. Plant strategies, vegetation processes, and ecosystem properties, 2nd ed. Chichester:
John Wiley & Sons; 2001.

10. SLU Artdatabanken. The Swedish Red List 2020. Uppsala: SLU; 2020.

11. Bengtsson J, Bullock JM, Egoh B, Everson C, Everson T, O’Connor T, et al. Grasslands—more impor-
tant for ecosystem services than you might think. Ecosphere 2019; 10(2): e02582. https://doi.org/10.
1002/ecs2.2582

12. Giobel G. [The groundwater level at Kungséngen]. Medd Ultuna Lantbruksinst 1933; 46. Swedish.

13. Torstensson G, Eriksson S. [Agronomic maps of Ultuna property with description]. Uppsala: Lantbruk-
shogskolans institution fér allman jordbrukslara; 1941. Swedish.

14. Sandberg G. [Regional studies of Kungsangen’s vegetation, as well as views on the nature of our mead-
ows and protection issues]. In: Sernander R. Uppsala Kungséang. 1948. p. 145-210. Swedish.

15. Hebbe P. [Some notes from Ultuna’s oldest history]. Stockholm: Kongl. Landtbruks-akademien; 1936.
Swedish.

16. Linnaeus C. [Botanical excursions in the area of Uppsala. Academic dissertation under Linnaeus’s pre-
sidium Uppsala 1753. Respondent Anders Niclas Fornander]. Valda Avhandlingar av Carl von Linné i
Oversattning utgivna av Svenska Linné-Sallskapet. 1921 [1753]; 1. Swedish.

17. Euro+Med PlantBase—the information resource for Euro-Mediterranean plant diversity; 2006+ [cited
2021 Nov 3]. Available from: http://www.europlusmed.org.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282116 March 8, 2023 22/25


https://doi.org/%3Cunderline%3E10.%3C/underline%3E1023/A%3A1008141400166
https://doi.org/10.1111/j.1654-109X.2002.tb00539.x
https://doi.org/10.1111/j.1654-109X.2002.tb00539.x
https://doi.org/10.1016/s0169-5347%2898%2901451-7
http://www.ncbi.nlm.nih.gov/pubmed/10234237
https://doi.org/10.1002/ecs2.2582
https://doi.org/10.1002/ecs2.2582
http://www.europlusmed.org
https://doi.org/10.1371/journal.pone.0282116

PLOS ONE

Eight decades of grassland dynamics

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Zhang L, Hytteborn H. Effect of ground water regime on development and distribution of Fritillaria
meleagris. Holarct Ecol 1985; 8: 237-244. https://doi.org/10.1111/j.1600-0587.1985.tb01174.x

Sernander R. Uppsala Kungsang. Published by Gustaf Sandberg. Uppsala: Almqvist & Wiksell; 1948.
Swedish.

Lansstyrelsen i Uppsala lan. [The Administrative Board of Uppsala County resolution in connection with
...”Kungsangen nature reserve” in the parish of Danmark; given at Uppsala Castle in the National
Chancellery on March 30, 1951]; 1951. Swedish.

Zhang L. Vegetation ecology and population biology of Fritillaria meleagris L. at the Kungsangen nature
reserve, Eastern Sweden. Acta Phytogeogr Suec 1983; 73: 1-96. Available from: https://uu.diva-portal.
org/smash/get/diva2:565357/FULLTEXTO1.pdf.

Lansstyrelsen i Uppsala lan. [Establishment of management plan for the nature reserve Uppsala Kung-
sang, Uppsala kommun]; 1999. Swedish.

