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1  | INTRODUC TION

Lampreys have a complex life history which includes a protracted 
larval stage, also called an ammocoete (Potter, Gill, Renaud, & 
Haoucher, 2015). Adult lampreys lay eggs in nests they excavate in 
riffles before they senesce and die (Hardisty, 2011). After hatching, 

the newly emerged larvae drift downstream and burrow into soft 
sediments, where they typically live for the next three to seven years 
(Dawson, Quintella, Almeida, Treble, & Jolley, 2015). Ammocoetes 
are considered filter feeders (Moore & Mallatt, 1980), although 
they have low pumping rates (50–140 ml g−1 hr−1) and often remain 
in burrows completely sealed off from the overlying water column 
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Abstract
Lampreys have a complex life cycle which includes a multi-year infaunal larval stage 
(ammocoete). Gut content analysis has generally identified detritus (i.e., unidentifia-
ble organic matter) as the major dietary component to ammocoetes, though algae 
can also be important. However, gut content preserves only a snapshot of the ani-
mal’s	diet	and	does	not	reflect	assimilated	material.	 In	order	to	better	characterise	
the nutritional sources supporting ammocoete growth, we analysed ammocoete 
body tissue and potential dietary sources at two streams using natural Δ14C and δ15N 
to estimate time-integrated nutritional support. Bayesian isotope mixing models re-
vealed differences in the importance of sources supporting ammocoetes between 
sites. Ammocoetes from a stream in a mixed land usage area (~50% agriculture, ~40% 
forest and ~10% developed) were primarily supported (mean: ~50%) by fresh terres-
trial organic matter but were also supported by substantial contributions (mean: 
~30%)	 by	 aged	 organic	 matter	 (AOM)	 and	 autochthonous	 material	 (algae;	 mean	
~20%).	 In	a	predominantly	 forested	 (~90%)	headwater	 stream,	different	modelling	
scenarios (uninformed or informed priors) suggested that algal support of ammo-
coete nutrition ranged from 7% to 45%. However, the model relying on informed 
priors developed from gut content analysis produced the low estimates, suggesting 
these were more reliable. When algae were a minor component of the nutrition at the 
forested	site,	ammocoetes	were	highly	dependent	on	AOM	(83	±	26%;	mean	±	SD). 
Based on these findings, ammocoete growth and development are predicted to be 
strongly influenced by both land use and the availability of allochthonous and au-
tochthonous materials of varying ages within streams.
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(Mallatt,	 1982).	 In	 early	 studies,	 gut	 content	 analysis	 suggested	
algae were the primary dietary contributor to ammocoetes (Manion, 
1967; Wigley, 1959) because it was the only recognisable material 
within the gut. However, later work showed that amorphous detritus 
quantitatively dominated the gut material in ammocoetes (Mundahl, 
Erickson,	Johnston,	Sayeed,	&	Taubel,	2005;	Sutton	&	Bowen,	1994;	
Yap & Bowen, 2003). Unlike many other detritivorous fishes, am-
mocoetes lack specialised structures or physiology to digest detrital 
material	(Sutton	&	Bowen,	1994)	and	instead	appear	to	rely	on	long	
gut passage times (~50 to 70 hr; Moore & Beamish, 1973). Bomb cal-
orimetry of fore and rear portions of guts has found ammocoetes to 
be highly efficient at extracting energy from detrital sources, reach-
ing an assimilation efficiency of ~70% during the growing season 
(Mundahl	et	al.,	2005;	Sutton,	2017;	Sutton	&	Bowen,	1994).

While gut content analysis is a powerful tool, it captures only a 
short-term (hours to days) description of the diet (Garvey & Chipps, 
2012). Additionally, all ingested materials are not necessarily nutri-
tional sources, as materials may be ingested but ultimately expelled 
(Michener & Kaufman, 2007). For example, while ammocoete diet is 
dominated	by	detritus	(Mundahl	et	al.,	2005;	Sutton	&	Bowen,	1994;	
Yap & Bowen, 2003), algae are seasonally important, and ammoco-
ete growth is highest when algae are available (Hardisty, 1961). This 
suggests that while algae may only be seasonally abundant, they 
may nevertheless be a disproportionately important nutritional 
component when integrated over longer timescales (i.e., months or 
longer).

In	contrast	to	gut	content	analysis,	natural	abundance	isotope	
ratios can be used to reconstruct the source of nutritional, and 
not simply dietary, materials to consumers (Melville & Connolly, 
2003; Rounick & Winterbourn, 1986) and may serve as long-term 
indicators of diet and nutrition integrated over the course of an 
organism’s life (Garvey & Chipps, 2012). Because of limitations 
associated with the isotopes of different elements, the simul-
taneous use of multiple isotope ratios has been found to better 
constrain sources than individual isotope ratios (Colborne et al., 
2016;	Lubetkin	&	Simenstad,	2004;	Peterson,	1999).	For	instance,	
the stable isotopic ratio of N (i.e., expressed as δ15N) often var-
ies considerably between potential dietary sources in freshwater 
systems, but isotopic discrimination (also called fractionation) 
of consumers may be high (Bunn, Leigh, & Jardine, 2013; Caut, 
Angulo, & Courchamp, 2009). Therefore, in order to use δ15N in 
stable isotope mixing models requires assumptions about dis-
crimination factors or their direct measurement in controlled ex-
periments (Finlay & Kendall, 2007).

