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Abstract 17 

1. Ponds are important habitats for biodiversity conservation and ecosystem service 18 

provisions in farmland settings. Agricultural intensification and cessation of traditional 19 

management has resulted in a substantial loss of open-canopy farmland ponds across 20 

Europe, resulting in a decline of landscape-scale biodiversity. To recover biodiversity in 21 

agricultural pondscapes, recent studies have advocated restoration of overgrown, ‘late-22 

succession’ ponds via the removal of woody vegetation and/or sediment. However, few 23 

studies have documented real-time pond and pondscape species responses to this kind of 24 

intervention. Crucially, evidence for how the intensity of intervention shapes biodiversity 25 

outcomes has been completely missing. 26 

2. We investigated short-term (1-3 years) pond biodiversity responses to restoration at a 27 

typical, medium-sized, predominantly arable farm in eastern England. Wetland plants and 28 

water beetles (Coleoptera) were surveyed in 11 restored ponds and four control ponds 29 

before and twice following restoration, involving three management prescriptions: i) major 30 

woody vegetation removal, only; ii) major woody vegetation and minor sediment removal and 31 

iii) major woody vegetation and major sediment removal. 32 

3. Pond restoration involving major woody vegetation and major sediment removal was 33 

associated with the greatest uplift in α-diversity for wetland plants. It was also most effective 34 

in restoring rare plant species, especially charophytes. 35 

4. Water beetle diversity also responded positively to major woody vegetation and sediment 36 

removal, with a significant uplift being observed. Overall, six red-listed species returned to 37 

the studied pondscape following restoration interventions. 38 

5. Practical Implication: Our small-scale, explorative study highlights the great potential 39 

value of implementing high intensity restoration interventions that combine major woody 40 

vegetation and sediment removal over lower intensity options, for maximising freshwater 41 

biodiversity and the conservation of rare species in agricultural landscapes. 42 
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1. Introduction 46 

Ponds are frequently inhabited by highly diverse plant, invertebrate and vertebrate 47 

assemblages that include many conservation priority species (Florencio et al., 2014; Gee et 48 

al., 1997; Nicolet et al., 2004), highlighting their importance as aquatic refugia within 49 

agricultural landscapes (Ruggiero et al., 2008; Sayer et al., 2012). However, despite their 50 

established importance for aquatic biodiversity conservation, ponds lack effective legislative 51 

protection (Hill et al., 2018) and are thought to be in a poor ecological state in many areas of 52 

the globe. In the UK, for example, numerous ponds were actively in-filled to make additional 53 

space for crops and infrastructure developments after the 1940s-1950s (Smith et al., 2022; 54 

Wood et al., 2003). As in many other parts of Europe (Curado et al., 2011; Janssen et al., 55 

2018), remaining UK agricultural ponds have seen a widespread cessation of traditional 56 

pond management since the 1950s, resulting in major encroachment of wetland trees and 57 

woody vegetation, for example by Salix spp. and Alnus glutinosa L. Gaertn, and rapid pond 58 

infilling. The resulting highly terrestrialised, heavily shaded ponds are mostly free of aquatic 59 

vegetation and dominated by poorly decomposed organic debris derived from leaves, 60 

branches and sometimes whole fallen trees (Sayer and Greaves, 2020). Accordingly, many 61 

UK pond landscapes have become overwhelmingly dominated by these late-succession 62 

ponds, with consequent reductions in landscape-scale biodiversity spanning multiple 63 

biological groups (Sayer et al., 2022). Currently, an estimated 80% of UK ponds are 64 

considered in poor ecological condition, with the number of sites categorised as poor or very 65 

poor increasing from 60% to 72% between 1996 and 2007 (Carey et al., 2008). In addition, 66 

recent reports have shown that even the UK’s best “priority ponds” commonly located in 67 

semi-natural landscapes are undergoing a decline in wetland plants richness and rarity 68 

value, with scrub and tree encroachment identified as a key causal factor (Williams, 2018). 69 

There is consensus in the pond conservation community that biodiversity is maximised 70 

where pond landscapes contain a mix of successional stages, including a high proportion of 71 

early succession open-canopy, macrophyte-dominated ponds known to support particularly 72 

high levels of biodiversity (Hassall et al., 2011; Sayer et al., 2012; Sayer et al., 2023a). As 73 



habitat conditions vary greatly between pond successional stages, a mixture of these stages 74 

in a pond network makes it suitable for a greater variety of flora and fauna.  75 