Engardt M, Simpson D, Schwikowski M, Granat L. Deposition of sulphur and nitrogen in Europe 1900—
2050. Model calculations and comparison to historical observations. Tellus B 2017; 69:1, 1328945.
https://doi.org/10.1080/16000889.2017.1328945

Tatarenko |, Walker K, Dyson M. Biological Flora of Britain and Ireland: Fritillaria meleagris. J Ecol
2022; 110: 1704-1726. https://doi.org/10.1111/1365-2745.13886

Schnittler M, Glinther KF. Central European vascular plants requiring priority conservation measures—
an analysis from national Red Lists and distribution maps. Biodiv Conserv 1999; 8: 891-925. hitps://doi.
org/10.1023/A:1008828704456

Almquist E. [Flora Upsaliensis. Plants of the Uppsala area: List of phanerogams and vascular crypto-
gams]. Uppsala: Svenska Vaxtgeografiska Séllskapet; 1965. Swedish.

Lindell T, Ehrlén J, Dahlgren JP. Weather driven demography and population dynamics of an endemic
perennial plant during a 34-year period. J Ecol 2022; 110: 582-592. https://doi.org/10.1111/1365-2745.
13821

Trist PJO. An ecological study of Fritillaria meleagris L. Trans Suffolk Nat Hist Soc 1960; 11: 392—-399.

Trist PJO. Fritillaria meleagris L.: its survival and habitats in Suffolk, England. Biol Conserv 1981; 20: 5—
14. https://doi.org/10.1016/0006-3207(81)90056-2

Cameron F. Ontogenetic niche shifts within floodplain meadow species [MPhil thesis]. Milton Keynes:
The Open University; 2014. https://doi.org/10.21954/ou.ro.0000efef

Hedstrém |. [The pollination ecology of Fritillaria meleagris in central Sweden]. Sven Bot Tidskr 1983;
77: 313-325. Swedish with English abstract.

Zych M, Stpiczynska M, Roguz K. Pollination biology and breeding system of the European Fritillaria
meleagris L. (Liliaceae). In: Ramawat KG, Mérillon J-M, Shivanna KR, editors. Reproductive biology of
plants. Boca Raton: CRC Press; 2014. p. 147-163.

Baranova MV 1981. Ecologo-morphological peculiarities of the underground organs of the representa-
tives of the genus Fritillaria (Liliaceae). Bot Zh 1981; 66: 1369—-1387.

Sletvold N, Agren J. Nonlinear costs of reproduction in a long-lived plant. J Ecol 2015; 103: 1205-1213.
https://doi.org/10.1111/1365-2745.12430

Pfeifer M, Heinrich W, Jetschke G. Climate, size and flowering history determine flowering pattern of an
orchid. Bot J Linn Soc 2006; 151: 511-526. https://doi.org/10.1111/j.1095-8339.2006.00539.x

Tatarenko |. Having a break: Prolonged dormancy observed in a rare species, Fritillaria meleagris. Envi-
ron Hum: Ecol Stud 2019; 9: 302—-324. https://doi.org/10.31862/2500-2961-2019-9-3-302-324

ESRI. ArcGIS Desktop: Release 10 [software]. Redlands (CA): Environmental Systems Research
Institute; 2011.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. Vegan: community ecology
package. Version 2.5-6 [software]; 2019.

R Core Team. R: A language and environment for statistical computing [software]. Vienna: R Founda-
tion for Statistical Computing; 2022.

Bates D, Maechler M, Bolker B. Ime4: Linear mixed-effects models using S4 classes. R package ver-
sion 0.999999-2 [software]. 2013. http://CRAN.R-project.org/package=Ime4.

Halekoh U., Hgjsgaard S. A Kenward-Roger approximation and parametric bootstrap methods for tests
in linear mixed models—the R package pbkrtest. J Stat Software 2014; 59(9): 1-32. https://doi.org/10.
18637/jss.v059.i109

Kuznetsova A, Brockhoff PB, Christensen RHB. “ImerTest Package: Tests in Linear Mixed Effects Mod-
els.” J Stat Software 2017; 82(13): 1-26. https://doi.org/10.18637/jss.v082.i113

