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ABSTRACT

Zooplankton play a key role in the cycling of dissolved organic matter (DOM)
and inorganic nutrients. The factors that affect these processes, however, are not fully
understood. I measured the effects of various diets on DOM and inorganic nutrient
production by the copepod Acartia tonsa and the heterotrophic dinoflagellate Oxyrrhis
marina, and explored the mechanisms of nutrient release from copepods. Copepods
feeding on a mixed diet, the preferred diet of most copepods, had significantly lower
dissolved organic carbon (DOC), ammonium (NH,4"), and total dissolved nitrogen (TDN)
" release rates compared to feeding on a carnivorous or herbivorous diet. Thus, copepod
feeding strategy can control the magnitude and composition of regenerated nutrients
supplied to bacteria and phytoplankton. Secondly, I determined the effects of non-bloom
and bloom concentrations of non-toxic and toxic cultures of harmful algal bloom (HAB)
species Prorocentrum minimum and Karlodinium veneficum on grazing and production of
DOM and inorganic nutrients by A. tonsa and O. marina. All algal diets deterred
grazing, which likely resulted in starvation and subsequent catabolism of grazer body
tissue. Additionally, DOM was typically a higher proportion of total dissolved nutrients
released by zooplankton while feeding on the toxic algal culture, suggesting algal nutrient
quality or direct toxic effects played a role in the differential nutrient release. Low
ingestion rates coupled with high nutrient release rates could lead to feedback
mechanisms that could intensify HABs. Finally, the various mechanisms of 4. tonsa
nutrient release, including sloppy feeding, excretion, and fecal pellet leaching, were
isolated. Excretion and sloppy feeding were the dominant modes of DOC and NHy4"
release, while sloppy feeding and fecal pellet leaching were dominant modes of urea
release. A large proportion of ingested PON was lost as dissolved NH," and urea from
copepods via all release mechanisms. These results have implications for the rapidity and
location at which the regenerated nutrients are recycled in the water column. My
dissertation results emphasize the importance of diet and release mechanism on the
production of nutrients, particularly DOM, by zooplankton, which are important in
understanding the recycling and transfer of nutrients and organic matter in marine food
webs.

Grace Kathleen Saba

SCHOOL OF MARINE SCIENCE
THE COLLEGE OF WILLIAM AND MARY IN VIRGINIA
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THE ROLE OF COPEPODS AND HETEROTROPHIC DINOFLAGELLATES
IN THE PRODUCTION OF DISSOLVED ORGANIC MATTER -
AND INORGANIC NUTRIENTS '



CHAPTER 1

Introduction



Understandiﬁg the mechanisms that influence carbon and nutrient cycling in
estuarine and coastal systerﬁs is of growing importance, particularly if we are to fully
ﬁnderstand anthropogenic influences such as global climate change and eutrophicatién on
ecosystem fﬁnctionirig. Zooplankton play a key role in the cyciing of dissolved organic
and inorganic material and the flux of particulate organic matter from the surface to
deeper waters (Steinberg et al. 2000, 2002, Carlson 2002, Scﬁnetzer & Steinberg 2002);
thus, dissolved organic matter (DOM) and inorganic nutrient release by zooplankton are
important in understanding the recycling and transfer of nutrients ana brganic matter in
marine food webs. Research on plankton dynamics and nutrient cycling has largely
focused on cycling of inorganic nitrogen and phosphorus and flux of particulate organic
carbon and nitrogen. However, dissolved organic carbon (DOC), dissolved organic
nitrogen (DON), and dissolved organic phosphorus (DOP), make up the bulk C, N, and P,
respectively, in marine systems (Nagata & Kirchman 1992). Additionally, reactivity in
one pool may alter other dissolve‘d poolé, ultimately affecting nutrient recycling in the
water column. Only a handful of studies, however, have inveétigated the importance of
mesozooplankton (copepods) and microzooplankton (protozoan ciliates and flagellates)

in the cycling of DOM.
Zooplankton nutrient cycling

Mesozooplankton grazing and metabolic processes release DOM and inorganic
nutrients into the surrounding water (Lampert 1978, Moller 2007), which fuels the

microbial loop (Azam et al. 1983; Meller & Nielson 2001). The subsequent bacterial

3



activity can convert DOM into bioavailable inorganic nutrients (NH,", PO4>) and CO‘2,
which can be taken up by phytoplankton. These processes are not exclusivé to the
euphotic zone, as DOM actively traﬁsported via excretion by diel vertically migrating
zooplankton could be utilized by deep-sea microbial communities (Steinberg et al. 2000,
2002, 2008).

The rate of DOM release by zooplankton likely exceeds that by phytoplankton
(Jumars et al. 1989, Strom et al. 1997). For example, zooplankton grazers released 16-
37% of algal cell total C content as DOC, compared to only 3-7% DOC release as direct
exudation from the algal cell (Strom et al. 1997). While crustacean zooplankton are
considered to be primarily ammonotelic, releasing ammonium (NH,") as a metabolic
byproduct (Bidigare 1983), DON can also be a significant proportion of the total N
released by both crustacean (Miller & Glibert 1998, Miller & Roman 2008) and
‘gelatinous (Condon et al. in press) zooplankton. This excreted DON is also more
biologically available than previously thought, and may be taken up and utilized by
bacteria and phytoplankton, including toxic species, during both N-limited and eutrophic
conditions (Granéli et al. 1999; Glibert et al 1991; Mulholland & Capone 1999). Miller
& Glibert (1998) found Acartia tonsa copepod DON excretion (urea and dissolved
primary amines, DPA) was between 62 and 89% of total N excreted in meéocosm
experiments. While only a handful of studies have focused on DOC or DON production
from grazing processes, even less is known about DOP production. An early study
showed that up to 74% of the total P released was labile DOP (Hargrave & Geet} 1968).
More recently the importance of copepod feeding activity on the release of bioavailaEle

DOP (as deoxyribonucleic acid, DNA) has been demonstrated (Titelman et al. 2008).



Nutrient release rates, and the chemical composition of the nutrients produced,
may be affected by a number of factors, including ingestion fates (Corner et al. 1976?
Kigrboe et al. 1985) as well aé the type and quality of the food source (C@ron & Goldman
1990, Gismervik 1997, Strom et al. 19977, Elser &-Urabe 1999, Besiktepe & Dam 2002,
Frost et al. 2004, Mitra & Flynn 2007, Miller & Roman 2008, Saba et al. 2009, Ch. 3).
Many crustacean zooplankton are omnivorous or carnivorous, and in many conditions,
such as low phytoplankton biomass or poor algal quality, microzooplankton contribute a
significant portion of their diet (Stoecker & Capuzzo 1990, Fessenden & Cowles 1994,
Merrell & Stoecker 1998, Broglio et al. 2004). Additionally, recent studies show that
some zooplankton can graze on harmful algal species and therefore may suppress the
formation of harmful algal blodms (HABs) (Mallin et al. 1995; Hamasaki et al. 2003,
Dam & Colin 2005, Roman et al. 2006, Breier &'Buskey 2007, Colin & Dam 2007).
Other studies show that zooplankton either avoid or are adversely affected by feeding on
toxic‘phytoplankton (Huntley et al. 1986, Carlsson et al. 1995, Colin and Dam 2003?
Kozlowsky-Suzuki et al. 2003, Vaqué et al. 2006, Cohen et al. 2007). These complex
interactions between zoopiankton and HAB species can affect zooplankton »grazing<and
reproduction (Sunda et al. 2006), and may ultimately affect zooplankton nutrient
regeneration. Little is known, however, about how diet or the influence of HAB species
affect zooplankton metabolic processes, including the releése of dissolved inorganic .
\ nutrients and DOM.

Microzooplankton (e.g., ciliates and ﬂagéllatés), which graze on bacteria and
phytoplankton, also play a significant role in DOM production due to their high rates of

growth, feeding, and excretion, and overall high nutrient turnover rates (Andersson et al.



1985, Caron et al. 1985, Goldman et al. 1985, Andersen et al. 1986, Nagata & Kirchman
1992, Gaul et al. 1999, Nagata 2000, Strom 2000). For example, Taylor et al. (1985)
found that microzooplankton released 3-88% of ingested carbon as DOC. Using a
sensitive °N-label technique, Hasegawa et al. (2000) found micrograzer DON release
accounted for 59% of NH," regeneratioﬁ rates. Furthermore, microzooplankton grazers
excr¢ted 15-70% of total phosphorus as DOP (Andérsen et al. 1986). However, we still
know comparatively little about DOM and-inorganic nutrient release from
microzooplankton, and measurements on the biochemical composition of marine

protozoans are limited.
Mechanisms of zooplankton DOM and inorganic nutrient release

Crustacean zooplankton release DOM and inorganic nutrients via sloppy feeding,
excretion, and fecal pellet leaching (Lampert 1978, Moller 2007). Most previous
zooplankton feeding and nutrienf release studies do not differentiate between nutrient
release processes (Millér & Glibert 1998; Isla et al. 2004; Saba et al. 2009), and the few
that have, measured only sloppy feeding or fecal pellet léach‘ing. Furthermore, a majority

of these studies measured release of DOC (Lampert 1978; Mgller & Nielson 2001,
Moller et al. 2003, Meller 2007), while only few have measured DON release (Roy et al.
1989; Vincent et al. 2007). Nonetheless, these studieé show that sloppy feeding and fecal
pellet leaching can generate significant amounts of DOM.

The amount of organic and inorganic anateriall transported from the surface tov

deep waters is dependent upon the mechanism of release. Products of sloppy feeding and



excretion will likely be recycled quickly in the euphotic zone, while sinking fecal pellets
have the potential to transfer particulate and dissolved organic material below the
euphotic zone. Separating DOM and inorganic nutrient production by different
zboplankton—mediated release mechanisms is important in accurately determining the
DOM supply to bacteria and the microbial loop in surface and deep waters; and the

amount of nutrition available for transfer to higher trophic levels.
Significance of zooplankton-mediated nutrient cycling

Now that evidence leads us to believe a i)rincipal pathway of DOM and inorganic
nutrients from phytoplankton to bacteria is via by-products of zooplankton feeding and
metabolism (Lampert 1978; Jumars et al 1989, Carlson 2002), it is pertinent to
understand the role of zooplankton nutrition on the conditions and 1ﬁa§nitude of this
release, as well as the various mechanisms of release, because changes ih the sources and
sinks of released nutrients may significantly influence other nutrient pools. vAdditiona\lly, ‘
deteﬂnining the stoichiometry of released C, N, and P is vital tounderétand how these

pools are coupled.



Structure of dissertation

This dissertation is separated into three main chapters (2-4) and presents results
from laboratéry éxperiments examining release rates and composition of nutrient release
from copepods and heterotrophic dinoflagellates. Chapters 2 and 3 explore the effects of
various diets on zooplankton dissolved vorgénic matter and iﬂorganic nutrient production,
and Chapter 4 explores fhe mechanisms of nutrient release from copepods.

In Chapter 2,1 divscuss th¢ effects of an exclusively camivorous diet, and
exclusively herbivorous diet, and a mi’xed)omnivorous diet on the release of dissolved
organic and inorganic nutrients by the copepod Acartia tonsa. 1also discuss the impacts
of different release rates and different release ratios of dissolved carbon, nitrogen, and
phosphorus. .

In Chapter 3, ,I discuss the effects of harmful algal species and food concentration
on release of dissolved organic matter and inorganic nutrients by two grazers, the
copepod Acartia t’onsa‘ and the heterotrophic dinoﬂagéllate Oxyrrhis marina. The
impacts of grazer detetrence, starvation, algal nﬁfrient quality, and direct toxic effects on
* grazer nutrient production are discussed.

In Chapter 4, the various nutrient release mechanisms of Acartia tonsa copepods,
including sloppy feeding, excretion, and fecal pellet leaching, are examined. The relative
importance of these modes toiDOC, NH,", and urea release are estimated, and the
impacts these various modes have on nutrient cycling and transfer to higher trophicllevels

are discussed.



Finally, in Chapter 5, I conclude with a summary of my results and how they
contribute to our knowledge of nutrieﬁt cycling in estuarine ana coastal systems. I
propose directions for future research to further increase our understanding of the central
role zooplankton play‘in. consuming lower trophic levels, providin g nutrition to higher

trophic levels, and regenerating nutrients available for bacteria and phytoplankton.
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CHAPTER 2

Effects of Diet on Release of Dissolved Organic and Inorganic Nutrients by the
‘ Copepod Acartia tonsa
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ABSTRACT

Acartia tonsa copepods are not limited to herbivory and can derive up to half their
daily ration from predation on heterotrophic ciliates and dinoflagellates. The effects of
an omnivorous diet on nutrient regeneration, however, remain unknown. In this study, we
fed 4. tonsa an exclusively carnivorous diet of either (1a) heterotrophic dinoflagellate
Oxyrrhis marina or (1b) Gyrodinium dominans, (2) an exclusively herbivohous diet of
Thalassiosira weissflogii diatoms, or (3) a mixed omnivorous diet. We measured the
release rate, composition, and stoichiometry of dissolved organic carbon (DOC),
dissolved organic phosphorus (DOP), and nitrogen (uree) in addition to the ihorganic
nutrients ammonium (NH4") and phosphate (PO43 7). Despite similar ingestion rates
among treatments, as well as similaf C:N ratios of food, items, A. tonsa release rates ‘of
DOC and NH4" were highest while feeding on a cafnivorous diet and lowest while
feeding omnivorously. In contrast, urea, on average, was a higher por‘hion of total
nitrogen released in the mixed die£ treatment (32 to 59%). . DOP release rates were only
detectable in diets containing microzooplankton prey. Our results suggest that copepod
diet plays an important role in determining the quantity and composition of regenerated
C, N, and P available to phytoplankton and hacteria. Additionally, the uncoupling of
ingestion and nutrient release rates and the \}ariability in released ratios of dissolved -
C:N:P in our study suggests that stoichiometric models based solely on predator _ahd prey
C:N and N:P ratios mayk not be adequate in determining stoichiometry of total nutrient

release. .
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INTRODUCTION

Consumption of different food resources by zooplépkton not only affects their
growth and reproduction, but also helps structure planktonic communities énd potentially
controls biogeochemical cycling of Vvarious elements. - It is well known now that many
planktonic crustacean species are not limited to herbivory and will also consume other

“zooplankton or detritus (reviewed in Steinberg & Saba 2008). Mesozooplankton
typically have higher clearance rates for heterotrophic protozoans compared to
phytoplankton (Stoecker & Capﬁzzo 1990, Fessenden & Cowles 1994, Mérrell &
Stoecker 1998, Broglio et al. 2004). Fof instance, the C(;pepod Acartia tonsa was found
‘to derive 3 to 52% of its daily ration from predation on ciliates ahd dinoflagellates >10
pm in a subtropical estuary (Gifford & Dagg 1988, Stoecker & Capuzzo 1990), and some
copepods feed solely on micfozboplankton during periods of relatively low
phytoplankton biomass (Fessenden & Cowles 1994). Protozoan diets’ may enﬁance
growth and survival of prédators and also increase egg production most likely due to their
typically lower carbc;n:ni;trogen (C:N) ratios and higher levels of essential nutrients such
as polyunsaturated fatty acids (PUFAs including eicosépentaenoic acid »[EPA] and
docosahexaenoic acid [IjHA]), sterols, and amino acids compared té phytoplankton
(Stoecker & Egloff 1987, Stoecker & Capuzzo 1990, Gifford 1991). Some
microzooplankton species, such as the heterotrophic dinoflagellates Oxyrrhis marina and
Gyrodinium dominans, are important for trophic upgrading, posseésing the ability to -
synthesize EP/;, DHA, and sterols from low quality algae and thus enhancing the transfer

of essential nutrients through the microbial food web from phytoplankton to
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mesozooplankton (Klein Breteler et al. 1999, Tang & Taal 2005). While wé now know
the jmportance of protozoans in copepod diets, little is known about how carnivorous or
omnivorous diets affect metabolic processes, including the release of dissolved inorganic
nutrients and dissolved organic matter (DOM) that support phytoplankton and bacterial '
growth and fuel the micro‘t;ial loop. o

Mesozooplanktor; coﬁtribﬁte to nutrient release via sloppy feeding (the physical
b‘reaking of the food sourc;:), excr'etion,\ egestion, and subsequent fecal pellet leaching
‘(Mgller 2007). In our study we did not differrentiate between these modes of nﬁtrient
production; thus, our reported cobepod ‘release rates’ incorporate nut;ient production
from all of Vthese modes. While crustacean zooplankton are cénsidered tob be primarily
ammonotelic, releasing ammonium (NH4+) as a metabolic byproduct (Bidigare 1983);
organic N can also be a significant proportion of the total N released by zooplankton. For
eXample, organic N excretion (urea and dissolved primary amine$, DPA)vby Acartia
tonsa copepodé was between 62 and 89% of total N excrgted in mesocosm‘éxperiments
(Miller & Glibert 1998). Additionally, the rate of DOM release by zooplankton likely
exceeds thatdire'ctly released by phytoplankton (Jumars et al. 1989). Strom et al. (1997)
found that zooplankton grazers release 16 to 37% of an algal cell’s total C content as
dissolved organic carbon (DOC) compared tovonly 3 t0 7% DOC release as direct
exudation from algal cells. Studies measuring phosphorﬁs (P) release by zodplankton are
scarce and few report dissolved organic phosphorus (DOP) release, which can be readily
available to phy;coplankton and bacteria (Hargrave & Geen 1968, Titelman et al. 2008).
A recent s;cudy demonstrated the importance of bopepod feeding activity on the release of

| Vbioavailable DOP (as deoxyribonucleic acid, DNA) (Titelman et al. 2008). In another
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study, ﬁp to 74% of totalv P released was DOP (as opposed to inorganic phosphate, PO43')
and was readily available to bacteria (Hargrave & Geen 1968). |
Nutrient release rates, and the chemical compositjoﬁ of the nutrients produced,
may be affected by a number of factors. In many 'studies; higher ingestion rates are
correlated with higher zooplanktbn excretion rates (Comér etal. 1976, Kierboe et al.
1985). Additionally, copépods have variable functional responses to different prey items
(Besiktepe & ‘Dam' 2002, Mitra & Flynn 2007), poténtiaﬂy causing differential reléase of
bypfbducts. Zooplankton elemental cqmposition regulates the elerhental ratio of |
nutrients released; thus, a chahge in the zooplankton taxa or food source may cause a
change in the excreted ﬁutrient quantity and composition (Caron & Goldman 1990,
Gismgrvik 1997a, Strom et al. 1997, Elser &.Urabe 1999). For example, a conéumer
with low N and high P body content feeding on ‘pfey with high N and low P éonteht will
retain thé nécessary P and excrete more N. Conversely, a consumer feeding on N-limited
- food would retain the needed N and excrete more P (Sterner 1990, Toufati_er et al. 2001).v
Additionally, the composition of N and P released can be indirectly affected by feeding
strategy. For example, Corn‘er et al. (1976) showed that NH,;" was a Bigher portion of the
total N released while copépods were feeding carnivorously. In contrast, Bidigare (1983)
suggested that herbivores may be expected to excrete more urea than carnivores, as the
conservation of arginine (a precursor of urea) is higher in marine phytoplankton thaﬁ in
zooplankton. However, this has not been supported by laboratory \experiments, as
Acartia tonsa urea excretion r/ateé were higher when féediﬁg on ciliates compared to
diatoms, and these excretion rates increased with decreasing food C:N (Miller & Roman

2008).
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Nearly all copepod feeding experiments that measure nutrient excretion have been
conductéd with phytoplankton as food. Only 2 studies (Strom et al. 1997, Miller & |
Roman 2008) have investigated DOM release by copepods feeding carnivoroﬁsly 6n
microzooplankton. Strom et al. (1997) measured DOC production, and Miller & Roman
(2008) measured the forms of N released. With the exception of 1 sthdy using the
freshwater grazer Daphnia (Frost et al. 2004), no studies have measured simultaneous C,
N, and P release from marine zooplankton, nor how re}ease of dissolved organic (DOC, :
DON, DOP) and inorganic nutrients are related. Additionally, no previous nutrient-
release studies have included an omnivorous diet, the feeding strategy of most copepods.
Thus, we i(now little about fhe effects O,f miéroiooplankton ér mixed diets (;n the 7
stoichiémetfy of regeherated m;trient pools. In the pfesent study, we determined the
effects of herbivorous, omnivorous; and carnivorous feeding by Acartia toﬁsa cbpepods
on the release rate of dissolved organi;: VC, N, and P and inorganic nutﬁents, ammonium
and phoéphate. We alsé explored the stoichiometry of e‘xcretion, as well as the
composition of the excreted N and P. |

Understanding the role of zooplankton nutrition on the cpnditions and rriagnitude
of DOM release is pertinent, becaﬁv‘s'e changes in the sources and sinks of marine DOM
may significantly influence other nutrient pools. Addiﬁohally, determining "the

_ stoichiométry of released. C, N, and P is vital to understand how these pools are coupled.
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"MATERIAL AND METHODS

Collectibn and culture of organisms. Acartia tonsa, a common coastal
dmnivorous calanoid copepod, were collected from the York River, USA, a tributary of
Chesapeake Bay, by near-surface net tows (0.5 m diametér net, 200 pm mesh, non-
filtering cod end). Copepods for the 2 experirﬁents were collected 5 d apart, but from the
same location and during the sarﬁe tidal cycle. Upon collection, healthy, active A. fonsa
- were placed in 0.2 pm filtered seawater for 1 to 2 h until the start of the acclimation
period (see below). The mean size of adult 4. fonsa was determined from 50 randomly
selected individuals from the tow for which we measured cephalothorax width and total
body length (from the top of the head to the base of the caudal rami) under an Olympﬁs ‘
SZX12 dissecting scope at 230x magnification.

