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Abstract
1. Farmland ponds are a highly threatened freshwater habitat which has undergone 

dramatic losses during the last 200 years due to land drainage schemes and agricul-
tural intensification. Agri-environment schemes (AES) incentivize farmers to adopt 
farming methods to benefit biodiversity, yet there are a paucity of data evaluating 
the success of artificially created AES ponds as analogues of natural ponds in an at-
tempt to recreate lost environments.

2. We examined variation in environmental parameters and aquatic and terrestrial 
invertebrate communities between 38 natural ponds and 91 artificial ponds that 
were created in south-west Ireland (n = 129).

3. Artificial ponds in agricultural grassland did not replicate natural ponds in adjacent 
semi-natural habitats differing significantly in size, pH, conductivity, productivity 
(indicated by submerged and emergent plant cover including algae) and surround-
ing vegetation structure that is, sward height. These differences significantly in-
fluenced aquatic and terrestrial invertebrate community structure with a suite of 
indicator taxa in both natural and artificial ponds.

4. The conservation value of artificial ponds in agricultural grasslands should not be 
underestimated as they had 43% higher aquatic species richness and 33% higher 
aquatic species abundance than natural ponds in adjacent semi-natural habitats.

5. Synthesis and applications. We demonstrate that artificial agri-environment scheme 
ponds created in agricultural grasslands, whilst not direct analogues of natural 
ponds in adjacent semi-natural habitats, do fulfil a role in preserving high local bio-
diversity albeit representing a different community of species. Creation of ponds 
in farmland as well as in adjacent natural habitats could provide a wider range of 
environmental conditions and richer associated macroinvertebrate communities, 
increasing landscape connectivity and further enhancing regional biodiversity.

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.
© 2020 The Authors. Journal of Applied Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society
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1  | INTRODUC TION

Agricultural intensification raises concerns about biodiversity loss 
and degradation in associated ecosystem service delivery (Smith, 
Renwick, Bartley, & Buddemeier, 2002; Deacon, Samways, & 
Pryke, 2018). Agri-environmental schemes (AES) aim to reverse the 
negative consequences of converting natural habitats to agriculture 
by compensating farmers for financial losses associated with modify-
ing agricultural practises to benefit biodiversity (Weibull, Ostman, & 
Granqvist, 2003; Whittingham, 2011). Agri-environmental schemes 
have become key to environmental and agricultural policy and are 
one of the main mechanisms by which wildlife conservation projects 
are financed (Batáry, Dicks, Kleijn, & Sutherland, 2015). AES yield 
mixed outcomes with most lacking adequate monitoring resulting 
in a paucity of data through which success was assessed (Kleijn, & 
Sutherland, 2003). Nevertheless, in some instances AES are capa-
ble of reversing population declines whilst increasing species rich-
ness and abundance of common taxa (Kleijn et al., 2006; Perkins, 
Maggs, Watson, & Wilson, 2011). Most of the successful AES have 
focused on terrestrial taxonomic groups, for example, birds (Batáry 
et al., 2015). While some work has been done on lotic systems (e.g. 
Jones et al., 2017), little is known on the impact of AES on freshwa-
ter ponds and associated aquatic biodiversity.

Freshwater ponds are important habitats for aquatic biodiversity. 
This is particularly the case in agricultural landscapes where ponds act 
as dynamic sinks and sources of regional biodiversity within an other-
wise uniform, monocultural matrix (Céréghino, Boix, Cauchie, Martens, 
& Oertli, 2014; Davies et al., 2008; Sayer et al., 2012). The number 
and distribution of ponds throughout Europe have undergone dramatic 
declines; for example, Ireland lost 54% of its farmland ponds between 
the late 1800s and the early 2000s because of agricultural intensifi-
cation and large-scale land drainage schemes (Reid et al., 2014). Pond 
degradation reduces habitat quality, increases aquatic habitat frag-
mentation and leads to loss of associated freshwater species (Wood, 
Greenwood, & Agnew, 2003). Loss of suitable breeding ponds can 
negatively affect amphibian population dynamics (Gibbs, Whiteleather, 
& Schueler, 2005), species abundance (Hartel, Nemes, Öllerer, 
Cogalniceanu, & Arntzen, 2010) and richness (Simon, Snodgrass, Casey, 
& Sparling, 2009) with similar results for other taxonomic groups, for 
example, dragonflies (Kadoya, Suda, Tsubaki, & Washitani, 2008).

