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Summary

A basic need in zooplankton research is accurate assessment of zooplankton population
abundance in nature. Traditionally researchers collect, preserve and enumerate zooplankton
disregarding the live/dead status of the zooplankton. However, recent studies have shown that
zooplankton can suffer significant level of non-consumptive (non-predatory) mortality and their
carcasses can be abundant at times in the marine environments. Without distinguishing
between live and dead zooplankton in natural samples scientists would misunderstand many
fundamental pelagic processes. Because zooplankton carcasses are also rich substrate
sources for bacteria and other microbes, their presence in the ocean also potentially affects
microbial processes and composition in the water column. A vital stain method recently refined
and tested by the PI allows scientists to easily separate live and dead zooplankton, especially
copepods, in natural samples. The method is simple, inexpensive, and compatible with common
routine sampling protocols. Field studies in the Chesapeake Bay found a substantial portion of
the copepod populations dead in the summers of 2005 and 2006. Laboratory experiments
further showed that copepod carcasses are “microbial hotspots” that favor the activity and
growth of specific bacterial phylotoypes, and contribute new bacteria to the surrounding water.
These observations point to the need for further study of the live/dead composition of natural
copepod populations, and their contribution to ambient microbial activities and compaosition. This
project will expand the application of the vital stain method to different copepod developmental
stages and different zooplankton groups. Year-long routine samplings will be conducted in
different parts of the Chesapeake Bay. Multivariate analysis will be used to explore predictive
relationships between live/dead copepod composition and various hydrographic parameters.
Laboratory experiments will quantify the loss rates of carcasses due to sinking and microbial
decomposition. Modern molecular techniques will be used to investigate the shift in bacterial
community composition during the decomposition process. Field and lab data will then be
combined in a modeling effort to estimate species- and stage-specific non-consumptive
mortality. The Pl will coordinate with researchers from around the world to study live/dead
zooplankton abundance and distribution in vastly different marine ecosystems, taking an
important step toward understanding non-consumptive zooplankton mortality on the global
scale.

Scientific merits: Results of this project will fundamentally change our understanding of
zooplankton ecology and secondary production in the marine environment, and help improve
marine monitoring programs and existing copepod population dynamic models. By investigating
microbial degradation of copepod carcasses, this project truly bridges two traditionally separate
disciplines: zooplankton ecology and microbial ecology, and helps lay a new common ground
where the two disciplines can cross-fertilize. The Pl will lead a global concerted effort with
several international research groups in the application of the staining method, and produce
unprecedented scientific information on the live/dead copepod composition in different parts of
the world.

Broader impacts: Student education is an integral part of the project. A Ph.D. student will work
closely with many international research groups in the project. Undergraduate interns will be
recruited through the existing DREAMS and REU programs at VIMS. This project will spear-
head a global effort to intensively study non-consumptive zooplankton mortality. Besides the
obvious scientific benefits, this international collaboration also allows researchers from very
different cultural backgrounds to interact and learn from each other, stimulate future
collaborations among them, and help advance oceanographic research in the participating
countries. The PI will actively engage faculty and students in the partner institutions through
seminars, workshops, special courses and conferences, aiming to broaden the educational
impacts of the project.
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Services, UK). This species shows strong seasonal 40
and ontogenetic migration up to over 1,000 m. (3) E.
Brazilian coast (U. Sao Paulo) is under the influence of
coastal upwelling that results in high biological
productivity. The zooplankton community is dominated
by small copepod species such as Paracalanus and
Temora spp., with occasional intrusion of cold water
species from upwelling waters (Lopes et al. 1999).
Because these sites are much deeper than
Chesapeake Bay, we will be able to test how live-dead “March April
copepod composition changes with depth. Discrete-
depth zooplankton samples will be collected during
daytime and nighttime with either a single open-close . ; :

net or a MOCNESS. Hydrographical d_ata and other (DZ;C; Tgn't?ibMugjmbyB %’r’_ TSU_ rkgg,snl(r:esgog];
complementary data will be made available by other |\ieTy Turkey.

cruise participants.
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Fig. 13. Percent dead copepods in a
shallow station (20 m) and a deep station

Laboratory study of fate of zooplankton carcasses

The proposed field study will generate detailed spatial and temporal distributions of
copepod carcasses. To estimate non-consumptive mortality, we need to quantify the removal
rate of the carcasses by sinking and microbial decomposition, both of which are temperature
dependent. These two removal mechanisms also work against each other in terms of carcass
carbon recycling: High sinking rate will favor burial of carcass carbon to the bottom water,
whereas high microbial decomposition rate in the water column will reduce the overall carbon
downward flux. I will conduct laboratory experiments to quantify carcass sinking rate and
microbial decomposition rate.