PLOS ONE | https://doi.org/10.1371/journal.pone.0282116 March 8, 2023 23/25


https://doi.org/10.1111/j.1600-0587.1985.tb01174.x
https://uu.diva-portal.org/smash/get/diva2:565357/FULLTEXT01.pdf
https://uu.diva-portal.org/smash/get/diva2:565357/FULLTEXT01.pdf
https://doi.org/%3Cunderline%3E10.1080/16000889.2017.1328945%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/1365-2745.13886%3C/underline%3E
https://doi.org/%3Cunderline%3E10.%3C/underline%3E1023/A%3A1008828704456
https://doi.org/%3Cunderline%3E10.%3C/underline%3E1023/A%3A1008828704456
https://doi.org/%3Cunderline%3E10.1111/1365-2745.13821%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/1365-2745.13821%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/0006-3207%2881%2990056-2%3C/underline%3E
https://doi.org/10.21954/ou.ro.0000efef
https://doi.org/%3Cunderline%3E10.1111/1365-2745.12430%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1095-8339.2006.00539.x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.31862/2500-2961-2019-9-3-302-324%3C/underline%3E
http://CRAN.R-project.org/package=lme4
https://doi.org/%3Cunderline%3E10.18637/jss.v059.i09%3C/underline%3E
https://doi.org/%3Cunderline%3E10.18637/jss.v059.i09%3C/underline%3E
https://doi.org/%3Cunderline%3E10.18637/jss.v082.i13%3C/underline%3E
https://doi.org/10.1371/journal.pone.0282116

PLOS ONE

Eight decades of grassland dynamics

43.

44.

45.
46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

Tyler T, Herbertsson L, Olofsson J, Olsson PA. Ecological indicator and trait values for Swedish vascu-
lar plants. Ecol Indic 2021; 120: 106923. https://doi.org/10.1016/j.ecolind.2020.106923

Diekmann M. Species indicator values as an important tool in applied plant ecology—review. Basic Appl
Ecol 2003; 4: 493-506. https://doi.org/10.1078/1439-1791-00185

IBM SPSS Statistics for Windows, Ver. 27.0 [software]. IBM Corp. 2020.

Schielzeth H. Simple means to improve the interpretability of regression coefficients. Methods Ecol Evol
2010; 1: 103—113. https://doi.org/10.1111/j.2041-210X.2010.00012.x

Barton K. MuMIn: Multi-model inference. R package version 1.9.13 [software]. 2013. http://CRAN.R-
project.org/package=MuMIn.

Nguyen V, Buckley YM, Salguero-Gémez R, Wardle GM. Consequences of neglecting cryptic life
stages from demographic models. Ecol Model 2019; 408: 108723. https://doi.org/10.1016/j.ecolmodel.
2019.108723

MATLAB. 9.7.0 (R2017a). Natick, Massachusetts: The MathWorks Inc. [software]; 2017.

Ozinga WA, Schaminee JHJ, Bekker RM, Bonn S, Poschlod P, Tackenberg O, et al. Predictability of
plant species composition from environmental conditions is constrained by dispersal limitation. Oikos
2005; 108: 555-561.

Bakker JP, Elzinga JA, de Vries Y. Effects of long-term cutting in a grassland system: perspectives for
restoration of plant communities on nutrient-poor soils. Appl Veg Sci 2002; 5: 107—120. https://doi.org/
10.1111/1.1654-109X.2002.tb00540.x

Pruchniewicz D. Abandonment of traditionally managed mesic mountain meadows affects plant species
composition and diversity. Basic Appl Ecol 2017; 20: 10—18. https://doi.org/10.1016/j.baae.2017.01.006

Rysiak A, Chabuz W, Sawicka-Zugaj W, Zdulski J, Grzywaczewski G, Kulik M. Comparative impacts of
grazing and mowing on the floristics of grasslands in the buffer zone of Polesie National Park, eastern
Poland. Glob Ecol Conserv 2021; 27: 1-18. https://doi.org/10.1016/j.gecco.2021.e01612

