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Estuaries have historically been subject to considerable habitat loss, and continue to be subjected to such in areas where the natural landward migration of intertidal habitats is constrained by hard coastal defences. Thus, in estuaries where direct (e.g., port development) or indirect (e.g., sea level rise) processes are predicted to threaten intertidal habitats and associated waterbird species, there is a regulatory requirement to produce compensatory intertidal habitats. Managed realignment (MR) is a shoreline management practise that is undertaken to build sustainable coastal defences and create intertidal habitats in estuaries. This nature-based solution brings multiple benefits in the form of carbon storage, increased resilience to flooding, and, potentially, the formation of new habitats, which is the topic of this study. A 75-ha site at the Paull Holme Strays (Humber Estuary, United Kingdom) was monitored over a 10-year period following MR to examine the change in the abundance of waterbirds in the chosen site in response to the physical processes occurring there. Using digital terrain models (DTMs) collected via light detection and ranging (LiDAR), we examined how four compensatory target species responded to changes in elevation after the creation of the site. It was shown that the very rapid accretion of estuarine sediment occurred in the first decade of the new re-created intertidal, which, over time, led to changes in the numbers of benthic foraging birds supported. Furthermore, elevation change was also driven by this sediment accretion, the rate of which depended on the initial bed elevation of the sectors within the site. Ten years after the recreation of the habitat, the spatial heterogeneity in the bed elevation remained high; however, the sectors with the lowest elevations accreted the most over the 10-year period. The foraging number of the four waterbird species that colonised the MR site significantly declined above a certain elevation, with this effect being most pronounced for the Eurasian curlew (Numenius arquata). The number of common shelducks (Tadorna tadorna), dunlins (Calidris alpina), and common redshanks (Tringa totanus) declined significantly after initial peaks 5–7 years after the creation of the site, reflecting the ongoing elevation changes. Thus, this study highlighted the need for long-term studies to understand how species respond to large-scale habitat construction. It can also aid in predicting the suitability of an MR site for waterbirds in the medium and long term.
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INTRODUCTION

Historically, large intertidal areas have been claimed from the sea. Estuarine wetlands, however, continue to be lost at an alarming rate across the globe. For example, in the the Yellow Sea (East Asia), the rate of loss of intertidal areas has risen dramatically over the last decades (Yang et al., 2011). In Europe, most countries have estimated the losses of coastal wetlands and sea grasses as exceeding 50% of the original area (Airoldi and Beck, 2007). In the United Kingdom (UK), the land claims for agricultural, residential, and industrial developments have historically affected at least 85% of estuaries (Davidson et al., 1991), with an overall estimated loss of 913 km2 of estuary area and 550 km2 of saltmarsh area by the end of the twentieth century (Davidson et al., 1991). With the implementation of greater site protection (Stroud et al., 2016), large-scale intertidal land reclamations for agricultural and residential developments have eased; however, small expanses of intertidal areas continue to be claimed for infrastructure projects that are deemed to be of public interest, such as port developments and coastal protection.

Waterbird species that rely heavily on intertidal areas during the non-breeding season may be significantly affected by habitat loss. By reducing the carrying capacity of an estuary, habitat loss can increase the potential for interference competition among waterbird species in remaining areas (Goss-Custard et al., 2002). While waterbirds can respond to estuarine habitat loss by emigrating to another estuary (Yang et al., 2011), many of them are site-faithful and, thus, may only move locally in response to a loss of habitat (Burton and Armitage, 2008), which increases local densities and, consequently, competition for resources (Stillman et al., 1997). This may affect individual fitness, i.e., body condition and survival rates (Burton et al., 2006), while effects can also be carried over to impacts on the breeding productivity of birds, with ultimate impacts on population size (Baker et al., 2004; Piersma et al., 2016; Studds et al., 2017). In response to these observations, the creation or restoration of intertidal habitats can help to mitigate the effects of non-breeding habitat loss and the deterioration of intertidal habitats (Atkinson, 2003). By increasing the overall carrying capacity of estuaries, the creation of new intertidal habitats may reduce the effects of interference competition on the individual fitness of waterbirds.

