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A Novel Assessment of the Temporal and Abiotic 
Factors Influencing Environmental DNA Derived from 

Freshwater Biofilms 

 

Abstract 
Environmental management and understanding of ecosystems requires accurate assessment 

of biodiversity. Environmental DNA (eDNA) offers a non-invasive and objective biodiversity 

survey method, focusing on the detection of free cellular material. Despite significant 

advantages over traditional methods many of the dynamics of eDNA within the water column 

are still unknown such as the persistence and transport of molecules. So far, most eDNA 

studies have focused on detecting species in water samples. This study focuses on biofilms 

which have never previously been used to detect eDNA and offer a novel sampling medium 

for future studies using eDNA. This study aims to detect macrobial eDNA within freshwater 

biofilms, model the uptake and persistence of eDNA within biofilms over time and determine 

environmental factors that affect the spatio-temporal persistence of eDNA. DNA of mayfly 

(Ephemera danica), Daphnia (D. magna) and European eel (Anguilla anguilla) was added to 

four experimental mesocosms of lotic freshwater, each associated with different land-use 

types and pH. Biofilms were collected over 43 hours and eDNA quantified using qPCR with 

CO1 primers. Only mayfly DNA was detected within the biofilm. The quantity of mayfly 

DNA had a strong negative relationship with time and a positive association with pH, 

demonstrating that eDNA degraded quickly over time and faster in mesocosms with lower 

pH. In conclusion, this study builds on the wider knowledge of how eDNA persists in lotic 

freshwater and provides a new sampling medium for further eDNA studies. 
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1.2 Ecology of Environmental DNA 

The concept that still requires more understanding is how eDNA interacts with its 

environment in space and time. The major questions about the ecology of eDNA were set out 

by Barnes and Turner (2016) (Figure 1). The following section further details the most 

important aspects for the future development and understanding of eDNA: origin, state, fate 

and transport.   

1.2.1 Origin 

In macrobial organisms it is understood that eDNA can originate from almost any excretion 

from the animal, such as mucus, gametes and faeces (Ficetola et al., 2008; Martellini et al., 

2005; Anderson et al., 2012). However, it is unknown which excretions are most important in 

generating a tractable eDNA signal (Barnes & Turner, 2016). It is likely that macrobial 

organisms shed whole cells that then degrade overtime (Barnes & Turner, 2016). Faeces are 

likely to be one of the main sources of eDNA from most macrobial organisms in both 

terrestrial and aquatic environments (Anderson et al., 2012; Thomsen et al., 2012).  

Each organism has distinct physiological traits that determine how much DNA is released 

into the environment, such as body size, metabolic rate and life stage. Dead animals release 

large quantities of eDNA over time potentially leading to misinterpretation of the actual 

occurrence of an organism in a location (Foote et al, 2012). In the case of rare organisms, the 

effect of cadavers may be difficult to quantify or rule out. Furthermore, behaviour and 

seasonality change the concentrations of DNA released (Anderson et al., 2012). For instance, 

Buxton et al., (2017) found that great crested newt eDNA concentrations peaked during adult 

breeding season and newt larval abundance. Correspondingly, eDNA abundance fell rapidly 

after the larvae metamorphosed and left the pond.  

1.2.2 State 

The state of macrobial eDNA is the least explored of the theoretical limitations in the use of 

eDNA for biodiversity assessment. The term state refers to whether the eDNA captured is 

within a complete cell, a free-floating organelle or even free DNA strands (Barnes & Turner, 

2015). The state of eDNA has a significant impact on the potential methodology used when 

trying to effectively assess all aspects of eDNA; for example, the choice of filter sizes 

(Turner et al., 2014). 
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breakup or settling. Furthermore, eDNA that does settle in aquatic sediments takes longer to 

degrade and has a higher concentration than in the water column (Turner et al., 2015).  

1.3 Applications of Environmental DNA 
Environmental DNA is used for a range of applications for assessing ecosystems and 

informing conservation management. Mostly, eDNA is used for the biomonitoring of 

invasive species that could be ecologically and economically damaging. An example of this is 

the Asian carp (Hypophthalmichthys molitrix & H. nobilis) invasion in the United States 

where eDNA in the water was used to delimit newly invaded frontiers before the Carp were 

sighted, allowing early intervention measures. (Jerde et al., 2011; Jerde et al., 2013).  