Stroh PA, Pescott OL, Mountford JO. Long-term changes in lowland calcareous grassland plots using
Tephroseris integrifolia subsp. integrifolia as an indicator species. Plant Ecol 2017; 218: 1269-1281.
https://doi.org/10.1007/s11258-017-0767-1

Ridding LE, Bullock JM, Walker KJ, Bealey C, Pywell RF. Responses of calcareous grassland plant
communities to changed seasonal grazing management: Results of a 31 year study. J Nat Conserv
2021; 62: 126026. https://doi.org/10.1016/j.jnc.2021.126026

Téalle M, Fogelfors H, Westerberg L, Milberg P. The conservation benefit of mowing vs grazing for man-
agement of species-rich grasslands: a multi-site, multi-year field experiment. Nord J Bot 2015; 33: 761—
768. https://doi.org/10.1111/njb.00966

Krause B, Culmsee H, Wesche K, Bergmeier E, Leuschner C. Habitat loss of floodplain meadows in
north Germany since the 1950s. Biodivers Conserv 2011; 20: 2347-2364. https://doi.org/10.1007/
s10531-011-9988-0

Stevens CJ, Ceulemans T, Hodgson JG, Jarvis S, Grime JP, Smart SM. Drivers of vegetation change
in grasslands of the Sheffield region, northern England, between 1965 and 2012/13. Appl Veg Sci 2016;
19: 187-195. https://doi.org/10.1111/avsc.12206

Wilson E, Wells T, Sparks T. Are calcareous grasslands in the UK under threat from nitrogen deposi-
tion?—an experimental determination of a critical load. J Ecol 1995; 83: 823-832.

Bobbink R, Hicks K, Galloway J, Spranger T, Alkemade R, Ashmore M, et al. Global assessment of
nitrogen deposition effects on terrestrial plant diversity: a synthesis. Ecol Appl 2010; 20: 30-59. https://
doi.org/10.1890/08-1140.1 PMID: 20349829

Bernes C. Biodiversity in Sweden, Monitor 22. Stockholm: Swedish Environmental Protection Agency;
2011.

Neuenkamp L, Metsoja J-A, Zobel M, Hélzel N. Impact of management on biodiversity-biomass rela-
tions in Estonian flooded meadows. Plant Ecol 2013; 214: 845-856. https://doi.org/10.1007/s11258-
013-0213-y

Almquist E. [Vegetation and flora of Uppland]. Acta Phytogeogr Suec. 1929; 1: 1-622. Swedish.

Kotos A, Banaszuk P. Mowing may bring about vegetation change, but its effect is strongly modified by
hydrological factors. Wetland Ecol Manage 2018; 26: 879-892. https://doi.org/10.1007/s11273-018-
9615-x

Oster M, Cousins SAO, Eriksson O. Size and heterogeneity rather than landscape context determine
plant species richness in semi-natural grasslands. J Veg Sci 2007; 18: 859-868. https://doi.org/10.
1111/j.1654-1103.2007.tb02602.x

Kull K, Zobel M. High species richness in an Estonian wooded meadow. J Veg Sci 1991; 2: 715-718.
https://www.jstor.org/stable/3236182.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282116 March 8, 2023 24/25