In an attempt to recreate lost freshwater habitats, artificially cre-
ated AES ponds are constructed on farmland throughout Europe each 
year as analogues of natural ponds; now largely restricted to adjacent 
non-agricultural habitats (Batáry et al., 2015). Artificial ponds play an 
important role in metapopulation dynamics, serving as steppingstones 
for dispersal (Casas et al., 2012) and can sustain an important frac-
tion of regional aquatic diversity, making a significant contribution to 
freshwater biodiversity (Oertli, 2018; Ruggiero, Céréghino, Figuerola, 

Marty, & Angélibert, 2008; Williams et al., 2020) and benefiting non-
aquatic species such as bats by providing foraging habitats (Sirami, 
Jacobs, & Cumming, 2003). However, little is known about the degree 
to which artificial ponds replicate the biotic and abiotic environments 
of natural ponds and, therefore, their contribution to habitat and land-
scape restoration.

Ecosystem restoration is the practice of renewing and restoring 
damaged or destroyed ecosystems by active human intervention. Due to 
their complexity, it is often impossible to restore a degraded ecosystem 
to a state of pre-anthropogenic impact, and thus, all ecological resto-
ration projects result in the creation of novel environments that, at best, 
mimic some natural analogue (Lundholm & Richardson, 2010). Natural 
and restored environments frequently differ in, for example, climatic 
conditions, soils, community structure and species interactions (Pickett 
& Cadenasso, 2009). Identifying the abiotic and biotic differences be-
tween natural habitats and their artificial replicas may help inform con-
servation management practises (Lundholm & Richardson, 2010).

This study aimed to test the efficacy of artificially created AES 
ponds nested in agricultural grasslands in replicating the conditions 
of natural ponds in the same landscape, now largely restricted to 
adjacent semi-natural habitats. The specific objectives were to com-
pare environmental parameters, aquatic and terrestrial invertebrate 
species richness, abundance and community structure, and to estab-
lish indicator species that differentiated natural and artificial com-
munities. Explicitly quantifying artificial pond biodiversity is of value 
in demonstrating the effectiveness of restoration ecology highlight-
ing both the limitations and successes of creating artificial analogues 
of natural environments.

2  | MATERIAL S AND METHODS

A total of 129 ponds were surveyed in Co. Kerry, Ireland; 38 natu-
ral ponds and 91 artificially constructed ponds created as part of an 
existing National Parks and Wildlife Service (NPWS) Pond Creation 
Scheme initiated in 2008 (Figure S1), and funded by the Republic of 
Ireland Government. Any experiment as a pure scientific investigation 
of the differences between natural and artificial ponds would necessi-
tate a fully factorial design avoiding any confound between pond type 
and habitat type. Yet here, natural ponds occurred mainly in sand dune 
habitat. Ponds within links golf courses (hereafter, amenity grassland) 
were natural sand dune ponds, thus natural in this instance refers 
to the origin of the pond and not the surrounding habitat. Artificial 
ponds were created exclusively in adjacent coastal grasslands. In 
this real-world scenario, AES ponds were constrained to agricultural 
grasslands. Our comparison between natural and artificial ponds is, 
nevertheless, valuable, not despite of, but because ponds occupied 
different habitats. In the studied landscape, almost 100% of farmland 

K E Y W O R D S

agri-environment schemes, community ecology, farmland, freshwater biodiversity, grassland, 
macroinvertebrates, natural environments, pond



     |  3Journal of Applied EcologyREYNE Et al.

ponds had been historically drained (Reid et al., 2014). Artificial ponds 
in agricultural grassland were typically on sandy soils within <200 m 
of the coastal margin and spatially adjacent to remaining semi-natural 
habitats containing natural ponds within the same overall landscape. 
All ponds, whether natural or artificial were shallow (<1 m deep). 
Government funded the current study in order to assess the efficacy 
of their pond creation scheme and thus, our study quantifying the 
value of artificial ponds for biodiversity was deemed of applied value.

2.1 | Invertebrate sampling

The aquatic macroinvertebrate assemblage of each pond was sur-
veyed using an approach combining sweep netting and baited bottle 
trapping. This combined approach enabled a comprehensive estimate 
of taxa richness (following e.g. Becerra-Jurado, Harrington, & Kelly-
Quinn, 2008). Sampling was conducted during June and July 2016 
with both samples pooled within each pond. In some cases, due to 
low water levels, only sweep netting was used and thus only ponds 
where both types of sampling were successful were used in analyses 
lowering our final sample size to 86 ponds. The terrestrial invertebrate 
assemblage of each pond was surveyed using pitfall traps. Traps were 
left in situ for a period of 4 weeks (between late April and late May 
2017). At the time of sampling, most of the artificial ponds (78%) were 

8 or 9 years old, with the remaining ponds being <8 years old. For a 
detailed outline of the sampling procedure for aquatic and terrestrial 
macroinvertebrates see Supporting Information.

