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Abstract

Analysis of environmental DNA (eDNA) offers an unprecedented ability to accurately 
survey biodiversity from aquatic ecosystems. Although eDNA methods have been applied 
to myriad taxa, scientists are now moving away from proof-of-concept work, ultimately 
evaluating the limits and opportunities of this technology to detect and quantify abundance 
across organisms and environments. Important considerations enabling such methodology 
to be used for aquatic conservation contexts includes understanding both the effects of (1) 
the amount of eDNA released from focal taxa—sources, and (2) the removal of eDNA in 
the environment—sinks. I review publications on aquatic macroorganism eDNA that have 
evaluated or considered the effect of sources on signal detection (or quantification) and 
find few studies acknowledge, and fewer still evaluate, the impact of eDNA production on 
genomic signal recovery. In this review, I encourage readers to carefully consider source 
dynamics, and using previously published literature, dissect what roles biotic (e.g. life-
history traits, species interactions including stressors) and abiotic (e.g. temperature, salin-
ity) factors likely play in eDNA deposition and recovery, and how this impacts detection, 
abundance, biomass estimation, and ultimately informed signal interpretation. I further 
explore the physical sources of eDNA and propose other methods (spatial and temporal) 
and markers to assist in identifying eDNA origins in aquatic systems. Understanding how 
these parameters influence variation in eDNA sources will allow for a more comprehensive 
survey tool, and potentially give insights into environment-population responses.
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Introduction

Biodiversity assessments are usually the first stage of research associated with natural sys-
tems, thus underlying important and varied disciplines including biogeography, restora-
tion ecology, conservation biology, and environmental management and policy (Margur-
ran 2004). Thorough biodiversity surveys however, are often prohibitive, due largely to 
complications in data collection for hard-to-study taxa (e.g. cryptic, behaviourally elusive, 
low site fidelity, or rare), difficult to sample locales (e.g. aquatic ecosystems), and affili-
ated costs. Recent molecular advances now offer an invaluable opportunity to significantly 
improve the evaluation of previously difficult to attain biodiversity data, making them 
important tools for aquatic conservation. Yet, our knowledge and use of such molecular 
sampling techniques still requires refinement.

Environmental DNA (eDNA) is the collective term for genetic material obtained 
directly from environmental samples (e.g. water, soil, air) without capturing or sampling 
a target organism. These samples encompass a mixture of genomic DNA released from 
living or dead organisms within a locale, deposited from diverse sources such as sloughed 
cells, gametes, metabolic waste, and carcasses (Bohmann et al. 2014). Since eDNA’s sem-
inal arrival in macroorganismal surveying in 2008 (Ficetola et  al. 2008), it’s efficiency, 
accuracy, and non-invasive application made it an attractive and growing technology, espe-
cially for conservation management. Indeed, it is a featured theme for global conservation 
horizon scans that highlight innovative research opportunities for pragmatic environmental 
and conservation goals (Sutherland et al. 2013), and is now even being used to assess the 
ecological status of European waterways (Hering et al. 2018).

To date, studies using eDNA have successfully detected numerous taxa, including fish 
(Jerde et  al. 2011; Takahara et  al. 2012), amphibians (Dejean et  al. 2012; Pilliod et  al. 
2013; Harper et al. 2018), reptiles (Hunter et al. 2015), mammals (Foote et al. 2012; Ma 
et  al. 2016; Stewart et  al. 2017), invertebrates (Goldberg et  al. 2013; Deiner and Alter-
matt 2014), and aquatic plants (Scriver et al. 2015; Fujiwara et al. 2016), both in the lab 
and field. This transformation to biodiversity assessments can in part be attributed to 
eDNA’s ability to accurately survey large portions of the living environment in a cost- and 
time-effective manner, offering increased spatial and temporal resolution (e.g. Bista et al. 
2017) when compared to traditional/manual methods of environmental sampling (Davy 
et al. 2015). Although extremely promising, scientists are still circumscribing the saliency 
of this technology and have started to evolve away from preliminary studies that provide 
proof-of-concept information regarding presence/absence, to more nuanced investigations 
surrounding abundances. These include the development of theoretical expectations and 
empirical testing, thus ultimately evaluating eDNA’s potential and limitations across taxa 
and environments.

