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Agricultural pond restoration enhances species richness
in non-biting midges (Diptera: Chironomidae)
Leslie P. Ruse1,2,3, Carl D. Sayer4, Yi Zou5, Helen M. Greaves4 , David Downes4,
Jan C. Axmacher4

Agricultural ponds are biodiversity hotspots, especially when restored to open-canopy conditions. Studies comparing pre- and
post-restoration pond diversity are rare, however, and have widely focused on “easy-to-identify” taxa. Chironomids have so far
been neglected in pond restoration studies, but are a highly speciose group critical to aquatic ecosystem functioning. This makes
them good potential indicators of ecological change. Despite a reputation for being taxonomically challenging, the final molts of
chironomid pupae, the exuviae, can be reliably sampled and identified using the Chironomid Pupal Exuvial Technique (CPET).
For a lowland farmland pond landscape in eastern England, we used CPET sampling in a Before-After Control-Impact study
encompassing nine ponds restored by major removal of woody vegetation and sediment, four terrestrialized control ponds and
two open-canopy control ponds. Species richness was significantly greater in the restored and open-canopy control ponds com-
pared to the terrestrialized ponds, likely due to structurally complex plant communities in the former. Few chironomid species
preferred the wood and organic matter-dominated conditions afforded by the terrestrialized ponds, while the restoration of
these ponds to open-canopy, macrophyte-dominated condition strongly increased chironomid diversity. To maximize
landscape-scale chironomid diversity, agricultural landscapes should ideally contain ponds at different stages of succession,
including a high proportion of ponds restored to an early successional macrophyte-filled state. As for many other taxonomic
groups, we show that pond restoration is essential to the maintenance of species-rich chironomid communities in farmland
pondscapes.
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Implications for Practice

• As sensitive indicators of aquatic ecological change, chi-
ronomids can be employed to track pond responses to
management and restoration.

• Restoring overgrown, terrestrialized farm ponds by major
woody vegetation and sediment removal substantially
increases landscape-scale chironomid diversity.

• Conservation projects that result in pondscapes that con-
tain a mix of successional stages, including a high propor-
tion of early succession, open-canopy ponds, will
maximize chironomid diversity and their associated eco-
system functions.

Introduction

Ponds are biodiversity hotspots in agricultural landscapes
(Ruggiero et al. 2008; Gioria et al. 2010). In many lowland
European farmland regions, agricultural intensification since
the 1950s has led to a major loss of ponds due to deliberate infill-
ing (Alderton et al. 2017; Curado et al. 2011; Ferreira &
Beja 2013; Smith et al. 2022), as well as the degradation of exist-
ing ponds due to the abandonment of traditional woody

vegetation management (Sayer et al. 2012; Janssen et al. 2018).
The latter has led to a “mass-terrestrialization” effect, whereby
entire farmed landscapes have become dominated by heavily ter-
restrialized “late-succession” ponds overgrown bywoody vegeta-
tion and filled by poorly decomposed leaf litter and woody
material (Sayer & Greaves 2020). Previous work has shown that
pond terrestrialization results in low landscape-scale habitat het-
erogeneity, coupled with low biodiversity across multiple aquatic
and terrestrial species groups (Sayer et al. 2022). Compared to ter-
restrialized ponds, ponds regularly managed or restored to open-

Author contributions: CDS conceived and designed the study; LPR led the sampling,
identification, and drafted the first version of the paper; CDS, HMG helped with
sampling; YZ, JCA analyzed the data; all authors co-edited the manuscript.