We recognize that our trapping methods may not have sampled 
the entire invertebrate community uniformly, but our aim was not a 
definitive parochial species list per pond but relative comparison with 
all ponds sampled using the same method during the same season.

2.2 | Environmental parameters

A total of 17 environmental parameters were collected to describe 
the aquatic and terrestrial environment associated with each pond 
(Table 1). Continuous measurements were taken once a month for 
each pond throughout the study period and the mean recorded.

2.3 | Statistical analysis

Single variable tests of differences in the mean values of environ-
mental parameters were used to describe variation in pond en-
vironments that is, Mann–Whitney-U between pond types and 
Kruskal–Wallis χ2 tests between habitat types. The proportion of 
ponds that where loosely categorized as permanent (taken here as 

TA B L E  1   Description of 15 environmental parameters collected as explanatory variables in the study

# Environmental parameter Description

1 Pond type Natural (0) and artificial (1)

2 Habitat Surrounding terrestrial habitat type (within 100 m radius of the pond) defined by Fossitt (2000); (a) 
improved agricultural grassland (GA1), (b) wet grassland (GS4), (c) fixed dunes (CD2) and (d) amenity 
grassland that is, links golf courses converted from fixed sand dunes (GA2)

3 Activity Three site management practises were recognized at the study area: farming, golf course management 
and discontinued use (abandonment)

4 pH pH ± 0.05 measured with a Hanna Combo tester HI98129

5 Conductivity Conductivity (µS/cm) ±2% measured with a Hanna Combo tester HI98129 ranging from 0 to 3,999 µS/cm

6 Salinity Salinity was measured with Extech RF20 portable refractometer in parts per thousands

7 Dissolved oxygen (DO) Dissolved oxygen (mg/L) measured using a YSI 550A meter ranging from 0 to 50 mg/L

8 % aquatic plantssurface Percentage of pond surface covered by floating aquatic plants

9 % aquatic plantssubstrate Percentage of pond substrate covered by aquatic plants

10 % plant litter Percentage of pond substrate obscured by plant litter such as dead leaves

11 % filamentous algaesubstrate Percentage of pond substrate covered by filamentous algae

12 % emergent vegetation Percentage of pond surface with emergent vegetation that is, plants rooted in the substrate but 
projecting above the surface for example, reeds

13 % bare substrate Percentage of pond substrate that was unvegetated for example, bare sand

14 Pond age Artificial ponds varied in age from 9 years old (created in 2009) to 3 years old (created in 2015)

15 Surface area (m2) Pond length (a) and width (b) were measured by an Insight 1,000 LH Laser Rangefinder. The two 
dimensions were used to estimate the surface area (A) with the formula for an ellipse

16 Area dried up (%) The surface area that dried was estimated as the difference between the largest and smallest surface 
area that was recorded for each pond as measured every 2 weeks throughout the field survey in 2016. 
Results were converted into percentage of the largest measurement

17 Presence of vertebrate 
predators

Vertebrate predator (fish and amphibians) presence/absence data recorded for each pond during 
invertebrate surveys
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<50% of the surface dried) and ephemeral (>50% dried) were com-
pared using a χ2 test of association. The relationship between the 
surface area of each pond that dried and species richness and abun-
dance was investigated using linear regression.

Sample-based rarefaction curves were generated and compared 
to account for the uneven sample size between natural and artificial 
ponds. Violin plots were used to visualize results as they explicitly 
display data density. These analyses were performed using the pack-
age vegan for R3.6.3 (Oksanen et al., 2019; R Core Team, 2019).

Variation in aquatic and terrestrial invertebrate species richness 
and abundance were examined using GLMs. Multimodel selection was 
used to choose the single best approximating model from all subset re-
gressions using the Akaike Information Criterion corrected for sample 
size (AICc). Only models within two AICc units of the best model were 
considered. GLMs were run using IBM SPSS Statistics v24.

Multivariate ordination analyses were used to examine variation 
in aquatic and terrestrial invertebrate community composition using 
PRIMER6 with PERMANOVA+ software. Permutational multivariate 
analysis of variance (PERMANOVA) was used to compare community as-
semblages between different pond and habitats types. Distance-based 
Linear Models (DistLMs) were used to explain variation in the macro-
invertebrate community based on environmental parameters using 
resemblance tables and permutations with the best model selected 
based on the lowest AICc value. Distance-based Redundancy Analysis 
(dbRDA) biplots created using ggplot2 (Wickham, 2016) were used to 
visualize patterns in similarity between pond or habitat types. We also 
created density plots for each dbRDA axis and calculated significance 

levels to visualize how much variation in the dataset was accounted for 
by each axis. Full details are provided in the Supporting Information.

