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Effect of artificial barriers on the 
distribution of the invasive signal 
crayfish and Chinese mitten crab
Chloe Victoria Robinson, Carlos Garcia de Leaniz & Sofia Consuegra

The role of river obstacles in preventing or facilitating the dispersal and establishment of aquatic 
invasive species is controversial. Novel detection tools like environmental DNA (eDNA) can be used 
for monitoring aquatic invasive species (AIS) such as the American signal crayfish (Pacifastacus 
leniusculus) and the Chinese mitten crab (Eriocheir sinensis), providing information on the effect of 
barriers on their distribution. We analysed eDNA from both water and surface sediment in three river 
catchments (Medway, Dee and Stour; Great Britain), with differing levels of connectivity, to determine 
spatial distribution of the two species, and assessed the effect of barriers on their eDNA detection. 
Positive eDNA detections were obtained within confirmed sites for both species in all catchments, with 
evidence of species overlap in the River Medway. Upstream barriers in the Medway positively influenced 
detection success of mitten crab lower in the catchment while detection success of signal crayfish was 
higher in the highly fragmented catchment (River Medway). This information on the role of river barriers 
on AIS distribution and eDNA detection is important for management strategies and for predicting both 
future dispersal and likelihood of new colonisations in previously uninvaded fragmented catchments.

The introduction of aquatic invasive species (AIS) within the last century has been largely influenced by the 
expansion of aquaculture1,2 and the lack of adequate ballast water treatment3,4. The successful dispersal and 
establishment of AIS often results in negative consequences for native biota, through competition for resources, 
introduction of novel pathogens and through habitat transformation and/or degradation5. Thus, understanding 
the factors affecting the spread of invasive species is critical, and the influence of anthropogenic activities and 
man-made structures needs to be considered in addition to the ecological capabilities of the species6–8.

Fragmentation of aquatic systems as a consequence of the presence of man-made structures such as roads, 
locks and culverts, or through natural barriers such as waterfalls has direct impacts on both native and non-native 
biota9. Habitat alteration and associated stressors acting on native species in fragmented ecosystems are likely 
to facilitate the establishment of AIS compared to fully connected habitats10. The installation of barriers can 
cause fundamental changes in the lotic ecosystems, including reduction in flow variability11 and fine sediment 
accumulation upstream of the barrier12, which often can remove native species at a local scale through either 
stress or dispersal to a more favourable environment, thus opening a niche for invading species13. Dams create 
novel impoundments, where AIS can be up to 300 times more likely to occur than in natural lakes6. Additionally, 
impoundments are considered to act as a ‘bridge’ habitat in some cases, increasing the risk of invasion of nat-
ural lentic systems by residing AIS within close proximity6. River barriers may act as an efficient barrier for 
solely aquatic invaders, however the influence on AIS which are not limited to movement through water is rarely 
considered14,15.

The North American signal crayfish (Pacifastacus leniusculus) and the Chinese mitten crab (Eriocheir sinen-
sis) represent two of the most successful AIS in the world but the factors determining their dispersal success are 
largely unknown. Human-mediated dispersal has contributed to the expansion of the invasive signal crayfish, 
which was intentionally imported and farmed in Great Britain from 1970 to 199016. Signal crayfish is a voracious 
invader, introduced through a combination of purposeful stocking implants and escape events17 and has caused 
a 90% decline in native white-clawed crayfish (Austropotamobius pallipes) through competition and transmission 
of crayfish plague (Aphanomyces astaci)6,18. The Chinese mitten crab, which is becoming increasingly abundant 
across Great Britain19,20 is an additional host of the crayfish plague pathogen. Ballast water and mariculture are the 
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main vectors of introduction for mitten crabs and, similar to signal crayfish, mitten crabs are notorious for their 
destructive nature towards native biodiversity and banks and levees of lakes and rivers21–23.

Overland dispersal in invasive crayfish species has been reported numerous times15,24–27 in a number of spe-
cies (e.g. red swamp crayfish (Procambarus clarkii; signal crayfish), including mitten crabs28. If faced with unfa-
vourable conditions and/or barriers, crayfish and mitten crabs are known to exit the water to find more suitable 
habitats and to overcome barriers15,24,27. Although man-made cross-channel barriers and natural barriers (rapids 
and waterfalls) could in some cases restrict the upstream dispersal of crayfish15,26,29,30, signal crayfish have been 
reported to disperse downstream more often than upstream to colonise new locations31,32, and therefore it is 
unclear whether river barriers inhibit the natural movement and dispersal of this species31,33. In contrast, barriers 
such as dams are likely to impede the migration of mitten crabs, which tends to occur upstream, limiting the 
dispersal of the species34.

In the field, it is difficult to assess the relative effects of barriers on presence and dispersal of mitten crabs 
using traditional surveys such as direct observation and trapping35,36. Conventional traps are size-biased towards 
smaller individuals, often failing to trap mitten crabs with carapaces >19 mm35,37. Fyke nets have proven to be 
effective at catching mitten crabs when they are in large numbers37, however they pose problems with by-catch 
of native fish and mammals37. Thus, the inefficiency of conventional methods can result in false negatives when 
assessing the upstream migration of mitten crabs in relation to barriers. Trapping also has variable efficiencies in 
detecting signal crayfish38, but the development of novel molecular techniques (environmental DNA) has enabled 
fine-scale detection across a variety of waterbodies39–43.

The environmental DNA (eDNA) approach has been increasingly used for detection and, potentially, quan-
tification of AIS, with eDNA successfully detected both in aqueous samples and in aquatic sediment and some 
studies suggest that DNA concentration is higher in sediments than in surface water42,44–49. In addition, eDNA has 
the potential to aid understanding of how river barriers can limit the upstream progression of a range of aquatic 
species, including invasive species33, and has been used to identify the successful upstream migration of migra-
tory fishes over barriers31,50. One of the limitations of eDNA sampling in flowing systems is that the source of the 
extracellular DNA cannot be easily determined51,52. Invertebrate eDNA has previously been successfully detected 
up to 12 km downstream from the DNA source53 but the persistence of eDNA in riverine systems from source 
to sample site depends on numerous factors, including flow rate51,53,54. During periods of low flow, DNA is more 
likely to sink into the substratum and bind to the sediment, reducing the distance travelled downstream55,56 and 
potentially increasing the longevity of the DNA47–49.

Using eDNA methods, multiple species can be detected at once, either by using universal primers57 or by 
undertaking the multiplex approach39,58, by which rivers can be surveyed for presence/absence of target spe-
cies simultaneously at various locations of the catchment. High resolution melt (HRM) profiling combined with 
eDNA quantitative PCR (qPCR) is an emerging analysis technique which allows the detection of single-base 
variations in DNA sequences by differences in double stranded DNA product melt temperature39,59. The PCR 
product melt temperature (tm) depends on the sequence composition, fragment length and the choice of 
qPCR MasterMix used in the PCR reaction39,59. The main advantage of using HRM analysis over conventional 
probe-based qPCR assays for eDNA presence/absence, is the ease of distinguishing non-target amplifications 
from true melt peaks of target species, which limits the rate of type I errors60,61. In addition, adopting the HRM 
approach allows the use of multiple primer pairs within the same qPCR reaction to detect more than one species 
simultaneously. This multiplexing approach has been previously implemented to detect a combination of signal 
crayfish, white-clawed crayfish and crayfish plague oomycete A. astaci, from eDNA samples39.