With the loss of intertidal habitats being of growing conservation concern to wader populations across the globe (Sutherland et al., 2012; Pearce-Higgins et al., 2017), the re-creation of intertidal habitats offers a solution to mitigate impacts on waterbird populations and other benefits for carbon and nitrogen storage and increased flood protection. Habitat restoration and creation are driven either directly or indirectly by environmental policies (e.g., Clean Air Act in the United States of America, USA) and the European Union Habitats Directive (92/43/EEC) in European Union (EU) countries. In northwest Europe, where tidal flats in estuaries are often constrained by flood defences, the realignment of flood defences is the preferred shoreline management practise to re-create intertidal areas (Esteves, 2014). This shoreline management practise is also known as managed realignment (MR), managed retreat, or depolderisation. It consists of moving the flood defences landward while breaching the existing defences and allowing the tidal flooding of terrestrial habitats to increase the intertidal area. Of a total of 98 MR sites across the globe, 51 are located in the UK, equating to a total of 24 km2 of intertidal habitats (ABPmer., 2020). These sites were created to offset the loss of intertidal habitats due to port developments, flood defence work, and environmental changes, e.g., sea level rise.

The ecological success of re-created intertidal habitats is difficult to measure, although it is usually based on the broad principle that the re-created intertidal areas should exhibit processes that are found in natural intertidal flats (Atkinson, 2003). Geist and Hawkins (2016) emphasised the need to define a clear target state in an aquatic restoration scheme. However, when creating intertidal habitats, outcomes can be unpredictable and may not match the desired goals, for example, as waterbird communities evolve over time in response to physical and biological processes (Evans et al., 1998; Brusati et al., 2001; Armitage et al., 2007).

In the United Kingdom, monitoring studies at MR sites have been short-term but have focussed on both physical and biological developments (Garbutt et al., 2006; Mazik et al., 2007; Garbutt and Boorman, 2009) with some examples of studies on waterbird colonisation (Evans et al., 1998; Atkinson et al., 2004; Mander et al., 2007). The re-created intertidal habitats monitored for wintering waterbirds in the UK have been small in size, but the studies at these sites have shown that natural waterbird communities may be successfully reproduced in just a few years (Atkinson et al., 2004; Mander et al., 2007). In these studies, the ecological state of the MR was judged against “reference” or “control” sites.

The use of newly created intertidal areas by foraging waterbirds depend primarily on the colonisation of benthic invertebrates, which themselves are driven by the deposition of sediment. This could be rapid in highly turbid environments where siltation rates are high (Mazik et al., 2010). However, over time, these high siltation rates may also result in the increase in the elevation of mudflats through accretion and eventual colonisation by saltmarsh vegetation, consequently lessening the suitability of re-created intertidal habitats for foraging waterbirds (Morris, 2013; Pontee, 2014). Thus, there needs to be a better understanding of the physical factors that control the abundance of waterbirds in MR sites and their long-term sustainability.

At the Paull Holme Strays MR (Humber Estuary, UK, Figure 1), 0.75 km2 of intertidal areas were re-created through the realignment of flood defences. Initially, the aim was to create ~ 0.32 km2 of mudflat (42%) and 0.43 km2 of saltmarsh (56%) (Edwards and Winn, 2006). Besides habitat creation, specific biodiversity targets were set by the stakeholders in the form of minimum population targets: the site was to support the foraging populations of a total of 30 individuals consisting of the common shelduck (Tadorna tadorna), Eurasian curlew (Numenius arquata), dunlin (Calidris alpina), and common redshank (Tringa totanus). These species were affected by habitat losses resulting from flood defence improvements in the Humber Estuary (Edwards and Winn, 2006; Environment Agency, 2007). All four target compensatory species are dependent on intertidal benthic prey in the winter and, thus, expected to forage on the developing mudflat in the MR site. Across the Humber Estuary, moderate (25–50%) decreases in the abundances of Eurasian curlews and common redshanks were recorded by the national Wetland Bird Survey between 2000/2001 and 2015/2016, while common shelduck and dunlin numbers remained stable (Woodward et al., 2018).


[image: Figure 1]
FIGURE 1. Location of the Paull Holme Strays managed realignment (MR) site on the Humber Estuary and sectors surveyed.


The MR site was created in 2003 and subjected to an 11-year monitoring programme on waterbirds. A previous study at the site indicated a rapid change in the waterbird community structure in the first 3 years of habitat creation following the transition from agricultural land to intertidal areas (Mander et al., 2007). High accretion rates, low elevation, and a lack of compaction in created borrow pits resulted in rapid colonisation by estuarine invertebrates (Mazik et al., 2007).