Indicator species analysis (ISA) was used to identify taxa responsi-
ble for differences in invertebrate assemblages between pond or hab-
itat types. ISA produces an indicator value (IV) based on the concept 
that an ideal indicator species will be found exclusively within a given 
group (McCune & Grace, 2002). Indicator values were tested for sta-
tistical significance using a randomized Monte-Carlo test. Analysis was 
performed in PC-Ord v6.0 (McCune & Grace, 2002). The association 
between the relative abundance of each identified indicator species 
with the environmental parameters was analysed using all subset re-
gression and GLM as described above.

3  | RESULTS

In total, 56 aquatic macroinvertebrate species (Figure S2a) were re-
corded from 86 ponds of which 19 (22%) were natural and 67 (78%) 
artificial ponds. In total, 87 spider species (Figure S2b) were recorded 
at 126 ponds (pitfall traps at three ponds caught no spiders) of which 
37 (29%) were natural and 89 (71%) artificial ponds.

The surface area of artificial ponds was typically an order of 
magnitude smaller than natural ponds (Table 2). Artificial ponds had 
significantly lower pH and conductivity, had less emergent and sub-
stratum vegetation including filamentous algae and were surrounded 
by a lower percentage cover of short sward. Ponds varied significantly 
in size between habitat types being substantially larger in fixed dunes 

Environmental 
parameter

Pond type Mann–Whitney

Natural Artificial U Z p

Size

Surface area (m2) 452.8 ± 620.7 46.9 ± 22.2 384.5 −4.126 0.028

Area that dried (%) 59.0 ± 28.5 42.0 ± 24.2 420.0 −2.254 0.024

Water

pH 7.4 ± 0.6 6.7 ± 0.7 166.5 −4.555 <0.001

Conductivity (µS/cm) 998.7 ± 1,141.6 494.0 ± 808.6 278.0 −3.345 0.001

DO (mg/L) 5.9 ± 2.8 6.0 ± 2.2 562.5 −0.260 0.765

Vegetation (%)

Emerged vegetation 46.6 ± 31.7 25.2 ± 26.1 405.5 −1.976 0.048

Bare substrate 12.1 ± 22.3 20.2 ± 25.8 443.5 −1.639 0.101

Aquatic plants 
surface

26.3 ± 35.0 19.9 ± 28.8 540.5 −0.529 0.597

Plant litter 38.9 ± 33.8 52.1 ± 35.4 496.5 −0.987 0.323

Aquatic plants 
substrate

62.1 ± 44.4 34.3 ± 35.8 334.5 −2.790 0.005

Filamentous algae 6.8 ± 12.0 3.0 ± 9.7 433.0 −2.344 0.019

Sward height (%)

<5 cm 36.5 ± 28.3 21.2 ± 25.0 1,098.5 −3.318 0.001

5–20 cm 28.0 ± 23.4 10.5 ± 17.1 837.5 −4.690 0.001

>20 cm 49.9 ± 30.1 51.0 ± 27.9 1,712.0 −0.088 0.930

TA B L E  2   Mean values ±1 SD for 
environmental parameters associated with 
natural and artificial ponds and a test of 
difference
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and amenity grasslands while smallest in improved and wet grasslands 
(Table S2). Surrounding sward heights varied significantly between 
habitat types with wet grasslands having the tallest vegetation.

Aquatic macroinvertebrate species richness and abundance 
differed significantly between pond types (Table 3) even after 
accounting for unbalanced sampling using rarefaction (Figure 1). 
Artificial pond communities were 43% more species rich (artifi-
cial: 7.2, 95% CI: 6.5–7.9; natural: 4.2, 95% CI: 3.1–5.3) with a 33% 
higher abundance (artificial: 37.4, 95% CI: 30.2–44.6; natural: 21, 
95% CI: 9.6–32.4). Aquatic species richness was positively related 
to the percentage cover of substratum aquatic plants whilst both 
richness and abundance showed a negative trend with conductiv-
ity (Table 3). Aquatic species abundance was negatively related to 
the percentage of plant litter while positively related to the area of 
the pond that dried up. Habitat was not retained in the top GLMs 
of aquatic macroinvertebrate richness and abundance (Table 3) yet 
rarefaction suggested significant variation (p < 0.001) after ac-
counting for unbalanced sampling (Figure 1a) with highest richness 
and abundance at ponds in agricultural grasslands. Furthermore, 
pond age, ephemerality and vertebrate predators had no significant 
effect on aquatic species richness and abundance (see Supporting 
Information). Pond type was not retained in the top GLM of spider 
species richness and abundance (Table 3) with no significant differ-
ence after accounting for unbalanced sampling using rarefaction 
(Figure 1b). Habitat was retained in the top GLM of spider richness 
and abundance but was not significant (p < 0.05) with rarefaction 
suggesting that most habitats were similar except that spider rich-
ness was lowest at ponds in wet grassland (Figure 1b). Both spider 

species richness and abundance were positively related to short 
swards (Table 3).