In this study, we assessed the presence of both signal crayfish and mitten crab within three catchments in Great 
Britain with different degrees of fragmentation, using different eDNA sample types (water and sediment). We 
aimed to investigate the potential of eDNA in identifying the effects of barrier presence on limiting the dispersal 
of these species, upstream in the case of mitten crabs (through determining the upstream limit of eDNA detec-
tion) and downstream in the case of the crayfish.

Materials and Methods
Sample sites and eDNA collection. Samples were collected in July/October 2016 from three river sys-
tems: the River Medway (14 barriers; Figs 1 and 2; Table S1), the River Dee (four barriers; Figs 3 and 4; Table S1) 
and the River Stour (no barriers; Figs 1 and 2), with the assistance of North Wales Wildlife Trust (Dee). The River 
Medway spans 113 km from West Sussex to Sheerness62, the River Dee is considerably more connected than the 
Medway and runs 110 km from source at Dduallt to the Dee estuary63, and the River Stour is an unfragmented 
river that begins at Lenham and runs 82.4 km to Pegwell Bay64. Sampling took place in the high-mid to lower 
catchment of each river (Figs 2 and 4). These three river systems sustain populations of both signal crayfish and 
mitten crab, the former generally occupying the upper to middle reaches and the latter occupying the middle 
(Figs 1 and 3)20,65. These particular rivers were chosen due to their differing levels of fragmentation and because 
are only affected by artificial barriers.

A total of 11 sites were sampled in the River Medway and River Dee and three sites were sampled in the River 
Stour (Table 1). Samples were collected at regular intervals along all three rivers where possible, starting in the 
most downstream site so as not to bias results from disturbing sediment. Distance from each sampling site to 
nearest barrier upstream and downstream was measured for the Medway and Dee (Table S2), however as there are 
no known barriers in the Stour within the river segment sampled, distance was no calculated for this river. Three 
water samples of 30 mL were taken at each site (one on either side of river near bank and one in central channel), 
at a minimum of 1 m depth (where possible) for all river systems. After collection, 30 mL samples were split into 
two 15 mL samples, resulting in six samples per site. Each 15 mL sample was added to 33 mL of absolute ethanol 
and 1.5 mL 5 M sodium acetate in a 50 mL Falcon tube and tubes were subsequently placed on ice before being 
stored upright at −20 °C until DNA extraction. This method was based on previous eDNA work66,67, including 
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our own studies using 15 mL water volume for detecting signal crayfish39, as well as other work on crayfish42,59 
and several aquatic species42,66,68. Negative controls consisting of ultrapure water in place of DNA were taken 
both before sampling and at the end of each sampling effort per site to test for any DNA carryover between sites 
potentially resulting in false positives. In addition to water samples, two 5 g sediment samples were collected 
at each site where possible for all river systems. Due to lack of sediment cohesion at a majority of sites, a sterile 
15 mL Falcon tube was used to collect 5 mL from the top 2 cm of sediment49. We collected eDNA water samples 
prior to collecting sediment samples, to ensure DNA being collected was derived from the water and not from 
re-suspension of fragments from the sediment during collection49. Sediment was stored on ice and then kept 
frozen at −80 °C until DNA extraction. Environmental conditions including temperature, flow rate, shade cover, 
bank consistency (concrete vs. mud/clay) and also bank angle (rounded up to nearest 5°) in relation to river/pond 
water were recorded for each site (Table 1).

DNA extraction and qPCR optimisation. Previously designed primers for crayfish39 (ApalPlen16SF: 
5′-AGTTACTTTAGGGATAACAGCGT-3′ and ApalPlen16SR: 5′-CTTTTAATTCAACATCGAGGTCG-3′) 
were used to amplify a 83 bp product of both target species. Primers were assessed in vitro for mitten crab using 
positive control tissue (leg muscle) from eight mitten crab individuals from three populations (Maidstone, Kent; 
Chester, Cheshire; Leeds, Yorkshire). Mitten crab DNA was extracted using Qiagen® DNeasy Blood and Tissue 
Kit (Qiagen, UK), eluted in 200 µl, and amplified in end-point PCR with the above primers using the following 

Figure 1. Distribution map for both North American signal crayfish (Pacifastacus leniusculus) and Chinese 
mitten crab (Eriocheir sinensis) in the River Medway and River Stour catchments, from 1995–2015 (signal 
crayfish) and 2012–2014 (mitten crabs). Data: ©Environment Agency, Map: © mapz.com.

Figure 2. eDNA sampling sites for the Rivers Medway and Stour. Signal crayfish DNA was confirmed at sites 1 
(Tonbridge Castle), 5 (Horse Farm), 7 (Green Lane), 8 (Teston Bridge), 10 (Asda), and 11 (Leybourne Lakes); 
mitten crab DNA was confirmed at sites 7, 10 and 11 in the Medway and in the Stour, both signal crayfish and 
mitten crab were detected at sites 7, 10 and 11. At each point, three water samples and between zero and three 
sediment samples were collected in 2016. © mapz.com.
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protocol: 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s, 61 °C for 30 s and 72 °C for 45 s with a final 
elongation step of 72 °C for 10 min. All amplified PCR products were checked for the correct amplicon sizes 
using a 2% agarose gel electrophoresis. To confirm the species identity, PCR products were analysed using Sanger 
Sequencing on an ABI Prism 277 DNA sequencer. Resulting sequences were aligned using BioEdit v. 5.0.9 (using 
the ClustalW program) and inputted to BLAST69.

Mitten crab qPCR-HRM optimisation. Optimisation of the primers above has previously been under-
taken for signal crayfish39. Here, specific in vitro testing of RT-qPCR-HRM analysis was performed for mitten 
crab DNA only using SsoFast EvaGreen® qPCR Supermix (BioRad, UK). The cycling protocol was carried out 
using a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad, UK) and began with 15 min of dena-
turation at 98 °C, followed by 40 cycles of 95 °C for 15 s and 61.5 °C for 30 s. After the 40 cycles, a HRM step was 
applied to the RT-qPCR reactions, which consisted of applying a temperature gradient ranging from 65 °C to 
95 °C in 0.1 °C/10 s increments, to melt the amplified qPCR product for assessment of consistency of amplicon tm. 
Resulting efficiency value for mitten crab DNA at pre-determined annealing temperature (61.5 °C) was 105.8%, 
R2 = 0.997 (previously determined efficiency of 100.2%, R2 = 0.986 for signal crayfish, and 107.9%39). Limit of 
detection (LOD) and limit of quantification (LOQ) were determined for mitten crab by running a dilution series 
ranging from 5 ng/µl to 5 × 10−7 ng/µl, using a mitten crab DNA pool. HRM analysis for mitten crab DNA was 
conducted on seven individuals to account for any degree of intraspecific variation in qPCR product tm. Overall, 
melt curves generated from species-specific product tms (signal crayfish: 73.8 °C ± 0.2; mitten crab: 73.2 °C ± 0.2) 
were analysed to assess the presence/absence of all species.

Figure 3. Distribution map for both North American signal crayfish (Pacifastacus leniusculus) and Chinese 
mitten crab (Eriocheir sinensis) in the River Dee catchments, from 1990–2014 (signal crayfish) and 2006–2013 
(mitten crab). Data: ©NBN Atlas, Map: © mapz.com.

Figure 4. eDNA sampling sites for River Dee. Signal crayfish DNA was confirmed at sites 1 (NRW Bala), 7 
(Sutton Green) and 8 (Caldecott); mitten crab DNA was confirmed at sites 7, 8 and 9 (Holt). At each point, six 
water samples and three sediment samples were collected in 2016. © mapz.com.
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For assessing the ability to detect both target invasive species in the same reaction, different volume ratios were 
combined for the two target species (signal crayfish and mitten crab from 1:9 µl through to 9:1 µl signal crayfish: 
mitten crab DNA at 5 ng/µl) and amplified in triplicate.

