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a ! b ! s ! t ! r ! a ! c ! t

A ! key ! factor ! for! estimates ! of ! assimilation ! of ! resources ! and ! trophic ! position ! based ! on! stable ! isotope ! data
is! the ! trophic ! discrimination ! factor ! (TDF). ! TDFs ! are ! assumed ! based ! on ! literature ! reviews, ! but ! may ! vary
depending ! on ! a! variety ! of! factors, ! including ! the ! type! of! diet. ! We ! analyzed ! effects ! of ! alternative ! TDFs ! on
estimates ! of! assimilated ! resources ! and ! trophic ! positions ! for ! an ! omnivorous ! fish, ! Jenynsia ! multidentata,
that ! reveals ! dietary ! variation ! among ! locations ! across ! a! salinity ! gradient ! of ! a! coastal ! lagoon ! in ! south-
ern ! Brazil. ! We ! also ! compared ! estimates ! of ! foods ! ingested ! vs.! foods ! assimilated. ! Food ! assimilation ! was
estimated ! using ! carbon ! (ı13C)! and ! nitrogen ! (ı15N) ! stable ! isotope ! ratios ! of ! food ! sources ! and ! consumer
muscle ! tissue ! and ! an ! isotopic ! mixing ! model ! (SIAR); ! consumer ! trophic ! position ! (TP) ! was! estimated ! from
consumer ! and! production ! source ! ı15N ! values. ! Diet ! was ! estimated ! using ! an ! index ! of! relative ! importance
based ! on ! frequency ! of! occurrence ! and! volumetric ! and ! numeric ! proportions ! of ! food ! items ! from ! stomach
contents. ! The ! effect ! of ! variation ! in ! TDF ! on ! food ! assimilation ! and ! TP ! was ! tested ! using ! three ! alternative ! TDFs
reported ! in ! review ! papers. ! We ! then ! created ! a! new ! method ! that ! used ! food ! source-specific ! TDFs ! (reported
separately ! for ! herbivores ! and ! carnivores) ! weighted ! in ! proportion ! to ! estimated ! assimilation ! of! resources
according ! to ! mixing ! model ! estimates ! to ! estimate ! TP ! (hereafter ! TPWAR).! We ! found ! that ! plant ! material ! was
not ! assimilated ! in ! a ! proportion ! similar ! to! its! importance ! in ! the ! diet ! of ! fish ! at! a! freshwater ! site, ! and ! the! new
method ! yielded ! best ! assimilation ! estimates. ! Animal ! material ! made ! greatest ! contributions ! to ! fish ! biomass
irrespective ! of ! TDFs ! used ! in ! the ! mixing ! model. ! The ! new ! method ! produced ! TP ! estimates ! consistent ! with
differences ! in ! estimated ! food ! assimilation ! along ! the ! salinity ! gradient. ! Our ! findings ! support ! the ! idea ! that
food! source-specific ! TDFs ! should ! be ! used ! in ! trophic ! studies ! of! omnivores, ! since ! the ! method ! improved
our ! ability ! to ! estimate ! trophic ! position ! and ! resource ! assimilation, ! two! important ! ecological ! indicators.

©! 2016 ! Elsevier ! Ltd. ! All ! rights ! reserved.

