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PARAGON PITs 

 

Dear SCOPE colleagues, 

 

I am writing at this time to organize the particle interceptor trap (PIT) experiments for the 

July 2021 PARAGON cruise.  Some of you are PIT veterans.  Others have never used this 

collection device so I have prepared a brief primer for your perusal and subsequent discussion in 

a future Zoom call. 

 

I.  PIT Design 

The design for the HOT-CMORE-SCOPE PITs is based on the sediment traps first described 

by Knauer et al. (1979; see Appendix 1) that were subsequently used extensively in the VERtical 

Transport and Exchange (VERTEX) program (Karl and Knauer 1984; Martin et al. 1987) and, 

later, in JGOFS including BATS and HOT (see Figures 1 and 2).  Each particle interceptor trap 

(aka PIT) consists of a 60 cm cylindrical tube with a mouth opening of 0.0039 m
2
.  At the top, 

there is a baffle to reduce turbulence, and an optional 335 µm screen to exclude 

mesozooplankton (see case study 1, below).  The “standard” PIT is constructed of clear 

polycarbonate, though other materials (e.g., glass) have been used for specific sample 

collections.  Prior to deployment, each PIT is filled with a high density (~1.05 g/cc) solution to 

prevent loss of the collected particles and solutes.  The “standard” solution consists of filtered 

seawater, sodium chloride (NaCl), and a preservative, typically borate-buffered formalin, 

although a large variety of solutions have been employed (see case studies 2 and 3, below).  

More recently, and yet unpublished, Ed DeLong designed and deployed a miniature trap inside 

of a PIT to maximize collection efficiency (larger trap) and minimize solution volume (and, 

hence, maximize particle concentration per unit volume; see Figure 3).  Eric Grabowski has also 

recently experimented with variable solution volumes in a standard PIT.  We can discuss these 

results and those of the DeLong-style “trap-in-a-trap” during our conference.  The versatility of 

the PIT is one of its greatest strengths. 

 

II.  Experimental Design 

The individual PITs are attached to a PVC “cross” that is designed to hold up to 12 PITs 

(Figures 1 and 2); multiple crosses are typically deployed on a single free floating array (for 

example, during the Falkor expedition, we deployed PITs at 12 different depths – the extant 

record that I know about is 56 different depths in a mega-experiment off CA back in the 1980s).  

Alternatively, multiple arrays of crosses can be deployed to assess spatial variability as we did in  
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Figure 1:  Design of particle interceptor traps (PITs) that will be used in PARAGON based on 

Knauer et al. 1979 (see Appendix 1). 
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Figure 2:  Going out (Top) and coming back (Bottom).  Each cross has a separate 12-pack 

carrier to keep track of the recovered PITs, especially when crosses are deployed at multiple 

depths. 
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Figure 3:  DeLong 'trap-in-a-trap' design to maximize particle concentration per unit volume.  

(Left) Lab-based profile of standard 60 cm tall PIT showing the smaller inserted trap at the 

bottom.  (Right) Close-up view of the inner trap and funnel above, position at the base of the 

standard PIT.  Photos by E. Grabowski and E. DeLong. 

 

 

the MESOSCOPE expedition when 12 separate arrays (probably a record) were successfully 

deployed/recovered across an eddy dipole (Barone, Church et al., manuscript in preparation).  

The arrays are tracked using satellite or radio transmitters, strobe lights, and binoculars.  Typical 

deployment times range from 1 day to 1 week, but during VERTEX we routinely deployed 

arrays for up to 2 months.  The ability to deploy multiple PITs at a given depth provides an 

opportunity to obtain true field replication, to use a variety of solutions (e.g., comparison of live 

v. in situ preserved) simultaneously, or to collaborate with others on “paired PITs.”  The 

possibilities are nearly endless! 

Upon recovery, the trap solution is either filtered or centrifuged to isolate the collected 

particles, or extracted and processed “whole” depending upon your experimental objectives.  If 

the particles are removed, it is prudent to also collect a portion of the filtrate/supernatant since 
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some of your “element/substance of interest” may have partitioned into the solute phase.  This is 

especially true for some trace elements (Knauer et al. 1984; see Appendix 2), and probably C, N, 

and P as well.  If formalin is used as a preservative, measurement of C in the solute phase is not 

possible so one must plan your solution/preservative (if any) as carefully as you plan the rest of 

your experiment.  Obviously, the longer you deploy the array, the greater the mass of particulate 

matter you will collect, but this is sometimes a tradeoff between collection mass and time; the 

latter possibly controlling dissolution, disaggregation, and decomposition (especially if the 

sample is unpreserved).  There are a number of nuances and caveats that may also need to be 

considered, such as screening in situ, treatment/interpretation of collected zooplankton, effect of 

light (if deployed within the euphotic zone), and so on.  While there is no depth limitation to the 

standard PIT array (in VERTEX we typically deployed the traps to a depth of 2000 m; Martin et 

al. 1987), we will probably not exceed 500 m in PARAGON 2021 unless there is a strong 

scientific motivation to do so.  Anything is possible! 

 

III.  Selected PIT Case Studies 

1. Swimmers, the bane of sediment trapping in the sea:  Depending upon location 

(coastal v. open ocean) and depth, zooplankton (and, on occasion, even small fish) can 

swim into the sediment trap and “ruin your experiment.”  During VERTEX, the contents 

of each and every trap were routinely examined under a binocular microscope, and any 

intact (presumably “live” as opposed to a partially decomposed carcass) zooplankton 

were carefully removed and recorded.  This technique, pioneered by Merrit Tuel in 

Knauer’s lab, was called “pickin and grinning.”  Tuel was an expert; most others are not.  

Even if you are a certified zooplankton recognition authority, it is impossible to remove a 

zooplankter without also removing surrounding particulate organic detritus that is 

legitimately part of the sinking flux of particles – this leads to an underestimation of 

particulate matter flux.  So at the start of HOT, Dale Hebel compared the pickin method 

with gravity filtration of trap contents through a 335 µm Nitex mesh, which is a much 

simpler and more rapid method to remove (most) zooplankton.  This method assumes that 

the true sinking particles of interest are <335 µm and that there are no micro-crustaceans 

that might pass through the mesh.  Neither assumption is probably true – science, like 

life, is a compromise!  In any case, the Nitex mesh method saves about a month of 

intense microscopic work and the two methods yielded similar results.  At Station 
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ALOHA, for 19 cruises where swimmer contamination was determined, organic carbon 

fluxes were 88.0 (SD = 8.4)%, 93.2 (SD = 9.5)%, and 97.2 (SD = 5.8)% of the 

uncorrected values for the 150, 300, and 500 m reference depths (Karl et al. 1996).  Even 

if zooplankton are (or can be) removed, they may have left body parts or fecal pellets 

behind, and certainly some dissolved organics upon contact with the preservative/poison.  

The solute phase would still be irreconcilably contaminated.  So Knauer and I thought 

that using a 335 µm screen in situ during the particle collection phase might solve this 

problem once and for all – NOT!  I attach the rarely read “recapitulation of problem” 

paper, and never followed protocol of Karl and Knauer (1989; see Appendix 3) for your 

perusal.  The deeper you trap, the less of a problem swimmers become, but the issue 

probably never really “goes away.”  We have not systematically evaluated Ed DeLong’s 

new trap design (Figure 3) to see if it somehow reduces or eliminates the swimmer 

problem – it might!  Independent of the possible inadvertent collection of “live 

zooplankton” is the real possibility that, over time, the drifting sediment trap array (and 

individual PIT crosses) become mesozooplankton/fish aggregation devices such that the 

downward flux of metabolic end products (e.g., fecal pellets) is intensified relative to the 

surrounding region.  There is no known zooplankton scarecrow analog, so this problem is 

unresolved.  Early on in VERTEX, Knauer and I also worried about sinking particle-

associated bioluminescence (Andrews et al. 1984) and the possible attraction of visual 

predators to the PITs.  We conducted a series of experiments using clear v. opaque PITs 

(covered with black tape), but our field data were inconclusive so we decided to ignore 

this potential concern, at least for the time being. 

2. Choose your poison:  As mentioned previously, the PIT solution you decide to use may 

or may not contain a poison or a preservation.  The most commonly used additives are 

mercuric chloride and formalin.  In the case of a poison, organic matter is more likely to 

distintegrate/dissolve than if it is truly preserved (e.g., cross-linked).  I attach the Knauer 

et al. (1984; see Appendix 2) study that documents these effects.  During the VERTEX 

era, I also experimented with different ionic cocktails as a means of particle preservation.  

I discovered that seawater enriched with potassium chloride (KCl) was lethal, without the 

potentially negative consequences of adding a poison or preservation.  So KCl alone (KCl 

dissolved in distilled water) might be the best recipe for measurements of total C, N, and 
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P flux and this will be evaluated during (or, preferably, before) PARAGON.  One would 

still need to deal with the swimmers, as described above. 

3. In situ experimentation:  PITs are ideal for in situ experiments of metabolism, 

decomposition, and related processes.  During VERTEX, we developed an ionic cocktail 

consisting of NaCl, KCl, and magnesium chloride (MgCl2) added to a seawater base that 

minimized the otherwise negative metabolic consequences of a hypersaline NaCl-only 

solution.  This enabled experiments of in situ rates of RNA and DNA synthesis by 
3
H-

adenine assimilation, specific substrate-induced stimulation of chemolithoautotrophic 

production using 
14

C-bicarbonate assimilation, net microbial growth by changes in total 

adenosine-5’-triphosphate, and protozoan grazer inhibition studies, in addition to 

traditional measurements of the fluxes of bioelements.  I attach two papers summarizing 

selected applications that were achieved during VERTEX (Karl and Knauer 1984 and 

Taylor et al. 1986; see Appendices 4 and 5).  The preserved in situ v. live experimental 

design would be ideal for studies of particle degradation, for example, and we have 

recently had great success during the SCOPE-Falkor expedition (E. Grabowski, yet 

unpublished).  Finally, DeLong’s team has successfully deployed PITs containing 

“RNAlater” to preserve nucleic acids for downstream extraction, analysis, and 

interpretation.  In a pioneering field experiment, Fontanez et al. (2015) employed paired 

PITs, one pre-charged with RNAlater solution and the other unpreserved (i.e., live) to 

compare microbial assemblages initially associated with sinking particles to those that 

“grew in” during the ~2-week in situ incubation period as organic matter underwent 

decomposition (see Appendix 6). 

 

We can discuss additional experiments, collaborative projects, and novel applications at our 

upcoming PARAGON PIT conference. 

 

Aloha, 

 

Dave 
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Appendices 

 

1.  Knauer et al. 1979, Deep-Sea Research 26A: 97-108.  This paper was the first to describe the 

design of the PIT trap and one of the first to present data on the downward fluxes of C, N, and 

P in the open ocean. 

 

2.  Knauer et al. 1984, Journal of Marine Research 42: 445-462.  This paper presents and 

discusses the use of a variety of poisons and preservations in sediment trap experiments. 

 

3.  Karl and Knauer 1989, Oceanography 2: 32-35.  This “comment” presents a recapitulation of 

the swimmer problem, and a potential solution. 

 

4.  Karl and Knauer 1984, Bulletin of Marine Science 35: 550-565.  This paper summarizes a set 

of experiments conducted in situ on sinking particles during selected VERTEX cruises in the 

1980s. 

 

5.  Taylor et al. 1986, Marine Ecology Progress Series 29: 141-155.  This paper employed a 

comparison of live traps vs. a replicate containing thiram, an inhibitor of eukaryotic 

microorganisms. 

 

6.  Fontanez et al. 2015, Frontiers in Microbiology 6: Article 469.  This paper reports on a novel 

field experiment where 335 µm screened traps (live v. RNAlater) were used to study 

microbial community structure and function at Station ALOHA. 
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In situ effects of selected preservatives on total carbon,
nitrogen and metals collected in sediment traps

by George A. Knauer,1 David M. Karl, 2 John H. Martini and Craig N. Hunter1

ABSTRACT
The concentration and chemical composition of preservative or poison to use in sediment trap

studies continue to present an important unresolved question. Past laboratory/field experiments
designed to answer this question are difficult to interpret, because so-called analogs have been
used instead of actual trap materials, which are compositionally complex.

This paper presents our results on the in situ effects of formalin, azide and mercuric ion on
material collected in MUL TITRAPS set at 100 and 300 m for a period of six days in a coastal
environment, and at 150 m for a period of 20.6 days in an oligotrophic environment. Effective
preservative/poison concentrations used were predetermined from laboratory tests. Parameters
tested for relative effects included particulate retention of C, N and selected trace metals, and
the effects of the various preservatives/poisons introduced via diffusion chambers or free in
solution on in situ microbial growth. In addition, the potential contaminating role of large,
nonsinking zooplankton (i.e., "swimmers") was investigated.

Substantial differences between treatments were observed. Effects were not uniform, and
appeared to be parameter-specific. For example, during the short-term deployment (six days),
no significant differences in C flux were observed at 100 m, regardless of preservative used.
Traps treated with azide yielded significantly lower N values. At 300 m (short-term
deployment), and 150 m (long-term deployment), the azide treatments produced the lowest
mean C and N values. Conversely, the formalin traps gave the highest C and N values relative to
all treatments at these depths. In terms of metals, >70% of both Cd and Mn were lost to the trap
solutions, regardless of oceanic area or time deployed, while most of the Fe tended to remain in
the particulate phase. Zinc, largely in association with the particulate phase over the six-day
deployment, was lost to the density solution during the 20.6-day deployment, while Pb results
were intermediate between these extremes. Results of the diffusion chamber experiment indicate
that the formalin and mercuric ion treatments were equally effective regardless of the mode of
introduction (i.e., diffusion chamber or free in solution). Azide did not appear as effective when
introduced via diffusion.