The stable isotope ratio of C (i.e., expressed as δ13C) has fre-
quently been used in aquatic food web studies (Finlay & Kendall, 
2007). However, potential aquatic dietary sources often have over-
lapping δ13C values, making it difficult to differentiate between 
sources (France, 1995). The use of δ13C for evaluating ammoco-
ete nutrition appears to be further confounded by factors poten-
tially	unique	to	ammocoetes	(Evans	&	Bauer,	2016a).	In	contrast	to	
δ13C, naturally occurring radiocarbon (14C, as Δ14C) is often bet-
ter at source discrimination due to its much larger dynamic range 
(102–103‰) compared to δ13C and δ15N (at most 10–20‰) in natural 
systems; in addition, Δ14C can establish the ages of the materials 
used to support consumer nutrition (Bellamy & Bauer, 2017; Larsen, 
Yokoyama, & Fernandes, 2018). Recent work using Δ14C has found 
consumer biomass in aquatic ecosystems is supported in part, and in 
rare cases entirely, from highly aged plant biomass produced in the 
distant past (102–104 years B.P; Bellamy & Bauer, 2017; Guillemette, 
Bianchi,	&	Spencer,	2017).

While the use of naturally occurring 14C to assess potential di-
etary and nutritional source contributions to stream organisms has 
been growing, its use in detritivore nutrition is still rare. The present 
study used natural Δ14C and δ15N to characterise the major sources 
of materials supporting ammocoete nutrition. Based on prior gut 
content analysis identifying detritus as the primary food sources in a 
range	of	ammocoete	species	(Mundahl	et	al.,	2005;	Sutton	&	Bowen,	
1994; Yap & Bowen, 2003), we hypothesised that ammocoetes are 
primarily	supported	by	terrestrial	soils	and	aquatic	sediments.	Since	
stream detritus is often composed of aged allochthonous organic 
matter (e.g., contained in aquatic sediments and terrestrial soils; 
Tank,	Rosi-Marshall,	Griffiths,	 Entrekin,	&	Stephen,	 2010),	we	 fur-
ther hypothesised that ammocoetes are dependent on aged mate-
rials in addition to fresh (i.e., recently produced or young) organic 
materials. To test these hypotheses, we measured Δ14C and δ15N in 
ammocoetes and major potential dietary materials and utilised these 
isotope ratios in a mixing model to calculate various dietary contri-
butions to ammocoete nutrition.

2  | MATERIAL S AND METHODS

2.1 | Study sites

Two	rivers	were	sampled	in	the	present	study:	one	in	eastern	Ohio,	
USA	 (Clear	 Fork	 River),	 and	 one	 in	 Michigan,	 USA	 (Pigeon	 River;	
Table 1). The Clear Fork River was a third order river at the sample 
site and drains a watershed of 512 km2. Land use within the Clear 

TA B L E  1  Site	characteristics	and	water	conditions	on	sample	collection	dates

Site Location Latitude, Longitude Collection date

Water 
temperature 
(°C) DO (mg/L) pH

Specific Conductivity 
(μS/cm at 25°C)

Clear Fork River Ohio,	USA 40.593527,	−82.422496 7 Nov. 2010 4.8 12.6 8.1 282

Pigeon River Michigan,	USA 45.272044,	−84.459901 2	Oct.	2010 10.6 9.6 8.2 214

Note.	DO:	dissolved	oxygen.
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Fork River watershed is mixed, with 50% agricultural, 38% forested 
and 11% developed (Homer et al., 2015). The underlying geology in 
the Clear Fork River watershed consists of sedimentary rocks includ-
ing shale, sandstone, siltstone, limestone, dolomite and conglomer-
ate	(Devonian	and	Mississippian	stratigraphic	units;	Ohio	Division	of	
Geological	Survey,	2006).	Only	a	single	species	of	lamprey	is	found	
in the Clear Fork River (least brook lamprey, Lampetra aepyptera) and 
sampling occurred on 7 November 2010.

The Pigeon River is in the north-central region of the lower pen-
insula	of	Michigan,	USA.	The	Pigeon	River	watershed	(360	km2) is a 
primarily forested watershed (88%) with only minor contributions 
from agriculture (6%) and developed (5%) land uses (Homer et al., 
2015). Underlying geology in the Pigeon River watershed primar-
ily consists of sandstone, shale, siltstone, conglomerate and lime-
stone of the Mississippian formation (Michigan Department of 
Environmental Quality, 2005). The Pigeon River was sampled at a 
second	order	reach	on	2	October	2010.	Based	on	genetic	analysis	
(Evans & Bauer, 2016a), only sea lamprey (Petromyzon marinus) am-
mocoetes were collected at the Pigeon River.

2.2 | Field sampling

Ammocoetes were collected from fine-grained substrates (Dawson 
et al., 2015) in a pool formed behind a downed tree at the Clear Fork 
River and along the margins of the Pigeon River. Areas were sampled 
because they appeared suitable for ammocoetes and were within 
~50 m of all other collected sample types. A backpack electrofisher 
(model ABP-2MP-600 V, Electrofishing LLC) using a low-intensity 
power setting (1:3 pulse setting at 2 Hz and 150 V) caused ammo-
coetes to emerge from the sediment. This was followed by a high-in-
tensity power setting (continuous pulse pattern at 60 Hz and 150 V) 
to immobilise them and allow them to be captured (Moser, Butzerin, 
& Dey, 2007). After capture, ammocoetes were netted and rinsed 
of any sediment in flowing stream water before being placed in a 
container filled with fresh stream water. Because of concerns that 
an anaesthesia agent could contaminate an ammocoete’s isotopic 
values, ammocoetes were wrapped in clean pre-baked (500°C for 
4 hr) aluminium foil before being frozen on dry ice. The procedure 
was	approved	by	the	Institutional	Animal	Care	and	Use	Committee	
at	The	Ohio	State	University.