1.! Introduction

Analysis! of! elemental! stable! isotopes! is! widely! used! for! esti-
mation! of! flows! of! organic! material! in! food! webs! (DeNiro! and
Epstein,! 1981,! 1978),! with! carbon! (13C/12C)! and! nitrogen! (15N/14N)
particularly! useful! owing! to! (1)! their! abundance! in! organic! mate-
rial! and! (2)! relatively! predictable! shifts! in! isotopic! ratios! between
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tissues! of! foods! and! consumers! (Fry,! 2006).! This! shift! during! the
process! of! food! digestion,! incorporation! and! assimilation! has! been
termed! trophic! fractionation,! and! an! estimate! of! its! magnitude! is
called! the! trophic! discrimination! factor! (TDF)! (Post,! 2002).! TDF! is
a! critical! parameter! used! for! estimation! of! both! food! assimilation
and! consumer! trophic! position.! Most! researchers! now! estimate
food! assimilation! using! isotopic! mixing! models! that! adopt! Bayesian
statistical! approaches! that! can! incorporate! uncertainty! associated
with! TDF! and! other! inputs! (Bessa! et! al.,! 2014;! Bond! and! Diamond,
2011;! Parnell! et! al.,! 2013).! Computation! of! trophic! position! based! on
isotopic! data! relies! on! values! assigned! for! TDFs! as! well! as! appropri-
ate! isotopic! references! (i.e.,! trophic! position! baselines)! (Post,! 2002;
Qu! et! al.,! 2016).
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Almost! 20! years! after! a! call! for! more! laboratory! experiments
(Gannes! et! al.,! 1997;! Wolf! et! al.,! 2009),! studies! have! revealed
multiple! factors! affecting! TDFs,! including! variation! in! food! qual-
ity! (e.g.,! protein! content,! amino! acid! profile),! metabolic! state! (e.g.,
anabolic! vs.! catabolic),! food! intake! rate,! developmental! stage,! body
mass,! sex! and! even! controversial! ones,! such! as! isotopic! composition
(Caut! et! al.,! 2009;! Florin! et! al.,! 2011;! Gaye-Siessegger! et! al.,! 2007;
Kelly! and! Martínez! del! Rio,! 2010;! McMahon! et! al.,! 2010;! Newsome
et! al.,! 2011;! Poupin! et! al.,! 2011;! Robbins! et! al.,! 2005;! Wessels! and
Hahn,! 2010).! The! trophic! discrimination! factor! for! nitrogen! (TDFN)
can! vary! considerably! between! trophic! levels,! with! values! often
greater! for! primary! consumers! and! smaller! for! higher! trophic! levels
(Hussey! et! al.,! 2014).! Several! reviews! of! TDFN showed! inconsistent
results! when! comparing! consumers! fed! plant! material! with! those
fed! foods! derived! from! animal! tissue! (Caut! et! al.,! 2009;! Post,! 2002;
Vander! Zanden! and! Rasmussen,! 2001;! Vanderklift! and! Ponsard,
2003).! Studies! involving! fish! have! revealed! different! TDFN for! herbi-
vores! and! carnivores,! with! the! latter! generally! having! lower! values
(Madigan! et! al.,! 2012;! Varela! et! al.,! 2011)! and! herbivores! having
higher! TDFN compared! to! values! reported! in! the! literature! (Lujan
et! al.,! 2011;! Mill! et! al.,! 2007).! However,! laboratory! experiments
can! test! only! a! few! parameters! simultaneously,! and! trophic! ecology
is! influenced! by! multiple! factors.! Moreover,! captive! studies! often
provide! food! ad! libitum,! which! increases! excretion! rate,! a! factor
that! strongly! influences! TDFN (Mill! et! al.,! 2007;! Olive! et! al.,! 2003;
Ponsard! and! Averbuch,! 1999)

To! the! best! of! our! knowledge,! no! prior! study! has! addressed! the
relationship! between! TDF! and! food! quality! (i.e.! animal! origin! vs.
plant! origin)! for! animals! that! change! diet! along! temporal! or! spatial
environmental! gradients.! To! investigate! the! influence! of! TDF! on
estimation! of! trophic! position! and! food! assimilation,! we ! analyzed
isotopic! and! dietary! variation! of! an! omnivorous! fish! in! relation! a
salinity! gradient! in! a! coastal! ecosystem.! The! one-sided! livebearer,
Jenynsia! multidentata! (Jenyns,! 1842),! a! dominant! species! in! fresh
and! brackish! waters! along! the! coast! of! southern! South! America
(Bastos! et! al.,! 2014;! Garcia! et! al.,! 2004),! feeds! on! both! plants! (e.g.,
algae! and! seagrass)! and! animals! (e.g.,! microcrustaceans,! insects,
polychaetes)! (Aranha! and! Caramaschi,! 1999;! Mai ! et! al.,! 2006).! Plant
and! animal! material! differ! in! nutritional! quality,! with! animal! tis-
sue! generally! containing! more! protein,! and! plant! tissues! containing
large! fractions! of! cellulose! and! other! compounds! that! are! difficult
or! expensive! for! most! animals! to! digest.! Based! on! our! findings,! we
propose! a! new! approach! for! estimating! trophic! position! that! uses
outputs! from! stable! isotope! mixing! models! and! takes! into! account
food-specific! TDFs.

2.! Methods

2.1.! Field! collections! and! sample! processing

Samples! were! obtained! monthly! from! April! 2008! to! May ! 2009
at! Lagoa! do! Peixe! National! Park! (LPNP)! located! on! the! coastal! plain
of! Rio! Grande! do! Sul! state,! Brazil! (Fig.! 1).! Three! sites! were! surveyed
in! Lagoa! do! Peixe:! (1)! lagoon! mouth! (LM)! −! the! narrow! channel
that! intermittently! connects! the! main! lagoon! with! the! sea,! (2)! estu-
arine! zone! (EZ)! −! a! mixohaline! area! located! between! the! mouth
and! upper! freshwater! reaches,! and! (3)! freshwater! wetland! (FW)
fringing! the! upstream! boundary! of! the! lagoon! (Fig.! 1).

Jenynsia! multidentata! specimens! were! captured! using! a! beach
seine! (9-m! long,! 2.4-m! high,! mesh! size! =! 13! mm! in! wings! and
5! mm! in! center)! and! beam! trawl! (0.9! ×! 0.9! m! opening,! with! size
mesh! =! 5! mm). ! Captured! specimens! were! immediately! euthanized
in! an! ice! bath,! transported! to! the! lab! on! ice,! and! then! stored! in! a
freezer.! After! thawing,! each! specimen! was! measured! (total! length,
TL,! mm), ! weighed! (g)! and! dissected! to! remove! the! digestive! tract

for! stomach! contents! analysis.! Approximately! 5! g! of! muscle! tissue
was! extracted! from! the! dorso-lateral! region! of! each! specimen! for
isotopic! analysis.! For! specimens! <30! mm! TL,! a! composite! sample! of
muscle! tissue! from! 2! to! 5! individuals! was! obtained! in! order! to! have
sufficient! material! for! analysis! of! isotopic! composition.

