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Shallow lake restoration typically focusses on the re-establishment of macrophytes. The likelihood of a species returning to a
site is contingent on dispersal, proximity to propagule sources, and the on-site propagule-bank viability. We explore the poten-
tial of palaeoecological records in combination with botanical surveys and distribution maps, to ascertain the loss of three sub-
merged macrophytes (Litforella uniflora, Najas flexilis, and Elatine hydropiper) from, respectively, two lakes (Barton Broad,
Norfolk and Esthwaite Water, Cumbria) and one lake landscape (Greater Glasgow, Scotland). We discuss re-establishment
likelihood when accounting for species’ autoecology and current water-chemistry conditions. L. uniflora is widespread in the
United Kingdom but absent locally in Norfolk without known seed bank, hence is unlikely to naturally recolonise Barton
Broad. Furthermore, current conditions are unsuitable for this species suggesting that nutrient reduction is required prior
to translocation. N. flexilis is extinct in Cumbria and the long distances involved (>100 km) for recolonisation of Esthwaite
Water suggest that spatial dispersal is unlikely, rendering the seed bank the last chance of natural recovery. Alternatively,
translocation may be feasible. E. hydropiper is a nationally scarce species in the United Kingdom yet would have only a short
dispersal distance (~10 km) to recolonise Loch Libo, hence there being no requirement for translocation. In exploring
the recovery possibilities for the three focal plant species, we develop a time—space integrated framework that can be employed
to guide conservation decisions for other species, enabling a more rational use of translocations in the future, in line with
international guidelines.
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wider ecosystem restoration efforts under the UN Decade on
Ecosystem Restoration 2021-2030 (UNGA 2019). In lakes,
there have been widespread losses of aquatic plant (hereafter

Implications for Practice

e A decision-making framework, informed by palacoecolo-
gical records and contemporary data, is constructed to
better understand the restoration potential of three lost
aquatic plant species. This can be used to inform conser-

macrophyte) species richness and biomass and, in many cases,
a complete loss of submerged macrophytes which, given the

vation decisions at other sites and for other species, and
encourage a more rational use of resources for aquatic
plant species’ translocations in the future.

e Suitability of current conditions and the need for
improvements to water quality should be determined
prior to any restoration actions.

e Full consideration of potential for dispersal through space
and through time via the seed bank should be given.

e Natural dispersal and recruitment are advocated as the
preferred conservation options for restoring lost aquatic
plant populations where conditions allow.

Introduction

Freshwater biodiversity has seen rapid declines in recent decades
linked to habitat loss and degradation, pollution, invasive species,
and climate change (Collen et al. 2014; WWF 2022). Hence, there
is an urgent need to protect and restore aquatic systems as part of

key structuring role of macrophytes in lakes, has major
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Restoring lost aquatic plant species

consequences for wider ecosystem health (Sand-Jensen
et al. 2000; Phillips et al. 2016). Measures such as point-source
control at sewage treatment works (Phillips et al. 2005),
improved agricultural practices, and upstream wetland regen-
eration have resulted in a reduction in nutrient loading to lakes
and a degree of macrophyte recovery (Jeppesen et al. 2005;
Hilt et al. 2018). Nonetheless full recovery in lakes is rare
(McCrackin et al. 2017).

The likelihood of a macrophyte species returning to a lake
once it has been lost is contingent on a multitude of factors includ-
ing suitability of conditions, dispersal capabilities, and opportuni-
ties via hydrological connectivity (Salgado et al. 2022), wind or
birds (Green et al. 2002; Soons et al. 2008), seed production
and the viability of seed banks (Bakker et al. 2013; Alderton
et al. 2017), and proximity to source populations. The questions
around whether a species can return, and what restoration strate-
gies are appropriate, are important not only for aquatic systems
but also for restoration ecology more widely (Sayer et al. 2019).
There is much debate across wetland habitats concerning
whether sites under restoration should be allowed to seed
naturally via dispersal and remnant seed banks or whether
plants should be actively introduced (Rodrigo 2021; Fenu
et al. 2023). Conservation translocation (translocation, hereaf-
ter), defined as “the human-mediated movement of living
organisms or propagules for conservation benefit from one area,
with release in another” (World Conservation Union 2013) has
shown promise for wetland plants but is not without risks and
challenges (Orsenigo 2018; Rodrigo 2021). Equally, following
restoration, rare macrophytes can sometimes return to lakes and
ponds via long-lived seed banks and natural dispersal (Kaplan
et al. 2014; Hawkins 2019; Sayer & Parmenter 2020).

Macrophytes are frequently at the heart of lake conservation
assessments such as the Habitats and Species Directive
(European Union 1992) and Water Framework Directive (Euro-
pean Union 2000) (Penning et al. 2008; Sgndergaard
etal. 2010), yet most monitoring programs cover periods of only
years to decades, rarely extending back far enough to determine
the species present prior to eutrophication. The macro-remains
of macrophytes, hereafter macrofossils, preserve well in lake
sediments (including seeds, fruits, oospores, turions, and veg-
etative fragments) and have been used successfully to inform
conservation measures and restoration targets (Madgwick
et al. 2011; Sayer et al. 2016; Bennion et al. 2018). However,
the potential of palacoecology to assess the likelihood of species
returning to a site via spatial and temporal dispersal has only
recently been explored. Alderton et al. (2017) studied historic
pond sediments, demonstrating that macrophyte species were able
to germinate from century-old seed banks, allowing rapid plant
recovery at restored ponds. Similarly, Sayer et al. (2022) reported
rapid recolonisation of diverse plant communities from exposed
sediment of overgrown ponds in England where propagules dis-
play long-term viability. Salgado et al. (2019, 2022) combined
present-day and palaeolimnological data on macrophyte commu-
nities in the Upper Lough Erne system, Northern Ireland,
highlighting the importance of landscape connectivity in provid-
ing a continuous supply of propagules, thereby temporarily
enhancing biodiversity resilience to nutrient pollution. However,

the potential for macrophytes to naturally re-colonize via dis-
persal through space and/or time has not been rigorously assessed
and the circumstances under which intervention is required to
return rare macrophytes to the landscape remain vague, with a
need for a clearer framework to guide decision-making.

Here, in contrast to previous studies dealing with macrophyte
recovery at the community level, we focus on specific taxa of
conservation importance and ascertain the historical loss of three
submerged macrophytes (shoreweed [Littorella uniflora] [L.]
Asch., slender naiad [Najas flexilis] [Willd.] Rostk. & Schmidt,
and eight-stamened waterwort [Elatine hydropiper L.]) from
two UK lakes (Barton Broad, Norfolk and Esthwaite Water,
Cumbria) and one UK lake landscape (Greater Glasgow),
respectively, using site-specific and other relevant palacoecolo-
gical data. Combining these data with distribution maps and
botanical surveys, we determine contemporary distributions
for these species and, based on site environmental conditions
and knowledge of plant life history traits, assess the likelihood
of restoring these macrophytes to the study sites under current
and future scenarios. We ask whether the species in question
could recolonise if water quality is restored, where propagules
would come from, and consider the implications of restoring
sites which are spatially separated from source populations.
Using a simple framework, we demonstrate how a time—space
integrated approach of palacoecology and maps can be
employed to guide rare macrophyte conservation decisions.

Methods

Study Sites and Species

The study sites are located in three contrasting and representative
freshwater landscapes (hydroscapes) in the United Kingdom that
experience varying exposure to a number of stressors and show
different degrees of hydrological connectivity: lowland agricul-
tural Norfolk in eastern England, upland Cumbria in north-west
England, and urban Greater Glasgow in central Scotland
(Table 1; Fig. 1). We focus on one submerged macrophyte of
interest for restoration in each hydroscape.

Littorella uniflora is a low growing, isoetid plant typically of
shoreline communities in nutrient-poor to mesotrophic European
lakes (Vestergaard & Sand-Jensen 2000) and ponds (Preston &
Croft 1997; Stroh et al. 2023). It is currently widespread across
the United Kingdom and Ireland but scarce in southern and east-
ern England (Fig. 2A; Stroh et al. 2023), where it has declined
over the last century due to eutrophication, combined with
hydrological modifications which have reduced natural lake
level fluctuation (Preston & Croft 1997). L. uniflora used to be
present in Barton Broad (hereafter Barton) (52.7°N, 1.5°E), a
large (0.77 km?), shallow (average depth 1.7 m) riverine lake
(Fig. 1; Madgwick et al. 2011). Barton is designated for its
nature conservation value at national and international levels.
It is nutrient rich (mean 80 total phosphorus [TP] pg/L and
40 chlorophyll-a pg/L, Environment Agency unpublished data
2018-2021) and has a well-documented history of macrophyte
decline with macrophytes largely absent by the 1970s (Madgwick
et al. 2011). Three decades of lake restoration work followed,
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Figure 1. Site map of (A) the three hydroscapes in the United Kingdom, and sites from which sediment cores were collected in (B) Norfolk, (C) Cumbria, and

(D) Greater Glasgow.

including external nutrient reduction and sediment removal, yet
macrophyte communities remain sparse (Phillips et al. 2005,
2015). The lake is currently classified as “unfavorable recovering”
according to the Common Standards Monitoring Scheme (CSM)
(Interagency Freshwater Group 2015).