This study extended this temporal and spatial dataset to assess the long-term trends of waterbirds and changes in bird abundance in response to geomorphological changes occurring in the re-created intertidal habitats. The focus was on the four benthivorous species that were listed as compensatory requirement targets at the Paull Holme Strays MR: the common Shelduck and three waders, namely, the Eurasian curlew, dunlin, and common redshank. A generalised additive modelling approach was then followed, aiming to investigate the hypothesis that the relative use of areas within the site by foraging benthivorous species is determined by differences in elevation, which are associated with the pre-breach natural landscape conditions of the MR site and driven by sedimentary processes taking place over time (i.e., change in elevation due to accretion). It was also predicted that foraging benthivorous species would favour the intertidal habitats of a given elevation range and that, above this shore level, usage would decrease.



METHODS


Study Area

The study was carried out at the Paull Holme Strays MR site (53°44′N, 0°16′W) in the Humber Estuary Special Protection Area (SPA) and Ramsar site, UK (Figure 1). The Humber Estuary is an important wintering and stopover site for several East Atlantic Flyway waterbirds, supporting over 150,000 waterbirds in the winter (Stroud et al., 2016; Frost et al., 2020). Although, historically, the site was a wetland habitat before being claimed for agriculture (in ca. 1,700), the Paull Holme Strays site was opened to the estuary through the realignment of the sea wall in September 2003. Two breaches were then created, allowing the tidal flooding of the site and the subsequent development of intertidal habitats (Figure 1).

The MR site provides compensation for direct and immediate habitat losses resulting from the tidal defence improvement works carried out in the middle estuary in 2003. Flood defence work improvement in the middle Humber Estuary produced immediate losses of 0.005 km2 of mudflat and 0.003 km2 of saltmarsh, with a compensation ratio of 3:1 then being applied to these direct losses. The estuary also aimed to provide compensation for future losses associated with coastal squeeze, with a further 0.056 km2 of mudflat and 0.05 km2 of saltmarsh predicted to be lost because of this phenomenon as a result of flood defence work improvements in the middle estuary (Environment Agency, 2007). Thus, a compensation ratio of 1:1 was applied to these indirect losses.

Following the breach of the existing seawall at the Paull Holme Strays in September 2003, both intertidal saltmarshes and mudflats developed in line with the predicted or desired habitat ratio before the breach, with a high proportion of saltmarshes established (58% in 2013) at the expense of mudflats (39% in 2013), with the rest (3%) being terrestrial habitats in 2013 (Brown, 2014). The mean high-water spring tidal height in the area was 3.7 m, while the neap tidal height was 2.1 m [measured at King George Dock, 6 km upstream from the Paull Holme Strays site and heights are given above UK ordinance datum (OD, the mean sea level)]. The MR site was high in tidal frame, as the elevation of the sediment surface varied between 2.78 and 3.65 m above OD in 2013. Because of its position on the tidal frame, the site remained dry on neap tides.

Nine areas (sectors) were defined within the site, delimited by remnant drainage channels from the former agricultural landscape (Figure 1). The size of the sectors varied between 0.07 (sector A) and 0.18 km2 (sector D), with each sector being associated with distinct geomorphological characteristics (e.g., different geometry and bed elevations) and dominant habitat types at the pre-breach stage (Table 1). Before habitat creation, the MR site consisted of arable fields intersected by drains. The site also featured a soak dyke beyond the existing wall. A site intervention before the breach further modified the site through the creation of a series of borrow pits/pools, which resulted in sectors of the MR site varying considerably in initial elevation (Figure 2).


Table 1. Size and dominant prior habitat creation of sectors within the Paull Holme Strays managed realignment (MR) site.
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FIGURE 2. Changes in the elevation in the MR site between 2003 (Year 1) and 2012 (Year 10) derived from a digital terrain model (DTM). For the dates of the measurements, see Table 2.


The MR site was well connected to established intertidal habitats, as it was fronted by an extensive mudflat and sandflat supporting an assemblage dominated by foraging waterbirds during tidal emersion, such as common shelducks and waders such as Eurasian curlews, dunlins, and common redshanks. Other foraging wildfowl such as Eurasian teals (Anas crecca), Eurasian wigeons (Anas penelope), and mallards (Anas platyrhynchos) were also present, albeit in lower numbers (Mander and Cutts, 2005; Calbrade, 2013).