In! order! to! estimate! trophic! positions! based! on! stable! isotope
ratios! of! nitrogen! (ı 15N),! tissue! samples! were! obtained! for! basal
production! sources! at! each! survey! location! (leaves! from! float-
ing,! emergent,! and! submerged! macrophytes;! filamentous! algae;
periphyton;! suspended! particulate! organic! matter! (POM)).! Addi-
tionally,! major! dietary! items! of! J.! multidentata,! such! as! polychaete
worms,! amphipods! and! insects,! were! collected! manually! from! sed-
iments! and! macrophytes,! and! tissue! was ! obtained! for! isotopic
analysis.

2.2.! Estimates! of! ingested! resources

A! total! of! 121! stomachs! were! analyzed! to! quantify! the! relative
importance! of! food! items! ingested! by! J.! multidentata.! A! stereo-
scopic! binocular! microscope! was! used! to! identify! food! items! to! the
lowest! feasible! taxonomic! level.! Inorganic! material! and! partially
digested,! unidentifiable! organic! matter! were! recorded! as! present! or
absent! and! excluded! from! subsequent! analyses.! The! relative! impor-
tance! of! each! food! category! was ! calculated! by! the! Index! of! Relative
Importance! (IRI)! (Pinkas! et! al.,! 1970).! We ! recorded! the! frequency
of! occurrence! (F)! of! food! categories! in! stomachs! as! percentages! of
total! stomachs! examined! (Hyslop,! 1980).! For! each! stomach! sample,
we! recorded! the! number! of! items! or! major! fragments! of! each! food
category! (N)! and! the! area! (mm2)! (A)! of! each! item! or! category! when
material! was! spread! evenly! over! a! Petri! dish! at! a! depth! of! approxi-
mately! 1! mm. ! If! an! item! was! thicker! than! 1! mm, ! the! item! was! broken
into! smaller! pieces! to! achieve! a! thickness! of! 1! mm! (Hellawell! and
Abel,! 1971).! When! thickness! was! <1! mm, ! thickness! was! estimated
visually! (e.g.,! 0.25,! 0.5,! or! 0.75! mm). ! The! volume! (V)! of! each! food! cat-
egory! then! was ! calculated! as! thickness! x! A.! IRI! was ! calculated! using
the! formula:! IRI! =! %F! •! (%N! +! %V),! where! %N! was ! the! ratio! between
the! total! number! of! a! given! food! category! and! the! total! number
among! all! categories! items! from! all! stomachs! in! the! sample,! and%A
was! the! ratio! between! the! total! area! occupied! by! a! given! food! item
or! category! and! the! total! area! occupied! by! all! food! items! from! all
stomachs! in! the! sample.! Finally,! IRI! was! expressed! as! a! percent-
age! (%IRI)! obtained! from! the! ratio! between! the! calculated! IRI! for! a
given! food! category! and! the! total! sum! of! the! IRI! calculated! for! all
food! categories.

2.3.! Effects! of! TDFS! on! estimates! of! food! assimilation! and! trophic
position

Muscle! tissue! samples! were! obtained! from! the! flanks! of! J.! mul-
tidentata! specimens! captured! from! the! three! survey! sites! (Table
S1,! supplementary! material).! Muscle! samples! and! whole! bodies! of
invertebrates! (n! =! 48),! samples! of! filamentous! algae! (n! =! 7),! peri-
phyton! (n! =! 32)! and! macrophytes! (n! =! 59)! were! rinsed! with! distilled
water! to! remove! foreign! material.! POM! samples! (n! =! 42)! were
obtained! by! filtering! water! through! a! pre-combusted! (450 ◦C,! 4! h)
Whatman! glass! fiber! filter! (GF/F)! with! the! aid! of! a! manual! vacuum
pump! (Table! S1,! supplementary! material).! Samples! were! placed! in
sterile! Petri! dishes,! and! dried! in! an! oven! at! 60 ◦C! for! a! minimum
of! 48! h.! Dried! samples! were! ground! to! a! fine! powder! with! a! mor-
tar! and! pestle! and! stored! in! clean! Eppendorf! tubes.! Sub-samples
were! pressed! into! Ultra-Pure! tin! capsules! (Costech,! Valencia,! CA)
and! sent! to! the! Analytical! Chemistry! Laboratory,! Institute! of! Ecol-
ogy,! University! of! Georgia,! for! measurement! of! stable! isotope
ratios! (13C/12C! and 15N/14N).! Stable! isotope! ratios! (R! = 15N/14N! or
13C/12C)! were! compared! to! internal! laboratory! standards! and! then
reported! as! parts! per! thousand! (‰) ! relative! to! the! correspond-
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Fig.! 1.! Map ! showing! the! Patos-Mirim! lagoon! complex! in! Brazil,! South! America! (SA)! (A)! and! the! coastal! lagoon! studied! inside! Lagoa! do! Peixe! National! Park! limits! (dashed
line), ! located! between! Mostardas! and! Tavares! cities! (B).! Species! studied,! the! one-sided! livebearer,! Jenynsia! multidentata! (C).