Najas flexilis is a nationally rare Schedule 8 species (Wildlife
and Countryside Act 1981, https://www.legislation.gov.uk/
ukpga/1981/69/contents) in the United Kingdom (Fig. 2B).
N. flexilis was first discovered in Scotland in 1872 and at its only
known English site, Esthwaite Water (hereafter Esthwaite), in
1914. It has, however, become extinct at many sites in eastern
Scotland and at Esthwaite itself, likely due to eutrophication
(Bishop et al. 2019). N. flexilis is currently found in Western
Scotland, principally the Western Isles, and along the west coast
of Ireland (Fig. 2B; Stroh et al. 2023). Esthwaite (54.4°N, 3°W)
is a large (0.96 km?), shallow (average depth 6.9 m, maximum
depth 15.5 m) lake in Cumbria (Fig. 1). It was designated a Site

of Special Scientific Interest (SSSI) in 1965 especially due to the
occurrence of N. flexilis. However, N. flexilis has not been
recorded at the site since 1982 and the current macrophyte flora
is dominated by the non-native invasive Elodea nuttallii
(Nuttall’s pondweed) with the lake classified as “unfavorable,
recovering” under CSM (Bishop et al. 2019). Water chemistry
(Talling & Heaney 1988) and palaeoecological data (Dong
et al. 2012) document a clear history of eutrophication in
Esthwaite since 1970 linked to discharges from a sewage treat-
ment works and a fish farm (established in 1981). Winter
maxima for soluble reactive P (SRP) increased from an average
of 2 pg/L before 1970 to 12 pg/L after 1970. Restoration has
involved P loading reduction from the sewage works since
1986, but nutrients derived from catchment run-off, fish farm
operations (until 2009) and internal loading have negated reduc-
tions in lake nutrient concentrations and limited biological
recovery (Maberly et al. 2011; Bennion et al. 2015).
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Figure 2. Distribution map for presence in the United Kingdom of (A) Littorella unifiora, (B) Najas flexilis, and (C) Elatine hydropiper ( Source: Stroh
et al. 2023) (GB, Great Britain; IR, Ireland; numbers, number of 10 x 10 km grid squares [hectads] in which the species was found in each time period).
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Restoring lost aquatic plant species

Elatine hydropiper is nationally scarce in the United
Kingdom (Stewart et al. 1994; Stroh et al. 2023) and is classed
as vulnerable or endangered in parts of central and northern
Europe (Taura et al. 2022). It disappeared from former historical
strongholds in southern England during the twentieth century
(last recorded 1944) (Fig. 2C). It was first recorded in Scotland
in 1968 and has expanded within Central Scotland since this
time (Idle et al. 1970; Stroh et al. 2023). It is possible, however,
that like the equally inconspicuous six-stamened waterwort
(Elatine hexandra), it may have been under-recorded histori-
cally. There are currently populations in Southern and Central
Scotland, North Wales and Anglesey, Gloucestershire, and
Northern Ireland (Fig. 2C). The principal threat to this plant is
eutrophication and linked changes in lakebed substrates from
firm to less cohesive silt, as well as water level alteration. Eight
lakes in the Greater Glasgow area were subject to palacoecologi-
cal investigation to ascertain the historical occurrence of
E. hydropiper (Table 1). Of key significance was Loch Libo
(hereafter Libo) (55.77°N, 4.5°W), a small (0.09 km?), shallow
(average depth 0.8 m, maximum depth 1.2 m) lake located in
East Renfrewshire, designated as a SSSI in 1972 (Fig. 1). This
lake had diverse biota in the past with extensive macrophytes
including E. hexandra (EnviroCentre Ltd. 2015), but
E. hydropiper has never been reported from it. Libo has one
main inflow and a single outflow, but no direct hydrological
connections to any upstream lakes. It is currently nutrient-rich
(annual mean SRP of 20 pg/L, Natural Environment Research
Council hydroscape project unpublished data 2016-2017) and
has been classified as “unfavorable” under CSM owing to the
presence of non-native Elodea canadensis (Canadian pond-
weed) (EnviroCentre Ltd. 2015).

Core Collection and Dating

The sediment core from Esthwaite (ESTH9), 109 cm in length,
was collected from the littoral zone of the lake at a depth of
1.5 mon 1 September, 2013 (Bishop et al. 2019). The core from
Libo (LIBO-D1), 97 cm in length, was collected from an open
water location at a depth of 1.2 m on 26 July, 2016. Both cores
were taken with a “Big Ben” wide-diameter piston corer
(Patmore et al. 2014). Studies have shown that plant macrofos-
sils tend to accumulate close to source plants (Birks 1980; Zhao
et al. 2006) and thus, for the relatively deep Esthwaite, a core
from the littoral zone was thought optimal. For Libo, where
macrophytes may potentially grow across the whole lake bed,
an open water core was deemed appropriate. For Barton, bulk
basal samples from eight cores were collected at a range of loca-
tions within the lake from 1998 to 2008, using a Livingstone
corer to provide information on “pre-disturbance” macrophyte
communities (Madgwick et al. 2011). The layer representative
of pre-1850 conditions was identified by observing the upper-
most limit of the peat (constituting the lake bed prior to sediment
deposition) and the first 10-cm slice above this level was
sampled for each core. For each site, a number of cores
(21-164 cm in length) from lakes in the surrounding area were
also collected for macrofossil analysis to determine whether
the species of interest had been present in, and subsequently lost

from, other lakes within the respective hydroscape (Table 1).
Sediment cores were collected from seven more lakes in each
of the Cumbrian and Greater Glasgow hydroscapes in 2016,
and archived core material was available for eight additional
lakes in Norfolk collected from 2001 to 2009 (Table 1; Fig. 1).

The Esthwaite (ESTH9) and Libo (LIBO-D1) cores were
dated radiometrically in the Environmental Radiometric Facility
at University College London with 210Pb, 226Ra, 137Cs, and
241 Am measured by direct gamma assay (Appleby et al. 1986)
(Supplement S1). The other cores were either dated radiometri-
cally (as above) or cross-correlated with radiometrically dated
cores from the same site (Table 1), and the samples approximat-
ing to 1850 ap were selected to represent the “reference sam-
ples.” For the United Kingdom, it is generally agreed that
1850 Ap is a suitable date against which to assess impacts for
lakes as this represents a period prior to major industrialization
and agricultural intensification (Bennion & Simpson 2011).
The surface (uppermost 0.5 or 1 cm) sample of each core was
used to provide information on the current macrofossil assem-
blages in the lakes, representing the last few years’ accumulation
of sediment.

Macrofossil Analysis

Plant macrofossils were identified from selected samples in the
cores from Esthwaite (n = 35, Bishop et al. 2019) and Libo
(n=16), in the Barton bulk samples (n =38, Madgwick
et al. 2011), and in the surface sediment and reference samples
of the additional lakes within each hydroscape (n = 22)
(Table 1). For all samples, with the exception of the Barton bulk
samples, an accurately measured volume of sediment (range
30-75 cm®) was analyzed as determined by water displacement.
For the Barton bulk samples, approximately 300 em® of sedi-
ment was analyzed. All samples were sieved at 355 pm and,
with the exception of the Barton bulk samples, also at 125 pm
following Birks (2001). The entire residue from the 355 pm
sieve was examined under a stereomicroscope at x 10-40 mag-
nification and plant macrofossils were identified by comparison
with reference material at the Environmental Change Research
Centre, University College London. A quantitative sub-sample,
typically one-fifth of the sample from the 125 um sieve retent,
was analyzed for smaller remains such as Nymphaeaceae scler-
eids and charophyte oospores. The macrofossil data were taken
from three separate studies, thus accounting for the slightly dif-
ferent methodologies used, but all provided good species repre-
sentation. It was not possible to ascribe all macrofossils to
species level and in some cases aggregate groups were
employed. Macrofossil data are presented as the number of
remains per 100 cm® of wet sediment. Sub-samples for pollen
analysis from the Barton bulk samples were processed following
standard methods (Berglund & Ralska-Jasiewicsowa 1986).