(1) Sinking: Because a dead copepod will cease swimming, it will sink and be removed from the
water column. The residence time of a carcass in the water column will depend on water column
depth and the sinking rate of the carcass, which in turn will depend on the relative density of the
carcass and resuspension due to turbulence mixing. To begin understanding this issue, | will
measure in the laboratory the sinking rates of carcasses at ambient salinity and temperature
using settling column (no turbulence). Carcasses of different copepod species of different
developmental stages and decomposition stages will be used. The specific hypothesis is that:

H5: Carcass sinking rate increases with developmental stages and decreases with stage
of decomposition

In situ sinking rate of the carcasses will be influenced by stratification and turbulence mixing.
Change in ambient water density and viscosity can be estimated from salinity and temperature.
Estimation of turbulence resuspension of the carcasses is more difficult. Nonetheless, we can
estimate the turbulence in the surface mixed layer from wind speed based on published
empirical models. | have been collaborating with physicist in combining laboratory-measured
sinking rates and estimated energy dissipation rate (a measure of turbulence intensity) to
calculate zooplankton carcass sinking rates in a small stratified lake (Lake Stechlin, Germany)
(Fig. 13). The preliminary results show that the carcass sinking rate is greatly reduced within the
thermocline, and is highly sensitive to the morphology of the carcass. In the case of the
cladoceran species Daphnia cucullata, if the animal has an open carapace at the time of death
(common among the dead individuals), its residence time within the water column will increase
by 3-fold (Fig. 14). This preliminary study gives us important insights into how water column
conditions would affect zooplankton carcass sinking rates, and help us formulate models to
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estimate carcass sinking rates in Chesapeake Bay where water column stratification will depend
on both temperature and salinity, and turbulence mixing is expected to be stronger due to tidal

flushing, river runoff and more exposure to wind.

Approximation of the summer temperature profile in Lake Stechlin
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Fig. 14. Left: Vertical temperature profile of Lake Stechlin (Germany). Blue dots represent measured
temperatures; red line represents estimated mean temperature profile. Right: Estimated water column
residence time as a function of water depth for Lake Stechlin for carcasses of different zooplankton
species. D.cuc. = Daphnia cucullata; D.brachyurum = Diaphanosoma brachyurum; E.gracilis =
Eudiaptomus gracilis. (Unpubl. data by G. Kirillin, K.W. Tang and H.-P. Grossart)

(2) Microbial decomposition: My previous work showed that copepod carcasses are quickly
colonized and decomposed by bacteria. Back-of-an-envelope calculations suggest that bacterial
growth rate within a carcass is at least 1-2 orders of magnitude higher than ambient free
bacteria, which was later confirmed by leucine-uptake measurements (Fig. 15). The rate of
decomposition is temperature dependent (Tang et al.

2006a). This process on one hand contributes new
bacterial production to the water column, and on the
other hand affects the sinking flux of carcass materials.
More importantly, based on DGGE analysis, specific
types of bacteria appear to be more capable than the
others of exploiting zooplankton carcasses, and
carcass decomposition may lead to a temporary shift
in the ambient bacterial community (Fig. 10). To better
understand these processes | will conduct laboratory
experiments to quantitatively study  microbial
decomposition of copepod carcasses and the resultant
carbon turnover rate and change in bacterial
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Fig. 15. Bacterial production rate during
decomposition of carcasses of Daphnia
cucullata. (Tang et al. unpubl. data)

community composition. The experimental design will
follow that of Tang et al. (2006a) and Tang et al.
(2006¢). | will test two key hypotheses:

H6: Carcass decomposition rate is temperature- and species-dependent

H7: Carcass decomposition induces shift in ambient bacterial community composition