Analysis of eDNA field samples. DNA extraction was performed using Qiagen® DNeasy Powerlyzer 
PowerSoil Kit (Qiagen, UK), for both field eDNA water samples (n = 177; Table 2) and sediment eDNA samples 
(n = 39; Table 2), including negative controls, following the manufacturer’s instructions, apart from a reduction 
in the elution volume from 60 µl to 50 µl, to maximise DNA yield. We opted for Qiagen® DNeasy Powerlyzer 
PowerSoil Kit for all samples based on the effectiveness of the kit to remove inhibitors and produce high DNA 
yields70,71. Sediment samples were extracted in triplicate, resulting in a total of 117 sediment extractions. DNA 
extractions were undertaken in a dedicated eDNA area within an extraction cabinet, fully equipped with 
flow-through air system and UV light and to minimise contamination; additionally, dedicated eDNA laboratory 
coat and nitrile gloves were worn during the process.

Amplifications were undertaken in triplicate using the protocol previously described, with the final optimised 
qPCR reactions carried out in a final volume of 10 µl, containing 2 µl of SsoFast™ EvaGreen® (Bio-Rad, UK), 
0.25 µl of each primer (10 µM), 1 µl of template DNA at 5 ng/µl and 3.5 µl of ultrapure water. Melt curves gener-
ated from species-specific product tms (signal crayfish: 73.8 °C ± 0.2; mitten crab: 73.2 °C ± 0.2) were analysed 
to assess the presence/absence of target species in field samples. Samples which had at least two out of three PCR 
replicates with corresponding target tm for either or both species, with a melt rate above 200 -d(RFU)/dT were 
considered positive. In addition, qPCR reactions were carried out at sites positive for either signal crayfish or 
mitten crab (or both at same site) to test for presence of crayfish plague causal agent A. astaci using AphAstITS 
primers (Vrålstad et al. 2009). Each reaction consisted of 2 µl of 5 × HOT FIREPol® EvaGreen® qPCR Mix Plus 
ROX (Soils Biodyne, Estonia), 0.4 µl of primer mix (5 µM), 1 µl of template DNA at 5 ng/µl and 6.6 µl of ultrapure 
water39. Resulting melt peaks for target species using the HOT FIREPol® EvaGreen® qPCR Mix were 75.9 ± 0.2 °C 
(signal crayfish), 75.3 ± 0.2 °C (mitten crab) and 82.9 °C (A. astaci) respectively. qPCR amplifications were carried 
out in a separate room to eDNA extractions under a PCR hood with laminar flow. Each plate had the addition 
of both target species positive control DNA once all the eDNA samples were loaded and sealed to prevent false 
positive signals in the eDNA samples. Amplification negative controls consisting of HPLC water and extraction 
negative controls were also added in the same well location on each plate test for contamination in eDNA samples.

To confirm mitten crab presence in field samples, a subset of four positive amplifications were cloned and 
sequenced. Out of 21 successfully transformed clones (seven per sample), between five and seven sequences 

Site Site Name
Site 
Type

River 
System GPS

Temp. 
(°C)

Flow Rate 
(m/s)

Shade 
(0–3)

Sediment collected? 
(yes/no)

Bank 
consistency

Bank angle 
left (°)

Bank angle 
right (°)

M1 Tonbridge Castle River Medway TQ 59089 46489 17 0.2 0 No Concrete 90 90

M2 Tudeley Brook Stream Medway TQ 67472 48254 15 0.3 0 No Mud/clay 75 55

M3 Puttenden Lake Pond Medway TQ 60810 51347 17 N/A 2 Yes Mud/clay 30 N/A

M4 Canoe Landing River Medway TQ 68987 49924 18 0.2 1 No Concrete 90 90

M5 Horse Farm River Medway TQ 72866 48687 16 0.25 1 No Mud/clay 70 80

M6 Summerhill Road Stream Medway TQ 77297 46511 14 0.1 3 Yes Mud/clay 85 85

M7 Green Lane Stream Medway TQ 72843 45680 13 0.2 1 Yes Mud/clay 65 70

M8 Teston Bridge River Medway TQ 70880 53290 15 0.2 1 Yes Mud/clay 90 90

M9 Farleigh Station River Medway TQ 73478 53564 16 0.4 0 No Concrete 90 90

M10 Asda River Medway TQ 75665 55630 17 0.3 0 No Concrete 90 90

M11 Leybourne Lakes Lake Medway TQ 70192 59812 19 N/A 2 Yes Mud/clay 30 N/A

ST1 Gore Street Stream Stour TR 26937 63415 17 0.25 2 No Mud/clay 55 50

ST2 Grove Ferry Road River Stour TR 23499 63189 18 0.1 1 No Mud/clay 65 70

ST3 Fordwich River Stour TR 17922 59782 17 0.5 1 Yes Concrete 90 90

D1 NRW Bala River Dee SH 93341 35505 15 N/A 0 Yes Mud/clay 25 55

D2 Cilan River Dee SJ 02021 37388 15 N/A 1 Yes Mud/clay 50 45

D3 Carrog River Dee SJ 02080 37443 16 N/A 0 Yes Mud/clay 20 60

D4 Llangollen Serpents River Dee SJ 20486 43565 15 N/A 3 Yes Mud/clay 85 50

D5 Halton Woods River Dee SJ 29494 40857 14 N/A 2 Yes Mud/clay 50 45

D6 Eyton Hall River Dee SJ 36286 44256 13 N/A 1 Yes Mud/clay 55 60

D7 Sutton Green River Dee SJ 41383 47928 13 N/A 0 Yes Mud/clay 50 25

D8 Caldecott River Dee SJ 42500 51100 13 N/A 3 Yes Mud/clay 55 70

D9 Holt River Dee SJ 40307 56900 14 N/A 3 Yes Mud/clay 60 65

D10 Eccleston River Dee SJ 41592 62289 13 N/A 2 Yes Mud/clay 70 65

D11 Chester Meadows River Dee SJ 41701 66398 14 N/A 0 Yes Mud/clay 65 90

Table 1. Site information for eDNA sample collection in the River Medway (M), River Stour (S) and River Dee 
(D) including site name, GPS coordinates of site, water temperature (°C), flow rate (m/s), shade level (0–3), 
sediment collection status (yes/no), bank consistency (concrete vs. mud/clay) and bank angle in relation to 
waterbody (left and right in relation to downstream direction of water flow).
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matched 100% with mitten crab on BLAST69, non-specific amplification was observed in remaining clones. In 
addition, all positive control clones (seven) for mitten crab matched 100% on BLAST.

Statistical analysis. We employed a generalized linear modelling approach in R v.3.4.372 to model detection 
success (i.e. the proportion of samples that tested positive for signal crayfish and mitten crabs at each site) for both 
water and sediment eDNA samples as a function of the number of river barriers both upstream and downstream 
of each positive site and river identity (n: 2 rivers; Medway and Dee). This approach aimed to test whether barri-
ers limit the upstream or downstream migration of each species, by assessing whether an increasing number of 
barriers makes it more difficult to detect the species eDNA upstream or downstream. River identity also served as 
fragmentation status (Medway: highly fragmented, Dee: partially fragmented). We considered that either species 
was present at a site if two of the three PCR replicates per sample (6 samples per site) tested positive for target 
species. A quasibinomial log-link was used to correct for overdispersion.