1School of Life and Health Sciences, University of Roehampton, London,
United Kingdom
2APEM Ltd., Stockport, United Kingdom
3Address correspondence to L. P. Ruse, email les.ruse@roehampton.ac.uk
4Pond Restoration Research Group, Environmental Change Research Centre,
Department of Geography, University College London, London, United Kingdom
5Department of Health and Environmental Sciences, School of Science, Xi’an
Jiaotong-Liverpool University, Suzhou, China

© 2025 The Author(s). Restoration Ecology published by Wiley Periodicals LLC on
behalf of Society for Ecological Restoration.
This is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
doi: 10.1111/rec.70086
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.70086/suppinfo

September 2025 Restoration Ecology Vol. 33, No. 7, e70086 1 of 10

https://orcid.org/0000-0002-4859-4771
https://orcid.org/0000-0003-1406-928X
mailto:les.ruse@roehampton.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Frec.70086&domain=pdf&date_stamp=2025-05-08


canopy conditions by a combination of woody vegetation and
sediment removal, are known to support a higher coverage of
aquatic macrophytes (Sayer et al. 2022), as well as significantly
elevated wetland plant (Sayer et al. 2012, 2023), invertebrate
(Sayer et al. 2012; Janssen et al. 2018), and amphibian diversity
(Skelly et al. 2014; Arntzen et al. 2017). Increased abundances
of emerging aquatic insects (Lewis-Phillips et al. 2020) and more
diverse and flower-rich habitat structures at restored open-canopy
ponds have also been shown to strongly benefit farmland bird
(Davies et al. 2016; Lewis-Phillips et al. 2019a, 2019b) and diur-
nal pollinator (Walton et al. 2021a, 2021b) communities.

Previous studies investigating the consequences of farmland
pond restoration for aquatic biodiversity and species assem-
blages have largely focused on cross-comparisons of sites at dif-
ferent successional stages (chronosequence studies) to infer
changes through time as a response to restoration (Sayer
et al. 2012). In contrast, studies directly examining the conse-
quences of pond restoration for species diversity before and after
restoration interventions are rare. Furthermore, past studies
reporting positive effects of pond restoration have tended to
focus on relatively easily identifiable taxa, such as Odonata
and Coleoptera (Raebel et al. 2012; Sayer et al. 2012; Janssen
et al. 2018), leaving the possibility of neglecting other taxo-
nomic groups (e.g. Sialidae and Dipterans) that may potentially
favor terrestrialized ponds (Biggs et al. 1994).

The Chironomidae (Order: Diptera, “non-biting midges”)
have been widely ignored in pond conservation and restoration
studies. With 608 species listed for Britain and Ireland by Lang-
ton and Pinder (2007) and with at least an additional 30 species
reported since their publication, the Chironomidae are an
extremely species-rich family. Indeed, their known species rich-
ness represents a larger pool than that of all known non-dipteran
aquatic macroinvertebrate species in Britain and Ireland com-
bined. Chironomids form an integral part of aquatic food webs,
mediating energy transfer from bacteria and decomposing
organic matter to fish and birds (Tokeshi 1995; Lewis-Phillips
et al. 2020). Among aquatic insects, only chironomid species
and a few notonectid bugs possess hemoglobin. Hemoglobin
in chironomids has a particularly strong affinity to oxygen,
enabling those species that possess it to survive highly anoxic
conditions (Cranston 1995). Hemoglobin therefore tends to
make chironomids physiologically adapted to poorly aerated,
highly organic, or even desiccated habitats. While larvae in the
family represent free-living species as well as silk-spinning tube
and net builders and miners residing in plant material, including
wood, a large proportion of chironomid species are tube-
dwelling in soft sediments, in which they undulate their bodies
to drive water through the tubes—an activity known to increase
with falling oxygen concentrations (Pinder 1995). Chironomid
tube-building activity also significantly increases sediment sur-
face area and associated oxygen penetration and uptake
(Lock 1994). Hence, many chironomid species might be
expected to thrive in tree-covered late-succession ponds charac-
terized by low oxygen levels.

All chironomid species must rise to the water surface in order
to eclose (Langton 1995), so that the collection of floating exu-
viae is a highly representative sampling technique reflecting

chironomid emergence. Members of this family have a reputa-
tion for being difficult to identify because the aquatic larval
stage lacks easily discriminating features. Nonetheless, in the
aquatic phase, the final molts of the pupae, the exuviae, can be
reliably identified to species. Pupal exuviae furthermore remain
afloat for 1–2 days following the emergence of the adult
(Wilson & Bright 1973). Exploiting the easy collection
and identification of pupal exuviae discarded by emerging
adults, the Chironomid Pupal Exuvial Technique (CPET;
Wilson & Ruse 2005) allows for reliable ecological assessments
(CEN 2006). CPET has been previously used successfully to
classify rivers (Wilson & Bright 1973; Wilson 1980), assess
and classify the ecological status of lakes (Ruse 2010, 2011),
and to characterize gradients of biological structure variation
across lotic and lentic habitats in river-floodplain systems
(Gandouin et al. 2006).