Pond-based biodiversity conservation can take a number of forms. In Europe, recent 76 

decades have seen a strong focus on creating networks of unpolluted, new ponds (Minot et 77 

al., 2021; Williams et al., 2020) and much evidence suggests that adding new ponds to a 78 

landscape significantly increases species richness, potentially including rare species (Coccia 79 

et al., 2016; Williams et al., 2020). Further, newly created ponds have been observed to 80 

attain a good ecological condition relatively rapidly (<10 years) and retain their ecological 81 

value for many years (Oertli, 2018; Williams et al., 2008). A relatively rarer and newer 82 

restoration approach is the re-excavation of ‘ghost ponds’ lost to land reclamation and in-83 

filling (Alderton et al., 2017; Sayer et al., 2023b). With this approach, the recovery of aquatic 84 

plants has been shown to be especially rapid due to the development of many species from 85 

long-lived propagules exposed during re-excavation (Alderton et al., 2017).  86 

Pond restoration and management also needs to be employed to deal with the issue of mass 87 

pond terrestrialisation and consequent reductions in pond habitat heterogeneity (Sayer et al., 88 

2022; Sayer and Greaves, 2020). Pond restoration aims to reset succession through 89 

removal of woody vegetation and potentially also sediment. Recent research has revealed 90 

major benefits for species diversity following the restoring of ponds to an early succession, 91 

open-canopy state. Aquatic taxa shown to benefit include macrophytes (Sayer et al., 2012, 92 

2022; Hill et al., 2025), dragonflies (Janssen et al., 2018), chironomids (Ruse et al., 2025) as 93 

well as freshwater invertebrates in general (Sayer et al., 2012; Ruse et al., 2025; Hill et al., 94 

2025), and amphibians (Skelly et al., 2014; Arntzen et al., 2017). Pond restoration benefits 95 

are also known to extend to terrestrial species, reflecting strong aquatic-terrestrial linkages 96 

for small waterbodies (Soininen et al., 2015). For example, almost twice as many farmland 97 

bird species visited restored open-canopy, macrophyte-filled  ponds compared to overgrown 98 

ponds in Eastern England (Davies et al., 2016; Lewis-Phillips et al., 2019), a pattern linked to 99 

greatly enhanced hatches of emerging invertebrates from the open ponds (Lewis-Phillips et 100 

al., 2020). In addition, restored ponds have been shown to support more diverse diurnal 101 



pollinator communities (Walton et al., 2021a) and more complex plant-pollinator networks 102 

(Walton et al., 2021b) than overgrown ponds.  103 

While pond restoration therefore can be highly effective, there is a lack of evidence on how 104 

differing types and intensities of restoration and management affect biodiversity outcomes, 105 

at both the pond and pondscape scales. For example, pond interventions can include 106 

management that removes excessive woody vegetation without interfering with the pond 107 

sediment, or it can combine both major wood and sediment removal. To inform and support 108 

future practitioner decision making, it is therefore crucial to understand which types and 109 

intensities of management-restoration intervention are most beneficial. 110 

Previous research on pond restoration by removal of woody vegetation and/or sediment has 111 

largely been based on space-for-time substitution and comparisons of restored and non-112 

restored ponds (Janssen et al., 2018; Sayer et al., 2012). Indeed, few studies have 113 

documented real-time pond and pondscape species responses to this form of pond 114 

restoration. Equally, as mentioned above and despite the existence of guidance (Sayer et 115 

al., 2023b), published science on how management intensity (especially removal of wood vs. 116 

wood and sediment) affects pond restoration outcomes is lacking. To fill these knowledge 117 

gaps, we studied a pond landscape in eastern England where a series of highly 118 

terrestrialised “late-succession” ponds were restored using different combinations and 119 

intensities of woody vegetation and sediment removal between 2015 to 2019. Given the time 120 

and effort involved in such studies, our investigations are based on a relatively small sample 121 

size and thus arguably only provide a “first impression” at the pond diversity responses to 122 

differing intensities of management, paving the way for larger studies in future years. We 123 

furthermore only report on the early years (years 1-3) following restoration in terms of 124 

wetland plants and water beetle (Coleoptera) responses. The hypothesises of this study are 125 

that, in line with earlier pond restoration studies (Sayer et al., 2022; Hill et al., 2025), all 126 

restoration approaches rapidly (within 1-2 years) and significantly increase macrophyte and 127 

coleoptera biodiversity in the pondscape, without resulting in major losses of rare species. 128 