On a practical level, the use of eDNA requires less training and taxonomic knowledge, 

effectively neutralising observer bias that may arise from differing levels of competency 

(Biggs et al., 2015). Using traditional methods, accurate and skilled surveyors are important 

for the monitoring of protected species. For example, fish surveys are normally carried out 

using either seine nets, trawling or snorkelling. However, traditional survey methods are not 

only limited logistically, but also rely on on-site identification. Molecular techniques 

employed for detecting eDNA distinguish between species based on DNA as opposed to 

morphology, which is less subjective and accounts for phenomena such as cryptic species 

(Bickford et al., 2007). Furthermore, seine and trawling can be destructive and are only 

suitable for certain seabed types (Thomson et al., 2012). By only taking a small sample of 

water for later analysis, eDNA effectively removes disturbance which may cause harm to 

sensitive ecosystems or organisms.  

One aspect that eDNA does not outperform traditional methods in is population estimates. 

Amplification of eDNA is population density dependent which would indicate it may be 

possible to estimate population size. Although, population estimates have been attempted in 

several systems the results are inconclusive. A possible confounding factor of estimating 

populations is that eDNA excretion rates are different for individual species and degradation 

rates change between locations (Foote et al., 2012; Kelly et al., 2014). For instance, eDNA 

was used to detect pilot whales to confirm rare sightings, but as excretion rates and cell 

degradation was unknown there was a chance of eDNA detection from a dead individual or 

transportation of eDNA over a significant distance (Foote et al., 2012).   
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2.1 Experimental System 
Biofilm sampling took place upstream of the Llyn Brianne reservoir located in the central 

Welsh uplands (UK; 52°07'57.4"N 3°45'07.8"W) The area has a temperate climate annually 

ranging between 0-16°C with 1900mm of rainfall (Durance et al., 2007). The location is split 

into four experimental stream mesocosms named Davies, Carpenter, Hanwell and Sidaway 

after the land owners (Figure 3). The mesocosms are fed by a natural river in the Tywi 

catchment (Ormerod & Durance, 2009). The mesocosms covered three types of land. Davies 

and Carpenter covered circumneutral (soil pH between 6.5 and 7.5) moorland and both 

Hanwell and Sidaway were covered by acid water conifer forests. Sidaway had recently been 

logged. Each land type differed in water chemistry and species assemblage. The 

circumneutral sites (Davies & Carpenter) had an average pH of 6.8-7.2 and the conifer forest 

sites (Sidaway & Hanwell) had an average pH of 5.3-5.8 (Ormerod & Durance, 2009). The 

mesocosms are environmentally typical representative of the Tywi catchment and are 

representative of upland Welsh systems (Ormerod & Durance, 2009; Kowalik et al., 2007; 

Ormerod et al., 1987). Each mesocosm was made up of 3 channels (20mx20cmx20cm) which 

were isolated from the river system and a mechanical pump run by a petrol generator 

circulated water an average of 2m per second for 43 hours (Figure 3).During the experiment 

the each mesocosm had a total volume of 800L. Total dissolved nitrogen (TDN) and pH were 

recorded at every time point for each site. Temperature was taken every 15 minutes during 

the experiment using data loggers (model 650MDS, YSI Inc, USA). 

2.2 Experimental Targets 
Ephemera danica, Anguilla anguilla and Daphnia magna were chosen as eDNA targets 

within the biofilm samples. E. danica is a species of mayfly commonly found in freshwater 

lakes and rivers throughout Europe and the British Isles. Ephemera danica was chosen as it is 

used in a wide range of studies, such as the bioaccumulation of pesticides (Södergren & 

Svensson, 1973).  Ephemera danica were collected near Galsbury, UK and kept in 

microcosms (~100 Individuals/L) at Bangor University two weeks prior to the experiment.  

Daphnia magna (water fleas) are used for a variety of ecotoxicology studies and as model 

organisms (e.g. Biesinger et al.,1972). Daphnia magna were clones bred in Bangor 

University (UK) from an individual sourced from Birmingham University (UK). 

Environmental DNA cultures for E. danica and D. magna were collected by sieving 
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mesocosms were similar between all sites (Supplementary figure 1). TDN was similar for 

Hanwell (0.174mg/L±0.030), Carpenter (0.146 mg/L ±0.030) and Davies (0.137 mg/L 

±0.030) (Figure 4, A). Sidaway TDN was more than two-fold greater than the other three 

mesocosms (0.485 mg/L ±0.200) (Figure 4, A). Mean pH was lowest in Sidaway 5.352 

(±0.050) followed by Hanwell 5.900 (±0.072) which had a slightly higher pH (Figure 4, B). 