Multivariate ordination analyses suggested that aquatic and 
terrestrial invertebrate communities differed significantly in struc-
ture between pond and habitat types (Figure 2; Table S4). Pairwise 
comparisons indicated that aquatic communities differed signifi-
cantly between pond types while ponds in amenity grassland dif-
fered from those in all other habitat types as well as ponds in fixed 
dunes differing from those in agricultural land (Table S4). DistLM 
suggested that differences in aquatic communities were driven by 
pH, conductivity and the percentage of the substratum covered by 
aquatic plants (Figure 2; Table S5). All three environmental parame-
ters differed significantly between pond types (Table 2) and habitats 
(Table S2). Pairwise comparisons indicated that spider communities 
differed significantly between pond types and all habitats (Figure 2; 
Table S4). DistLM suggested those differences were driven by sward 
height (Table S5) with all categories of sward heights differing signifi-
cantly between habitats (Table S2).

Indicator species analysis suggested that artificial ponds were 
characterized by four aquatic and five spider indicator species while 
natural ponds were characterised by three aquatic and three spider 
indicator species (Table 4). GLMs suggested that the abundance 
of each indicator species was driven by species-specific environ-
mental parameters (Tables 5 and 6) indicative of varying ecologies, 
but many factors influencing their abundance differed significantly 
between natural and artificial ponds that is, conductivity, cover of 
substratum aquatic plants and the surrounding coverage of short 
swards.

Environment F β ± SE n.df d.df p

Aquatic species

Model

(a) Species richness 7.904 8.245 ± 0.874 3 82 <0.001

Pond type 9.601 −2.115 ± 0.683 1 82 0.003

Conductivity 2.967 −0.489 ± 0.284 1 82 0.890

Aquatic plants 
substrate

7.343 0.773 ± 0.285 1 82 0.008

(b) Species abundance 3.964 3.012 ± 0.207 4 81 0.005

Pond type 5.859 −0.573 ± 0.237 1 81 0.018

Conductivity 3.483 −0.172 ± 0.092 1 81 0.066

Plant litter 5.863 −0.221 ± 0.091 1 81 0.018

Area dried up 0.536 0.075 ± 0.102 1 81 0.466

Spider species

Model

(a) Species richness 3.339 8.358 ± 0.144 4 124 0.012

Habitat type 1.269 Multifactorial 3 124 0.288

Short sward 5.385 0.005 ± 0.002 1 124 0.022

(b) Species abundance 2.338 28.109 ± 8.358 4 124 0.059

Habitat type 0.120 Multifactorial 124 0.948

Short sward 8.023 0.330 ± 0.116 1 124 0.005

TA B L E  3   GLM results for (a) species 
richness and (b) abundance for aquatic 
and spider species
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F I G U R E  1   Sample-based rarefaction curves and violin plots of taxa richness and abundance across pond and habitat types for (a) aquatic 
and (b) spider species
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4  | DISCUSSION

Artificially created AES ponds constructed in agricultural grass-
land, whilst not direct analogues of natural ponds in adjacent 
non-agricultural habitats within the same landscape, do appear to 
fulfil an important role in preserving local biodiversity despite dif-
ferences in community structure. Artificial ponds had significantly 
higher aquatic macroinvertebrate species richness and abundance 
than natural ponds but neither pond type differed with respect to 
surrounding terrestrial invertebrates; specifically, spiders taken as 
bioindicators. Our results indicate the importance of newly created 
farmland ponds in maintaining aquatic biodiversity and are in line 
with other studies that demonstrate a significant contribution of 
artificial ponds in maintaining high regional freshwater biodiversity 
(e.g. Biggs, Williams, Whitfield, Nicolet, & Weatherby, 2005; Davies 
et al., 2008; Simaika, Samways, & Frenzel, 2016).

Overall, artificial ponds in agricultural grassland did not repli-
cate natural ponds in adjacent semi-natural habitats in their abiotic 
and biotic characteristics and showed considerable environmen-
tal variation. In line with predictions derived from island biogeog-
raphy (McArthur & Wilson, 1967), we might expect larger ponds 
to be more species rich with more complex community struc-
ture than small ponds. However, our results indicated that higher 
aquatic species richness and abundance was observed in artificial 
ponds which were significantly smaller in size than natural ponds. 