Two comfnoh estuariné hcterotréphic dinoflagellates were used as prey iterps for
Acartia tonsa: Oxyrrhis marina and Gyrodinium dominans (both isolated from
Narragansett Bay). Both microzooplankton spécies are readily ingested by A tonsa
copepods (Tang & Taal 2005). Dinoflagellate cultures Were maintained in F/2 medium
(20%? salihity) prepéred with the 0.2 pm filtered seawater (FSW) uéed in the experiment. 7
The FSW consisted of a 1:1 ratio of deep Santa Barbara Channel seawater (SBSW) to
artificial seawater (ASW) made with sodium chloride combusted at 500°C \for 2hto
remove organics. ASW was used in order to start the expérimerﬁs wifh a low background
of DOM (Protocols for the Joint Global Ocean Flux Study [JGOFS] Core Measurements
1994), and it was combined with low DOM, deép’ SBSW, to prevent the copepods in the

experiments from becoming lethargic, as has been noted for 100% ASW (Strom et al. -
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1997). The final seawater mixture had DOC and total dissolved nitrogen (TDN)
concentrations 23 and 2 pmol I, respeqtively. The culfurcs were incubated at 20°C in
the dark. Both O. marina and G. dominans were maintained on a diet of the chlorophyte
Dunaliella tertiolecta (CCMP 1326). The ex;;ériments were conducted oncé the
dinoflagellate cultures rgached the early stationary phase, when protozoan cell abundance
was maximum and algal food was minimum (Tang & Taal 2005). The diatom prey,
Thalassiosira weissflogii (CCMP 1336), was chosen as the food alga in our experiments
due to its similar size to O. marina and G. dominans: - These cultures were grown on F/2
+ Si medium made with 20%0 FSW, iﬁcubated at20°Conal2h light:'l2 h dark regime,
and maintained in exponential phase by dilutiﬁg with medium every 3to4d. Thev 1ength
. and width of the food items weré measured after the experimexjt on a Nikon DIAPHOT4
.TMD inverted micfoscope at 600x magnification (ﬁxed in 2% Lugolfs solution). Cell |
volumes were calculated acéording to geometric cell shapes (7. weissflogii, cylinder;
heterotrophic djnoﬂagel]ates, prolate ellipsoid). Cell volumes were corrected for fixative
) shrinkage after Montagnesiet al. (1994) for diatoms, and using athecate dinoﬂagellate
\shrinkage estimates fqr O. marina and G dominans from Menden-Deuer et al. (2001).
Experimental procedure.z To examinevthe imbact of diet on Ac;artia tonsa
ingestion and nutrient release, 3 food categories wére used; (1) exclusively
microzooplankton/carnivorous diet (pZ), (2) exclusiyely diatom/herbivorous diet
(DIATOM), and (3) mixed omnivorous diet (MIX) in microzooplankton and diatoms
each contributed 50% to the food carbon. Food C cbntents Were estimated from volume
measurements made prior to the start of the experimehts using cell C to volume |

_conVersiohs from Menden-Deuer & Lessard (2000) for heterotrophic dinoflagellates
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Oxy;frhis marina and Gyrodinium dominans and from Dam & Lopes (2003) for
Thalassiosira weissflogii diatoms. Two experiments were conducted using heterotrophic
dinoflagellates as microzooplankton prey items, Expt A (O. marina) and Expt B (G.
dominans). Both experiments used the diatom T. weissflogii.

Twenty-four hours prior to experimental incubations, freshly collected adult
copepods were individually transferred from beakefs into 3 separate 3.5 1 bottles, each
_ with FSW and the appropriate food items for the QZ, vDIATOM, and MIX food
categories, to a final con;;entration of 60 copepods I, which is near the maximum
concentration that occurs in Chesapeake Bay (CBP 2000) and the lowest concentration
for which we could detect nutrient release in preliminary triéls with varying copepod |
densities and iﬁcubation times. Food items were standardized to 300 ug C 17, a fdod
density at which Acartia tonsa shows maximum ingestion rates on Thalassiosira
weissflogii and Oxyrrl;is marina (Bésiktepq & Darﬁ 2002), ﬁsing the size th C conversion
factors noted above. Food C was never debleted to <30% of the initial food
concentration in any of the experimenté. All bottles were topped off with FSW, covered
with parafilm to remove bubbles, capped, and placed on a rotating wheel in the dark at 1
rpm for 24 h, similar to aéclimation times used in éther copepod feeding studies (Merrell
& Stoecker 1998, Tang et al. 2001).

At the end of the food acclimation period for éach expgrimént, 12 incubétion
bottles (300 ml) each were taken for the carnivorous, hérbivorous, and mixed diet_. Each
set included 6 controls (FSW + food) a{ld 6 treatxﬁents (FSW + food + cob‘epod
predators). All bottles were set up the same way as the acclimation bottles. For each of

the sets, 3 controls and 3 treatments were set aside for initial sample collection.
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Remaining bottles were incubated as in the acclimation period. A suite of samples was
taken initially and at the end of the 24 h incubation.
Sample analyses. Bactérit_z nutrient uptake: Because bacteria can utilize both
DOM and inorganic nutrients, we gccounted for their potential uptake during
experimental incubations in our copépod release rate calculations. Sam.ples‘for bacterial
enumeration were fixed with formaldehyde (final coﬁc. 2%), stained with 4',6-diamidino;
2-phenylindole (DAPI; final conc. 0.005%), filtered ontov0.2 um'black polycarbonate
filters with 0.45 pm cellulose backing filters, and slide mpﬁnted according to Sherr et al. -
(1983). For each sample,'cells in 10 viewing fields were counted on a Nikon Eclipse 80i
¢piﬂuorescént microséopg at 1000x magnification. Using bacterial abundance data, we
calculated an average concentrationiof bacteria, [C], as defined by Frost (1,97‘2). Sepafate
‘ samples were -takén for bacterial production measurements using the [*H]-leucine uptake
method (Azam et al. 1983, Kirchman & Ducklow 1993). Aésuming a bacterial gr(’)wth’A
efficiency (BGE) of 50% (Azam et al. 1983), the bacterial C demand (BCD, ng C I'' h'™)
was estimatedvfor each incubation bbﬁle using Eq. (1a). We calculvated potentiél daily
bacterial DOC uptake (U, ng C 1" d') during the grazing experiments using Eq. (lb), ,

such that:

BCD = BP*3.1 \ _ (1a)

U=BCD*T ' | ~ (1b)

‘where BP is bactérial production (pmol leucine 1" b, 3.1 is the conversion from

picomoles of leucine to nanograms of C,’an'd T is incubation time (24 h dh.
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Additionally, using conservative estimates of bactérialr molar C:N (4.5; Goldman
& Dennett 1991) and C:i’ (50; Kirchman 2000), we estimated maximum potential N and
P ﬁptake, respectively. Because bacteria can utilize both organic and inorganic N, we
assumed 16% of the N uptake source was organic urea (calculated from Table 1 in
Andersson et al. 2006) and 84% was inorganic NH4'. Bacteria can utilize DOpP under
certain conditions (Titelman et al. 2008); however, inorganic PO, is their preferred Pw
substrate (Cotner & Wetzel 1992, Kirchman 2000); | Because PO,> was available in ouf
incubation bottles, we assumed 100% of the P source was inorganic and did not correct
DOP release for bacterial uptake.
Feeding rates: Whole-water samples for algal and protozoan cell counts werAe’
. preserved with acid Lugol’s solution (ﬁﬁal conc, 2%). Subsamples for algal cell éounfs
were settled in 1 ml Sedgewick rafters, and 5 replicate frames each of at least 100 cells
were counted with a Nikon DIAPHOT-TMD inverted microsgope at 600x magnification.
Subsamples (2 to 5 ml) for protozoans were settled in S ml Utermohl settling chambers,
and entire éontents (100 cells or more) v‘verev counted under an in\}erted microscope after
at least a 24 h settling period (Utermohl 1931; Hasle 1978). Clearance\and ingestion
rates of Acartia tonsa on both algae and microzooplankton were calculated according to
Frost (/1 972). The possible ingestion of diatoms by the héterotrophic dinoﬂégellates in
the MIX’treatment was examined by monitoring the abundance of diatoms over the
“incubation time in the control bottles. Thalassiosirabweissﬂogii concentration in the MIX
controls remained constant over the incubation, similar t;) T. weissflogii in the DIATOM
controls. This suggests no sigﬁiﬁcént grazing occurred by heterotrophic dinoflagellates

'~ in the MIX treatments.
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Nutrient qna]yses: After bacterial production and all abundance samples were
collected, the remaining volume from each bottle was prescreehed through a 200 pm
sieve (to retain copepods in treatments; controls were treated the same) directly into 2
filter towers and filtered through combusted GF/F filters into acid-cleaned, corﬁbusted
flasks. One GF/F filter was collected for fluorometric chlorophyll analysis (Pérsons etal.
1984). The second filter was collected for particulate carbon (PC) andk particulate
nitrogen (PN) (Carbon;hydrogen-nitrogen elémental analyéer, EA1108). The collected
copepods, which were all alive and active after incubation, were filtered onto a
combusted GF/F, counted under a dissecting scope (Olympus SZX12), and analyzed for
PC and PNrcontent. The remaining filtrate for each replicate was analyzed for‘ organic |
and inorganic nutrient concentrations: DOC, Shimadzu TOC analyzer 5000A (minimum
detection limit [MDL]‘ =0.5t0 1.0 umoll 1) after acidification and purging of dissolved
inorganic carbon (Peltzer et al. 1996); amménium, phenél/hypochlérite Koroleff methovd ‘
- with MDL = 0.05 pmol I’ (Grasshoff et ai. 1983); urea, diacetyl monoxime procedure
with MDL = 0.05 pmol 1" (adapted from Price & Harrison 1987); DPAs, fluorescent O-

' phthaldealdehyde (OPA) method with MDL = 0.05 pmol "' (Parsons et al. 1984); nitrate
and nitrite (NOx; Grasshoff method) (MDL =0.05 umolrl'l), phosphate (PO43"; Kororleff

~ method) (MDL =0.05 pmol 1"),V and TDN and TDP (persﬁlfate oxidation; MDL = 1.0 .
umol I''), were determined with a QuikChem 8500 AutoAnalyzer (Grésshoff et al. ‘1983,
Bronk et ai. 2000, Sharp 2002). Concentrations of bulk DON ‘and DOP were calculated
by the differénce between TDN and inorganic N (NOx.+ NH;") and TDP and PO, '
respectively. Copepod release rates (in ng ind.™" h™') were calculated according to Miller |

& Glibert (1998), but modified to include bacterial ljptake,_such that:
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[(ACHU) - (ACc+U)] x V
)

(NxT)

where AC; 1s the change in nutrient concentratioqs (ng I d" in the treatment bottles and
AC_. is the average change in nutrient concentrations (ng I'' d"') in the control bottles; U,
and U, are estimated values of bagterial uptake (ng I d') in the treatment and control
bottles (see Eq. 1b); V is the incubation Volurﬁe (1), N is the nﬁmber of copepods in the
treatment bottles, and T is incubation time (24 h d™).

Statistical analysis. Stétistical cominarisons of the effects Qf diet on ingestion

rates, release rates, and stoichiometry were made by 1-way ANOVA, employing the p =

0.05 level of significance.
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RESULTS
Predator size and C and N content

Acartia tonsa copepods collected for Expts A and B were of sirﬁilar sizes and had
similar C:N ratios. The total ‘body length of the population of adult 4. tonsa showed a |
normal size distribution, With mean values of 1085 pm for Expt A and 1121 pm for Expt
B, and cbefﬁcients of variance (CV) of 6.47 and 5.84%, respectively (Table 1). Copepod
C and N contents ranged from 2.1 to 3.7 pg C and 0.5 t0 0.9 ug N, respectively, yielding

C:N ratios between 3.7 and 4.1 (g g'). The averages are reported in Table 1.
Food size, C and N content, and initial concentration

The cell volumes of food items Thalassiosira weissflogii, Oxyrrhis marina,‘and o
Gyrodinium dominans ranged from 673 to 2875, 1016 t’o 2228, and 520 to 2228 pm3,
respectively >(avefrages reported in Table 2), and the CV ranged from 33 to 38%.
Equivalent spherical diameter (ESD) was highest in O. marina and lowest in G.
dominans (Table 2), with a combined average CV of 11.4%. Despite being the smailest
food item, the heterotrophic dinoflagellate G. dominans had the highest cellulér Cand N
content. Cellular C contents of all food items were lower than the estimates derived from
Menden-Deuer & Lessard (2600) and Dam & Lopes (2003), whivch we used to
standardize the C in the experimental bottles. Thus, initial food concentrations were

about half the targeted 300 pg C I"' (Table 3). However, these food concentrations do not
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fall below threshold feeding levels and are at the near-saturating levels determined for
Acartia tonsa by Besiktepe & Dém (2002). In Expt A, the DIATOM treatment had
significantly higher initial food C concentration compared to the MIX treatment (p <
0.01). All other initial food conceﬁtrations were similar between treatments. Initial C -
concef}tration of G. dominans in thé pZ treatmentr(Expt B) was significantly higher than

© C concentrations in the DIATOM and MIX treatment (p <0.01).
Feeding rates

Ingestion rates of copepods feeding on fhe pZ, DIATOM, and MIX diets in Expt

A (Oxyrrhis marina as the microzooplankton food source, Thalassiosira weissflogii as

the algél food source) Were not statistically‘different from each other and averaged 1.25,

' 1.58,and 1.13 pg Cind.” d” or 42, 53, and 38% of copepod body C d”’, respectively |
(Fig. 1a). Ingestibon rates for all treafments in Expt B (Gyrodinium dominans as the
microzooplankto;l food source, T. weissflogii as the algal fbod source) were significantly

| higher than those in ExptrA (p <0.05 in pZ and DIATOM; p < 0.01 in MIX), averaging
1.77, 1.83, and 1.93 pg C ind.” d”' or 66, 68, and 72% of copepod bodyvC d',
respectively. The ingestion rates for pZ, DIATOM, and MIX in Expt B, however, were
not signiﬁcantly different from‘each other. In the MIX treatments, diatom C accounted
for 52% of totalAC Vingested in Exp{ A and 37% of total C ingested ih Expt B. Clearance

‘rates of copepods were similar between treatmeﬁts in Expt A with averages fanging from
0.63 t0 0.75 ml ind." b (Fig. 1b). Clearénce rates of copepods in Expt B, however, were

significantly different between all treatments, being highest in the MIX treatment, lower
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in the DIATOM treatment, and lowest in the pZ treatment, and averaged 1.14, 0.74, and

0.44mlind. " b, respectively (Fig. 1b).
Bacterial nutrient uptake

Estimated bacterial uptake of C, N,‘ and P was minimal . ( 1.4vto 27,04 to 7 1,
~and 0.1 to 1.4 ng C,N,and P 1''d", réspectively). Uptake was also si‘milar between the
controls and copepod treatments for each diet in both expériments (Table 4; p > 0.05).
This is most likely due to the similar bacterial abundanpe, [C], between the controls and
copepod treatments (Table 4;p>0.05). ‘Thu_s, there were no signiﬁéant differences in
uncorrected and up;ake-cbnected nutriént release rates (p > 0.05). To test this fﬁrther, we
recalculated bacterial uptake to increase the potential uptake of CN, and P using further
conservative conversion factors iﬁcludiﬁg BGE = 10% (del Giofgio & Cole 2600), CN=

3.8 (Fukuda et al. 1998), and C:P = 8 (Bratbak 1985). These uptake-corrected release

rates were not signiﬁéantly different from the uncorrected release rates either (p > 0.05).
Copepod nutrient release

DOC release rates in the pZ tfeatfnent for both experiments were signiﬁcanﬂy
higher than the DOC produced by éépepods feeding on an exclusively diatom or on a
mixed diet (Fig. 2). DOC release in the MIX treatment was undetectable in Ex;;t A and
near zero in Expt B. Average release rates for the pnZ and DIATOM treatments ranged

from 34 to 83 ng C ind.” h™" and 4 to 15 ng C ind.” " and correspond to 67-116 and 6-
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20% of C ingésted d’', respectively. Additionally, DOC releaée rates were higher for
“copepods feeding on Gyrodinium dominans (Expt B) compareq to Oxyrrhis marina (Expt
A)in the pZ treatments (p < 0.05).

Mean NH," release rates for each treatment ranged from 1.4 to 17 ng N ind.”’ h!
(Fig. 3a). Similarly to DOC, NH," reléase rates were significantly higher in the pZ
treatment and lowest in the MIX treatment for both Expts A and B (Fig. 3a; p < 0.05).
Low release rates of DOC and NH," in the MIX treatment were unexpected due to the
combined diet as well as the similar ingestion fates in the MIX treatment compared to the
other treatments. NH;" release rafes in the pZ treatment were also higher in Expt B
compared to Expt A (p <0.01).

Bulk DON release rates (calculated by subtracting inorganic N sources, NOy and
NH,", from TDN) ‘Were undetectable due to a high background of NOy during our
_experiments (up to SQ pmol I'). DPA release rates were also‘beylow the detection limit.
Thus, the releaséd organic N we have reportéd in the present study is urea. Contrary to
the pattefns observed in DOC and NH, release rates, urea release rates were highest in
the MIX itreatment and lowest in the pZ treatmehts for both experiments and ranged from -
undetectable to 4.1 ng N ind.” ", but the;e d'iff‘erencesrwere not stétistically signiﬁéant
(Fig. 3b). Urea was a higher portiqn of the total N released in the MIX treatment
(reaching up to 59%) compared to in the othér treatments (Fig. 3c; p < 0.05, Expi B).

Release rates of P were considerably more variable across treatmeﬁts comparc;d to
those of other nutrients measured (Fig. 4). Phosphate release rates were mostly on the
order of 1 to 2 ng P ind.”" h' (Fig. 4a), but did reach as high as 11.5 hg Pind." b (Fig.

4a). In Expt A, the average PO, release rates were highest in the DIATOM treatment
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and lower in the pZ and MIX treatments (p < 0.05). The average PO, ;release rates in
ExptB wére highest in the pZ treatment (average = 10.6 ng P ind.”" h'"), lower in the
DIATOM treatment (average = 1.65 ng P ind.” h"), and undetectable in the MIX :
tfeatment (p <0.05). Similarly to DOC and NH,", releaée rates for PQ43/' were highérr for
copepods feeding on Gyrodinium dominans (Expt B) compéred to Oxyrrhis marina (Expt.

A) in the pZ treatments (p < 0.01). When DOP release rates were detectable, they were -
| higher than inorganic P:release rates and contributed 54 to 100% of the total P released |
. (Fig. 4b). The detectable DOP release only occurred in treatments that c;)ntaincd
micr(;zooplankfon prey.

Stoichiometry of nutrients released from copepods was quite variable (Fig. 5).

Molar DOC:urea release ratios were highest in the uZ freatment (averages ranging from
172 to 187), lower in the DIATOM treatment (averages rangiﬁg from 13 ‘to v637), and,
when data Wére available_(Expt B), low‘est in the MIX treatment (9.0; Fig. 5a;rp < 0.0S).
These release ratios were also well above the Redfield ratio for C:N‘of 6.6, with averages ‘
ranging from 9 to 187 (mol mol ™). DOC:TDN and TDN:TDP release ratios, on the other
hanci, vﬁ:re all below the Redfield ratio of 6.6 and 16, réspectively. Released DOC:TDN
ratios were highest in the pZ treatment (averages ranging from 3.0 to 5.7) and lower in |
the DIATOM (from 0.4 to 1.8) and MIX treatments (éverége for Expt B = ‘1.3; Fig. Sb),
but these differences were not' significant. TDN:TDP release ratios, h‘owever, were
highest iﬁ the DIATOM treatment (average = 12.5) and lower in the treatments
containing microzooplankton prey bitems (3.6 t0 6.6 for pZ, 1.3 to 8.3 for MIX; Fig. Sc; p

< 0.01 for Expt B).
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DISCUSSION

Diet has been the focus of studies examining copepod feeding and reproduction
(Stoecker & Egloff 1987, Stoecker & Capuzzo 1990, Kleppel & Burkart 1995, Bonnet &
Carlotti 2001, Broglio et al. 2003). The central theme in these published studies is the
importance of protozoans in the copepod diet. The effect of a mixed diet (phytoplankton
+ protozoans), as'opposed to mono-diets, on copepod mefabolic proces‘ses has not been
previously examined. O’ur‘study demonstrates for the first time that copepod diet affects

relative organic and inorganic nutrient release rates as well as release stoichiometry.
Feeding and nutrient release rates

Average copepod C iﬁgestion rates (’1.13 to 1.58 pg C ind.” d'vl) were similaf to
those reported for Acartia tonsa in Miller & Romén (2008; 0.05 to 2.96 pg Cind. ' d™),
but lower than those measured in Besiktepe & Dam (2002; ca. 6 and 3.5 pg C ind.” d'
for copepods feeding oﬁ T halas;siosira weissflogii and Oxyrrhis marina, respectively, at
‘prey concentrations similar to those in our study).

Despite similar ingestion rates among treatments, as well as similar C:N ratios of
food items, Acartia tonsa release rates of DOC, urea, ADOP, NH.', and PO, were |
extremely variable between diet treatments. Because our release rates fepresent not only
excretion, but also sloppy feeding aﬁd egestion/fecal pellet leaching, the hypothesis of
ingestion-independent rates of excretion (Miller & Landry 1984) can neither be supp\orted

nor rejected. A. tonsa DOC release rates (as percentage of food C ingested) in our study
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“are higher than those shown by Strom et al. (1997) for Calanus pacificus copepods
feeding on Oxyrrhis mari"na (67 to 100% vs. ca. 16 to 28%) and Thalassiosira weissflogii '
(5.8 to 20% vs. undetectable). Differences in the method, as well as conversion factors,
used to correct for bacterial uptake could be one source of Varia;[ion, While we measured
bacterial productioﬁ using the [* H]-leuéine uptake method, Strom et al. (1997) calculated
potential bacterial DOC uptake ﬁsing measured change in bacterial abundance, an
estimated 40 fg C bacterial cell”’, and an estimated bacterial growth éfﬁciency of 50%.
Using these con;fersions, bacteria utilized between 9 and 80% of the DOC produced
aécording to Strom et al. (1 9975, while the proportion of DOC utilized by bacteria was
negligible in our study.

7Variation iny DOC reiease rates betweén our svtudy‘ and that of Strom et al. (1997)
aré also likely due to the different sizes of copepods used for the experiments and the
subsequent differences in DOC release by sloppy feeding. When copepod-to-prey ESD
ratios are below the threshold of 55 as defined by Meller (2005), DOC release via sloppy
feeding can occur. The copebod Calanus pacificus, used by Strom et al. (1997), is much
larger (ESD = 1060 pm; Megller 2005) than Acartia tonsa (ESD = 432 pm; present study). E

. Thus, the calculated copepod-to-prey ESD ratios for C. pacificus feeding on prey itérns

T halassiosira weissflogii, Oxyrrhis marina, and Gy;;odinium doﬁinans are always above

the threshold for sloppy feeding (76.6, 71.2, and 81.5, respectivély) compared to those

calculated for 4. fonsa (3 1.2, 29.0, and 33.2, respectively). Thus, sléppy feeding could
be the source of the higher DOC release in our study compared to that by Strom et al.