Furthermore, we hypothesise that, based on the more fundamental disruption to the 129 



degraded pond ecosystems, high intensity restoration (woody vegetation removal combined 130 

with major sediment removal) triggers the most pronounced increases in biodiversity across 131 

the pond network when compared to ponds restored by removal of woody vegetation, only, 132 

or of woody vegetation combined with minor sedimental removal. This pattern might be 133 

further emphasized by the strongest seed-bank responses in wetland plants following 134 

exposure of old sediment layers under intensive management interventions.   135 



2. Materials and Methods 136 

2.1. Study area 137 

The study was conducted at the Heydon estate, North Norfolk, eastern England (Fig. 1) 138 

between 2010 and 2019. The area spans 8.2 km2 and contains upwards of 50 ponds, 15 of 139 

which were included here. The study area is located at 45-55 m above sea level and has 140 

freely-draining, slightly acidic, loamy soils (LandIS, 2023) that have developed on deposits of 141 

clay and silt overlying sand and gravel of the Wroxham Crag formation (British Geological 142 

Survey, 2023). The region’s climate is temperate and dry when compared to the rest of the 143 

UK, with an annual (1991-2020) rainfall of 660 mm (Met Office, 2023). Typical of the wider 144 

area, most ponds on the estate were highly overgrown by trees and bushes, especially Grey 145 

Willow Salix cinerea, Blackthorn Prunus spinosa and Hawthorn Crataegus monogyna prior 146 

to restoration (Sayer et al., 2013). All study ponds are located in arable fields used for a 147 

variety of crops, including wheat, barley, oil-seed rape and sugar beet. The farmed fields are 148 

surrounded by hedgerows and interspersed with small patches of predominantly deciduous 149 

woodland. The ponds in the study area are all small (<550 m2 with the exception of pond 150 

PYES1 at 2400 m2) and, at the time of sampling, were surrounded by woody vegetation 151 

and/or rough grass margins ranging between 5 and 10 m width.  152 

The study ponds were surveyed prior to restoration in 2010, 2013 and 2014, and following 153 

restoration in 2016, 2017, 2018 and 2019. 11 of the 15 ponds studied were restored, with 154 

restoration of ponds coded COLG1, COLG2, COLG3, COLG4, BONF1, PYES1, PYES2 in 155 

2015, HEY93, HEY96 and HEY97 in 2016 and ponds HEY102 and DAIRY2 in 2018. The 156 

remaining two ponds on the Heydon estate (HEY89, BULLS2), as well as two additional 157 

ponds in the surrounding area (MYSTF, CHEST1), formed a control pond group of 158 

overgrown (>60% shading) ponds that were neither restored nor managed (Fig. 1). 159 

Information about the management of each can be found in Table 1 and Table S1. 160 

 161 

 162 



2.2. Field Methods 163 

Wetland plant surveys were undertaken at all 15 study ponds. Due to a lack of pre-164 

restoration data for some ponds, only 11 ponds (seven restored and four control ponds) are 165 

included in the analysis of water beetle assemblages (Table S1). To generate both, the 166 

beetle and plant datasets, surveys were conducted pre-restoration, and at least once in 167 

years 1-3 post-restoration to look at short-term responses to management intervention. Data 168 

for years 2 and 3 were amalgamated as not all ponds were surveyed after 2 or 3 years, and 169 

the resulting relative scarcity of survey data for all ponds across both years. All surveys were 170 

conducted between May and August in a respective study year. Additional information 171 

regarding the survey years and restorative actions are given in Table S1. 172 

Wetland plants were exhaustively surveyed by visual observation whilst wading and walking 173 

the perimeter of each pond, and with a double-headed rake used to collect macrophytes 174 

from deeper, central pond areas. The survey continued at each pond until at least 10 175 

minutes had elapsed without a new species being found. All marginal and open water 176 

wetland species found in each pond were scored for abundance on the DAFOR scale 177 

(Bullock, 2006) as Dominant (5), Abundant (4), Frequent (3), Occasional (2) or Rare (1). 178 

Callitriche taxa were combined as Callitriche spp. due to the absence of diagnostic fruits in 179 

the collected material. 180 

 181 

Water beetles were surveyed using a standard ISI pond net (1 mm mesh). A total of three 182 

minutes were spent sampling each pond as per Biggs et al. (1998), with efforts made to 183 

cover all major habitat types: areas shaded by large overhanging branches, patches of 184 

floating plants, beds of submerged plants and the shallow edge water with marginal plants. 185 

Following the procedure proposed by Biggs et al. (1998) and as recommended by Hill et al. 186 

(2016), the time apportioned to each pond habitat was roughly equivalent to the proportional 187 

area of the respective habitat. Water beetles were separated from the samples in the field by 188 

searching multiple trays of collected material until no further individuals were found. All 189 

invertebrates were transferred to plastic containers and preserved on site in 90% IMS. 190 