Distribution Maps and Site-Specific Botanical Surveys

Stroh et al. (2023) provide expert-checked, data-driven distribu-
tion maps for the three focal plant species. The underpinning
data contain all confirmed occurrences of the species, as curated
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by the Botanical Society of Britain and Ireland (BSBI). These
distribution maps enabled calculation of the distance between
the study lakes and nearest locations for each focal species. In
addition, the BSBI database was accessed (URL: https://
database.bsbi.org/) to identify the recorded occurrences of the
focal species prior to 1900. To confirm presence or absence of
the focal species at waterbodies within the immediate land-
scapes surrounding Barton, Esthwaite, and Libo, macrophyte
surveys were undertaken using standard methods at 158 lake
and pond sites as described by Law et al. (2019). These surveys
used a grapnel, waders, and/or a boat, as appropriate, to capture
all macrophyte species. This approach is complementary to the
current BSBI distribution maps which cannot always confirm
whether absence of a record is due to actual absence of the spe-
cies or lower survey effort. This is particularly critical for
species such as E. hydropiper, which are inconspicuous, can
grow fully submerged and have been historically less well
recorded.

Data Analysis and Visualization

The plant macrofossil stratigraphies were plotted using C2
(Juggins 2003) to visualize ecological change over time. Maps
were plotted using QGIS (QGIS.org 2023) to include presence
and absence of the focal species as recorded in the BSBI data-
base, in the palacoecological records, and at the waterbody spe-
cific surveys (Law et al. 2019).

Results

Littorella uniflora was found by pollen analysis in one pre-1850
bulk sample collected from Barton (Fig. 3A; Madgwick
et al. 2011). BSBI-derived plant records for Norfolk from the
1700 to 1900s show L. uniflora as present at Filby Broad
(1805, 1840—13 km from Barton), Martham Broads (1866—
10 km from Barton), Upton Fen (1866—9 km from Barton),
Belton Common (1889—25 km from Barton) and Sutton Broad
(1914—2.5 km from Barton), and several other sites in the
wider East Anglian region (Fig. 3B). The Flora of Norfolk of
1914 (Nicholson 1914) describes it as “overlooked” and in “sev-
eral of the broads abundant”. However, post-1900 it had
declined, being present at perhaps 10 sites in Norfolk and Suf-
folk, and by the 1990s it was restricted to three sites, none being
close to Barton: Perch Lake, Westwick (1991—11 km from
Barton), reservoirs in Lound (1996-25 km from Barton), and
Home Mere, East Wretham (1991—60 km from Barton), the
latter being its last extant Norfolk site where it was found in
2015 (Figs. 2A & 3C).

The macrofossil record of Esthwaite indicates that Najas flexi-
lis was relatively abundant in the lake until the early to mid-1900s,
after which the number of seeds declined, with only intermittent
presence from that time (Fig. 4A; Bishop et al. 2019). Accord-
ingly, a vegetation survey undertaken in 1914 (Pearsall 1920),
reported N. flexilis as relatively abundant at Esthwaite, growing
alongside a plant community typical of a mildly alkaline lake
including charophytes and greater bladderwort (Utricularia vul-
garis). Between approximately 1915 and 1978, the macrofossil

record reveals a community shift toward a vegetation tolerant of
eutrophic conditions including perfoliate pondweed (Potamoge-
ton perfoliatus) and blunt-leaved pondweed (Potamogeton obtu-
sifolius) (Fig. 4A; Bishop et al. 2019). N. flexilis remains were
absent from the macrofossil records in both the reference and sur-
face samples of the other seven lakes in the Cumbrian hydroscape
suggesting that this species has never been present at these sites
(Fig. 4B & 4C). N. flexilis has not been recorded in plant surveys
at Esthwaite since 1982 and BSBI data suggest it has never been
recorded for other Cumbrian sites (Fig. 4B & 4C), with the closest
recent record at Loch Kindar, southwest Scotland (60 km from
Esthwaite) (Fig. 2B).

The macrofossil data indicate that Elatine hydropiper was
present in Libo in the past alongside Sphagnum spp. and char-
ophyte spp. (Fig. 5SA). A community shift toward eutrophic
conditions, dated to the mid-1900s (Supplement SI;
Tables S1-S3; Figs. S1 & S2), saw the appearance of fine-
leaved Potamogeton spp. and ivy-leaved duckweed (Lemna
trisulca) (Fig. SA). Diatom assemblage shifts in Libo, indica-
tive of nutrient-enrichment, were coincident with these
changes (Fig. S3). E. hydropiper remains were found in the ref-
erence samples of four of the eight Glasgow cores, but present
in surface samples of only two of these cores: Bardowie Loch
(20 km from Libo) and Castle Semple Loch (7 km from Libo)
(Fig. 5B & 5C). At Libo and Possil Loch, remains of
E. hydropiper were found only in reference samples with com-
plete absence from other core samples, suggesting that it was
lost from these two lochs during the nineteenth century
(Fig. 5B & 5C). Historically, E. hydropiper was first recorded
in Scotland in 1968, so the macrofossil records provide new
information on the past presence of the species. Macrophyte
surveys of 22 lochs and 26 ponds in the region found
E. hydropiper restricted to Bardowie Loch and Lochend Loch
(28 km from Libo). There are further records from the south-
eastern tip of Loch Lomond and at four smaller nearby sites
near Lochwinnoch, southwest Glasgow (Fig. 5C).

A simple decision-making framework to guide practical con-
servation decisions for our focal plants, and more widely, is pro-
posed (Fig. 6).

Discussion

Many freshwater macrophytes have undergone major
declines during the last century leading to a strong desire for
species conservation (Sand-Jensen et al. 2000; Zhang
et al. 2017). Various approaches aimed at recovering rare
and extinct species can be taken, including water quality
improvement, habitat restoration, and changes in manage-
ment, sometimes combined with species translocation
(Orsenigo 2018). The decision-making basis for employing
ecological restoration and/or species translocation as tools
for increasing the range of threatened macrophytes needs to
be informed by good evidence so that appropriate decisions
are made. There has been a marked increase in plant translo-
cations globally since around 2010, despite there being a rel-
atively poor understanding of what governs the success of
such interventions (Fenu et al. 2023). In combining
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Figure 3. Littorella uniflora: (A) plant macrofossil and pollen remains in pre-1850 bulk samples from selected cores of Barton Broad, modified from Madgwick
et al. (2011) (4 represents plants recorded by pollen analysis); (B) distribution prior to 1900 in Norfolk based on historical and palacoecological data, and
(C) distribution since 2000 in Norfolk based on recent survey and palacoecological data.

palaecoecology with historical and current data on species decision-making framework firstly considers suitability of
occurrence in three United Kingdom regions, we discuss the local conditions, followed by potential for dispersal through
appropriateness of translocation in each case. The proposed space and finally dispersal through time via the seed bank.
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Figure 4. Najas flexilis: (A) plant macrofossil stratigraphy of Esthwaite Water (numbers per 100 cm’); (B) distribution prior to 1900 in Cumbria based on
historical and palaeoecological data, and (C) distribution since 2000 in Cumbria based on recent survey and palaeoecological data.

Suitability of Current Conditions

A foremost requirement for species recovery is suitable environ-
mental conditions, an assessment of the drivers that led to
extinction in the first place and confirmation that the driver of

extinction is no longer operating (World Conservation
Union 2013; Guo et al. 2019). For macrophytes, the following
aspects are crucial: alkalinity, light, nutrients, substrate, water
level fluctuation, grazing pressure, and competition with other
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Figure 5. Elatine hydropiper: (A) plant macrofossil stratigraphy of Loch Libo (numbers per 100 cm?); (B) distribution prior to 1900 in Greater Glasgow based on
historical and palaeoecological data, and (C) distribution since 2000 in Greater Glasgow based on recent survey and palaeoecological data.

plants, notably invasive species (Barko et al. 1986; Bakker (Bishop et al. 2019). When this information is coupled with
et al. 2013). Palacoecological data can provide valuable contemporary data and knowledge on species ecology, it pro-
information on when focal plant species decline and why vides a sound basis for assessing the possibility of a species
10 0f 16 Restoration Ecology
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Are conditions suitable for plant growth

(light, nutrients, substrate, water level fluctuation,
grazing pressure, competition with invasive species)?

Implement nutrient reduction
strategies and/or habitat restoration
and/or address water level

fluctuations and/or address other
restraining factors

e.g. Barton Broad

Is there potential for dispersal through SPACE

(hydrologically, birds, wind,
proximity to source populations)?

[Maintain or enhance connectivity/}____{ Is there potential for dispersal J

wait for natural recolonisation

through TIME (seed bank)?

e.g. Loch Libo

Resurrection ecology/disturb
sediment to activate seed bank

Need for re-introduction/
translocation if appropriate

e.g. Esthwaite Water

and Loch Libo

(once conditions are suitable)

e.g. Barton Broad
(once conditions are suitable)
and Esthwaite Water
(if resurrection from the
seed bank is unsuccessful)

Figure 6. Flowchart showing a framework to guide conservation decisions for restoration of macrophytes in lakes (dashed arrows indicate further options).

returning under current and potentially future conditions via
restoration work.