F I G U R E  2   Aquatic macroinvertebrate 
(a and b) and terrestrial spider community 
(c and d) structure between pond type 
(left column) and habitat types (right 
column) as illustrated by Distance-based 
Redundancy Analysis (dbRDA) plots of 
Distance-based Linear Models (DistLMs) 
based on associated environmental 
parameters. Each symbol represents 
a single pond. Regular spacing of 
ponds within the biplot space for the 
terrestrial communities is the result 
of percentage cover (estimated to 
the nearest 10%) within sward height 
categories. Environmental vectors are 
proportional to their contribution to 
the total variation explained and are in 
direction of increasing values. Marginal 
density graphs show distribution of data 
for dbRDA values and significant level 
(ns, not significant, *p < 0.05, **p < 0.01, 
***p < 0.001)

TA B L E  4   Species indicator analysis for (a) aquatic 
macroinvertebrates and (b) terrestrial spiders between pond types 
showing indicator values (IV) for those with significant results

Taxa Species IV p

(a) Aquatic species

Pond type

Artificial Notonecta glauca 0.449 0.001

Lestes sponsa 0.431 0.003

Dytiscus marginalis 0.328 0.040

Agabus bipustulatus 0.288 0.034

Natural Agabus nebulosus 0.352 0.003

Haemopis sanguisuga 0.293 0.011

Helophorus fulgidicollis 0.293 0.012

(b) Spider species

Pond type

Artificial Pachygnatha clercki 0.680 <0.001

Pardosa pullata 0.382 <0.001

Bathyphantes gracilis 0.322 <0.001

Oedothorax fuscus 0.263 0.006

Ceratinella brevipes 0.226 0.035

Natural Alopecosa pulverulenta 0.501 <0.001

Pirata piraticus 0.258 0.011

Tenuiphantes tenuis 0.199 0.037
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Oertli et al. (2002) suggested that multiple small ponds can maintain 
higher species richness and have higher conservation value than a 
single large pond. Indeed, pond density at a landscape level as well 
as presence of connectivity to nearby sources of biodiversity are 
major factors contributing to aquatic invertebrate richness (Gledhill, 
James, & Davies, 2008; Thiere et al., 2009). A large number of highly 
dispersed artificial ponds embedded in a uniform farmland land-
scape can create habitat heterogeneity; a key feature in support-
ing regional or beta-diversity (Froneman, Mangnall, Little, & Crowe, 
2001; Scheffer et al., 2006). Other factors that have been identified 
to impact macroinvertebrate community structure like water perma-
nency, presence of vertebrate predators (amphibians and fish) and 
pond age had no significant impact on aquatic invertebrate abun-
dance and richness, and are discussed in Supporting Information.

Natural and artificial ponds differed in water chemistry. Artificial 
ponds were characterized by more acidic conditions which typically 
reduces macroinvertebrate species richness (Nicolet et al., 2004). 
However, artificial ponds were also characterized with lower conduc-
tivity which typically supports a wider range of species (Batzer, Palik, & 
Buech, 2004; Hinden, Oertli, Menestrey, Sager, & Lachavanne, 2005). 
Natural and artificial ponds differed in their productivity (as indicated 

by plant coverage) and surrounding sward height. Ponds with complex 
aquatic vegetation structure support increased richness and abun-
dance of macroinvertebrates through provision of refuges and more 
abundant prey populations (Deacon et al., 2018; Zelnik, Gregorič, & 
Tratnik, 2018). Artificial ponds were surrounded by taller vegetation 
that can act as a buffer for surface run-off and aid improved water 
quality (Usio et al., 2017). High sward in close proximity to the pond 
can benefit Odonata species by providing suitable roosting areas and 
shelter (Rouquette & Thompson, 2007). Consistent with other stud-
ies that suggest macroinvertebrates respond to different physical and 
chemical environmental conditions (e.g. Deacon et al., 2018; Simaika 
et al., 2016), it can be expected that the differences described above in 
the biotic and abiotic characteristics of the natural and artificial ponds 
significantly influenced aquatic macroinvertebrate richness, abun-
dance and community structure.

Aquatic macroinvertebrate diversity was 43% more species rich 
with a 33% higher abundance at artificial than natural ponds. The 
Intermediate Disturbance Hypothesis (Connell, 1978) suggests that 
higher species richness should be expected at an intermediate level 
of disturbance as some members of established communities will co-
exist with species tolerant of disturbance increasing overall diversity. 