Here, we employ CPET in an agricultural pondscape located
in Norfolk, eastern England, United Kingdom, with the aim of
studying the effects of pond restoration by major removal
of woody vegetation and pond sediment on chironomid commu-
nity structure and species richness. We test the following two
hypotheses: (1) Due to specific adaptations of chironomid larvae
that allow them to cope with low levels of oxygen and the inabil-
ity of many other invertebrate taxa to do this, chironomids have
high species richness in terrestrialized ponds, whereas competi-
tive pressures from other highly diverse macroinvertebrate
assemblages in open-canopy ponds may limit chironomid spe-
cies richness. (2) As a consequence of (1), pond restoration leads
to reductions in chironomid species richness in the landscape.

Methods

Pond Location and Sampling Strategy

This study exploits a farmland pond landscape composed of four
ponds acting as terrestrialized controls, two ponds acting as
open-canopy, macrophyte-dominated controls (hereafter open
control ponds), seven ponds that were sampled before and after
restoration by major woody vegetation and sediment removal,
with an additional two ponds sampled only post-restoration
(hereafter restored ponds). All ponds were small (<488 m2),
shallow (<2 m maximum depth), and located within a radius
of 1.5 km of Baconsthorpe Castle, near Bodham, Norfolk, east-
ern England (52�540N, 1�090E; Fig. 1). The farm landscape is
typical of lowland eastern England, being dominated by arable
agriculture, interspersed by small patches of deciduous wood-
land and grassland used for cattle grazing, with fields mostly
enclosed by hedgerows. Soils in the region are predominately
free-draining, sandy, and slightly acidic (LandIS 2023), and
average (1991–2020) monthly temperatures range from 7.4�C
in January to 20.8�C in July, with annual precipitation at approx-
imately 640 mm (Met Office 2023). Pond restorations were
undertaken by the Norfolk Ponds Project partnership (Sayer &
Greaves 2020), with two of the study ponds restored in 2011
(SABA and MYST) and five restored in 2018 (NROAD,
CHFA2, CHFA3, SKYLA, and BAWO2), while the two
remaining restored ponds (BECK and SHOOT) that both lacked
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pre-restoration sampling were restored in 2014. Pond restora-
tions (Fig. 2A & 2B) were undertaken between the months of
September and November (Table 1). Chironomid sampling
spanned 2010–2021, with sampling periods for each pond given
in Table 1. The sampling aimed to cover inter-annual variability
in chironomid communities and emergences, with MYST
and SABA sampled on nine occasions before restoration
and 11 times after restoration, and the five remaining restored
ponds with available pre-restoration data sampled on three occa-
sions before restoration and four following restoration. The two
remaining restored ponds (BECK and SHOOT) were sampled
seven times, and the open control ponds five (WRONG) and
20 times (RAIL), respectively. The terrestrialized control ponds
CHFA1,CHFA4,BAWO1, andBRECKwere all sampled 6 times,
but each pond was dry on one sampling occasion in late summer.

Floating chironomid pupal skins were collected with a
0.25 mm mesh pond net from all accessible parts of each pond

(Fig. 2C). Pupal skins can remain afloat for 1–2 days and accu-
mulate at the downwind side of waterbodies. Shoreline water
surface-skimming of pupal skins is hence generally representa-
tive of all parts of a waterbody. To account for changes in wind
direction prior to sampling, as well as the sheltered nature of
small ponds, exuviae were collected with a 0.25 mm mesh net,
supported by an extendable pole (Fig. 2C), from all accessible
bankside areas of each pond. Sampling was not timed but con-
tinued until all areas were deemed sufficiently sampled. Where
possible, the netted sample was sieved on site to facilitate trans-
port in a 150 mL plastic jar. Removal of bulky material was
achieved by passing the sample through 4 and 0.25 mm mesh
sieves, with the residue of the coarse sieve refloated and passed
again through the sieve stack before repeating at least once
more. All chironomid pupal skins were then sorted and identi-
fied, wherever possible, to species level in the laboratory with
reference to Langton and Visser (2003).