I. Introduction
During the past decade, the use of particle traps to determine the downward flux of

biological and chemical materials has become widespread. Due to the complexity of
materials collected by these systems, most investigations have been confined to the

I. MossLandingMarineLaboratories,MossLanding,California,95039,U.S.A.
2. Departmentof Oceanography,Universityof Hawaii,Honolulu,Hawaii,96822,U.S.A.
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analysis of selected components which are specifically related to a particular field of
interest. Examples include chlorophyll a and phaeopigments (Hargrave and Taguchi,
1978; Welschmeyer, 1982), organic C, Nand P (Knauer et al., 1979), trace elements
(Martin and Knauer, 1980; Knauer and Martin, 1981a), fecal pellets (Honjo and
Roman, 1978; Urrere and Knauer, 1981), various lithogenic phases (Honjo et al.,
1982), organic nitrogen compounds (Lee and Cronin, 1982; Lee et al., 1983), opal,
calcite and aluminosilicates (Wefer et al., 1982), lipids, fatty acids, and wax esters
(Wakeham et al., 1980, 1983), and total microbial biomass (Fellows et al., 1981).

Because much of the material of interest is associated with, or derived from, living
organisms and appears to be rapidly degraded, preservation is of the utmost
importance if the integrity of specific compounds (e.g., organic nitrogen compounds,
fatty acids, etc.) is to be maintained during the period of trap deployment. The need for
adequate preservation may also be important for inorganic as well as organic
compounds. For example, the geochemistry of certain trace metals is strongly tied to
organic processes (e.g., Bruland et al., 1978; Ortner et al., 1983), and depending on the
primary focus of the field study, appropriate preservation may be imperative.
However, as obvious as the need for preservation of trapped material would appear,
both the chemical composition and effective concentration of preservative which
should be used in sediment trap studies continue to present an important but
unresolved problem. For example, a perusal of the sediment trap literature reveals that,
although many kinds of preservatives have been employed (Table 1), the reasons for
selecting a particular preservative are rarely, if ever, given. Furthermore, the concen-
trations of the preservative used are not generally reported. Failure to report such basic
information makes it difficult in some cases to compare results among the various
sediment trap studies.

Although there have been some attempts to evaluate the effectiveness of various
preservatives (e.g., Gardner, 1981; Knauer and Martin, 1982; Collier and Edmond,
1982), the results are difficult to interpret, primarily because so-called analogs (e.g.,
net plankton, squid pens) were used rather than actual trapped materials, which are
compositionally more complex. In a recent paper by Gardner et al. (1983), it was
pointed out that "the effectiveness of poisons in traps has not been adequately
determined, because the concentration of poisons in traps has not been monitored."
These researchers also showed that the rates of organic material decay inside
unpreserved sediment traps can be as high as 1% day-I. Clearly, with the increasing
use of sediment traps as a basic research tool, the need to understand decomposition
processes in these systems becomes very important.

This paper presents our results on the in situ effects of some of the more
commonly-used biocides (i.e., "preservatives"; e.g., formalin, azide, and mercuric ion)
on total carbon, nitrogen and selected metals collected in MUL TITRAPS set in two
different ocean regions. The use of the word preservative in this paper is not precise,
because poisons such as azide and mercuric ion are not strictly preservatives, as are
formalin and glutaraldehyde.



Table l. Examples of common "preservatives" used in previous trap studies.

Mode of
preservative Parameter( s)

Preservative Concentration delivery measured Reference

Mercuric chloride Not given* Free in collec- Decomposition Gardner, 1981
tor of squid pens,

lobster tails,
shrimp

Mercuric chloride Not given Free in density Fecal pellets, Prahl and Car-
in conc brine solution polycyclic aro- penter, 1979

rnatic hydro-
carbons

Chloroform Not given Released from Opal, amino ac- Wefer et al.,
imploding ids, sugars, 1982
glass vial calcite, alumi-

nosilicates,
etc.

Chloroform Not given Free in collec- Not given Zeitzschel et al.,
tor 1978

None Fecal pellets Lorenzen et al.,
1981

None C, fecal pellets Wiebe et aI.,
1976

None Organic carbon, Rowe and Gard-
carbonate, fe- ner, 1979
cal pellets

Buffered formalin, 5%,1.5 M Free in density Fecal pellets, C, Knauer et al .•
NaCI solution N, P, metals 1979; Martin

and Knauer,
1980; Knauer
and Martin,
1981a; Urrere
and Knauer,
1981

Buffered glutaral- 2% Free in density Fecal pellets Gowing and Sil-
dehyde solution ver, 1983

Para formaldehyde 5%
Formalin 10%
Azide Not given Dispensed from Organic nitrogen Lee and Cronin,

diffuser 1982
chamber

Azide + NaCl Not given Dispensed from Fecal pellets, Honjo,1978
diffuser various orga-
chamber nisms, bio-

genic carbon-
ates

"Rock salt" + Not given Density solu- Fecal pellets Dunbar and
oyster shell tion Berger, 1981

H3P04, NaCI 0.5 M,I.5 M Free in density ATP,ADP, Fellows et al.,
solution AMP 1981

*Final effective concentrations in trap collectors during/after release unknown.
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2. Materials and methods
Free-floating MULTITRAPS (described in Knauer et al.. 1979) were set in two

locations. The first station, occupied in June 1982, was in coastal waters 80 km off
Point Sur, California (36°16'N, 122°57'W). The array was set for 6 days with
collectors at 100 and 300 m. The second station, occupied during the VERTEX III
cruise in October 1982, was in oligotrophic waters 420 km off Manzanillo, Mexico
(16°15'N, 107°10'W). This array was deployed for 20.6 days at a depth of 150 m.

a. Selection of preservative concentrations
In order to determine the appropriate preservative concentration to be used in our

trap density solutions, we examined the biological effect of various concentrations of
formalin, azide, and mercuric ion (added as mercuric chloride) by measuring the
incorporation of 3H-adenine into microbial nucleic acids. The decision to use 3H_
adenine incorporation was based on the fact that such measurements have been shown
to be closely correlated with total microbial growth and cell division (Karl, 1981,
1982), and therefore, should provide an excellent metric for assessing the effectiveness
of the respective preservative treatments.

A coastal surface sea water sample was collected 1 km off Waikiki Beach, Hawaii,
and was incubated with 33.8 g NaC!, 14.3 g MgCl2 • 6H20, 0.93 g KCl (all reagent
grade quality), and 0.2 ~Ci [2/H]-adenine 1-1 for 6 hr in the light following the
addition of the various preservatives. The effects, relative to the control treatment, are
presented in Table 2. Formalin was an effective biocide at all concentrations tested,
ranging from 0.01-1.25 M. A similar result was obtained for mercuric ion, over
concentrations ranging from 0.05-5.0 mM. Azide, which inhibits only aerobic
respiration (Giese, 1979), required additions ~25 mM to produce effects comparable
to formalin or mercuric ion (i.e., 3% of control; Table 2). On the basis of these results,
we decided to use 25 mM azide and 0.25 mM Hg++ as a final effective concentration
in the trap density solutions. The formalin used in the short-term deployment was
10 mM, while a 120 mM final concentration was used in the traps deployed for the
longer 20.6-day deployment. It should be noted that when trap systems are to be
deployed for long periods (i.e., months), higher effective concentrations should be
considered, because greater amounts of trapped material could titrate preservatives
such as formalin below effective levels (i.e., [CH20] in solution is reduced by binding
amino groups of adjacent polypeptide chains; Ruthmann, 1966).

b. Individual trap preparation and processing
i. Carbon, nitrogen and metal collectors. All traps used for these measurements were
of polycarbonate construction, and were cleaned according to trace metal clean
techniques developed for cleaning our polycarbonate primary productivity bottles
(Fitzwater et al., 1982). The high-density trap solutions were prepared by adding 55 g
reagent grade NaCII-1 to 0.2 ~m filtered North Pacific Gyre water, and then passing
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Table 2. Effects of selected preservatives on the incorporation of 3H adenine into total nucleic
acids for a surface seawater microbial population.

3H-Adenine
Preservative incorpora tion Percent of

Treatment concentration nCi 1-1 control

Control (no pre- 29.2 100
servative)

Formalin - 0.01 M 1.0 3.4
(CH2O) 0.06 0.36 1.2

0.60 0.91 3.1
1.25* 0.0 0

Azide (NaN3) 0.25 mM 21.5 74
1.20 13.6 47
2.5 10.8 40

12.0 2.44 8.3
25.0 0.96 3.3

Mercury 0.25 1.07 3.7
(HgCI2) 0.50 1.02 3.5

2.5 1.16 3.9
5.0 1.02 3.5

*1.25 M formalin treatment (= 10% formalin) used as adsorption control. Absolute
radioactivity incorporated was equivalent to <1% of control sample.

this solution through a Chelex-IOO column (Na form) to reduce the concentrations of
contaminating metals. The azide and formalin solutions were also passed through
Chelex-IOO(Na form) before addition to the trap density solutions.

Traps were prepared for testing the effects of mercuric ion on C and N preservation.
(Metal collections could obviously not be tested with this preservative, due to potential
metal contamination problems.) They were prepared in an identical manner, except
the mercuric ion solution was not passed through Chelex. Because of the difficulty
removing contaminating "swimmers" (i.e., various zooplankton species that actively
swim into the traps and die; Knauer et al., 1979, Knauer and Martin, 1982) from
particulates collected during the June deployment when mercuric ion was used, and
because we did not want to risk cross-contamination of our other traps during the
VERTEX III cruise, this preservative was not used during the October deployment.
Appropriate blanks were prepared by filling a number of traps with the various
preservative solutions and deploying them sealed along with the other collectors.

Upon recovery, the traps were removed to our trace-metal clean van, and the
overlying seawater siphoned off. The gradient was then filtered through acid-washed
0.8 ~m Nuclepore filters (placed at the bottom of each trap) into acid-washed, trace
metal-clean polyethylene bottles (Bruland et al., 1979). The high-density solution was
then acidified with redistilled, quartz-distilled 6 N HCl. Solution blanks were
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processed likewise. In the laboratory, the sample and blank solutions were analyzed for
metals by both Chelex-l00 and organic extraction following the general procedures
outlined in Bruland et al. (1979). The concentrated metal solutions were then analyzed
on a Perkin-Elmer 603 atomic absorption spectrophotometer coupled to an HGA-500
graphite furnace.

After the high-density solution had been drained through the Nuclepore filters, the
filters were removed from each trap, placed in individual acid-washed Petri dishes,
moistened with a small amount of the appropriate density solution, and stored in the
clean laboratory for further processing. In the clean laboratory, contaminating
swimmers were carefully removed under a dissecting microscope. During the July
deployment, the removed swimmers were discarded. However, swimmers removed
from the October deployed traps were saved, and analyzed for C and N. It should be
emphasized that it was very difficult to remove swimmers from the control, azide and
mercuric ion traps, because they had become extremely soft, and tended to disinte-
grate. Consequently, we were not able to remove all swimmer tissue from those traps.
(See Results and discussion.) This problem was not encountered in the traps preserved
with formalin, due to its hardening effect. After the swimmers were removed, the
Nuclepore filters containing the remaining particulate material were folded and rinsed
3x with pH adjusted (::.:8)Milli-Q water to remove salts. (This rinse water was added
back to the above gradient solution before analysis.) After rinsing, filters were dried at
60°C in a convection oven. The trapped particulates were then removed from their
filters and homogenized in an acid-washed agate mortar and pestle. Separate aliquots
for C, N and metal analysis were removed from the homogenate for analysis. Carbon
and N analyses were performed on a Hewlett-Packard 185-B CHN analyzer after HCI
treatment to remove carbonates. Homogenate aliquots used for trace metal analysis
were digested in quartz beakers with redistilled quartz-distilled 16 N HN03 (RQ
HN03), and Ultrex 30% H202 in a manner similar to that described in Martin and
Knauer (1973). After digestion, the samples were evaporated to dryness, and
redissolved in 0.25 N redistilled quartz distilled HN03• Blank filters from the sealed
traps were prepared in a similar manner. The trapped particulate sample solutions
were analyzed by graphite furnace (HGA-500) atomic absorption spectrometry
(Perkin-Elmer 603).

ii. In situ microbial activity collectors. Traps used for the metabolic activity experi-
ments were of cast acrylic construction. Each trap was cleaned with Micro®and 10%
HCI, rinsed with sterile deionized water, cleaned again with 70% ethanol, and finally
rinsed with sterile seawater. The density solution used consisted of filtered
(0.2 /.tm) seawater containing 33.8 g NaC!, 14.3 g MgCl2 . 6H20, 0.93 g KCI, the
respective preservative, and 0.1 /.tCi [2, 3H]-adenine (15 Ci mmole-1; New England
Nuclear Co., Boston, MA) liter-I (p = 1.065 g cm-3). Prior to deployment, 1 mlofthe
solution was removed for determination of total radioactivity, as described by Karl
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(1982). Control samples were prepared by placing a subsample of the density solutions
into a sterile 500 m1 polycarbonate bottle and incubating at the trap depths for the
duration of the experiment.