Simultaneous	 to	 the	 collection	 of	 ammocoete	 samples,	 po-
tential	 nutritional	 sources	 were	 also	 collected.	 Stream	 detrital	
sources are primarily composed of terrestrial organic matter 
(Allan & Castillo, 2007); therefore, terrestrial plants, soils and 
aquatic sediments were sampled. Leaves of terrestrial plants 
were handpicked from multiple common species in the sample 
area (Acer, Rosa, Urticaceae at Clear Fork River and Cystopteris, 
Thuja, Ulmus at Pigeon River). Terrestrial soils were collected by 
excavating a hole ~20 cm wide and ~30 cm deep within ~10 m 
of the stream using a spade. To ensure samples were taken from 
known depths, terrestrial soils were collected from the walls of 
the hole, not from the soils excavated, and placed in pre-baked 
aluminium foil before freezing the samples on dry ice. Aquatic 

sediment samples were collected from streambeds where ammo-
coetes were found using cut-off 60 cc plastic syringes pushed to 
a depth of ~8 cm. Given that a prior study, which measured these 
sediment samples, found no differences in δ13C or δ15N between 
depths of aquatic sediment (Evans & Bauer, 2016b), we did not 
delineate samples across depths. Following collection, the top 
and bottom of the syringe were covered with pre-baked (500°C 
for 4 hr) aluminium foil, placed in a self-sealing plastic bag and 
frozen on dry ice.

Ammocoetes are often referred to as suspension feeders 
(Mallatt, 1982); therefore, suspended particulate organic matter 
(SPOM)	was	also	collected.	SPOM	is	defined	as	material	that	is	re-
tained by a ~0.8 μm nominal pore size filter (Caraco, Bauer, Cole, 
Petsch, & Raymond, 2010; Cole et al., 2006). Prior to ammocoete col-
lection, stream water was collected in the middle of each stream in a 
pre-cleaned (10% HCl soaked) polycarbonate carboy. The collected 
water was then peristaltically pumped through a pre-baked 47-mm 
quartz fibre QMA filter (Whatman, 0.8 μm nominal pore size). When 
filtration began to slow noticeably the filter was removed, wrapped 
in pre-baked aluminium foil and frozen on dry ice.

Dissolved	inorganic	carbon	(DIC)	is	fixed	during	photosynthe-
sis by aquatic primary producers (e.g., algae; Finlay, 2001; Cole 
et al., 2006; Caraco et al., 2010) and may be used as a proxy for 
14C	signatures	of	algae	(Ishikawa	et	al.,	2016).	Water	which	passed	
through	the	QMA	filter	was	collected	for	DIC	 in	pre-baked,	gas-
tight serum bottles purged with ultra-high purity N2 gas. The 
bottles were also poisoned with 200 μl of saturated HgCl2 to kill 
any	remaining	bacteria	(Caraco	et	al.,	2010).	After	collection,	DIC	
samples were stored at ambient temperature until extraction in 
the laboratory. Finally, any obvious filamentous algae mats or sub-
merged aquatic macrophytes near areas sampled for ammocoetes 
were handpicked from the stream, wrapped in pre-baked alumin-
ium foil and frozen on dry ice.

After	 return	 from	 the	 field,	 all	 samples,	 except	DIC	 samples,	
were	stored	at	−20°C	until	processing.	Frozen	ammocoetes	were	
thawed, and if the ammocoete was >40 mm, a section of muscle 
was	 removed	 from	 the	 body.	 For	 analysis,	 ammocoetes	 ≤40	mm	
were too small to collect a discrete section of muscle; instead they 
were decapitated and had their gut removed, the remaining body 
material was then used for isotope ratio measurements. Muscle 
samples were dried at 60°C and homogenised on an agate mor-
tar.	 If	the	ammocoete	was	from	the	Pigeon	River,	during	the	dis-
section, a small fin clip was removed and placed in 95% ethanol 
for microsatellite testing to confirm it was a sea lamprey (Evans & 
Bauer, 2016a).

The aquatic sediment cores were extruded, divided into 10-mm 
increments (except the top 10 mm which was divided into 5-mm in-
crements), dried at 60°C, and large particles (>5 mm) were removed 
with forceps. The remaining material was ground in an agate mortar 
and then acid fumed using concentrated hydrochloric acid for two 
to	five	days	to	remove	carbonates.	Terrestrial	soils	and	SPOM	sam-
ples were also processed and treated in the same manner as aquatic 
sediment cores.
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2.3 | Sample preparation and analysis of 
δ15N and Δ14C

The δ15N and Δ14C values of ammocoetes and their potential dietary and 
nutritional sources were measured to allow for the estimation of source 
contributions	 to	 ammocoetes.	 Solid	 samples	were	 analysed	 for	 δ15N 
at	two	facilities:	the	University	of	California	(UC)	Davis	Stable	Isotope	
Facility	 (SIF)	using	a	PDZ	Europa	ANCA-GSL	 (EA)	attached	to	a	PDZ	
Europa	20-20	isotope	ratio	mass	spectrometer	(IRMS)	or	at	The	Ohio	
State	 University	 (OSU)	 Stable	 Isotope	 Biogeochemistry	 Lab	 (SIBLab)	
using	a	Costech	EA	with	continuous	flow	by	CONFLO	III	attached	to	a	
Finnigan	Delta	Plus	IV	IRMS.	Standard	deviations	for	replicate	analyses	
of standards using both instruments were <0.3‰ for δ15N.