ing! international! standards! for! ı13C! (PeeDee! Belemnite)! and! ı15N
(atmospheric! Nitrogen)! =! [(Rsample/Rstandard)! −! 1]! x! 103.! Standard
deviations! of! ı13C! and! ı15N! based! on! analysis! of! internal! stan-
dard! replicates! were! 0.14‰! and! 0.13‰, ! respectively.! Organisms
were! grouped! by! studied! location! (LM,! EZ,! FW),! and! bi-plots! of! ı13C
and! ı15N! values! of! sampled! tissues! and! organisms! were! compared
across! sites.

To! estimate! relative! contributions! of! food! resources! to! con-
sumers,! we! used! the! Bayesian! stable! isotope! mixing! model! in! R
(SIAR,! version! 3.2.1)! (Parnell! et! al.,! 2008).! To! achieve! higher! resolu-
tion! and! ecological! meaning! in! mixing! models,! Phillips! et! al.! (2005)
recommended! a! posteriori! pooling! of! production! sources! with! sim-
ilar! isotopic! composition! and! similar! ecological! roles.! Based! on
results! from! stomach! contents! analysis,! and! considering! the! nutri-
tional! quality! differences! between! primary! producers! and! animals,
we! considered! two! main! food! resource! categories! for! the! mixing
model:! (1)! algae! (filamentous! algae! and! periphyton)! and! (2)! ani-
mals! (amphipods,! polychaete! worms! and! insects).

Trophic! position! (TP)! of! J.! multidentata! was! estimated! using! the
following! equation! (Post,! 2002):

TP! =! !! +! ((ı15NJenynsia −! ı15NBaseline)/TDFN)

where! !! is! the! baseline! trophic! level! which! is! set! at! 1! for! pri-
mary! producers;! ı15NJenynsia is! the! ı15N! value! of! a! fish! specimen;
ı15NBaseline is! the! average! ı15N! value! from! primary! producers! at! the
corresponding! site;! and! TDFN is! the! trophic! discrimination! factor
for! ı15N.

TDFs! is! a! strongly! influential! variable! in! multiple! source! mixing
models! and! trophic! position! estimates! (Caut! et! al.,! 2009;! Hussey
et! al.,! 2014;! Parnell! et! al.,! 2013).! To! account! for! potential! bias! from
error! associated! with! choice! of! TDF! values,! four! combinations! of
TDFs! for! both! carbon! and! nitrogen! isotopic! ratios! were! used! to! esti-
mate! source! assimilation! and! trophic! positions.! Considering! that
TDF! could! be! associated! with! differences! in! food! digestibility,! food
quality,! trophic! level,! assimilation! and! excretion! (Caswell! et! al.,
1973;! Fantle! et! al.,! 1999;! Hussey! et! al.,! 2014;! Olive! et! al.,! 2003),
omnivores! could! span! a! range! of! TDF! values! depending! on! rela-
tive! amounts! of! plant! and! animal! material! in! their! diets.! Therefore,
an! appropriate! model! to! estimate! source! assimilation! for! omni-
vores! would! be! one! that! assumes! a! different! TDF! for! each! plant
and! animal! sources.! We ! computed! mixing! models! and! TP! estimates
using! four! different! combinations! of! TDF! values.! We ! used! the! aver-
age! of! TDF! values! reported! in! literature! reviews! to! produce! three
combinations! of! TDF! for! Nitrogen! (TDFN)! and! for! Carbon! (TDFC),
respectively! (combination! 1! =! 2.75! and! 0.40,! combination! 2! =! 2.9
and! 0.47,! and! combination! 3! =! 3.4! and! 0.75)! (Table! S2,! supplemen-
tary! material).! The! SIAR! mixing! model! allows! potential! food! sources
to! have! unique! values! for! average! and! standard! deviation! of! TDFC
and! TDFN.! Therefore,! we! used! the! mean! of! published! TDFs! for! car-
nivorous! fishes! (1.77! for! N;! 0.82! for! C)! for! animal! food! categories,
and! the! mean! of! published! TDFs! for! herbivorous! fishes! (4.78! for! N)
for! algae! food! categories! (Table! S2,! supplementary! material)! on! the
combination! number! 4! (Jennings! et! al.,1997;! Keegan! and! DeNiro,
1988;! Pinnegar! and! Polunin,! 2000).! We ! were! unable! to! find! a! lit-
erature! report! for! TDFC of! strictly! herbivorous! fish;! therefore,! we
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used! the! mean! of! values! reported! in! the! literature! fish! irrespec-
tive! of! trophic! niche! (0.54).! Calculation! of! TP! requires! a! single! TDFn
value,! and! thereby! ignores! differences! in! trophic! discrimination
associated! with! different! sources.! In! order! to! address! such! issues,! a
novel! method! was! created! based! on! the! assumption! that! foods! with
different! qualities! implies! different! TDFN values.! Proportional! con-
tributions! (95%! credibility)! to! J.! multidentata! tissue! from! alternative
sources! (animal! preys! vs.! algae)! estimated! from! SIAR! were! used! to
produce! specific! TDFN (TDFNcarnivorous,! TDFNherbivorous)! as! follow:

TDFN =! ((TDFNcarnivorousxCanimal)! +! (TDFNherbivorous

xCalgae))/Canimal +! Calgae

where! TDFN is! the! effective! TDF;! TDFNcarnivorous is! the! specific! TDFN
for! the! animal! source;! Canimal is! the! proportional! contribution! of
animal! material! to! fish! tissue;! TDFNplant is! the! specific! TDFN for! the
algae! source;! Calgae is! the! proportional! contribution! of! algae! to! fish
tissue.! In! this! way,! the! TP! estimate! method! proposed! here! (TPWAR)
is! weighted! by! proportional! assimilation! of! resources.! Because! the
SIAR! model! output! (95%! credibility)! is! an! interval! of! feasible! contri-
butions,! we! generated! three! TPPA estimates! (TPWAR-low,! TPWAR-med
and! TPWAR-high)! using! separately! the! lowest,! median,! and! highest
values! of! Canimal combined! with! the! highest,! median! and! lowest
values! of! Calgae,! respectively.

Non-parametric! analysis! of! variance! (Kruskal-Wallis! ANOVA)
was! used! to! compare! ı15N! of! J.! multidentata! and! primary! produc-
ers! (isotopic! baseline)! among! sites! as! well! as! TP! estimates! based
on! the! four! different! combinations.! When! a! significant! main! effect
was! observed,! multiple! comparisons! were! performed! (Zar,! 2010).

3.! Results

3.1.! Ingested! resources

Examination! of! 121! J.! multidentata! specimens! yielded! 22! food
categories! within! 116! stomachs! that! contained! food.! The! diet! of
J.! multidentata! was! comprised! of! both! plant! (e.g.,! algae)! and! ani-
mal ! matter! (Table! 1,! Fig.! 2A),! with! composition! differing! among
locations! along! the! longitudinal! fluvial! gradient! (Fig.! 2A).! Filamen-
tous! algae! and! other! plant! material! dominated! the! diet! of! fish! from
the! freshwater! wetland! (FW,! 70.65%),! but! invertebrates! such! as
amphipods! (15.7%)! also! were! ingested.! In! the! estuarine! zone! (EZ)
fish! ingested! mostly! invertebrates! (86.3%),! including! polychaetes
(29.4%),! amphipods! (23.2%)! and! cladocerans! (7.5%).! Fish! from! the
lagoon! mouth! (LM)! had! fed! exclusively! on! animal! prey,! especially
polychaete! worms! (96.4%).! Amorphous! particulate! organic! mat-
ter! was! more! frequently! ingested! in! the! FW! (80.0%)! compared! to
EZ! (47.1%)! and! LM! (57.1%)! sites.! Sand! grains! were! more! frequent
in! stomachs! of! individuals! from! the! LM! (78.6%)! than! other! sites
(17.65%! at! EZ,! absent! at! FW).

3.2.! Spatial! variation! of! ı15N

Tissue! samples! from! 89! J.! multidentata! specimens! produced! 49
samples! for! stable! isotope! analysis! (27! individual! samples! and! 22
composite! samples)! from! the! three! survey! sites! (Table! 2).! Nitrogen
isotopic! ratios! increased! significantly! from! freshwater! to! lagoon
mouth! (Kruskal-Wallis,! H! =! 22.10,! p! <! 0.05)! (Fig.! 2B).! Post-hoc! tests
showed! statistically! significant! differences! (p! <! 0.05)! between! ı15N
mean! values! for! fish! from! FW! (6.8‰) ! and! EZ! (10.07‰), ! and! FW
vs.! LM! (11.78‰), ! but! not! EZ! vs.! LM! (Table! 2S,! Fig.! 2B).! Mean! ı15N
of! the! primary! producers! isotopic! baseline! also! varied! spatially,
with! a! trend! of 15N! enrichment! observed! from! upstream! to! down-
stream! locations! (FW=! =! 1.66‰, ! EZ! =! 4.76‰! and! LM! =! 6.21‰) ! (Table
S2,! Fig.! 2B).! Post-hoc! tests! revealed! statistically! significant! differ-
ences! among! sites! (p! <! 0.05)! (Table! S2,! Fig.! 2B).

Fig.! 2.! (A)! Index! of! relative! importance! (IRI%)! of! major! food! categories! (pooled! as
filamentous! algae! (light! gray! bars)! vs.! animal! prey! (dark! grey! bars))! from! stom-
ach! contents! of! Jenynsia! multidentata! from! three! sites! along! a! freshwater-estuarine
gradient.! (B)! Average! ı15N! of! tissues! from! the! primary! producer! isotopic! baseline
(dark! bars),! Jenynsia! multidentata! (white! bars),! and! the! difference! between! them
(grey! bars)! at! the! three! sites! along! the! freshwater-estuarine! gradient.! Vertical! lines
denotes! 1! standard! deviation.