Results
Mitten crab detection limits. Results from a 10-fold dilution series revealed that for mitten crab the limit 
of detection (LOD) was 0.005 ng/µl for the qPCR assay, which is the same LOD as the predetermined value for 
both signal crayfish and white-clawed crayfish39. No overlap in qPCR product tm was observed between the two 
species (Fig. S1; Table S3) and it was possible to detect presence of either species in a single reaction based on the 
diagnostic melt curve shape produced when combining varying ratios of pooled DNA for both species. Results 
from mixed proportions of signal crayfish and mitten crab displayed only signal crayfish melt curves from 9:1 to 
7:3 µL signal crayfish: mitten crab ratios whereas from 6:4 to 1:9 µL ratios, the melt curves were diagnostic for just 
mitten crabs (Fig. S1; Table S3).

Detection success and spatial distribution. Signal crayfish DNA was successfully detected in six out 
of the 11 sites sampled in the River Medway, whereas mitten crab DNA was only detected in three sites (Table 3; 
Figs S2 and S3; Tables S4 and S5). For all three catchments, both signal crayfish and mitten crab were detected 
within sections of the catchment where there has been visual confirmation of both species20,65, which confirms 
the utility of the essay in the field. As expected, positive sites for signal crayfish were located in the upper reaches 
of the river area sampled. Signal crayfish DNA was detected further downstream than previously reported in 
the Dee and Medway catchments65, however it was not possible to determine whether this represents down-
stream dispersal or downstream transport of eDNA from an upstream source51,53. Similarly, mitten crab DNA was 
detected further upstream than previously reported from visual surveys in the Medway and the Stour (Fig. S4; 
Tables S6 and S7), however, in the River Dee, mitten crab DNA was not detected at the uppermost extent of their 
known range20. Three sampling sites in the River Medway overlapped for both target species (M7, M10, M11) 
and similarly signal crayfish and mitten crab were detected at two of the same sites in the River Dee (D7 and D8; 
Figs S5 and S6; Tables S8 and S9). The River Stour also had an overlap in detection of both species in site ST3. 
Results from amplifying positive signal crayfish and mitten crab samples with HOT FIREPol® EvaGreen® qPCR 
multiplex indicated that there was no A. astaci present in any of the three catchments.

Detection success in relation to barriers. In comparison to the River Dee, the seven positive sites for sig-
nal crayfish in the Medway catchment were distributed at regular intervals down the catchment, whereas positive 
sites in the Dee for this species were located at very start of sample area (D1) and then clustered further down-
stream of three weirs (D7-D9). Despite presence of six locks within close proximity to one another in the upper 
Medway catchment (Fig. 1; Table S1), and three weirs situated within 15 km in the River Dee (Fig. 2; Table S1), 
signal crayfish DNA was detected above these barriers at M1 and D1 respectively. In contrast, despite previous 
records of mitten crab around Teston lock at M8, there was no DNA detected in either sediment or water samples 
from this site. However, there were positive detections of this target species directly upstream of Allington Lock 
at site M10, where mitten crab was previously known to accumulate at lock gates as has been observed in other 
impounded catchments73,74. Mitten crab DNA in the River Dee was detected at three sites upstream of Chester 
Weir, a barrier which is known to be passable for this species, however was not detected any further upstream 
than site D7.

Water and sediment samples did not perform to the same extent, with water samples producing a greater 
proportion of positive detections (Figs S2–S6; Tables S4–S9). For signal crayfish, there was no effect of barri-
ers upstream or downstream (deviance = 43.31, df = 19, P = 0.091; Table S10) or on positive detection of the 

River 
System Location

Number of 
Known River 
Obstructions Month/Year

Number of 
sites sampled

Total number of eDNA 
water samples collected*

Total number of eDNA 
sediment samples collected

Medway SE England 15 July/2016 11 78 18

Dee N Wales 4 September/2016 11 78 18

Stour SE England 0 July/2016 3 21 3

TOTAL 25 177 39

Table 2. Catchment location, number of known river obstructions within area sampled, month/year of sample 
collection, number of sites sampled in 2016, total number of eDNA water and eDNA sediment samples collected 
from the Rivers Medway, Dee and Stour. *Including field blanks.
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species in water samples or sediment samples (deviance = 56.05, df = 13, P = 0.794; Table S10). There was how-
ever an effect of river identity on positive detections of signal crayfish in water samples (deviance = 43.31, df = 19, 
P < 0.05), with a significantly higher detection success in the River Medway (highly fragmented) compared to the 
River Dee (partially fragmented; Table S10). For mitten crab, the number of barriers upstream of sampling site 
had a positive effect on detection success in water samples (deviance = 10.14, df = 19, P < 0.05) but not sediment 
samples (deviance = 17.16, df = 13, P = 0.997; Tables S11 and S12).

Discussion
Here, we have identified a negative effect of barrier presence on the upstream distribution of mitten crab and 
apparent lack of effect of barriers in the downstream presence of signal crayfish, by comparing water eDNA 
detection in river catchments with differing levels of fragmentation. This effect was not observed in sediment in 
any of both species, which could reflect the temporal differences in detection between water and sediment47,49.

Species presence compared to previous records. In all three catchments, both signal crayfish and 
mitten crab eDNA was detected in close proximity to locations of previous records. The exception to this being 
lack of mitten crab DNA near the estuary in the River Stour (ST1) and positive detections of signal crayfish in the 
lentic system at M11. Due to the one-way flow of eDNA in lotic systems, upstream detections of target species 
DNA suggest that individuals have progressed upstream; this also applies to sediment samples53,75. Signal cray-
fish are known to migrate both up and downstream anything from 1 to 4 km upstream and 1.5 to 6 km down-
stream per year31, therefore the high proportion of positive sites in the Medway catchment could suggest that this 
species has expanded beyond its previously considered range76. Similarly, positive detections of signal crayfish 
immediately downstream of Lake Bala in the River Dee, indicates upstream range expansion in this catchment65. 
Due to the catadromous nature of mitten crabs, juvenile crabs are known to migrate up to 750 km upstream to 
mature73,74, therefore the uppermost extent of DNA detection in a river is likely to be within close proximity to 
the true upstream extent of species occupation53,77–79. Similar to signal crayfish, within the Medway and Dee we 
detected mitten crab further upstream than previously reported, again suggesting upstream range expansion of 
the species22.

In both the Rivers Medway and Dee, signal crayfish and mitten crab were detected in the same sampling site, 
both in sediment and water samples, in locations which match the recorded downstream extent of signal crayfish 
and upstream extent of mitten crab20,76; this could indicate that both species are occupying the same stretches 
of the Medway and Dee around these sites, which has already been observed in other catchments in the UK80. 
Overlapping zones between signal crayfish and mitten crab are expected to result in negative impacts on local 
biota in comparison to single-species zones due to a combination of niche partitioning and predatory overlap80.