For Δ14C analysis, ammocoete tissue and potential food source 
samples	were	placed	in	evacuated	quartz	tubes	with	Cu	and	CuO	and	
combusted	to	CO2	at	750°C	for	four	hours.	The	CO2 from the com-
busted sample was purified on a vacuum extraction line and sealed in 
a	pre-baked	6-mm	Pyrex	tube	(Bellamy,	Bauer,	&	Grottoli,	2017).	DIC	
samples were acidified with H3PO4 and then sparged with N2 gas to 
extract	the	CO2	gas	on	a	vacuum	line	as	described	previously.	DIC,	
ammocoete tissue and potential food source samples were analysed 
for Δ14C	at	 the	National	 Science	Foundation—Arizona	Accelerator	
Mass	Spectrometry	(NSF-AMS)	facility	after	conversion	into	graph-
ite.	Briefly,	graphite	targets	were	produced	by	reducing	sample	CO2 
in	the	presence	of	zinc	and	iron	powder	(Slota,	Juli,	Linick,	&	Toolin,	
1987). The reported standard deviation for Δ14C	standards	at	NSF-
AMS	was	 12‰.	 All	Δ14C values were corrected for fractionation 
using the δ13C	values	of	the	same	samples	(Supporting	Information	
Table	S1;	Stuiver	&	Polach,	1977).	The	equivalent	14C age of materi-
als	was	calculated	following	Stuiver	and	Polach	(1977)	as:

The δ13C values of aquatic organisms are often used to decipher 
their potential dietary and nutritional resources. However, previous 

work by our group has shown that ammocoete δ13C values are a 
complex function of diet and fractionation that may occur during 
synthesis of tissues (Evans & Bauer, 2016a, 2016b). Thus, the δ13C 
values of ammocoetes are not used in the present study, except in 
the correction of the Δ14C values.

2.4 | Relationship between δ15N and Δ14C 
in ammocoetes

Soil	δ15N is positively correlated with soil depth (and hence soil 
age)	 by	 an	 asymptotic	 relationship	 (Evans,	 2007).	 If	 ammocoete	
δ15N is related in a similar manner to Δ14C (and hence apparent 
14C age), this suggests that ammocoetes are reliant on terrestrial 
soils. Therefore, ammocoete δ15N was regressed against ammo-
coete apparent 14C age (defined as the 14C age of dietary materials 
assimilated by ammocoetes) for each site with an equation of the 
form:

where a is the asymptotic δ15N value approached, b is a fitting 
term, and x is the apparent 14C age. Because of the limited data avail-
able for fitting, a was assumed to be equal to the highest measured 
ammocoete δ15N value at a site. The parameter b was tested for a 
difference from zero with a Pearson correlation in R v3.5.0 (R Core 
Team, 2018), and alpha was set to 0.05.

2.5 | Stable isotope mixing models

In	 order	 to	 establish	 quantitative	 estimates	 of	 potential	 dietary	
source contributions to ammocoete nutrition, we used Δ14C 
and δ15N	 in	 a	 Bayesian	 isotope	 mixing	 model	 (MixSIAR;	 Stock	 &	
Semmens,	2018).	MixSIAR	uses	Markov	Chain	Monte	Carlo	(MCMC)	
simulations	 to	estimate	source	contributions	 to	a	mixture	 (Stock	&	
Semmens,	2018)	and	takes	into	account	error	in	source	values	(Ward,	

(1)14C age=−8,033 ⋅ ln

(

1+
Δ14C

1,000

)

.

(2)�
15N=

a
(

1+bx
) ,

Model input % C Δ14C (‰) % N δ15N (‰)

Clear Fork River

Algae 24.1 −319	(13)a 2.6 9.1 (1.7)

Aged organic matter 2.2 −69	(117) 0.2 3.7 (1.4)

Fresh terrestrial organic 
matter

5.2 40 (3)b 3.0 5.4 (1.7)

Pigeon River

Algae 35.8 −178	(13)a 3.1 5.8 (1.4)c

Aged organic matter 3.2 −76	(56) 0.2 2.4 (1.2)

Fresh terrestrial organic 
matter

42.2 40 (3)b 1.9 2.2 (1.2)

Note.	See	Section	2	for	full	description	of	how	sources	were	developed	and	selected.
aAssumed to be the same as measured dissolved inorganic carbon Δ14C at the site and to have the 
same	SD	as	benthic	algae	reported	in	a	prior	study	(Weber	et	al.,	2017).	bAssumed to be the same as 
atmospheric measurements of Δ14CO2 in that year (Levin et al., 2013). cDeveloped from measured 
aquatic macrophytes at the site. 

TA B L E  2   The percentage of each 
element,	mean	∆14C and δ15N values (SD 
in parentheses) of potential nutritional 
sources to ammocoetes used in each 
isotope mixing model
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Semmens,	&	Schindler,	2010)	and	reports	model	uncertainty	(Parnell,	
Inger,	 Bearhop,	 &	 Jackson,	 2010).	 We	 assumed	 that	 ammocoetes	
were supported by three primary sources: (a) algae, (b) aged organic 
matter	(AOM;	i.e.,	aquatic	sediments,	terrestrial	soils	and	SPOM)	and	
(c)	fresh	terrestrial	organic	matter	(FTOM;	i.e.,	terrestrial	plants).	To	
account	 for	uncertainty	 in	source	values,	MixSIAR	relies	on	means	
and SD values, instead of exact values for sources (Ward et al., 2010). 
How these were generated for sources at each site is described 
below, and the values used in the model are reported in Table 2.