Figure 1. Map of the study area showing the location of terrestrialized control ponds, open-canopy control ponds, and ponds restored from a terrestrialized to an
open state within the Bodham-Baconsthorpe restored pond landscape, North Norfolk, eastern England (note that no pre-restoration data was available for BECK
and SHOOT).
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Figure 2. Overgrown control pond BAWO1 (A), restored pond CHFA2 3 years after restoration by major woody vegetation and sediment removal (B) and the
lead author (LR) undertaking sampling of floating pupal chironomid exuviae in an open-canopy, macrophyte-dominated pond with a long-handled net (C).

Table 1. Study ponds with details on Chironomid Pupal Exuvial Technique (CPET) sampling period, pond category, restoration year (where appropriate), and
surrounding habitat. OCC, open-canopy control pond; R, restored pond; TC, terrestrialized control pond. Note that ponds BECK and SHOOT (OCC) were
restored to open-canopy conditions in 2014, but were not sampled for chironomids prior to restoration. Ponds RAIL and WRONG were not subjected to resto-
ration and were pre-existing open-canopy ponds. A, arable; M, meadow; W, near woodland.

Pond code Sample period (M/Y)
Pond category and
restoration year Surrounding habitat Terrestrialized pond Open-canopy pond

CHFA2 6/2016–5/2021 R 2017 A x x
CHFA3 6/2016–5/2021 R 2017 A x x
BAW02 6/2016–5/2021 R 2017 A x x
NROAD 6/2016–5/2021 R 2017 A x x
SKYLA 6/2016–5/2021 R 2017 A x x
MYST 5/2010–5/2015 R 2011 A x x
SABA 5/2010–5/2015 R 2011 A x x
BECK 6/2016–5/2021 R 2014 M — x
SHOOT 6/2016–5/2021 R 2014 A — x
CHFA1 6/2016–5/2021 TC A x —

CHFA4 6/2016–5/2021 TC A x —

BAWO1 6/2016–5/2021 TC A/W x —

BRECK 6/2016–5/2021 TC A x —

WRONG 4/2017–5/2021 OCC M — x
RAIL 5/2010–5/2015 OCC A — x
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Data Analysis

Comparisons were made of chironomid richness and distribu-
tion across four different pond categories: terrestrialized control
ponds, restored ponds pre-restoration, restored ponds (ponds
restored to open-canopy conditions), and the other open-canopy
ponds in the landscape (open control ponds). For individual
ponds sampled before and after restoration, species counts were
amalgamated into pre- and post-restoration totals. Species
counts for terrestrialized ponds that were not restored during this
study were amalgamated for each pond, respectively. As a high
number of species were represented by one or a few skins only in
our samples, these samples were considered to be highly incom-
plete. To account for this issue, we used “Total Expected Species”
(TES) numbers (Zou et al. 2023) in addition to the observed species
richness to estimate the total number of chironomid species likely
to occur in a complete sample from the respective ponds and pond
treatments. TES uses asymptotic parametric approximation models
for individual-based rarefaction, offering a robust estimate of
species richness in communities with partial sampling (Zou
et al. 2023). Both observed and estimated species richness values
for the different treatments (terrestrialized, restored, and open-can-
opy controls) were then used in anAnalysis of Variance (ANOVA)
to test for significant between-treatment differences (at p < 0.05).