Upon retrieval, the trap density solutions were decanted into clean 2-liter polycar-
bonate bottles and gently swirled before subsampling. Triplicate 50-ml aliquots were
concentrated on GF IF filters and frozen for subsequent determination of3H-RNA and
3H-DNA (Karl, 1982).

c. Diffusion chamber experiment
In addition to evaluating the performance of homogeneous preservative solutions, we

were also interested in the effectiveness of diffusion chambers in our trap systems. This
was monitored by placing 30 ml plastic vials with small holes in their caps and
containing a given preservative directly into our trap density solutions. Because we had
no prior knowledge of the rates of diffusion in situ, we used considerably higher
concentrations (i.e., 250 mM, 25 mM, and 12.5 M for azide, mercuric ion and
formalin, respectively) in the diffusion chambers.

3. Results and discussion
The relative effects of the various preservatives on in situ adenine incorporation in

terms of both in-solution and diffusion chamber experiments are shown in Figure 1. In
general, similar effects were found at both the 100 and 300 m deployment depths
during the June 1982 deployment. The least effective preservative was azide when
introduced by diffusion. At the 100 m depth, for example, microbial growth (as
measured by RNA synthesis) was 22% of the unpreserved control sample. However,
both mercuric ion and formalin introduced by diffusion appeared to be as effective as
the preservatives placed directly into the trap solutions. The effects of preservatives
placed directly into the trap solutions at 100 m showed that, in general, 3H-adenine
incorporation into either RNA or DNA was <3% of the control. However, at the 300 m
depth, both formalin in diffusion chambers and free in solution showed that adenine
incorporation into DNA was relatively high (6-7% of control) compared to the 100 m
set. This was tested again during the VERTEX III 20.6-day deployment, except that
120 mM formalin was used. In this latter experiment, adenine uptake into RNA or
DNA was < 1% of the control.

The effects of the various preservatives on C and N fluxes and C:N ratios for the
June and October deployments are shown in Figures 2a and b, respectively. There were
no significant differences in the C flux data collected during the June deployment at
the 100 m depth (ANOV A, P < 0.05), regardless of whether preservatives were used.
Although we did not attempt to evaluate the potential impact of swimmers as we did
for the C and N flux data collected in October (Table 3), it is our opinion that because
of the remarkable replication of all traps (i.e.,XC at 100 m = 235 mg m-2 day-l ± 8%,
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Figure 1. Relative effects of various preservative treatments introduced directly into the trap

density solutions prior to deployment, or via diffusion chambers on the uptake of 3H-adenine
by microbial populations associated wtih sediment trap collected material. No adsorption
correction was made in this experiment. Open bars = incorporation into RNA: solid bars =

incorporation into DNA.

n = 11) decomposition was not significant over the short, six-day deployment for those
traps deployed at 100 m. However, in terms of N collections at 100 m, the azide
treatment was found to be significantly lower than the other treatments (Newman-
Keuls, P < 0.005). The azide treated traps deployed at 300 m yielded the lowest mean
C and N flux values relative to the formalin (which gave the highest mean values),
control and mercuric ion traps (see values in parentheses, Fig. 2a). However, because
only duplicate traps/treatment were used at this depth, statistical differences could not
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Figure 2a. Carbon (open bars) and N (solid bars) fluxes and C/N ratios obtained for traps
deployed at 100 and 300 m off Point Sur, California for a period of 6 days. Numbers in
parentheses are mean values.

be demonstrated (ANOYA, P > 0.10 < 0.25). Similar results were obtained during the
October set (Fig. 2b), in that the formalin traps gave the highest C and N fluxes, while
the azide-treated trap yielded the lowest values.

Note that although there were obvious differences in mean C and N flux values
between treatments (300 m, June deployment; 150 m, October deployment), these
differences were not reflected in the corresponding C:N values (upper panels, Figs. 2a
and b). This suggests that at least over the deployment times employed here, the use of
C:N ratios may not be a particularly sensitive indicator of decomposition processes.

In a previous study, (Knauer et al.. 1979), we reported that failure to remove
swimmers from trap-collected material could seriously bias the results, because such
organisms could not be considered as part of the passive flux. (Also, see the discussion
in Lee and Cronin [1982] relative to biochemical changes from organisms [swimming]
falling into traps.) Indeed, Knauer and Martin (1982) showed that swimmer C
and N contributions to trap materials collected in California coastal waters between
35-1500 m could be as high as 400%. During the October deployment, we decided to
evaluate this same swimmer problem relative to the various preservatives used here. As
in the July experiment, we removed as many swimmers as possible from the 150-m



454 Journal of Marine Research [42,2

0 9 -- - -:;J
0

6L..

Z......•..
3()

50
•........•...
I»
0

N-o
40I

E (36.2)
150m

01
E•••.....• 30x
::3 (24.6);;:
c:
Q)
01

200
L.. (15.8)+-''c
-0
c:
0 10
c:
0

..0
L..

0
()

Controls Formann Azide
(a.12M) (25mM)

Figure 2b. Carbon (open bars) and N (solid bars) fluxes, and C/N ratios obtained from traps
deployed at 150 m off Manzanillo, Mexico for a period of 20.6 days. Numbers in parentheses
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Table 3. Meant total C and N in preserved vs. unpreserved trap material after removal of
swimmers:j:,and total C and N values of removed swimmers.

Trap material
with swimmers Total swimmers

Swimmer C and Nremoved (/oLg) removed (/oLg)
as

C N C N percent of total

Unpreserved
Control 1970 276 870 130 30 32
Formalin 2910 380 1880 405 39 52
Azide 1260 175 1280 270 50 60

tMean values for unpreserved control and azide trap derived from two replicate traps. Data
from only one formalin trap, due to uncorrected loss of material from the replicate trap.

:j:Seetext for definition of swimmers.
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dissolved + /J.gparticulatejO.0039 m2 x 6 days.

traps, except that we measured their total C and N content. The results are presented
in Table 3. Note that although the percent contribution is not as high as we reported in
the 1982 report (probably due to low zooplankton biomass in the oxygen minimum
waters off Mexico), it is nonetheless significant, ranging from 30-60%. In addition,
note that in both the unpreserved control and azide traps, swimmer C and N values are
considerably lower than in the formalin trap. In spite of the low number of traps
available during the 20-day deployment, we believe this observation to be real, and in
our opinion, results from our inability to efficiently remove swimmers from the
control/azide traps, due to post-mortem textural changes. The problem of swimmers
(which cannot be considered as part of the passive flux) relative to the kind of
preservative used is not trivial. For example, both mercuric ion and azide are poisons,
and do not bind or harden tissue as do formalin and glutaraldehyde. Consequently,
these organisms tend to break apart, making quantitative removal difficult. On the
other hand, if no preservative is used, swimmers will still enter the traps. In this case,
feeding does occur (G. Knauer, unpubl. observations), which could bias the results. In
addition, some of these swimmers, unable to escape, also die, and begin to decompose,
again making removal difficult. Thus, losses due to decomposition/dissolution pro-
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cesses may be even greater in the control/azide traps than we were able to resolve
here.

The effects of formalin and azide on Mn, Fe, Zn, Cd and Pb from the two
deployments are presented in Figures 3-5. As we have reported earlier (e.g., Martin
and Knauer, 1980; Knauer and Martin, 1981a; Martin and Knauer, 1982), certain
trace metals (e.g., Cd and Mn) appear to leave their original carrier phases and enter
the density solutions. On the other hand, metals such as Fe tend to remain in the
particulate phases. These same general trends were observed in the present study with
some apparently time-related differences. Iron (Figs. 3a-b) from both deployments
remained primarily in the particulate phase, and neither composition of preservative
nor time of deployment appeared to have an effect. Both Mn (Figs. 3a-b) and Cd
(Figs. 4a-b) partitioned into solution (i.e., >80% for Mn and> 70% for Cd), and again,
the type of preservative had little effect.

In terms of Zn, a time-related effect, differences in the kinds of particles trapped, or
differences in the chemistry of the water column (e.g., an intense O2 minimum at the
offshore station) may have been operating. Thus, during the six-day deployment, most
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of the Zn remained on particles, with little sign of preservative effect (Fig. 4a). On the
other hand, during the 20.6-day set, most of the Zn was found in solution (Fig. 4b).

Lead presents a more intermediate picture, with 40-100% associated with the
particulate phase (Figs. 5a-b). However, in this case, formalin does appear to be the
preservative of choice. Thus, during the 20.6-day deployment and using a formalin
concentration of 120 mM, no Pb was detected in the trap density solutions.

The general picture that emerged in terms of metal-preservative interactions is that,
in this system, none of the preservatives tested here completely retarded the loss of a
given metal to the soluble phase. In this regard, it is imperative that the surrounding
solution (in this case, our density solutions) also be analyzed, if the flux of metals is
desired. In this experiment, where metal concentrations in solution are added to the
particulate phase, excellent replication relative to total metal flux is obtained (see
upper panels, Figs. 3-5).

One final point in terms of metal flux measurements and contamination concerns
the role of swimmers. If swimmer fragments are left in the particulate phase (as with
the control, mercuric ion and azide traps), or if some swimmer-derived metals leach
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into the soluble phase, how serious would this potential source of contamination be?
Conservatively, if we assume that all ofthe swimmers removed from the formalin trap
contributed their total metal burdens (estimated from Martin and Knauer, 1973) to
either the particulate or dissolved phases, this would equal only 4,7,1,13, and 35% of
the total metal for Mn, Cd, Fe, Zn and Pb, respectively. These numbers are certainly
much lower, because we do in fact remove most of the zooplankton intact from our
formalin traps. It would appear that, at least for this experiment, (at least in the case of
Mn, Cd, Fe and Zn) swimmers, even if not removed, do not pose a serious problem.

O,bviously, the choice of preservative is not a trivial matter, and necessarily involves
many questions, such as the time scales over which the traps will be deployed, as well as
the nature of the compound or reaction to be measured. For example, because azide is a
weak base, it may be preferable to unbuffered formalin, if preservation of CaC03 is
desired. On the other hand, azide only inhibits aerobic respiration, and CO2 can still be
produced anaerobically. This could create the undesirable effect (relative to CaC03

dissolution) of lowering the pH, if traps are deployed over long time periods (e.g.,
months to years).
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Figure Sa. Trap collected Pb (June deployment) in the dissolved (open bars) and particulate
(solid bars) phases, together with total Pb fluxes (upper panel). Flux = ng dissolved + ng
particulatejO.0039 m2 x 6 days.

It also appears that decomposition/dissolution losses (based on total C and N) of
organic compounds can occur. In addition, some compounds, depending on molecular,
weight, are probably lost to the surrounding trap solutions, regardless of the type of
preservative used as a result of cell lysis. Clearly, because of the potential complexities
of trapped material, each investigator should evaluate the effects of a given preserva-
tive on their system as suggested by Brock (1978), in his discussion of the use of poisons
in biogeochemical investigations.
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 REVIEW & COMMENT

 Swimmers: A Recapitulation
 of the Problem and a Potential Solution

 By David M. Karl and George A. Knauer

 A finite but variable

 percent of the biogenic

 materials collected by

 sediment traps may

 partition into the solute

 phase.

 W E READ, with great interest, the article by Lee
 et al. (1988) concerning the effects of "swimmers"
 on the measurement of particulate organic matter
 flux in the marine environment. Generally swimmers
 are either: (1) acknowledged and their impact re-
 duced by manually removing the carcasses ("pick-
 ing") before further sample processing, (2) acknowl-
 edged, but trap contents analyzed unaltered, or (3)
 totally ignored. None of these three options is accept-
 able, if the desired outcome is to obtain accurate
 particle flux estimates. As Lee et al. ( 1988) discuss in
 their review, the swimmer problem is exacerbated in
 near-surface waters (<500 m). Unfortunately, the
 measurement of particulate organic matter flux in the
 upper water column is crucial to our understanding of
 biogenic element cycles, including the rates and
 mechanisms of nutrient regeneration and, conse-
 quently, crucial to addressing the Global Ocean Flux
 Study (GOFS) program objectives (Brewer et al .,
 1 986). Because sediment traps are now recognized as
 the only method for estimating the passive down-
 ward flux of organic matter in the sea (SCOR WG-7 1
 report on "Particulate Biogeochemical Processes,"
 S. Krishnaswami, chairman), our progress toward a
 resolution of these important oceanic processes is
 stalled at this time. So, to provide a brief answer to the
 rhetorical question posed in their title, "Are 'Swim-
 mers' a Problem?," we believe the reply is an over-
 whelming affirmative.