Effect of sample type on species presence. Water and aquatic sediments are known sources of 
eDNA, and both sample types have been directly used in a range of non-invasive surveys and monitoring tech-
niques44,49,79,81. The observed higher within-sample detection rate in sediment samples correlates with results 
from additional studies on DNA detection from sediment49,82–85, and could be a result of both the ecology of both 
target species and increased temporal longevity of DNA in sediment, resulting in higher detectability across sam-
ple replicates47,49,86–88. We found that a greater number of sampling sites were positive for target species in water 
samples in comparison with sediment samples. This is unexpected because both target species are benthic by 
nature, it was expected that eDNA would be more likely to be detected in the sediments than in surface waters, as 
aqueous DNA from crabs and crayfish is most likely to originate from faeces which sink rapidly into the substra-
tum87–89, due to lack of mucus exuded46,73,86,88. The conditions of the aquatic sediment can enable DNA to remain 
detectable for a longer period of time (at least 132 days for fish vs 25 days in water samples49), in comparison to 
DNA free in aqueous solution. Due to the varying temporal persistence of DNA in sediment89, it is difficult to 
determine the time of DNA deposition, which can be a problem for assessing current presence/absence, as depo-
sitions from past occupancy can result in false positives for target species75,90. There is little information regarding 
the longevity of invertebrate eDNA in sediments, however due to the cross-over in detection success between 
sediment and water samples, it is likely that detections in sediment for signal crayfish and mitten crabs represent 
more current-occupancy than past-occupancy49,87.

Here, we have validated the use of HRM for the analysis of field eDNA samples (as opposed to use for optimi-
sation only40,91), which is still incipient, both for water and sediment, although this method has been extensively 
used as a highly discriminative method for identifying species39,92,93. We have observed that the use of the same 
primers can present problems when the amount of eDNA from one of the species is considerably larger than for 
the other. To overcome this problem, we used a large number of replicates per sampling location and sequenced 

Catchment
Total Water 
Sample Sites

Total Sediment 
Sample Sites

No. Positive SC 
sites (Water)

No. Positive SC 
sites (Sediment)

No. Positive MC 
sites (Water)

No. Positive MC 
sites (Sediment)

Medway 11 5 4 3 3 1

Dee 11 11 1 2 1 2

Stour 3 1 1 1 1 1

Total 25 17 6 6 5 4

Table 3. Number of water and sediment samples collected, positive sites for both water and sediment samples 
for each species (signal crayfish (SC) and mitten crab (MC)) and total number of positive sites for each sample 
type.
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the resulting PCR in cases when a single species was detected. When collecting a large number of replicates is not 
possible, optimisation of specific primers may be the best alternative approach.

Barrier influence on presence and DNA detectability. The presence of the locks and flood gates in the 
River Medway appeared to have an influence over the DNA detection of mitten crab in this river. Detection like-
lihood of mitten crab increased with the number of barriers upstream of the sampling site, which indicates that 
barriers in the Medway are restricting the upstream movement of this species34. During their upstream migration, 
mitten crabs have been known to aggregate at barriers, especially when banks are too steep to navigate around 
barrier on land and the presence of large structures such as dams and flood gates are known to considerably slow 
down its upstream migration73,74. This congregation of individuals is likely to result in a stronger eDNA signal 
further downstream, because density is known to be the major contributing factor to successful DNA detection in 
numerous aquatic species53,79,81,94. The most upstream record of mitten crabs was in the River Beult, a tributary of 
the River Medway, which branches off from the main river ~5 km before of a series of six consecutive locks. Our 
detections of mitten crab DNA from water samples taken in this tributary, suggests this species is present here 
as opposed to the main river as no detections were found any further upstream of the River Medway. In contrast 
with the mitten crab, we found that the barriers did not affect the presence of the signal crayfish, probably due to 
the fact signal crayfish mainly disperse in a downstream direction26,66. In the River Stour, mitten crab appears to 
have expanded its range as this species was detected alongside signal crayfish in the most upstream site sampled. 
Mitten crabs had previously only been reported in the mouth of the estuary in this river system, and successful 
upstream range expansion could be as a result of the high levels of connectivity in the Stour.

Significantly higher detection success for signal crayfish in the River Medway compared to the River Dee 
could be the result of varying hydrological conditions, crayfish abundance or the difference in seasonality 
between the sampling period for each river43,44,48,68. Some studies have reported reduction of DNA detection for 
signal crayfish in the winter months (November – February43) due to the winter torpor signal crayfish undergo 
as part of their annual life cycle43,87,95. Temperature is considered to be the main driver for reduction in crayfish 
activity95, which can directly correspond to the amount of eDNA being released into the local environment43,85. 
However, our previous work on signal crayfish eDNA during October resulted in the species being detected in all 
reported locations, suggesting a substantial level of detection during the autumn39. Additionally, temperatures in 
the River Medway and River Dee were not very different between July (average 16.1 °C across all sampling sites) 
and October (average 14.1 °C across all sampling sites; Table 1), and therefore we expected the levels of crayfish 
activity, and eDNA shedding rates, to be comparable87. It is thus unlikely that the difference in detection rate of 
signal crayfish DNA is as a direct result of the seasonality in this case.

The detectability of eDNA in a flowing river depends on both biotic and abiotic factors such as distance from 
source53,56, water velocity53,55,56,94, and temperature51,53,94,96. The presence of a series of locks along a section of 
river, as seen in the River Medway, could have the potential to create ‘mini-lentic systems’ upstream of each obsta-
cle94, and therefore eDNA is more likely to settle and bind to sediment49,55, as opposed to being carried down-
stream55. Further research into the fate of DNA in fragmented river systems should be investigated to address this 
concept.

Overall, assessing the influence of barriers on invasive species presence and distribution is important for 
informing management strategies97–99. Long-term persistence of mitten crabs depends on the ability of juveniles 
to migrate upstream and colonise suitable freshwater habitats22,77,100, therefore river obstacles can have a great 
influence over colonisation success34. Additionally, being able to detect sites of predicted range overlap between 
signal crayfish and mitten crabs using eDNA is important for informing management strategies of critical areas 
for invasive species control, particularly for species which experience complex trophic interactions and are poten-
tially synergistic23,33,80,101,102. Our work suggests that sampling in the proximity of obstacles can increase species 
detectability through eDNA, particularly for species like the mitten crab which tend to concentrate downstream 
of the barriers. We also found that water samples can outperform sediment samples for DNA detection of benthic 
species, highlighting the ability to detect sufficient quantities of DNA in flowing systems to determine current 
distribution.

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

References
 1. Naylor, R., Williams, S. & Strong, D. Aquaculture—A Gateway for Exotic Species. Science 294, 1655–1656 (2001).
 2. Minchin, D. Aquaculture and transport in a changing environment: Overlap and links in the spread of alien biota. Mar. Pollut. Bull. 

55, 302–313 (2007).
 3. Bax, N., Williamson, A., Aguero, M., Gonzalez, E. & Geeves, W. Marine invasive alien species: a threat to global biodiversity. Mar. 

Policy 27, 313–323 (2003).
 4. Endresen, Ø., Behrens, H. L., Brynestad, S., Andersen, A. B. & Skjong, R. Challenges in global ballast water management. Mar. 

Pollut. Bull. 48, 615–623 (2004).
 5. Vilà, M. et al. How well do we understand the impacts of alien species on ecosystem services? A pan-European, cross-taxa 

assessment. Front. Ecol. Environ. 8, 135–144 (2010).
 6. Johnson, P., Olden, J. & Vander Zanden, M. Dam invaders: impoundments facilitate biological invasions into freshwaters. Front. 

Ecol. Environ. 6, 357–363 (2008).
 7. Pratt, T. et al. Balancing aquatic habitat fragmentation and control of invasive species: enhancing selective fish passage at Sea 

Lamprey control barriers. T. Am. Fish. Soc. 138, 652–665 (2009).
 8. Rahel, F. Intentional fragmentation as a management strategy in aquatic systems. BioScience 63, 362–372 (2013).
 9. Fagan, W. Connectivity, fragmentation and extinction risk in dendritic metapopulations. Ecol. Soc. Am. 83, 3243–3249 (2002).