We finally used the Chord-Normalized Expected Species
Shared (CNESS)-measure to calculate the dissimilarity in chi-
ronomid assemblages between ponds. CNESS has been devel-
oped specifically to estimate similarity between incompletely
sampled assemblages (Zou & Axmacher 2020). Two different
rarefied sample sizes, represented by m values in CNESS, were
selected for analysis: m = 1, which focuses on compositional
dissimilarity for dominant species, and m = 36 (as the second
lowest sample size of all sites) that focuses more strongly on dis-
similarities in overall assemblage composition. Nonmetric
multi-dimensional scaling (NMDS) was then used to visualize
the CNESS dissimilarity matrix as an unconstrained ordination.
The TES richness was calculated by the R functions “TES()”
(Zou et al. 2023). The CNESS dissimilarity matrix was calcu-
lated using the function “ESS()” from Zou and Axmacher
(2020), and the NMDS ordination was conducted using the
“vegan” package (Oksanen et al. 2018). ANOVA and post hoc
tests were undertaken using SPSS 27. Our sampling design
overall followed the Before-After-Control-Impact (BACI)
approach, with controls both of the pre-restoration (terrestria-
lized) and open-canopy pond stages, and with the majority of
restored ponds sampled both before and after restoration.

Results

Of the 123 chironomid species identified from the 15 study ponds
(Table S1), 9 species were exclusively recorded at terrestrialized
ponds. In contrast, 56 chironomid specieswere exclusively recorded
at ponds restored to an open-canopy state, 5 from the open control
ponds, with a further 20 species found in both open control and
restored ponds. This means that, in total, 81 species (71.5%) were
only recorded from open-canopy ponds. The remaining 33 species
were found in both terrestrialized and open ponds. One species,

Glyptotendipes caulicola (Kieffer), collected exclusively from
restored pond CHFA2 following its restoration, has not previously
been recorded in the British Isles. This species is morphologically
very similar to G. foliicola Kieffer as found in restored ponds
BECK, SHOOT, and SKYLA. The adult syntype series of
G. caulicola, held at the Zoologische Staatssammlung München
(ZSM) in Germany, was collected by Kieffer from material derived
from several populations. Additionally, a Diptera specialist at the
ZSM alerted us to the possibility that the syntype comprises more
than one species (M. Spies, 2023, ZSM personal communication).
The situation with G. foliicola Kieffer is even more confusing, as
almost none of the numerous applications of this namewere derived
from appropriate original sources, as indicated by Spies and Sæther
(2004). In this paper, the two species have been identified on the
basis of pupal exuviae descriptions sensu Langton and Vis-
ser (2003).

The number of observed species, as well as the TES number in
ponds following restoration, greatly exceeded that observed at the
same ponds before restoration (Fig. 3). This pattern was further
consolidated by the terrestrialized control pond records and the
open-canopy controls, with observed and expected species rich-
ness also significantly higher in the latter pond category.

The unconstrained ordination plots, based on an NMDS of
CNESS for m = 1 (Fig. 4A) and m = 36 (Fig. 4B), reflected a
differentiation of the terrestrialized ponds from both the restored
ponds and the open-canopy control ponds. The latter two groups
formed a loose cluster, with open-canopy control ponds not
strongly differentiated from the restored ponds in relation to chi-
ronomid community composition (Fig. 4B). When focusing on
dominant species (Fig. 4A), the differentiation between the dif-
ferent pond categories was less strict, with some of the restored
ponds dominated by the same species also dominant in the over-
grown ponds. In both ordination plots, open-canopy control

Figure 3. Mean observed (solid) and estimated (white, with error bars
representing standard deviation) chironomid species richness per pond at
terrestrialized control ponds (terrestrialized control), restored ponds sampled
in the terrestrialized state before restoration (pre-restoration), restored ponds
following restoration (restored) and open-canopy control ponds (open
Control). The different letters (A, B) indicate significant (p < 0.05)
differences in diversity for both observed and estimated species richness
between chironomid assemblages of the respective pond treatments, while
error bars represent � SD for the extrapolated species richness measures.
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ponds showed a strong similarity in assemblage structure, while
terrestrialized ponds were characterized by substantial inter-
pond variation in species assembly both in terms of dominant
species and overall species composition.