https://doi.org/%3Cunderline%3E10.1016/j.ecolind.2020.106923%3C/underline%3E
https://doi.org/10.1078/1439-1791-00185
https://doi.org/10.1111/j.2041-210X.2010.00012.x
http://CRAN.R-project.org/package=MuMIn
http://CRAN.R-project.org/package=MuMIn
https://doi.org/%3Cunderline%3E10.1016/j.ecolmodel.2019.108723%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.ecolmodel.2019.108723%3C/underline%3E
https://doi.org/10.1111/j.1654-109X.2002.tb00540.x
https://doi.org/10.1111/j.1654-109X.2002.tb00540.x
https://doi.org/%3Cunderline%3E10.1016/j.baae.2017.01.006%3C/underline%3E
https://doi.org/10.1016/j.gecco.2021.e01612
https://doi.org/%3Cunderline%3E10.1007/s11258-017-0767-1%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.jnc.2021.126026%3C/underline%3E
https://doi.org/10.1111/njb.00966
https://doi.org/%3Cunderline%3E10.1007/s10531-011-9988-0%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s10531-011-9988-0%3C/underline%3E
https://doi.org/10.1111/avsc.12206
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1890/08-1140.1
http://www.ncbi.nlm.nih.gov/pubmed/20349829
https://doi.org/%3Cunderline%3E10.1007/s11258-013-0213-y%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s11258-013-0213-y%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s11273-018-9615-x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s11273-018-9615-x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1654-1103.2007.tb02602.x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1654-1103.2007.tb02602.x%3C/underline%3E
https://www.jstor.org/stable/3236182
https://doi.org/10.1371/journal.pone.0282116

PLOS ONE

Eight decades of grassland dynamics

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

Gilhaus K, Boch S, Fischer M, Holzel N, Kleinebecker T, Prati D, et al. [Grassland management in Ger-
many: effects on plant diversity and vegetation composition]. Tuexenia 2017; 37: 379-397. German.
https://doi.org/10.14471/2017.37.010

Milberg P, Bergman K-O, Glimskar A, Nilsson S, Télle M. Site factors are more important than manage-
ment for indicator species in semi-natural grasslands in southern Sweden. Plant Ecol 2020; 221; 577—
594. https://doi.org/10.1007/s11258-020-01035-y

Talle M, Deék B, Poschlod P, Valké O, Westerberg L, Milberg P. Grazing vs. mowing: A meta-analysis
of biodiversity benefits for grassland management. Agric Ecosyst Environ 2016; 222: 200-212. https:/
doi.org/10.1016/j.agee.2016.02.008

Poptcheva K, Schwartze P, Vogel A, Kleinebecker T, Holzel N. Changes in wet meadow vegetation
after 20 years of different management in a field experiment (North-West Germany). Agric Ecosyst
Environ 2009; 134: 108—114. https://doi.org/10.1016/j.agee.2009.06.004

Koéhler B, Gigon A, Edwards PJ, Krisi B, Langenauer R, Lischer A, et al. Changes in the species com-
position and conservation value of limestone grasslands in Northern Switzerland after 22 years of con-
trasting managements. Perspect Plant Ecol Evol Syst 2005; 7: 51-67. https://doi.org/10.1016/j.ppees.
2004.11.003

Wallin L, Svensson BM. Reinforced traditional management is needed to save a declining meadow spe-
cies. A demographic analysis. Folia Geobot 2012; 47: 231-247. https://doi.org/10.1007/s12224-012-
9123-3

Klimek S, Richter gen. Kemmermann A, Hofmann M, Isselstein J. Plant species richness and composi-
tion in managed grasslands: The relative importance of field management and environmental factors.
Biol Conserv 2007; 134: 559-570. https://doi.org/10.1016/j.biocon.2006.09.007

Pfeifer M, Wiegand K, Heinrich W, Jetschke G. Long-term demographic fluctuations in an orchid spe-
cies driven by weather: implications for conservation planning. J Appl Ecol 2006; 43: 313-323. https:/
doi.org/10.1111/j.1365-2664.2006.01148.x

Gremer JR, Crone EE, Lesica P. Are dormant plants hedging their bets? Demographic consequences
of prolonged dormancy in variable environments. Am Nat 2012; 179: 315-327. https://doi.org/10.1086/
664459 PMID: 22322220

Mehrhoff LA. The dynamics of declining populations of an endangered orchid, /sotria medeoloides.
Ecology 1989; 70: 783-786. https://doi.org/10.2307/1940229

Calvo RN. Four-year growth and reproduction of Cyclopogon cranichoides (Orchidaceae) in south Flor-
ida. Am J Bot 1990; 77: 736—741. https://doi.org/10.1002/j.1537-2197.1990.tb14463.x

Lesica P, Crone EE. Causes and consequences of prolonged dormancy for an iteroparous geophyte,
Silene spaldingii. J Ecol 2007; 95: 1360—1369. https://www.jstor.org/stable/4496087.