Barton undoubtedly remains too eutrophic and turbid to per-
mit a return of Littorella uniflora. Even after 20 years of restora-
tion, macrophytes are sparse in the lake (Phillips et al. 2015).
Palaeoecological and historical data for Barton suggest that, as
eutrophication progressed from around 1900, a taller canopy-
forming community displaced the low growing macrophytes
including L. uniflora (Madgwick et al. 2011). A lack of suitable
substrate for L. uniflora is also a concern as the peat ridges and
gravel-shorelines thought to have provided the chief habitat for
L. uniflora in the past (Preston & Croft 1997) are no longer pre-
sent in Barton and have been replaced by highly organic, uncon-
solidated sediments unfavorable to its growth (Madgwick
etal. 2011).

There is little evidence for ecological recovery in palacoeco-
logical or long-term monitoring data for Esthwaite (Dong
et al. 2012; Bishop et al. 2019; this study) with P release from
lake sediments and the effects of climate change on phytoplank-
ton community structure appearing to confound recovery
(Maberly et al. 2011). Najas flexilis is usually found in clearwa-
ter, mesotrophic lowland lakes, and the Esthwaite macrofossil
record concurs with this, providing evidence for its association
with a typical oligo-mesotrophic, mildly alkaline lake pre-loss.
It is possible that competition with non-native Elodea nuttallii,
which expanded during the period of advanced eutrophication,
may have contributed to N. flexilis decline and might prevent

N. flexilis return even if nutrient concentrations are much
reduced. On balance, lake conditions seem not to be sufficiently
improved to support the return of N. flexilis.

Libo is eutrophic and as Elatine hydropiper is generally
found in mesotrophic or eutrophic lowland lakes, it is possi-
ble that current water quality conditions could support
it. However, as a self-fertilizing annual which requires bare
cohesive lake sediments, it may be adversely affected by fluid
sediments arising from eutrophication (Schutten &
Davy 2000), and competition with non-native, typically
canopy-forming, Elodea canadensis, which is currently pre-
sent, due to a shading-out effect (Zehnsdorf et al. 2015). Libo
is a club-owned coarse fishery and attracts high numbers of
waterbirds during the winter, hence sediment disturbance
and herbivory may present further difficulties for macrophyte
establishment. Thus, like the other two sites, conditions are
currently unfavorable to the return of the focal species.

Dispersal Through Space

While the answer to the question “Are conditions suitable for
plant growth?” is currently “No” for our focal sites, we consider
the next steps should the answer become “Yes” in the future, and
ask whether there is potential for propagule dispersal into each
site. One of the obstacles to the recovery of macrophytes is a
lack of local extant populations in the landscape (Bakker
et al. 2013). For example, plant recovery was delayed in Lake
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Fure, Denmark (Sand-Jensen et al. 2017) and limited in a set of
German lakes (Hilt et al. 2010) because many species were
regionally rare or even extinct and hence reassembly of previous
macrophyte communities did not occur. Macrophytes have sev-
eral possible dispersal vectors: water (hydrochory), wind (ane-
mochory), and animals (zoochory). Hydrological connectivity
and seed buoyancy have a major influence on the distribution
of macrophytes where surface waters connect to propagule
sources (Nilsson et al. 2010; Fergus et al. 2017). Several reviews
highlight the role of waterbirds in dispersing macrophytes either
externally (ectozoochary) by adhering to their feathers, feet, or
bill, or internally (endozoochory) via the digestive tract
(Figuerola & Green 2002; Green et al. 2002). Relative to hydro-
chory, there is greater potential for medium to long-distance dis-
persal events (10s of kilometers) because many waterbirds move
over considerable distances (Green et al. 2002). For example,
the duck Pintail (Anas acuta) can travel up to 1,000 km in
72 hours during migration (Miller et al. 2005). However, propa-
gule distribution tends to be highly patchy and patterns are
species-specific, with variable chances of propagule survival in
transit (Beltman & Allegrini 1997). Viability is greatest where
the diaspores are small and thick-walled and can pass quickly
through the bird’s digestive tract (Figuerola & Green 2002;
Weyembergh et al. 2004; Soons et al. 2008), which hence limits
dispersal distance.

In the case of E. hydropiper and its return to Libo, there is
potential for dispersal spatially. While the site is not hydrolog-
ically connected to neighboring lakes, the closest source popu-
lations are less than 10 km away at Castle Semple Loch, with
two additional E. hydropiper sites within approximately
30 km at Bardowie and Lochend Lochs. E. hydropiper is a
self-fertile annual and a prolific seed producer (Taura
et al. 2022). Migratory waterbirds such as Eurasian Teal (Anas
crecca) and Greylag Geese (Anser anser) are known vectors
for Elatine species (Molodovsky 1971; Takacs et al. 2017)
and passerine birds such as Barn Swallow (Hirundo rustica),
which gather wet mud for nests, can also transport seeds of
E. hydropiper (Kerner von Marilaun & Hansen 1916). In con-
trast, for L. uniflora at Barton and N. flexilis at Esthwaite, large
distances to source populations suggest little potential for spa-
tial dispersal. L. uniflora is widespread in the United Kingdom
yet there is only one site with a recent record of L. uniflora
within 60 km of Barton, with other sites greater than 100 km
distance. Thus, it is unlikely that L. uniflora would recolonise
Barton via contemporary dispersal. N. flexilis is dependent on
seeds for its dispersal (Gunn & Carvalho 2020) and is a prolific
seed producer giving good scope for movement by birds. This
is especially true of Mute Swan (Cygnus olor) (Clausen
et al. 2002) and seeds of Najas, albeit holly-leaved naiad
(N. marina), can be retained in the guts of Mallard Duck (Anas
platyrhynchos) for 10-12 hours (Figuerola & Green 2002).
Despite its high potential dispersibility, all recent occurrences
of N. flexilis, with the exception of one site (Loch Kindar,
south-west Scotland), are at a minimum of 200 km away from
Esthwaite. Therefore, natural spatial recolonisation of
N. flexilis would be possible only if long-range dispersal
occurred.

In answering “Yes” to the question of “Is there potential for
seed dispersal through space?,” we propose the required action
to be either maintain connectivity where it already exists or
enhance connectivity if necessary, and then wait for recolonisa-
tion to occur naturally. Should the answer to the question be
“No,” we then ask if there is potential for dispersal through time
via long-lived seed banks.

Dispersal Through Time

Temporal dispersal is a known mechanism for the long-term
persistence of organisms in aquatic habitats (Beltman & Alle-
grini 1997; Weyembergh et al. 2004). A key factor to consider
in macrophyte restoration is whether a focal species is present
in the propagule bank and, crucially, whether propagules are
viable (Hilt et al. 2010; Bakker et al. 2013). Although seed
banks can become depleted over time, research has shown
decadal to multi-centennial seed persistence for a number of
macrophytes in pond, lake, and ditch sediments (Van der Valk
et al. 1992; Stobbe et al. 2014; Alderton et al. 2017). Hence, if
the goal of a restoration project is to bring about the return of a
species then propagule banks hold enormous potential, particu-
larly where a species is locally and/or regionally rare, or where
the landscape has become fragmented.

Our palaeoecological data show N. flexilis seeds to be abun-
dant in the sediments of Esthwaite, but laboratory studies have
thus far failed to germinate its seeds from Esthwaite core sam-
ples (Gunn & Carvalho 2020). In theory, there is potential for
dispersal through time at Esthwaite, but there is no certainty of
success. In practice, translocation from sites in Scotland may
be necessary, raising the issue of using nonlocal genetic stock
and broader consideration of following good reintroduction
practice which would advocate use of local seeds (Gunn &
Carvalho 2020).

L. uniflora reproduces by seed and vegetatively by rooting
stolons and has a persistent seed bank shown to remain viable
for at least two or three decades in the sediments of eutrophic,
softwater lakes (Arts & van der Heijden 1990; Roelofs 1996).
Seed bank experiments have shown seeds to successfully germi-
nate after several decades, given suitability of light, diurnal fluc-
tuation in temperature, and a period of desiccation (Arts & van
der Heijden 1990). In Lake Beuven, Netherlands, L. uniflora
recovered within a year of restoration as a result of a viable seed
bank (Roelofs 1996). The longevity of L. uniflora seed banks
over centennial timescales is not known, however, and remains
of the species were sparse in the bulk samples from Barton so
likelihood of L. uniflora being returned to Barton via dispersal
through time seems low.

For Libo, presence of E. hydropiper remains in the sediments
suggests that dispersal via the seed bank is possible and indeed
seed abundance could be higher in other areas of the lake. Buried
seeds of this species can remain dormant in sediment for at least
50 years, until stimulated by increased light intensity caused by
low water levels in summer (Poschlod & Rosbakh 2018).
Hence, there is potential for resurrection of this species where
seeds are sufficiently abundant and where conditions are favor-
able. We conclude that, in the case of Libo, the response to the
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question “Is there potential for dispersal through time?” is “Yes”
but for Barton the likelihood is less easy to establish, logically
leading to considerations of reintroduction and translocation to
increase the chance of success.