Indicator species F β ± SE n.df d.df p

Aquatic indicator species

Notonecta glauca 2.216 1.066 ± 0.266 3 82 0.092

Pond type 4.282 −0.705 ± 0.341 1 82 0.042

Conductivity 1.565 −0.344 ± 0.275 1 82 0.215

Bare ground 0.055 0.0063 ± 0.267 1 82 0.815

Lestes sponsa 0.511 0.608 ± 0.277 2 83 0.602

Pond type 0.470 −0.237 ± 0.346 1 83 0.495

Conductivity 0.402 −0.140 ± 0.221 1 83 0.528

Dytiscus marginalis 5.545 0.407 ± 0.118 2 83 0.005

Pond type 8.114 −0.339 ± 0.119 1 83 0.006

Conductivity 3.516 −0.223 ± 0.119 1 83 0.064

Agabus bipustulatus 1.063 6.337 ± 1.369 3 82 0.369

Pond type 1.000 −1.559 ± 1.452 1 82 0.286

Plant litter 0.369 −0.854 ± 1.406 1 82 0.545

Agabus nebulosus 3.778 0.977 ± 0.527 4 81 0.007

Pond type 5.903 1.460 ± 0.601 1 81 0.017

Dissolved oxygen 0.595 −0.459 ± 0.595 1 81 0.443

Aquatic plants surface 7.980 1.572 ± 0.556 1 81 0.006

Aquatic plants substrate 1.705 0.710 ± 0.544 1 81 0.195

Haemopis sanguisuga 6.049 1.166 ± 0.255 6 79 <0.001

Pond type 0.431 0.050 ± 0.076 1 79 0.513

Habitat 6.575 Multifactorial 1 79 0.001

Dissolved oxygen 0.716 0.056 ± 0.067 1 79 0.400

Aquatic plants substrate 0.961 0.065 ± 0.066 1 79 0.330

Helophorus fulgidicollis 0.257 0.070 ± 0.049 2 83 0.774

Pond type 0.416 0.033 ± 0.051 1 83 0.521

Filamentous algae 0.194 −0.022 ± 0.051 1 83 0.660

TA B L E  5   GLM results for each 
significant aquatic macroinvertebrate 
indicator species with environmental 
parameters (single best model as selected 
by AICc values)
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Several studies on macroinvertebrate communities in streams and 
rivers suggest higher species richness when moderate disturbance 
was present (e.g. Mccabe & Gotelli, 2000; Townsend, Scarsbrook, & 
Dolédec, 1997). Indeed, Sayer et al. (2012) showed that pond man-
agement which focused on arresting natural succession and restor-
ing macrophyte-dominated communities can be highly beneficial for 
aquatic biodiversity by enhancing species richness while no evidence 
of species loss being observed. Intermediate levels of disturbance 
could generate some of the macroinvertebrate species richness as 
artificial ponds were constructed on agricultural land where regular 
disturbance was present (e.g. grazing by livestock, removing of the 
emergent vegetation by farmers in line with AES requirements) fur-
ther delaying ecological succession. Pond communities are dynamic 
in space and time which can explain some of the variation observed in 
snap-shot studies (Jeffries, 2012; Hassall, Hollinshead, & Hull, 2012). 
Natural ponds were older thus representing more stable climax com-
munities while newer (artificial) ponds were in a phase of neutral as-
sembly. Thus, early colonizing species such as Agabus bipustulatus as 
well as ubiquitous species such as Notonecta glauca and carnivorous 
diving beetles such as Dytiscus marginalis, which depend on estab-
lished prey populations, were found in artificial ponds. Moreover, 
presence of open areas and lower percentage cover of substrate 
by aquatic plants in artificial ponds may provide a more heteroge-
neous habitat where refuge as well as open hunting water is present 
thus elevating the overall species richness and abundance (Bloechl, 
Koenemann, Philippi, & Melber, 2010). Landscape configuration for 
example, distance between ponds, quality of neighbouring ponds and 

habitat connectivity is likely to play a role in pond colonization rates 
(Resetarits & Binckley, 2009, 2013). For instance, artificial ponds cre-
ated for mitigation of developments for great crested newts Triturus 
cristatus are often isolated and poorly colonized, therefore of limited 
conservation value (Lewis, Griffiths, & Barrios, 2007). While we did 
not find any significant impact of pond type on spider abundance and 
richness, they did differ between ponds in different habitats with 
lowest spider richness in wet grasslands driven by a negative relation-
ship with tall swards. Whilst tall swards may support arboreal spider 
species, ground hunting species such as wolf spiders (Lycosidae) may 
be adversely affected by the thick rank grass of wet grasslands.