Reinke BA, David AW, Miller DAW, Janzen FJ. What have long-term field studies taught us about popu-
lation dynamics? Annu Rev Ecol Evol Syst 2019; 50: 261-278. https://doi.org/10.1146/annurev-
ecolsys-110218-024717

Shefferson RP, Sandercock BK, Proper J, Beissinger SR. Estimating dormancy and survival of a rare
herbaceous perennial using mark—recapture models. Ecology 2001; 82: 145—156. https://doi.org/10.
1890/0012-9658(2001)082[0145:EDASOA]2.0.CO;2

Crone E. Is survivorship a better fitness surrogate then fecundity? Evolution 2001; 55: 2611-2614.
https://doi.org/10.1111/j.0014-3820.2001.tb00773.x

Zych M, Stpiczynska M. Neither protogynous nor obligatory out-crossed: pollination biology and breed-
ing system of the European Red List Fritillaria meleagris L. (Liliaceae). Plant Biol 2012; 14: 285-294.
https://doi.org/10.1111/j.1438-8677.2011.00510.x

Jonsell L, editor. [Flora of Uppland]. Uppsala: SBF-forlaget; 2010. Swedish.

Johansson BG, Petersson J, Ingmansson G. [Flora of Gotland. Vol. 2]. Uppsala: SBF-férlaget; 2016.
Swedish.

Tye M, Dahligren JP, Gien D-I, Moen A, Sletvold N. Demographic responses of orchids to climate varia-
tion depend on life history and local habitat. Biol Conserv 2018; 228: 62—69. https://doi.org/10.1016/j.
biocon.2018.10.005

Tye M, Dahigren JP, Sletvold N. Multiyear demographic consequences of pollen limitation. In: Tye MR.
Biotic and abiotic drivers of life-history and demographic variation in boreal orchids. PhD thesis, Upp-
sala University; 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0282116 March 8, 2023 25/25


https://doi.org/%3Cunderline%3E10.14471/2017.37.010%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s11258-020-01035-y%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.agee.2016.02.008%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.agee.2016.02.008%3C/underline%3E
https://doi.org/10.1016/j.agee.2009.06.004
https://doi.org/10.1016/j.ppees.2004.11.003
https://doi.org/10.1016/j.ppees.2004.11.003
https://doi.org/%3Cunderline%3E10.1007/s12224-012-9123-3%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1007/s12224-012-9123-3%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.biocon.2006.09.007%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1365-2664.2006.01148.x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1365-2664.2006.01148.x%3C/underline%3E
https://doi.org/10.1086/664459
https://doi.org/10.1086/664459
http://www.ncbi.nlm.nih.gov/pubmed/22322220
https://doi.org/%3Cunderline%3E10.2307/1940229%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1002/j.1537-2197.1990.tb14463.x%3C/underline%3E
https://www.jstor.org/stable/4496087
https://doi.org/%3Cunderline%3E10.1146/annurev-ecolsys-110218-024717%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1146/annurev-ecolsys-110218-024717%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1890/0012-9658%282001%3C/underline%3E%29082%5B0145%3AEDASOA%5D2.0.CO%3B2
https://doi.org/%3Cunderline%3E10.1890/0012-9658%282001%3C/underline%3E%29082%5B0145%3AEDASOA%5D2.0.CO%3B2
https://doi.org/%3Cunderline%3E10.1111/j.0014-3820.2001.tb00773.x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1111/j.1438-8677.2011.00510.x%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.biocon.2018.10.005%3C/underline%3E
https://doi.org/%3Cunderline%3E10.1016/j.biocon.2018.10.005%3C/underline%3E
https://doi.org/10.1371/journal.pone.0282116