At the Clear Fork River, only one sample of filamentous algae was 
collected, because it was the only obvious algae observed. The mea-
sured filamentous algal δ15N was assumed to be equal to the mean 
for the site, while the SD was set to the largest SD measured for any 
source at the site. Utilising the largest SD ensured the model would 
generate higher uncertainty around its source dependence esti-
mates	and	prevent	artificially	precise	estimates.	Algal	∆14C was as-
sumed	to	be	the	same	as	the	measured	∆14C	values	of	DIC	(Broecker	
& Walton, 1959; Caraco et al., 2010; Weber, Bauer, & Watters, 2017), 
and the SD was assumed to be the same as for benthic algae in a prior 
published	study	from	Ohio	(Weber	et	al.,	2017).	Filamentous	algae	
were not observed at the Pigeon River, and rock scrapings were not 
taken because they can produce a conglomerate sample of algae and 
detritus. Therefore, the algal mean and SD of δ15N were assumed 
to be identical to measured submerged aquatic macrophytes, which 
were collected and measured. This assumption was made because 
δ15N values of aquatic plants are primarily controlled by water body 
and land use type and are not related to the type of plant (i.e., algae 
vs.	macrophyte;	Chappuis,	Seriñá,	Marti,	Ballesteros,	&	Gacia,	2017).	
Algal	∆14C means and SD in the model were developed in the same 
way as for the Clear Fork River.

At	 both	 sites,	 terrestrial	 soils,	 aquatic	 sediments	 and	 SPOM	
were assumed to be derived from aged terrestrial sources. This 
assumption	was	made	because	(i)	organic	matter	(OM)	sources	in	
high-order streams are dominated by terrestrial inputs (Webster & 
Meyer,	1997),	(ii)	SPOM	sources	are	primary	composed	of	terres-
trial matter in streams similar to ones in our study (Lu et al., 2014), 
and (iii) a measurement of an isotope ratio highly sensitive to algal 
inputs (δ2H; Hondula, Pace, Cole, & Batt, 2014) at the same sites 
and times found these sources were similar to terrestrial plants 
(Evans,	 2012).	 In	 the	 present	 study,	 soils,	 sediments	 and	 SPOM	
had highly variable Δ14C values, but all of these values, with the 
exception of the superficial soil (0–2 cm) at Clear Fork, were <0‰ 
and were therefore aged to some extent. Therefore, the measured 
value	of	all	measured	soils,	sediments	and	SPOM	at	a	site	was	av-
eraged to generate a mean and SD	for	a	generalized	AOM	source.

Finally,	a	FTOM	signature	was	also	developed.	Terrestrial	plant	
samples were measured for δ15N, and the Δ14C	of	FTOM	was	 as-
sumed	 to	match	 the	 value	 of	 atmospheric	 CO2 (Garnett & Billett, 
2007;	 Randerson,	 Enting,	 Schuur,	 Caldeira,	 &	 Fung,	 2002),	 which	
was	40	±	3‰	(zero	years	old)	in	the	Northern	Hemisphere	in	2010	
(Levin, Kromer, & Hammer, 2013). When sources vary widely in per 
cent C and N, source contributions from a mixing model should be 
estimated while considering the per cent of C or N (Phillips & Koch, 

2002). We used a weighted linear mixing model to incorporate the 
elemental proportions of sources and their signature to estimate 
their contribution to ammocoetes (i.e., concentration dependence; 
Phillips & Koch, 2002).

Ammocoetes were considered one trophic level above primary 
producers	 (Mallatt,	1982;	Sutton	&	Bowen,	1994),	and	published	
fractionation values were used for δ15N	(3.4	±	1.0‰;	Post,	2002).	
Δ14C values reported by the analytical laboratory were corrected 
for fractionation using measured δ13C	 values	 (Stuiver	 &	 Polach,	
1977). At each site, two models were run: one using uninfor-
mative priors and one using informative priors. Bayesian mixing 
models allow the incorporation of prior information from gut con-
tent	to	refine	mixing	model	estimates	(Moore	&	Semmens,	2008).	
Informative	priors	were	developed	from	Sutton	and	Bowen	(1994)	
who estimated the percentage contribution of algae (mean: 1.98%) 
or detritus (mean: 98.03%) in ammocoete gut content across 
the Great Lakes region. However, the present model used three 
sources	(algae,	AOM	and	FTOM),	and	therefore,	we	assumed	that	
detritus	was	 composed	 of	 half	 AOM	and	 half	 FTOM	 to	 develop	
our priors. This assumption was made because the priors create 
a	distribution	from	which	the	model	samples	 (Stock	&	Semmens,	
2018). The informative prior vector values were developed with 
the following equation:

where Vs is the value for the source used in the informed vector, p 
is the proportion of that food source to diet observed in gut content 
from	Sutton	and	Bowen	(1994),	and	ns is the number of sources in 
the	isotope	mixing	model	(i.e.,	three:	algae,	AOM	and	FTOM).	The	in-
formative prior vector (assuming the uninformative prior vector was 
[1,	1,	1])	was	0.059	for	algae	(i.e.,	0.0198	×	3),	1.47	for	AOM	and	1.47	
for	FTOM.	The	models	were	initially	run	with	50,000	MCMC	chains	
(25,000 burn-in) to ensure that the model parameters were spec-
ified correctly, and then for 1,000,000 (500,000 burn-in) MCMC 
chains in order for models to converge, based on Gelman–Rubin and 
Geweke diagnostics.