 In fact, the problem of swimmers may be more
 severe than stated in the Lee et al. (1988) review. To
 date, most measurements of sediment trap-collected
 materials have focused on the particulate phase.
 However, it is well known that a finite but variable
 percent of the biogenic materials collected by sedi-
 ment traps may partition into the solute phase (Knauer
 et al., 1979; Knauer et al., 1984). The extent to which
 the particulate constituents disaggregate/disintegrate,
 dissolve, hydrolyse or remineralize after entering the
 sediment trap will depend upon a number of complex
 variables that are not understood at the present time.
 If one ignores the solute phase during sample proc-
 essing, one will certainly underestimate the true

 David M. Karl, Department of Oceanography and Hawaii Institute
 of Geophysics, University of Hawaii, Honolulu, HI 96822; and
 George A. Knauer, Center for Marine Science, University of
 Southern Mississippi, Stennis Space Center, MS 39529.

 passive downward flux of biogenic matter in the sea.
 If swimmers are present, the solute phase will be
 contaminated by materials that have been leached
 from the carcasses. Removal of the swimmers by
 "picking" the sample does not address the swimmer-
 derived solute contamination problem, which for
 elements like C, N and P may be substantial. Further-
 more, if preservatives/poisons are used (e.g., for-
 malin, glutaraldehyde, azide, mercuric chloride, etc.)
 the problem becomes insurmountable, either be-
 cause of the overwhelming C (e.g., formalin and
 glutaraldehyde) or N (azide) contributed by the pre-
 servative, or because of an accelerated disintegration
 of the organic matter when a poison (e.g., azide,
 mercuric chloride) rather than a preservative is
 employed. Several of these issues were discussed
 recently at a U.S. GOFS-sponsored workshop at the
 University of Southern Mississippi's Center for
 Marine Science. A report summarizing the majority
 opinions should be available from the U.S. GOFS
 Planning Office in spring 1989 (H. Livingston, Woods
 Hole, Massachusetts 02543). Even though the data
 presented by Lee et al. (1988) and the results pre-
 sented in this paper were obtained using VERTEX-
 style traps that are deployed and recovered in an open
 configuration for periods of >6 d, the problem of
 swimmers is common to all sediment trap experi-
 ments regardless of collection time, trap configura-
 tion or water column depth. It is fair to state that there

 is now an overwhelming consensus that actively
 swimming macro- and microzooplankton inadver-
 tently collected in all moored and free-drifting sedi-
 ment traps are a major obstacle to further progress in
 oceanic flux investigations.

 At the conclusion of their review article, Lee et al.

 (1988) indicated that "few rigorous studies of the
 effect of swimmers on trap-derived fluxes have been
 carried out." The authors go on to suggest that, as a
 community, we might either try to determine the
 impact of swimmers and take corrective actions or, as
 a better solution to this ubiquitous problem, design a
 trap system that would eliminate the problem. The
 GOFS workshop participants concluded that a "unique
 solution" to the swimmer problem is not in sight. In
 fact, there was little agreement on even a general
 methodological approach, except for the fact that
 swimmers must be removed before further pfocess-
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 Fig. 1: Particulate organic carbon (P OC ) flux meas-
 ured using traps with and without 335 1 dm screens at
 a station located in the North Pacific Ocean ( 35°N ,
 128°W). The POC fluxes measured for the "no screen'
 traps were measured after the removal of swimmers
 and the POC fluxes measured for the " screen ' traps
 were made without further sample processing . The
 table in the lower right corner of the figure presents
 the value of Y IZ (i.e., ratio of no screen! screen POC
 flux ; see text for details) for each sample depth.

 ing of sediment trap-collected materials. As the GOFS
 program moves forward with funded sediment trap
 experiments in the North Pacific and North Atlantic
 Oceans, it behooves us to concentrate on at least a
 first-order method of correcting our current particle
 flux determinations for the presence of swimmers.
 Below we propose one analytical solution and dis-
 cuss its potential field application and limitations.

 Our current recommendation is based on the re-

 sults of field experiments that were conducted as part
 of the NSF-sponsored VERTEX program. Early
 attempts to repel macrozooplankton by the presence
 of noxious chemicals were uniformly unsuccessful,
 as were our attempts to gain an in situ separation of
 the passive and active flux through the use of NitexR
 screens. The potential solution which we now pres-
 ent relies on the deployment of at least two (and
 preferably more) sediment traps at each depth. The
 Multitrap system (Knauer et al., 1979), or a trap array
 of similar design, is recommended because of the
 ability to deploy up to 14 replicate collectors per
 depth. One trap (or set of traps, if replication is
 possible) is configured with a 335 'im NitexR screen
 at the base of the baffle and contains no added poison
 or preservative. A hypersaline solution, prepared by
 dissolving 40 g reagent grade NaCl per liter of
 filtered seawater, is used in these traps to prevent
 advective-diffusive loss of the accumulated solutes

 and to eliminate flushing of the traps during recov-
 ery. NaCl is used to increase the density of the
 seawater rather than the "3-salt mix" (Karl and Knauer,

 1984), because of its desirable inhibitory effect on
 microbial activity. Since the presence of a high
 density solution will affect the aspect ratio of the
 sediment trap (1988 GOFS -sponsored Sediment Trap
 Workshop Proceedings), it is imperative to control
 the brine level so as to maintain a minimum aspect
 ratio of 5 throughout the deployment period. It is our
 intent with this treatment to reduce the in situ micro-

 biological processes to a minimum during the trap
 deployment period without the addition of a pre-
 servative or posion that might otherwise interfere
 with the measurement of dissolved C, N or P. This
 treatment is subsequently referred to as the unpreser-
 ved-screened trap. The second trap (or set of traps) is
 deployed without a screen and with a high density
 seawater-NaCl solution (as above), but also contain-
 ing 1% formalin (final concentration). This treat-
 ment is subsequently referred to as the preserved-
 unscreened trap.

 Following recovery of the traps, the preserved-
 unscreened samples are examined under a dissecting
 microscope and those organisms identified as swim-
 mers are removed from the trap material (Knauer et
 al., 1979, 1984; Knauer and Martin, 1981). The
 remaining particulate matter is analyzed for C, N, P,

 The potential

 solution which we

 now present relies

 on the deployment of

 at least two ...

 sediment traps

 at each depth.
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 The bulk chemical

 composition of the

 particulate matter

 collected in screened

 traps is probably not

 substantially different

 from the unscreened

 collections for the

 habitats investigated.

 Si, etc. The unpreserved-screened traps are likewise
 processed for particulate C, N, P, Si, etc. and the
 solute portions (0.2 |im filtrate, or equivalent) are
 also analyzed for total dissolved C, N, P, Si, etc. by
 appropriate, standard methodologies with dilutions
 to reduce the salt effect, as required.

 We estimate the total trap C (or N, P, Si, etc.), with
 the following equation:

 Total = X (Y/Z) Eq. 1
 where:

 X = total particulate plus dissolved C in the unpreser-
 ved-screened trap

 Y = total particulate C (swimmer-corrected) in the
 preserved-unscreened trap

 Z = total particulate C in the unpreserved-screened
 trap.

 The assumptions inherent in this approach are: ( 1 )
 individual traps deployed at the same depth can be
 treated as replicate collections, (2) 335 |Lim mesh
 screens eliminate contamination by actively-swim-
 ming macrozooplankton, (3) microbial decomposi-
 tion of the particulate materials does not occur in the
 unpreserved trap samples, and (4) sample integrity
 and percent solubilization of the collected particulate
 matter does not vary between the preserved and
 unpreserved treatments.

 The first assumption has. been evaluated previ-
 ously under field conditions (Knauer et al ., 1984). In
 two separate experiments conducted in coastal wa-
 ters with the collection periods of 6 and 20.6 d, the
 reproducibility among sediment traps deployed at
 the same depth was found to be excellent (coefficient
 of variation <8%). With regard to the effectiveness of
 the 335 |xm screens, we recommend that the in situ
 screened sediment trap sample be examined micro-
 scopically to evaluate this assumption. If swimmer
 contamination persists for a given habitat, a smaller

 Screen C Flux N Flux C:N

 Treatment (mgnr2d_1) (wt)

 none 23.5 4.32
 21.5 4.05

 X = 22.5 (100%)t 4.19 (100%) 5.38

 2mmNitex 16.3 2.75
 18.3 2.95

 X = 17.3 (77%) 2.85 (68%) 6.07

 ImmNitex 16.6 2.93
 17.4 2.97

 X = 17.0 (76%) 2.95 (70%) 5.76

 335 |im Nitex 7.71 1.37
 8.20 1.56

 X = 7.96 (35%) 1.47 (35%) 5.43

 i" Values in parentheses indicate the percent C and N relative to the
 unscreened-swimmer picked control samples.

 Table 1: Effects of in situ screening on the measure-
 ment of C and N flux at a station off Pt. Sur , CA.
 (35°40'N; 123°50fW ). The replicate sediment traps ,
 containing a mixture of seawater- NaCl-formalin,
 were deployed at 40 m for a period of 12 d during
 April 1985 .

 diameter mesh could be employed. It should be
 emphasized that an accurate estimation of total flux
 does not require a quantitative collection of all sink-
 ing particulate matter with the screened treatment; as
 indicated in the equation above, a correction is ap-
 plied for any differences between the preserved-
 unscreened, swimmer-picked particulate determina-
 tion and the unpreserved-screened samples. How-
 ever, it is important that the screening procedures do
 not interfere with the qualitative composition of the

 preserved-
 unpreserved- screened unscreened Total*

 Trap treatment treatment Corrected Total N
 Depth PON DNt TNt PON N Flux
 (m) (jimoles/trap) (ļimoles/trap) (ļimoles/trap) (ļimoles nr2 d-1)

 50 97.88 47.93 144.81 186.45 275.8 5,440
 100 29.36 16.43 45.79 143.65 224.5 4,428
 225 15.22 7.36 22.58 8L91 121.4 2,394
 475 4.11 7.77 11.88 26.98 78.2 1,542
 900 4.56 5.35 9.91 11.33 24.7 487

 1500 3.83 6.91 10.74 10.43 29.3 578

 2000 3.05 1.65 4.69 7.35 11.3 223

 t DN and TN = dissolved N and total N, respectively
 * Using Eq. 1 in the text

 Table 2: Total N flux estimation using the proposed Karl-Knauer swimmer correction procedures. Traps were
 deployed for 13 dat a station off central California (35°40'N, 123°50'W) in June 1984. Total (0-50 m) rate
 of primary production during this period was estimated to be 95 mmoles C m2 d'1, or approximately 14.4
 mmoles N based on a Redfleld ratio of 6.6 (C:N).
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 particulate materials collected. Ideally, one would
 like to minimize obstruction of passively sinking
 particles and maximize the exclusion of swimmers,
 in which case Y/Z = 1 in Eq. 1.

 We have determined the qualitative and quantita-
 tive effects of screens in several independent field
 experiments (Fig. 1, p. 33, and Table 1, p. 34). As
 might be expected, the (Y/Z) ratio for particulate
 organic carbon (POC) varied with screen diameter
 (Table 1), ranging from 1.30 (2mm) to 2.86 (335
 (im). We also observed a systematic depth-depend-
 ent variation for screens of constant mesh size (in this

 case, 335|nm; Fig. 1), suggesting a shift in the mean
 dimensions of the sinking particulate organic matter.
 In spite of an apparent exclusion of up to 70% of the
 total POC for selected screened samples, there does
 not appear to be any systematic change in the particu-
 late C:N ratios (Table 1). From these data, we con-
 clude that the bulk chemical composition of the
 particulate matter collected in screened traps is proba-
 bly not substantially different from the unscreened
 collections for the habitats investigated.

 The final two assumptions have been evaluated
 indirectly during the course of several field experi-
 ments. The numerous direct comparisons of pre-
 served and unpreserved sediment trap collections to
 date have failed to provide any evidence for in situ
 microbial decomposition in the absence of a pre-
 servative (Knauer et al., 1984; Williams, 1986;Noriki
 and Tsunogai, 1986; Karl et al ., 1988; R. Peinert and
 C. Lee, personal communication). Knauer et al.
 (1984) conclude that "There were no significant
 differences in the C flux data regardless of whether
 preservatives were used...." and "...it is our opinion
 that decomposition was not significant over the short,
 six-day deployment for those traps deployed at 100
 m." Based on the results of a series of field measure-

 ments, Karl et al. (1988) have also concluded that
 "large sinking particles are, in general, poor habitats
 for bacterial growth and therefore unlikely sites for
 active remineralization of organic matter." Appar-
 ently, from the results available to date, in situ
 microbial decomposition should not be a major
 concern in the application of our proposed swimmer
 correction procedure.

 We have now had an opportunity to utilize the
 swimmer-influenced correction measures discussed
 above for the determination of total N flux in the

 marine environment (Table 2, p. 34). These data sug-
 gest that previously published N flux results may
 have been systematically underestimated by up to
 50-100%. If we compare our total N flux estimates to
 contemporaneous measurements of primary produc-
 tion we conclude that new production may exceed
 30%. Additional field studies, currently in progress
 at the Hawaii and Bermuda GOFS time-series sites,
 should provide further information on the relation-
 ships between euphotic zone production, food-web
 structure, and new production.

 The procedure described herein is expected to be
 most reliable when applied to oceanic habitats where

 swimmers are dominated by large crustaceans and
 least reliable when jellies or other soft-bodied
 zooplankton are present. We also recommend the use
 of short-term deployments (<7 d) in order to mini-
 mize attraction of swimmers and in situ decomposi-
 tion/hydrolysis of the collected particulate materials.
 Finally, we would like to emphasize that one person' s
 artifact is another person's data. To the extent that
 swimmers represent a subset of the diel migrant
 zooplankton that might also contribute to net down-
 ward particle flux (Longhurst and Harrison, 1988), a
 careful study should be undertaken to incorporate
 these populations into a more comprehensive eco-
 logical model of the upper water column.