Geomorphological Changes in the MR

We used digital terrain models (DTMs) collected via light detection and ranging (LiDAR) to investigate the temporal geomorphological changes following the tidal inundation of the site. LiDAR is an airborne mapping technique that uses a laser to measure the distance between the aircraft and the ground, allowing highly detailed terrain models to be generated at spatial resolutions of between 25 cm and 2 m. All LiDAR data have a vertical accuracy of ±15 cm root mean square error (RMSE). The LiDAR data in this study are open-source and can be obtained from environment.data.gov.uk. Digital terrain model (DTM) data were processed in ArcGIS to examine changes in elevation on a sectoral basis over the years.



Waterbird Counts

Following the breach of the flood defence in September 2003, waterbird abundance was monitored at the MR site between the winters of 2003/2004 (Year 1) and 2013/2014 (Year 11). Over half a tidal cycle (either on the flood or ebb), counts were undertaken at low, mid, and high tide once a month each winter from October to March. While the survey dates coincided with the half tidal cycle during hours of daylight, they were also determined by weather conditions (heavy rain and strong winds were avoided). In total, 174 counts were made over an 11-year period.

The sectors of the MR site (A to I, Figure 1) were used as recording units. The counts of sectors A to H were made from vantage points located along the new and old flood embankments, with each sector surveyed consecutively from one or two specific vantage points (depending on wind, glare, and tidal state). The counts of sector I were undertaken from a single vantage point (a bird hide located on the old flood embankment). A single observer carried out the counts on foot using a telescope with 25× and 60× eye pieces and 10 × 50 binoculars. Counts of the site took approximately 2 h. Disturbance to the avifauna was minimised by accessing the vantage points from below the bank. Species abundance and behaviour (foraging and non-foraging) were recorded within each sector of the MR site from Year 2 to Year 11. Counts were recorded for the MR site as a whole in Year 1, with bird recording sectors not being defined until Year 2. Waterbirds were categorised as foraging when actively looking for food or non-foraging when they were roosting, loafing, preening, etc.



Describing Changes in Bird Abundance and Elevation

The temporal changes in the abundance of functional groups and individual species over the 11-year monitoring period were assessed by analysing counts of foraging birds alone, as this was reflective of the quality of the intertidal habitat, with low-, mid-, and high-water counts for each monthly survey considered in the analysis.

While assemblages can be defined according to the taxonomic identities and abundances of those species, it has been increasingly viewed as valuable for defining communities according to species functional characteristics (Mendez et al., 2012). Accordingly, waterbird species were grouped into five trophic guilds based on their winter diet preferences on UK estuaries (Cramp et al., 1983): (i) herbivorous geese, swans, and ducks; (ii) benthivorous ducks; (iii) omnivorous ducks and rails; (iv) piscivorous grebes, cormorants, and herons; (v) benthivorous waders (Supplementary Table S1 in Supplementary Material). The annual abundance of each functional group (i.e., foraging guild) at the MR site was calculated by summing the monthly counts undertaken between October and March and the relative abundance of each functional group considered as the proportion of the abundance of the overall waterbird assemblage.

Temporal changes in the monthly foraging abundances of the four target benthivorous species associated with the MR compensatory requirement site, namely, common shelducks, Eurasian curlews, dunlins, and common redshanks, were also examined using box plots.

Finally, the annual changes in the elevation of sectors, which were used as a proxy for the geomorphological changes in the MR site, were examined between 2003 (Year 1) and 2012 (Year 10). The mean elevation (in mm) was calculated for each recording sector for the following years: 2003, 2004, 2005, 2007, 2010, and 2012. Data for the years 2006, 2008, 2009, and 2013 were excluded from the analysis because they only had partial LiDAR coverage of the MR site (Table 2).


Table 2. Bird count periods with their corresponding light detection and ranging (LiDAR) periods.
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Modelling Bird Responses to Geomorphological Changes at the MR Site