Discussion

The notable increase in actual and estimated chironomid species
numbers in the restored farmland ponds, and the higher number
of species found in the open-canopy control ponds compared to

terrestrialized farmland ponds dominated by woody vegetation,
contradicts our first hypothesis that chironomid species diversity
might be reduced in open-canopy macrophyte-filled ponds.
Instead, the chironomid diversity response aligns with patterns
observed for other aquatic invertebrate taxa (Odonata, Trichop-
tera, Coleoptera, and Mollusca) that have shown much higher
diversity in early succession ponds with abundant aquatic plants
compared to highly shaded, late-succession ponds with sparse
macrophyte cover (Hassall et al. 2011; Raebel et al. 2012;
Janssen et al. 2018), a pattern similarly demonstrated for ponds

Figure 4. NMDS ordination plots for chironomid assemblages in the study ponds, based on a CNESS dissimilarity matrix (see text) for m = 1 (A), emphasizing
similarity in dominant species, and m = 36 (B) showing similarity in overall species composition. Orange circles represent terrestrialized ponds (including
overgrown control ponds and open-canopy restored ponds before restoration, with the latter marked with a black X), open green squares represent open-canopy
restored ponds (denoted also by a small r at the end of the pond code where pre-restoration data exists) and blue circles represent open-canopy control ponds.
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within our wider study area (Sayer et al. 2012). Thus, at least in
farmland ponds, and despite the ability of many chironomid lar-
vae to cope with extremely low oxygen levels in the water bod-
ies, chironomids do not exhibit a positive diversity response to
pond terrestrialization. Instead, most chironomid species appear
to thrive in macrophyte-filled, open-canopy ponds with low
shading—a situation that quickly arises in formerly terrestria-
lized ponds following restoration (Sayer et al. 2022). While a
small number of chironomid species were exclusively recorded
from the terrestrialized ponds in this study (n = 9), many more
were uniquely encountered in the open-canopy, macrophyte-
dominated pond condition (n = 81). Our second hypothesis that
pond restoration results in a reduction of chironomid species
richness in the landscape can therefore also be rejected. The
mechanisms that favor enhanced chironomid richness in
restored, macrophyte-filled ponds compared to heavily wooded
terrestrialized ponds are obscure, as it was not possible to under-
take a detailed characterization of water chemistry and hydro-
logical fluctuation in this study. Nonetheless, it can be
speculated that improved habitat structure (plants), increased
oxygenation, and changes to hydrological regimes (with ponds
becoming more permanent following the removal of trees) are
key. Further research is required to more clearly identify direct
drivers of the observed chironomid species richness increases.

To help infer patterns in chironomid composition across the
studied terrestrialized and open-canopy study ponds, as well as
changes in community assembly before and after restoration, it
is instructive to consider available knowledge of chironomid
ecology, although this is relatively scarce, especially for pond
communities. Generally, Céréghino et al. (2008) found that dif-
ferences in aquatic vegetation structure and age between ponds
played an important role in selecting for invertebrate species
traits related to population dynamics and feeding habits. For a
set of shallow eastern English lakes, Langdon et al. (2010)
showed that aquatic macrophyte density and, importantly, their
species richness were primary controls on chironomid commu-
nity distribution in surface sediment samples. In palaeoecologi-
cal studies of both Danish (Brodersen et al. 2002) and English
(Davidson et al. 2013) shallow lakes subject to eutrophication,
sub-fossil chironomid assemblages have been found to again
strongly co-vary with changes in macrophyte abundance and
structure as inferred from plant macro-remains. If we apply this
knowledge gained from lakes, it might hence be expected that
aquatic vegetation represents a key driver of chironomid compo-
sition in our study ponds and, in turn, a major influence over
community changes through time.