Despite the revolution eDNA has afforded aquatic conservation scientists and manag-
ers, there are two important variables known to impact eDNA abundance estimations that 
have not, as yet, received equal consideration. The concentration of eDNA in the aquatic 
environment remains highly variable as a product of (1) the amount of eDNA released 
from focal taxa—sources, and (2) the removal of eDNA in the environment—sinks. A 
large proportion of the published literature thus far has been devoted to understanding how 
sinks affect eDNA detection and quantification, including its persistence and degradation 
(Dejean et  al. 2011; Barnes et  al. 2014; Merkes et  al. 2014; Piaggio et  al. 2014; Pilliod 
et al. 2014; Ma et al. 2016), transportation (Deiner and Altermatt 2014; Jane et al. 2015), 
and location and settlement (Moyer et  al. 2014; Turner et  al. 2015) in the environment. 
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Although a few studies have attempted to quantify the amount of eDNA released by an 
organism over time (e.g. Thomsen et al. 2012a; Pilliod et al. 2014; Klymus et al. 2015), 
in general less consideration has been given to the sources (i.e. production rate) of eDNA 
and how it might influence detection, quantification, and data interpretation. Understanding 
associations between species abundance and amplicon abundance (Doi et al. 2016; Evans 
et al. 2016; Kelly 2016), and elucidating the influences of abiotic and biotic parameters on 
eDNA production, are important research goals for interpreting these data in a conserva-
tion context.

In this review, I examine peer-reviewed publications to determine the number of studies 
that have analyzed production rate/sources of eDNA. I then discuss factors that are likely 
to impact the production of aquatic eDNA, physical sources of this genomic material, and 
why understanding sources, and how best to approach abundance estimation, are important 
next-steps for research utilizing eDNA technology for aquatic biodiversity assessments and 
conservation applications.

Literature review

I searched The Web of Science for peer-reviewed journal papers using keywords ‘environ-
mental DNA’ and ‘eDNA’, restricting the review to aquatic studies and macroorganisms 
(both representing the current predominant foci in conservation practices; sensu Dudgeon 
et al. 2006). As eDNA methods to date have not been extensively used to monitor aquatic 
plants (but see Scriver et al. 2015; Fujiwara et al. 2016), and because plants may not always 
release detectable amounts of DNA (e.g. Matsuhashi et  al. 2016) suggesting the use of 
eDNA methods for plant conservation may still be in its infancy, I only concentrate on ani-
mal studies herein (but recognise some key points may be transferable).

The literature search was conducted on 7th November 2016 and covered the years 2008 
to the search date. This investigation yielded 170 publications (Appendix S1). A total of 
27 studies systematically evaluated sources of eDNA (including production rate, shedding, 
excretion, deposition), with 22 looking at biotic factors and 7 abiotic factors (2 investigated 
both biotic and abiotic; Table 1), accounting for only 15.9% of the total eDNA papers pub-
lished to date. Although not investigated specifically, 41 papers acknowledged source fac-
tors (i.e. variation in production rate) as a potential influence on eDNA detection or abun-
dance (Appendix S2), accounting for a further 24.1%. The remaining 60% of publications 
included those evaluating eDNA sinks, transportation or settlement, or review papers, none 
of which discuss eDNA sources.

The axiom of investigating sources of eDNA is fundamentally linked to the focal organ-
isms under investigation, and incorporating species-specific life-history and ecology has a 
long history of being fraught with dynamic or coupled variables that are often in flux with 
the environment. As it is, we know very little about the ecology of many organisms, and 
unsurprisingly, a disproportionate amount of eDNA research focuses on a few, relatively 
well-studied species (e.g. common carp, Cypinus carpio: Takahara et  al. 2012; Barnes 
et al. 2014; Eichmiller et al. 2014; Turner et al. 2014; American bullfrog, Lithobates cates-

beianus: Dejean et al. 2011; Stickler et al. 2015; Evans et al. 2016). Although much could 
be said about expanding our knowledge regarding how eDNA is produced or removed 
across myriad species and ecosystems, these well-studied model systems may lend invalu-
able opportunities to gain a more in-depth understanding on eDNA source dynamics.

Given recent evidence for idiosyncratic eDNA production, trepidation about the util-
ity of eDNA as a surveying tool has recently been raised (e.g. Iversten and Kielgast 
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Table 1  References (Appendix S1) of analysed eDNA sources influenced by factor (biotic/abiotic) and 
environment, such as mesocosm (e.g. aquaria, outdoor ponds) or field (e.g. lakes, rivers, ponds)

Factor Environment Influence Taxa References

Biotic Mesocosm Intraspecific variation Fishes Kelly et al. (2014)

Evans et al. (2016)

Klymus et al. (2015)

Lacoursiere-Roussel et al. (2016)

Shogren et al. (2016)

Wilcox et al. (2016)

Amphibians Pilliod et al. (2014)

Evans et al. (2016)

Reptiles Kelly et al. (2014)

Invertebrates Goldberg et al. (2013)

Interspecific variation Fishes Kelly et al. (2014)

Evans et al. (2016)

Klymus et al. (2015)

Thomsen et al. (2012b)

Amphibians Thomsen et al. 2012a)

Evans et al. (2016)

Klymus et al. (2015)

Reptiles Kelly et al. (2014)

Physical sources Fishes Merkes et al. (2014)

Turner et al. (2014)

Wilcox et al. (2015b)

Dunker et al. (2016)

Ontogeny Fishes Maruyama et al. (2014)

Klymus et al. (2015)