Species were identified and recorded ex-situ. Species identification was based on Foster & 191 

Friday (2011) and Foster et al. (2014), with unclear identifications verified by Garth Foster, 192 

chair of the British Aquatic Coleoptera Conservation Trust. 193 

2.3. Data Analysis 194 

Wetland plant rarity was assessed at the national scale with reference to Stroh et al. (2014) 195 

and Stewart & Church (1992), while regional and local rarity was assessed using the 196 

approach adopted by Williams et al. (2020). For the latter assessment, records for all 197 

recorded plant species were extracted from the Botanical Society of Britain and Ireland 198 

database from 2000 to present. Local rarity was calculated as the percentage of 1x1 km grid 199 

squares (monads) where a species was recorded as present out of the 100 monads falling 200 

within a 100 km2 area around the Heydon site. Regional rarity was calculated as the 201 

percentage of monads with species records out of all monads covering Norfolk (n=5498). 202 

Any plant species with a frequency below 5% in either metric was classified as ‘rare’ (Table 203 

S3). Rarity assessment of water beetles was based on the list of scarce and threatened 204 

British species compiled by Foster (2010), a local rarity assessment comparable to wetland 205 

plants was not possible due to a lack of comprehensive records (Table S4). 206 

To determine the influence of management intensity on wetland plant and water beetle 207 

communities, ponds were divided into four management intensity groups (Table 1). Groups 208 

are described below, accompanied by the number of ponds with wetland plant and 209 

coleoptera surveys (X/Y), respectively. Group 0 represented control and unrestored sites, 210 

dominated by woody vegetation, with no intervention (4, 3), Group 1 were sites where 211 

management was limited to woody vegetation removal (2, 2), Group 2 ponds experienced 212 

major removal of woody vegetation and minor sediment removal (4, 2), while Group 3 sites 213 

experienced major removal of both, woody vegetation and sediment (5, 4). 214 

As water beetle species richness is generally assumed to be incomplete in pond net 215 

samples, we used the bias-corrected formula for Chao 1 (Chao and Chiu, 2016) to generate 216 

estimates for the minimum number of water beetle species expected to occur in the ponds. 217 



For each of the three management intensity groups, we then compared both the observed 218 

number of wetland plants and Chao 1-estimated species richness of water beetles using a 219 

series of one way Analysis of Variance (ANOVAs) with subsequent post-hoc Scheffé-tests  220 

to establish potential differences in species richness between groups. We used this 221 

approach firstly to determine potential temporal differences in species richness separately 222 

for each of the three management intensity groups, starting with the pre-restoration data for 223 

each of the respective ponds, and comparing this to data 1 year and 2/3 years since 224 

management. We then repeated this approach to compare the temporal differences in 225 

species richness for all ponds irrespective of management intensity, differentiated solely into 226 

control/pre restoration data, data for year 1 and data for years 2/3 post-restoration. Finally, 227 

we used two ANOVAs to compare the mean aquatic macrophyte species richness of ponds 228 

differentiated by management category, establishing  treatment differences 1 year after 229 

restoration and 2/3 years after restoration, respectively. 230 

Detrended Correspondence Analysis (DCA) was then employed to confirm that the data 231 

allowed the use of models assuming a unimodal distribution patterns across the pondscape 232 

(gradient length: 2.77). Subsequently, Correspondence Analysis (CA), based on presence-233 

absence data of the aquatic macrophytes, was used to visually explore plant compositional 234 

changes and successional patterns. The ordinations were performed using CANOCO 235 

version 4.5 (Lepš and Šmilauer, 2003).  236 

3. Results 237 

3.1. Wetland plants 238 

A large increase in wetland plant species was evident for the restored ponds post-239 

intervention, with the greatest uplift associated with sites with major wood and sediment 240 

removal (Fig. 2, Table 2), which had significant differences in species richness between year 241 

0 and year 1, and between year 0 and years 2-3 (P <0.01 in all cases, ANOVA F2,12=23.7, 242 

SSbg/wg: 1067/270, MSbg/wg: 533/23). Ponds with wood and sediment removal only showed a 243 

significant (P<0.05) species richness increase between years 0 and years 2-3 post-244 



restoration (ANOVA F2,9=4.9, P=0.036, SSbg/wg: 248/226, MSbg/wg: 124/25) and sites with only 245 

wood removal did not show a significant increase in species richness between any groups 246 