(1997). Using our copepod-to-prey ESD ratios in the equation of Meller (2005), we

predicted the fraction of C removed from suspension and lost as DOC Vi'a sloppy feeding
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by A. tonsa feeding on T. weissﬂogi'i, O. marina, and G. dominans to be 30.8, 3»3.7, and
28.2%, respectively. These estimates are even lower when we use the more conservative
sloppy feeding DOC release equation of Meller (2007). The actual DOC release (as the
fraction of C removed from suspension) measured in our study for A. tonsa grazing on 7.
weissflogii (8.7% in Expt A,‘ 29% in Expt B) was within the range of re]éase predicted by
Moller (2007); however, it is higher and above the ranges of sloppy feeding release
predicted by Meller (2005, 2007) for O. marina (67.1%) and G. dominans (116%). This
suggests that excretion, and possibly, fecal pellet leaching, were also imporfant sources of
DOC release in treatments with microzooplankton prey. - However, no stu.dievs to date

have attempted to separate the modes of DOC release (sloppy feeding vs. excretién vs.
fecal pellet leaching), so the relative importance of each mode of release iﬁ the present
study is not known.

* Ammonium release rates (1.4to 17 ng N ipd.fl h"") were similar to tﬁose reported
for Acartia tonsa by Miller & Gliber‘[ (1998; undetectable to 28 ng N ind/f' h') and Ikéda
etal. (2001; 6.0ng N ind.”" h™") but slightly higher than those rep;)rted By Milier &

Roman (2008; 1.4to 7.0 ng N ind." h™") fora range of food quali.ties. Additionally, DOC
and NH,' releasé rates were higher for copepods feediﬁg on Gyrodinium dominans (Expt ..
B) compared to on Oxyrrhis marina (Expt A) in the [1V4 trézitments, most likely due to the
higher ingestion rates on G. dominans (Fig. 1) as well as the relatively higher food
concentration in this treatment (Table 3) and higher céllular C and N of G. dominans
(Table 2). A. tonsa urea release rates (0 to 4.1 ng N ind." h) were lower comparéd to
those measured by Miller & Glibert (1998; O to 38 ng N ind." h'"). However, the portion

- of total N release as urea (0.6 to 6.6% in pZ, 13 to 16% in DIATOM, and 32 to 59% in
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MIX; Fig. 3¢) ié similar to that measured by Miller & Glibert (1998; 30 to 54%) and
higher than that for copepod Pleuromamma xiphias (Steinberg et ‘al. 2002; 21%). These
results reiterate the irnportaﬁce of organic N in nutrient remineralization.

Although P release rates for copepods are scarce in the literature, we did find
similér PO,> releése rates (mostly 1 to 2 but reaching 1 1.5ngP ind.']/h‘]) compared to
those for the similar-sized copepod Acartia austr&lis (Ikeda et al. 2001; 1.3 ng P \inrd.'l h

| ", but higher felease rates than those measured for the smaller cyclopoid copepod
Oithona nana (Atienza et al. 2006; 0.34 to 0.37 ng P ind." h™"). When DOP release rates
were detectable, they wére higher than inorganic P release rates and contributed 54 to
100% to the total P 'reyleased (Fig. 4b), which was similar to the adult 4. ténsa DOP
release determined by Hargrave & Geen (1968; 74%). Zooplémkton nutrjent release -
-experiments, specifically in marine environments, typically ignore P. Our results |
emphasize the importance of including zooplankton-mediated P release into nutrient
budgets, especially in P-limited environments ythat depend on remineralization processes

as the primary source of P.
Potential diatom nutrient uptake

Nutrient ﬁptake by diatoms likely occurred during incubations, as evidenéed by
declines in*NH4+ and urea concentrations from Ty to Tas, in the DIATOM controls.
Although this uptake was not directly measured in our experiments using labéled isotope
t‘echnique‘s, the calculation for copepod nutrient release rate (Eq. 2) does incorporate |

these nutrient declines in the controls (uptake) in the term AC..
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Effect of diet on release rates -

" The highest copepod DOC, NH,", and TDN release rates occurred while feeding
camivorously. Thé lowest release rates occurred while feeding omnivorously, perhaps
due to higher copepod C and N gross growth efficiencies (GGE) in the mixed diet. GGE

| is defined as the portion of nutrients from the ingested food delegated to growth and
reproduction. A higher GGE for C and N would result in higher copepod égg productibn
rates (EPR), increa;ed biosynthesis (retention) éf nutrients, and thus lower metabolic
excretion of dissolved C and>N. We did not measure EPR in the present study; however,
‘ previous studies support the idea that a mixed ciiet comprised of phytoplankton and
microzooplankton results in higher EPR. Acartia tonsa copepdds exhibited highest EPR
and egg hatching success in treatménts that inchided a mixed diét of Oxyrrhis marina and
the alga Isochrysis galbana (Kleppel & Burkaﬁ 1995). Stoecker & Egloff (1987)
reported 25% higher EPR for 4. tohsa, and Bonnet & Carlotti (2001) reported a 3- to ;/-
fold higher EPR and survival rates for éentropages typicus, when ciliates were mixed
with a phytoplankton diet compared to an exclusively algal diet. Additionally,;l‘ tonsa
convert ingested food to eggs more efﬁcientfy in mixed dieté, compared to exclusively
algal and exclusively microzoop‘lankton diets (Klepbel et al. 1998). These results were
not confirmed by Ederington et al. (1995) or by Dam & vLopes (2003). This is likeiy due
to their use of the bacterivorous ciliates, Pleuronema sp. and Uronema sp., respectively,
as this microzooplankton food source for copgpods may either léck, or contain |
inéufﬁcient, fatty acids, including EPA and DHA (Ederington et al. 1995, Dam & Lopes

2003). The heterotrophic dinoflagellates Oxyrrhis marina and Gyrodinium dominans
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(maintained on an algal diet of Dunaliella tertiolecta) used in our experiments, however,
have previously been shown to be nutritionally beneficial to copepod grolwth, egg
production, and egg hatching success (Klein Breteler et al. 1999, Tang & Taal 2005) due
.to their high EPA and DHA contents. 5

The idea of higher GGE and higher egg broduction in the mix diet also suggests :
that this diet may be more balanced thén eit»herlof the mono-diets, as a higﬁer consumer-
resource composition imbalance results ih a lower consumer GGE (Stémer & Elser
2002). Additionally, imbalances in diet cvould create differential assimilatidn patterns in
order for the copepod to regulate syntﬁesis of nutrients to match its ﬁeeds, thﬁs resulting
in differential catabolism and eventuél releése of C, N, and P (Sterner & Elser 2002).

Although gut transit time, egestion rate, and assimilatior{ efﬁciency (AE) were not
measured in our study, variability in these processes may have Qccurred in copepods
feeding on the different diets. For instance, Acartia clausi copepbds exhibited longer‘gut
transit times,r and Temora stylifeﬁz had lower egestion rates, thle febeding’ oﬁ
dinoflagellates compared to diatoms, the latter of which typically have lower molecular
complexity (Ianora et ai. 1995, Tirelli & Mayzaud 2005). These studies suggest that
" copepods feeding on a more éorﬁplex diet\(i.e. more proteins, c;irbohydrates, lipids, etc.)
may need a longer tiime to digest their food. This may have caused lower copepod
nutrient release rates in the MIX treatment compared to the mono-diet tre'at.ment‘s.‘
However, if gut transit times or AE were solély a function qf food molecular complexity,
then nﬁtrient release rates by copépods feeding on dinoﬂaggllates in the pZ treatment |
would also be higher than fhose in the DIATOM treatment, \and this did not occur .in our

study.
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The differences in P release rates between treatments may be a result of variable
food P composition. TDP release rates were highest in the microzooplankton diet,
followed by the mixed diet, and lowest in the diatom diet, and DOP was only detectable
in treatmeﬁts containing microzooplankton prey. We did not measure particulate P
‘content‘s in our food itéms and there are no published data on P content in |
microzooplankton. Compared to algae, hbwever, dinoflagellates \havev a larger genome
(Ravenrl994) and much higher améunts of DNA in their nﬁcleus (Rizzo 1987). Because
DNA is rich in P (Sterner & Elser 2002), the higher release rates of P in our
microzooplankton prey treatments could be a résulf of higher DNA con'tenfs iﬁ these

heterotrophic dinoflagellates compared to Thalassiosira weissflogii diatoms.
Possible behavioral effects on release rates

Variations in nutrient release rates could also be due to copepods exerting
different féeding behaviors on the 3 diets. Omnivorous copepods quickly hop and seize |
microzooplanktén prey in ‘ambush mode’, generate continuous feeding currents in the
more passive ‘su.spensioﬁ’mode’ for non-motile phytoplankton food iﬁcluding diatbms,
and exhibit prey-switching behavior when feeding on a mixed diet (Saiz & Kierboe 1995,
Kierboe et al. 1996). Although the energetic costs of each feeding mode ha;fe nof been
directly determined, ihe copepod Metridia paciﬁcg displays slower swimming speeds and
fewer high-speed bursts when feeding on an exclusively phytoplankto_ﬂ diet compared to
a more active feeding mode with frequgnt high—sbeed bursts when feeding on a

carnivorous diet of Artemia sp. nauplii (Wong 1988). If more energy is expended by
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copepods feeding in the ambush mode compared to suspension mode, then nutrient
release rates would also be higher in the ambush mode. This hypothesis is supported by
our results: highest copepod DOC and TDN release rates while feeding on
microzoéplankton and lower release rates while feeding on diatoms (when copepods are
likely feeding mainly in suspension mode) and on fhe mixed diet (where the energetic
cost of ambush feeding is poténtially cut by 50%), as well as the release of DOP in the
only treatments containing microzooplankton. Future research is needed in order to
determine the energetic costs of feeding behaviors and their potential effects on copepod
nutrient release.

Al

Microzooplankton and nutrient release

The nutrient release directly ﬁom the hete;otrophic dinoﬂagellate prey in fhe pz
treatment was investigated by calculating the ch.ange in\' nutrients in these control bottles
during incubation (using the ferm AC. in Eq. 2). The only detectable positive release
calculated in any control was PO, release by Oxyrrhis marina'inAExpt A The PO,*
release by O. marina was signiﬁcantlyAlower’ than that’ released by the copepods (p<
0.05); however, it rﬁost likely contributed to the lower calculated PO,> release l(Eq. 2) by)
copepods feeding on O. marina (Expt A) éompared to those feeding on Gyrodinium
dominaﬁs (Expt B). Due to the negligible contribution of DOC, NH,'", and, in Expt B,
PO> from»‘the heterotrophic dinoﬂaggllates in the present study, we ihfer that the

elevated release of these nutrients in the pZ treatments came directly from the cbpepods.
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Inorganic versus organic N release

Relative to inorganic N release, urea release rates were higher and accounted for a
higher proportioﬂ of ‘TDN released while copepbds fed on a mixed diet. This could be
due to the preferential metabolism of nucieic acids (RNA, DNA) via the
uricogenesis/ureogenesis pathways éf which urea is the primary Byproduét'(Regnault
1987). Ammonia formation, on the other hand, is the major byproduct of the cataBolism ‘
of amino acids (Regnault 1987). Reasons for preferential catabolism of certain molecules
over others, as related to zooplankton diet are, however, unclear and have not been
réported. As discussed aboile, it ié possible that the mixed diet is more balancedA and
allows higher efficiency in metabolizing nucleic acids as opposed to the other 2 mono-
diets. Variability in the types of N released éould ‘alsd‘ be due to differences in release
processes. Bo;ch urea and NHf can be released from tile copepod body vié simple
diffusion across membrane surfaces (Pandian 1975, Bigiigare 1983). However, While
NH," is rapidly released to avoid its toxic properties, ureé hés a sloWer diffusive property
compared to NH,", and thus dispérses more slowly through the membranes (Pandian
1975). Thus, if copepods feeding on the mixed diet are efficiently retaining N for growth
and reproduction, then a higher portion of the N that is being reieased may be’the passive
leakage of urea. Conversely, if copepods feeding on the mono-diets are not efficiently
retaining N, then more NH;" may be acti\}ely released. Diffusioﬁ of NH," and urea are
most likely shoﬁ-terrn processes and may not be reﬂect;d in release rates during the 24-h

‘incubation.
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Stoichiometry of nutrient release

Copepodl molar DOC:urea nitrogen release ratios were well above the classic
Redfield C:N ratio (6.6); however, wﬁen all forms of released N and P were accounted
for, molar DOC:TDN and TDN:TDP release ratios were eithér lower than or close to
Redfield ratios (6.6 and 16, respectively). Non-Redfield reminefalization has been shown
for a Qariety of diel-migrating zooplankton taxa in the Sargasso Sea: DOC:DON (range
from 5.1 to 14.9), DIC:DIN (6.1 to 12.6), and DIN:DIP (6.1 to 15.7) (Steinberg ef al.
2002), as well as for Barents Sea zooplankton, which exhibit wide ranges of ratios of
respiration and inorganic excretion: DIC:]jIN (range 4 to 44) and DIN:DIP‘(Z to 45)
(calculated from Table 3 in Ikeda & Skjoldal 1989).

Released é:N and N:P ratios were also variable between treatments. High’molar

-DOC:urea rgiease ratios in the pZ freatment were a result of the low ‘proportion of urea
release (as the total percentage of N), Wh1ch ranged from 0.6 to 6.6%. DOC:urea release
ratios, és well as the proportic;n of urea release in the DIATOM and MIX treatments (5.1
to 14.9 and 21 to 40%, respectively) —moré closely resembled those found by Steinberg et
al. (2002). The higher TDN:TDP ratio of the released products in thé DIATOM
treatment was most likely due to lower P contents in the diatoms relative to -
micrdzooplankton prey items, similar té those found for Daphnia feeding on P-limited
prey items (Frost et al. 2004). Additionally, we cannot discuss étoichiometric imbalances
without considering predator (copepod) P conteﬁt, which, if variable between treatments,
could potentially explain the different TDN:TDP release ratios. We did not measure

“copepod P content in our experiments; however, Walve & Larsson (1999) found that
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while Acartia sp. C and N contents were stable, their P content (and N:P) varied greatly.
These variations were seasonal, as were those for A. clausii C:P and N:P according to
Gismervik (1997b), and thus may also be a function of copepod diet composition as well
as differences in growth rate (changes in P-rich DNA and RNA). Additional research is
required to attain a more complete understanding of hov;/_predator and prey P content
affects copeéod P reiease fates and ofganic and inorganic N;P release ratios.

Stoichiometric theoretical modelé that have been implemented to further
- understand consumer-driven nutrient recycling processes all agreé that the stoichiometry
of nutrients released from zooplankton is mainly a function of both prey and grazer
elemental composition (St,ernef 1990, Elser & Urabe 1999, Touratier et al. 2001).
However, our resul‘fs show the uncov;xpling' of copeﬁod ingestion and nutrient release
rates, as well as variable release rates of DOC, and dissolved érganic and inorganic N and
P, on different food types (phytoplanktén vs. microzooplankton vs. mix) but with similar
prey C:N. This is most likely because these aforemeritidned models are’ limifed to
excretion, and do not incorporate sloppyb feeding and egestion/fecal pellet leaching.
Thus, stoichiometric models based exclusively' on predator and préy C:N and N:P ratios
may not be adequate in determining stoichiometry of total release, especially when
considering variability in diet.

finally, differences in the stoichidmetry may also be explained by other aspects of
food composition (i.e. relative ambunts of corﬁplex iipids ‘VS. simple protein or amino
acid contents, differential nucleic acid content), which may have affected the rate at
which C, N, and P were individually metabolically proéessed, digested, and relegsed

creating differential C:N and N:P release ratios. Extended models, which incorporate
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~ dietary constituents such as essential fatty acids (Anderson & Pond 2000), prey
selectivity (Mitra & Flynn 2006), and digestion efficiency/gut transit time (Mitra & Flynn

2007), may be more appropriate when copepods feed on a diversity of prey items.
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CONCLUSION

We have shown that copepod nutrient release rates, cbmposition, and
stoichibmetry are significantly a_ffected "by‘ feeding strategy. In particular, we have
revealed key nutrient release differences in copepods \f'eeding omnivorously compared to
those feeding on mono-diets of either phytoplankton or rhicrozooplankton. While we
could not directly distinguish the source(s) of variable nutﬁeht release, we provide a
black box Viéw of zooplank‘;on nutrient rellease as a function of diet and discuss multiple
factors that may drivek nutrient release Var{ability. Including mixed diets of
phyfoplankton and microzoopllankton/ should be an important component of future studies
examining copepdd metabolism and digestion, growth efficiency, and inorganic and
organic ngtrient release. Differences in these processes‘ with diet, as well as the |
proportion of time copepods spend feeding herbivordusly, cami;/orous]y, and
omnivorouslly, need to be éccounted for in order to estimate the quantity, quality, and
stoichiometry of regenerafed nutriénts available for the growth and metabolism of
phytoplankton and heterotrophic bacteria, aﬁd to better model the role of zooplankton in

ocean nutrient and C budgets.
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Table 1. Acartia tonsa. Size (length and equivalent spherical diameter, ESD),
carbon (C) and nitrogen (N) contents of the calanoid copepod predator 4. fonsa for Expts
A and B. Values are mean + SD with n=50 (length and ESD) and n=5-8 (C and N

contents) for each experiment

Expt Length ESD C N  C:N

(um) (um) . (pgcopepod™) gg"
A 1085 + 70 418 + 59 3.1 £ 03 08 = 0.1 39 < 0.2
B 1121 £ 65 446 + 51 2.6 + 0.1 07 + 0.1 40 + 0.1
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Table 2. Thalassiosira weissflogii, OXyrrhis marina, Gyrodinium dominans. Food size (length, width, volume, and
equivalent spherical diameter, ESD), carbon (C) and nitrogen (N) contents. Values are mean £ SD with n=50 (size parameters),
n=6 (C and N contents) for each experiment. Food size and C and N contents were measured at the start of the experiments,

cell volumes were corrected for Lugol's-derived shrinkage (see ‘Materials and methods’)

Food Length  Width Volume - ESD C N . C:N
(um)  (um) (nm®) (um)  (pgcell’) (pgeell) (gg")

Expt A . ‘

T weissflogii 12 £2.2 9.1 £1.4 1511 £577 14 +17 53466 10+19 56 *+0.6
0. marina 23 £24 1215 1802 %624 15+16 268 +63 52+7¢6 51 0.9
Expf B : |

T weissflogii 12 £2.0 88 £1.1 1396 463 14+15 7310 1320 55 +03 [

G. dominans 20 2.0 1015 1209420 13 +15 329+54 6592 51 +03




‘ ~Table 3. Oxyrrhis marina, Thalassiosira weissflogii, Gyrodiniuh dominans.

Average initial food conditions. Values are mean + SD, n=3 for each treatment

Initial food concentration
(g CI)

ExptA '
Oxyrrhis marina v 147 = 30
| Thalassiosira weissflogii 162 + 18
O. marina/T. weissflogii MIX

O. marina ‘ ‘ 63 £ 15

T. weissflogii ' - 58 £ 50

Total 121 + 16
Expt B .
Gyrodinium dominans 233 £ 19
Thalassiosira weissflogii : 160 + 3.0
G. dominans/T. weissflogii MIX ;

G. dominans 80 = 17

T weissflogii - ' 56 + 6.0

Total | 136 + 18
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Table 4. Mean bacterial abundance, [C], and mean estimated daily Bacterial C,

N, and P demands used for uptake corrections on release rates in Expts A and B. The pZ

prey in Expt A was Oxyrrhis marina, and in Expt B was Gyrodinium dominans. The

diatom food for both experiments was Thalassiosira weissflogii, and the mixed diet is a

combination of the pZ and diatom prey items. Nutrient demands (total C, N, and P) were

calculated using 3[H]-leucine bacterial production data, a bacterial growth efficiency

estimate of 50%, and estimates of bacterial molar C:N (4.5) and C:P (50) (see ‘Materials

and methods’ for details); n=3 for [C] and C, N, and P déi]y nutritional demands

- €l Daily Nutritional Demand
(cells ml™ x 10%) (ng 1" day’x 10™)

C N P
Expt A , v
uZ Control 1.8 + 0.1 41 £ 05 11 + 01 22 + 0.03
uZ + Copes 23 £ 0.2 53 + 44 14 £ 1.1 28 = 003
DIATOM Control 0.7 + 0.1 14 £ 05 38 + 01 06 % 003
DIATOM + Copes 13 £01 28 £ 28 70 £ 07 15 = 015
MIX Control 22 + 0.1 48 £ 12 12 = 03 25 = 0.06
MIX + Copes 1.9 % 0.1 2+ 20 11 £ 06 22 % 012
ExptB -
uZ Control 11 £01 270 =+ 37 70 £ 1.0 14 = 019
puZ + Copes 10 + 04 256 = 10 66 = 2.7 13 + 0.53
DIATOM Control 56 £ 05 115 + 11 29 £ 28 59 = 056
DIATOM + Copes 56 £ 02 116 =+ 49 29 + 13 59 % 025
MIX Control 24 + 0.1 55 £ 12 14 £ 03 28 £ 0.06
MIX + Copes 32 + 03 76 + 58 20 £ 1.5 40 + 031
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Fig. 1. Acartia tonsa. Feeding rates on a carnivorous microzooplankton diet (nZ), a
herbivorous diatom divet (DIATOM), and an omnivorous mixed diet (MIX) in Expts A
and B. The pZ prey in Expt A waé Oxyrrhis marina, and in Expt B was Gyrodinium
dominans. The diato‘m food for béth experiments ;vas Thalassiosira weissflogii, and the
mixed diet was a combination of the pZ and diatom prey items. All values are mean +
SD (n=3). (a) Ihgestion rate (I); rates were converted from cells per individual per day
using average measured C contents of food items shown in Table 2. Ingestion rates with
different letters were signiﬁéanﬂy different from each other (y>z; 1-way ANQVA, p<
0.05 in pZ and DIATOM, p < 0.01 in MIX). (b) Clearance rates (C) in ml per individual
per hour; for the MIX treatments, rates for microzooplanicton food and diatom food were
calculated separately and then combined. Clearance rates with differeﬁt letters were B

significantly different from each other (x>y>z; 1-way ANOVA, p < 0.05)
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Fig. 2. Acartia tonsa. Dissolved organic carbon (DOC) release rates in nanograms C per
individual per hour while feeding on a camivofous microzdoplankton diet (uZ), a |
herbivorous diatom diet (DIATOM), and an omnivorous mixed diet (MIX) in Expts A |

and B. The pZ prey in Expt A was Oxyrrhis marina, and m Expt B was Gyrodinium
dominans. The diatom food for both experiments was Thalassiosira weissﬂogii,i and the
mixed diet was a combination of the pZ and diatom food items. DOC release rates with

different letters were significantly different from each other (x>y>z; 1-way ANOVA, p<