 In summary, swimmers are truly the scourge of
 the sediment trap business, especially for the meas-
 urement of particle flux in the upper water column.
 We present our current swimmer correction proce-
 dures not as the final word but, hopefully, as a
 benchmark on the road to a better overall solution to

 this universal analytical problem. We fully expect
 and encourage debate and criticism, and we espe-
 cially invite suggestions for improvement.
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on the composition of sinking particles: 
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ABSTRACT: Multiple sediment trap (MULTITRAP) arrays were deployed at 3 hydrographically and 
biologically distinct stations in the eastern North Pacific Ocean and used to evaluate experimentally 
the hypothesis that protozoan grazers are important in the diagenesis of sinking biogenic materials in 
the ocean. Measurements were made of adenosine triphosphate (ATP) concentrations and the abun- 
dances of bacteria and zooflagellates associated with sinking particles collected from in si tu preserved 
and 2 sets of unpreserved (live) traps: one containing a selective eukaryote inhibitor (thiram) and the 
second without thiram which served as a live-control. Particulate organic carbon and nitrogen (POC 
and PON), NH:, NO;, NO;, dissolved organic nitrogen (DON), diatoms, and fecal pellets were 
quantified in live-control and live-thiram traps. In situ microbial production was estimated by 
measuring RNA and DNA synthesis in live-control and live-thiram traps pre-charged with 3H-adenine. 
Trap-collected bacteria and zooflagellates accounted for a low percentage of the total POC (2 to 11 %) 
but a high percentage of the total microbial biomass (an estimated 25 to 2 100 % of total ATP). 
Zooflagellates were the principal protozoans collected and accounted for 2 to 25% of the total 
microbial biomass. Synthesis of RNA and DNA was observed at all stations and depths, indicating 
microbial growth in the live traps. ATP and microscopic analyses, however, independently confirmed 
that death rates exceeded growth rates on the sedimenting particles. Differences between the live- 
control traps (coupled microbial assemblage) and live-thiram traps (uncoupled assemblage, grazers 
inhibited) indicated slower decomposition and nutrient regeneration in the uncoupled system. In 
general, POC was higher and in the shallowest traps, NH: was lower, and DON was higher in the live- 
thiram traps. Zooflagellates appear to strongly influence decomposition and nutrient recycling within 
the microbial assemblage associated with sedirnenting particles. 

INTRODUCTION 

The sinking of particulate organic matter (POM) is 
an important pathway for energy and material flux out 
of the epipelagic zone (Riley 1970, McCave 1975, 
Eppley et al. 1983, Angel 1984). The widespread use of 
particle interceptor traps (PITS or sediment traps) has 
greatly improved our knowledge of flux rates as well 
as the biological and chemical composition of sedi- 
menting materials (reviewed in Angel 1984). In the 
uppermost portion of the ocean (50 to 1000 m), POM 
f l u e s  typically diminish with depth, indicating losses 

' Present address: Institute of Ecosystems Studies, Mary 
Flagler Cary Arboretum, Box AB, Millbrook, New York 
12545, USA 

due to the combined effects of particle fragmenta- 
tion, solubilization, hydrolysis, microbially mediated 
remineralization, and ingestion by mesopelagic zone 
biota (Karl & Knauer 1984). The precise mechanisms 
regulating the rates of POM flux are, however, poorly 
understood. 

The large, rapidly sinking organic particles consist- 
ing mostly of fecal material, zooplankton carcasses and 
molts, phytoplankton, and testate protozoans, account 
for the bulk of the vertical flux (Angel 1984) and 
represent important environments for microbial activ- 
ity (Iturriaga 1979, Fellows et al. 1981, Ducklow et al. 
1982, 1985, Karl et al. 1984). Large amorphous aggre- 
gates (marine snow) have concentrations of bacteria 
and protozoans higher than surrounding seawater 
(Silver et al. 1978, Pomeroy & Deibel 1980, Silver & 
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Alldredge 1981, Caron et al. 1982). Freshly egested 
fecal pellets also have high concentrations of bacteria 
apparently derived from the intestinal tracts of the host 
organisms or from incompletely digested food (Gowing 
& Silver 1983, Andrews et al. 1984, Pomeroy et al. 
1984). In these microenvironments bacteria are pre- 
sumed to be decomposers of the POM and the proto- 
zoans, primarily zooflagellates and ciliates, represent 
the primary consumers of bacteria (reviewed in Lee 
1980, Taylor 1982). Previous microcosm studies with 
terrestrial assemblages (Cole et al. 1978, Coleman et 
al. 1978, Elliot et  al. 1979) and coastal aquatic assem- 
blages (Johannes 1965, Fenchel & Harrison 1976, Fen- 
chel 1977) have demonstrated that phagotrophic proto- 
zoans accelerate decomposition and enhance rates of 
inorganic nutrient regeneration. We hypothesized that 
protozoans associated with sinking particles in the 
open ocean would have a similar effect. We tested this 
hypothesis by conducting an  in  situ sediment trap 
experiment during the VERTEX 5 cruise. At each 
sampling depth, we assessed: (1) the biomass of mi- 
croorganisms associated with sinking particles (bac- 
teria and protozoans), (2) in  situ growth of the atten- 
dant microbiota, and (3) rates of POM solubilization 
and dissolved nutrient regeneration in a n  unpreserved 
sediment trap ('live-control trap') and in a replicate 
trap precharged with the eukaryote inhibitor thiram 
('live-thiram trap'). We predicted that the live-thiram 
traps would have reduced protozoan activity and, 
therefore, lower rates of particulate organic carbon 
(POC) and particulate organic nitrogen (PON) 
mineralization, lower rates of microbial growth, and 
lower rates of nutrient regeneration relative to the live- 
control traps. Observations on the in situ vertical flux 
of bacteria, protozoans, algae, fecal pellets, and 
adenosine triphosphate (ATP) aided in the interpreta- 
tion of our experiment. 

MATERIALS AND METHODS 

Sampling locations and experimental design. Free- 
floating multiple sediment trap (MULTITRAP) systems 
(Knauer et al. 1979) were deployed during the period 4 
to 7 June 1984 from the RIV Wecoma at 3 stations in the 
north Pacific Ocean (Fig. 1). Each MULTITRAP array 
consisted of 12 individual sediment traps mounted on 
PVC crosses at each of the 7 sampling depths (Fig. 1). 
Prior to the cruise, the traps were cleaned with a 
laboratory detergent and 10 % HC1, rinsed with sterile 
deionized water, and sealed. At sea shortly before 
deployment, each trap was filled with a specific high- 
density solution (Table l ) ,  which minimized flushing 
during recovery and diffusive losses of soluble con- 
stituents during the collection period. The 2 live treat- 

ments and the in situ ATP extraction traps were de- 
ployed with a 333 pm Nitex mesh positioned at the 
base of the baffle (Fig. 1) to exclude large, swimming 
zooplankters. The 3 MULTITRAP arrays were deploy- 
ed concurrently and their locations were monitored by 
Argos satellite telemetry for 13 d (Sta. A) and 21.75 d 
(Sta. B and C). Upon recovery, each trap was subsam- 
pled and processed for the analysis of a variety of 
parameters (Table 1) as described in detail below. 

Microscopy. Microbial (bacterial, algal, and proto- 
zoan) biomass was determined by microscopic analy- 
sis. Subsamples from both the live-control and live- 
thiram sediment traps were preserved on board with 
2 % (v/v, final concentration) borate-buffered form- 
aldehyde for subsequent analysis. Additional subsam- 
ples were obtained from sediment trap collectors on 
the same MULTITRAP array which had been pre- 
charged with fixative (see Preserved [in situ] treat- 
ment; Table 1). Bacterial cell numbers and volume 
estimates were evaluated by: vigorously shaking each 
sample on a vortex mixer, staining 1 to 15 m1 subsam- 
ples (concentration-dependent) with acridine orange 
(0.05 % w/v, final concentration), filtering onto irga- 
lan-black stained 0.2 km Nuclepore membrane filters, 
and observing at  l O O O X  with a Zeiss Standard epi- 
fluorescent microscope equipped with 100 W mercury 
lamp (Hobbie et al. 1977, Zimmermann 1977). Since 
there was non-specific fluorescence of many particles, 
it was possible to count only bacteria that had been 
dislodged during sample agitation. However, indepen- 
dent estimates of microbial biomass determined by 
total ATP concentrations and microscopy were com- 
parable, indicating that our counting procedures were 
not seriously biased by omitting particle-associated 
bacteria. We observed that preparations from subsam- 
ples that had been homogenized either by macerating 
in a tissue grinder or by vigorous manual shaking did 
not yield more bacterial cells relative to the vortex- 
mixed subsamples. Analysis of replicate subsamples 
did not improve precision over counting a single sub- 
sample (mean coefficient of variation: bacteria, 31 % 
f l l; zooflagellates, 46 % + 22). Bacterial biomass 
was estimated from volume measurements and a car- 
bon-to-cell volume relation of 22 X 10-l4 g C pm-3 
(Bratbak & Dundas 1984). 

Flagellate cell numbers and volume estimates were 
also determined by direct microscopy. Protozoans in 
preserved subsamples (1 to 75 ml) from the live-con- 
trol, live-thiram and in situ preserved sediment traps 
were counted and sized using the protocol described 
above for bacteria, except that 0.8 p m  Nuclepore mem- 
branes were used and both particle-associated and 
unattached cells were counted under 400 X magnifica- 
tion. Unlike preparations of our preserved samples 
stained with DAPI or proflavine, those stained with 
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160" 140' 1 20° 1 0O0 
Fig 1.  Map of north Paciflc Ocean showing positions of the 3 stations (A: 35"55'N, 122"34'W; B: 34"45' N, 12g054' W; C: 
33"06' N, 13g034' W) where our protozoan decomposition experiment was performed, and the sediment trap depths at each 
station. Lower left: schematic view of one of the MULTITRAP crosses; to its right, expanded view of an  individual collector tube 
(redrawn from Knauer et  al. 1979). The 333 pm Nitex screen was positioned at the base of the removable baffle system (see Table 1) 

acridine orange consistently yielded high contrast 
between autofluorescing chloroplasts (orange and red) 
and cytoplasm (green). Few autofluorescent flagellates 
(phytoflagellates) were observed in the trap material 
and only green fluorescing flagellates (zooflagellates) 
were counted. Although cells were enumerated at 
400 X magnification and periodically confirmed at 
1000 X ,  some small cells were probably overlooked. 
Reported values are considered to be conservative. 
Flagellate biomass was estimated by multiplying 
mean cell volume by 8.8 X 10-l4 g C pm-3 (Heinbokel 
1978). 

Diatom frustules and zooplankton fecal pellets were 
enumerated from the live-control and live-thiram traps 
using settling chambers (Utermohl 1931). After vigor- 
ous mixing, 10 to 50 m1 subsamples were placed in 
settling chambers, allowed to settle for r 12 h, and 
diatoms and fecal pellets were enumerated at l00 X on 
a Zeiss inverted microscope. Depending on abun- 
dances, either the entire settling area or 10 to 50 fields 

were counted. Diatom biomass was calculated accord- 
ing to Sicko-Goad et al. (1984) by multiplying mean 
cell volume by 1.00 g cm-3 X 0.25 (dry:wet weight) 
X 0.10 (carbon : dry ratio). This assumes that all frus- 
tules contain live cells and thus represents an upper 
bound on diatom biomass. Fecal pellet carbon content 
was estimated by multiplying mean pellet volume by 
1.22 g cm-3 X 0.11 (dry:wet weight) X 0.20 (carbon: 
dry ratio) (Urrere & Knauer 1981). 

A TP concentrations and biomass flux. Total micro- 
bial biomass flux was determined by measuring the 
ATP concentrations in sediment traps with 333 pm 
Nitex screens that had been precharged with H3P04 
(Table 1). As particle-associated microorganisms en- 
tered the acid-salt high-density solution, their cellular 
ATP was extracted and preserved (Fellows et al. 1981). 
ATP is stable under these conditions for periods in 
excess of 3 mo. Upon recovery, the cell extracts were 
processed for total ATP as described previously (Fel- 
lows et al. 1981). We refer to these determinations as 
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Table 1. Design of in situ protozoan decomposition sediment trap experiment 

Treatment Sediment trap density solution Analyses performed 

Preserved1 (in situ) Glutaraldehyde (2 %) Microscopy 
Sucrose ( l2  %) 1. Bacteria (counts & volume) 
SrCl,. 6H20 (90 mmoles 1-l) 2. Protozoa (counts & volume) 
Filtered seawater (800 m1 1-l) 
Distilled H 2 0  (200 m1 I-') 

Live-control2 NaCl(27.1 g 1-l) Microscopy (see above) 
MgC12. 6H,O (1 1.4 g 1-l) [ATP]: shipboard 3H-adenine assimila- 
KC1 (0.74 g 1-l) tion, [POC], [PON], [DON], [NO3-], 
3H-adenine (100 pCi 1-l) [NO,-], [NH,+], 
Filtered seawates diatom, fecal pellet counts 

Live-thiram2 ' As above for live-control treatment As above for live-control treatment 
plus thiram (1 mg I-') 

Extracted2 (in situ) H3P0, (0.5 moles I-') [ATP]: in situ 
NaCl (88 g 1-l) 
Distilled H 2 0  

Preserved treatment samples collected by M. W. Silver & M. M. Gowing, Univ. Calif. Santa Cruz 
Sediment traps covered with 333 pm Nitex screen located at base of removable baffle system (see Fig. 1) 
Oligotrophic ocean seawater was filtered through 0.22 pm Millipore filter; inorganic salts were then added and solutions 

autoclaved in polycarbonate bottles. Immediately prior to trap deployment, filter-sterilized 3H-adenine and thiram were 
added, as indicated 

Thiram = tetramethylthiuram disulfide, Aldrich Chemical Co., Milwaukee, Wisconsin 

the in situ extracted ATP concentrations (or simply, in 
situ ATP). 