Natural Recolonisation Versus Translocation

Broadly, there are two restoration approaches for establishing
plant communities: natural recolonisation and active reintroduc-
tion (Choi et al. 2022). Of our three examples, natural recoloni-
sation from nearby source populations may be an option for
E. hydropiper at Libo, and natural colonization from the seed
bank might be possible for N. flexilis at Esthwaite but for
L. uniflora at Barton, reintroduction may be the only option
available. In line with other studies, we view natural dispersal
and recruitment from seed banks to be the preferred conserva-
tion options for restoring lost macrophyte populations where
conditions allow, an approach that has been described as “pas-
sive” revegetation (De Steven et al. 2006). It not only offers a
more cost-effective option than “active” approaches, such as
reintroduction via planting and seeding, but is also more closely
aligned with the good restoration practice of adopting nature-led
approaches (Shuwen et al. 2001; Sayer et al. 2019). A major
advantage of the passive approach is that it directs conservation
effort at improving water quality and habitat conditions and,
potentially, where appropriate, connectivity to other sites.

Passive approaches have met with some success, notably
where sites being restored are in close proximity to source popu-
lations of target species (Shuwen et al. 2001; De Steven
et al. 2006), where ecological conditions in the source and intro-
duced populations are similar (Noél et al. 2011) or where seed
banks are abundant and exhibit long-term persistence
(Poschlod & Rosbakh 2018). For example, restoration of ponds
in eastern England by sediment removal has allowed many
locally scarce plants to re-emerge including Slimy-fruited stone-
wort (Nitella capillaris) in Suffolk, thought to be extinct in Brit-
ain since the 1950s, and Grass-poly (Lythrum hyssopifolia) in
Norfolk, a very rare macrophyte in the United Kingdom which
has not been officially recorded in Norfolk for a century
(Sayer & Parmenter 2020). Reintroductions of rare species have
become increasingly important and popular in conservation and,
where none of the pre-conditions above exist, translocations
might be needed to facilitate establishment of lost species and
genotypes (Jeppesen et al. 2012). Movement of rare and at-risk
species is difficult, and poor success has been attributed to ill-
informed transplantation efforts (Fahselt 2007; Blindow
et al. 2021; Fenu et al. 2023), hence careful decision-making
involving feasibility and risk assessments is required (World
Conservation Union 2013).

Our study demonstrates the importance of considering a com-
bination of connectivity, historical baselines, and current condi-
tions to guide freshwater macrophyte conservation, and
specifically the role of palacoecology in providing highly useful
insights into what has been lost, while also affording a valuable
tool for locating rare species or establishing their past presence.
The examples presented here cover contrasting situations in
terms of likelihood of species return. While improvements to

water quality may be necessary in all cases, potential for dis-
persal via space and time varies between the sites. It is hoped
that the proposed decision-making framework, informed by a
combination of contemporary and historical ecological informa-
tion, will scientifically underpin conservation decisions and thus
promote greater success in restoration programs. In light of the
pace of biodiversity loss and climate change, a blend of passive
and active restoration techniques may have to be considered in
future and such decision-making frameworks will hence
become more vital.

Acknowledgments

This research was funded by the Natural Environmental
Research Council Highlight Topics grant NE/N006437/1:
Hydroscape—connectivity X stressor interactions in freshwater
habitats. Thanks to C. D’ Alton, UCL, for redrawing the figures,
J. Pitt for Environment Agency data for Barton Broad, and
J. Parmenter for Norfolk records of Littorella uniflora and useful
discussions on this species. We acknowledge use of the Botani-
cal Society of Britain & Ireland (BSBI) Online Plant Atlas 2020
for plant distribution maps.

LITERATURE CITED

Alderton E, Sayer CD, Davies R, Lambert SJ, Axmacher JC (2017) Buried alive:
aquatic plants survive in ‘ghost ponds’ under agricultural fields. Biological
Conservation 212:105-110. https://doi.org/10.1016/j.biocon.2017.06.004

Appleby PG, Nolan PJ, Gifford DW, Godfrey MJ, Oldfield F, Anderson NJ,
Battarbee RW (1986) 2'°Pb dating by low background gamma counting.
Hydrobiologia 141:21-27. https://doi.org/10.1007/BF00026640

Arts GHP, van der Heijden RAJM (1990) Germination ecology of Littorella uni-
flora (L.) Aschers. Aquatic Botany 37:139-151. https://doi.org/10.1016/
0304-3770(90)90087-2

Bakker E, Sarneel JM, Gulati RD, Liu Z, van Donk E (2013) Restoring macro-
phyte diversity in shallow temperate lakes: biotic versus abiotic constraints.
Hydrobiologia 710:23-37. https://doi.org/10.1007/s10750-012-1142-9

Barko JW, Adams MS, Clesceri NL (1986) Environmental factors and their con-
sideration in the management of submersed aquatic vegetation: a review.
Journal of Aquatic Plant Management 24:1-10

Beltman B, Allegrini C (1997) Restoration of lost aquatic plant communities: new
habitats for Chara. Netherlands Journal of Aquatic Ecology 30:331-337.
https://doi.org/10.1007/BF02085876

Bennion H, Sayer C, Clarke S, Davidson T, Rose N, Goldsmith B, et al. (2018)
Sedimentary macrofossil records reveal ecological change in English lakes:
implications for conservation. Journal of Paleolimnology 60:329-348.
https://doi.org/10.1007/s10933-017-9941-7

Bennion H, Simpson GL (2011) The use of diatom records to establish reference
conditions for UK lakes subject to eutrophication. Journal of Paleolimnol-
ogy 45:469-488. https://doi.org/10.1007/s10933-010-9422-8

Bennion H, Simpson GL, Goldsmith BJ (2015) Assessing degradation and recov-
ery pathways in lakes impacted by eutrophication using the sediment
record. Frontiers in Ecology and Evolution 3:94. https://doi.org/10.3389/
fevo.2015.00094

Berglund BE, Ralska-Jasiewicsowa M (1986) Pollen analysis and pollen dia-
grams. Pages 455-484. In: Berglund BE (ed) Handbook of holocene
palaecoecology and palacohydrology. Wiley, Chichester, United Kingdom

Birks HH (1980) Plant macrofossils in quaternary lake sediments. Archiv fiir
Hydrobiologie 15:1-60

Birks HH (2001) Plant macrofossils, Tracking environmental change using Lake
sediments. Pages 49-74. In: Smol JP, Birks HIB, Last WM (eds)

Restoration Ecology

130f 16

85U8017 SUOWILLIOD A0 3|qeo! [dde au Aq peuenob ae Sspie YO ‘8sn JOSe|nl 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A IM ATRIq Ul |UO//SdNY) SUORIPUOD pue SWB | 8y} 88S *[£202/60/82] U0 Aflq)TaulluO A8|IM ‘Ssoinkes ARiqiT TON uopuoabe|jod AseAlun A 920pT 98/TTTT'0T/I0P/L0Y A 1M ARIq puUl|Uo//SdNy Wo1j pepeo|umoq ‘0 ‘X00T9ZST


https://doi.org/10.1016/j.biocon.2017.06.004
https://doi.org/10.1007/BF00026640
https://doi.org/10.1016/0304-3770(90)90087-2
https://doi.org/10.1016/0304-3770(90)90087-2
https://doi.org/10.1007/s10750-012-1142-9
https://doi.org/10.1007/BF02085876
https://doi.org/10.1007/s10933-017-9941-7
https://doi.org/10.1007/s10933-010-9422-8
https://doi.org/10.3389/fevo.2015.00094
https://doi.org/10.3389/fevo.2015.00094

Restoring lost aquatic plant species

Terrestrial, algal, and siliceous indicators. Vol 3. Kluwer Academic Pub-
lishers, Dordrecht, The Netherlands

Bishop 1J, Bennion H, Sayer CD, Patmore IR, Yang H (2019) Filling the “data
gap™: using paleoecology to investigate the decline of Najas flexilis
(a rare aquatic plant). Geo: Geography and Environment 6:¢00081.
https://doi.org/10.1002/ge02.81

Blindow I, Carlsson M, van de Weyer K (2021) Re-establishment techniques and
transplantations of charophytes to support threatened species. Plants 10:
1830. https://doi.org/10.3390/plants 10091830

Choi H, Kim HT, Nam BE, Bae YJ, Kim JG (2022) Effect of initial planting on
vegetation establishment in different depth zones of constructed farm
ponds. Restoration Ecology 30:¢13488. https://doi.org/10.1111/rec.13488