(ANOVA F2,6=0.2, P=0.82, SSbg/wg: 3.6/51, MSbg/wg: 1.8/8.4). The cumulative species richness 247 

across all restored ponds mirrored the major wood and sediment removal group  with a 248 

significant increase between year 0 and year 1 (P<0.01) and year 0 and years 2-3 (P <0.01; 249 

ANOVA F2,33=16.4, P<0.001, SSbg/wg: 935/939, MSbg/wg: 467/28). While there were no 250 

significant differences in the average plant species richness one year post-restoration 251 

between the three intervention intensity groups (ANOVA F2,8=0.16, P=0.85, SSbg/wg: 252 

10.6/262, MSbg/wg: 5.3/32.7), ponds in the most intensively managed group  harboured a 253 

significantly higher plant species richness for years 2/3 when compared with ponds with only 254 

wood removal (P=0.03, ANOVA F2,10=5.0, SSbg/wg: 222/220, MSbg/wg: 111/22).  255 

Whilst the control sites are represented in a single box plot (Figure 2), the limited overall and 256 

interquartile ranges reflect consistently low species richness. Although this trend is not 257 

statistically significant (t=1.14, P=0.9), ponds in the control group often lost species when 258 

comparing their assemblages in pre- to post-restoration timeframes , with average species 259 

richness dropping from 6.5 to 2.75. This trend is most notable for pond HEY89, which 260 

supported 11 species in 2013, while no aquatic macrophytes at all were found in 2018 261 

(Table S2). Rorripa amphibia was the only plant species recorded before, but not following 262 

restoration in any pond. In contrast, some 32 wetland plant species were added to the set of 263 

investigated ponds following pond restoration, 30 of which were exclusively found in the 264 

restored ponds. Average species richness per site increased from five to 15.5 from pre-265 

restoration surveys to post-restoration sampling years 2-3. The total species richness 266 

increase across all sites was 118.5% (Table 2). A total of 21 rare species were gained 267 

across all restoration sites. The majority of new rare species (11) were found in the sites with 268 

major wood and sediment removal, with six species unique to this group (Table 2). Sites with 269 

wood and sediment removal gained eight rare species, four of which were unique to this 270 

group, including one nationally rare (Schedule 8 in 1981 British Wildlife & Countryside Act) 271 



species, namely Najas marina, which was recorded in PYES1. Finally, ponds with only wood 272 

removal gained 2 rare species, and only one was unique to the group. 273 

Clear aquatic vegetation composition responses in relation to management intensity are 274 

reflected by the CA plot (Fig. 3). Some samples were excluded in this analysis as they had 275 

no recorded species, while control site CHEST1 was removed as an outlier due to the 276 

occurrence of just two species (Lythrum salicaria and Myosotis scorpioides). A group of 277 

three major wood and sediment removal sites is strongly separated from all other plots along 278 

CA Axis 1 (11.45% explained variance, see also supplementary table S5). Further,  sites 279 

with major wood and sediment removal tend to move towards the centre of the plot as 280 

number of years since intervention increases. Sites with wood and sediment removal show 281 

smaller amounts of change along both axes with time since restoration but are markedly 282 

removed in general from their respective year 0 surveys. One pond in this group, PYES1 ), 283 

the largest pond in the dataset, is separated from the other sites by having a negative 284 

position on axis 2 due to the occurrence of three unique species post-restoration. Sites with 285 

only wood removal display little movement between survey years, even when compared with 286 

respective pre-restoration assemblages, suggesting that minor compositional change only. 287 

Control and pre-management pond surveys are mostly spread between Axis 1 values of 0 288 

and -1.5, occupying the top left quadrant of the ordination plot.  289 

Rare species (Table S3) are spread widely across the ordination plot, with many strongly 290 

associated with the major wood and sediment removal sites. In particular, charophyte 291 

species similarly are strongly associated with these sites in the CA, as are Potamogeton 292 

berchtoldii, Oenanthe aquatica and Ranunculus aquatilis. Overall, the CA suggests that high 293 

management intensity (major wood and sediment removal) results in assemblages that are 294 

distinctly different from other sites, but with this distinctiveness diminishing over time (years 295 

2-3). 296 

3.2. Water beetles  297 



Restored ponds showed substantial increases in water beetle diversity and, similar to 298 

wetland plants, sites subject to major wood and sediment removal saw the most substantial 299 

increase (Fig. 4). Following restoration, mean water beetle species richness increased 300 

significantly (P=0.009, F1,6=14.57, SSbg/wg: 880/362, MSbg/wg: 880/60) in ponds subject to 301 

this treatment, from 2.3 to 23.3 species. In contrast, no significant differences in beetle 302 

diversity pre- and post-restoration were observed for ponds with only wood removal  303 