Carpenter (6.732 ±0.025) and Davies (6.817 ±0.036) had similar pH (Figure 4, B).  All pH 

for the mesocosms were normal for the Llyn Brianne area.  
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Figure 4: Mean Total Dissolved Nitrogen (mg/L) (A) and pH (B) in four experimental 
mesocosms: Carpenter, Davies, Hanwell and Sidaway.       
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Figure 5: Mean Total Dissolved Nitrogen (mg/L) over time for four experimental mesocosms: Carpenter (orange), Davies 
(yellow), Hanwell (grey) and Sidaway (purple). Error bars represent standard error. 

3.2 Quantitative PCR 

Amplification from qPCR analysis was successful for E. danica. However, A. anguilla and D. 

magna failed to amplify. The quantity of amplified E. danica eDNA was calculated as copy 

numbers. Initial mean quantity at time point 0 were 1.440(±1.209) at Carpenter, 

5.555(±5.668) at Davies, 1.015(±1.156) at Hanwell and none for Sidaway. The concentration 

of eDNA fell over time and was undetectable in all streams by time point 43 (Figure 6). No 

amplification was recorded at the -1 time points, confirming no contamination of target 

species or their prior presence in the experimental streams. 

3.3 Results of statistical analyses 
Three data points in Davies with comparatively high quantity which did not reflect the overall 

trends in the data and over inflated statistical findings. A General Linear Model (GLM) with 

a negative binomial error distribution fitted to the quantity data showed a strong negative 

relationship to time (p<0.001, SE=0.007) and strong positive relationship to higher pH 

(p<0.001, SE=0.166), summarised in Table 2 and graphically represented in Figure 6.  

Channel name 
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Table 2: Results of a Generalised linear model with a negative binomial error distribution with the 
explanatory variable of quantity and response variables of time and pH. Described are the P-values, 
z-values, Standard error and Estimates. 

4.0 Discussion  

This thesis builds on what is known about the persistence dynamics of eDNA within a lotic 

freshwater context and explores the concepts of other mediums through which eDNA can be 

detected. Firstly, the experiment shows that eDNA can be detected within biofilms, however, 

only the eDNA of E. danica could be reliably amplified and quantified out of the target 

species. Secondly, the eDNA detected within the biofilm degraded quickly over time. Models 

showed that persistence was also affected by the pH level, with lower concentrations and 

faster degradation of eDNA in more acidic mesocosms compared to circumneutral 

mesocosms. 

 Estimate Standard error z-value P-value 
Intercept -6.634   1.085   -6.117 <0.001 
Time -0.0247    0.007   -3.548 <0.001 
pH 1.052    0.166     6.343 <0.001 

Circumneutral moorland 

Coniferous forest 

Figure 6: Quantity of DNA (E. danica) plotted against time (hours) in four experimental mesocosm: 
Carpenter, Davies, Hanwell and Sidaway. Each graph has fitted curves from a general linear model 
with a negative binomial distribution with the response variable quantity and explanatory variables 
pH and time. The fitted curves are split into three representing the channels in each mesocosm. 
Channel 1 is red, channel 2 (green) and channel 3 (blue). 
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4.1 Temporal Dynamics 
Biofilms are a unique structure that occupies a position between sediment and the water 

column. Therefore, it was hypothesised that biofilm may act similarly to sediment, leading to 

accumulation of eDNA. Alongside this experiment, a sister study undertook a similar 

experiment with the same methodology except using water (500ml) as opposed to biofilms 

for detecting environmental DNA. The degradation of eDNA within the biofilms acted 

identically to the water column study starting at a high concentration and degrading quickly 

over time (Supplementary figure 2) (Seymour et al., 2017, in review). The most marked 

difference between the two studies was that the concentration of eDNA was much higher in 

the water column study. Furthermore, the other target species, A. anguilla and D. magna, 

were also quantified as opposed to only E.danica from the biofilm.  

The low eDNA concentration in biofilm may be a sign that much of the eDNA is diluted and 

broken down in the water column before being transported to the biofilm. Furthermore, any 

eDNA degraded in the mesocosm that reaches a size of 0.2 µm or less is likely to then stay 

suspended in the water column, reducing the quantity of settling eDNA (Isao et al., 1990). 