Clausen P, Nolet BA, Fox AD, Klaassen M (2002) Long-distance endozoochor-
ous dispersal of submerged macrophyte seeds by migratory waterbirds in
northern Europe: a critical review of possibilities and limitations. Acta
Oecologica 23:191-203. https://doi.org/10.1016/S1146-609X(02)01150-5

Collen B, Whitton F, Dyer EE, Baillie JEM, Cumberlidge N, Darwall WRT,
Pollock C, Richman NI, Soulsby A-M, Bohm M (2014) Global patterns
of freshwater species diversity, threat and endemism. Global Ecology and
Biogeography 23:40-51. https://doi.org/10.1111/geb.12096

De Steven D, Sharitz RR, Singer JH, Barton CD (2006) Testing a passive reveg-
etation approach for restoring coastal plain depression wetlands. Restora-
tion Ecology 14:452-460. https://doi.org/10.1111/j.1526-100X.2006.
00153.x

Dong X, Bennion H, Maberley SC, Sayer CD, Simpson GL, Battarbee RW
(2012) Nutrients exert a stronger control than climate on recent diatom
communities in Esthwaite Water: evidence from monitoring and palaeolim-
nological records. Freshwater Biology 57:2044-2056. https://doi.org/10.
1111/j.1365-2427.2011.02670.x

EnviroCentre Ltd. (2015) Investigation of standing water and wetland SSSIs
thought to be under diffuse pollution pressure: Loch Libo. Scottish Natural
Heritage Commissioned Report No. 725, SNH, Edinburgh, Scotland

European Union (1992) Council Directive 92/43/EEC of 21 May 1992 on the
conservation of natural habitats and of wild fauna and flora. Official Journal
of the European Communities L206:7-50

European Union (2000) Directive 2000/60/EC of the European Parliament and
the Council of 23 October 2000 establishing a framework for community
action in the field of water policy. Official Journal of the European Commu-
nities L327:1-72

Fahselt D (2007) Is transplanting an effective means of preserving vegetation?
Canadian Journal of Botany 85:1007-1017. https://doi.org/10.1139/B07-087

Fenu G, Calderisi G, BorSi¢ I, Kharrat MBD, Fernandez AC, Kahale R,
Panitsa M, Cogoni D (2023) Translocations of threatened plants in the
Mediterranean Basin: current status and future directions. Plant Ecology.
https://doi.org/10.1007/s11258-023-01303-7

Fergus CE, Lapierre JF, Oliver SK, Skaff NK, Cheruvelil KS, Webster K,
Scott C, Soranno P (2017) The freshwater landscape: lake, wetland and
stream abundance and connectivity at macroscales. Ecosphere 8:E01911.
https://doi.org/10.1002/ecs2.1911

Figuerola J, Green AJ (2002) Dispersal of aquatic organisms by waterbirds: a
review of past research and priorities for future studies. Freshwater Biology
47:483-494. https://doi.org/10.1046/j.1365-2427.2002.00829.x

Green AJ, Figuerola J, Sanchez MI (2002) Implications of waterbird ecology for
the dispersal of aquatic organisms. Acta Oecologia-International Journal of
Ecology 23:177-189. https://doi.org/10.1016/S1146-609X(02)01149-9

Gunn IDM, Carvalho L (2020) Slender Naiad (Najas flexilis) habitat quality
assessment. CRW2018_27. Scotland’s Centre of Expertise for waters
(CREW), Aberdeen, Scotland. ISBN: 978-0-902701-80-9

Guo JL, Yu YH, Zhang JW, Li ZM, Zhang YH, Volis S (2019) Conservation
strategy  for aquatic plants: endangered Ottelia  acuminata
(Hydrocharitaceae) as a case study. Biodiversity and Conservation 28:
1533-1548. https://doi.org/10.1007/s10531-019-01740-9

Hawkins J (2019) The discovery and conservation of rare stoneworts in Suffolk’s
farmland ponds. Transactions of the Suffolk Naturalists Society 55:
109-125

Hilt S, Alirangues Nuiiez MM, Bakker ES, Blindow I, Davidson TA, Gillefalk M,
et al. (2018) Response of submerged macrophyte communities to external
and internal restoration measures in north temperate shallow lakes.
Frontiers in Plant Science 9:194. https://doi.org/10.3389/fpls.2018.00194

Hilt S, Van de Weyer K, Kohler A, Chorus I (2010) Submerged macrophyte
responses to reduced phosphorus concentrations in two peri-urban lakes.
Restoration Ecology 18:452—461. https://doi.org/10.1111/j.1526-100X.
2009.00577.x

Idle ET, Mitchell J, McG Stirling A (1970) Elatine hydropiper L. — new to Scot-
land. Watsonia 8:45-46

Interagency Freshwater Group (2015) Common standards monitoring guidance
for freshwater lakes. Joint Nature Conservation Committee,
Peterborough, United Kingdom

Jeppesen E, Sgndergaard M, Jensen JP, Havens K, Anneville O, Carvalho L, et al.
(2005) Lake responses to reduced nutrient loading — an analysis of contem-
porary long-term data from 35 case studies. Freshwater Biology 50:1747—
1771. https://doi.org/10.1111/.1365-2427.2005.01415.x

Jeppesen E, Sgndergaard M, Lauridsen TL, Davidson TA, Liu Z, Mazzeo N, et al.
(2012) Biomanipulation as a restoration tool to combat eutrophication:
recent advances and future challenges. Advances in Ecological Research
47:411-488. https://doi.org/10.1016/B978-0-12-398315-2.00006-5

Juggins S (2003) C2 user guide. Software for ecological and palacoecological
data analysis and visualisation. University of Newcastle, Newcastle upon
Tyne, United Kingdom

Kaplan Z, Sumberova K, Formanova I, Duchacek M (2014) Re-establishment of
an extinct population of the endangered aquatic plant Potamogeton color-
atus. Aquatic Botany 119:91-99. https://doi.org/10.1016/j.aquabot.2014.
08.005

Kerner von Marilaun A, Hansen A (1916) Pflanzenleben. In: Die Pflanzenarten
als Floren und Genossenschaften (Abstammungslehre und Pflanzengeogra-
phie). 3rd edition. Vol 3. Verlag des Bibliographischen Instituts, Leipzig,
Germany

Law A, Baker A, Sayer C, Foster G, Gunn IDM, Taylor P, Pattison Z, Blaikie J,
Wilby NJ (2019) The effectiveness of aquatic plants as surrogates for wider
biodiversity in standing fresh waters. Freshwater Biology 64:1664—1675.
https://doi.org/10.1111/fwb.13369

Maberly SC, De Ville MM, Feuchtmayr H, Jones ID, Mackay EB, May L,
Thackeray SJ, Winfield 1J (2011) The limnology of Esthwaite Water: his-
torical change and its causes, current state and prospects for the future.
CEH Project Number: C04038. NERC/Centre for Ecology & Hydrology,
Lancaster, United Kingdom

Madgwick G, Emson D, Sayer CD, Willby NJ, Rose N, Jackson MJ, Kelly A
(2011) Centennial-scale changes to the aquatic vegetation structure of a
shallow eutrophic lake and implications for restoration. Freshwater Biol-
ogy 56:2620-2636. https://doi.org/10.1111/j.1365-2427.2011.02652.x

McCrackin ML, Jones HP, Jones PC, Moreno-Mateos D (2017) Recovery of
lakes and coastal marine ecosystems from eutrophication: a global meta-
analysis. Limnology and Oceanography 62:507-518. https://doi.org/10.
1002/In0.10441

Miller MR, Takekawa JY, Fleskes JP, Orthmeyer DL, Casazza ML, Perry WM
(2005) Spring migration of Northern Pintails from California’s Central
Valley wintering area tracked with satellite telemetry: routes, timing, and
destinations. Canadian Journal of Zoology 83:1314-1332. https://doi.org/
10.1139/205-125

Molodovsky AO (1971) Feeding of Anas crecca L. and A. Querquedula L. of the
Gorky reservoirs. Biologicheskie Nauki 11:20-25

Nicholson WA (1914) A flora of Norfolk. West, Newman and Co, London,
United Kingdom

Nilsson C, Brown RL, Jansson R, Merritt DM (2010) The role of hydrochory in
structuring riparian and wetland vegetation. Biological Reviews 85:837—
858. https://doi.org/10.1111/j.1469-185X.2010.00129.x

Noél F, Prati D, van Kleunen M, Gygax A, Moser D, Fischer M (2011) Establish-
ment success of 25 rare wetland species introduced into restored habitats is
best predicted by ecological distance to source habitats. Biological Conser-
vation 144:602-609. https://doi.org/10.1016/j.biocon.2010.11.001