0.05). Values are mean + SD (n=3). nd: DOC release not detected
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Fig. 3. Acartia tonsa. N release while feeding on a carnivorous microzooplankton diet
- (nZ), a herbivorous diatom diet (DIATOM), and an omnivorous mixed diet (MIX) in
Expts A and B. The pZ prey in Expt A was Oxyrrhis marina, and in Expt B was
Gyrodinium dominans. The diatom food fof both experiments was Thalassiosira
weissflogii, and the mixed diet was a combination of the uZ a;ld diatom food items. All
values are mean + SD (n%3). Releése rates with different letters Weré, significantly
different from each other (v>w>x>y>z; 1-way ANOVA, p <0.05). (a) Inorganié N
(NH,") release rates in nanograms N per individual pe.r hour. (b) Urea releasé rates in
nanograms N per individual per hour. (c) Proportion of urea (organic N) release as

percenfage of TDN (total dissolved nitrogen, NH;' + urea) release
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Fig. 4. Acartia tonsa. P release rates in nanograms P per individual per hour while '
feeding on a carnivorous microzooplankton diet (1Z), a herbivorous diatom diet
(DIATOM), and an omnivorous rﬁixed diet (MIX) in Expts A and B. The pZ préy in
Expt A was Oxyrrhis marina, and in Expt B was Gyrodinium dominans. The diatom food
for both experiments was 7 halassiosira we;'ssﬂogii, and the mixed diet was a
combination of the pZ and diatom food items. Values are mean + SD (n=3). nd=P
release not detected. (a) Ihopganic P (PO,”) release. Release rates with different letters
were significantly different from each other (x>y>z; 1.-way ANOVA, p <0.05). (b)

Dissolved organic phosphorus (DOP) release

64



L

o

o8
=

Wi

Expt B
MiIX

nd

nd
DIATOM

K, e

ool L0
qmﬂ«-i-. § R mm—"
g N O O © < N O © M~ O N o 7NN e O
Lol N

(14 1-pur d BU) s'Od (-4 -put d Bu) dOQ

65



Fig. 5. Acartia tonsa. Stoichiometry of nutrient release while feeding on a carnivorous
microzooi)laﬁkton diet (uZ), a herbivorous diatom diet (DIATOM), and an omnivorous
mixed diet (MIX) in Expts A and B. The pZ prey in Expt A was Oxyrrhis marina, and in
Expt B was Gyrodinium dominans. The diatom food for both experiments was
Thalassiosira weissflogii, and the mixed diet was a combination of the pZ and diatom
food items. All values are mean + SD (n=3). Release ratios with different letters were
significantly different from each other (y>z; 1-way ANOVA, p < 0.05). na= data not
available. (a) DOC:urea release. (b) DOC:TDN release, and (¢) TDN:TDP release.
Ratios calculated with TDN (total dissolved nitrogen) and TDP (total dissolved

phosphorus) represent combined dissolved inorganic + organic forms
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CHAPTER 3

The Effects of Harmful Algal Species and Food Concentration on Zooplankton
Grazer Production of Dissolved Organic Matter and Inorganic Nutrients
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Abstract

Harmful algal blooms (HABs), including toxic species, have been increasing in
frequency, range, and duration over the past several decades. The effect 6f a harmful\or
toxic algal diet on zooplankton nutrient regeneration, however, has ﬁot been previously
examined. In this study, we determined the effects of non-bloom and blbom
concentrations of non-toxic and toxic cultures of HAB species Prorocentrim minimum
and Karlodinium veneficum on /grazing \and production of dissolved organic carbon
(DOC), nitrogen (DON), and phosphorus (DOP) and inorganic nutrients, ammoniﬁm
(NH4{) and phosphate (PO4™), by the copepod Acartia tonsa and the heterotrophic
dinoﬂagelléte Oxyrrhis marina. Ingestion rates of grazers were significantly higher while
feeding on bloom algal concentrations compared to non-bioom algal concentrations, but
were always below 1% body C d"! for A. fonsa (ingestion rate range of 0.5-31 ng C
individual™ d') and below 2% body C d! for O. marina (range of 0.1-8.8 pg C
individual'l-d;l). However, rates of inorganic nutrient and dissolved organié matter
(DOM) release, when detected, were always > 100% of C, N, and P ingested.
Additionally, the quantity and forms (organic vs. inorganic) of nutrients released by |
zooplankton were significantly différent between non-toxic and toxic algal treatments,
and typically higher grazer dissolved organic matter (DOM) release occurred while
feeding on the toxic algal strain. DOM was the only detected form of nutrients released
from O. marina, and DON and DOP were significant portions of total dissolveci Nand P
released for A. tonsa feeding on toxic K. veneficum (69-84% and 73%, respectively). All

algal diets used in our study, regardless of cell concentration, deterred grazing, which
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likely resulted in starvation and subsequent catabolism of grazer body tissue. The
potential for other factors affecting variable grazer nutrient release between toxic and
non-toxic algal treatments, including algal nutrient quality and direct toxic effects, are
discussed. Our results suggest these grazers may not be capable éf controlling bloom
formation of these HAB species, and that nutrient cycling dynamics in the coastal ocean

are likely to change with increases in the presence of harmful and toxic algal blooms.
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1. Intreduction

Estuarine and coastal marine systems are sensitive to eutrophication, which can
lead to subsequent shifts in phytoplankton cvomplosition and favor the chronic occurrence
ef harmful and toxic phytoplankton v(Uye et al. 1999, Anderson et al. 2002, Beaugrand
and Reid 2003). Harmfui algal blooms (HABs), including toxic species, have been

‘increasing in frequency, duration, and range since the 1970s (Sellner et al. 2003).
Chesapeake Bay, in particular, has experienced an increase in the number of potential
toxin-producing algal species over the past several decades (Marshall et al. 2005).
Bloom-forming dinoflagellates Prorocentrum minimum and Karlodinium veneficum (syn.
Karlodinium micrum) are common and wide spread in Chesapeake Bay (Johnson et al.
2003) and bofh have been associated with fish and shellfish mortality (Luckenbach et al.
1993, Deeds et al. 2002, Kempton et al. 2002, Heil et al. 2005, Tango et al. 2005). HABs
also have complex interactions with éooplankton, which can affect zooplankton grazing
and reproduction (Sunda et al. 2006), and may ultimately affect zooplankton nutrient
regeneration. |

Zooplankton grazers may be adversely affected by anti-grazing properties
developed by some HAB-forming species, including toxin production, which can lead to
grazer deterrence and starvation, decreased growth rates, increased mortel\ity,
regurgitation, and decreased egg production, which will likely promote HAB bloom
formation (Huntley et al. 1986, Carlsson et al. 1995, Colin and Dam 2003, Kozlowsky-
Suzuki et al. 2003, Vaqué et al. 2006, Cohen et al. 2007). For example, Acartia tonsa

copepods avoided feeding and thus starved when exposed to the toxic dinoflagellate
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Karenia brevis (Cohen et al. 2007). The copepods 4. margalefi and A. tonsa both had
lower ingestion rates, and 4. margalefi had decreased \;iability of eggs, while feeding on
a toxic strain of Karlodinium compared to non-toxic strains of Gymnodinium and
~Karlodinium, respectiveiy (Vaqué et al. 2006; Waggett et al. 2008). Silﬁilarly, the
heterotrophic dinoflagellate Oxyrrhﬁ ﬁzarina had low grazing and growth rates on toxic
strains of Karlodinium (Vaqué et al. 2006, Adolf et al. 2007), and the haemolytic
lipophilic toxins, called karlotoxins, produced by some Karlodinium. species, caused cell
lysis and decreased grazing in O. marina (Deeds & Place 2006; Adolf et al. 2007; 2008).
While much emphasis has been placed on grazer-mediated control of HABs
(feeding and growth rates, egg production, and mortality), the effects of harmful or toxic
algae on zooplankton nptﬁeﬁt reger;eration and the potential for feedback into the bloom
eycle is unknown. Pfevious studies show that zooplénkton nutrient release can be
affected by diet (Sterner & Smith 1993, Strom et al. 1997, Frost et al. 2004, Miller &
Roman 2008, Sabé et al. 2009). These studies, however, focﬁsed on how nutrient release
varies with food type (various algal or zooplankton prey) or prey quality (food ’
carbon:nitrogen, C:N, ratios) and did not specifically examine diets with HAB species.
Sunda et al. (2006) suggest that unpalatable HAB speéies reduce zooplankton grazing
rates and thereby decrease the regeneration of nutrients by those grazers. This will
»accelerate bloom developmént for HAB species that are adapted to nutrient-limitéd
environments. Feedback mechanisms caused by zoqplankton nutrient regeneration such
as this are vital to our understanding of HAB dynarhics. Thus, in this study, we
determined the effects of toxic and non-toxic harmful algae and food concentration c;n

cdpepod and microzooplankton grazer production of dissolved organic C, N, and

72



phosphorus (P), and of inorganic nutrients, ammonium (NH4") and phosphate (POS).
Because cﬁrrent climate change models project worldwide increases in eutrophication
and consequential increases in the frequency of HABEs, it is critical to understand how
zooplankton-mediated nutrient release will change with vafying phytoplankton

community composition, including harmful and toxic algal species.
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2. Methods

To examine the impact of harmful algal food on ingestion and nutrient release of
zooplankton grazers, we conducted one experiment in which Acartia tonsa copepods and
the heterotrophic dinoﬂégellate Oxyrrhis marina were fed non-toxic and toxic cultured
strains of Prorocentrum minimum, and another experiment in which A. fonsa copepods
were fed non-toxic and toxic Karlodinium veneficum. Both experiments included non-

bloom and bloom algal food concentrations.
2.1. Culture and collection of organisms

The algal food item used in the first experiment was Proroc\entrum minimum (JA-

08-01). Previous studies using P. minimum as a food source have demonstrated lethalv
~ and sub-lethal effects on shellfish (Luckenbaéh et al. 1993, Wikfors & Smolowitz 1993,

Wikfors & Smolowitz 1995, Hégaret & Wikfors 2005). Although certain clones of P.
minimum can produce toxins (Grzebyk et al. 1997, Denardou-Queneherve et al. 1999,
Wikférs 2005), a specific thin compound isolate has not yet been characterized.
However, stationary-phase P. minimum is toxic to scallops, causing mortality within 24
hours, while log-phase P. minimum is less toxic (Hégaret & Wikfors 2005; Wikfors
2005). Thus, we cultured P. minimum in two separate batches, a non-toxic batch in
which the culture was kept in exponential growth bhase with fresh additions of nutrieﬁt-
replete L1 media every 2-3 days, and a toxic batch where the culture was groWn in low-

nutrient media (L1/20) to late stationary phase before being transférred into new L1/20
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média. Daily cell counts were used to monitor culture growth phases. We tested for
relative toxicity between the two growth phases by conducting an oyster exposure
experiment, the results of which in&icated that late stationary phase P. minimum was
toxic to oysters and log phase P. minimum was not (see below). Thus, the non-toxic and
toxic cultures used fof the experiment (and referred to as such below) were P. minimum
at log phase and P. minimum at late stationary phase, respectively.

The non-toxic and toxic algal food cultures selecied in the second experiment
(Expt. 2) were Karlodinium veneficum (CCMP 1609), which produces little to no
karlotoxin (data presented here) and K. veneficum (CCMP 2778), which produces KmTx
2 karlotoxin (Place et al. 2010). CCMP 1609 was isolated by A. Lewitus in 1991 from
- the Choptank River, MD and deposited in 1993. Based on the ITS sequence (see
Bachvaroff et al. 2009) and pigment profile, CCMP 1609 is a K. veneficum stfain. Both
cultures were maintainéd in exponential growfh phase with fresh édditions of L1 media
every 2-3 days. All cultures were incubated at 20°C on a 12:12 h light:dark regirhe.

The heterotrophic dinoflagellate grazer used in the P. minimum experiment,
Oxyrrhis marina (isoléted from Narragansett Bay), was maintained on a diet of the
chlorophyte Dunaliella teriolecta (CCMP 1320) in {/2 media and incubated at 20°C in
the dark. The experiments were conducted once the dinoflagellate culture reached early
stationary phase, when protozoan cell abundance was maximal and algal food was
minimal (Saba et al. 2009).

- Acartia tonsa copepods were collected from the York River, U.S.A., a tributary of
Chesapeake Bay, by néar—surface net tows using a 0.5 m diameter net with 200 pm mesh

and a non-filtering cod end. Copepod collections for the two experiments in this study
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were conducted two weeks apart, but were from the same location and during the same |
tidal cycle. Updn cdllection, actively swimming 4. tonsa were placed in 0.2 pm filtered
seawater for 1-2 hours until the start of the acclimation period (see below).

The 0.2 pm filtered seawater (FSW) used for the experiment acclimation periods
and incubations, and ﬁsed to make the L1, L1/20, and F/2 nutrient medias for the
cultures, had a sallini-ty of 20 psu and a low background of DOM, consisting of a 1:1 ratio
of deep Santa Barbara Channel seawater (SBSW) to artificial seawater (ASW) made with

sodium chloride combusted at 500°C for 2 hours (Saba et al. 2009).
2.2. Experimental Procedures

Feeding and I\ilutrie‘nt Release Experiments. Two experiments were conducted,
each with a non-toxic and toxic algal treatment at non-bloom and bloom concent;ations.
In the first experiment, copepods (Acartia tonsa) and heterotrophic dinoflagellates
(Oxyrrhis ﬁarina) were fed Prorocentrum»rminimum in the following growth
phase/treatments: (lj log (non-toxic) non-bloom, (2) log bloom, (3) late stationary (toxic)
non-bloom, and {4) late stationary bloém. Blooms of P. minimum are defined as cell
concentrations >3000 cells ml™; localized blooms can reach concentrations up to ~10°
~ cells ml” in CheSapeake Bay (Tango et al. 2005). In our study, the non-bloom and bloom
concentrations of P. minimum were 1500 and 15,000 cells ml”', which corresponded to ~3
and 35 pgchlal’, respectively. In the second experiment, A. fonsa copepods were fed
non-bloom and> bloom concentrations of non-toxic and foxic strains of Karlodinium

veneficum in the same four combinations as listed above for P. minimum. Low cell
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concentrations in situ range from 100 to 1000 ml™, but K. veneficum can reach bloom
concentrations ranging from 10% to 10° cells mI"' (Adolf et al. 2007). In our study, the
non-bloom and bloom concentrations of K. veneficum were 1000 aﬁd 15,000 qells ml,
which corresponded to ~1 and 35 pgchlal’, respectivély.' Only the copepod grazer (4.
tonsa) was used iﬁ the second experiment because in preliminary experiments; 0 marina
did not consume K. veneficum (CCMP 1974, data not shown), and in another study, K.
veneficum Was lethal to O. marina (Deeds & Place 2006).

Each experiment had a 48-hour acclimation period prior to experimental
incubations. In the P. minimum experiment, freshly collected adult copepods were
individually transferred from beakers into four separate 3.5 1 bottles uéing wide-bore
Pasteur pipettes, each with FSW and the appropriate algal food culture and concentration,
to a final concentration of 60 copepods 1! (Séba et al. 2009). Additionally, P. m;'nimum
food (in the appropriate four treatment conditions) were added to four separate 500 ml
bottles of heterotrophic dinoﬂagellate O. marina culture. | All bottles were topped off
with FSW, covered with parafilm to remove bubbles, capped, and placed on a rotating
.wheel (1 rpfn), and incubated on a 12:12 h light:dark regime at 20°C for 48 hours, similar
to acclimation times used in previous copepod feeding studies (Besiktepe & Dam 2002).

At the end of the acclimation period for the P. minimum experiment, 72
incubation bottles (500 ml, combusted borosilicate glass) were split into four sets of 18
bottles, each set representing a food condition: log non-bloom, log bloom, late stationary
non-bloom, and late stationary bloom. Each set included six controls (FSW + algal
food),v six copepod treatlhents (FSW + algal food + copepod grazers), and six O. marina

treatments (FSW + algal food + O. marina grazers). The bottles were filled with FSW
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and the appropriate algal food culture and concentration. Zooplanktoﬂ grazers acclimated
to the food conditions were then added to designated treatment bottles. Copepods were
added to a final concentration of 60 copepods 1", and O. marina grazers were gently
added with silicon tubing affixed to a syringe to a final concentration of 100 cells ml”, a
density common in Chesapeake Bay (Johnson et él. 2003, Vaqué et al. 2006). A suite of
samples was taken initially and at the end of the 24-hour incubation: three controls, three
copepod treatment bqttles, and three O. marina treatment bottles for each of the sets were
sacrificed for initial sample collection, and the other three control and six zooplankton
grazer treatment bottles for each of the sets were incubated similar to those in the
acclimation period.

In the second experiment, the acclimation and experimental incubations were set
up as in‘the P. minimum experiment, but without the heterotrophié dinoflagellate O.
" marina treatment. The four prey conditions were: (1) non-toxic Karlodinium veneﬁcurﬁ
ﬁon-bloom, (2) non-toxic K. veneficum bloom, (3) toxic K. véneﬁcum non-bloom, and (4)
toxic K. veneficum bloom. |

Oyster Exposure Experiment. To determine the potential toxicity of
Prorocentrum minimum, we conducted a simultaneous exposure experiment using
triploid spat of the eastern oyster, Crassostrea virginica, and the Asian oyster, C.
ariakensis, using methods modified from those used for oyster embryos and larvae in
Stoecker et al. (2008). Oyster spat of similar size (shell length 0.8 — 1 mm) were
obtained from the oyster hatchery at the Virginia Institute of Marine Science. Oysters
were spawned in filtered natural seawater at a salinity of 20-22 psu and a tcmpérature of

~20°C. Upon collection, oysters were incubated in gently aerated FSW for 48 h to purge
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any consumed algae and to acclimate to the experimental conditions (20°C, 12:12 h
light:dark regime). Oysters were then inspected for good health by checking feeding
activity, mantle movement when tapped with a dissecting needle, and valve closure
ability, using a dissecting microscope (Olympus SZX12) (Shumway et al. 2006). Oysters
that did not pass these criteria were discarded. Individual oysters were then randomly
transferred into BD Falcon 6-well culture plates (1 oyster well']). The treatments used
for this experiment ére listed in Table 1. Aliquots of 15ml of either FSW, or FSW + algal
- food at the appropriate cell density, were added to each well. The cell densities of P.
minimum cultures used for oyster exposure were equivalent to those used in the grazer
feeding anci nutrient release experiment (non-bloom = 1500 cells ml”, bloom = 15000
célls ml™"). Dunaliella tertiolecta (CCMP 1320) was used as a non-toxic control élga and
was supplied to oysters at the same non-bloom and bloom concentrations. To prevent
food an‘dloxygen depletion during the exposure, water in each well was emptied and
replénished daily with fresh FSW and algae. As oysters were exposed to the expérimental
algal conditions, they were assessed daily for mortality over 3 days using the criteria
described above. Mortality was defined as lack of feeding activity, absence of response
-to mantle stimulation, and inability of the oyster to maintain valve closure ability

(Shumway et al. 2006).
2.3. Sample anizl){ses

" Karlotoxin analyses. In the Karlodinium veneficum experiment, samples were

collected at the beginning and end of the incubation to determine karlotoxin (KmTX?2)
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concentration. In the non-bloom and bloom treatments, 25-50 ml and 5-10 ml,
respectively, of water was filtered through 13 mm PTFE syringe filters (Whatman, 0.2 |
pm). KmTX2 concentrations (ng ml™) were measured by liquid ehromatography—rnass
spectrometry (LC-MS) after methanol elution of filters as 'described in Backvarroff et al.
(2008). Under normal netrient replete conditions CCMP 1609 has no detectable
karlotoxin production. Based on our lower detection threshold for karlotoxin, we
estimate the toxin level was <0.01 pg/cell.

Bacterial nutrient uptake. Because bacteria can utilize both DOM and
inorganic nutrients, we accounted for their potential uptake during experimental
incubations in our copepod release rate calculations. Samples for bacterial enumeration
were fixed with fqrmaldehyde (final concentration 2%) and frozen (-80°C) until
quantified usil;lg <ﬂ0w cytometry according to Bouvier et al. (2007). Briefly, fixed cells
were stained with SYTO-13 (Invitron Molecular Probes, S7575), and abundance was
enumerated on a Cytopeia Influx cell sorter/analyzer (488 nm argon laser) calibrated with
1.1 pm mierosphere bead stock using the pretocol described by Bouvier et al. (2007).
Each sample’s cytogram of side scatter (SSC) versus green ﬂuorescence (FL1) was
manually gated and analyzed with FloJo 8.8.6 software to determine total bacteria -
abundance (Bouvier et al. 2007). We calculated specific growth rate, p (d™), for each

incubation bottle using the following equation (1):

p = In(By/Byg) 1
T
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where T is the incubation time (1 d), and Bg énd Br are the initial and final estimates of
bacterial biomass in ng C I, which were calculated by ‘converting bacterial cell
concentration to C biomass by assuming a bacterial cellular C content of 20 fg C cell™
(Lee & Fuhrman 1987) and then dividing by 10% to coﬁven biomass from fg C to ng C.
The potential daily bacterial uptake of DOC during the _grazing experiments, (U,
ng C1'd") was estimrated for each incubation bottle assuming a bacterial grthh |

efficiency (BGE) of 50% (Azam et al. 1983) using the following equation (2):

U = i * B )
BGE

in treatments with‘negative u values, we assumed the nutrient demand, U, was 0.
Additio,nally,vusing conservaﬁve estimates of bacterial molar C:N (4.5; Goldman &
Dennett 1991) and C:P (50; Kirchman 2000), we estimated maximum potential N and P
uptake, respectively, as described in Saba et al. (2009).

Feeding rates. Whole water samples for algal and protozoa cell counts were
preserved with acid Lugol’s solution (final concentration 2%). Subsamples for algal cell
counts were settled in 1 ml Sedge\yick rafters, and five replicatévframes of at least 100
cells were counted with a Nikon DIAPHOT-TMD inverted microscope at 600X
magnification. Subsamples (2-5 ml) for protdzoans were settled in 5 ml Utermdhl
settling chambers, and entire contents (100 cells or more) were coun‘ted under an inverted
microscopé after at least 24 hours (Utermé')‘hl 1931; Hasle 1978). Clearance and ingestion
rates of Acartia toﬁsa and Oxyrrhis marina on algal prey were calculated according to the

equations of F rost (1972). Due to changes in O. marina abundances during the
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incubation, we further adjusted clearance rate calculations according to those described in
Bémstedt et al. (2000). Specific growth rates of the heterotophic dinoflagellates were
célculated as in Vaqué et al. (2006).