4.2 Environmental interactions 

4.2.1 Effect of pH 

A factor that showed important relevance to the degradation of environmental DNA was pH. 

The streams with a lower pH were found to have a lower concentration of eDNA when 

compared to those with a higher pH which was also mirrored in the water based study. In the 

biofilm, the most extreme example was Sidaway which failed to amplify any DNA at any 

time point. Low pH sites were likely associated with a low concentration of eDNA due to 

acidity catalysing the hydrolytic process. Strickler et al. (2015) found a similar negative 

relationship between concentration and low pH. The fastest sites for degradation had neutral 

pH, moderate UV and higher temperatures that combined to give more favourable conditions 

to the microorganisms consuming eDNA. This thesis suggests that the pH of Hanwell and 

Sidaway were low enough to accelerate chemical hydrolysis but the mesocosms were still 

close enough to neutral to not inhibit the effects of exonuclease producing bacteria 

consuming eDNA.  

In the future, studies and conservation efforts must take pH into account to mitigate the risk 

of false negatives. Generally, pH is easy to evaluate. This study and its sister study have 

provided evidence of the importance of pH in eDNA, monitoring pH should be an important 
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factor in future lotic freshwater biodiversity monitoring schemes. It will also be important to 

examine if the relationship between eDNA concentration and pH is the same in different 

species or types of water body, i.e. oceans, lakes and rivers. Furthermore, it may be found 

that species accustomed to lower pH levels and are adapted to that environment have slower 

eDNA degradation rates due to cells with higher tolerance. An issue with this experiment is 

that the target organisms were from neutral or near neutral pH environments, the sudden 

change upon entering the water may have artificially sped up the degradation process. 

Another option to understand what effect pH has on eDNA detection may be to study an 

organism that covers a range of habitats with differing pH and then record if at the different 

sites eDNA can be detected at the same concentrations. 

4.2.2 Interactions of eDNA with biofilms and nutrient availability 

Ecosystem dynamics in an aquatic system are heavily based on nutrient availability, even 

helping to define different environments (Smith et al., 1998). For instance, the classification 

of temperate streams uses nutrients such as phosphorus levels and total nitrogen when 

identifying stream trophic state (Dodds et al., 1997). Similarly, biofilms have been found to 

be reliant on nutrient availability causing changes in growth rates and community structure. 

For instance, biofilm growth increases with the availability of salmon carcases that seasonally 

arrive for spawning (Wipfli et al., 1998). Therefore, it is likely a similar phenomenon of 

biofilm microorganisms consuming eDNA may have occurred in this experiment; due to the 

introduction of nutrients in the form of eDNA.  

This study found a notable pattern of high nitrogen availability in Sidaway coupled with an 

absence of eDNA signal. Sidaway is an area used for agro-forestry which may explain the 

initial high concentration and rapid reduction of TDN. Studies have found riparian vegetation 

is important for preventing nitrates and other nutrients from reaching waterbodies (Lowrance 

et al., 1984). Within an aquatic environment higher levels of dissolved nitrates will cause 

algae to grow rapidly in higher volumes, potentially creating a eutrophic environment 

(Conley et al., 2009). Therefore, if biofilms are responsible for the degradation of settling 

eDNA higher growth rates may also increase the rate of degradation. 

The effects of other nutrients may not be discerned in the experimental mesocosms as the 

systems are fed by upland streams and represent an oligotrophic system. To date, eDNA 

studies have neglected nutrients as a potential link to eDNA loss and only a few have linked 

degradation with the growth of microorganisms (e.g. Strickler et al., 2015). 
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Supplementary Material     

Supplementary Figure 1: Mean Temperature (C°) in four experimental mesocosms: Carpenter, 
Davies, Hanwell and Sidaway.  Mesocosms covering circumneutral moorland coloured green. 
Mesocosms covering coniferous forest are coloured orange. 

 

 

Supplementary Figure 2: From Seymour et al., (2017, in review). Results of a quantitative PCR 
analysis of eDNA extracted from 1L water samples. Quantity (x-axis) as normalized copy numbers 
relative to time (y-axis) in hours with each point representing mean quantity values (n=3) for each 
time point at the respective experimental stream (separate panels). Whisker bars show the standard 
deviation. Lines are the fitted values from a generalized linear mixed effects model. Colours represent 
the target species (D. magna, E. danica, A. anguilla) for each stream replicate. 