The effects of elevation on the foraging abundances of dunlins, Eurasian curlews, common redshanks, and common shelducks were tested using generalised additive models (GAMs) in the mgcv package (R Core Team, 2019). These GAMs were selected in order to account for the potential non-linearity in the responses of the birds to elevation changes (Wood and Augustin, 2002). The analysis considered the monthly winter counts of each species at low, mid, and high water in each sector. The dataset used for the analysis included Years 2, 3, 5, 8, and 10. Year 1 was excluded because bird counts were not undertaken at an individual sector level, while Years 4, 6, 7, 9, and 11 were excluded because the elevation data from the LiDAR were incomplete. Measurements of elevation for each year were included as a predictor using thin-plate regression splines as the smoothing function (Wood, 2003). Assuming that the state of the tide would influence the use of MR habitats by foraging birds, tidal height at the time of observation was included as a continuous predictor in the model structure. We also fitted a factor-smooth interaction between tide height and elevation to account for variable relationships between the two variables. Furthermore, year was included to account for the possible annual differences in the overall numbers of birds using the site, reflecting the development of the habitat of the site following its creation in 2003 and wider patterns across the estuary. To disentangle absolute elevation and elevation change, an interaction between sector and year was included, with sector being used as a random factor. Day within the winter (since October 1) was also included to account for seasonal variations in numbers. A Poisson distribution in the GAM structure was initially performed and tested for over-dispersion using the DHARMa package. Since the results indicated the model to be mis-specified, we chose to perform a negative binomial distribution to model bird abundance, as negative binomials are used for count data when the variance is much larger than the mean (Zuur et al., 2009). In the dataset, the mean number of birds was 10.48 and the variance was 1702.22. The significance of each variable included in the models was tested using Wald tests (Wood, 2013a,b), and the importance of the model terms was assessed accordingly.

Correlations in the residuals from the models were examined using the autocorrelation function (ACF) and partial autocorrelation function (PACF) in R (R Core Team, 2019). A model diagnostic was undertaken (gam.check in the mgcv package); this command provided graphical model outputs that examined the homogeneity and normality of the unstandardised residuals (Supplementary Figure S3 in Supplementary Material).




RESULTS


Changes in Elevation

There was a steady, year-on-year increase in the annual elevation across the MR site as a whole, but the greatest increase in elevation occurred in parts of the site with the lowest elevations at the times of breach, namely, sectors B, C, and D (Figure 3). In these sectors, the increase in elevation varied between 0.51 and 0.57 m. In comparison, the sectors with the highest elevations (F and H) at the times of the breach showed some inter-annual variability in subsequent elevations, but there was no clear increasing trend in elevation since the creation of the site (Figure 3).


[image: Figure 3]
FIGURE 3. Changes in the mean elevation of each sector of the Paull Holme Strays MR site over the study period.




Waterbird Assemblage at the MR Site

Of the total 49 species recorded at the site between 2003/2004 and 2013/2014, 45 were recorded during the winter months. Specialist benthivorous (waders and ducks) were well represented by a total of 12 species: Eurasian oystercatcher (Haematopus ostralegus), common ringed plover (Charadrius hiaticula), grey plover (Pluvialis squatarola), red knot (Calidris canutus), sanderling (Calidris alba), dunlin, black-tailed godwit (Limosa limosa), bar-tailed godwit (Limosa lapponica), Eurasian curlew, common redshank, common shelduck, and northern pintail (Anas acuta) (Supplementary Figure S2 in Supplementary Material). The proportion of benthivorous waterbirds at the MR site was lower during the first 3 years (<55% of the total assemblage). However, this guild became more important over time, and its proportion increased to over 80% in Years 5, 7, 9, and 11 (Figure 4). Omnivorous waterbirds represented a major component of the foraging assemblage at the MR site, especially in the first 3 years of habitat creation, whereas the herbivorous and piscivorous guilds contributed little to the foraging community (Figure 4).


[image: Figure 4]
FIGURE 4. Temporal guild composition (% abundance) of the foraging assemblage at the MR site. Guilds are abbreviated as follows: BWad, benthivorous waders; BDuc, benthivorous ducks; Herb, herbivorous ducks, geese, and swans; Omni, omnivorous ducks and rails; Pisc, piscivorous grebes, cormorant, and herons.


Foraging benthivorous species (i.e., waders and common shelducks) exhibited markedly contrasting trends in abundance over the study period (Figure 5). Foraging dunlin numbers exhibited a gradual increase during the first 5 years of habitat creation at the MR site, followed by the relative stabilisation of numbers in the following years (Figure 5). In contrast, the abundance of common shelducks and common redshanks rapidly increased in the first few years of habitat creation at the MR site, but their abundance decreased markedly after Years 5 and 7, respectively (Figure 5). Eurasian curlews, on the other hand, showed a marked rise in abundance in Year 2, with numbers being maintained at that level for the rest of the monitoring programme then on, although some inter-annual fluctuations were observed.