Of the nine species uniquely found in terrestrialized ponds,
Chironomus lacunariuswas only found at terrestrialized control
pond BAWO1 and in pond BAWO2 before restoration. As this
species has previously been associated with alpine and upland
lakes (Langton & Visser 2003; Moller Pillot 2009), its occur-
rence in ponds in this lowland study region extends our knowl-
edge of its environmental preferences. Two other species only
found in terrestrialized pond SKYLA were not recorded from
this pond after its restoration. One of these is the deposit
feeder/scraper C. anthracinus, which is tolerant of prolonged
anoxia and requires thick sediments for tube burrows

(Pinder 1995; Moller Pillot 2009). The apparent loss of
C. anthracinus might therefore be linked to the extensive sedi-
ment removal that was undertaken during the restoration of
SKYLA, resulting in a loss of appropriate habitat. The second
species, Neozavrelia Pe1 (either Neozavrelia fuldensis or
N. luteola, their exuviae cannot be separated), is a periphyton
grazer found previously in five upland lakes in Wales and Scot-
land, and in an English Midlands lake by Ruse (2011). As a
grazer, this species might have been expected to thrive in the
macrophyte-dominated conditions prevalent in SKYLA follow-
ing its restoration, and its absence from post-restoration samples
is hard to explain.

Expected early returners (within 4 months as in Ruse 2002) to
ponds subject to restoration were the multivoltine Psectrocla-
dius limbatellus, Acricotopus lucens, and C. riparius. These
are known rapid colonizers of muddy habitats, as is the parthe-
nogenetic detritivore/algal-feeding Paratanytarsus laccophilus
(Langton 1995). First-time colonizers of the restored ponds also
included Tanypus kraatzi, an algal/detritus feeder, which can
turn to carnivory when early instars of chironomid larvae from
other species become available (Vallenduuk & Moller Pil-
lot 2007). Further, post-restoration mud-dwelling detritophages
and possible microcarnivores were Cladopelma viridulum and
Micropsectra junci. Predatory colonizers included the organic
silt-dwelling final instar of Psectrotanypus varius (common to
most ponds) and later instars of Procladius choreus,
P. sagittalis,Cryptochironomus obreptans, andHarnischia cur-
tilamellata, as well as the facultative predator Parachironomus
arcuatus—species all exclusively recorded at open-canopy,
macrophyte-dominated ponds. Predatory chironomids likely
have an advantage in freshly excavated, standing water bodies
that are devoid of fish and macrophyte stands due to low top-
down predation pressure and ease of hunting in a structureless
habitat (Ruse 2002). New colonizers of restored ponds also
included species intolerant of pond drying and consequent des-
iccation, such as the predatory Ablabesmyia longistyla, the
grazer Polypedilum nubens, as well as Corynoneura gratias,
an algal/detritus feeder associated with aquatic macrophytes.

The importance ofmacrophyte habitat is clearly key to explain-
ing the 81 chironomid species unique to open-canopy ponds
(combining open control and restored ponds) in our study area.
Extensive emergent, floating, and submerged vegetation commu-
nities develop rapidly (6 months to 1 year) following the restora-
tion of terrestrialized ponds (Sayer et al. 2022) and provide
complex structures for invertebrates to live in. When submerged
and floating plants colonized the study ponds (after around
8 months), chironomid species that mine leaves and stems such
as Endochironomus albipennis started to occur. Other open-pond
leaf-mining colonizers, E. tendens (intolerant of low oxygenation
and drying out) as well as Glyptotendipes foliicola, G. caulicola,
G. cauliginellus, andG. scirpi also arrived. These species spin silk
nets at constructed tunnel entrances to collect suspended algae
and are commonly associated with the floating-leaved plant Pota-
mogeton natans, which quickly became abundant at many study
ponds following restoration in less than 1 year.

Other plant-feeding, shredder species found exclusively
in the open-canopy study ponds included Monopelopia
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tenuicalcar and Cricotopus ornatus. Diatoms and detritus
attached to stem and leaf surfaces of aquatic macrophytes appear
to have attracted a further, diverse range of grazing chironomid
species, including Xenopelopia falcigera, Psectrocladius
obvius, G. barbipes (also a filterer), Tanytarsus mancospinosus,
T. medius, and T. niger. Colonization by bryozoans on hard sur-
faces such as plants then appears to have attracted the chirono-
mid Parachironomus frequens, which strongly depends on
them (Moller Pillot 2009). This species was only recorded at
restored open-canopy control pond SHOOT. Dicrotendipes
lobiger has similarly been associated with bryozoans and was
found in all but one of the open-canopy ponds. When a restored
pond is colonized by snails, it can start to support populations of
the parasitic P. mauricii; this species colonized restored pond
SABA 12 months after restoration. Young larvae in this species
enter a snail’s shell and feed on its body fluid. The prepupa then
leaves the host before pupation, so it can eclose at the water
surface.