(P=0.83, F1,2=0.06) and 2 (P=0.16, F1,2=4.7). The overall uplift across in the set of surveyed 304 

sites was 45.8% (Table 2). Some eight species were not found in post-restoration samples 305 

(including two nationally red-list taxa), but 19 species were recorded exclusively in the 306 

restored ponds, including six nationally red-listed species Gyrinus natator, Helochares 307 

obscurus, Hydrochus megaphallus, Scarodytes halensis, Helophorus griseus and Hydraena 308 

nigrita (Table 2). Additionally, there was a significant change (P=0.006) in mean water beetle 309 

abundance following pond restoration, with the mean and maximum number of beetle 310 

individuals captured during our standardized sampling at each pond survey increasing from 311 

four to 25, and from 11 to 64 individuals, respectively. The overall uplift of abundance for 312 

623.8% (Table 2). 313 

4. Discussion 314 

4.1. Biodiversity uplift following restoration 315 

Just one to two years following restoration the restored ponds achieved high plant coverage 316 

both in the water and around the pond margins, with the uplift being particularly strong for 317 

the ponds with major wood and sediment removal (Fig. 5). Consistent with previous space-318 

for-time comparisons of terrestrialised and restored, open-canopy ponds (Sayer et al., 2012, 319 

2022; Walton et al., 2021c), this study also showed major short-term increases in species 320 

diversity for both wetland plant and water beetle communities following pond restoration. At 321 

the pondscape level, management interventions across all sites resulted in a major boost to 322 

wetland plant communities, with over double the number of species recorded across the 323 

ponds following restoration interventions. Of the 32 species that were new to the restored 324 



pondscape, 21 were deemed locally or regionally rare, with one species, Najas marina, 325 

having statutory protection at a national level (Schedule 8 of the 1981 British Wildlife and 326 

Countryside Act). Furthermore, these major gains were accompanied by the loss of just one 327 

species, R. amphibia, notably from one of the control ponds, although it is generally 328 

widespread in the study area. In contrast, the majority of new rare species were gained in 329 

the  ponds with minor (8) and major (11) sediment removal.  330 

A post-restoration increase in beetle abundance (623.8%) and species richness (45.8%) in 331 

the pondscape, including the arrival of 19 new species, six of which are red-listed rare taxa, 332 

can be directly linked to an increase in the number of structurally-complex, vegetation-rich 333 

ponds as a response to restoration. Strong associations between aquatic vegetation 334 

structure and water beetle diversity and assembly have been reported in previous research 335 

(Nilsson, 1984; Fairchild et al., 2008; Gioria et al., 2010). For example, in a study of aquatic 336 

plant and water beetle diversity across 425 farm ponds in North-west England, Hassall et al. 337 

(2011) showed a significant positive relationship between plant coverage and water beetle 338 

richness, as well as negative relationships with shading. Thus, enhanced habitat availability, 339 

potentially combined with short flight distances between high quality, plant-dominated 340 

aquatic habitats (Iversen et al., 2017; Liao et al., 2022), is a likely explanation for increases 341 

in water beetle abundance and diversity. As for wetland plants, water beetle species gains 342 

were strongly concentrated in ponds restored by major woody vegetation and sediment 343 

removal. Whilst these sites clearly afforded viable habitat for new species to colonise, it is 344 

also notable that six of the new species, including one National Red List species (Hydraena 345 

nigrita), were additionally found in the overgrown control ponds. This highlights the 346 

importance of maintaining a heterogeneous pondscape supporting a mix of successional 347 

stages, including numerous early succession, open-canopy ponds and some late-348 

succession, tree-shaded ponds (Brudvig et al., 2009; Hassall et al. 2011; Sayer et al., 2012). 349 

4.2. Seed bank-driven vegetation recovery 350 



The remarkable rapidity of wetland plant recovery in the farmland pondscape is worthy of 351 

discussion. While zoochorous wetland seed dispersal (via wildfowl and mammals) may 352 

potentially be enhanced through a shortening of the distance between ponds with abundant 353 

food resources (Clausen et al., 2002; Coughlan et al., 2017; Kleyheeg et al., 2017), the 354 

speed at which high plant cover was achieved in the restored ponds suggests an additional 355 

strong seed bank driver of vegetation recolonisation. A relatively consistent feature of the 356 

response amongst the ponds restored by major woody vegetation and sediment removal is 357 

an early dominance (high cover) of charophytes, Potamogetonaceae (especially 358 

Potamogeton natans) and Ranunculus aquatilis. Characean species are well known pioneer 359 

plants that are widely associated with disturbance events (Wade, 1990) due to abundantly 360 

produced oospores that form substantial sediment propagule banks (Bonis and Grillas, 361 