Breeding Amphibians Spear et al. (2015)

Feeding Fishes Klymus et al. (2015)

Field Intraspecific variation Fishes Jane et al. (2015)

Hänfling et al. (2016)

Lacoursiere-Roussel et al. (2016)

Wilcox et al. (2016)

Amphibians Hall et al. (2016)

Invertebrates Huver et al. (2015)

Interspecific variation Fishes Hänfling et al. (2016)

Amphibians Thomsen et al. (2012a)

Physical Sources Fishes Turner et al. (2014)

Breeding Fishes Gustavson et al. (2015)

Erickson et al. (2016)

Amphibians Spear et al. (2015)

Abiotic Mesocosm Temperature Fishes Klymus et al. (2015)

Lacoursiere-Roussel et al. (2016)

Robson et al. (2016)

pH Multiple Seymour et al. (2018)

Field Temperature Fishes Laramie et al. (2015)

Environ. variables Fishes Lacoursiere-Roussel et al. (2016)
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2015). Certainly abundant research to date exemplifies the value of genomic over vari-
ous traditional methodologies for biodiversity surveys, yet examining source/sink eDNA 
dynamics warrants careful consideration prior to implementation. Below I explore fac-
tors that conceivably impact eDNA sources (Fig. 1), and where possible, lead scientists 
toward avenues of research that merit evaluation or deliberation when employing these 
tools in an aquatic conservation context.

Biotic factors

Life-history

Knowledge about the life-history of focal taxa is desirable but can be unknown when 
designing eDNA sampling strategies. Still, understanding associations between an 

References that analyse eDNA sources under multiple factors, environments, or taxonomic group (taxa) are 
represented accordingly

Table 1  (continued)

Factor Environment Influence Taxa References

Seasonality Amphibians Goldberg et al. (2011)

de Souza et al. (2016)

Reptiles de Souza et al. (2016)

pH Amphibians Buxton et al. (2017)

Fig. 1  Summary diagram illustrating the known associations of various eDNA sources (biotic and abiotic) 
and sinks that may affect detection and abundance quantification for aquatic macrofauna
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organism’s size, age, condition, or biological activity and the production of DNA within 
the environment will assist in determining accurate relationships between eDNA concen-
tration and relative abundance measures. These species and habitat-specific nuances high-
light the importance of a priori organismal biology and phenological pattern knowledge.

While seasonality-eDNA studies still remain scant in the literature (but see Stoeckle 
et al. 2017; Bista et al. 2017), those that have considered this attribute often find marked 
increases in the abundance of eDNA signals during breeding seasons. For example, eDNA 
signals have been shown to spike during the spawning of fish [e.g. Oriental weatherloach, 
Misgurnus anguillicaudatus (Lintermans et  al. 2007), Chinook Salmon, Oncorhychnus 

tshawytscha (Laramie et al. 2015), and invasive Bigheaded Carp, Hypophthalmichthys spp. 
(Erickson et al. 2016)]. Similarly, strong seasonal influences to eDNA detection have also 
been seen in both amphibians and reptiles, presumably as a reflection of species-specific 
organismal behaviour (de Sousa et al. de Souza et al. 2016) such as male–male combat and 
the mass release of gametes (e.g. Eastern Hellbender, Cryptobranchus alleganiensis (Spear 
et  al. 2015)). Genetic material such as gametes, blood, and other reproductive tissues 
(e.g. placenta, lactation), all combine to make breeding events optimal for the detection 
of eDNA in wild populations. However, in additional to giving us windows into breeding 
behaviour and geographic locations that may have been previously obscured (e.g. Stew-
art et al. 2017; Stoeckle et al. 2017), it may also over-estimate the relative presence of a 
species both temporally and spatially. Understanding when and where reproductive bouts 
occur in a species, and comparing eDNA detection and abundance quantification during 
such events to non-breeding times, will greatly assist in our understanding of how these 
genomic sources affect biomass predictions.

Species-specific differences may also influence the quantity and source of eDNA pro-
duction, strongly influenced by not only the size but also ecology of target taxa. Indeed, 
studies have reported disparities in eDNA sources across and within taxonomic groups 
(e.g. Goldberg et  al. 2011; Thomsen et  al. 2012a; Sassoubre et  al. 2016). For example, 
eDNA detection has been shown to vary between Idaho giant salamanders (Dicamptodon 

aterrimus) and Rocky Mountain tailed frogs (Ascaphus montanus) in the same stream 
(Goldberg et al. 2011), suggesting species disparities are not merely a consequence of envi-
ronmental effects. The production rates of eDNA were also found to differ by Thomsen 
et al. (2012a) between two juvenile amphibian species, two fish species (2012b), and also 
by Sassoubre et al. (2016) among three fish species, all stemming from mesocosms experi-
ments. Detection differences were observed across six macroinvertebrate species whereby 
a single species (Tinodes waeneri) was not detected despite its presence (Mächler et  al. 
2014). In this case, it was suggested that T. waeneri (a caddisfly with a sand case) may have 
limited or delayed release of DNA due to its distinct life-history (Mächler et al. 2014).