2.6 | Sensitivity of mixing model

The robustness of the mixing model’s estimates to increases in 
source SDs was tested by increasing the source SD values by 50%. 
All other values were held constant, and informed priors were used. 
These models were also run for 1,000,000 (500,000 burn-in) MCMC 
chains. Models showed convergence following Gelman–Rubin and 
Geweke diagnostics.

3  | RESULTS

3.1 | Potential nutritional sources

Terrestrial	 plants,	 aquatic	 sediment	 OM	 and	 terrestrial	 soil	 OM	
had similar δ15N	 values	 (Table	 3;	 Supporting	 Information	 Figure	

(3)Vs=p ⋅ns,
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S1),	 as	 they	 represent	a	gradient	of	OM	age	 ranging	 from	newly	
synthesised	 to	highly	 aged.	 In	 contrast,	 aquatic	 primary	produc-
ers	 were	 different	 from	 any	 other	 source	 (Table	 3;	 Supporting	
Information	Figure	S1).	Aquatic	sediment	and	terrestrial	 soil	OM	
samples had a range of Δ14C	values	 (12‰	to	−86‰;	Supporting	
Information	Table	S1).	However,	the	mean	Δ14C of sediment, soil 
and	SPOM	was	still	more	elevated	than	DIC,	which	was	assumed	
to be a proxy for algae Δ14C (Table 3).

3.2 | Relationship between δ15N and Δ14C 
in ammocoetes

While our sample size was small for both rivers and precludes ex-
tensive statistical analyses, the δ15N and apparent 14C age of am-
mocoetes co-varied at the Clear Fork River (Figure 1). Fitting with 
an asymptotic function produced a significant correlation (Pearson 
correlation value = 0.96) and the estimate of b	 (0.9949	±	0.0008,	
mean	±	SE) was different from zero (df = 5, t-value = 1,217, 
p < 0.0001). An asymptotic relationship was not observed Pigeon 
River ammocoetes (Figure 1).

3.3 | Mixing models

The results from mixing model analyses were different between 
sites and between models with uninformed and informed priors. 

For	 the	 Clear	 Fork	 River,	 FTOM	 was	 the	 most	 important	 nutri-
tional	 source	 in	 the	uninformed	model,	 accounting	 for	56%	±	14%	
(mean	±	SD; median = 59%) of ammocoete nutritional support; algae 
and	AOM	had	identical	mean	(22%)	and	similar	median	contributions	
(algae:	23%	and	AOM:	16%;	Figure	2).	Modelling	with	informed	pri-
ors	slightly	increased	the	importance	of	AOM	(31	±	22%,	mean	±	SD; 
median	=	26%)	 and	 decreased	 algal	 importance	 (17	±	10%;	 me-
dian	=	18%)	to	ammocoetes,	with	the	FTOM	contribution	remaining	
essentially	unchanged	 from	 the	uninformed	model	 (52	±	17%;	me-
dian = 55%; Figure 2). However, a local maximum was observed for 
algae at ~5% contribution (Figure 3). The large variation in source 
contributions in both models was the result of the highly variable 
Δ14C and δ15N values of ammocoetes from the Clear Fork River.

For the Pigeon River, using uninformed priors in the model re-
sulted in algae being the primary nutritional source supporting 
ammocoetes	 (44	±	15%;	median	=	47%;	Figure	2).	AOM	(25	±	22%;	
median	=	18%)	 and	 FTOM	 (31	±	11%;	 median	=	33%)	 had	 similar	
contributions to each other, and both were smaller than the algal 
contribution (Figure 2). However, when informed priors were used, 
and Δ14C	values	were	predominantly	explained	by	AOM,	 the	algal	
contribution	 was	 lowered	 (8	±	16%),	 albeit	 with	 high	 variance	
(Figure 2). The 5%–75% credible interval for the algal contribution 
was 0%–0.2% and the median was 0%, demonstrating a long tail had 
a strong effect on increasing the mean value (i.e., data were right-
skewed;	 Figure	 3).	 AOM	 showed	 a	 similar,	 but	 inverse	 pattern,	 to	
algae in the informed model. That is, ammocoete dependence on 
AOM	increased,	but	the	overall	mean	(72%)	was	far	lower	than	the	
median (83%) because the data were strongly left-skewed (Figure 3). 
The	 importance	 of	 FTOM	 to	 ammocoetes	 also	 decreased	 from	 a	
mean of 31% in the uninformed model to 20% in the informed model; 

TA B L E  3  Mean	∆14C and δ15N values of potential nutritional 
sources to ammocoetes at the two sites in the present study

Measured material Δ14C (‰) δ15N (‰)

Clear Fork River

Algae −319a 9.1

Aquatic	Sediment −86 4.2 (1.1; 
n = 7)

SPOMb −243 4.4

Terrestrial Plants NM 5.4 (1.7; 
n = 5)

Terrestrial	Soil −3	(22;	n = 2) 2.3 (1.5; 
n = 3)

Pigeon River

Aquatic macrophytes −178a 5.8 (1.4, 
n = 3)

Aquatic sediment −22 2.7 (0.8; 
n = 9)

SPOMb −134 4.0

Terrestrial plants NM 2.2 (1.2; 
n = 5)

Terrestrial soil −73 2.0 (1.7; 
n = 4)

Note. NM: not measured.
Values in parentheses are the SD when same number, n, was >2, or range 
if the number of samples, n, was equal to two.
aMeasured	dissolved	inorganic	carbon	(DIC)	values.	bSuspended	particu-
late organic matter. 

F I G U R E  1   The δ15N and Δ14C and apparent 14C age (defined as 
the 14C age of dietary materials assimilated by ammocoetes) values 
of ammocoetes from the Clear Fork and Pigeon Rivers; white circles 
are Clear Fork River, and grey circles are Pigeon River samples
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the	median	for	FTOM	simultaneously	declined	by	approximately	half	
(uninformed: 33%; informed: 14%; Figure 2).