3.3.! Effects! of! TDFS! on! mixing! model! estimates

Mixing! models! outputs,! regardless! of! the! TDF! values! employed,
indicated! that! J.! multidentata! at! all! three! locations! had! assimi-
lated! material! derived! mostly! from! animal! food! resources! (Table! 1).
Considering! 95%! credibility! intervals,! the! contribution! of! fila-
mentous! algae! to! J.! multidentata! tissue! ranged! from! 0%! to! 38%,
whereas! assimilation! of! animal! food! categories! ranged! from! 68%
to! 100%! (Fig.! 3).! Compared! to! the! combinations! that! used! a! single
(unweighted)! TDF! value! for! each! element,! the! new! mixing! model
method! that! considered! food-specific! TDFs! for! each! source! yielded
greater! contributions! of! algae! to! fishes! from! FW! site! (0–38%,! Fig.! 3),
lowest! contributions! of! algae! to! EZ! (0–14%)! and! LM! fish! (0–21%),
and! greatest! contribution! of! animal! food! categories! to! EZ! (86–100%)
and! FW! fish! (79–100%).! The! proposed! method! tended! to! produce
narrower! 95%! credibility! intervals,! which! indicates! higher! resolu-
tion! for! estimates! compared! to! those! obtained! from! the! other! three
combinations! of! C! and! N! TDFs! (Fig.! 3).

3.4.! Effects! of! TDFS! on! trophic! position! estimates

The! effective! TDFN estimated! based! on! proportional! assimila-
tion! of! resources! were! 2.40,! 2.16! and! 2.43! for! the! TPWAR-low,! and
2.30,! 1.98! and! 2.09! for! TPWAR-med estimates! in! FW, ! EZ! and! LM
sites,! respectively.! For! TPWAR-high estimate,! effective! TDFN were! the
same! (1.77)! as! for! strictly! carnivorous! fishes,! since! mixing! model
estimate! number! 4,! which! considered! carnivorous! vs.! herbivorous



238! R.F.! Bastos! et! al.! /! Ecological! Indicators! 75! (2017)! 234–241

Table! 1
Index! of! relative! importance! (IRI)! of! food! items! found! in! the! stomach! contents! of! Jenynsia! multidentata! caught! at! the! freshwater! wetland! (FW),! estuarine! zone! (EZ)! and! lagoon
mouth ! (LM).! The! index! was ! calculated! for! three! grouping! levels! (1)! bold! font! indicates! food! items! grouped! in! a! first! level! and! first! analyzed! just! as! plants! or! animals;! (2)! Italic
fonts ! indicates! food! items! grouped! in! a! second! level! and! analyzed! as! plants! and! other! lower! animal! level! of! classifications! (Crustacea,! Insecta,! Other! Arthropods,! Polychaeta
and ! Fish);! (3)! Normal! fonts! indicates! food! items! grouped! and! analyzed! at! the! higher! level! of! classification! possible.

Food! items! Index! of! Relative! Importance! IRI%

Freshwater! Wetland! FW! Estuarine! Zone! EZ! Lagoon! Mouth! LM

Plants! 70.65! 13.68! –
Plants ! 81.03! 21.71! –

Filamentous! algae! 80.95! 32.09! –
Macrophyte! fragments! –! 0.76! –

Animals! 29.35! 86.32! 100.00
Crustacea! 15.65! 61.12! –

Amphipoda! 15.69! 23.17! –
Ostracoda! –! 0.45! –
Cladocera! –! 7.49! –
Copepoda! –! 3.32! –

Insecta ! 1.98! 1.09! –
Aquatic ! Insects
Diptera! larvae! 1.99! –! –
Diptera ! pupae 0.02
Ephemeroptera! larvae! –! 1.61! –
Trichoptera! larvae –! 0.08! –
Insect ! larvae! (unidentified)! –! 0.39! –
Insect ! larvae! remains! –! 0.05! –

Terrestrial! Insects
Coleoptera! –! 0.10! –
Hymenoptera! –! 0.02! –
Insect ! (unidentified)! –! 0.05! –

Other ! Arthropods! –! –! 3.61
Aranae ! –! 0.04! –
Arthropoda! (unidentified)! –! –! 1.66

Polychaeta! 1.34! 15.93! 96.39
Heteromastus! similis! 1.37! 0.04! –
Laeonereis! acuta! –! 28.86! 74.61
Polychaeta! (unidentified)! –! 0.50! –
Polychaeta! remains! –! 0.02! 23.73

Fish ! –! 0.45! –
Eggs ! –! 0.41! –
Fish ! remains –! 0.04! –

Table! 2
Trophic! position! (TP)! (mean! −! ",! and! standard! deviation! −! s.d.)! for! Jenynsia! multidentata! from! three! locations! calculated! according! to! four! combinations! of! TDFs.

TP! combination! 1! TP! combination! 2! TP! combination! 3! TPWAR method

Low! Median! High

Sampling! site! "! s.d.! "! s.d.! "! s.d.! "! s.d.! "! s.d.! "! s.d.