Total microbial ATP concentrations in the live-con- 
trol and live-thiram sediment traps were also meas- 
ured following their recovery (incubation endpoint). 
Duplicate subsamples (50 to 200 ml) were filtered onto 
Whatman GF/F filters and immediately extracted in 
boiling phosphate buffer (60 mM, pH 7.4). The extracts 
were stored frozen for subsequent analysis as 
described by Karl et al. (1981). In order to distinguish 
these determinations from in situ extracted ATP con- 
centrations, we subsequently refer to them as the 
endpoint shipboard extracted ATP concentrations (or 
simply, shipboard ATP). 

The in situ and shipboard ATP concentrations were 
used to calculate microbial growth rate constants 
(p, expressed in units of del) from the formulations 
presented in Iseki et al. (1980). This calculation 
assumes: (1) the live traps at each depth collected the 
same material as the trap precharged with H3P04, (2) 
growth processes were exponential functions of time, 
and (3) the input of particles and attendant microbiota 
was constant throughout the collection-incubation 
period. Residual standing stocks of living microorgan- 
isms (A, expressed as pg ATP trap-'; i.e. shipboard 
ATP) can be expressed as, 

where F = total incoming ATP (expressed as pg ATP 

trap-'; i.e. in situ ATP); t = collection-incubation time 
(d). Integrating Eq. 1 with time under initial condi- 
tions, A = 0 at t = 0, Eq. 1 becomes, 

To solve for p, Eq. 2 was rearranged algebraically and 
the resulting transcendental formula (Eq. 3) was solved 
iteratively. 

p = F(l - e-wt)/A (3) 

Growth rate constants, p, are, therefore, presented as 
positive values for positive net growth and as negative 
values for negative net growth, i.e. when assemblage 
death rates exceed in situ production rates. 

3H-adenine metabolism. Assimilation of 3H-adenine 
into microbial ATP, RNA, and DNA and the corres- 
ponding production of 3Hz0 were measured in the 
live-control and live-thiram sediment traps. The sedi- 
ment traps were precharged with 3H-adenine and 
upon recovery were processed and analyzed as 
described previously (Karl & Knauer 1984). 

Particulate organic carbon (POC), parficulate 
organic nitrogen (PON), and dissolved nitrogen. POC, 
PON, and dissolved nitrogen concentrations were 
measured in the live-control and live-thiram traps after 
recovery. For POC and PON determinations, subsam- 
ples from each trap were filtered onto pre-combusted 
Whatman GF/F filters and stored frozen for subsequent 
analysis as described by Sharp (1974). A portion of the 
filtrate from each sediment trap was analyzed immedi- 
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ately for NH:, NO;, and NOT with shipboard auto- 
analyzer procedures (Strickland & Parsons 1972). The 
remainder of the filtrate was stored frozen for shore- 
based analysis of dissolved organic nitrogen (DON) by 
the U.V. oxidation method of Strickland & Parsons 
(1972). 

Efficacy of eukaryotic inhibitor. Before conducting 
the in situ field experiment, the effects of thiram and 
the live trap density gradient solution on growth of 
protozoans and bacteria were evaluated in the labora- 
tory. Tests were conducted on a ciliate (Cyclidium sp.) 
and an  unidentified zooflagellate, both isolated from 
sediment trap material from the VERTEX 4 cruise 
(August 1983), and on a natural assemblage of bac- 
terioplankton (< 0.6 pm filtrates, protozoan-free) col- 
lected from Kaneohe Bay, Oahu, Hawaii. A variety of 
eukaryotic inhibitors were screened by performing 
dose-response experiments with protozoan growth 
as the metric. Thiram demonstrated efficacy at a 
lower concentration than cycloheximide, colchicine, 
griseofulvin, or neutral red. Comprehensive results 
and implications of these laboratory investigations will 
be discussed elsewhere (G. Taylor & M. Pace unpubl.). 

Subsamples from enriched suspensions of bacterio- 
plankton in seawater or trap solution were distributed 
into 24 culture tubes, each containing a single grain of 
rice. The samples were inoculated with either flagel- 
lates or ciliates and incubated at 25 "C in darkness for 
24 h. At 24 h, subsamples were fixed in 2 % borate- 
buffered formaldehyde (for flagellates) or Lugol's 
Iodine solution (for ciliates) for cell counts, and then 
1.0 pg ml-' of thiram was added to the replicate zoo- 
flagellate and ciliate culture tubes. All samples 
(thiram, trap solution, and seawater) were incubated 
for an additional 24 h under identical environmental 
conditions. Subsamples were preserved and counted. 
Growth rates (p = In N,, - In NZ4) in the 2 treatments 
were compared to those of the seawater samples. Mic- 
roscopic observations of live flagellates and ciliates in 
all treatments were made at 1 and 3 d (zooflagellate) or 
6 d (ciliate) after inhibitor addition. 

Bacterioplankton were incubated for 3 d with either 
1.0 FM glucose and rice grains (heterotrophic potential 
experiment) or suspensions of stationary phase phyto- 
plankton (growth experiment) in the presence and 
absence of 4.2 pM thiram to simulate conditions in our 
field experiment. For heterotrophic potential measure- 
ments, 0.05 pCi ml-' of [U-14C]-glucose (346 Ci mol-'; 
NEC 042X, New England Nuclear Co., Boston, 
Massachusetts) was added to each treatment. Flasks 
were incubated on a shaker table at 100 rpm in dark- 
ness and after 4 h were subsampled for 14C02 evolution 
and 14C-incorporation into > 0.2 pm particulates 
(Wright & Hobbie 1966, Hobbie & Crawford 1969). For 
growth experiments, subsamples were fixed in 2 % 

(v/v) borate-buffered formaldehyde at 0 and 3 d and 
cells stained with acridine orange were counted by the 
epifluorescent microscopic method (Hobbie et al. 
1977). 

Statistical analysis. It was not possible to replicate 
the treatments at each depth, so we could not perform 
the ideal statistical tests of comparing the treatments 
within and among depths as well as among stations. 
Instead, at each depth the live-control and live-thiram 
traps were compared and the treatment with the higher 
value of the parameter of interest was assigned a plus 
and the lower treatment a minus. We then tallied the 
number of plus and minus scores for each parameter 
among all depths and stations (n = 21 in most cases). A 
simple sign test was then performed by calculating the 
probability that the distribution of plus and minus 
scores was due to chance, assuming an equal probabil- 
ity for a plus or minus score (Mendenhall 1971). A 
critical region was calculated by accumulating the 
exact probabilities of a particular score in both tails of 
the distribution. We report these probability values 
and accept P < 0.1 as reflecting a significant difference 
between treatments. The weakness of this test is that it 
gives equal weight to large and small differences. 
Because the values for most of the parameters we 
measured for each treatment converged with depth, 
the test should be regarded as conservative in detect- 
ing differences between the 2 treatments in this exper- 
iment. 

RESULTS 

Effects of thiram and PIT solution o n  microbial growth 
and metabolism 

Thiram at a concentration of 1 mg 1-' (4.2 FM) effec- 
tively inhibited zooflagellate and ciliate growth (Table 
2). The negative growth rate of the ciliate (Table 2) 
indicated that some death obviously occurred in the 
presence of thiram, but we also observed that a portion 
of the population was still motile after 6 d. Incubation 
of protozoans in the live-control PIT solution yielded 
variable results. Zooflagellate growth was partially 
inhibited (38 %) but was still 10 times greater than the 
live-thiram PIT solution. Ciliate growth in the PIT 
solution exceeded that measured in seawater. We 
observed no effect of the PIT solution on protozoan 
motility. 

Growth of ungrazed bacterioplankton was only 
slightly affected by thiram (Table 2). Incorporation and 
respiration of D-[U-14C]-glucose were only slightly 
reduced in the presence of thiram (3 and 9 %, respec- 
tively). Karl & Knauer (1984) have previously demon- 
strated that the live PIT solution does not affect bac- 
terial growth and metabolism. 
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Table 2. Effects of thiram and particle interceptor trap (PIT) solution on microbial growth and metabolic activity 

Organism Parameter Control Thiram ( l  mg l-l) % Inhibition PIT solutiona % lnhibition 

Zooflagellate 
(clone v4-l) Growth (p, d-l) 2.200 0.131b 94 1370 3 8 
Ciliate 
(clone v4-2) Growth (p, d-') 0.100 - 0.325 100 0.169 C 

Bacterioplankton Growth (p, d-') 1.440 1.540 C N A N A 

14C-glucose, 
incorporation 
(nCi ml-' h-') 6.15 5.99 N A N A 

14C-glucose, 
respiration 
(nCi ml-I h-') 6.55 5.96 9 N A 

a PIT solution: offshore seawater amended with 27.05 NaC1. 11.40 MgC1,-6H,O, and 0.74 KC1 g 1-l 
h Thiram in PIT solution 
C Growth enhanced 
NA: Not available 

- 

Particulate organic carbon concentrations traps appeared to lower decomposition, and thus lead 
to a higher observed concentration of POC. 

The concentrations of POC in both live-control and 
live-thiram traps declined exponentially with depth at 
all 3 stations (Fig. 2). Highest concentrations were Nitrogen inventory 
measured at the inshore station and lowest concentra- 
tions at the offshore station. This pattern is consistent Nitrogen inventories were established for the live- 
with the measured gradient in primary production and control and live-thiram traps by measuring the particu- 
total POC flux as measured by in situ formaldehyde late and dissolved constituents (with the exception of 
preserved collections at these same stations and depths dissolved gases). Concentrations of particulate organic 
(G. Knauer pers. comm.). The POC concentrations nitrogen (PON), nitrate (NOJ, and nitrite (NO;) were 
measured in the live traps reflect the amount of carbon frequently at or below the limit of analytical detection 
remaining after incubation of the microbial assem- at Sta. B and C, so we present data for only the near- 
blage associated with the sinking particles. The live- shore station. At Sta. A, PON and dissolved organic 
control traps generally had lower POC concentrations nitrogen (DON) were measurable at all depths, and 
than the live-thiram traps (P = 0.027). A lower con- these species were the dominant component of the 
centration in the live-control treatment implies a total nitrogen inventory in the sediment traps (Table 
higher decomposition rate of POC during the incuba- 3). Ammonium ( N H 3  concentrations were a significant 
tion. Inhibition of the protozoans in the live-thiram component of the total nitrogen inventory only for the 

o o 2 4 6 8  

0 L i v e -  control 
o L~ve.  th i ram 

Fig. 2. Vertical profiles of particu- 
late organic carbon (POC) for Sta. 
A,  B, and C collected in live-con- 
trol (0) and live-thiram (0) traps. 
Traps deployed for 13 d (A, 4 to 17 
Jun 1984) and 21.75 d (B, 5 to 27 
Jun 1984; C, 7 to 28 Jun 1984). 
Means of 3 analytical replicates 
presented (SD of means smaller 

than symbols) 
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Table 3. Nitrogen inventory for live-control and live-thiram traps at Sta. A. All values expressed as pmoles trap-' 13d-' 

Depth PON NH: NO; NO DON 

(m) Control Thiram Control Thiram Control Thiram Control Thiram Control Thiram' 

50 97.88 47.22 15.54 3.48 0.00 0.25 1.10 0.19 31.29 59.79 
100 29.36 27.61 6.19 1.57 0.89 0.00 0.20 0.01 9.15 19.94 
225 15.22 11.39 0.43 0.10 2.77 4.88 0.00 0.00 4.16 3.26 
475 4.11 5.91 0.00 0.00 5.54 5.35 0.00 0.00 2.23 11.43 
900 4.56 4.05 0.00 0.01 2.42 0.00 0.00 0.00 2.93 1.30 

1500 3.83 4.84 0.00 0.05 4.91 3.37 0.00 0.01 2.00 1.45 
2000 3.05 3.66 0.06 0.08 0.00 0.00 0.00 0.01 1 .S8 1.12 

DON values in thiram traps are corrected for the contribution of thiram (5.51 p o l e s  DON 1-l) measured in blank samples 

surface traps (50 and 100 m), while NO; concentrations 
were significant at intermediate depths (225, 900, and 
1500 m). 

Substantially higher concentrations of NH: were 
observed in the live-control traps, relative to the live- 
thiram traps, at 50, 100, and 225 m (Table 3). This 
pattern was also observed consistently at the other 2 
stations (data not shown). In contrast to NH:, the con- 
centrations of DON were higher in the live-thiram 
traps at Sta. A in the 2 shallowest traps (Table 3) and 
only in the shallowest trap at Sta. B. 