[image: Figure 5]
FIGURE 5. Boxplot of the number of individuals foraging per annum. Box plots represent the median values (horizontal line), interquartile distances (boxes), non-outlier range (whiskers), outliers (circles), and extreme values (asterisks).




Modelling Bird Response

For the four compensatory requirement target species, the results of the modelling conformed to the prediction of the study that increasing elevation had a negative effect on the abundance of benthivorous foraging birds (Figure 6). “Day within the winter” was also significant in models for all the species except for Eurasian curlews, indicating a strong seasonal effect on bird abundance, while the effect of tide height was non-significant in all the models. The effect of “year since breaching” was also significant, reflecting the rapid change in abundance that took place across the years.


[image: Figure 6]
FIGURE 6. Generalised additive model (GAM) smoothing temporal terms (line) fitted to centre of gravity data for the four selected benthivorous species at Paul Holme Strays. Shaded areas and points represent point-wise confidence bands and partial residuals, respectively.


The relationship with elevation indicated that birds avoided foraging at the highest elevations of the MR site. Results varied among the species: common redshank abundance decreased above elevations of 2.75 m (Figure 6), whereas Eurasian curlew abundance decreased above elevations of 2 m and fell sharply above elevations of 2.75 m, although the model for this species explained a lower proportion of deviance (40.5%) compared with that for common redshanks (48.3%) (Table 3). The models for common shelducks and dunlins explained 57.7 and 53.6% of the deviance, respectively. A similar decreasing trend with increasing elevation was also noted in the abundance of other waterbirds (Supplementary Material S2), with similar marked declines in the abundance of grey plovers and bar-tailed godwits being noted at elevations of 2.75 m and above.


Table 3. Model results for the four key compensatory target species.
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As the models demonstrated, the suitable elevations for most foraging benthivorous species were found below 2.75 m at the MR site. After 10 years of sediment accretion, only two sectors of the Paull Holme Strays MR site featured a mean elevation below this level (sectors B and D). Interestingly, these two sectors were modified before the breaching of the original embankment. Sediment was excavated from these sectors to create a new defensive earth bank, and while these areas accreted the fastest since habitat creation, bed elevation continued to be the lowest of the whole site after 10 years. Based on sector size and average elevation in 2013, only 38% of the site featured an elevation suitable for most benthivorous species.




DISCUSSION

Alongside the protection of existing wetlands, the creation of new habitats is an important mechanism for supporting biodiversity and ensuring that ecosystems can support varied activities. The re-created intertidal site described here was undoubtedly successful in accreting and sequestering carbon-rich mud from the estuarine water column, with a first approximation of 100,000 tonnes dry weight of sedimented material, storing 3,000–8,000 tonnes of carbon [using conversion values from Kelleway et al. (2016)]. However, the main focus of this restoration site was the creation of new intertidal habitats for internationally important wading bird communities. In this study, we showed that newly created habitats can change with time and possibly diverge from their intended plan. This is because, where habitat creation is used as compensation, the resulting bird and plant communities may not match those of the natural sites that were lost (Campbell et al., 2002; Desrochers et al., 2008).

In this study, within the MR site, there was heterogeneity of elevation resulting from the pre-breach landscape and construction, which changed over the course of the study through sediment accretion (Clapp, 2009; Mazik et al., 2010; Brown, 2014). The topography of the MR site (i.e., bed elevation in the first year) influenced the rate of sedimentation (Mazik et al., 2010; Brown, 2014). The rate of sediment accretion inside MR sites like the one chosen in this study are also driven by tidal and sediment regimes (Garbutt and Boorman, 2009). At the Paull Holme Strays MR site, the intertidal habitats at the lowest initial elevation accreted sediments at the fastest rate over the study period. From the LIDAR data and derived change in elevation (the proxy for accretion), over time, we found the accretion to range from 0.51 to 0.57 m between 2004 and 2012 in sectors B, C, and D of the MR site (which all featured a mean initial elevation of lower than 2.25 m OD in 2004).