9Scientific RepoRts |          (2019) 9:7230  | https://doi.org/10.1038/s41598-019-43570-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 10. Trombulak, S. & Frissell, C. Review of ecological effects of roads on terrestrial and aquatic communities. Conserv. Biol. 14, 18–30 
(2000).

 11. Andersen, D., Moggridge, H., Warren, P. & Shucksmith, J. The impacts of ‘run‐of‐river’ hydropower on the physical and ecological 
condition of rivers. Water Environ. J. 29, 268–276 (2014).

 12. Csiki, S. & Rhoads, B. L. Hydraulic and geomorphological effects of run-of-river dams. Prog. Phys. Geog. 34, 755–780 (2010).
 13. Marvier, M., Kareiva, P. & Neubert, M. G. Habitat destruction, fragmentation, and disturbance promote invasion by habitat 

generalists in a multispecies metapopulation. Risk Anal. 24, 869–878 (2004).
 14. Vanschoenwinkel, B., Gielen, S., Vandewaerde, H., Seaman, M. & Brendonck, L. Relative importance of different dispersal vectors 

for small aquatic invertebrates in a rock pool metacommunity. Ecography. Patt. Proc. Ecol. 31, 567–577 (2008).
 15. Rosewarne, P., Piper, A., Wright, R. & Dunn, A. Do low-head riverine structures hinder the spread of invasive crayfish? Case study 

of signal crayfish (Pacifastacus leniusculus) movements at a flow gauging weir. Manage. Biol. Invasions 4, 273–282 (2013).
 16. Alderman, D., Holdich, D. & Reeve, I. Signal crayfish as vectors in crayfish plague in Britain. Aquaculture 86, 3–6 (1990).
 17. Holdich, D. M., James, J., Jackson, C. & Peay, S. The North American signal crayfish, with particular reference to its success as an 

invasive species in Great Britain. Ethol., Ecol. Conserv. 26, 232–262 (2014).
 18. Dunn, J., McClymont, H., Christmas, M. & Dunn, A. Competition and parasitism in the native White Clawed Crayfish 

Austropotamobius pallipes and the invasive Signal Crayfish Pacifastacus leniusculus in the UK. Biol. Invasions 11, 315–324 (2009).
 19. Schrimpf, A., Schmidt, T. & Schulz, R. Invasive Chinese mitten crab (Eriocheir sinensis) transmits crayfish plague pathogen 

(Aphanomyces astaci). Aquat. Invasions 9, 203–209 (2014).
 20. NBN. Eriocheir sinensis H. Milne Edwards, 1853. Chinese Mitten Crab, https://records.nbnatlas.org/occurrences/

search?q=lsid:NHMSYS0001593547#tab_recordsView (2015).
 21. Herborg, L.-M., Rushton, S., Clare, A. & Bentley, M. The invasion of the Chinese mitten crab (Eriocheir sinensis) in the United 

Kingdom and its comparison to continental Europe. Biol. Invasions 7, 959–968 (2005).
 22. Gilbey, V., Attrill, M. & Coleman, R. Juvenile Chinese mitten crabs (Eriocheir sinensis) in the Thames estuary: distribution, 

movement and possible interactions with the native crab Carcinus maenas. Biol. Invasions 10, 67–77 (2008).
 23. Dittel, A. & Epifanio, C. Invasion biology of the Chinese mitten crab Eriochier sinensis: A brief review. J. Exp. Mar. Biol. Ecol. 374, 

79–82 (2009).
 24. Banha, F. & Anastácio, P. Desiccation survival capacities of two invasive crayfish species. Knowl. Manag. Aquat. Ec. 413, 1–5 (2014).
 25. Marques, M., Banha, F., Aquas, M. & Anastácio, P. Environmental cues during overland dispersal by three freshwater invaders: 

Eriocheir sinensis, Pacifastacus leniusculus, and Procambarus clarkii (Crustacea, Decapoda). Hydrobiologia 742, 81–93 (2015).
 26. Kerby, J., Riley, S., Kats, L. & Wilson, P. Barriers and flow as limiting factors in the spread of an invasive crayfish (Procambarus 

clarkii) in southern California streams. Biol. Conserv. 126, 402–409 (2005).
 27. Ramalho, R. & Anastácio, P. Factors inducing overland movement of invasive crayfish (Procambarus clarkii) in a ricefield habitat. 

Hydrobiologia 746, 135–146 (2015).
 28. Fialho, C., Banha, F. & Anastácio, P. Factors determining active dispersal capacity of adult Chinese mitten crab Eriocheir sinensis 

(Decapoda, Varunidae). Hydrobiologia 767, 321–331 (2016).
 29. Light, T. Success and failure in a lotic crayfish invasion: the roles of hydrologic variability and habitat alteration. Freshwater Biol. 48, 

1886–1897 (2003).
 30. Frings, R. M., Vaeßen, S. C. K., Groß, H., Roger, S. & Schüttrumpf, H. A fish-passable barrier to stop the invasion of non-indigenous 

crayfish. Biol. Conserv. 159, 521–529 (2012).
 31. Bubb, D. H., Thom, T. J. & Lucas, M. C. Movement and dispersal of the invasive signal crayfish Pacifastacus leniusculus in upland 

rivers. Freshwater Biol. 49, 357–368 (2004).
 32. Bernado, J., Costa, A. M., Bruxelas, S. & Teixeira, A. Dispersal and coexistence of two non-native crayfish species (Pacifastacus 

leniusculus and Procambarus clarkii) in NE Portugal over a 10-year period. Knowl. Manag. Aquat. Ec. 401, 1–13 (2011).
 33. Cowart, D. A., Breedveld, K. G. H., Ellis, M. J., Hull, J. M. & Larson, E. R. Environmental DNA (eDNA) applications for the 

conservation of imperilled crayfish (Decapoda: Astacidea) through monitoring of invasive species barriers and relocated 
populations. J. Crustacean Biol. 38, 257–266 (2018).

 34. Schmidt, R. E., Daniels, R. A., Swift, E. L. & Shadis, I. B. Inferences on the biology of juvenile Chinese mitten crab (Eriocheir 
sinensis) from exuviae in a Hudson River tributary, New York, USA. Aquat. Invasions 4, 613–617 (2009).

 35. Chinese Mitten Crab Control Committee. A draft national management plan for the Genus Eriocheir. Aquatic Nuisance Species 
Task Force, https://www.anstaskforce.gov/Species%20plans/national%20mgmt%20plan%20for%20mitten%20crab.pdf (2002).

 36. May, J. T. & Brown, L. R. Chinese mitten crab surveys of San Joaquin River basin and Suisun Marsh, California, 2000. U.S. 
Geological Survey, 01–396 (2001).

 37. Clark, P. F. The commercial exploitation of the Chinese mitten crab Eriocheir sinensis in the River Thames, London: damned if we 
don’t and damned if we do. In: Galil, B., Clark, P., Carlton, J. (eds) In the Wrong Place - Alien Marine Crustaceans: Distribution, 
Biology and Impacts. Invading Nature - Springer Series in Invasion Ecology, vol 6. Springer, Dordrecht (2011).

 38. Smart, A., Tingley, R., Weeks, A., van Rooyen, A. & McCarthy, M. Environmental DNA sampling is more sensitive than a 
traditional survey technique for detecting an aquatic invader. Ecol. Appl. 25, 1944–1952 (2015).