Pfedator C, N, and P content. Subsamples of the copepod Acartia tonsa (for
both Prorocentrum minimum and Karlodinium veneficum experiments) and the
heterotrophic dinoflagellate Oxyrrhis marina were collected and analyzed for particulate
C (PO), particulate N (PN), and particulate P (PP) content (seé analytical methods below)
before the start of the acclimation period and after the experimental incubation‘.
Copepods were filtered onto combusted GF/F filters (n = 30 copepod per filter; n =3
filters for-each food condition), and we filtered 50 ml of O. marina culture onto each
combusted GF/F filter (n = 3 for each food condition). Replicate blanks (n=3) for PC/PN
and PP analysis were prepared by filtering 50 ml or 100ml (depending on volume filtered
for other PC/PN samples) of 0.2 pm FSW through combusted GF/F filters. All filters
were frozen until analysis.

Nutrient analysés. After bacteria, algal food, and Oxyrrhis marina grazer
abundance samples were collected, the remaining volume from each bottle was
prescreened through a 200 pm sieve (to retain copepods in treatments; controls were
treated the same) directly into three filter towers (100 ml each) énd filtered through
combusted GF/F filters into acid-cleaned, combusted flasks. One GF/F filter was
collected for fluorometric chlorophyll analysis (Parsons et al. 1984), a second filter was
collected for PC and PN (Carbon-Hydrogen-Nitrogen elemental analyzer, EA1108), and
a third for PP was muffled and extracted in hydrochloric acid (Aspila et al. 1976). The

remaining filtrate for each replicate was analyzed for organic and inorganic nutrient
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concentrations. Concentration of DOC was measured with a Shimadzu TOC analyzer
5000A (minimum detection limit, MDL = 0.5-1.0 pmol I''; coefﬂcient of yariance, Cv=
‘2-6%) after acidification and purging of dissolved inorganic carbon (Peltzer et al. 1996;
Sharp et al. 2002). Ammonium was measured with the phenol/hypochlorite Koroleff
method with MDL = 0.05 pmol 1" and CV = 2.5% (Grasshoff et al. 1983; Parsons et al.
1984), urea was measured with the’diacetyl monoxime procedure with MDL = 0.05 7um01
I and CV = 2% (adapted from Price & Harrison 1987), and DPAs were analyzed using
the fluorescent O-phthaldealdehyde (OPA) method (MDL = 0.05 pmol ', CV = 2-4%)
(Parsons et al. 1984). Concentrations of nitrate and nitrite (NOx; Grasshoff method) and
PO* (Koroleff method) (MDL = 0.05 pmol I''; CV = 2-3%), as well as TDN and TDP
following persulfate oxidation (MDL = 1.0 pmol I'}; CV - 2-3%) , were determined with
a QuikChem 8500 AutoAnalyzer (Grasshoff et al. 1983, Bronk et al. 2000, Sharp 2002).
Concentrations of bulk DON anvd DOP were calculated by the difference between TDN
and inorganic N (NOx + NH;") and TDP and PO, respectively. Copepod release rates
(in ng individual”’ hour™) were calculated according to Séba et al. (2009):

[(AC+U)) = (ACH+U)] x V
3)

(NxT)

where AC; is the change in nutrient concentrations (ng 1" day’l) in the treatment Botﬂes
and AC, is the average change in nutrient concentrations (ng I day™') in the control
bottles; U, and U, are estimated values of bacterial uptake (ng 1! day'l) in the treatment
and control bottles (see equation 1b); V is the incubation volume (lj, N is the number of

grazers in the treatment bottles, and T is incubation time (24 hours day™). Nutrient
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uptake by algae likely occurred during the incubations, and this nutrient decline is
incorporated in this equation in the controls as AC..

Statistical analysis. Statistical c'ofriparisons of the effects of diet on ihgestion
and release rates, were made by one-way ANOVA, employing the p = 0.05 level of

significance, using Minitab 15.
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3. Results

3.1. Opyster exposure experiment

All Crassostrea virginica and C. ariakensis oyster spat survived and actively fed
by the end of day 3 in the FSW treatment (no food) and in the treatments with non-bloom
and bloom concentrations of Dunaliella tertiolecta and log phase Prorocentrum minimum
(Table 1). However, both oyster species experienced mortality after being exposed to
late stationary phase P. minimum‘ at non-bloom and bloom concentrations. All mortalities
occurred between days 2 and 3 of exposure. The percent survival of C. ariakensis
feeding on non-bloom and bloom densities, and of C. virginica feeding on bloom
densities, were 87, 80, and 93%, respectively (Table 1). The oysters that lost valve
closure ability (considered deadj also appeared to have little internal tissue compared to

healthy oysters.
3.2. Karlotoxin concentration

Concentrations of KmTx 2 in Karlodinium veneficum (CCMP 1609) and K.
veneficum (CCMP 2778) at the start of the experimental incubatjon are shown in Fig. 1.
The average initial KmTx 2 concentration in the bloom treatfnent of K. veneficum CCMP
2778 (105 ng ml™') was significantly higher than in the non-bloom treatment (4 ng ml™';

~ Fig. 1). Average cellular concentrations were 9 and 6 pg cell”’ for this strain in the bloom
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and non-bloom treatments, respectively. K. veneficun CCMP 1609, however, had no

measureable quantity of KmTx 2 (Fig. 1).
3.3. Algal C, N and P content

Log and late stationary phase Prorocentrum minimum cells had similar C
contents, averaging 290 and 313 pg C individual™, respectively (Table 2). However,
while log phase cell molar C:N and C:P (7.6 and 93.9, respectively) were near the
Redfield molar ratio (6.6 and 106, respectively), late stationary cells were deﬁcient in
both N and P, yielding significantly higher average molar C:N and C:P ratios of 13.5 and
277, respectively (p < 0.05).

Toxic Karlodinium veneficum had slightly higher cellular C, N, and P contents
compared to those of non-toxic K. veneficum (Table 2), however these differences were
not significant. Toxic and non-toxic K veneficum had similar C:N and C:P ratios that

were close to the Redfield ratio.
3.4. Grazer C, N, and P content

The Acartia tonsa copepod grazers used in the Prorocentrum minimum
experi\ment (Expt. 1) had slightly higher initial C, N, and P contents compared to 4. tonsa
used in Expt. 2 (Table 2), but these differences were not significant. While the C:N ratios
of A. tonsa in both experiments were lo§ver than the Redfield ratid, C:P atomic molar

ratios were well above Redfield (235 in Expt.1, 199 in Expt. 2), suggesting that copepods
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- may have been P deficient at the start of the acclimation period. After 3 days of exposure
to experimental algal diets (acclimation + experimental incubation), decreases in copepod
body C ranged from 30-38% in Expt. 1 and 19-30% in‘Expt. 2 (Fig. 2). Losses in
copepod body N and P were also significant in both experiments, ranging from 8-51%
and 2-37%, respectively (data not shown).

The cellular C, N, and P contents of Oxyrrhis marina, the heterotrophic
dinoflagellate grazer used in the P.v minimum experiment, yielded average rnoiar C:N and
C:P ratios of 5.7 and 57.8, respectively (Table 2). We were unable to measure elemental
contents of heterotrophic dinoflagellate Oxyrrhis marina at the end of the experiment due

to interference of algal cells remaining on the filters.
3.5. Feeding rates

Algal food C was never grazed below 50% of the initial algal concentration
during any experiment. Ingestion rates of all grazers in both experiments were
significantly higher in the algal bloom treatments, compared to algal non-bloom
treatments (Fig. 3; p < 0.05). Ingestion rates of Acartia tonsa copepods feeding on non-
bloom densities of non-toxic and toxic Prorocentrum minimum were not statistically
different from each other and averaged 0.8and 0.5ng C ind" day™, respectively (Fig.
3a). Ingestion rates of copepods in the toxic P. minimum bloom treatment were slightly
lower than those in the non-toxic bloom treatment, averaging 25 and 31 ng C individual '

Vday'1 or 0.6 and 0.7% of copepod body C day™, respectively, but these differences were

also not significant (Fig. 3a). The heterotrophic dinoflagellate Oxyrrhis marina had low
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growth rates (0.3 d') while feeding on both log and late stationary phases of P. minimum
bloom tréatments, but exhibitedvmortality in the non-bloom P. minimum treatments
(mean mortalities = 32 +19% feeding on log phas¢ and 21 + 13% feeding on late
stationary phase). Ingestion rates of O. marina on non-bloom densities of P. minimum
were significantly lower while feeding on the non-toxic culture compared to the toxic
culture (p < 0.05), averaging 0.1 and 0.6 pg C‘indi\v/idual'1 day™, respectively (Fig. 3b).
Ingestion rates of O. marina feeding on bloom densities of non-toxic and toxic P.
minimum were not statistically different (meah =8.2and 8.‘8 pg C individual' day™ or
1.6 and 1.8% of body C day”', respectively) (Fig. 3b). Ingestion rates of A. tonsa
copepods feeding on toxic Karlodinium veneficum (mean non-bloom vs. bloom = 1.4 vs.
16.2ng C ind"l day™') were slightly higher compared to those for non-toxic K. veneficum
(mean non-bloom vs. bloom = 1.1 vs. 11.7 ng C ind" day™), but these differences were.

not significant (Fig. 3c).
3.6. Bacteria nutrient uptake

Initial bacterial abundance was higher in the bloom treatments compared to non-
bloom treatments for all algal strains used in our study (Table 3).. In Expt. 2, bacterial
abundances wére significantly higher in the toxic Karlodinium veneficum non-bloom and
bloom treatments compared‘to their non-toxic K. ?eneﬁcum counterparts. However, in
Expt. 1 bacterial abundances were similar in Prorocentrum minimum non-tokic log vs.
toxic late stationary phases. In the P. minimum experiment (Expt. 1), bacterial specific

growth rate, p, was less than 0.2 d" in all treatments (Table 3). The highest bacterial
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abundance and specific growth rates were in non-bloom treatments with the grazer
Oxyrrhis marina. 7Bacteria1 growth was higher in non-toxic K. veneficum treatments in
Expt. 2, compared to negligible growth in all trea;cments containing the toxic K.
veneficum, and there were no differences in p between non-bloom and bloom treatments.
Due to variability in bacterial specific growth rate in the two experiments, estimated
average daily bacterial demand of C, N, and P ranged from 0-52.2, 0-13.5, and 0-2.7 ug
C,N, and P 1! day'l, respectively (Table 3). The highest nutritional demands were in

treatments with higher initial bacterial biomass and p (see equation 2).
3.7. Grazer nutrient release

Acartia tonsa DOC release rates were signiﬁcgntly higher in the toxic vs. non-
toxic treatments for both non-bloom (11 ng C ind" h'") and bloom (42 ng C ind' h'™")
Prorocentrum minimum densities in Expt. 1 (Fig. 4a). Oxyrrhis marina DOC release was
detectable only in the toxic P. minimum bloom treatment, ranging from 2-20
pg Cind" h! (Fig. 4b). Similarly, DOC release by 4. tonsa copepods in Expt. 2 occurred
only when feeding on toxic Karlodinium veneficum, with average DOC release rates in
non-bloom and bloom treatments of 14 and 28 ng C ind” ™!, respectively (Fig. 4c).

In contrast to DOC release, copepods in Expt. 1 had significantly higher inorganic
N (NHy") release rates while feeding on non-toxic P. minimum at non-bloom and bloom
algal densities compared to those densities of toxic P. minimum (Fig. 5a). Release rates
of NH4" were also signiﬁcantly higher in éopepods feeding on non-bloom densities of the

non-toxic culture of P. minimum, averaging 2.4 ng N ind”' h™'. There was no detectable
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NH," releése by the grazer O. marina in any P. minimum treatment. Similar to Expt. 1,
NH,' release rates by copepods in Expt. 2 were significantly higher when feeding on non-
toxic K. veneficum compared to toxic K. veneficum (Fig. 5b). Copepod NHy4' release
rates were also higher in Expt. 2 than those in Expt. 1 (p < 0.05).

When grazer DON release was detected, it was typically a significant portion of |
total N released (Fig. 6). Although variable, release rates of DON by copepods feeding
Aon P. minimum were only detected in the non-toxic bloom treatment, avéraging 123 ng N
ind' h”' and accounting for 94% of the total N released (Fig. 6a). DON was the only
form of released N detected for grazer O. marina (Fig. 6b). DON release rates were
significantly higher while feeding on‘the toxic P. minimum at bloom concentrations
(mean =10.3 pg N ind' h™) compared to those feeding in any other treatment. In
contrast to NH, " release, copepods in Expt. 2 had significantly higher DON release rates
* while feeding on toxic K. veneficum compared to non-toxic K. veneficum (Fig 6¢).
~ Additionally, unlike DOC release in Expt. 2, DON release was higher in non-bloom

compared to bloo;n densities (p < 0.05, toxic).

Inorganic P (PO,”) release rates by A. tonsa in Expt. 1 occurred only when
feeding on non-toxic P. minimum at bloom densities, and averaged 1.7 ng P ind"' ' (Fig.
7a). There was no detectable PO,> release by the grazer O. marina in any P. minimum
treatment, as noted above for NH,'. Rélease rates of PO, were only detectable for
copepods feeding on toxic K. veneficum at bloom densities, and averaged 0.4
ng P ind” h”' (Fig. 7b).

Similar to DON release, when DOP release was detected, it was typically a

significant portion of total P released (Fig. 8). Release rates of DOP by 4. fonsa
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cdpepods and O. marina (Expt. 1) were only detectable in treatments With the non-toxic
P. miniﬁzum culture (Fig. 8a and 8b). Additionally, DOP release rates were higher when
grazers fed on non-bloom vs. bloom P. minimum densities. In contrast to Expt. 1,
-detectable DOP release by copepods in Expt. 2 occurred only in the toxic bloom K. B

veneficum treatment, and averaged 1.2 ng P ind” h”' (Fig. 8c).
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4, Discussion

Prorocentrum minimum and Karlodinium veneﬁci;m form widely distribﬁted
annual blooms in Chééapeake'Bay (Johnson et al. 2003). In our study, we report low
feeding rates of copepod Acartia ion&a and heferotrophic dinoflagellate Oxyrrhis marfna
on all algal species, regardless of food conceﬁtfation or toxicity, which suggests these
. grazers may not be capable of controlling formation of these bloofns. Compared to these
low feeding rates, however, inorganic nutrient and DOM release rates were often higher
and, in addition to nutrient composition, were quite variable with food concentration and

between toxic and non-toxic treatments.
4.1. Toxicity of algal cultures

The Prorécentrum minimum in late stationary grthh phase in our experiment
appeared to be toxic (although a toxin was not directly isolated and quéntiﬁed), as
mortality occurred in oyster spat of Crasslostrea virginica aﬁd C. ariakensis only when
exposed to P. minimum in this growth phase. The Asian oyster, C. ariakensis, may havg
been more sensitive to thié algae, as it had 80% survival compared to 93% survival of the
native oyster, C. virginica after 3 days of eiposure to bloom concentrations. In
comparison, juvenile C. virginica oysters had a mean survival of 53% éfter 11 days of
exposure to bloom cor’lcentrationsb of P. minimum (Luckenbach et al. 1993). No moftality
occurred in either oyster species when exposed to non-bloom and bloom concentrations

of Dunaliella tertiolecta, log phase P. minimum, or when starved, indicating that late
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- stationary phase P. minimum caused a specific adverse reaction in oysters that was
unrelated to food concentration. |

Karlotoxin (KmTx2) was undetectable in Karlodinium veneficum (CCMP 1609)
but was present at non-bloom ana bloom concentrations of K. veneficum, reaching levels
shown to be acutely toxic io fish (100 ng mI'™"; Deeds et al. 2006).

There were no lethal toxic affects from the algae on the zooplankton grazers used
in the experiments. All copepods in both expériments were élive ahd active after
incubation. The heterotrophic dinoflagellate Oxyrrhis marina had low mean specific
growth rates of 0.3 d' in the log and late stationary phasés of P. minimum bloom .
freatments, and an overall mean mortality of 0 marina 6f 26% occurred in non-bloom
treatments with both P. minimum growﬂi phases. These results suggest that growth
phase, and thus toxicity, of P. minimum had no direct effect. on grazer O; marina growth,
* but that instead 0.’ marina may have Been ‘food limited at all algal cdncentratibns (see

‘below).
4.2. Low grazer ingestion rates

Low growth and ingestion rates of Oxyrrhis marina could be caused by factors
unrelated to food quality. O. marina can ingest up to 560% body C d' of certain HAB
species (Jeong et al. 2001, 2003a; calculated using our es_tirnated 500 pg C cell” for O.
marina), but in our study O. marina ingestion rates were below 2% body C d”. |
Threshold prey concentrations of O. marina fange from 80 cells ml™' (Jeong et al. 2003a) :

“t0 10° cells ml”' (Goldman et al. 1989) depending on the algal food offered. Initial
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Prorocentrum minimum concentrations in our study were 1500 and 15,000 cells ml”, and
may have been below O. marina feeding threshold levels. Additionally, because algal
densities were possibly below O. marina threshold feeding levels causing food limitation
- during the acclimation periéd, O. marina could have started the expérimental incubation
in stationary or early senescence, phases when low growth and ingestion rates may occur
(Goldman et al. 1989).

In contrast, algal concentrations offéred in our study were well above known
threshold ingestion levels for Acartia toﬁsq copepods (Houde & Roman 1987, Besiktepe
& Dam 2002). While copepod grazing rates on P. minimum in our study (0.5-31 ng C
ind" d") were similar to those found for A. fonsa on non-toxic P. minimum in Cohen et -
al. (2007; 5-21 ng C C(;pepod'1 d"), they were low (< 2% body C d') compared to
ingestioﬁ rates reported in otiler studies (B.es'iktepe & Dam 2002, Colin & Dam 2002,
Miller & Roman 2008, Waggett et al. 2008, Saba et al. 2009). For example, 4. fonsa can
ingést >100% of its body C d! (Kiorbﬂé et al. 1985, Durbin & Durbin 1992, Besiktepe &
Dam 2002), and A. fonsa reached its maximum ingestion rate of 10 pg C ind! d” (~200%
body C) while feeding on P: minimum at concentrations of 300-800 ug C I (Besiktepe &
Dam 2002). Additionally, the critical N ingestion rate, the minimum ingestion rate
required to balance endogenoﬁs metabolism (Gardner &‘ Scavia 1981), of A. fonsa was
10% body N copepod™ d'' (Miller & Roman 2008). Our ingestion rates were below this
critical ingestion fate (£ 2% body N d™), suggesting the copepods in our study were
feeding well below pqtential despite being offered sufficient food concentrations during

experimental incubations.
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4.3. Similarity in ingestion rates between non-toxic and toxic strains

Grazer ingestion rates in our study were also generally similar between non-toxic
and toxic strains at both non-bloom and bloom algal densities. Dam and Colin (2005)
also reported no difference in ingestion rates of Acartia tonsa feeding on actively
growing Prorocentrum minimum cells versus cells in the stationary growth phase. In
confrast, lower ingestion rates of A. tonsa feeding on toxic Karlodinium strains compéred
to a non-toxic strain of K. veneficum (CSIC1; Waggett et al. 2008) or Gymnodinium spl
(Vaqué et al. 2006) have also been reported. The source of reduced grazing rates on non-
toxic strains as well as toxic strainé is unclear, but there may have been other factors that
made the non-toxic strains equally unpalatéble to grazers. The non-toxic strain of K.
veneficum used in our study (CCMP 1609) did notbprodu(-:é karlotpxins, but it did have
lower C, N, and P contents and slightly higher C:P ratios compared to toxic K. veneficum
“(CCMP 2778), which could have decreased its nutritional sufficiency and pavlatability t(;
the copepods, resulting in similar grazing rates on both toxic and non-toxic forms.
Additic;hally, the strain of P. minimum used in our study (JA-98-01), regardless of growth
phase or nutrient content, could have contained unidentified feeding deterrents or toxic
compounds that caused ingestion rates to be low in all treatments. Rosetta & McManus
(2003) reported that ciliates feediﬁg on P. minimqm (clone Exuv) had high growth rates
compared to those feeding on P. minimum (JA-98-01). The toxins aésociated with
French strains of P. minimum act by blocking sodium channels (Denardou-Queneherve et
al. 1999), which would act to decrease ingestion rates (Colin & Dam 2003, Dam & Colin

2005); however, toxins were not identified in our study or in Rosetta & McManus (2003),
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so the exact cause of low feeding rates is unknown. Despite low feeding rates, inorganic
nutrient and DOM release rates, when detected, were always > 100% of C, N, and P
ingested and were quite variable with food concentration and between toxic and non-

toxic treatments.
4.4. Potential causes of variability in nutrient release rates

Signal:noise ratio. Nutrient release rates were highly variable both within
individual treatrﬁents and between algal food treatrﬁents. Variability within treatments
could be a result of a low signal:noise ratio. For example, the signal:noise ratio for DOC
release was 1-8, the lower end of which is near the MDL. The large error associated with

- DOC release rates (see error bars, Fig. 4) led to difficulty in closing the C budgef. Thus,
 even after accounting for C ingestion, the observed C lost as DOC is at least two times
higher than the decrease in copepod body C cont\ent.