Batches of copepod carcasses of the same species will be incubated in 2-um filtered CB
water at a range of temperature (5-30°C; the annual range of average temperature in the lower
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CB) under aerobic and anaerobic condition for up to 5 days. The carcasses will be collected at
the beginning and the end of the incubation for POC/N measurements (in triplicate). The
carcasses will be concentrated on combusted GF/A (1.6 um pore size) to minimize retention of
bacteria. POC/N content of the carcasses will be measured by a Carlo Erba CN analyzer.
Comparison of the different temperature treatments will allow me to calculate a Qqq for carcass
decomposition in terms of carbon and nitrogen removal. Comparison between aerobic and
anaerobic treatments will indicate how decomposition may proceed differently under hypoxic-
anoxic condition (common in the Chesapeake Bay during the summer). Estimated carcass
decomposition rates will be used to model non-consumptive mortality (see below). Additional
carcasses from the same incubation will be used for measuring bacterial abundance as follows:
Carcasses will be homogenized, filtered onto black 0.2-um Nuclepore membrane and then
stained with SybrGold. We have tested that SybrGold effectively stains bacteria associated with
decomposing carcasses with minimal fluorescence interference from other materials. | will
initially target the dominant copepod species: Acartia tonsa in spring-summer and Eurytemora
affinis in fall-winter. Other species will be used if enough number is available. Gelatinous
zooplankton are of particular interest because my previous work suggests that they may
decompose much faster than crustaceans (Tang et al. 2006a). In CB gelatinous zooplankton
(e.g. Mnemiopsis) abundance has been increasing in recent years, and at times form large
swarms and deplete other zooplankton in the bay (Purcell et al. 1994). ‘Blooms’ of gelatinous
zooplankton could disappear within a short time and little is known of the fate of their biomass.
Some of the gelatinous species (e.g. Chrysaora) have few natural predators and are more likely
to die of non-consumptive causes. It is therefore of importance to study the microbial
decomposition of these gelatinous species, which will help us better understand the regulation
of their population abundance in the bay and its interactions with the microbial food web
(Riemann et al. 2006, Titelman et al. 2006).

In addition, carcasses and ambient water will also be collected during these experiments
for analyzing bacterial community composition by means of 16s rRNA gene finger printing using
DGGE. To also detect the fraction of active bacteria reverse transcription will be used to perform
cDNA finger printing. This part of the work will be done in collaboration with Dr. Hans-Peter
Grossart of IGB, Germany. Dr. Grossart is a renowned aquatic microbial ecologist. We have
been collaborating on this subject with great success (Grossart et al. 2006, Tang et al. 2006b,
2006¢; additional manuscripts are in preparation) and he is therefore ideally positioned to
participate in this project. Dr. Grossart will provide the necessary facility, resources and
expertise for the molecular analyses at no cost to the project, with the understanding that results
generated from this part of the project will be shared equally and used in joint publications with
his lab. His support letter is included as a supplementary document.

Modeling non-consumptive mortality

Most existing copepod population dynamic models do not include non-consumptive
mortality. Since last submission of the proposal, my research group has been developing a
model to calculate non-consumptive mortality, using field data on species- and stage-specific
abundance of carcasses, carcass sinking rates and decomposition rates. In the field a carcass
can be removed from the water column via sinking, decomposition, or ingestion by consumers.
Both sinking and decomposition will be empirically measured in this project. Some planktivores
are known to select prey based on their behavior and swimming patterns (Buskey 1994), but
direct measurements of their selective feeding between live and dead prey will be beyond the
scope of this project. As a first step, ingestion will be approximated based on published
ingestion rates for common planktivores. Initial formulation of the model is shown in Box 1.

The proposed field and lab work will feed species-specific and stage-specific data into
the model to estimate species- and stage-specific non-consumptive mortality rate. This model
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will initially be developed and applied to Chesapeake Bay. Further development of the model
will incorporate depth-specific data for other geographic regions based on data contributed by
my international collaborators. This would allow me to resolve any variations in non-
consumptive mortality by depth and by regions. Future improvement of the model calls for
measurement of the loss of carcasses due to ingestion, but this will not be dealt with in the
context of this proposal.

Box 1. Initial model formulation for calculating nhon-consumptive mortality
(currently under development in Tang’s lab)

i = number of sampling layers counted from bottom

Z; = thickness of each layer sampled by vertical tow

Si = sinking velocity of a carcass within a layer; calculated from laboratory measurements and
corrected for in situ stratification and turbulent mixing

T = residence time of a carcass in water column = zé

i

N = fraction of total copepods as carcasses in vertical tow

d = fraction of carcasses lost to bacterial decomposition during time T; calculated from laboratory
measured decomposition rates and corrected for in situ temperature

p = fraction of carcasses lost to ingestion during time T; approximated by published ingestion rates for
common planktivores

Under steady-state condition, non-consumptive mortality M (time™) can be calculated as:

_ N (+p+d)
M = T

Project time-line

Field sampling in Chesapeake Bay will be conducted in Year 1. Laboratory experiments
will be focused on fall-winter species in Year 1 and summer species in Year 2. Joint field work
and outreach at U. Sao Paulo in Year 1, DIFR and METU in Year 2. Development of the non-
consumptive mortality model will be conducted throughout the project. More intensive modeling
and final synthesis of global data will be done in Year 3.