Evidence from real-time quantitative PCR also indicates eDNA concentration is posi-
tively correlated to individual biomass (Takahara et al. 2012; Pilliod et al. 2014; Piggott 
2016). However, these studies have estimated fish biomass using linear or exponential 
regressions which do not model abiotic and biotic parameters (Sassoubre et al. 2016). Read 
abundance has additionally been positively associated with biomass abundance via meta-
barcoding, although high variability within controlled mesocosm experiments (albeit with 
weak positive associations) have raised understandable concern over whether these rela-
tionships can be translated into more complex natural systems (e.g. Evans et al. 2016). In 
point of fact, collecting samples from mesocosm experiments can endeavour to parse-out 
the relative contributions of eDNA sources over sinks, however metabolic rates in stable 
lab experiments often overestimate metabolic activity (e.g. by up to 35% compared to free-
living populations; Auer et al. 2016), thus researchers should be cautious about drawing 
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linear comparisons between the two systems. Size differences between species (biological 
differences) and within a species (e.g. age structure or morphometry) are likely to influence 
eDNA production and biomass interpretations, and thus incorporating these covariates into 
models will likely render eDNA inferences more reliable.

Consideration should also be given to the age-structure of wild populations as eDNA 
detection differences due to life-history stage have been recurrently observed. For example, 
incongruences in eDNA production between juveniles and adults has been demonstrated in 
fish (Maruyama et al. 2014), amphibians (Goldberg et al. 2011; Thomsen et al. 2012a), and 
invertebrates (Treguier et  al. 2014). In aquaria experiments on bluegill sunfish (Lepomis 

macrochirus) for instance, Maruyama et al. (2014) found that despite eDNA sources being 
positively related to biomass, juveniles had a slightly higher excretion rate compared to 
adults, possibly due to adult ontogenetic reduction in metabolic activity (Brett and Groves 
1979). Moreover, higher eDNA detection for juvenile crayfish (Procambarus clarkii) was 
posited to be a result of increased moulting in early stages of growth (Treguier et al. 2014) 
as exuviae are a known source of DNA (Watts et al. 2005). The risk in using eDNA abun-
dance measures in wild populations without the consideration of age-structure would be 
incorrect population abundance estimations, especially if populations are dominated by 
one age class or another (Maruyama et al. 2014) such as in dwindling populations with low 
birth rates, or newly founded populations monopolised by juveniles.

Species interactions

How organisms respond in the presence of others is another plausible biotic factor affect-
ing eDNA production that needs careful attention. Empirical evidence suggests higher 
eDNA abundance simply reflect higher population density (Thomsen et al. 2012a; Pilliod 
et al. 2014; Klymus et al. 2015), yet rarely in complex environments does one find popula-
tions consisting solely of an individual species. Sassoubre et  al. (2016) observed eDNA 
production rates of mackerel (Scomber japonicas), anchovy (Engraulis mordax), and sar-
dines (Sardinops sagax) were not affected by the presence of the other individuals of the 
same species (on a per gram basis) but there were significant increases in eDNA produc-
tion when different species were housed together. Additionally, under certain conditions 
or primers, high abundance species have been shown to ‘mask’ the detection of low abun-
dance species (Erickson et al. 2016; Evans et al. 2016). The impact of predator–prey inter-
actions on eDNA production rates is to date unknown, but physiological impacts of preda-
tors on prey include reduced food intake, increased metabolic rate, and increased stress 
(Thaler et al. 2012; Boonstra 2013; Van Dievel et al. 2016), suggesting ensuing alterations 
to eDNA sources.

Physiological factors are assumed to form close associations between metabolic and 
excretion rates, the latter of which is the expected major physical source of eDNA in 
aquatic systems. Acute perturbations to physiological homeostasis, such as stress, have 
been indicated as having possible effects on sources of genomic material (Pilliod et  al. 
2014; Klymus et al. 2015). Increased eDNA production, for instance, was observed in sev-
eral studies due to osmotic changes or following animal handling (Takahara et  al. 2012; 
Maruyama et al. 2014; Pilliod et al. 2014; Sassoubre et al. 2016). This early spike in eDNA 
concentration following the introduction of a focal species into a new environment has 
likewise been observed in an invasive aquatic plant (Egeria densa; Fujiwara et al. 2016) 
and could suggest a salient response of genomic deposition across animal and plant taxa. 
Furthermore, inconsistent genomic production has been observed in animals infected with 
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disease, such as before mass die-offs in amphibian populations suffering from ranavirus 
(Hall et al. 2016). Increases in density (McKenzie et al. 2012), social tension (Sloman et al. 
2000) and shelter availability (Milidine et  al. 1995), are further examples of stress that 
affect metabolic activity in aquatic organisms with potential feedbacks on eDNA sources, 
warranting further investigation.