Intertidal areas with higher elevations have shorter exposure times to water during tidal immersions, with lower food supplies, higher temperatures, and desiccation stresses for benthic invertebrate prey species. We included elevation in the models given the known relationships between the food resources of benthivorous species and cumulative accretion at MR sites (Evans et al., 1998; Atkinson et al., 2004; Garbutt et al., 2006), including the Paull Holme Strays site (Mazik et al., 2010). The models demonstrated that elevation was a major source of variability in the abundance of benthivorous species as the new habitat matured and accumulated sediment. Of the four compensatory requirement target species, Eurasian curlews showed the sharpest reduction in abundance in response to increasing elevation, while common redshank abundance started to decline at elevations above ~2.75 m. Elevation also had a significant effect on the abundance of foraging dunlins, common shelducks, and other benthivorous waterbird species that colonised the site (Supplementary Table S2 in Supplementary Material). Nevertheless, the decline in the abundance with increasing elevation across the MR site was more linear for dunlins and common shelducks, with a steady decline being noted (Figure 6).

Once elevation reached 2.75 m, the models indicated that the abundance of most of the waterbird species (except for dunlins and common shelducks) would start to decline sharply. In the Humber Estuary, tidal flats above ~2.75 m of elevation were not typically reached by neap high tides. However, Mazik et al. (2010) found the lower density and abundance of benthic invertebrates above this height at the site. Conversely, it was also found that the highest abundance of invertebrates was at the lowest elevation at the MR site. Furthermore, as sediment deposits and accretes, halophyte vegetation begins to colonise mudflats very rapidly in MR sites (Mossman et al., 2012a). While elevation within the tidal range is a primary driver of saltmarsh plant distribution, oxidation-reduction (redox) potential also affects the colonisation and distribution of saltmarsh plants in MR sites (Davy et al., 2011; Mossman et al., 2012b). Across the Paull Holme Stray MR site, saltmarsh vegetation coverage across the whole site increased over the years, with estimates of 36% in 2007, 54% in 2010, and 58% in 2013 (Brown, 2014). As a result of lower prey item density, those higher areas may not be longer profitable for the majority of benthivorous species to feed. However, the magnitude of the effect of elevation observed among the waterbird species may be linked to the species daily energy requirement and resource availability at the MR site. Dunlin and common shelduck foraging abundance, for example, did not decline sharply above a 2.75 m elevation. As small waders, such as dunlin, actively forage 80–95% of the time in the winter to meet their high daily energy requirements (Van de Kam et al., 2004), they may continue to feed across the tidal cycle, typically feeding on mobile prey associated with an incoming tide line. Additionally, they could also be feeding on microphytobenthos biofilms, which are of importance for dunlins and other small Calidris species (Mathot et al., 2010; Drouet et al., 2015). Common shelducks also continue to forage on submerged tidal flats by upending and dabbling in the shallow water; therefore, the effect of increasing elevation on abundance might be dampened.

While the elevation of intertidal habitats is one of the main abiotic factors that drive ecological processes in estuaries, other biotic factors such as predation may also control the abundance and spatial distribution of waterbirds in MR sites. Birds may avoid feeding in areas with high risks of predation despite an abundance of food (Newton, 2013). The use of these areas may, however, vary according to the fitness and ability of an individual bird to meet its daily energy requirement. In intertidal habitats, Cresswell et al. (2010) found that adult common redshanks shunned available food-rich habitats close to concealed cover (e.g., bushes) from which Sparrowhawks (Accipiter nisus) were able to attack. Conversely, juvenile birds and individuals with low fitness and close to starvation may take greater risks. Because of this predation risk, a degree of confinement may be especially important in affecting how a bird uses the different areas of an MR site. Intertidal habitats re-created through realignment sites, however, are often small in size, enclosed, and located high on the tidal frame because the land availability for shoreline management practises is limited. The presence of footpaths on embankments may also affect bird distribution, as recreational human activities taking place there (e.g., dog walking, birdwatching) may deter birds from foraging (Collop et al., 2016).

The success of habitat creation through MR for waterbirds is based on re-creating hydro-ecological processes, with the deposition of sediment from tidal inundation being a driving factor (Wolanski and Elliott, 2015; Elliott et al., 2016). Garbutt et al. (2006) showed that marine macrofaunal colonisation occurred only in newly accreted sediments and not in the original, consolidated agricultural substratum. As new MR sites are opened to tidal inundation, ecological and geomorphological changes take place in response to sediment accretion (Garbutt et al., 2006). Atkinson et al. (2004) and Evans et al. (1998) indicated rapid, positive changes in bird indicators in response to sediment accretion within the first 5 years of habitat creation. Atkinson (2003) also found that an adequate supply of sediment was the main constraint in successfully creating mudflats that might support natural avian communities. By considering a relative change in elevation over time and absolute elevation in areas of the MR site in the models, this study highlighted that increasing elevation eventually has a negative effect on the abundance of benthivorous species. While the accretion of sediments contributes to increased elevations in MR sites, the long-term provision of food-rich, self-sustained mudflats for foraging benthivorous birds is a key challenge in MR sites.