Freshwater! Wetland! 2.87! 0.35! 2.77! 0.33! 2.51! 0.28! 3.14! 0.40! 3.24! 0.41! 3.91! 0.54
Estuarine! Zone! 2.93! 0.42! 2.83! 0.40! 2.56! 0.34! 3.46! 0.53! 3.68! 0.58! 4.00! 0.65
Lagoon! Mouth! 2.76! 0.78! 2.67! 0.74! 2.42! 0.63! 2.99! 0.88! 3.32! 1.03! 3.73! 1.21

TDFs,! revealed! 100%! of! animal! contribution! at! the! upper! limit! of
estimate! for! all! sites.

Fish! TP! varied! significantly! between! locations! (Kruskal-Wallis,
p! <! 0.05)! only! when! the! TPPA method! was! used,! with! post-hoc! tests
revealing! a! significant! difference! between! FW! and! EZ! sites! (p! <! 0.05)
and! a! marginally! significant! difference! between! FW! and! LM! sites
(p! =! 0.06)! (Table! 2).! The! four! different! combinations! resulted! in
significantly! different! TP! estimates! (p! <! 0.05)! (Fig.! 4),! with! TPWAR
method! producing! values! approximately! one! trophic! level! higher
than! other! combinations! (Fig.! 4).

4.! Discussion

Ingested! resources! analysis! of! J.! multidentata! in! Lagoa! do! Peixe
revealed! a! major! shift! from! a! diet! dominated! by! plants! to! one! domi-
nated! by! animal! prey! along! a! longitudinal! gradient! from! freshwater

marsh! to! the! estuary! and! its! connection! to! the! sea.! Shifts! in! trophic
position! across! habitats! with! different! primary! producers! at! the
baseline! is! frequently! observed! for! omnivorous! species! (Agrawal
and! Klein,! 2000;! Gibb! et! al.,! 2011).! The! four! combinations! used
for! isotopic! analysis! of! food! assimilation! produced! estimates! that
were! discordant! with! estimates! based! on! dietary! analysis.! Choice! of
trophic! discrimination! factors! (TDFs)! affected! estimates! on! trophic
position! estimates! more! than! it! affected! estimates! of! food! assim-
ilation! from! isotopic! mixing! models.! Despite! the! herbivorous! to
carnivorous! diet! shift! along! the! environmental! gradient,! ı15N! dif-
ferences! between! the! consumer! and! primary! producers! isotopic
baseline! were! similar! across! locations.

Even! though! algae! were! the! dominant! item! ingested! by! fish! at
the! freshwater! site,! all! of! our! isotopic! mixing! models! estimated
that! animal! prey! were! the! most! important! resource! assimilated.! At
least! four! factors! could! explain! this! apparent! discrepancy! between
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Fig.! 3.! Estimated! relative! contributions! of! algae! (left! column)! and! animal! prey! (poly-
chaets,! amphipods! and! insects! combined;! right! column)! assimilated! by! Jenynsia
multidentata! at! three! locations! along! the! estuarine! freshwater! gradient! −! A)! Fresh-
water! wetland,! B)! Estuarine! zone,! C)! Lagoon! mouth.! Numbers! 1,! 2,! 3! and! 4! refer
to ! mixing! model! estimates! generated! using! different! trophic! discrimination! fac-
tors ! (see! Table! S2).! Each! plot! shows! 50%! (dark! grey),! 75%! (medium! gray)! and! 95%
(light! grey)! bayesian! credibility! intervals! of! feasible! contributions! of! each! source.! See
Materials! and! Methods! section! and! Table! S2! for! details! about! the! 4! combinations.

Fig.! 4.! Average! trophic! position! (TP)! estimated! obtained! by! each! of! 4! combinations
with! data! combined! for! all! survey! sites.! Bars! denoted! by! the! same! letter! are! not
significantly! different! according! to! multiple! comparisons! of! p! values.! Vertical! lines
denotes! 1! standard! deviation.