In addition to metabolic changes, stress may also activate immune responses in skin, 
especially from illness and parasites. Skin-mucus properties have been shown to shift in 
common carp (C. carpio) in response to increases in overall bacterial load in the water 
(Van der Marel et al. 2010), and amoebic gill disease can also cause a whole-body mucus 
response in some fish species (Roberts and Powell 2005). Immune responses that result 
in an increase in mucus and epithelial cell turnover predictably increase eDNA excretion 
in many species. Moreover, parasites and disease have been shown to be energetically 
demanding in fish (Gomez et al. 2016), and affect feeding behaviour in tadpoles (DeMarchi 
et  al. 2015). Still, in many systems the cost(s) of parasitic infection and disease on host 
physiology is unknown, but these acute and chronic responses need consideration when 
using eDNA to quantify abundance.

Abiotic factors

Temperature and salinity

Certainly most aquatic animals specialise within a narrow range of abiotic factors that 
results in trade-offs at several hierarchical levels, from molecular structure to whole-organ-
ism functioning and behaviour (Pörtner 2010). In ectotherms for example, simple mainte-
nance-metabolism reacts as a function of temperature (Tirsgaard et al. 2015).

Temperature, and concomitant microbial activity, has been demonstrated to increase 
DNA release from plant matter within aquatic sediments (Poté et al. 2009) and these pat-
terns may also be reflected in animal taxa. Indeed, numerous studies suggest metabolism, 
growth, physiology, and immune function in fish are all influenced by water temperature 
(Engelsma et al. 2003; Person-Le Ruyet et al. 2004; Takahara et al. 2011), which in-turn 
may increase the excretion of mucus and shedding of epithelial cells of aquatic macrofauna. 
As a by-product of metabolic influences, evidence suggests temperature further affects the 
production of faeces and urine in fish (Selong et al. 2001; Gale et al. 2013), presumably the 
primary component of eDNA sources. Fish mobility is increased with water temperature 
(Petty et al. 2012) and thus genetic signals may additionally be more homogenised and/or 
spatially dispersed. To date, three mesocosm studies specifically examining effects of tem-
perature on eDNA production rates have found conflicting results; no effect in two studies 
(common carp, C. carpio, Takahara et al. 2012; bighead carp, Hypophthalmichthys spp., 
Klymus et al. 2014), and a significant increase in production rates in Mozambique tilapia 
(Oreochromis mossambicus; Robson et al. 2016). In a field study, high water temperature 
significantly increased the amount of Brook Charr (Salvelinus fontinalis) eDNA within 
the water column, and moreover, biomass and thus population abundance predictability 
increased in higher temperatures (Lacoursiere-Roussel et al. 2016). Field collections have 
also seen higher eDNA concentrations in pools with warmer compared to cooler water, 
although this may have resulted from organismal attraction, and thus a resultant increase 
in population size, rather than an effect of temperature on eDNA sources per se (Taka-
hara et al. 2012). Large temperature ranges among and within lakes, especially in temper-
ate regions where seasonal, longitudinal, and latitudinal variations can impose substantial 
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impacts on eDNA concentrations, should consequently be incorporated into predictive 
models in natural systems (Lacoursiere-Roussel et al. 2016).

Similar to biotic seasonal effects on eDNA production such as breeding behaviour, tem-
perature itself can impact the excretion of genetic material into the environment when phe-
nologies concurrently affect other organismal physiological (e.g. metabolic regulation) or 
behavioural responses (e.g. temporal avoidance). For example, although eDNA has yet to 
be specifically quantified, overwintering salmonid fry (Oncorhynchus spp.) demonstrate 
very low standard metabolic rates as a direct response to low temperatures (Eliason and 
Farrell, 2016). More specifically, eDNA detection of Idaho giant salamanders (D. aterri-

mus) and Rocky Mountain tailed frogs (A. montanus) was observed to be lower in early 
spring (Goldberg et al. 2011), ostensibly due to a combination of decreased metabolism or 
moving into the hyporheic zone. Daily migration behaviour such as diel vertical migration 
(e.g. Levy 1990; Armstrong et  al. 2013) further impacts eDNA detection depending on 
where species are in the water column (Stewart et al. 2017), DNA persistence, and time of 
sampling.

Exceedingly, researchers speculate that DNA location within the environment reflects 
preservation or decomposition rates (Moyer et  al. 2014; Turner et  al. 2015). However, 
source dynamics are also plausible contributors to DNA location, wherein sites with high 
eDNA concentrations may elucidate organismal behaviour and ecosystem characteristics. 
To passively avoid temperature limits that may induce heat-shock, some intertidal taxa 
employ vertical zonation for example (Somero 2002), a behavioural response that should 
be considered when interpreting eDNA patterns. Certainly, coarse spatio-temporal fluc-
tuations in water temperature, and to a lesser extent fine-scale idiosyncrasies, likely have 
downstream effects on eDNA production and thus our inferences as to population biomass. 
Populations of the same species can also undoubtedly vary in habitat or phenotype (e.g. 
ecomorphs) where the potential for producing genetic material at vastly dissimilar rates 
even within different thermal habitats of the same water body may be high.