 39. Robinson, C. V., Uren Webster, T. M., Cable, J., James, J. & Consuegra, S. Simultaneous detection of invasive signal crayfish, 
endangered white-clawed crayfish and the crayfish plague pathogen using environmental DNA. Biol. Conserv. 222, 241–252 
(2018).

 40. Larson, E. R. et al. Environmental DNA (eDNA) detects the invasive crayfishes Orconectes rusticus and Pacifastacus leniusculus in 
large lakes of North America. Hydrobiologia 800, 173–185 (2017).

 41. Mauvisseau, Q. et al. Environmental DNA as an efficient tool for detecting invasive crayfishes in freshwater ponds. Hydrobiologia 
805, 163–175 (2018).

 42. Doi, H. et al. Use of Droplet Digital PCR for estimation of fish abundance and biomass in environmental DNA surveys. Plos One 
10, e0122763 (2015).

 43. Harper, K. J., Anucha, N. P., Turnbull, J. F., Bean, C. W. & Leaver, M. J. Searching for a signal: environmental DNA (eDNA) for the 
detection of invasive signal crayfish, Pacifastacus leniusculus (Dana, 1852). Manage. Biol. Invasions 9, 137–148 (2018).

 44. Ficetola, G. F., Miaud, C., Pompanon, F. & Taberlet, P. Species detection using environmental DNA from water samples. Biol. Letters 
4, 423–425 (2008).

 45. Jerde, C. L., Mahon, A. R., Chadderton, W. L. & Lodge, D. M. “Sight-unseen” detection of rare aquatic species using environmental. 
DNA. Conserv. Letters 4, 150–157 (2011).

 46. Klymus, K. E., Richter, C. A., Chapman, D. C. & Paukert, C. Quantification of eDNA shedding rates from invasive bighead carp 
Hypophthalmichthys nobilis and silver carp Hypophthalmichthys molitrix. Biol. Conserv. 183, 77–84 (2015).

 47. Pietramellara, G. et al. Extracellular DNA in soil and sediment: fate and ecological relevance. Biol. Fert. Soils 45, 219–235 (2009).
 48. Rees, H., Maddison, B., Middleditch, D., Patmore, J. & Gough, K. The detection of aquatic animal species using environmental 

DNA – a review of eDNA as a survey tool in ecology. J. Appl. Ecol. 51, 1450–1459 (2014).
 49. Turner, C. R., Uy, K. L. & Everhart, R. C. Fish environmental DNA is more concentrated in aquatic sediments than surface water. 

Biol. Conserv. 183, 93–102 (2015).
 50. Yamanaka, H. & Minamoto, T. The use of environmental DNA of fishes as an efficient method of determining habitat connectivity. 

Ecol. Indic. 62, 147–153 (2016).



1 0Scientific RepoRts |          (2019) 9:7230  | https://doi.org/10.1038/s41598-019-43570-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 51. Deiner, K., Fronhofer, E. A., Mächler, E., Walser, J.-C. & Altermatt, F. Environmental DNA reveals that rivers are conveyer belts of 
biodiversity information. Nat. Commun. 7, 1–9 (2016).

 52. Rees, H. C., Gough, K. C., Middleditch, D. J., Patmore, J. R. M. & Maddison, B. C. Applications and limitations of measuring 
environmental DNA as indicators of the presence of aquatic animals. J. Appl. Ecol. 52, 827–831 (2015).

 53. Deiner, K. & Altermatt, F. Transport distance of invertebrate environmental DNA in a natural river. Plos One 9, e88786 (2014).
 54. Nielsen, K. M., Johnsen, P. J., Bensasson, D. & Daffonchio, D. Release and persistence of extracellular DNA in the environment. 

Envir. Biosafety Res. 6, 37–53 (2007).
 55. Jerde, C. L. et al. Influence of stream bottom substrate on retention and transport of vertebrate environmental. DNA. Envir. Sci. 

Tech. 50, 8770–8779 (2016).
 56. Jane, S. F. et al. Distance, flow and PCR inhibition: eDNA dynamics in two headwater streams. Mol. Ecol. Resour. 15, 216–227 

(2014).
 57. Klymus, K., Marshall, N. & Stepien, C. Environmental DNA (eDNA) metabarcoding assays to detect invasive invertebrate species 

in the Great Lakes. Plos One 12, e0177643 (2017).
 58. Davy, C., Kidd, A. & Wilson, C. Development and validation of environmental DNA (eDNA) markers for detection of freshwater 

turtles. Plos One 10, e0130965 (2015).
 59. Wittwer, C. T. High-resolution DNA melting analysis: advancements and limitations. Hum. Mutat. 30, 857–859 (2009).
 60. Martinou, A., Mancuso, T. & Rossi, A. M. Application of High-Resolution Melting to large-scale, high-throughput SNP genotyping: 

a comparison with the TaqMan® method. J. Biomol. Screen. 15, 623–629 (2010).
 61. Vossen, R. H. A. M., Aten, E., Roos, A. & den Dunnen, J. T. High‐Resolution Melting Analysis (HRMA)—more than just sequence 

variant screening. Hum. Mutat. 30, 860–866 (2009).
 62. Spencer, K. L., Cundy, A. B. & Croudace, I. W. Heavy metal distribution and early-diagenesis in salt marsh sediments from the 

Medway Estuary, Kent, UK. Estuar. Coast. Shelf S. 57, 43–54 (2003).
 63. Gurnell, A. M., Downward, S. R. & Jones, R. Channel planform change on the river dee meanders, 1876–1992. River Res. Appl. 9, 

187–204 (1994).
 64. De Vos, E., Edwards, S. J., McDonald, I., Wray, D. S. & Carey, P. J. A baseline survey of the distribution and origin of platinum group 

elements in contemporary fluvial sediments of the Kentish Stour, England. Appl. Geochem. 17, 1115–1121 (2002).
 65. NBN. Crayfish (Crustacea; Astacura) data for Britain and Ireland to 2003. Oxfordshire (2009).
 66. Biggs, J. et al. Using eDNA to develop a national citizen science-based monitoring programme for the great crested newt (Triturus 

cristatus). Biol. Conserv. 183, 19–28 (2015).
 67. Hinlo, R., Gleeson, D., Lintermans, M. & Furlan, E. Methods to maximise recovery of environmental DNA from water samples. 

Plos One 12, e0179251 (2017).
 68. Thomsen, P. et al. Monitoring endangered freshwater biodiversity using environmental DNA. Mol. Ecol. 21, 2565–2573 (2012).
 69. Ye, J., Mcginnis, S. & Madden, T. L. BLAST: improvements for better sequence analysis. Nucleic Acids Res. 34, 6–9 (2006).
 70. Eiler, A., Löfgren, A., Hjerne, O., Nordén, S. & Saetre, P. Environmental DNA (eDNA) detects the pool frog (Pelophylax lessonae) 

at times when traditional monitoring methods are insensitive. Sci. Rep. 8, 5452 (2018).
 71. Stoeckle, M. Y., Mishu, M. D. & Charlop-Powers, Z. GoFish: A versatile nested PCR strategy for environmental DNA assays for 

marine vertebrates. Plos One 13, e0198717 (2018).
 72. R Core Team. R: A language and environment for statistical computing, https://www.R-project.org/ (2017).
 73. Veldhuizen, T. C. Life History, distribution, and impacts of the Chinese mitten crab, Eriochelr sinensis. Aquat. Invaders 12, 

24410–24427 (2001).
 74. Iwasaki, K. Human-mediated introduction of marine organisms in Japan: a review In: Assessment and Control of Biological Invasion 

Risks. (Eds Koike, F., Clout, M. N., Kawamichi, M., Poorter, M. D. & Iwaysuki, K.), pp. 104–112. World Conservation Union 
(IUCN), Gland, Switzerland (2004).