SIGNIFICANCE OF THE RESEARCH

The occurrence of zooplankton carcasses in the ocean has long been neglected by
many researchers. This negligence is partly due to a lack of appropriate means to quantify
zooplankton carcasses. Ignorance of non-consumptive mortality may lead to erroneous
understanding of many important pelagic processes such as trophodynamics, population
recruitment and secondary production, and how zooplankton respond to short-term and long-
term environmental changes. The recently developed and improved Neutral Red staining
method provides oceanographers with a cheap and easy-to-use tool to broadly and
systematically study live-dead composition and non-consumptive mortality of copepods and
other zooplankton in different marine systems, and monitor the zooplankton community
response to short- and long-term perturbations. The simplicity and low cost of the method allows
researchers around the world to actively participate in exploring this new frontier in marine
zooplankton ecology. Subsequent microbial decomposition of the carcasses provides a
mechanism by which zooplankton directly interact with bacteria and other microbes. These
interactions may prove important in supporting microbial production and community shift. This
proposal represents a truly interdisciplinary effort to cross-fertilize marine zooplankton ecology
and microbial ecology. The results will advance both disciplines and open a new common
ground where zooplanktologists and microbiologists can interact.
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BROADER IMPACTS

My new Ph.D. student D. Elliott has begun some of the preliminary work. This proposal
will further expand his research training, allow him to closely interact with international
researchers and experience different cultures. He will develop an independent dissertation
based on this project. Undergraduate interns will be recruited through DREAMS and REU
programs at no addition cost to NSF. DREAMS has had great success enriching the learning
experience among underrepresented marine science students. The recruited interns will gain
hands-on research experience and better preparation for graduate school or work. The proposal
will actively engage researchers from many regions and help establish a global ‘core group’ to
intensively study the subject and exchange information. Other than the obvious scientific
benefits, this international collaboration also allows researchers from very different cultures to
interact with each other, and stimulates future collaborations among them. My current list of
partners includes colleagues from places with rather limited research resources. The staining
method that our group is developing is very affordable and yet very useful. This collaboration
will help them develop viable research programs and actively involve them in exploring a new
frontier in oceanography. Among my collaborators Dr. Besiktepe (METU) submitted a proposal
based on the staining method that | shared with her and was awarded a research grant from a
Turkish funding agency. Some of the partners will leverage local funds to allow me to participate
in research cruises. At each of the institutions that | will be visiting, | will give seminars and hold
mini-workshops on the staining method (to be open to everyone). | will also broaden my
interactions with the local students through several mechanisms: (1) At University of Sao Paulo |
will offer a special graduate course on ‘Integrative Aquatic Microbial-Plankton Ecology’. The
course content will be directly relevant to this project, and the target audience will be marine
science graduate students in USP. | offered this course in 2007 at the invitation of my host Dr.
R. Lopes, and the response was very positive (see support letter from Lopes). (2) In METU | will
offer a ‘Presentation Skill Workshop’ for their marine science graduate students. In this
workshop students will learn and practice essential skills in preparing and delivering conference
presentations, as well as skills in writing scientific publications. My host Dr. S. Besiktepe will
assist me in organizing this workshop (see support letter). | conducted this workshop in METU
in 2002 as TUBITAK-BAYG-Visiting Scientist (also invited by Dr. S. Besiktepe), and the
response from the student participants was overwhelmingly positive. | subsequently modified
and improved the materials and conducted the workshop in Hampton University in 2004 and
2005 for the DREAMS program. On both occasions the students comments were also very
positive. (3) | will participate as instructor in a Nordic advanced summer course on zooplankton
ecology organized by Dr. Jénasdbéttir. | first participated in this course in 2007 with funding from
a European agency. During the course | presented the Neutral Red method and discussed
copepod-bacteria interactions, which generated considerable interests among the participants.
Dr. Jénasdottir will organize this course again in the near future (see support letter).

In addition, Dr. Lopes and | will co-host special sessions on the methodology and
ecology of copepod mortality in conferences, such as the International Conference on
Copepoda and American Society of Limnology and Oceanography annual meeting. ICOC is
organized by the World Assaociation of Copepodologists (WAC) and is held every 3 years to
promote research on all aspects of copepods. Dr. Lopes is a long-time member and officer of
WAC, and was the local chair of the 7" ICOC in Brazil in 1999. ASLO annual meeting is another
popular venue for marine scientists to present and exchange research ideas. Tang co-chaired
the session “Trophic Dynamics” in ASLO 2003, and will co-chair a special session in the
upcoming Ocean Science Meeting (Florida, 2008). Our special sessions will provide a forum for
more discussions and exchanges, and stimulate more interests in the study of copepod
mortality and copepod-bacteria interactions.
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