In a similar manner as temperature responses, adaptation to saline environments also 
requires physiological compensation and acclimation. Egg fertilization and incubation, 
early embryogenesis, swim bladder inflation, and larval growth in most fish species are 
all dependent on salinity (Boeuf and Payan 2001). In fact, studies have shown that up to 
50% of fishes total energy budget may be dedicated to osmoregulation (Bushnell and Brill 
1992), with food intake, food conversion, and hormones associated with growth regulation 
dependent on environmental salinity (Boeuf and Payan 2001). Smoltification in salmon, 
for instance, has demonstrated drastic physiological adjustment to saltwater, with sig-
nificantly different metabolism to that of their parr freshwater counterparts (e.g. McCor-
mick et  al. 1989). The pervasive links between salinity and fish growth has been shown 
for both marine and freshwater species, with general patterns suggesting marine species 
growth rates are increased in slightly lower saline environments, whereas freshwater spe-
cies development show the opposite relationship (Boeuf and Payan 2001). Granted, assess-
ing marine species richness and approximate abundance is a relatively new foray for eDNA 
(e.g.Günther et  al. 2018; Knudsen et  al. 2019) and has proven successful for accurate 
detection, read abundance has failed to find correlations with DNA proportions (Günther 
et al. 2018) or traditional visual biomass measures such as trawling (Knudsen et al. 2019). 
Undoubtedly marine and freshwater systems are likely to experience difference abiotic 
parameters affecting eDNA dynamics, but whether production rates in marine systems vary 
in vastly dissimilar ways compared to freshwater habitats, is a yet unknown facet of this 
methodology.



992 Biodiversity and Conservation (2019) 28:983–1001

1 3

Other in�uences

Abiotic parameters for aquatic macrofauna can ultimately act directly through receptors to 
increase/decrease growth (e.g. temperature, salinity) or can be a limiting threshold within 
a tolerance range (e.g. pH,  CO2,  O2). Often acting synergistically (e.g. with temperature), 
pH, UV radiation,  CO2, and  O2 have complex interactions, and decoupling how these 
components influence eDNA sources may be difficult. Increasing temperature for exam-
ple, decreases saturation concentrations of  O2 due to the decreased capacity of water to 
carry oxygen, and aerobic performance is often limited by high temperatures (Bozinovic 
and Pörtner 2015) as seen in crustaceans (e.g. Storch et al. 2009) and zooplankton (Seidl 
et al. 2005). In aquatic ecosystems with fluctuating  O2 levels (e.g. lakes or streams), dis-
solved  O2 depletion could increase the frequency of hypoxia status. Reduced spawning, 
sperm motility, fertilization success, hatching rate, and larval survival have been described 
as hypoxia effects on wild fish populations (Wu et al. 2003), which although only specula-
tive, likely have large impacts on eDNA sources at a population scale.

Confluences in various abiotic parameters further exist, for instance, intertidal fish 
increase  O2 consumption and demonstrate a disruption to body growth when exposed to 
high UV radiation, revealing the power of UV on respiration and energy expenditure in fish 
(García-Huidobro et al. 2017). Increasing temperatures and concomitant summer droughts 
favour acidic environmental conditions in surface waters  due to higher  CO2 production 
(Wright 2008). Rates of survival, reproduction, hatching success, swimming behaviour, 
and body chemistry of both fish and aquatic invertebrate species  (Jordahl and Benson 
1987; Havas and Rosseland 1995) have all been shown to be affected by pH, with early 
developmental stages being more sensitive to pH variations. In amphibians specifically, 
embryonic development and growth curves are stunted in acidic environments, and evi-
dence also demonstrates reduced tadpole swimming performance (Arena-Rodríguez et al. 
2016). What’s more, changes in aquatic pH may also affect the biotic community and trans-
late into alterations in population structure or reduced species diversity.

Of the limited eDNA research that has been done on these abiotic influences to date, 
Seymour et  al. (2018) demonstrate eDNA quantification to be 1–2 orders of magnitude 
greater in basic compared to acidic sites. However, whether this solely results from differ-
ential degradation rates (e.g. Strickler et al. 2015) rather than DNA production has yet to 
be determined. On the other hand, Buxton et al. (2017) found pH to be of little influence on 
detection rates in mesocosms. Certainly, systematic research quantifying how these abiotic 
parameters influence the production of DNA being released from focal organisms (paral-
leling analysis of abiotic influences on eDNA degradation rates; Barnes et al. 2014) will 
expand the utility of aquatic eDNA tools for conservation purposes, especially in light of 
rapidly changing environments (e.g. climate change and species range shifts).