Multivariate analysis suggested that aquatic macroinvertebrate 
and terrestrial spider communities differed significantly in struc-
ture between pond types and habitats and that environmental pa-
rameters (pH, conductivity and percentage of substrate covered by 
aquatic plants for aquatic invertebrates and sward height for spiders) 
explained part of the compositional variation. Wood, Greenwood, 
Barker, and Gunn (2001) found that pond communities were very 
strongly influenced by the aquatic vegetation cover and that even 
ponds in very close proximity to each other, but with different per-
centage cover of aquatic plants, had significantly different com-
munity structure. In the current study, aquatic macroinvertebrate 
communities of artificial ponds were characterized by four indicator 
species, all being highly mobile predators that are habitat generalists, 
indicating that artificial ponds play a key role in maintaining popu-
lations of common species (Bloechl et al., 2010). Spider communi-
ties differed among pond types and habitats and those differences 

Indicator species F β ± SE n.df d.df p

Spider indicator species

Alopecosa pulverulenta

Habitat 10.977 Multifactorial 3 118 <0.001

Bathyphantes gracilis

Habitat 2.903 Multifactorial 3 118 0.038

Ceratinella brevipes

Short sward 1.151 −0.062 ± 0.058 1 120 0.286

Oedothorax fuscus 6.289 0.699 ± 3.138 4 117 <0.001

Habitat 4.245 Multifactorial 3 117 0.007

Short sward 9.543 2.302 ± 0.745 1 117 0.003

Pachygnatha clercki 0.980 0.004 ± 0.283 4 117 0.422

Habitat 0.869 Multifactorial 3 117 0.459

Short sward 1.734 −0.088 ± 0.067 1 117 0.191

Pardosa pullata

Habitat 10.349 Multifactorial 3 118 <0.001

Pirata piraticus 3.838 8.240 ± 5.805 4 117 0.006

Pond type 2.628 −0.460 ± 0.284 1 117 0.108

Habitat 2.505 Multifactorial 3 117 0.063

Tenuiphantes tenuis 1.689 0.497 ± 0.202 4 117 0.157

Short sward 1.535 0.059 ± 0.048 1 117 0.218

Habitat 2.105 Multifactorial 3 117 0.103

TA B L E  6   GLM results for each 
significant terrestrial spider species with 
environmental parameters (single best 
model as selected by AICc values)
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were driven entirely by surrounding sward height. Natural ponds 
were characterized by spider species often found in wetlands (Pirata 
piraticus and Tenuiphantes tenuis) or sand dunes (Alopecosa pulveru-
lenta), while artificial ponds were characterized by widespread spider 
species that are grassland specialists (Harvey, Nellist, & Telfer, 2002). 
The total variation in the community structure explained by recorded 
environmental parameters was low especially for spiders; where the 
only parameter recorded was sward height. Other processes apart 
from environmental heterogeneity could drive observed differences.

Our study has significant applied conservation implications. AES 
ponds whilst not analogues of adjacent natural environments, are 
nevertheless, important in conserving aquatic macroinvertebrates 
and have the potential to increase regional aquatic biodiversity. 
Observed differences between natural and artificial ponds in this 
study may be unsurprising as they were confounded by habitat vari-
ation thus generating different environmental conditions. However, 
in the current context, AES pond creation aimed to create greater 
freshwater resources in the landscape to augment natural ponds and 
replace lost farmland ponds, thus knowing their biodiversity value 
relative to remaining extant ponds in adjacent semi-natural habitats 
is of applied value. Farmland ponds support >30% of Irish beetle 
fauna proving an important habitat in a transformed agricultural 
landscape (Gioria, Schaffers, Bacaro, & Feehan, 2010). Constructed 
ponds are relatively easy to build, cost effective and are colonized 
quickly by aquatic macroinvertebrates. Bloechl et al. (2010) found 
that ponds were colonized by 36 Coleoptera and Heteroptera species 
within 2 years of ponds construction. Some studies have highlighted 
the potential of artificial ponds for conservation of other biota for 
example, farmland birds (Lewis-Phillips et al., 2019), hence a wider 
taxonomic assessment may be needed to determine their full role 
in landscape restoration ecology. It is important to note that in the 
same way that we now seek to preserve ‘farmland birds’ that have 
adapted to a heavily damaged environment, we should be careful 
when setting as targets habitats that may be heavily impacted by 
their surrounding landscape. Restoration practises should aim to cre-
ate farmland ponds reflecting at best, high-quality analogues found 
in pristine habitats like natural grasslands and meadows rather than 
natural ponds within agricultural landscapes. Accordingly, manage-
ment and restoration should focus on promoting macrophyte com-
munities, arresting natural succession (through removal of emergent 
vegetation and plant litter) and increasing habitat complexity within 
pond networks providing open and closed water surfaces, complex 
vegetation structures, variability in pond permanency/ephemeral-
ity and buffer strips with both short and tall vegetation providing 
a wider range of habitats. Creation of ponds in farmland as well as 
in adjacent natural habitats could provide a wider range of environ-
mental conditions and richer associated macroinvertebrate com-
munities, increasing landscape connectivity and further enhancing 
regional biodiversity.
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