However, understanding the relationship between habitat development indicators and benthivorous birds can aid us in designing and implementing future MR site projects. For example, bed elevation and predicted current speeds within an MR site need to be considered at the project design phase to improve the effectiveness of MR for benthivorous bird species (also for intertidal fish, see Burgess et al., 2020). Furthermore, areas with higher pre-breach elevations are likely to be flooded less frequently, therefore limiting their estuarine sediment deposition (and consequent accretion and habitat change). This may be an important limitation in providing suitable foraging habitats for wading birds. It may also affect the ability of the site to achieve ecological targets that are related to compensation. Although bird and benthic communities may colonise MR sites very rapidly (Atkinson et al., 2004, Mander et al., 2007; Mazik et al., 2007), long-term monitoring is crucial in looking beyond the short-term development of sites and determining whether ecological compensatory targets have been met.

While the effect of environmental change on waterbirds at MR sites was the focus of this study, it is necessary to separate the role of habitat development within the site from the effect of any wider natural changes in order to effectively assess the development of re-created habitats. Waterbird populations may respond to wider environmental changes; however, it is unclear whether the changes in the waterbird numbers within the studied site reflected the wider estuary-level changes observed between 2000/2001 and 2015/2016 as there were no increases noted in the four compensatory target species across the Humber Estuary (Woodward et al., 2018). Furthermore, natural intertidal areas near MR sites are commonly used as a “reference” or “control” sites to assess the success of these sites in providing effective compensation for the loss of natural intertidal habitats (Atkinson et al., 2004; Mander et al., 2007). However, in this study, the “reference” site, which was established as the one immediately fronting the MR sites (i.e., further downshore of the MR site), could not strictly be treated as a “control site” given the potential for knock-on effects from the habitat re-creation. Therefore, it is recommended that monitoring should focus on neighbouring sites presenting similar habitat characteristics and encompassing similar topographies, although it has already been acknowledged that finding adequate control sites might be difficult in heterogeneous estuarine systems. Pre-construction bird data were also not available for this study, but a Before-After-Control-Impact (BACI) approach should be considered in future studies to effectively assess the development of re-created habitats.

The main focus of the study was the creation of mudflats for foraging benthivorous waders and ducks. While the development of saltmarsh vegetation due to the accretion of sediment had a negative effect on the abundance of the focal species, saltmarshes provide many ecosystem services (Turner and Schaafsma, 2015). For example, saltmarshes support roosting/feeding and nesting birds and contribute organic matter to the base of the food chain in estuaries (Hughes, 2004). Furthermore, saltmarshes containing sufficiently deep creeks and lagoons can be an important habitat for fish in estuaries (Whitfield, 2017), while colonising saltmarshes in MR sites have the potential to store carbon in the long term (Burden et al., 2013, 2019). Lastly, saltmarshes provide effective physical barriers to coastal erosion (Zhu et al., 2020). Thus, when setting up ecological targets for MR sites, it is important to consider the ecosystem services and goods/benefits that saltmarshes and mudflats provide and take a broader view of these ecological targets. Specifically, these targets should be about creating habitats that provide ecosystem services similar to those provided by neighbouring natural intertidal habitats.



CONCLUSIONS

In this study, within the MR site, there was heterogeneity of elevation resulting from the pre-breach landscape and construction, which then changed over the following 10-year through sediment accretion. Waterbird abundance was also closely related to elevation when the decreases in the numbers of foraging birds were at elevations above 2.75 m (OD) bed elevation. The modelling of the responses of benthic foraging birds to physical characteristics indicated that the long-term suitability of the MR site for these species was uncertain because of increasing elevation, which was a result of sediment accretion. Thus, this study recommends that the design and implementation of future projects should recognise the effects of accretion on waterbird abundance. It also highlights the need for long-term monitoring at MR sites (a minimum of 10 years) in determining whether bird targets related to habitat compensation have been met. While foraging benthivorous birds were the focus of this particular study, there are many facets to ecosystem responses to MR sites, with responses to physical changes varying among taxa and habitats. MR remains a nature-based solution that creates intertidal habitats with successive benefits as mudflats accrete and are colonised by saltmarsh vegetation.
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