Tests of model sensitivity, determined by increasing the SD of 
potential nutritional sources, never resulted in algae increasing in im-
portance (Figure 2). However, the uncertainty around the estimates 
for	FTOM	and	AOM	increased	at	both	sites.

4  | DISCUSSION

4.1 | Mixing model reliability

The use of naturally occurring isotopes and mixing models in the pre-
sent study suggests that while nutritional sources for ammocoetes 

vary by location, ammocoetes are often primarily dependent on a 
combination	of	both	fresh	terrestrial	and	aged	OM,	but	not	on	algae.	
Use of uninformed and informed priors in the mixing models had 
a limited effect on the nutritional resource estimates at the Clear 
Fork River, but it had a large effect on these estimates in the Pigeon 
River. Therefore, it is important to identify the most reliable model 
at the Pigeon River. The δ15N of ammocoetes from the Pigeon River 
(Figure 1) is poorly explained by algae unless fractionation is low, 
because the mean aquatic macrophytic (and therefore presumably 
algal) δ15N was only 1.1‰ greater than the mean δ15N of ammo-
coetes (Table 3). Additionally, although gut content analysis has 
found that algae can comprise up to 14% of gut content (by area) in 
ammocoetes (Mundahl et al., 2005), algae have not been identified 

F I G U R E  2   Estimated nutritional source contributions to ammocoetes from mixing model results for the Clear Fork River and Pigeon 
River. Mean per cent contributions are represented by the mid-lines of each box, mean SDs are represented by the vertical extent of each 
box, median per cent contributions are indicated by the grey circles in each box, and 95% credible intervals are indicated by error bars. 
White boxes are for the uninformed model, light grey boxes are for the informed model, and dark grey boxes are for the informed model 
under a sensitivity test. SDs	that	extend	beyond	0	or	100	were	limited	to	these	values.	AOM:	aged	organic	matter;	FTOM:	fresh	terrestrial	
organic matter

F I G U R E  3   The scaled posterior probability of sources and the proportion of ammocoete support by those sources in the informed model 
at	each	site.	Solid	black	line	is	for	algae,	solid	grey	line	is	for	aged	organic	matter	(AOM),	and	dotted	black	line	is	for	fresh	terrestrial	organic	
matter	(FTOM)
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as the majority of the diet supporting ammocoetes by this method 
(Mundahl	et	al.,	2005;	Sutton	&	Bowen,	1994).	In	fact,	even	though	
algal cells are reported in ammocoete gut contents, many ingested 
algal cells are expelled intact (45%–90% of diatoms) and can be cul-
tured from faecal content (Moore & Beamish, 1973). Therefore, it 
seems most probable the Δ14C values in ammocoetes (Figure 1) were 
reflective	of	AOM	instead	of	algae	at	Pigeon	River.

For the Clear Fork River, modelling may have overestimated the 
importance of algae to ammocoete nutrition. The observed relation-
ship between apparent 14C age (and hence Δ14C) and δ15N in ammo-
coetes (Figure 1) is indicative of ammocoete nutrition being almost 
completely	supported	by	FTOM	and	AOM	because	of	the	similarity	
to 15N-enrichment observed during soil decomposition (Craine et 
al.,	2015;	Hobbie	&	Ouimette,	2009).	If	algae	had	been	contributing	
to ammocoete apparent 14C age, an asymptotic relationship would 
not	have	necessarily	been	produced.	 If	 algae	were	 the	major	 con-
tributor to nutrition, as ammocoete apparent 14C age increased δ15N 
should have also increased beyond the δ15N of algae (to account for 
δ15N	fractionation	 in	ammocoete	muscle).	 Instead,	δ15N reached a 
maximum value (7.5‰) and was much lower than algal δ15N (9.1‰; 
Figure 1). The Pigeon River ammocoetes showed no such relation-
ship	(Figure	1),	even	though	modelling	strongly	supported	AOM	as	
the primary nutritional resource. However, ammocoete δ15N values 
in the Pigeon River varied by only half as much as at the Clear Fork 
River	(1.8‰	vs.	3.8‰).	In	some	previous	stream	ecosystem	studies	
that have used Δ14C as a tracer, apparent 14C ages of organisms were 
primarily attributed to the consumption and assimilation of algae 
that	fixed	aged	DIC	(Ishikawa	et	al.,	2016;	Ishikawa,	Uchida,	Shibata,	
& Tayasu, 2014), but in the present study, there is insufficient evi-
dence	that	the	age	of	DIC	and	algae	explains	the	apparent	14C ages 
of ammocoetes.

4.2 | Land use and ammocoete nutritional resources

Reliance on organic matter, in the form of “detritus,” is expected 
in ammocoetes because of their anatomy, prior gut content stud-
ies and the dominance of detrital material in temperate streams. 
Ammocoetes have a simple filtration mechanism and no way to 
macerate food (Mallatt, 1981). They depend on trapping small or-
ganic particles (usually <340 µm) and generally expel larger items 
(Moore & Mallatt, 1980). However, studies on multiple lamprey 
species and across various regions (Great Lakes, Mississippi River, 
Yukon River) based on gut content have found that detritus is 
the primary food source ingested by ammocoetes (Mundahl et 
al.,	2005;	Sutton,	2017;	Sutton	&	Bowen,	1994).	A	recent	review	
of the literature further supports this contention (Dawson et al., 
2015). Terrestrial organic matter is the dominant component of 
detritus in small streams (Tank et al., 2010), and particles are gen-
erated by mechanical and microbial processing of leaf material 
(Graça,	2001)	or	erosion	of	older	soil	OM	(Caraco	&	Cole,	2004;	
Raymond & Bauer, 2001). Therefore, ammocoete dependence on 
OM	 predominantly	 derived	 from	 terrestrial	 sources	 of	 varying	
ages is supported by prior studies.