14 of 16

Restoration Ecology

85U8017 SUOWILLIOD A0 3|qeo! [dde au Aq peuenob ae Sspie YO ‘8sn JOSe|nl 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A IM ATRIq Ul |UO//SdNY) SUORIPUOD pue SWB | 8y} 88S *[£202/60/82] U0 Aflq)TaulluO A8|IM ‘Ssoinkes ARiqiT TON uopuoabe|jod AseAlun A 920pT 98/TTTT'0T/I0P/L0Y A 1M ARIq puUl|Uo//SdNy Wo1j pepeo|umoq ‘0 ‘X00T9ZST


https://doi.org/10.1002/geo2.81
https://doi.org/10.3390/plants10091830
https://doi.org/10.1111/rec.13488
https://doi.org/10.1016/S1146-609X(02)01150-5
https://doi.org/10.1111/geb.12096
https://doi.org/10.1111/j.1526-100X.2006.00153.x
https://doi.org/10.1111/j.1526-100X.2006.00153.x
https://doi.org/10.1111/j.1365-2427.2011.02670.x
https://doi.org/10.1111/j.1365-2427.2011.02670.x
https://doi.org/10.1139/B07-087
https://doi.org/10.1007/s11258-023-01303-7
https://doi.org/10.1002/ecs2.1911
https://doi.org/10.1046/j.1365-2427.2002.00829.x
https://doi.org/10.1016/S1146-609X(02)01149-9
info:x-wiley/isbn/9780902701809
https://doi.org/10.1007/s10531-019-01740-9
https://doi.org/10.3389/fpls.2018.00194
https://doi.org/10.1111/j.1526-100X.2009.00577.x
https://doi.org/10.1111/j.1526-100X.2009.00577.x
https://doi.org/10.1111/j.1365-2427.2005.01415.x
https://doi.org/10.1016/B978-0-12-398315-2.00006-5
https://doi.org/10.1016/j.aquabot.2014.08.005
https://doi.org/10.1016/j.aquabot.2014.08.005
https://doi.org/10.1111/fwb.13369
https://doi.org/10.1111/j.1365-2427.2011.02652.x
https://doi.org/10.1002/lno.10441
https://doi.org/10.1002/lno.10441
https://doi.org/10.1139/z05-125
https://doi.org/10.1139/z05-125
https://doi.org/10.1111/j.1469-185X.2010.00129.x
https://doi.org/10.1016/j.biocon.2010.11.001

Restoring lost aquatic plant species

Orsenigo S (2018) Editorial: how to halt the extinction of wetland-dependent
plant species? The role of translocations and restoration ecology. Aquatic
Conservation: Marine and Freshwater Ecosystems 28:772-775. https:/
doi.org/10.1002/aqc.2962

Patmore IR, Sayer CD, Goldsmith B, Davidson TA, Rawcliffe R, Salgado J
(2014) Big Ben: a new wide-bore piston corer for multi-proxy palaeolim-
nology. Journal of Paleolimnology 51:79-86. https://doi.org/10.1007/
$10933-013-9756-0

Pearsall WH (1920) The aquatic vegetation of the English lakes. Journal of Ecol-
ogy 8:163-201. https://doi.org/10.2307/2255612

Penning WE, Dudley B, Mjelde M, Hellsten S, Hanganu J, Kolada A, et al. (2008)
Using aquatic macrophyte community indices to define ecological status of
European lakes. Aquatic Ecology 42:253-264. https://doi.org/10.1007/
$10452-008-9183-x

Phillips G, Bennion H, Perrow M, Sayer CD, Spears B, Willby N (2015) A
review of lake restoration practices and their performance in the
broads National Park, 1980-2013. Report for the Broads Authority,
Norwich and Natural England. Broads Authority, Norwich,
United Kingdom

Phillips GL, Kelly A, Pitt JA, Sanderson R, Taylor E (2005) The recovery of a
very shallow eutrophic lake, 20 years after the control of effluent derived
phosphorus. Freshwater Biology 50:1628-1638. https://doi.org/10.1111/j.
1365-2427.2005.01434.x

Phillips G, Willby N, Moss B (2016) Submerged macrophyte decline in shallow
lakes; what have we learnt in the last forty years? Aquatic Botany 135:37—
45. https://doi.org/10.1016/j.aquabot.2016.04.004

Poschlod P, Rosbakh S (2018) Mudflat species: threatened or hidden? An extensive
seed bank survey of 108 fish ponds in southern Germany. Biological Conser-
vation 225:154-163. https://doi.org/10.1016/j.biocon.2018.06.024

Preston CD, Croft JM (1997) Aquatic plants in Britain and Ireland. Harley Books,
London, United Kingdom

QGIS.org (2023). QGIS geographic information system. QGIS Association.
http://www.qgis.org, https://doi.org/10.1002/cam4.6538

Rodrigo M (2021) Wetland restoration with hydrophytes: a review. Plants 10:
1035. https://doi.org/10.3390/plants 10061035

Roelofs JGM (1996) Restoration of eutrophied shallow softwater lakes based
upon carbon and phosphorus limitation. Netherlands Journal of Aquatic
Ecology 30:197-202. https://doi.org/10.1007/BF02272239

Salgado J, Sayer CD, Brooks SJ, Davidson TA, Goldsmith B, Baker A, Patmore I,
Wilby N, Bennion H, Okamura B (2019) Connectivity and zebra mussel
invasion offer short-term buffering of eutrophication impacts on floodplain
lake landscape biodiversity. Diversity and Distributions 25:1334—1347.
https://doi.org/10.1111/ddi.12938

Salgado J, Sayer CD, Willby N, Baker AG, Goldsmith B, McGowan S,
Davidson TA, Bexell P, Patmore IR, Okamura B (2022) Habitat heteroge-
neity enables spatial and temporal coexistence of native and invasive mac-
rophytes in shallow lake landscapes. River Research and Applications 38:
1387-1399. https://doi.org/10.1002/rra.3839

Sand-Jensen K, Bruun HH, Baastrup-Spohr L (2017) Decade-long time delays in
nutrient and plant species dynamics during eutrophication and reoligotro-
phication of Lake Fure 1900-2015. Journal of Ecology 105:690-700.
https://doi.org/10.1111/1365-2745.12715

Sand-Jensen K, Riis T, Vestergaard O, Larsen SE (2000) Macrophyte decline in
Danish lakes and streams over the past 100 years. Journal of Ecology 88:
1030-1040. https://doi.org/10.1046/j.1365-2745.2000.00519.x

Sayer C, Bennion H, Gurnell A, Goodyer E, Kotze D, Lindsay R (2019) Restora-
tion of freshwaters: principles and practice. Pages 378-403. In:
Hughes JMR (ed) Freshwater ecology and conservation: approaches
and techniques. Techniques in ecology & conservation. Oxford Univer-
sity Press, Oxford, United Kingdom. https://doi.org/10.1093/0s0/
9780198766384.003.0018

Sayer CD, Davidson TA, Rawcliffe R, Langdon PG, Leavitt PR, Cockerton G,
Rose NL, Croft T (2016) Consequences of fish kills for long-term
trophic structure in shallow lakes: implications for theory and

restoration. Ecosystems 19:1289-1309. https://doi.org/10.1007/s10021-
016-0005-z

Sayer CD, Hawkins J, Greaves H (2022) Restoring the ghostly and the ghastly:
a new golden age for British lowland farm ponds? British Wildlife 33:
477-487

Sayer CD, Parmenter J (2020) Resurrection of a Norfolk pond gem: grass-poly
Lythrum hyssopifolia L. Transactions of the Norfolk and Norwich Natural-
ists Society 53:71-74

Schutten J, Davy AJ (2000) Predicting the hydraulic forces on submerged macro-
phytes from current velocity, biomass and morphology. Oeocologia 123:
445-452. https://doi.org/10.1007/s004420000348

Shuwen W, Pei Q, Yang L, Xi-Ping L (2001) Wetland creation for rare waterfowl
conservation: a project designed according to the principles of ecological
succession. Ecological Engineering 18:115-120. https://doi.org/10.1016/
S0925-8574(01)00062-3

Sgndergaard M, Johansson LS, Lauridsen TL, Jgrgensen TB, Liboriussen L,
Jeppesen E (2010) Submerged macrophytes as indicators of the ecological
quality of lakes. Freshwater Biology 55:893-908. https://doi.org/10.1111/
j-1365-2427.2009.02331.x

Soons MB, van der Vlugt C, van Lith B, Heil GW, Klaassen M (2008) Small seed
size increases the potential for dispersal of wetland plants by ducks. Jour-
nal of Ecology 96:619-627. https://doi.org/10.1111/j.1365-2745.2008.
01372.x

Stewart A, Pearman DA, Preston CD (eds) (1994) Scarce plants in Britain. Joint
Nature Conservation Committee, Peterborough, United Kingdom

Stobbe A, Gregor T, Ropke A (2014) Long-lived banks of oospores in lake sed-
iments from the trans-Urals (Russia) indicated by germination in over
300 years old radiocarbon dated sediments. Aquatic Botany 119:84-90.
https://doi.org/10.1016/j.aquabot.2014.07.004