2002; Rodrigo et al., 2010). Farm ponds in the region are generally >200-300 years old 362 

(Prince, 1962; Sayer et al., 2013; Emson et al., 2018), sometimes older, extending back to 363 

the 1500s-1600s (Walton et al., 2021c). This means that sediment removal work often 364 

exposes centuries old sediment layers, making it a key component of the management 365 

approach. A number of studies have shown that charophyte oospores can germinate even 366 

after burial for 10s to 100s of years (Wade & Edwards 1980; Beltman & Allegrini 1997; 367 

Tanaka et al. 2003; Rodrigo et al. 2010; Stobbe et al. 2014). Thus, by exposing deeper 368 

sediment layers, associated with former open-canopy, macrophyte-rich eras prior to major 369 

pond terrestrialisation (Walton et al. 2021c), substantial characean meadows can result after 370 

less than 1 year (Fig. 5d). Knowledge of propagule longevity amongst other wetland plants is 371 

patchy, but information is emerging. For example, Kaplan et al. (2014) were able to use the 372 

seed bank to re-establish a macrophyte (Potamogeton coloratus) that had been nationally 373 

extinct for at least 30 years. Additionally, tank-based microcosm and field-based studies 374 

undertaken on locally (<20 km from the study sites here) collected under-field sediment 375 

deposits (dated to a minimum of 50-150 years before present) from in-filled ‘ghost ponds’ 376 

showed that propagules of P. natans, R. aquatilis, Juncus sp., as well as six charophyte 377 

species, germinated and subsequently grew into substantial plants within 12 months 378 



(Alderton et al., 2017). As many of these species were abundant in one or more the restored 379 

ponds following minor or major sediment removal and in turn much less prevalent (absent in 380 

the case of Characeae) from ponds subject to woody vegetation removal only, we 381 

confidently believe that early colonisation and high submerged and floating plant coverage of 382 

the former ponds was primarily driven by seed bank exposure. Such a conclusion is 383 

consistent with the observation that newly created farm ponds take at least a decade to 384 

achieve wetland plant coverage and species richness that is equivalent to restored ponds 385 

(Hill et al., 2025). That a more rapid rise in plant species richness and representing a distinct 386 

community was evident in the ponds subject to major wood and sediment removal (Fig. 3) 387 

may also reflect the prevalence of firmer better oxygenated bottom sediment following the 388 

removal of fluid, organic matter-rich muds associated with decades of terrestrial leaf and 389 

woody debris deposition. In shallow lakes many aquatic macrophytes have been shown to 390 

prefer firm sediments with high cohesive strength (Schutten et al., 2005) and low oxygen 391 

demand (Woodward and Hofstra, 2024) and it seems probable that this phenomenon may 392 

also apply to ponds, though this is an area needing further research. 393 

We show that, by restoring and managing ponds to ensure that lowland farmland contains 394 

mosaics of ponds at different successional stages, and especially by increasing the number 395 

of early-succession, open-canopy, macrophyte-rich ponds, it is possible to rapidly and 396 

majorly increase wetland plant and water beetle diversity. The Heydon project also 397 

emphasises the importance of applying varying management intensity across ponds, 398 

especially including major sediment removal aimed at exposing species-rich seed banks . A 399 

recent study investigating the value of adding new ponds (newly created ponds) into a 400 

comparable farmland landscape in Leicestershire, English Midlands, showed a 26% 401 

increase in wetland plant richness at the catchment-scale, including (as in this study) a high 402 

proportion of locally scarce species (Williams et al., 2020). Our study, hints at an even 403 

stronger (118.5%) transformative effect of restoring ponds for aquatic plants. This, in turn, 404 

suggests that combining the restoration of pre-existing highly terrestrialised ponds with the 405 

construction of new ponds might be the most powerful pond conservation approach.  406 



5. Recommendations and conclusions 407 

Resonating with the results of several other studies (Declerck et al., 2006; Ruggiero et al., 408 

2008; Gioria et al., 2010; Sayer et al., 2012, 2022), we emphasise that ponds in farmland 409 

settings, where sufficiently buffered from agricultural activities, are important contributors to 410 

aquatic biodiversity. As well as being one of the first before-after studies, it provides a ‘first 411 

look’ at the impact of differing management approaches on pond biodiversity outcomes. 412 