diet! composition! from! SCA! and! food! assimilation! inferred! from! SIA.
First,! differential! digestibility! and! nutritional! quality! (protein! con-
tent)! of! food! items! affect! their! assimilation! (Bowen! et! al.,! 1995).
SCA! and! SIA! data! reveal! trophic! processes! that! operate! on! differ-
ent! time! scales.! SCA! generally! provides! a! snapshot! of! food! ingested
over! preceding! minutes! or! hours! (Hellawell! and! Abel,! 1971;! Hyslop,
1980),! whereas! SIA! integrates! assimilation! of! food! resources! over
weeks! to! months! (Heady! and! Moore,! 2013;! Hesslein! et! al.,! 1991;
Madigan! et! al.,! 2012;! Weidel! et! al.,! 2011).! Second,! foods! such! as
algae! and! macrophytes! digest! more! slowly! and,! therefore,! remain
within! stomachs! longer! than! animal! prey,! which! would! result! in
their! overestimation! by! SCA! (Hellawell! and! Abel,! 1971;! Hyslop,
1980).! Third,! some! of! the! amorphous! particulate! organic! matter
in! stomachs! of! fish! from! the! freshwater! habitat! could! have! derived
from! easily! digested! animal! material! rather! than! plant! material! as
generally! assumed.! Fourth,! some! food! items! in! fish! stomachs! could
have! been! ingested! incidentally! during! foraging! bouts! that! tar-
geted! invertebrate! prey! (Baeta! et! al.,! 2006;! Colombini! and! Chelazzi,
2003;! Condini! et! al.,! 2014,! 2011).! Polychaete! worms! were! the! most
important! item! within! stomachs! of! fish! from! the! lagoon! mouth,
and! sand! also! was! frequently! ingested! at! this! location.! Given! that
sand! has! no! direct! nutritional! value,! this! material! had! been! ingested
incidentally,! and! we! speculate! that! algae,! at! least! part! of,! within
stomachs! of! fish! from! the! freshwater! site! had! been! ingested! inci-
dentally! during! capture! of! invertebrate! prey.! Finally,! bias! in! TDF
values! employed! in! isotopic! mixing! models! could! influence! accu-
racy! assimilation! estimates! (Layman! et! al.,! 2012;! Martínez! del! Rio
et! al.,! 2009).

Additional! evidence! supporting! the! hypothesis! that! fish! ingest
but! do! not! assimilate! significant! amount! of! plant! material! is! the! lack
of! spatial! variation! in! fish! trophic! position.! Average! trophic! position
was! not! lower! at! the! freshwater! wetland! where! greater! fractions! of
plant! material! had! been! ingested! (IRI! ca.! 70%).! Because! the! ı15N! dif-
ference! between! fish! and! local! basal! production! sources! was! nearly
the! same! at! all! sites,! it! seems! unlikely! that! isotopic! variation! in! basal
sources! or! TDFs! influenced! this! finding.

Among! the! four! combinations! used! to! estimate! trophic! posi-
tion,! only! the! TPPA method! revealed! differences! among! sites.! This
method! considers! food-specific! TDFs! rather! than! a! single! TDF ! based
on! a! reported! average.! In! some! cases,! use! of! reported! TDFs! resulted
in! TP! estimates! for! J.! multidentata! around! 2.0,! which! would! indi-
cate! an! almost! entirely! herbivorous! diet.! A! recent! study! of! a! marine
food! web ! found! that! use! of! a! single! TDF! value! to! estimate! con-
sumer! TP! can! bias! results! (Hussey! et! al.,! 2014).! Use! of! a! single
TDF! value! regardless! of! the! quality! of! ingested! food! types! may
be! responsible! for! discrepancies! between! TP! estimates! from! SCA
and! SIA! (Rybczynski! et! al.,! 2008;! Winemiller! et! al.,! 2011).! The! use
of! TDFs! based! on! assimilation! of! resources! estimates! for! plant! vs.
animal! foods! (TPPA method)! yielded! TP! estimates! for! J.! multiden-
tata! indicative! of! a! carnivorous! rather! than! omnivorous! diet.! SCA
indicated! that! algae,! crustaceans! and! polychaete! worms! were! the
major! dietary! components! in! FW, ! EZ! and! LM! respectively.! A! strictly
herbivorous! diet! would! yield! TP! =! 2,! and! a! strictly! carnivorous! diet
would! yield! a! TP! above! 3,! because! most! of! invertebrates! preys! are
also! omnivorous! or! even! carnivorous,! which! will! lead! fish! to! be
considered! at! some! level! between! secondary! (TP! =! 3)! and! tertiary
(TP! =! 4)! consumer.! TPWAR-med produced! an! average! TP! estimate! of
3.54,! which! is! consistent! with! assimilation! of! polychaetes! and! other
omnivorous! invertebrate! prey.! The! other! three! combinations! pro-
duced! TP! values! of! 2.89,! 2.79! and! 2.53,! which! are! inconsistent! with
our! findings! for! assimilation! of! food! sources.

Trophic! position! should! vary! according! to! dietary! composition,
food! quality! and! assimilation! dynamics,! and! the! TPWAR method
should! improve! TP! estimates,! especially! for! omnivorous! species.! TP
estimates! are! known! to! be! highly! sensitive! to! choice! of! TDF! as! well
as! variation! in! estimates! of! proportional! assimilation! of! food! types
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(Caut! et! al.,! 2009;! Hussey! et! al.,! 2014;! Parnell! et! al.,! 2013).! The! TPWAR
method! not! only! employs! food-specific! TDFs,! but! also! produces! a
range! of! feasible! TPs! (95%! credibility! intervals).! The! method! should
improve! estimates! not! only! for! omnivores,! but! any! consumer! that
has! dietary! shifts! involving! food! types! having! different! assimila-
tion! dynamics.! Research! on! trophic! ecology! that! combines! SCA! and
SIA! greatly! increases! precision! and! accuracy! of! biomass! assimila-
tion! and! TP! estimates.! More! experimental! studies! that! manipulate
diets! to! track! assimilation! dynamics! are! needed! to! improve! and
refine! the! TPWAR method! proposed! here.
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