 75. Roussel, J. M., Paillisson, J. M., Tréguier, A. & Petit, E. The downside of eDNA as a survey tool in water bodies. J. Appl. Ecol. 52, 
823–826 (2015).

 76. Aquainvaders. Pacifastacus leniusculus records, http://www.brc.ac.uk/aquainvaders/content/all-species (2016).
 77. Herborg, L.-M., Rudnick, D. A., Siliang, Y., Lodge, D. M. & Macisaac, H. J. Predicting the Range of Chinese Mitten Crabs in 

Europe. Conser. Biol. 21, 1316–1323 (2007).
 78. Herborg, L.-M., Rushton, S. P., Clare, A. S. & Bentley, M. G. Spread of the Chinese mitten crab (Eriocheir sinensis, H. Milne 

Edwards) in continental Europe: analysis of a historical data set. Hydrobiologia 503, 21–28 (2003).
 79. Laramie, M. B., Pilliod, D. S. & Goldberg, C. S. Characterizing the distribution of an endangered salmonid using environmental 

DNA analysis. Biol. Conserv. 183, 29–37 (2015).
 80. Rosewarne, P. J. et al. Feeding behaviour, predatory functional responses and trophic interactions of the invasive Chinese mitten 

crab (Eriocheir sinensis) and signal crayfish (Pacifastacus leniusculus). Freshwater Biol. 61, 426–443 (2016).
 81. Pilliod, D. S., Goldberg, C. S., Arkle, R. S. & Waits, L. P. Estimating occupancy and abundance of stream amphibians using 

environmental DNA from filtered water samples. Can. J. Fish. Aquat. Sci. 70, 1123–1130 (2013).
 82. Spear, S. F., Groves, J. D., Williams, L. A. & Waits, L. P. Using environmental DNA methods to improve detectability in a hellbender 

(Cryptobranchus alleganiensis) monitoring program. Biol. Conserv. 183, 38–45 (2015).
 83. Kirshtein, J. D., Anderson, C. W., Wood, J. S., Longcore, J. E. & Voytek, M. A. Quantitative PCR detection of Batrachochytrium 

dendrobatidis DNA from sediments and water. Dis. Aquat. Organ. 77, 11–15 (2007).
 84. Taberlet, P., Coissac, E., Hajibabaei, M. & Rieseberg, L. H. Environmental DNA. Mol. Ecol. 21, 1789–1793 (2012).
 85. Honjo, M. N., Minamoto, T. & Kawabata, Z. Reservoirs of Cyprinid herpesvirus 3 (CyHV-3) DNA in sediments of natural lakes and 

ponds. Vet. Microbiol. 155, 183–190 (2012).
 86. Eichmiller, J. J., Bajer, P. G. & Sorensen, P. W. The relationship between the distribution of common carp and their environmental 

DNA in a small lake. Plos One 9, e112611 (2014).
 87. Tréguier, A. et al. Environmental DNA surveillance for invertebrate species: advantages and technical limitations to detect invasive 

crayfish Procambarus clarkii in freshwater ponds. J. Appl. Ecol. 51, 871–879 (2014).
 88. Figiel, C. R. & Bohn, S. Laboratory experiments for the detection of environmental DNA of crayfish: examining the potential. 

Freshwater Crayfish 21, 159–164 (2015).
 89. Saba, G. K. & Steinberg, D. K. Abundance, composition, and sinking rates of fish fecal pellets in the Santa Barbara Channel. Sci. 

Rep. 2, 715–716 (2012).
 90. Caldwell, J., Payment, P. & Villemur, R. Mitochondrial DNA as source tracking markers of fecal contamination, Springer, New York 

(2011).
 91. Dougherty, M. M. et al. Environmental DNA (eDNA) detects the invasive rusty crayfish Orconectes rusticus at low abundances. J. 

App. Ecol. 53, 722–732 (2016).
 92. Behrens-Chapuis, S. et al. Discriminating European cyprinid specimens by barcode high-resolution melting analysis (Bar-

HRM)—A cost efficient and faster way for specimen assignment? Fish. Res. 204, 61–73 (2018).
 93. Yang, S. et al. Rapid identification of biothreat and other clinically relevant bacterial species by use of Universal PCR coupled with 

High-Resolution Melting Analysis. J. Clin. Microbiol. 47, 2252–2255 (2009).
 94. Collier, M., Webb, R. H. & Schmidt, J. C. Dams and rivers: a primer on the downstream effects of dams., U.S. Geological Survey, 

Denver, Colorado (1996).



1 1Scientific RepoRts |          (2019) 9:7230  | https://doi.org/10.1038/s41598-019-43570-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 95. Bubb, D. H., Lucas, M. C. & Thom, T. J. Winter movements and activity of signal crayfish Pacifastacus leniusculus in an upland river, 
determined by radio telemetry. Hydrobiologia 483, 111–119 (2002).

 96. Goldberg, C. S. et al. Critical considerations for the application of environmental DNA methods to detect aquatic species. Methods 
in Ecol. Evol. 7, 1299–1307 (2016).

 97. Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J. & Tricarico, E. Managing invasive crayfish: is there a hope? Aquat. Sci. 73, 
185–200 (2011).

 98. Rahel, F. & Olden, J. Assessing the effects of climate change on aquatic invasive species. Conser. Biol. 22, 521–533 (2008).
 99. Vander Zanden, M. J. & Olden, J. D. A management framework for preventing the secondary spread of aquatic invasive species. 

Can. J. Fish. Aquat. Sci. 65, 1512–1522 (2008).
 100. Rudnick, D. A., Hieb, K., Grimmer, K. F. & Resh, V. H. Patterns and processes of biological invasion: The Chinese mitten crab in 

San Francisco Bay. Basic Appl. Ecol. 4, 249–262 (2003).
 101. Parker, I. M. et al. Impact: toward a framework for understanding the ecological effects of invaders. Biol. Invasions 1, 3–19 (1999).
 102. Nathan, L. M., Simmons, M., Wegleitner, B. J., Jerde, C. L. & Mahon, A. R. Quantifying Environmental DNA signals for aquatic 

invasive species across multiple detection platforms. Envir. Sci. Tech. 48, 12800–12806 (2014).

Acknowledgements
This research was supported by AQUAWALES research cluster by Welsh Government and Higher Education 
Funding Council for Wales (hefcw) through the Sêr Cymru National Research Network for Low Carbon 
Energy and Environment (NRN-LCEE) and by the. European Union’s Horizon 2020 Research and Innovation 
program under Grant Agreement No. 689682, Adaptive Management of Barriers in European Rivers (AMBER) 
project. We would like to thank: Kathy Friend (Environment Agency) for her invaluable assistance locating 
sampling sites, species records and barrier records for the River Medway; Derek Whitehead (Medway Valley 
Countryside Partnership) and Stephanie Bradbeer (Leeds University) for providing mitten crab samples for qPCR 
optimisation; Mark Hudson and Lyn Byrne (North Wales Wildlife Trust) for collecting eDNA samples in the 
Dee and for providing mitten crab samples; Tristan Hatton-Ellis for providing information on target species 
distribution and barrier locations in the River Dee.

Author Contributions
C.V.R. and S.C. designed the study, C.V.R. analysed the data, C.G.D.L. performed statistical analyses, C.V.R., S.C. 
and C.G.D.L. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43570-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019