Copepod sex ratios. Variability within treatments could also be caused by the
presence of both rﬁale and female adult copepods in the grazer treatmen‘; bottles. /Most :
studies measuring feeding or nutrient release from copepod use only females. However,
the male:female ratio of A cartia' tonsa copepods in situ is about 1:1 (Kierboe 2006).
From a subsample of 100 adult copepods used in our study, 44% were male, yielding a -
male:female raﬁé of 0.8. Although male copepods typically eat ~50% less than females
(Conover 1956; Saage et al. 2009), females may have lower nutrient release rates due to
their higher energy requirements.for egg production. Thus, variation in the ratio of

male:female copepods between replicate experimental bottles in our study may have
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caused variations in nutrient release rates within treatments. However, our average
release rates are likely closer to those of natural field assemblages than previous studies

using females only.
4.5 Effects of starvation on grazer nutrient release

All algal diets used in our study, regardless of toxicity or cell density, deterred
grazing by A. tonsa and Oxyrrhis marlina, which likely resulfed in starvation and affected
the amount and type of nutrients released. When zooplankton are starved, they typically
reduce respiration and excretion (Mayzaud 1973, Mayzaud 1976, Fenchel 1982, Kigrboe
et al. 1985). In our study, however, when release rates were measurable, they were
nearly always greater than what was ingestgd, and in some cases were three orders of
magnitude highér. Becaﬁsg of theée variable high nutrient rele’asé rates during a time
when grazers were not meeting critical C, N, and P requirements, grazers were likely
catabolizing body tissue for survival (Mayz’aud 1973, Mayzaud 1976, Miller & Roman
2008), speciﬁcally proteins (DOC, DON, and NH,' release), arhin‘o écids (P release via
gluconeogenesis), and possibly RNA (P release). For example, starvation in
heterotrophic microflagellates leads to digestion of mitochondria and RNA (Fenchel
1982), which could potentially result in released C, N, and P byproducts. Catabolism of
body tissues in our study was also indicated by the loss of copepod body C, N, and P.
Differences in reserves within individual copepods likely affected ;[heir degree of
starvation and subsequent catabolism of material, contributiﬁg to variation within

treatments.
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If nutrient release rates were solély based on catabolism of body tissu¢ due to
starvation, however, we might expect to see less variable nutrient release because
ingestion rates were low (< 2% body C d”') and copepod C, N, and P composition was
similar in all tréatments regardless of toxicity. However, nutrient release rates and the
forms of nutrients released (organic vs. inorganic) in our study were significantly
different between non-toxic and toxic treatments. This suggests that, in addition to
starvation, other factors, including algal food quality and the presence of toxins, may

have caused the differences in grazer nutrient release between treatments.
4.6. Effects of algal growth phase and quality on grazer nutrient release

Because zooplankton maintain a relaﬁvely stable body nutrient content, changes
inthe quality of their food source (as regulated by body C:N and C:P rafios - poorest
quality having highest C:N and C:P), will generate changes in the relative amounts of
DOC, N (NH,", DON), and P (PO43 , DOP) excreted (Caron and Goldman 1990; Elser
and Urabe ]999). In our study, Prorocentrum minimum had lower N and P contents, and
thus higher C:N and C:P ratios, in the late stationary growth phase compared to the log

~ phase. These differences in algal food chelﬁical composition could have contributed to
the differential release of nutrients from grazers by increasing limitation of N and P in the
late stationary P. minimum treatment. This is supported by the lower release rates |
(conservation) of NH;" and DON by copepods, and P by copepods and heterotrophic
dinoflagellates, while feeding on late stationary P. minimum. However, the obposite

occurred with Oxyrrhis marina DON release, which was higher in the late stationary
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" compared to the log P. minimum treatment. Thus, interactions of starvation and algal -
quality most likely had varying effects on the catabolism of the copepod and
heterotrophic dinoflagellate grazers. Additionally, because late stationary P. minimum
caused mortality in oysters in our exposure study, we cannot rule out possible-toxic
effects on the zooplahkton grazers. However, because a toxin was not isolated and
characterized from this algae in our study, we can not establish if and how a toxin could
impact the behavior, neurology, or biochemical composition of the grazérs.

Grazer-mediated sloppy feeding could also have caused nutrient release. Mgllér
(2005) shows that copepod’DOC release via sloppy feeding is enhanced when the
copepod-to-prey equivalent spherical diameter (ESD) ratio is < 55. In our study, Acartia
tonsa/P. minimum and A. tonsa/Karlodinium veneficum ESD ratios avéraged 32 and 35,
respectively. Additionally, there was typically highér C, N, and P release (Figs. 4-8)
when zooplankton fed on algae with higher C, N,V and P, contents (Table 2), suggesting
that differential release from copepbds feeding on non-toxic and toxic P. minirﬁum and K.

veneficum with variable elemental compositions could be due to sloppy feeding.
4.7. Effects of karlotoxin on copepod nutrient release

Karlotoxins are lipid-soluble toxins that can negatively interact with membrane
sterols, including cholesterol, causing cell lysis in Oxyrfhis marina (VDee‘ds & Place
2006), damage to fish gill epithelia (Deeds et al. 2002, Deeds et al. 2006), and increases
in ionic permeability of vertebrate membranes (Deeds 2003). Although thése interactions

have not been examined specifically in copepods, karlotoxin interaction with copepod
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cholesterol likely causes similar responses. Thus, upon exposure and ingestion of toxié
Kc;rlodinium veneficum, the copepods in our study perhaps became “leaky” and suffered
increased membrane permeability and subsequent loss of organic materiall from the
cytosol. This is supported by higher Acartia tonsa DOC, DON, PO,*, and DOP release
rates in the toxic K. veneficum treatment compared to the non-toxic K. veivneﬁcum
treatment. Furthermore, DOC, PO,>, and DOP release was highest when exposed to the

highest KmTx 2 concentration (K. veneficum toxic bloom treatment).
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5. Conclusion

Many HAB species produce toxins or are unpalatable to grazers. All cultufes of
Prorocentrum minimum and Karlodinium veneficum used in our study caused grazer
deterrence and illustrate the inability of Acartia tonsa and Oxyrrhis marina to cont;ol
blooms of these algal species, regardless of toxicity. However, starvation and subsequent
catabolism of body tissue éaused grazer nutrient release, ét rates higher than they
ingested. Furthermore, the forms of nutrients released (organic vs. inorganic) varied
between non-toxic and toxic strains, with tyﬁically higher grazer DOM release occurﬁng
in the toxic treatments. Our results are contrary to the previous hypothesis that grazer
deterrence caused by HABs will decrease grazer-mediated nutrient recycling (Sunda et al.
2006), the consequences of which are important in understanding nutrient féedback
interactions in HABs. Low ingestion rates coupled with high nutrient release rates by the
grazers céuid intensify HABs, especially HABs with high uptake affinities for organic
forms of nutrients, or alternatively lead to feedback mechanisms by which non-harmful
algae are able to outcompete HABs. Additibnally, toxin production by certain HAB
species, which may increase under nutrient limitation or in the presence Qf DOM
(Anderson et al. 2002), may be affected by changes in zooplankton grazer nutrient
re.geﬁeration. In any case, ingestion of HAB species and subsequent nutrient release by
zooplankton may drastically affect nutrient cycling dynamics in estuarine and coastal
areés with localized, dense HABs. Nutrient release rates will likely vary dependent upon
whether zooplankton can ingest alternatiyé, preferred prey during harmful algal blooms;
therefore, future studies examining grazer-HAB nutrient dynamics should include mixed

diets containing HAB and non-HAB species, or mixed toxic and non-toxic forms of the
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same species. Understanding the mechanisms that influence HABs and marine coastal
nutrient cycling is of increasing importance, particularly if we are to understand and

predict the effects of climate change or enhanced eutrophication on plankton dynamics.
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Table 1. Crassostrea ariakensis and C. virginica oyster spat exposure experiment
treatments with varying algal food and food density and their percentage (%) survival

after a 3-day incubation. Non-bloom and bloom food densities are described in the

methods. n=30 oysters for each treatment listed.

Oyster spat Algal Food Algal Density Survival (%)
C. ariakensis  None 100
C. virginica None 100
'C. ariakensis  D. tertiolecta Non-Bloom 100
C. ariakensis  D. tertiolecta . Bloom 100
C. virginica D. tertiolecta Bloom 100
C. ariakensis P minimum (log) Non-Bloom 100
C. ariakensis P minimum (log) Bloom 100
C. virginica P. minimum (log) Bloom 100
C. ariakensis P, minimum (late stationary) Non-Bloom 87
C. ariakensis  P. minimum (late stationary) Bloom 80
C. virginica P. minimum (late stationary) Bloom 93
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Table 2. Chemical composition (individual C, N, and P content, C:N, and C:P) of algae, heterotrophic dinoflagellates,
and calanoid copepods used in this study. n=8-18 for Prorocentrum minimum cultures, n=5-12 for Karlodinium veneficum
cultures, n=3 for Oxyrrhis marina and Acartia tonsa grazers. C:N, C:P ratios converted from weight (g g) to atomic molar

(mol mol™) according to formulas: C:N (molar) = (C:N - weight) x (14/12); C:P (molar) = (C:P -weight) x (31/12).

C N P C:N C:P
(pg individual™) : (molar)
Expt. 1
P. minimum (log) Algae 290 + 38 46 £ 7 71 7.6 £1.8 939 £ 206
P. minimum (late stationary) Algae 313 £ 61 27 £ 5 3+£04 135 +£20 277 £ 483
O. marina Grazer 500 £ 34 103 + 13 19 £ 6 57 +£08 578 +£6.6
Expt. 2
K. veneficum (CCMP 1609) Algae - 207 + 22 35£2 6 + 03 70 £09 77.1 £ 10.2
K. veneficum (CCMP 2778) Algae 254 + 27 47+ 5 7+ 04 63 £09 80.6 £ 12.0
f C N P C:N C:P
Calanoid copepod (ug individual ™) (molar)
A. tonsa (Expt. 1) Grazer 42 =05 12 + 03 0.045 = 0.007 41 +0.6 235 * 21.3

A. tonsa (Expt. 2) Grazer 34 + 0.6 08 +02 0.038 £0.006 48 =04 199 + 26.1
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Table 3. Initial bacterial abundance (BA), mean specific growth rate (p), and mean estimated daily bacterial C, N, and
P demands used for uptake corrections on reléase rates in experiment (Expt) 1 and 2. Nutrient demands (total C, N, and P)
were calculated using a bacterial growth efficiency (BGE) estimate of 50%, and estimates of bacterial molar C:N (4.5) and C:P

(50) (see methods section for details). n=3 for BA, p, and C, N, and P daily nutritional demands.

Daily nutritional demand

BA n C N P
(cells ml™* x 10%) dah (ng1'd” x 10%)

Expt 1

P. minimum (log)
Non-bloom Control 159 £ 001  0.03 £ 0.01 1.7 £ 09 04 £ 02 0.09 £ 0.04
Non-bloom + A. fonsa 1.55 + 0.05  0.07 + 0.04 46 + 22 12 + 06 0.24 £ 0.11
Non-bloom + O. marina 1.67 £ 0.04 0.19 £ 0.07 129 % 5.0 34+ 13 0.67 £ 0.26
Bloom Control 935 £ 0.82 -0.05 + 0.03 0 0 "0
Bloom + A. tonsa 834 + 0.09 0.02 £ 0.01 64 £ 49 1.7 £ 1.3 0.33 + 0.25
Bloom + O. marina 836 £ 011 -0.01 £ 0.04 0 0 0

P minimum (late stationary) .
Non-bloom Control 1.92 £ 0.09  0.07 + 0.02 52 +73 13£19 0.27 + 0.38
Non-bloom + 4. tonsa 1.82 £ 0.09 0.07 £ 0.05 52 £36 1.3 09 027 + 0.18
Non-bloom + O. marina 191 £ 002 018 £ 005 134 £38 35 +£1.0 0.69 + 0.20
Bloom Control 893 + 0.16 0.09 + 0.09 33.0 £ 33.1 8.6 + 8.6 1.70 £ 1.71
Bloom + A. tonsa 891 £ 0.09 003 = 003 111 £ 122 29 432 0.57 + 0.63
Bloom + O. marina 9.60 £ 0.64 -0.05 = 0.07 0 0 0

Expt 2

K. veneficum (CCMP 1609) . i
Non-bloom Control 0.05 + 0.0l 1.03 £ 0.12 20 + 02 0.5 £ 0.1 0.10 % 0.01
Non-bloom + 4. fonsa 0.05 + 001 234 + 0.13 44 + 03 1.1 01 0.23 + 0.01
Bloom Control ‘ 064 £ 002 090 £ 0.04 228 £ 1.0 59 +£ 03 1.18 £ 0.05
Bloom + A. tonsa 0.72 £ 017 181 = 0.03 522 + 038 135 + 0.2 2.69 + 0.04

K. veneficum (CCMP 2778)
Non-bloom Control 245 £ 0.03  -0.04 + 0.08 0 -0 0
Non-bloom + A. fonsa 248 £ 0.03  0.06 £ 0.02 6.0 2.2 1.5 £ 0.6 0.31 £ 0.11
Bloom Control 178 £ 097 -0.01 £ 0.04 0 ’ 0 : 0

Bloom + 4. tonsa 189 + 0.64 0.00 £ 0.02 6.5 + 63 1.7 £ 1.6 0.34 + 0.32




Fig. 1. Initial karlotoxin (KmTx 2) concentrations of non-toxic and toxic Karlodinium
veneficum used in this study. x and y denote significance (x>y, one-way ANOVA,

p <0.05). Mean of n=3, error bars = 1 standard deviation.
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Fig. 2. Acartia éonsa C contents in a) experiment 1 with Prorocentrum minimum and b)
experiment 2 with Karlodinium veneficum before the start of the acclimation period (Ty)
and after 3 days of exposure to non-toxic and toxic algal cultures of each algal Speciés at
non-bloom and bloom algal densities. x and y denote significance (x>y, one-way

ANOVA, p <0.05). Mean of n=3, error bars = 1 standard deviation.
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Fig. 3. Ingestion rates (I) of a) copepod Acartia tonsa and b) heterotrophic dinoflagellate
Oxyrrhis marina fed non-toxic (log phase) and toxic (late stationary phase) Prorocentrum
minimum (Expt. 1), and ¢) 4. tonsa fed non-toxic (CCMP 1609) and toxic (CCMP 2778)
Karlodinium veneficum (Expt. 2) at non-bloom énd bloom algal densities. Ingestion rates
were converted from cells individual ' day™ using average C content of food items shown
in Table 2. R and y denote significance (x>y, one-way ANOVA, p <0.05). Mean of

n=3, error bars = 1 standard deviation.
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Fig. 4. DOC release rates of a) copepod Acartia tonsa an(i b) heterotrophic dinoflagellate
Oxyrrhis marina fed non-toxic (log phase) and toxic (late stationary phase) Prorocentrum
minimum (Expt. 1), and c) 4. fonsa fed non-toxic (CCMP 1609) and toxic (CCMP 2778)
Karlodinium veneﬁéum (Expt. 2) at non-bloom and bloom algal densities. x and y denote
significance (x>y, one-way ANOVA, p < 0.05). Mean of n=3, error bars = I standard

deviation. nd = DOC release not detected.
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Fig. 5. Inorganic N (NH4") release rates of a) copepod Acartia tonsa fed non-toxic (ldg
phase) and toxic (léte stationary phase) Prorocentrum minimum (Expt. 1), and b) 4. tonsa
fed non-toxic (CCMP 1609) and toxic (CCMP 2778) Karlodinium veneficum (Expt. 2) at
non-bloom and bloom algal der;sities. X, v, and z denote significance (x>y>z, one-way
ANOVA, p < 0.05). Mean of n=3, error bars = 1 standard deviation. nd = NH," release

not detected.
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Fig. 6. DON release rates of a) copepod Acartia tonsa and b) heterotrophic dinoﬂagellafe
Oxyrrhis marina fed non-toxic (log phase) and toxic (late stationary phase) Prorocentrum
minimum (Expt. 1), and ¢) A. tonsa fed non-toxic (CCMP 160v9) and toxic (CCMP 2778)
Karlodinium veneficum (Expt. 2) at non-bloom and blon algal densities. x and y denote
significance (x>y, one-way ANOVA, p <0.05). Mean of n=3, error bars = 1 standard
deviation. nd = DON release not detected. Numbers in parentheses are the average

proportion of DON release as % of total dissotved nitrogen (NHy' + DON) release.
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Fig. 7. Inorganic P (PO,”) release rates of a) copepod Acartia tonsa fed non-toxic (log
phase) and toxic (late stationary phase) Profécentrum minimum (Expt. 1), and b) 4. tonsa
fed non-toxic (CCMP 1609) and toxic (CCMP 2778) Karlodinium veneficum (Expt. 2) at
non-bloom and bloom algal densities. Mean of n=3, error bars = 1 standard deviation.

nd = PO, release not detected.

126



PO, (ng Pind'h)

PO (ng Pind*hY)

4.0

1.0

0.8

0.6

0.4

0.2

0.0

Acartia + Prorocentrum
"I Non-Bloom

Bloom

nd nd

Acartia + Karlodinium

nd nd

Non-Toxic Toxic

127



Fig. 8. DOP release rates of a) copepod Acartia tonsa and b) heterotrophic dinoflagellate
Oxyrrhis marina fed non-toxic (log phase) and toxic (late stationary phase) Prorocentrum
minimum (Expt. 1), and c) A.r tonsa fed non-toxic (CCMP 1609) and toxic (CCMP 2778)
Karlodinium veneficum (Expt. 2) at non-bloom and bloom algal densities. x denotes
significance (one-way ANOVA, p < 0.05). Mean of n=3, error bars = 1 standard
deviation. nd = DOP release not detected. Numbers in parentheses are the average

proportion of DOP release as % of total dissolved phosphorus (PO4> + DOP) release.
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CHAPTER 4
The Relative Importance of Sloppy Feeding, Excretion, and Fecal Pellet

Leaching in the Release of Dissolved Carbon and Nitrogen by
Acartia tonsa Copepods
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Abstract

Crustacean zooplanktoh produce dissolved organic matter (DOM) and inorganic
nutrients via sloppy feeding, excretion, and fecal pellet leaching. These different release
mechanisms of metabolic products, however, have never been individually isolated. Our
study was designed to determine the relative importance of these different modes on
release of dissolved organic carbon (DOC), ammonium (NHy"), and urea from Acartia

“tonsa copepods feeding on the diatom 77 haldssiosira weissflogii. Excretion and sloppy
feeding were the dominant modes of DOC production (11 and 5% of particulate organic
C ingested, respectively) and NH,' release (34 and 8% of particulate organic nitrogen,
PON, ingested, respectively). Urea, however, was predominately produced via sloppy
feeding and fecal pellet leaching (10% and 6% of PON ingested, respectively). Urea

~ release via sloppy feeding accounted for 54% of total measured nitrogen (TMN; NH," +

urea) release. TMN release was > 100% of copepod body N d’', resulting in low

DOC:TMN release ratios (2.2 for sléppy feeding, 2.1 for cumulative release of éloppy

feeding, excretion, and fecal pellet leaching). Our results suggest that the mechanism of
release plays an important role in the amount of differenf forms of DOM, NH,', and urea

available to bacteria and pHytoplankton.
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Introduction

Zooplankton play a key role in the cycling and transfer of nutrients and organic
matter in marine food webs (Miller & Landry 1984, Steinberg et al. 2000, 2002, Carlson
2002, Schnetzer & Stéinberg 2002, Steinberg & Saba 2008). The products of zooplankton
grazing and metabolism are either recycled and available for uptake by bacteria and
phytoplankton or transferred to higher tfophic levels (Azam et al. 1983, Cushing 1989,
Moller & Nielson 2001). Crustacean zooplankton release dissolved organic matter
(DOM) and inorganic nutrients via sloppy feeding, excretion, and leaching from egested
fecal pellets (Lampert et al. 1978, Mgller 2007). Few studies have attempted to tease
apart these different mechanisms of nutrient production by zooplankton. These studies
focused only on sloppy feeding (Roy et al. 1989, Meller & Nielson 2001, Maller 2005,
Moller 2007) or fecal pellet leaching.(Roy & Poulet 1990, Urban-Rich et al. 1998,
Urban-Rich 1999; Thor et al. 2003), but demonstrate that these processes can generate
significant amounts of DOM. Most measured release of DOC (Lampert 1978; Mgller &
Nielson 2001, Mgller et al. 2003, Meller 2007), while only few measured dissolved
organic nitrogen (DON) release (Roy et al. 1989; Roy & Poulet 1990, Vincent et al.
2007). Excretion has been extensively reportéd in the literature (réviewed in Steinberg &
Saba 2008). The term “excretion’ or “release” used in these studies, however, is
typically inclusive of all the release processes cumulatively (Miller & Glibert 1998; Isla
et al. 2004; Saba et al. 2009, Ch 2). Our study was designed to isolate the three
mechanisms of release: sloppy feeding, fecal pellet leaching, and excretion, to determine

their relative importance in C and N release at different time scales.
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Release of DOM via sloppy feeding, the physical breakage of the food source, is
greatest when cells are too large to be ingested whole and lowest when small
phytoplankton cells are ingested whole (Lampert 1978, Moller & Nielson 2001, Mgller
2005, Meller 2007). For example, DOM release occurred when the copepod Calanus
hyperboreus fed on Thalassiosira fluviatilis but not when C. hyberboreus fed on a
smaller prey item, T. weissflogii (Strom et al. 1997). DOC released via sloppy feéding
(as a fraction of food POC removed from suspension) was 54—69% for Acartia tonsa
copep‘ods feeding on diatom Ditylum brightwelli and dinoflagellate Ceratium lineatum
(Mgller & Nielson 2001), 49% for Calanus spp. feeding on natural plankton assemblages ,
(Moller et al. 2003), and 7-36% for three species of copepods feeding on differently
sized phytoplankton (Maller 2007). DON release via sloppy feeding was about 28% of
total DON release of Calanus helgolandicus copepods feeding on Thalassiosira
weissflogii diatoms (Viﬁcent et al. 2007). Sloppy feeding causes losses of uningested
particulate material; thus, determining loss of DOM and inorganic nutrients to sloppy
feeding is imponant in preventing overestimations of ingestion and assimilation (Dagg
1974, Roy et al. 1989).