Finally, it’s important to note that input of genetic material may further become redis-
tributed within aquatic systems via abiotic processes such as flow/discharge (e.g. Deiner 
and Altermatt 2014; Jane et al. 2015) or from previous particle settlement (e.g. sedimenta-
tion; Turner et al. 2015). While these signals are often described as sinks of eDNA for their 
propensity to remove DNA from their place of origin (Fig. 1), they could also be argued 
sources of eDNA, despite not currently being produced by focal organisms at a given loca-
tion. Still, these abiotic processes have been shown to render longer-lasting and abundant 
genetic signals (Turner et al. 2015) from locations far from their origin (Deiner and Alter-
matt 2014), thus I advocate practitioners using eDNA for conservation should be aware of 
their influence on eDNA detection/quantification.
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How best to approach abundance estimation?

Given what we know about biotic and abiotic factors affecting eDNA production, I propose 
several avenues of research below to help improve eDNA abundance estimation in aquatic 
environments for conservation purposes: i. identifying the physical origins of eDNA and ii. 
modifying experimental design, especially sampling, for the retrieval of these data.

Physical origins

To date, research on eDNA physical origins has been limited to particle size distribution 
(Turner et al. 2014). Although Turner et al. (2014) found particle size most likely to cor-
respond to individual cells or mitochondria, the physical identity of eDNA still remains 
largely unknown. Based on earlier work, faecal origins from focal species are assumed the 
most likely sources of eDNA in aquatic environments (Martellini et al. 2005), presumably 
entering the water column in large particles, thereafter rapidly settling or breaking apart 
(Turner et al. 2014). Faeces from aquatic macrofauna are known to rapidly sink (Robison 
and Bailey 1981; Wotton and Malmqvist 2001) suggesting that even if faeces are a large 
source of eDNA, this source may not be available for long in the water column. Supported 
by evidence of concentrated eDNA in sediments compared to water samples (Turner et al. 
2015), faecal origins seem the most prominent of eDNA sources, but exceptions to this are 
those species whose faeces are known to float, such as marine mammals (Parsons et  al. 
1999; Carney et al. 2007; Gillett et al. 2008).

Predator faeces from outside the principal system (allochthonous eDNA; Goldberg 
et al. 2016) however, may also contribute to DNA signals found within a habitat, although 
the magnitude and persistence of its input remains uninvestigated. Studies on amphib-
ians (Ficetola et al. 2008) and fish (Jerde et al. 2011) further suggest bodily fluids such as 
slime coatings can act as primary sources for eDNA (Ficetola et al. 2008; Jerde et al. 2011; 
Pilliod et al. 2014), although Merkes et al. (2014) found slime a more variable source of 
DNA compared to carcasses. Even among similar taxa, there are likely to be differences 
in excretion, such as scales versus mucus in fish species (Sassoubre et al. 2016). While the 
presence of an exoskeleton in aquatic arthropods may reduce extracellular DNA release 
(Treguier et  al. 2014), for some taxa, exoskeletons are shed at known times of the year 
generating sharp increases in eDNA production. Data also demonstrate spawning activi-
ties increase eDNA and thus organismal detection (e.g. Gustavson et al. 2015; Spear et al. 
2015; Erickson et al. 2016), signifying gametes and other reproductive-related fluids and 
tissues likely compose a large proportion of eDNA sources, at least seasonally. A final, 
albeit unusual and likely small potential eDNA source contributor, is exhaled breath con-
densate from whales and dolphins (Frère et al. 2010). Despite its importance for eDNA and 
population interpretation, distinguishing among these eDNA physical sources has proven 
difficult to date.

Identifying the physical sources of eDNA without in-depth taxonomic expertise may 
still be tractable, and further help to infer production rate physiological foundations. RNA 
(a molecule with lower stability than DNA, and thus higher temporal sensitivity) has, 
for example, been utilised to identify various bodily fluids at crime scenes (Vennemann 
and Koppelkamm 2010). In fact, mRNA forensic studies have demonstrated feasibility at 
detecting and distinguishing between skin, saliva, blood, and reproductive fluids (Haas 
et al. 2009; Hanson and Ballantyne 2014; Nakanishi et al. 2017) even in old, degraded sam-
ples (Zubakov et al. 2009). Although only recently investigated, eRNA has shown promise 
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at distinguishing living biodiversity with metabolically active microorganisms, to potential 
legacy DNA signals (e.g. Capo et al. 2015; Pochon et al. 2017). Where eRNA’s short per-
sistence time makes it a unique tool to distinguish dead from living organisms, it’s rapid 
degradation may make it equally challenging to work with. Ultimately, whether similar 
patterns of eDNA/eRNA detection translate to work involving macroorganisms is unclear. 
Additionally, although nuclear fragments within environmental samples may be less abun-
dant than mitochondrial (Bylemans et  al. 2018), nuclear markers may be more sensitive 
for eDNA detection (Minamoto et  al. 2017), and in addition to extending the potential-
ity of eDNA data to address questions in population genetics and introgression (Piggott 
2016; Minamoto et al. 2017), nuclear markers can successfully detect gametes and spawn-
ing activity in wild populations (Bylemans et  al. 2016). Transcriptomics and identifying 
protein expression profiles may further provide clues toward stimuli responses, organismal 
activity, or ecosystem health (Barnes and Turner 2016), an avenue of study already suc-
cessfully navigated in microbial research (Maron et al. 2007). Foote et al. (2012) further 
suggest differentiating between cellular and extracellular DNA, as the latter degrades faster 
with a higher propensity to demonstrate living organisms (sources) rather than degrada-
tion or transported genomic material (sinks). Finally, as suggested by Barnes and Turner 
(2016), microscopy-based investigations, such as delineating faecal from gamete or carcase 
inputs, may be of use to determine the origins of eDNA. These methodological compli-
ments to eDNA research should further dissect the type of genomic material being col-
lected, and thus inferences on individual and population health, a cornerstone to impactful 
conservation work.