Stroh PA, Walker KJ, Humphrey TA, Pescott OL, Burkmar RJ (2023) Plant atlas
2020: mapping changes in the distribution of the British and Irish Flora.
Princeton University Press, Princeton, New Jersey. https://doi.org/10.
2307/j.ctv2x6f08m

Takécs A, Molnar AV, Horvath O, Sramké G, Popiela A, Mesterhazy A, et al.
(2017) The rare aquatic angiosperm Elatine gussonei (Elatinaceae) is more
widely distributed than previously thought. Aquatic Botany 141:47-50.
https://doi.org/10.1016/j.aquabot.2017.05.004

Talling JF, Heaney SI (1988) Long-term changes in some English (Cumbrian)
lakes subject to increased nutrient inputs. Pages 1-29. In: Round FE
(ed) Algae and the aquatic environment. Biopress Ltd, Bristol,
United Kingdom

Taura L, Kamaityté-Bukelskiené L, Sinkeviciené Z, Gudzinskas Z (2022) Study
on the rare semiaquatic plant Elatine hydropiper (Elatinaceae) in
Lithuania: population density, seed bank and conservation challenges.
Frontiers in Bioscience-Landmark 27:162. https://doi.org/10.31083/j.
fb12705162

United Nations General Assembly (UNGA) (2019) United Nations decade on
ecosystem restoration (2021-2030) resolution A/RES/73/284. https:/
digitallibrary.un.org/record/37943177In=en (accessed 29 Jun 2023),
https://doi.org/10.1097/019.0000000000000013

Van der Valk AG, Pederson RL, Davis CB (1992) Restoration and creation of
freshwater wetlands using seed banks. Wetlands Ecology and Management
1:191-197. https://doi.org/10.1007/BF00244924

Vestergaard O, Sand-Jensen K (2000) Alkalinity and trophic state regulate
aquatic plant distribution in Danish lakes. Aquatic Botany 67:85-107.
https://doi.org/10.1016/S0304-3770(00)00086-3

Weyembergh G, Godefroid S, Koedam N (2004) Restoration of a small-scale for-
est wetland in a Belgian nature reserve: a discussion of factors determining
wetland vegetation establishment. Aquatic Conservation: Marine and
Freshwater Ecosystems 14:381-394. https://doi.org/10.1002/aqc.623

World Conservation Union/Species Survival Commission (SSC) (2013) Guide-
lines for reintroductions and other conservation translocations. Version
1.0. TUCN Species Survival Commission, Gland, Switzerland. ISBN:
978-2-8317-1609-1

Restoration Ecology

150f 16

85U8017 SUOWILLIOD A0 3|qeo! [dde au Aq peuenob ae Sspie YO ‘8sn JOSe|nl 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A IM ATRIq Ul |UO//SdNY) SUORIPUOD pue SWB | 8y} 88S *[£202/60/82] U0 Aflq)TaulluO A8|IM ‘Ssoinkes ARiqiT TON uopuoabe|jod AseAlun A 920pT 98/TTTT'0T/I0P/L0Y A 1M ARIq puUl|Uo//SdNy Wo1j pepeo|umoq ‘0 ‘X00T9ZST


https://doi.org/10.1002/aqc.2962
https://doi.org/10.1002/aqc.2962
https://doi.org/10.1007/s10933-013-9756-0
https://doi.org/10.1007/s10933-013-9756-0
https://doi.org/10.2307/2255612
https://doi.org/10.1007/s10452-008-9183-x
https://doi.org/10.1007/s10452-008-9183-x
https://doi.org/10.1111/j.1365-2427.2005.01434.x
https://doi.org/10.1111/j.1365-2427.2005.01434.x
https://doi.org/10.1016/j.aquabot.2016.04.004
https://doi.org/10.1016/j.biocon.2018.06.024
http://www.qgis.org
https://doi.org/10.1002/cam4.6538
https://doi.org/10.3390/plants10061035
https://doi.org/10.1007/BF02272239
https://doi.org/10.1111/ddi.12938
https://doi.org/10.1002/rra.3839
https://doi.org/10.1111/1365-2745.12715
https://doi.org/10.1046/j.1365-2745.2000.00519.x
https://doi.org/10.1093/oso/9780198766384.003.0018
https://doi.org/10.1093/oso/9780198766384.003.0018
https://doi.org/10.1007/s10021-016-0005-z
https://doi.org/10.1007/s10021-016-0005-z
https://doi.org/10.1007/s004420000348
https://doi.org/10.1016/S0925-8574(01)00062-3
https://doi.org/10.1016/S0925-8574(01)00062-3
https://doi.org/10.1111/j.1365-2427.2009.02331.x
https://doi.org/10.1111/j.1365-2427.2009.02331.x
https://doi.org/10.1111/j.1365-2745.2008.01372.x
https://doi.org/10.1111/j.1365-2745.2008.01372.x
https://doi.org/10.1016/j.aquabot.2014.07.004
https://doi.org/10.2307/j.ctv2x6f08m
https://doi.org/10.2307/j.ctv2x6f08m
https://doi.org/10.1016/j.aquabot.2017.05.004
https://doi.org/10.31083/j.fbl2705162
https://doi.org/10.31083/j.fbl2705162
https://digitallibrary.un.org/record/3794317?ln=en
https://digitallibrary.un.org/record/3794317?ln=en
https://doi.org/10.1097/OI9.0000000000000013
https://doi.org/10.1007/BF00244924
https://doi.org/10.1016/S0304-3770(00)00086-3
https://doi.org/10.1002/aqc.623
info:x-wiley/isbn/9782831716091

Restoring lost aquatic plant species

WWF (2022) In: Almond REA, Grooten M, Juffe Bignoli D, Petersen T (eds)
Living planet report 2022 — building a nature positive society. World Wide
Fund for Nature, Gland, Switzerland

Zehnsdorf A, Hussner A, Eismann F, Ronicke H, Melzer A (2015) Management
options of invasive Elodea nuttallii and Elodea canadensis. Limnologica
51:110-117. https://doi.org/10.1016/j.1imno.2014.12.010

Zhang Y, Jeppesen E, Liu X, Qin B, Shi K, Zhou Y, Thomaz SM, Deng J (2017)
Global loss of aquatic vegetation in lakes. Earth Science Reviews 173:
259-265. https://doi.org/10.1016/j.earscirev.2017.08.013

Zhao Y, Sayer C, Birks H, Hughes M, Peglar S (2006) Spatial representation of
aquatic vegetation by macrofossils and pollen in a small and shallow lake.
Journal of Paleolimnology 35:335-350. https://doi.org/10.1007/s10933-
005-1336-5

Coordinating Editor: John Isanhart

Supporting Information
The following information may be found in the online version of this article:

Table S1. %'°Pb concentrations in core LIBO-D1.

Table S2. Artificial fallout radionuclide concentrations in core LIBO-D1.

Table S3. 2'°Pb chronology of core LIBO-D1.

Figure S1. Fallout radionuclide concentrations in core LIBO-D1, showing (a) total
210pp, (b) unsupported 219pp, and () 137Cs and 2*' Am concentrations versus depth.
Figure S2. Radiometric chronology of core LIBO-D1, showing the CRS model *'°Pb
dates and sedimentation rates.

Figure S3. Summary diatom stratigraphy of LIBO-D1 (% relative abundance).

Received: 3 August, 2023; First decision: 1 September, 2023; Revised: 14
September, 2023; Accepted: 14 September, 2023

16 of 16

Restoration Ecology

85U8017 SUOWILLIOD A0 3|qeo! [dde au Aq peuenob ae Sspie YO ‘8sn JOSe|nl 10} Aiq1T 8UlUO A8]1M UO (SUORIPUOD-PUR-SWLIBIALID" A IM ATRIq Ul |UO//SdNY) SUORIPUOD pue SWB | 8y} 88S *[£202/60/82] U0 Aflq)TaulluO A8|IM ‘Ssoinkes ARiqiT TON uopuoabe|jod AseAlun A 920pT 98/TTTT'0T/I0P/L0Y A 1M ARIq puUl|Uo//SdNy Wo1j pepeo|umoq ‘0 ‘X00T9ZST


https://doi.org/10.1016/j.limno.2014.12.010
https://doi.org/10.1016/j.earscirev.2017.08.013
https://doi.org/10.1007/s10933-005-1336-5
https://doi.org/10.1007/s10933-005-1336-5

	Will they be back? A framework to guide rare macrophyte conservation decisions in lakes
	Introduction
	Methods
	Study Sites and Species
	Core Collection and Dating
	Macrofossil Analysis
	Distribution Maps and Site-Specific Botanical Surveys
	Data Analysis and Visualization

	Results
	Discussion
	Suitability of Current Conditions
	Dispersal Through Space
	Dispersal Through Time
	Natural Recolonisation Versus Translocation

	Acknowledgments
	LITERATURE CITED