The	contribution	of	FTOM	to	ammocoete	nutrition	differed	be-
tween the two study streams, possibly as a result of land use dif-
ferences. Ammocoete δ15N and Δ14C values in the Clear Fork River 
(Ohio,	USA)	 varied	widely,	 in	 spite	of	 the	 fact	 that	 they	were	 col-
lected from the same pool and probably moved little in their life-
time	 (Moser,	 Almeida,	 Kemp,	 &	 Sorensen,	 2015).	 How	 individuals	
access different organic matter sources is unclear, but ammocoete 
behaviour may play a role. Ammocoetes may choose to enter the 
drift, possibly in order to find new habitat and hence food sources 
(Dawson et al., 2015). Ammocoetes are also able to burrow deeper 
as they increase in size (Applegate, 1950), and hence increase the 
range of organic matter sources available to them.

In	 the	 Pigeon	 River	 (Michigan,	 USA),	 ammocoete	 growth	 was	
accelerated in a region receiving high levels of nutrients from agri-
cultural	land	run-off	and	human	sewage	(Morkert,	Swink,	&	Seelye,	
1998). Additionally, both agricultural and developed lands tend to 
increase	soil	erosion	(Lal,	2003;	Zaimes,	Schultz,	&	Isenhart,	2004),	
which generates organic matter sources having a broader range of 
ages in streams when compared with forested headwaters (Allan, 
2004). While the number of samples in the present study was lim-
ited, this is a common problem for 14C studies because of the high 
cost of Δ14C analysis (Trumbore et al., 2016). Nonetheless, the pres-
ent	study	provides	compelling	evidence	of	FTOM	and	AOM	support	
of ammocoetes. Additional detailed studies with larger sample num-
bers could help better identify the sources of variability to both po-
tential nutritional resources and to ammocoetes.

4.3 | Using natural abundance isotopes in studies of 
ammocoete ecology

Prior work using stable isotope ratios (δ13C, δ15N) has suggested 
that ammocoetes increasingly rely on algal sources (and hence au-
tochthony) as they increased in size (Evans & Bauer, 2016a, 2016b). 
However, the models used in these studies did not correct δ13C for 
lipids in ammocoetes. Traditionally, it is assumed that the lipid con-
tent of tissues causes tissue δ13C to decrease because of a higher 
preference for 12C in lipid synthesis (Post et al., 2007). However, 
the opposite relationship (i.e., a positive relationship between tissue 
δ13C and C:N) was observed in those studies (Evans & Bauer, 2016a, 
2016b).	Since	the	positive	correlation	between	δ13C and C:N ratios 
in those studies was novel in the literature for a presumed lipid ef-
fect, δ13C was used in the models without correction (Evans & Bauer, 
2016a, 2016b). The present study avoids difficulties with interpret-
ing ammocoete δ13C values, and their potential complications, and 
supports a greater allochthonous contribution ammocoete nutrition.

This study is one of the few studies that have used natu-
ral 14C to assess nutritional resource utilisation by fish (Bellamy 
&	 Bauer,	 2017;	 Ishikawa	 et	 al.,	 2014;	 Keaveney,	 Reimer,	 &	 Foy,	
2015).	There	is	increasing	recognition	that	aged	forms	of	OM	can	
support consumer production in aquatic ecosystems (Bellamy & 
Bauer, 2017; Guillemette et al., 2017). For instance, Keaveney et 
al. (2015) found evidence for utilisation of aged allochthonous nu-
tritional sources by Daphnia spp. in a humic lake; however, algal 
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sources	and	other	fresh	allochthonous	OM	contributed	to	fishes	
and other zooplankton in this same study. Keaveney et al. (2015) 
were able to establish these differences in consumer nutritional 
resources by using both δ13C and δ15N in conjunction with natural 
14C. The use of natural 14C in food web studies has facilitated our 
understanding of the role aged materials in aquatic food webs and 
challenged traditional paradigms that modern sources of primary 
production are the exclusive or even dominant source of aquatic 
consumer nutrition.

Larval lampreys occupy a unique niche in benthic aquatic eco-
systems	 (Ilves	 &	 Randall,	 2018)	 by	modifying	 aquatic	 sediments	
(Shirakawa,	Yanai,	&	Goto,	2013),	 and	potentially	 facilitating	 the	
utilisation	and	loss	of	AOM	from	sediments.	It	is	also	possible	that	
stream sediment bacteria facilitate the uptake and assimilation of 
AOM	via	microbial	“repackaging”	of	normally	recalcitrant	forms	of	
OM	as	has	been	observed	 in	other	aquatic	systems	 (Berggren	et	
al., 2010; Guillemette, McCallister, & Giorgio, 2016). The applica-
tion of Δ14C and δ15N	 in	 the	 present	 study	 suggests	 that	 AOM	
and	FTOM	generally	 support	ammocoete	biomass	production	 to	
a greater extent than aquatic algae and other primary producers. 
Better understanding of the nutritional resources of ammocoetes 
may help inform the management of lamprey, including native, 
non-native, and invasive species, by identifying which streams or 
stream reaches support greater ammocoete nutrition and hence 
growth and recruitment.
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