DOM loss from eges‘;ed fecal pellets has been argued to be on time scales of
minutes for pellets with permeable membranes (Jumars et al. 1989) to hours or even days
for pellets with incompletely permeable membranes (Strom et al. 1997; Urban-Rich
\ 1999). Urban-Rich (1999) and Thor et al. (2003) found that Calanus spp. and Acartia
tonsa fecal pellets, respectively, can leach between 34 and 50% of the total C content of
the fecal pellet as DOC within the first 48 hours of egestion. Similarly, Roy & Poulet

(1990) found a rapid decrease in copepod fecal pellet total dissolved free amino acid
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(DFAA) concentration within the first 3 to 5 days. The amount of DOC leaching from
| fecal pellets can be a funcﬁon of food concentration and type. Leaching of DOC from
fecal pellets is likely higher when copepods are fed high food concentrations (Jumars et
al. 1989, Moller et al. 2003) due to higher egestion rates and decreased assimilation
~ efficiencies (Landry et al. 1984; Besiktepe & Dam 2002), higher C:volume ratios of
pellets (Urban-Rich et al. 1998), and faéter gut-passage times, yielding more dissolved
solutes in pellets (Jumars et al. 1989). Additionally, copepod fecal pellets leached more
DOC when copepods fed upon dinoflagellates compared to diatoms (Thor et al. 2003),
and on heterotrophs compared to phytoplankton (Urban-Rich et al. 1998). Copepods may
also enhance DOC release from fecal pellets by ingesting the outer membrane of the fecal
pellets (coprophagy), fragmenting pellets via swimming activity (coprorhexy), and
morphologically loosening pellets (coprochaly), which leaves the pellet vulnerable to
physical and microbial degradation (Lampitt et al. 1990; Noji et al. 1991, Iversen &
Poulsen 2007). In addition to passive leaching, DOC and DFAA can be rapidly released
from fecal pellets due to bacterial degradation processes and hydrolysis of proteins (Roy
& Poulet 1990; Urban-Rich 1999). |

The amouht of C and N transported from the surface to deep waters is dependent
upon the mechanism of release. Products of sloppy feeding and excretion will likely be
recycled quickly in the euphotic zone, with the exception of diel vertically migrating
zooplankton, which also actively transport dissolved inorganic and organic C and N
below the euphotic zone (Steinberg et al. 2000, 2002). Sinking fecal pellets will not only
export POC and PON, but also will leach interstitial DOC and DON below the euphotici

zone. Separating DOM and inorganic nutrient production by different zooplankton-
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mediated release mechanisms is thus important in accurately determining ingestion and
assimilation, DOM supply to bacteria in surface and deep waters, stoichiometry of
recycled DOM, and will ultimately help us to understand the dynamics of DOM fluxes

and standing stocks.
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Methods

In order to isolate the threé different zooplankton-mediated mechanisms of
dissolved C and nutrient rélease, we conducted this study in two parts. The first
experiment was designed to measure sloppy feeding (SF) and total release (TR). Sloppy
feeding was assumed to be the only form of nutrient release during a 20 minute
incubation with previously starved Acartia tonsa copepods feeding on Thalassiosira
weissflogii diatoms, as 20 minutes is short enough to avoid release via defecation or
excretion (Maar et al. 2002, Mgller et al. 2003). Total release in this experiment induded
nutrient release from sloppy feeding, excretion, and fecal pellet leaching after a 3-hour
incubation with 4. fonsa feeding on 7. weissflogii. In the second experiment, we
measured nutrient release directly from fecal pellets (FP) produced by A. tonsa copepods,
fed T. weissflogii, in short (20-minute) and longer (3-hour) incubations. Excretion was
then calculated as the difference between total release and th‘é combined sum of sloppy
feeding and fecal pellet release, normalized to the 3-hour inéubation.

Collection and culture of organisms — Acartia tonsa, a common, coastal,
omnivorous calanoid copepod, was collected from the York River estuary, U.S.A., a
tributary of Chesapeake Bay, via near-surface net tows using a 0.5 m-diameter net with
500 pm mesh and a non-filtering cod end. Healthy, active A. fonsa were placed in acid-
cleaned buckets with gently aerated 0.2 um filtered seawater (FSW). Copepods were
then fed a diet of Thalassiosira weissfloggii diatoms for 2-3 days before the start of the |
experiments.

Thalassiosira weissflogii (CCMP 1336) was cultured u‘singr /2 + Si medium

made with the same FSW used in the experiments (salinity = 20 psu). The cultures were
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incubated at 20°C on a 12:12 h light:dark regime and maintained in exponential phase by
transfers every 3-4 days into fresh media. The FSW used in experiments and nutrient
media had a low background of DOM, consisting of a 1:1 ratio of deep Santa Barbara
Channel seawater (SBSW) to artificial seawater (ASW) made with sodium chloride
combusted at 500°C for 2 hours (Saba et al. 2009).

Experimental Procedure: Sloppy Feeding and Total Release (SF/TR) — The
experiment conducted to measure SF and TR contained controls with 450 ml of
Thalassiosira weissflogii diatoms standardized to 300 pg C 17, and treatments with 36
adult Acartia tonsa copepods added to 450 ml of the food described in the control (final
concentration of 60 copepods 1''). The polycarbonate incubation bottles were each fitted
with a 100 pm mesh screen insert near the bottom to keep copepods separated from their
fecal pellets and prevent coprophagy. Copepods were individually placed into FSW and
allowed to empty their gufs for 3-4 hours prior to being placed into the incubation bottles.
Bottles were incubated in the dark at 20°C, and three control and three treatment bottles
were sacrificed at each time point [initiél (Ty), 20 minutes (T2gmin; only sloppy feeding
release), and 3 hours (T34; total release)] for analyses. To measure excretién/fecal pellet
leaching from non-feeding copepods, an additional triplicate set of treatment bottles with
copepods was incubated for 3 hours with 7. weissflogii, after which the copepods were
gently transferred to FSW for another 3-hour incubation. Triplicate bottles filled with
FSW served as the controls. All these ‘post-incubation bottles’ were treated the same as
those in the feeding experiment.

Fecal pellet production — Fecal pellets became stuck underneath the mesh insérts

inside the incubation bottles during the SF/TR experiment; thus we were unable to
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accurately enumerate fecal pellets produced during the incubations. Thus, we conducted
a separate fecal pellet production experiment immediately following the SF/TR

| experiment, with feeding bottles (n=6) set up as in the SF/TR experiment. The only
difference was instead of the 100 pm mesh disc inserts placed near the bottom, the bottles
contained removable 500 pm mesh sieves to retain the copepods and allow fecal pellefs
to fall through. After the 3-hour incubation, the sieves with copepods were removed, and
fecal pellets in each bottle were counted under a dissecting scope. Fecal pellet
production was calculated (mean = 2.8 pellets copepod'1 hour™), and this value was
applied to fecal pellet nutrient release rates (below) to estimate the nutrient leaching from
fecal pellets in the total release component (Tsy) of the SF/TR experiment. |

Experimental Procedure: Fecal Pellet Leaching — The experiment conducted to

determine nutrient release from fecal pellets (FP) contained controls (190 ml FSW), a
‘biotic’ treatment with 38 A. tonsa fecal pellets added to 190 ml FSW, and an ‘abiotic’
treatment of 38 fecal pellets, which were pre-soaked in mercuric chloride (HgCl,) to kill
associated bacteria, ‘added to 190 ml FSW. A suite of samples were taken initially (T),
after incubating for 20 minutes (T2omin), and 3 hours (Tsy); three replicate bottles were
sacrificed at each time point for controls and treatments. Before the start of the
experiment, copepods were fed Thalassiosira weissflogii for 12 hours. Then, in small
batches, copepods were gently concentrated using 500 pm sieves placed in shallow
dishes to retain a small volume of water above the mesh, and individually placed into 20-
ml well plates. Using a dissecting scope and an acid-clean, combusted Pasteur pipette,
fecal pellets were collected immediately (within 1-2 minutes from evacuation from the

copepod) and, for the biotic treatment, placed into appropriate incubation bottles with
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FSW. For the abiotic treatment, fecal pellets Were gently placed in a concentrated HgCl,
solution (20 g HgCl, I'; Urban-Rich, pers. comm.) and allowed to soak for 10 minutes
before being placed into the incubatior; bottles containing FSW. Samples for To were
taken immediately after each bottle was set up. The Taomin and T3y bottles were incubated
at 20°C in the dark.
' Sample a('zalyses

Bacterial nutrient uptake — Because bacteria can utilize both DOM and inorganic
nutrients, we accounted for potential nutfient uptake during experimental incubations in
our release rate calculations. Samples for bacterial abundance were fixed with
formaldehyde (final concentration 2%) and frozen (-80°C) until analysis. Fixed cells |
were stained With SYTO-13 (Invitron Molecular Probes, $7575), and abundance was
enumerated on a Coulter Epics Altra flow cytometer (488 nm argon laser) calibrated with
1.1 pm microsphere bead stock using the protocol described by Bouvier et al. (2007).

We calculated bacterial specific growth rate, p (h™), for each incubation bottle

using the following equation (1):

u =  In(By/By) | (1)

where T is the incubation time (h), .and By and By are the initial and final estimates of
bacterial biomass in nmol C L. Bacterial biomass was calculated by converting bacteria
cell concentration to C biomass by assuming a bacterial cellular C content of 20 fg C cell’
" (Lee & Fuhrman 1987), dividing by 10° to convert biomass from ng Ctong C, and |

dividing by 14.01 to convert ng C to nmol C.
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The potential hourly bacterial uptake of DOC during the experiments, (U, nmol C
L") was estimated for each incubation bottle assuming a bacterial growth efficiency

(BGE) of 50% (Azam et al. 1983) using the following equation (2):

U = p* Be* T Q)
BGE |

Additionally, using conservative estimates of bacterial molar C:N (4.5; Goldman
& Dennett 1991), and assuming 16% of the N uptake source was organic urea (calculated
from Table 1 in Andersson et al. 2006) and 84% was inorganic NH,', we estimated
maximum potential N uptake (Saba etal. 2009).

Feeding rates — Whole water samples for Thalassiosira weissflogii diatom cell
counts were preserved with acid Lugol’s solution (final concentration 2%). Subsamples
for algal cell counts were settled in 1 mrl Sedgewick rafters, and five reﬁlicate frames each
of at least 100 cells were counted with a Nikon DIAPHOT-TMD inverted microscope at
600X magnification. Clearance and ingestion rates of Acartia rtonsa on diatoms were
calculated according to the equations of Frost (1972).

Nutrient analyses — Prior to filtering for nutrient analysis, bacteria (FP, SF/TR
experiments) and diatom abundance (SF/TR experiment) samples were collected directly
from each incubation bottle. In the SF/TR experiment, the remaining volume from each
bottle was prescreened through a 200 pm sieve (to retéin copepods; controls were treated
the same) directly into two filter towers (90 ml each) and filtered through combusted GFF
filters into acid cleaned, combusted flasks. One GF/F filter was collected for

fluorometric chlorophyll analysis (Parsons et al. 1984), and the second filter was
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collected for particulate organic carbon (POC) and particulate organic nitrogen (PON)
analysis (CHN elemental analyzer, EA1108). The collected copepods were filtered onto
a combusted GF/F, counted under a dissecting microscope (Olympus SZX12), and
analyzed for POC and PON content. For each incubation bottle in the FP experiment, the
entire content (190 ml) was filtered onto a combusted GF/F filter, and pellets were
counted under a dissecting scope and aﬁalyzed for PC and PN content. Replicate blanks
(n=3) for PC/PN analysis were prepared by filtering 90 ml (SF‘/TR) or 190 ml (FP) of 0.2
urﬁ FSW through combusted GF/F filters. All POC/PON samples were dried at 55°C and
desiccated with 6 N HCI to remove inorganic C prior to measurement (Condon &
Steinberg 2008). The remaining filtrate for each replicate was analyzed for organic and
inorganic nutrient concentrations. Concentration of DOC was measured with a Shimadzu
TOC analyzer 5000A (minimum detection limit, MDL = 0.5-1.0 umol 1'; coefficient of
variance, CV = 2-6%) after acidification and purging of dissolved inorganic carbon
(Peltzer et al. 1996; Sharp et al. 2002). Ammonium (NH,") was measured with the
phenol/hypochlorite method with MDL = 0.05 pmol 1" and CV = 2.5% (Grasshoff et al.
1983; Pérsons et al. 1984) and urea was measured with the diacetyl monoxime procedure
with MDL = 0.05 pmol I and CV = 2% (adapted from Price and Harrison 1987). The
sum of NH," and urea was defined as total measured nitrogen (TMN).

All release rates (sloppy feeding, total release, and fecal pellet leaching; in nmol

ind” or pellet” h') were calculated according to Saba et al. (2009):

[(ACAH+UY) — (AC+U)] x V

3
(NxT)
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where AC, and AC, are changes in nutrient concentrations (nmol L") in the treatment
(food + copepods or FSW + fecal pellets) and control (food or FSW only) bottles,
respectively; U, and U, are estimated values of bacterial uptake (nmol L") in the ’
treatment and control bottles (see equation 2); V is the incubation volume (L), N is the
number of copepods or fecal pellets in the treatment bottles, and T is incubation timé
(hours). Release rates in the post-incubation bottles were also calculated using this
equation, but the controls were bottles with FSW and ‘the treatments were boﬁleé with
FSW + copepods. Because these copepods were not feeding, post-incubation release
rates incorporate only that from excretion and fecal pellet leaching. In order to compare
relative amounts of each mode of release, all rates were converted from nmol ind”! or
pellet™ h” to nmol h”! by multiplying by the number of copepods in the SF/TR Or post-
incubation experiment bottles (36) or number of fecal pellets in the FP experiment
bottles, respectively.

Release due to fecal pellet leaching in the SF/TR experiment, FPy.3,, was
estimated using release rates calculated from the FP experiment according to equation 3,
and converted from nmol pellet”’ h! to nmol h™! by multiplying by 101, the mean number
of pellets 36 copepods produced in 1 hour at our measured fecal pellet production rate of
2.8 pellets copepod™ h™’.

In the SF/TR experiment, we made two key assumptions. First, sloppy feeding
was the only form of release by copepods between the T and Togmin time points. This
incubation time was short enough to avoid production of fecal pellets and excretion of
nutrients from previously starved copepods that had just begun feeding. Secondly, based

on the linear relationship of sloppy feedirig DOC release and C ingestion of Calanus spp.
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»(Mﬁller et al. 2603), we assumed the release of DOC, or of NH4" and urea, from sloppy
feeding is proportional to Acartia‘tonsa copepod ingestion rate of C or N, respectively.
Thus, reduced feeding rates will yield proportionally lower sloppy feeding release rates.
We then estimated sloppy feeding release rates between Tagmin and Tsp (SF20min-3h,

nmol h™') using the following equation:

SF20min-3h = (SF0-20min X Io0min-3n) 4)

To-20min

where SFq 20min is the sloppy feeding release rate (nmol h™') between T and Tzomix;, and 1o
20min and Ipomin-3n are copebod ingestion rates (ug ind” h') between T, and Taomi, and
between Taomin and Tsn , respectively. Finally, we calculated ’the overall sloppy feeding
release rate that occurréd in the total 3-hour incubation (SF¢_sr, nmol h'l) using the

following equation:

SFo.sp = (SFg.20min X 0.333 ) + (SFaomin-3n X 2.67 h) | )

3h

where 0.333 and 2.67 h are the amounts of time copepods spend sloppy feeding at release
rates of SFo.20min and SFagmin-3n, respectively. The term SFy.3, was used to calculate

excretion rates (nmol h™) in the SF/T experiment: -

Excretion rate = Total Releaseq.a, - SFo.3n - FPg.an - (6)
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Statistical analysis — Statistical comparisons of the effects of diet on ingestion
and release rates, were made by one-way ANOVA, employing the p = 0.05 level of

significance, using Minitab 15,
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Results

C and N content of prey, predators, and fecal pellets — The average C and N
content of the prey diatom species Thalassiosira weissflogii was 68.6 pg C and 11.2 pg N
cell, with an average molar C:N of 7.1 (Table 1). The initial concentration of 7.
weissflogii in the incubation bottles for the sloppy feeding/total release experiment was
249 +41 pg C L. Acartia tonsa copepods averaged 5.9 ng C and 1.2 pg N copepod ™,
yielding a molar C:N ratio of 5.7. Fecal pellets produced by A. fonsa contained an
average of 17.7 ng C; PON content was below detection level for the number of pqllets
analyzed.

Feeding rates — Carbon ingestion rates of copepods feeding on T. weissflogii in
the SF/TR experiment were significantly higher for the first 20 minutes of the incubation
(To-20min) compared tq rates from 20 minutes to 3 hours (T2omin-3n) and those calculated
over the entire 3-hour incubation (Tq.3,; p < 0.05; Fig. 1), averaging 24.6, 5.2, and 6.6 pg
Cind™ d”, respectively. Nitrogen (N) ingestion rates, which were calculated using the
average molar C:N ratio of 7. weissflogii (7.1), followed a similar pattern, and averaged
4.0,0.8,and 1.1 pg N ind" d”', respectively (Fig. 1). Average ingestion rates for C and
N, calculated over any time period, were all > 100% copepod body C or N d'.

Release rates — Copepod release rates of DOC and NH," in the SF/TR
experiment were highest between the 20 minute and 3 hour time points, reaching
averages of 71 ng C and 30 ng N ind™ h’, respectively, lowef in the first 20 minutes
when sloppy feed_ing was assumed to be the only form of release, and lowest in the post-
incubation during which copepods were not feeding (Fig. 2). However, felease rates of

urea by Acartia tonsa were highest in the first 20 minutes (mean = 20 ng N ind™ h™)
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compared to all other time periods, but were only significantly higher than the post-
incubations (Fig. 2¢). Urea accounted for 22% of TMN (NH," + urea) released from 0-3
hr. and 23% of TMN ip the post-incubations. Molar C:N ratios of DOC:urea-N released
from 0-3h. were above the Redfield ratio of 6.6 (10.8 = 5.1), while DOC:TMN ratios
were below the Redfield ratio of 6.6 (2.1 £0.5).

Copepod sloppy feeding —DOC, NH,", and urea sloppy feeding release rates
were highest in the first 20-minutes, compared to the normalized sloppy feéding release
‘rates (see methods) calculated over other time periods (Fig. 3). Cumulative sloppy
feeding release (SFo.3,) of DOC averaged 13.8 ng C ind™! h', or 5.0% of C ingested (Fig.
3, Table 2; Fig. 4). Rates of urea release via sloppy feeding were higher than those for
NH4f; however, these differences were not significant (Table 2). Urea averaged 54% of
TMN released fromlslloppy feeding. The molar ratio of released DOC:urea-N and
DOC:TMN averaged 5.4 (£ 3.3) and 2.2 (i‘ 0.1), respectively.

Copepod excretion — Excretion rates of DOC and NH," wére a higher portion of
C and N ingested, respectively, ;:oﬁlpared to release rates éf sloppy feeding and fecal
pellet leaching (Table 2) but was only significantly higher for NH," (p < 0.05, one-way
ANOVA). However, the sum of urea release from sloppy feeding and fecal pellet
leaching exceeded total (0-3h) urea release, yielding a slightly negative excretion rate
(Eq. 6). Theoretically, excretion rates cannot be negative; thus, we assumed the negative
urea excretion rates were 0 (Table 2; Fig. 3).

Fecal pellet release — DOC and NH," release from fecal pellet léaching in the FP
experimént were below detection at all time points (minimum detection limit, MDL = 0.5

to 1 uM DOC, 0.05 uM NHy"). Urea release was below detection in the first 20 minutes
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(MDL = 0.05 pM), but averaged 1 ng N pellet’ h™', or 6% of N ingested, over the 3-hour
incubation in both the biotic and abiotic (HgCl,-soaked) pellet treatments (Table 2).

Relative importance of various modes of release — Excretion was the greatest
proportion of total DOC and NH," released (EXCy.3p) in the SF/TR experiment,
averaging 68% and 81% of the total, respectively (Fig. 3); this was followed by sloppy
feeding (SFy.an) averaging 32% and 18% of the total, respectively. However, sloppy ,
feeding and fecal pellet leaching were the dominant modes of urea release. Release of
DOC, NHy4', and urea during the post-incubation are likely derived mostly from
excretion, as fecal pellet production and subsequent leaching will be minimal, and sloppy
feeding absent, for non-feeding copepods.

Copepod C and N budgets — Thé average estimates of ingestion, sloppy feeding,
excretion, and fecal pellet egestion and subsequent leaching were used to model C and' N
budgets of Acartia tonsa copepods (Figs. 4 and 5). The relative amount of C allotted to

| respiration and growth/egg production, and N allotted to growth/egg production, were
calculated by subtracting the sum of estimated excretion and egestion from C or N
ingestién, respectively. Fecal pellets produced by A. fonsa contained an average of 17.7
ng C, which was used to estimate C egestion (Fig. 4). Fecal pellet N content was below
detection in this study due to sample size; thus, we assumed a pellet mass C:N ratio of 4.3
determined by Butler & Dam (1994) for 4. tonsa bfeeding on exponential phase
Thalassiosira weissflogii at 2405 cells ml™ in order to estimate N egestion (Fig. 5). The
C budget illustrates that 5% of C removed from suspension was released as DOC vvia
sloppy feeding, 18% POC was egested, and 77% was assimilated (Fig. 4). From the

assimilated C, 13% was released via DOC excretion and 87% was allotted to respiration
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and growth/egg production. In the N budget, 15% of N removed from suspension was
lost as NH," and urea by sloppy feeding, 23% PON was egested, and 62% was
assimilated (28% excreted, 34% allotted to growth/eggs). The assimilation efficiency for
C and N, calculated as (I-E)/I, where I = ingestion and E = egestion, 82% and 74%,
respectively. When we included sloppy feeding, assimilation efficiencies decreased to

81% and 69%, respectively.
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Discussion

The present study is the first to tease apart all mechanisms of zooplankion grazer-
mediated release (sloppy feeding, excretion, and fecal pellet leaching) simultaneously.
Additiénally, we compare simultaneous release of DOC, NH4', and urea. ’Until now,
.previous studies have been limited to measuring only one or two release mechanisms at a
time or measuring only DOC or DON, and most studies measuring DOM and inorganic
nutrient release from zooplankton typically report total release or assume excretion is the
main mode of release. We demonstrate that the relative importance of the mechanism of
release is different for DOC, NH,', and urea. Additionally, our study is the first to report
urea release via sloppy feeding and fecal pellet leaching.

C and N contents of copepods and diatoms — Acartia tonsa copepod C and N
contents and C:N molar ratios are within the range éf those found for 4. tonsa copepods
in Miller & Roman (2008; 2.5-5.5 ug C, 0.50-1.5 ug N, and 4.1-5.8 mol:mol,
respectively). The average C and N content of the food item, diatom 7 halassi/osira
weissflogii, were also within range of those measured by Saba et al. ’(2009; 46-83 pg C
and 8-15 pg N, respectively). The initial concentration of T. weissflogii in the incubation
bottles for the sloppy feeding/total release experiment, 249 +41pgC L/_", was near the
prey concentratior; for which maximum ingestion rates of A; tonsa feeding on 7.
weissflogii were found by Besiktepe & Dam (2002).