More extensive studies, that include larger numbers of ponds, are ideally required to bolster 413 

the conclusions that are made here in turn enabling fuller analysis of changes in gamma 414 

diversity and species turnover. Despite this, we confidently offer the following 415 

recommendations to the pond conservation field: 416 

i) We urge practitioners and policymakers to centralise pond restoration in 417 

landscape-scale conservation plans and policy. It is vital that ponds are 418 

prominently featured in agri-environment policy and nature recovery strategies, in 419 

order to support wider freshwater biodiversity conservation efforts. 420 

ii) High intensity restoration involving sediment removal has the greatest 421 

transformative effect on ponds. We recognise that major sediment removal can 422 

incur significant costs and present logistical challenges for practitioners, but for 423 

highly terrestrialised ponds, the advantages of doing so out-weighs these dis-424 

benefits.  425 

iii) Restoration involving sediment removal can make an important contribution to 426 

rare plant conservation by uncovering still viable wetland plant seed banks. We 427 

emphasise the need for monitoring of 5-10 year responses of wetland plants and 428 

water beetles to restoration to try and understand how conservation outcomes 429 

change in the longer term. 430 

iv) We recommend those involved in pond restoration to undertake before-after 431 

control-impact studies of biological responses to help bolster the science 432 

evidence-base for pond restoration. 433 



v) As emphasised in a recent practical guide to the restoration of ponds (Sayer et 434 

al., 2023b), we urge practitioners faced with a dominance of highly terrestrialised 435 

ponds to ‘go hard or go home’ and give a high proportion of these ponds the 436 

major disturbance and successional-rest that they need. 437 
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TABLES 669 

Table 1: Management intervention categories and the ponds representing each respective 670 

management group. Shortened name used to refer to each group in results and discussion. 671 

Pond locations are provided in Fig. 1.  672 

          

Group   Management / restoration  Shortened name  Sites 

0   
Non-managed (control) or 

pre-managed 
Control  

BULLS2, CHEST1, HEY89, 
MYSTF and all other ponds 

pre-restoration 

          

1   
Removal of overhanging 

woody vegetation 
 Only wood removal 

BONF1, COLG1 post-
restoration 

          

2   

Major removal of 
overhanging woody 

vegetation and minor 
sediment removal 

 Wood and sediment 
removal 

HEY93, HEY97, PYES1, 
PYES2 post-restoration 

          

3   

Major removal of 
overhanging woody 

vegetation and major 
sediment removal 

 Major wood and 
sediment removal 

COLG3, COLG4, DAIRY2, 
HEY96, HEY102 post-

restoration 

 673 



Table 2: Summary of wetland plant and water beetle species gained and lost in the pond landscape over the study period. (#) indicates number of 674 

species unique to that group. For a full wetland plant list see Table S2 and for water beetle species list see Table S4. *Schedule 8 protected species in 675 

1981 British Wildlife and Countryside Act. Group 0 = Control sites and pre-restoration pond surveys, Group 1 = major woody vegetation removal only, 676 

Group 2 = major woody vegetation removal, minor sediment removal, Group 3 = major woody vegetation and sediment removal. 677 

 No. of spp. lost No. of spp. gained 
(unique to group) 

Rare spp. lost (unique to 
group) 

Rare spp. gained (unique to 
group) 

 Total no. spp. 
(average per site) 
no. of individuals] Wetland Plants 

Before rest. - - - - 27 (5) 

After rest. 1 32 1 21 59 (15.5) 

Group 0 1 (1) 2 (2) 1 (1) 0 % Increase 

Group 1 0 (0) 3 (1) 0 2 (1) 118.5% 

Group 2 0 (0) 19 (10) 0 8 (4) (inc. Najas marina)*  

Group 3 0 (0) 20 (10) 0 11 (6) 

Water beetles 

Before rest. - - - - 24 (4.9) [42] 

After rest. 8 19 2 6 35 (14.4) [304] 

Group 0 4 (4) 6 (6) 1 (Hydroporus angustatus) 1 (1) - Hydraena nigrita % Increase 

Group 1 2 (2) 3 (3) 1 (Ilybius chalconatus) 0 (0) 45.8% [623.8%] 

Group 2 1 (1) 4 (2) 0 (0) 3 (1) - Helochares obscurus, 
Scarodytes halensis, 
Helophorus griseus 

 

Group 3 1 (1) 8 (6) 0 (0) 4 (2) - Gyrinus natator, 
Helochares obscurus, 

Hydrochus megaphallus, 
Helophorus griseus 

 678 