ATP concentrations 

Surface (100 to 150 m) in situ ATP concentrations 
were 2.5 times higher at Sta. A than at  Sta. B and C 
(Fig. 3). At Sta. A, in situ ATP concentrations de- 
creased with depth and approached shipboard ATP 
concentrations in the upper 225 m, indicating rapid 
die-off of the sinking microbes. The convergence of in 
situ and shipboard ATP did not occur until 600 m at 
Sta. B and C. The in situ ATP concentrations exceeded 
shipboard ATP measurements at 20 of 21 sampling 
sites. Consequently, growth rates of the microbial 

Fig. 3. Vertical profiles of adeno- 
sine triphosphate (ATP) remain- 
ing in live-control (0) and live- 
thiram (D) traps after collection- 
incubation period and extracted 
shipboard. Values in parentheses 
are from in situ ATP extraction 
traps and represent input of mic- 

robial biomass 

assemblage, p, were negative, indicating that micro- 
bial death rates exceeded rates of cell division. At Sta. 
A and C, growth rates were most negative in the 
surface traps and approached zero with depth (Fig. 4). 
At Sta. B, growth rates did not vary in a consistent 
pattern with depth. Concomitantly, living carbon 
(shipboard ATP X 250 pg C pgATP-l; Karl 1980) to 
total POC ratios at the base of the euphotic zone were 
13, 11, and 7 % in live-control traps and decreased 15, 
28, and 6-fold over the depth ranges sampled at Sta. A, 
B, and C, respectively (calculated from Fig. 2 & 3). 
There were no consistent differences between the live- 
control traps and the live-thiram traps in terms of 
either ATP concentrations or community growth rates. 
Trends in net assemblage growth rates at Sta. B and C 
between 600 and 1000 m suggest either lower death 
rates or increased cell division rates in this depth 
range. 

Microbial abundances and biomass 

Bacterial biomasses in the i n  situ preserved traps 
were greatest in the surface waters and decreased with 
depth (Fig. 5; data given in parentheses). In addition, 
the biomass of bacteria collected at a given water 

ATP I uo troo-'l 

0 L i v e -  
0 Live-  

control  
thirom 
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Growth Constont ( p , d . ' )  
-2.5 - 2  -1.5 -1 -0.5 0 -I -0.8 -0.4 -0.4 -0.2 0 -1.5 - 1  -0.5 0 

400 - 

- 
E 800-  Fig. 4. Vertical profiles of growth 

rate constants for rnicrobiota as- 
a 

sociated with particles collected 
in live-control (0) and live-thiram 
(U) traps at Sta. A, B, and C. Rates 
calculated from in situ extracted 
ATP (input) and shipboard ex- 
tracted ATP (post-incubation) as 

2000 - described above 

depth decreased from the nearshore to offshore sta- 
tions. Total bacterial abundances measured for the in 
situ preserved traps were not statistically different 
from the live-control traps, which suggests that there 
was no net growth in the live traps. Bacterial concen- 
trations and mean cell volumes for the live-control 
traps, however, were greater than for the live-thiram 
traps (P = 0.0?8), suggesting differential rates of 
growth and/or death between treatments. 

Zooflagellate biomass was greatest in the near sur- 

face sediment traps and decreased with increasing 
water depth (Fig. 6). Zooflagellate biomass was gener- 
ally greater in the in situ preserved traps (Fig. 6; data 
given in parentheses) than in either the live-control or 
the live-thiram traps, possibly refIecting sampling dif- 
ferences between the unscreened preserved traps and 
the screened live traps and/or the death of zooflagel- 
lates in the live treatment traps during the collection- 
incubation period. Zooflagellate biomass was also sig- 
nificantly higher in the live-control baps than in the 

Flagellates (+g C trap-') 

0 2 4 6 8 1 0  
I " I I I  

Bacter~a Ipg C trap.') 

0 150 300 450 600 750 0 40 80 120 160 0 8 16 24 32 
I l I I I I 

(64, >,) Fig, 5. Vertical profiles of bacter- 
ial biomass collected in live-con- 
trol (0) and live-thiram (U) traps 
at Sta. A, B, and C. Values in 
parentheses were calculated from 

cld,-ie) in situ preserved traps (glutar- 

Fig. 6. Same as Fig. 5 for zoo- 
flagellates 

0 Live- control 

o L ~ v e -  t h ~ r a m  

-od (11) sented. NA = not available 

I 
l 

l 

aldehyde, M. W. Silver & M. M. 
Gowing, Univ. Calif. Santa Cruz) 

l 
(11) 

that lacked the 333 pm Nitex 
(1, 

I screens. Values for replicate in 
l 
I situ preserved traps deployed at 
I 2 depths at each station are pre- 
I 
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live-thiram traps (P = 0.027). This difference probably 
reflects accelerated death as a result of thiram. 

The ratio of zooflagellate cell volume to the total 
volume of bacteria plus zooflagellates in the in situ 
preserved traps was greater than in the live-control 
and live-thiram traps at all 3 stations (Table 4: Sta. A - 
preserved = 25 %, live-control = 10 %, live-thiram = 

11%; Sta. B - 2 2 % , 8 % , 5 % ;  Sta. C - 1 2 % , 3 % , 2 % ) .  
There were no consistent trends in relative biomass 
with depth, but there was a trend toward zooflagellates 
accounting for a lower percentage of the total biomass 
along the onshore-offshore gradient. 

The ratio of total microbial carbon biomass (bacterial 
+ zooflagellate; Fig. S & 6) to total measured POC 
(Fig. 2) was an average of 5 % and did not vary sys- 
tematically between stations, depths, or treatments 
(range = 2 to 11 %). Conversely, the ratios of estimated 

Table 4. Summary of bacterial and protozoan biomass rela- 
tions 

Depth (m) Flagellate biovolume proportion 
(% of total microbial v01ume)~ 

Preserved Control Thiram 

Station A 
50 11 2 1 
100 9 9 
225 14 9 
475 9 19 
900 11 4 
1500 9 9 
2000 9 3 

Mean 2 SD 10 f 2 l1 f 7  

Station B 
130 11 5 
300 7 4 
600 8 8 
750 8 4 
1000 7 6 
1500 5 4 
2000 8 5 

Mean f SD 8 5 2  5 ? 1  

Station C 
150 2 
275 5 
600 2 
750 4 
1000 2 
1500 1 
2000 1 

Mean f SD 2 f 2 

NA: Not available 
a Flagellate cell volume X 100 + (flagellate + bacterial 
cell volume) 

microbial ATP (bacterial + zooflagellate carbon 
+ 250; Fig. 5 & 6) to total shipboard ATP (Fig. 3) were 
an average of 80, 89, and 90 % and had ranges of 25 to 
r 100,37 to 2 100, and 45 to 2 100 % at Sta. A, B, and 
C, respectively. These ratios increased with depth, did 
not vary systematically between treatments, and were 
most often 2 100 %. These results indicate that most of 
the POC remaining in the traps was nonliving (2 89 %) 
and the major portion of the biomass measured by ATP 
could be accounted for by bacteria and zooflagellates. 

Detrital analysis 

Trap material at Sta.A was dominated by a centric 
diatom of the family Discoideae, which accounted for 
an estimated 52 to 76 % of the total POC for the traps 
deployed at 50 m (Table 5). Trap-collected diatoms 
decreased from 6.2 X 106 to 1.1 X 104 cells trap-' over 
the depth range examined, and the amounts collected 
by the 2 live treatments were similar. The conversion 
factors used to estimate diatom biomass were assumed 
to be constant, but microscopic observations of cells 
stained with acridine orange confirmed that cytoplas- 
mic volume decreased with depth. Therefore, the cal- 
culated diatom contribution to total POC represents an 
upper limit, particularly for the deeper traps. Fecal 
pellet concentrations did not vary with depth, with the 
exception of higher values at 100 m. The estimated 
contribution of fecal pellets to total POC was small 
(< 3 %) throughout the water column. Fecal pellet con- 
centrations in all 7 live-control traps were lower than 
in the live-thiram traps (P = 0.016), which suggests 
more decomposition in the presence of active proto- 
zoans. The lack of differences in diatom numbers 
between the treatments is probably due to the refrac- 
tory nature of the frustules, leading to the expectation 
that these cells serve as a conservative marker of sink- 
ing particulate materials. Diatom frustules and fecal 
pellets were too few to enumerate at Sta. B and C given 
the sample volume. 

3H-adenine assimilation 

3H-adenine was assimilated into RNA and DNA by 
microorganisms associated with sedimenting particles 
at all stations and depths (Table 6). This implies that 
net DNA synthesis, and hence growth, occurred 
throughout the water column. As expected, the rates of 
incorporation varied substantially with depth; gener- 
ally, the highest rates were observed for in situ incuba- 
tion of particles collected at the base of the euphotic 
zone. Because of undetectable concentrations of 3H- 
ATP in many samples, specific activities and therefore 
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Table 5. Summary of diatoms (Discoideae), fecal pellets, and estimated carbon from these sources collected in live-control traps 
and live-thiram traps at Sta. A after 13d. Diatom carbon estimate based on Sicko-Goad et al. (1984); where C = mean cell volume 
X 1.00 g cm3 X 0.25 (dry:wet ratio) X 0.10 (carbon:dry ratio). Fecal pellet carbon estimate based on Urrere & Knauer (1981); 

where C = mean pellet volume X 1.22 g cm-3 X 0.11 (dry:wet ratio) X 0.20 (carbon:dry ratio) 

Depth (m) Trap Diatoms Fecal pellets 
No. trap-' pg C trap-' % POC No. trap-' pg C trap-' % POC 

50 Control 6.18 X 106 4274 51.50 1.99 X 103 13 0.15 
50 Thiram 5.48 X 106 3792 75.60 5.02 X 103 32 0.64 

100 Control 1.33 X 106 918 36.80 8.97 X 103 57 2.29 
100 Thiram 1.32 X 106 913 33.80 10.34 X 103 66 2.45 

225 Control 1.47 X 105 102 8.09 1.82 X 103 12 0.93 
225 Thiram 1.60 X lo5 11 1 10.40 2.66 X 103 17 1 .S9 

475 Control 2.30 X lo4 16 3.50 1.66 X 103 11 2.33 
475 Thiram 4.20 X 104 29 4.06 1.77 X 103 11 1.59 

900 Control 1.99 X 104 14 3.17 1.23 X 103 8 1.82 
900 Thiram 1.89 X 104 13 2.25 2.18 X 103 14 2.40 

1500 Control 1.44 X lo4 10 2.28 1.71 X 103 11 2.50 
1500 Thiram 1.50 X lo4 10 1.91 2.34 X 103 15 2.74 

2000 Control 1.38 X lo4 10 2.66 1.21 X lo3 8 2.16 
2000 Thiram 1.06 X 104 7 1.81 1.55 X 103 10 2.43 

Table 6. Assimilation of 3H-adenine and production of 3H20, 3H-RNA and 3H-DNA during in situ incubation of sediment trap 
particles 

Depth (m) 3H-adenine added 3H,0 (nCi trap-') 3H-RNA (nCi trap-') 3H-DNA (nCi trap-') 3H-RNA:3H-DN~ 
(pcitrap-l) Control Thiram Control Thiram Control Thiram Control Thiram 

Station A 

50 90 39,832 1,691 28 
100 26,131 1,575 4 9 
225 9,452 1,328 53 
475 1,650 987 32 
900 754 741 10 
1500 1,051 724 17 
2000 1.140 549 16 

Station B 
130 43,920 3,235 12,291 4,077 1,302 788 9 5 
300 705 952 322 426 26 63 12 7 
600 (50 C50 163 86 5 3 33 29 
750 266 513 186 43 15 3 12 15 
1000 538 673 60 347 3 22 19 16 
1500 (50 <SO 37 35 5 6 7 6 
2000 <SO <SO 39 30 3 4 13 8 

Station C 
150 9,587 1,646 5,459 384 158 15 35 26 
275 3,732 2,770 788 1,859 23 4 1 34 45 
600 (50 C50 99 110 4 5 25 23 
750 <SO <SO 74 40 3 3 24 13 
1000 95 660 38 417 4 37 10 11 
1500 410 <SO 20 19 1 2 18 13 
2000 780 336 17 20 1 1 21 15 
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rates of total DNA and carbon production could not be 
calculated for 24 of 42 samples. Estimated microbial 
carbon production for live-control and live-thiram sur- 
face traps were 49.0 and 5.4, 15.4 and 7.5, and 0.4 and 
0.1 mg C m-* d-I for Sta. A, B, and C, respectively. 

Maxima of 57 (A), 64 (B) ,  and 10 % (C) of the radioac- 
tivity added as 3H-adenine to the traps were measured 
in the cumulative 3H20, 3H-RNA, and 3H-DNA pools. 
3H,0 was observed in most sediment traps and, when 
present, accounted for the bulk of the radiochemical 
inventory. The ratio of 3H20 : 3H-RNA for many of the 
deeper sediment trap microbial assemblages exceeded 
a value of 10, which is high compared to an average 
ratio of 1 to 2 for the surface traps (Table 6) and for 
Niskin bottle collections at all depths (D. Karl unpubl. 
data). Mean 3H-RNA:3H-DN~ ratios were 24, 14, and 
22 at Sta. A, B, and C and varied from 5 to 49. This ratio 
did not vary systematically between treatments or with 
depth. 

DISCUSSION 

The reliability of sediment traps as a method of 
sampling oceanic particles has been previously analy- 
zed (Bloesch & Bums 1980, Dyrnond et al. 1981, Gard- 
ner et al. 1983). Limitations of our individual estimates 
are discussed as they apply below. The use of 333 pm 
screens was an integral part of our experimental 
design in order to keep large zooplankton (i.e. 'swim- 
mers') from entering the sediment traps during the 
deployment period. The only alternative solution to 
screening would have been to remove the swimmers 
manually after sediment trap recovery (Knauer et al. 
1979, Knauer & Martin 1981). By following this latter 
protocol, it would be impossible to separate the impact 
of the swimmers on the parameters (especially soluble 
nutrients) measured from the effect of our experimen- 
tal treatment. For this reason, we elected to use the 
screening procedure. The screened traps collected less 
POC and PON and probably fewer larger protozoa, 
such as radiolarians and foraminiferans, than un- 
screened traps used at the same stations and depths (G. 
Knauer & M. M. Gowing pers. comm.). Because the 
size of particles collected by PIT'S decreased with 
depth (pers. obs.), the bias introduced by screening 
most likely decreased as a function of depth. However, 
the screened trap material was qualitatively similar as 
indicated by comparisons of C :  N ratios and microbial 
community composition. 