Fecal pellet production rates and C and N content — The fecal pellet production
rate of 4. tonsa feeding on diatom 7. weissflogii in the present study, 2.8 pellets‘ind'1 h',
‘is witﬁin range of A. clausi (syn. A. hudsonica) feeding on a Vafiety of prey items (1.0-4.1

pellets ind™ h''; Honjo & Roman 1978) and slightly lower than A. fonsa feeding on
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exponential-phase 7. weissflogii at 2405 cells ml” (3.5 pellets ind' h”'; Butler & Dam
1994). POC content of fecal pellets produced by 4. fonsa in our study (18 ng C pellet™)
were near the minimum of the range of C contents of pellets produced by larger copepods
Calanus hyperboreus and C. finmarchicus (20 to 80 ng C pellet”) reported in Urbaﬁ—Rich
(1999) but were lower than those measured by Honjo & Roman (1978) for/A. clausi (syn.
A. hudsonica) feeding on coccolithophores (133-276 ng C pellet’) or natural seawater
(96-187 ng C péllet‘l) and also for 4. ‘tonsa feeding on T.weissflogii (ca. 30-375 ng C
pellet’, Butler & Dam 1994; 121 ng C pellet”, Hansen et al. 1996). The inclusion of
inorganic C iﬁ fecal pellet total C estimates by Honjo & Roman (1978) and Butler &
Dam (1994) may partially account for the comparatively lower pellet C content in the
present study (POC only). Additionally, fecal pellet C estimates by Butler & Dam (1994)
‘and Hansen et al. (1996), which were converted frbm ng um™ to ng pellet!, may be
artificially high due to their determination of pellet volume using linear two-dimeﬁsional
measufements (Hansen et al. 1996).

Feeding rates — The average copépod C ingestion rate from 0-20 min (24.6 ug C
ind"! d') was higher than any previously reported ingestion rate for Acartia tonsa feeding
on Thalassiosira weissflogii or any food item at concentrations used in our study (25.0 pg
C L'l)r. This is likely because ingestion rates are typically measured frém longer
incubation times (hours to days). Copepods in our study were starved for 3 to 4 hours
prior to experimental incubations, which likely resulted in the large grazing and sloppy
feeding signal observed at the beginning of the incubation (Fig. 1, ‘Fig. 3). The ingestion
rate calculated for the re@ainder of the incubation (20 min— 3 hr) and the overall

ingestion rate during the entire incubation (0-3 hr) (3-7 ng C ind”" d') were similar to
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rates previously reported (ca. 6-9 pg C ind” d) for 4. fonsa copepods feeding onT.
weissflogii at food concentrations similar to those in our study (Besiktepe & Dam 2002).

Relative importance of various modes of DOC and NH,' release — In studies
conduc;[ed by Mgller et al. (2003) and Maller‘ (2007), sloppy feeding played a major role
in copepod DOC production. Although sloppy feeding by copepods resulted in release of
DOC and NH," in our study, excretion was the dominant mode of release during the 3—‘
hour incubation (11% C ingested; 10% C removed from suspension). Total DOC release
of Acartia tonsa feeding on Thalassiosira weissflogii in our study (15% of C ingested)
was within range of that previously reportéd (6 to 20% of C ingested) (Saba et al. 2009).
NH," excretion rates in our study (mean = 15.4 ng ind™ h'") are within range of those
previously reported for Acartia tonsa (1.4 to 17 ng N ind” h'l, Saba etal. 2009;
undetectable to 28 ng N ind™! h™', Miller & Glibert 1998).

Sloppy feeding release of DOM is dependent upon the size of the prey relative fo
the predafor (Lampert 1978, Mgller & Nielson 2001, Mgiler 2005, Mgller 2007). As
s;lch, the ratio of copepod-to-prey equivalent spherical diameter (ESD) has been used as a
predictor of release of DOM by sloppy feeding, with significant release occurring below
a certain threshold value (Maoller 2005, Meller 2007). By applying our calculated
copepod-to-prey ESD ratio of 31.8, we pfedicted the fraction of total C removed from
suspension lost as DOC via sloppy feeding by 4. tonsa feeding on T. weissflogii to be
30.1 and 8.2% using the predictive equation by Maller (2005) and Maoller (2007),
respectively. The actual DOC release by sloppy feeding (as the fraction of ’;otal C
removed from suspension) measured in our study for 4. tonsa feeding on T. weissflogii

was higher for the first 20 min (10%) compared to the entire 3 hr experiment (5%),
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resulting from the decline in ingestion rate after the first 20 min. Similarly, highb release
of DOC via sloppy feeding (as percentage of POC removed from suspeﬁsion) reported in
~ Moller et al. (2003; 49%) and Moller (2007; 7-36%) was likely due to starving their
copepods for 3-6 hours and running their experiments for only 20-30 min. Our
normalized rate of sloppy feeding release calculated over the entire 3 hr experiment (SF,.
3n), as opposed to the sloppy feeding release rate in the first 20 min of the incubation
(Sonmin.3h), is more likely to occur in situ where copepods that are exposed to a relatively
constant food supply and are feeding at lower, less variable constant rates. However,
rapid rates of sloppy feeding and subsequent nutrient release may occur in the surface
waters during nighttime feeding of diel migrating zooplankton after periods of reduced or
no feeding activity (and reduced release of metabolic byproducts) during the daytime.
Because we did not use a more sensitive method for detecting DOC release, such
as *C isotope tracer methods (Urban-Rich 1999; Meller et al. 2003; Thor et al. 2003), we
likely underestimated the significance of fecal pellet leaching to the total DOC pool.
Although DOC release rates from fecal pellets were below lower detection limits, '
leaching likely occurred. Fecal pellet leaching of urea, whiéh contains organic C and N,
was detectable in our study. If we assume 1 mole of DOC (urea-C) is released from fecal
pellets with every 2 moles of urea-N, DOC release is < 1% of total C ingested. Likewise,
if we apply a maximum pellet DOC release rate of 0.22 ng DOC pellet'l h' measured in
copei)ods by Urban-Rich (1999) to estimate DOC leached from pellets in our study, DOC
release would still be < 1% of total C ingested, a significantly low contribution to thé
total DOC pool compared to excretion and sloppy feeding (Fig. 4). These low rates of

DOC release from pellets may be due to the diatom prey used in this study. Previous
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studies have shown that pellets derived from diatoms have slower rates of DOC release
and decomposition compared to pellets derived from cryptophytes, nanoflagellates, or
dinoflagellates (Hansen et val. 1996; Thor et al. 2003).

Relative importancé of various modes of urea release — Urea release did not
follow the same patterns as DOC and NH;" release. Instead, sloppy feeding and fecal
pellet leaching were the dominant modes of urea release, and the contribution of
excretion to total urea release was negiigible. In contrast, sloppy feeding accounted for a
lower portion of total DON release (21%) compared to excretion (79%) in estimates by
Vincent et al. (2007) for Acartia discaudata feeding on the diatom Skeletonema costatum.
Howevér, their “excretion” term includes fecal pellet leaching, as the two were not
experimentally separated. We further discuss sloppy feeding felease of urea below.

Previous studies have measured significant DFAA content in copepod fecal
pellets (Ppulet et al. 1986) as well as release of DFAA from leaching of fecal pellets
within 3 to 5 days of production (Roy and Poulet 1990). Our study is the first to report
urea release from fecal pellets, which was an estimated 60% of the total urea released in
the 3-hour incubation. Furthermore, urea release rates from fecal pellets were similar in
the biotic and abiotic treatments, suggesting that direct leaching, and not active bacterial
degradation, was the mechanism of urea release frorﬁ fecal pellets in our study. This is
likely due to pellet type, as diatom-based pellets are poor substrates for pellet-associated
bacteria (Hansen et al. 1996). These résults suggest that fecal pellets can be a significant
source of urea, and thus sinking pellets may be important in exporting urea below the ‘

euphotic zone.
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The rate of total urea release (0-3 hr; Fig. 3¢) should equal the sum of the release
from sloppy feeding, excretion, and fecal pellet leaching in the same time frame.
However, the sum of urea release in the latter three terms exceeds the total, suggesting
uptake of urea by bacteria during the 3-hour incubation that was unaccounted for.
Lampert (1978) also found lower cumulative DOC release in a 3-hour incubation
corripared to a shorter 15-minute incubation, and also argued that this was due to bacterial
uptake as well as reingestion of previously broken cells (causing decreased release via
sloppy feeding) in the longer incubation. The estimate we used for bacterial uptake of -
urea was 16% of total N uptake; however, bacteria could have utilized more urea relative
to NH," in this study. For example, bacterial urea uptake of > 50% total N, or a lower
BGE (< 40%, compared to the 50% used in uptake calculations), would have accounted
for the discrepancy betweenrtotal urea release and the sum of sloppy feeding, excretion,
and fecal pellet leaching. » |

Sloppy feeding release of NH," and urea — Slopby feeding by copepods also -
resulted in the release of NH," and urea at surprisingly high proportions of particulate N
ingested, 8 and 10%, respectively. This suggests that diatoms contained intracéllular
pools of NH;" and urea that comprised 8 and 10% of their cellular N. Diatoms contain
storage vacuoles (Lomas & Glibert 2000) and possess a complete urea cycle which may
cause accumulation of urea in the cytosol (Armbrust et al. 2004), howevér, T halas&iosira
spp. accumulate low t\o undetectable internal pools of NH,' (Conover 1975; Lomas &
Glibert 2000) and urea (Conover 1975; Priée & Harrison 1988). Thus, there were likely
other causes of high release of NH," and urea during the first 20 minutes of the

incubation. Bacterial activity, upon breakage of the algal cells, could have caused rapid
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transformation of N, yielding NH," and urea as byproducts. Bacteria have a strong
growth response in the presence of Acartia tonsa copepod feeding byproducts (Vargas et
al. 2007), and exhibit increases in enzymatic hydrolysis in the presence of feeding
zooplankton (Wambeke 1994; Richardot et al. 2001). In addition, although we assumed
that sloppy feeding was the only mechanism of release in the first 20 minutes of the
incubation, basal excretion of NH," and urea could have occurred and accounted for a

- portion of the released N.

Nutrient release by feeding and non-feeding copepods — Release via excretion
and fecal pellet leaching was consistently lower in non-feeding copepods compared to
feeding copepods. This was also demonstrated by significantly higher NH," excretion in
feeding Antarctic krill compared to thpse in FSW (Ikeda and Dian 1984; Atkinson and
Whitehouse 2000). Thus, zooplankton excretion rates measured in the absence of food
will likely underestimate excretion.

Implications for copepod C and N budgets — While molar DOC:urea-N release
ratios were near or above Redfield C:N, DOC:TMN release ratios were below Redfield
C:N. This is because unlike N release, where we included organic and inorganic forms,
the C term only contains organic dissolved C released (DOC) and excludes inorganic C
respired (CO,). Nonetheless, more N was released as NH;" and urea (Vié sloppy feeding,
excretion, and fecal pellet Ieacﬁing) or egested as PON than accumulated into growth/egg
production (PON). Similarly more N was released than accumulated in a variety of
copepod species feeding mainly on diatoms, suggesting reduction in transfer of N to
higher trophic levels (Hasegawa et al. 2001). Consequently, the Vafiable partitioning of

C and N by copepods results in different fluxes of DOC, NH,', and urea, and increases
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the amount of dissolved forms of N in the water column, which may be readily available

to bacteria to fuel the microbial loop (Daly et al. 1999).
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Summary and Conclusion

The relative importance of different mechanisms of zooplankton-mediated release
(sloppy feeding, excretion, fecal pellet leaching) varied for DOC, NH;', and urea.
Excretion and sloppy feeding were the dominant modes of DOC and NH,4" release, while
sloppy feeding and fecal pellet leaching were dominant modes of urea release. Urea
release via sloppy feeding and fecal pellet leaching has not been reported previously in
the literature. The transformation of high proportions of ingested PON to dissolved NH,
and urea, may shunt more of the available N to the microbial food web and less to higher
trophic levels. Products of sloppy feeding and excretion (DOC, NH,', urea) will be
rapidly released during feeding activity in the euphotic zone or actively transported via
diél vertically migrating zooplankton, and sinking fecal pellets can potentially transfer
POC, PON, and urea below the euphotic zone. Releésed products will support bacterial
growth and fuel the microbial loop. Additional studies of the relative magnitude and
timing of the various release mechanisms, including how these are affected by diet and
how C, N, and P are coupled within the individual mechanisms of release, will be key to

our understanding of nutrient dynamics throughout the water column.
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Table 1. Individual carbon (C) and nitrogeri (N) content and molar C:N of
iy halassiosifa weissflogii diatoms, Acartia tonsa copepods, and A. fonsa fecal pellets in
this study. C:N ratios converted from weight (g: g™') to atomic molar (mol: mol ™)
according to formulas: C:N (mol: mol™") = (C:N in g: g’y x (14/12). bd = below

detection. All values are averages (n=2), standard deviation in parentheses.

C:N
Species C N Unit (molar)
T weissflogii (diatom) 68.6 (7.0) 11.2 (1.0) pg - 7.1(0.2)
A. tonsa (copepod) 5.9(0.2) 1.2(0.1) ug 5.7(0.1)

A. tonsa (fecal pellet) 17.7 (8.2) bd ng -
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Table 2. Acartia tonsa release rates of aissolved organic carbon (DOC),
ammonium (NHy"), and urea from sloppy feeding (SF.31), excretion (EXCo.3,), and fecal
pellet leaching (FPg.3p) during the 3-hour sloppy feeding/total release experiment
(SF/TR). Release rates are averages (n=3) & 1 SD. (%) = release rate as the proportion of

C or N ingestion rate. bd = below detection.

DOC NH,” Urea
Source of release (ng C ind" h") (ng Nind' h") (ng N ind' h")
Sloppy feeding 13.8 + 13.3 34 £ 25 45 = 48

(5%) (8%) (10%)
Excretion 292 + 152 154 + 7.3 0

(11%) (34%) (0%)

(ng C pellet” h") (ng N pellet” h™") (ng N pellet” h)

Fecal pellet leaching bd bd 1.0 £ 0.1

(0%) (0%) (6%)

164



Figure 1. Ingestion rates (I) of Acartia tonsa copepods fed Thalassiosira weissflogii
diatoms in the sloppy feeding/total release experiment (SF/TR) between time points 0 and
20 1I;inutes (To.20min), 20 minutes and 3 houirs (T20min-3n), and 0 and 3 hours (To.3p).
Ingestion rates were converted from cells individual’ day™ (cells ind™! d™') using average
C and N contents of T. weissflogii shown in Table 1. X, y, and z denote significant
differences between rates (x>y>z; one-way ANOVA, p < 0.05). Mean of n=3, error bars

= ] standard deviation.
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F‘igure 2. Release rates of a) dissolved organic carbon (DOC), b) ammonium (NH4"), and
c¢) urea by the copepod Acartia tonsa between time points 0 and 20 minutes (To-20min), 20
minutes and 3 hours (T2omin-31), 0 and 3 hours (To.3p) while feeding on Thalassiosira
weissflogii in the sloppy feeding/total release experiment (SF/TR), and by non-feeding 4.
tonsa during the post-incubation in filtered seawater (FSW) (Post—Inc). x and y denote
significant differences between rates (x>y; one-way ANOVA, p <0.05). Mean of n=3,

error bars = 1 standard deviation.
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Figure 3. Rates of various modes of a) dissolved organic carbon (DOC), b) ammonium
(NH,"), and c) urea release by the copepod Acartia tonsa, inclﬁding sloppy feeding
between time points 0 and 20 minutes (SFo.20min), 20 minutes and 3 hours (SF20min-3n), and
0 and 3 hours (SFy.3); fecal pellet leaching (FPg.3p); excretion (EXCo.an); total ’reléase in
the sloppy feeding/total release experiment (SF/TR) (Totalo.3n), and during the post-
incubation in FSW (Post-Inc). SFZOmm_% rates were normalized according to ingestion
rates (Eq. 4), and sloppy feeding rates over the 3 hour SF/TR experiment, SFg._3h, were
calculated according to Eq. 5. FPg.3, was estimated using release rates calculated from
the FP experiment according to equation 3, and converted from nmol pellet’ h™' to nmol
h' by multiplying by 101, the number of pellets 36 copepods will produce in 1 hour at
our measured fecal pellet production rate of 2.8 pellets copepod™ h™'. EXCop is '
calculated by subtracting the sum of SFy.3, and FPq.3, from Totalg.3p. Values in
parentheses are molar ratios of DOC:total measured nitrogen (TMN; NH," + urea). bd =

below detection.
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Figure 4. Acartia tonsa carbon (C) flow during feeding on Thalassiosira weissflogii in
the sloppy feeding/total release experiment (SF/TR). The sloppy feeding (SF) and
excretion (EXC) estimates were based on normalized release rates during the 3-hour
incubation, or SFy 3 and EXCy.3h, respectively. Egestion estimates were calculated from
measured fecal pellet carbon content and production rates. Respiration and growth/egg
production was calculated by subtracting excretion and egestion from particulate organic
C (POC) ingested. The first value shown is the calculated average rate of release or
assimilation (ng C individual ' ) from which the percentage of C removed from
suspension was calculated (second value). Modified from Maller et al. (2003) and ’

. Steinberg & Saba (2008).
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Figure 5. Acartia tonsa nitrogen (N) flow during feeding on Thalassiosira weissflogii in
the sloppy feeding/total release experiment (SF/TR). The sloppy feeding (SF), excretion
(EXC), and fecal pellet leaching (FP) estimates were based on normalized release rates
during the 3-hour incubation, or SFq3,, EXCo.3n, and FPg3y, resbectively. Egestion of
particulate organic N (PON) was calculated using carbon (C) egegtion rates and applying
a fecal pellet C:N ratio of 4.3 (g g”') measured by Butler & Dam (1994) for 4. tonsa
feeding on exponential phase T. weissflogii at 2405 cells ml"'. Growth/egg production
was calculated by subtracting excretion and egestion from PON ingested. The first value
shown is the calculated average rate of release or assimilation (ng N individual' h™) from
which the percentage of N removed from suspension was calculated (second vaiue).

Modified from Mgller et al. (2003) and Steinberg and Saba (2008).
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CHAPTER 5§

Summary and Future Direction
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Zooplankton play a central role in marine food webs as grazers of primary
production, as prey for higher trophic levels, and in the cycling of organic and inorganic
material (Miller & Landry 1984, Steinberg et al. 2000, 2002, Carlson 2002, Schnetzer &
Steinberg 2002, Steinberg & Saba 2008). Via feeding on phytoplankton and other
zooplankton, zooplankton recycle DOM énd inorganic nutrients that become available for
uptake by bacteria and phytoplankton. The effects of different food sources on copepod
feeding rate and reproduction has been the focus of a number of studies (Stoecker &
Egloff 1987, Stoecker & Capuzzo 1990, Kleppel & Burkart 1995, Bonnet & Carlotti
2001, Broglio et al. 2003). My research demonstrated that copepod nutrient release rates,
composition, and stoichiometry are significantly affected by diet (Ch. 2, Ch. 3). Despite
| similar ingestion rates while feeding on an exclusively carnivorous diet, an exclusively
herbivorous diet; and an omnivorous mixed diet, all with similar C:N ratios, DOC, urea,
DOP, NH,4*, and PO4” release rates of Acartia tonsa éopepods were vextremely Variableb
(Ch. 2). The highest DOC, NH,", and TDN release rates occurred while copepods were
feeding carnivorously, while the lowest release rates occurred while feeding on a mixed
omnivorous diet, likely due to higher copepod C and N gross growth efﬁciéncies (GGE)
in the more ‘well-balanced’ diet (Ch. 2). Additionally, dissolved organic phosphorus
(DOP) releas‘e was only detectable when copepods were feeding carnivorously on
heterotrophic dinoflagellates. Because microzooplankton are an important component of
the diet of many mesozooplankton, future studies examining copepod metabolism,
growth efficiency, and inorganic and organic nutrient release should include mixed diets
consisting of phytoplankton and microzooplankton in order to better model the role of | _

zooplankton in nutrient and C budgets.
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Zooplankton also have complex interactions with HABs, which can affect
grazing, reproduction, and ultimately, nutrient regeneration (Sundg et al. 2006). Contrary
to the previous hypothesis that grazer deterrence caused by HABs will subsequenﬂy
decrease grazer-mediated nutrient recycling (Sunda et al. 2006), my study showed that - -
grazer deterrence of all cultures of HAB species Prorocentrum minimum and
Karlodinium veneficum by the copepod Acartia tonsa and the heterotrophic dinoﬂagellate
Oxyrrhis marina led to starvation, which subsequéntly caused higher DOM and inorganic
nutrient release rates via catabolism of body tissues (Ch. 3). Additionally, I suggest the
enhanced nutrient release of A. tonsa feeding on karlotoxin-producing K. veneficum was
due to direct disruption of copepod membranes from the toxin. Low ingestion rates
coupled with high nutrient release rates by the grazers could intensify HAB bloom
proliferation, especially HAB species with high uptake affinities for organic forms of
nutrients, or alternatively lead to feedback mechanisms by which non-harmful algae are
able to outcompete HABs. These complex feedbacks have the potential to cause
substantial changes in nutrient cycling dynamics in estuarine and coastal systems, and
thus, warrant further investigation. Additionally, because certain zooplankton can
selectively feed on alternate food sources during harmful algal blooms, future studies
examining grazer-HAB nutrient dynamics should include mixed diets containing HAB
and non-HAB species.

Finally, previous studies have demonstrated that sloppy ‘feeding and fecal pellet
leaching are important mechanisms for the release of DOM (Jumars et al. 1989, Roy et al.
1989, Roy & Poulet 1990, Urban-Rich et al. 1998, Urban-Rich 1999, Meller & Nielson

2001, Maller et al. 2003, Thor et al. 2003, Magller 2007; Vincent et al. 2007), yet no
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previous studies have attempted to simultaneously isolate ali mechanisms of
zooplankton-mediated release (sloppy feeding, fecal pellet leaching, and excretion).
Thus, little is known of the relative importance of each process to carbon and nitrogen
~production. Through a series of experiments and calculations, I isolated the individual
release mechanisms and found that the relative importance of sloppy feeding, excretion,
and fecal pellet leéching varied for DOC, NH,", and ﬁrea (Ch. 4). Excretion and sloppy
feeding were the dominant modes of DOC and NH," release, while sloppy feeding and
fecal pellet leaching were dominant modes of urea release. These results have
implications for the rapidity and location at which the regenerated nutrients are recycled
in the water column. Additionally, copepods transformed a high proportion of PON to
dissolved NH;" and urea, yielding low molar ratios of released DOC:TDN, which may
ultimately provide more of the regenerated N to the microbial food web and less to higher
trophic levels. Additional studies of zooplankton-mediated nutrient release mechanisms,
including how these are affected by food quantity and quality and how C, N, and P are
coupled within the individual mechanisms, would be beneficial to our understanding of
nutrient dynamics throughout the water column.

The results of this dissertation emphasize the importance of diet and release
mechanism on the regeneration of nutrients, particularly DOM, by zooplankton. DOM
was a significant proportion of total dissolved nutrients released by zooplankton in‘
multiple experiments reported here. Future studies measuring organic release, as well as
what factors regulate the composition and bioavailability of the organic material released,
would provide valuable additional information on the role of zooplankton in ocean

carbon and nutrient budgets.
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