Experimental design

Alternatively, consideration of spatial and temporal sampling may assist in discerning 
eDNA sources and further support more accurate abundance estimations. One means 
to circumnavigate the issue of living and dead sources of eDNA is identifying temporal 
fluctuations in genomic signals through multiple sampling events. Species actively pre-
sent within a system should illustrate continuous detection compared with carcasses that 
decrease eDNA release over time (e.g. Dunker et al. 2016). Temporal fluctuations to eDNA 
production however, could infer seasonal population fluctuations or be due to intermittent 
sediment mixing, such as during moments of high turbidity or seasonal turnover of ther-
mally stratified layers. Disentangling these patterns remains arduous and complex, demon-
strating the need for more practical means of eDNA differentiation.

Strategic spatial sampling may represent a simpler means to assist in discerning 
eDNA sources. For instance, unlike fish faeces, marine mammal faeces float (Parsons 
et  al. 1999; Carney et  al. 2007; Roman and McCarthy 2010) and upper marine layers 
can be easily targeted to acquire the eDNA of living whale, manatee, dolphin, and pin-
niped species. Similarly, fish gametes have also demonstrated species-specific vertical 
distributions in marine environments (Sundby and Kristiansen 2015) allowing research-
ers to specifically quantify eDNA from reproductive bouts. However, egg buoyancy 
and ensuing vertical egg distribution may change during development (Ospina-Álva-
rez et al. 2012), further highlighting the importance of species-specific natural history 
knowledge.
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Conclusions

Environmental DNA is quickly becoming one of the fastest developing and utilized tools 
currently employed for non-invasive biodiversity surveillance and quantification. It is also 
successfully driving rapid advancement in conservation biology, ecology, and evolutionary 
biology, yet some challenges remain, especially regarding methodological standardization, 
quantification strategies, and data interpretation. Thus, even minor advancements to the 
general knowledge of design and application of eDNA tools in natural populations helps to 
propel the entire field to a more thorough understanding of utility and limitations.

Understanding the mechanistic underpinnings of, and sensitivity to, biotic and abiotic 
parameters on the production of aquatic eDNA will surely help to facilitate a more com-
prehensive tool for abundance measures and conservation management. Though individual 
variance (intra- and interspecific) in DNA production may raise queries as to the applica-
bility of eDNA as a tool for abundance measures (e.g. Iversten and Kielgast 2015), eDNA 
signals can further give insights into environmental responses, but care is warranted. Biotic 
and abiotic factors, for example, are not mutually exclusive and their interplay likely have 
a compounding effect on physiological responses and thus eDNA sources. As practition-
ers move forward with the use of eDNA protocols, a tool well-suited to conservation goals 
over numerous traditional survey techniques, critical consideration needs to be given to 
the sources of these data through either the investigation of biotic and abiotic covariates, 
eDNA physical sources, or via the incorporation of system- or species-specific temporal 
and spatial sampling.

Environmental DNA has afforded scientists a means to quantify the distribution and 
abundance of species, but what information can the genetic residues of individuals inhab-
iting those ecosystems tell us about their responses to their surroundings? For example, 
opportunities exist to link eDNA survey data with species distribution modelling (Dorazio 
and Erickson 2018), comparing and contrasting where eDNA metrics and traditional spe-
cies abundance estimations are over- or under-represented (e.g. Schmelzle and Kinziger 
2018). Advancements to non-invasive genetic monitoring, such as the inclusion of eco-
logically based species-specific sampling sites (e.g. hydrological zones), and novel genetic 
markers and methodologies (e.g. eRNA, transcriptomics, and nuclear markers), may help 
to galvanise eDNA methods in gaining invaluable insights beyond mere presence and 
abundance measures.
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