Some three chironomid species were restricted to open-
canopy control pond RAIL. This pond possesses dense beds of
aquatic plants, and evidence from sediment core macrofossil
analysis suggests that this has been so for at least two centuries
(Emson 2015). In keeping with centuries of macrophyte cover
stability in RAIL, the tanypod Guttipelopia guttipennis is
strongly associated with aquatic vegetation and with long-
established waterbodies (Vallenduuk & Moller Pillot 2007).
The large thoracic horns of the pupa from this species make it
buoyant and vulnerable to predation at the surface, so it clings
to submerged vegetation with strong finger-like thoracic combs
(Langton 1995). This species might be expected to appear in the
recently restored ponds in the study area as they mature.
The orthoclad Psectrocladius brehmi, which was also unique
to RAIL, is found creeping on leaf blades. It is rare and was only
found in four upland tarns among 240 U.K. lakes surveyed by
Ruse (2011). It is clear, therefore, that long-established plant-
dominated ponds (due to frequent management or the chance
of absence of invading wet-loving shrubs and trees) may be
important for enhancing chironomid diversity in the landscape.

Chironomids form an important component of aquatic eco-
systems, having a significant impact on water chemistry at the
sediment/water interface through bioturbation, particularly in
shallow waterbodies (Benelli et al. 2018). They are critical to
ecological functioning and food webs in both aquatic and terres-
trial ecosystems, providing an important link between primary
producers and secondary consumers (Tokeshi 1995). In this
respect, studies have shown that chironomids are an important
food source for farmland birds (Lewis-Phillips et al. 2020), as
well as bats (Vaughan 1997; Vesterinen et al. 2020), both
of which are in decline on a global scale, with declines in
insect prey considered causal (Inger et al. 2015; Vesterinen
et al. 2020). Given their exceptional ecological diversity and
occurrence across the full array of wetland habitats and their
key functional role, chironomids clearly afford great potential
for detecting and monitoring ecological change, including in
ponds. Chironomids are, however, widely absent in aquatic con-
servation discourses. In the future, it is hence entirely appropri-
ate to consider how best to conserve and enhance chironomid

communities and populations in farm pond landscapes, as
studied here.

Inevitably, in the absence of natural disturbance and/or man-
agement intervention (e.g. grazing and scrub removal), farm
ponds become heavily overgrown by trees and bushes after a
few decades (Sayer et al. 2013). It is clear from this study that very
few chironomid species prefer the resulting semi-terrestrial condi-
tions, while the opening up of terrestrialized ponds through pond
restoration dramatically increases chironomid diversity, leading
to colonization by species currently considered rare in the
United Kingdom. While the benefits of pond restoration to chi-
ronomid communities are clear, some species were apparently
lost from the terrestrialized ponds post-restoration. Given this pat-
tern, it seems sensible that landscape-scale pond restoration plans
should retain a number of ponds in a late-succession state. Such
an approach has recently been advocated for other species groups
associated with farmland ponds, spanning freshwater inverte-
brates (Hassall et al. 2012; Sayer et al. 2012), pollinating insects
(Walton et al. 2021a) and farmland birds (Lewis-Phillips
et al. 2019a, 2019b). In our view, landscape-scale pond conserva-
tion should hence seek to use restoration and subsequent woody
vegetationmanagement tomaintain amosaic of ponds in different
stages of succession, from recently excavated open-canopy ponds
to mature and semi- and fully terrestrialized ponds, but with a
clear dominance of early successional ponds. We emphasize the
key importance of pond restoration for chironomid conservation
in farmland pond landscapes.
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