Results presented by Silver et al. (1984) from 3 previ- 
ous VERTEX cruises off central California (USA) and 
Mexico illustrated that sedimenting organic materials 
are a habitat for ciliated protozoans. Significant results 
included: the discovery of undescribed species, the 
measurement of high ciliate flux rates (0.32 to 2.00 X 

106 cells m-2 d-l), measured ciliate to bacteria numeri- 
cal ratios of 0.06 X 10-3 to 1.00 X l O P 3  (reciprocal of 
reported data), and estimated ciliate to bacterial 
biomass ratios of 5 to 158. From these results and from 
unquantified observations of zooflagellates, they con- 
cluded that ciliated and probably flagellated proto- 
zoans must be important in the diagenesis of sinking 
POM. The present study experimentally supports this 
hypothesis. 

We found a large zooflagellate flux from the eupho- 
tic zone: 955 X 106, 58 X 106, and 25 X 106 cells m-2 
d-l (which is equivalent to 1176, 71, and 30pg C m-2 
d-l) for the surface traps at Sta. A, B, and C, respec- 
tively. However, we observed a reduction in biomass 
with both water depth and incubation time (i.e. the in 
situ preserved abundances exceeded the live-control 
abundances). It is interesting that we did not observe 
any ciliates other than a few tintinnids either by epi- 
fluorescence or settling chamber bright-field micro- 
scopy techniques in preserved material from the live- 
control, live-thiram, or in situ preserved trap materials. 
If ciliates were a dominant component of the detrital 
assemblage, we should have encountered them during 
microscopic examination of approximately 200 epi- 
fluorescent (100, 250, 400, and lOOOX magnification) 
and 30 settling chamber (100 and 250 X magnification) 
preparations. Furthermore, because our direct micro- 
scopic estimates of flagellate biomass were generally 
within a few percent of the total microbial biomass 
estimated by ATP, it is unlikely that ciliates contri- 
buted anything more than negligible biomass. 

Examination of microbial assemblages associated 
with macroaggregates in surface waters of the Sar- 
gasso Sea revealed significant quantities of bacteria, 
flagellates, ciliates, and amoebae (Caron et al. 1982). If 
their cell numbers are converted to biomass by using 
reported median cell volumes and conversion factors 
presented above, mean biomass and % of total micro- 
bial biomass are approximately as follows: bacteria, 
5.7 kg C ml-l (85 %);  nanoplankton, l pg C ml-I 
(14.6 %); zooflagellates, 0.03 pg C ml-l (0.4 %);  cil- 
i a t e ~ ,  0.4 ng C ml-I (0.006 %). Our trap results corres- 
pond closely with these observations. 

In the present study, the proportion of zooflagellates 
(as % of total microbial volume) was observed to vary 
spatially (with depth at the inshore station, between 
stations at a given depth), and with particle age 
(between preserved and live traps) and accounted for 
between 2 and 25 % of the microbial biomass. These 
observations are consistent with the hypotheses that 
the total energy of the sedimenting habitat decreases 
and the POM becomes more refractory as particles sink 
and age (Ducklow et al. 1985 and references therein). 
Bacteria associated with particles sinking out of the 
mixed layer (ca 10 m) in the New York Bight were 
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growing (by 3H-thyrnidine and cell count methods) in 
material collected in traps for 1 d and incubated for a 
subsequent day (Ducklow et al. 1982). However, 
growth rates were low relative to the observed vertical 
fluxes of attached bacteria. Radioassay data reported 
above indicate that RNA and DNA synthesis, hence 
growth, occurs at all stations and depths and is 
enhanced in the oxygen minimum zone. Results from 
ATP and microscopic analyses, however, strongly indi- 
cate that net death and energy loss with depth and 
time is the overwhelming fate of microbial com- 
munities on sedimenting POM. It is possible, although 
untested by us, that the observed 3H-RNA and 3H-DNA 
synthesis occurred shortly after the particle-associated 
microbes entered the traps, cell growth then decreased 
with incubation time, and a portion of the community 
actually died. Observed results were not influenced by 
exhaustion or loss of substrate since 36 to 90 % of the 
added 3H-adenine remained at the end of the deploy- 
ments and previous studies have demonstrated mini- 
mal diffusive losses from these traps (Karl & Knauer 
1984). In situ time course experiments are necessary to 
resolve the dynamics of this system. 

Differences observed in 3H20 : 3H-RNA ratios be- 
tween surface and deep traps are consistent with 
the hypothesis that 2 distinct populations may be 
experiencing different growth rates or at least 
growth strategies. 3H20 production is known to occur 
as a consequence of 3H-adenine metabolism (Karl 
et al. 1981); however, the precise mechanisms 
and metabolic pathways of 3H20 production remain 
unknown. Mineralization of 3H-adenine, metabolic 
turnover of nucleic acids, and isotope exchange during 
metabolic conversion of adenine to guanine are all 
potential pathways. Furthermore, the extremely high 
ratios of 3H-RNA:3H-DNA for many of the sediment 
trap samples suggest that the deep populations may be 
experiencing unbalanced growth since it is unlikely 
that the RNA : DNA concentration ratio exceeds a value 
of 10 for any growing microbial population (Karl 1981). 
Similar results based on 3H-thymidine and 3H-adenine 
incubations of trap-collected material (1075 m) from 
the Middle Atlantic Bight are reported in Ducklow et 
al. (1985). In this regard, microorganisms associated 
with sediment trap-collected particles appear to be 
similar to microbial assemblages sampled from surface 
sediments (Craven & Karl 1985). The addition of thiram 
to the sediment traps caused a decrease in the produc- 
tion of 3H20, 3H-RNA, and 3 H - D N ~  but only for sam- 
ples collected in the upper 300 m. Presumably this 
effect is the result of uncoupling of bacterial metabol- 
ism from protozoan grazing pressure. 

Thiram has been employed as a selective inhibitor of 
protozoan activity in soil microbiology (Ramirez & 
Alexander 1980) and in neritic planktonic assemblages 

(Newel1 et al. 1983). Careful experimentation and 
cautious data interpretation must be exercised when 
using 'selective' inhibitors for ecological investiga- 
tions because effects on organisms are likely to vary 
with trophic mode, cellular organization, ambient nu- 
trient concentrations, and growth rates (Yetka & Wiebe 
1974, Iturriaga & Zsolnay 1981, Taylor & Pace unpubl.). 
Preliminary laboratory results from this study indicate 
that thiram: (1) effectively blocks flagellate and ciliate 
growth without immediately killing these organisms, 
(2) has little effect on short-term (4 h) heterotrophic 
potential or long-term (3 d) growth of bacterioplank- 
ton, and (3) is sufficiently selective when applied to 
sub-euphotic zone microbial-detrital associations. 

The results of field observations suggest that live- 
thiram traps contained viable zooflagellates, although 
at reduced levels compared to live-control traps. The 
possibility that thiram non-selectively depressed 
bacterial activity in the sediment traps is a potential 
criticism of our interpretation of the field experiment. 
Bacterial abundances were consistently lower in the 
live-thiram traps. Conversely, ATP-derived net growth 
rates did not vary cdnsistently between treatments. 
Although production rates of 3H20, 3H-RNA, and 3H- 
DNA in the shallow (5 275 m) live-control traps were 
consistently greater than in the live-thiram traps, dif- 
ferences between treatments for all depths and stations 
were statistically insignificant, i.e. varied randomly. It 
is impossible to evaluate fully the actual effect of 
thiram on sedimenting bacteria because direct (chemi- 
cal inhibition) and indirect (thiram-protozoan-bacteri- 
a1 interactions) effects cannot be separated in the field 
experiment. However, our results suggest that: (1) 
observed treatment differences in shallow traps (high 
energy system, large grazer impact) were due to indi- 
rect community effects, and (2) the random treatment 
differences at depth (low energy system, small grazer 
impact) were a consequence of negligible inhibitory 
effects on bacteria. The possibility that direct uptake 
and metabolism of 3H-adenine by zooflagellates 
accounted for the differences observed between treat- 
ments seems unlikely. In a preliminary laboratory 
experiment with ciliates fed unlabeled, heat-shocked 
bacteria in the presence of 3H-adenine, uptake and 
metabolism of 3H-adenine by the ciliates were not 
evident by radioassay or microautoradiography 
(unpubl, data). The presence of viable, growth-incom- 
petent zooflagellates in the live-thiram traps suggests 
that inhibition was incomplete and reported protozoan 
effects on decomposition and nutrient regeneration are 
probably conservative. 

With few exceptions, POC collected by live-thiram 
traps was higher than in the live-control traps, suggest- 
ing that protozoan grazers accelerate the decomposi- 
tion of sedimenting POM. Microscopic examination of 
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fecal pellets at Sta. A confirmed that decomposition of 
these sinking particles was slower in the uncoupled 
system than in the coupled system at all depths. 
Although the amount of POC collected and the 
zooflagellate proportion of microbial biovolume 
decreased from Sta. A to C, differences observed 
between coupled and uncoupled systems suggest that 
the relative importance of protozoan grazers to decom- 
positional processes increased along this transect. The 
effects of protozoan grazers on dissolved nutrient pro- 
duction appear to vary. Net production of NH: was 
clearly enhanced in live-control traps at the 2 inshore 
stations, especially in the upper 300 m where micro- 
bial metabolism is most rapid. It is difficult to assess 
NH: production at the offshore station because the low 
concentrations observed (1 order of magnitude less 
than Sta. B) approach the detection limits for NH:. 
Production of NHla t  this station, however, appeared to 
be slightly enhanced in the coupled system at all 
depths except 300 m. We interpret enhanced NHipro- 
duction to be the result of protozoan excretion. Addi- 
tionally, the depth distributions of NH: and NO; in the 
traps supports the assertion that sinking POM is a 
center for bacterial nitrification (Karl & Knauer 1984, 
Karl et al. 1984). 

Although protozoans are known to release a spec- 
trum of dissolved organic compounds (Taylor 1982, 
Taylor et al. 1985), our results indicate that DON con- 
centrations were greater in the grazer-inhibited sys- 
tems of the shallow traps where input of nutrients and 
organisms and NH: production were greatest. This 
observation may be explained by at least 2 indepen- 
dent mechanisms: (1) metabolically inhibited proto- 
zoans in the live-thiram traps released their cellular 
pools of DON during the trap incubation period, or (2) 
sedimenting biogenic particles leach DON which is 
utilized more rapidly in the coupled system than in the 
uncoupled system. It is impossible to distinguish 
between these 2 possibilities in our experiments. How- 
ever, if one assumes a Redfield C : N ratio for zooflagel- 
lates and all zooflagellates lyse upon entry into the 50 
and 100 m live-thiram traps at Sta. A, then zooflagel- 
lates would contribute only 0.54 to 0.75pmoles DON 
trap-'. This is clearly insufficient to explain the 
observed differences of 1.75 to 50.66pmoles DON 
trap-'. 

From preliminary laboratory results and microscopic 
analysis of field samples, it is apparent that viable but 
growth-incompetent protozoans were present in the 
live-thiram traps. Therefore, it seems unlikely that 
incoming microbes simply lysed upon entry into the 
traps. The accelerated death of protozoans in the live- 
thiram traps, which we invoke to explain the 
diminished regeneration of inorganic nutrients, can 
account for only a small portion of the observed DON. 

Reversal of the trend, however, was observed in 3 pairs 
of traps. It seems likely that cell death and solubiliza- 
tion of detritus (chemically and biologically mediated) 
both contribute to DON pools to varying degrees and 
that the differences observed between coupled and 
uncoupled systems may be functions of the rates of cell 
death and recycling by bacteria. The coupled bacteria- 
protozoan community degraded POC and PON, con- 
sumed DON, and produced NH: more actively than 
the uncoupled system. By our interpretation, the par- 
ticulate and dissolved organics in the uncoupled sys- 
tems were higher as a result of a reduction in microbial 
activity. These observations reflect the increased 
decomposition occurring in the live-control traps rela- 
tive to the live-thiram traps. Our results strongly sug- 
gest that in sedimenting detrital associations, zoo- 
flagellates stimulate regeneration of inorganic nu- 
trients and possibly indirectly stimulate recycling of 
dissolved organic matter (DON in this case). 

The present study has provided clear evidence that 
decomposition of sedimenting POM in the open ocean 
is variable and at  least partially dependent on phago- 
trophic zooflagellates. We have also shown that proto- 
zoan grazers affect nutrient regeneration, although the 
mechanisms by which this occurs require further study. 
The experiments described above are unique because: 
(1) the design was internally consistent, i.e. all para- 
meters were measured from replicate traps that were 
subjected to different treatments, (2) multiple traps 
were positioned in the zone of greatest sedimentation 
and decomposition (50 to 2000 m), and (3) three sta- 
tions of divergent productivity and hydrography were 
investigated. To our knowledge, this represents the 
first in s i tu  experimental study to examine simultane- 
ously the fate of sinking organic matter, their attendant 
microbes, and the quantitative role of protozoa in 
decompositional processes. 
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Sinking particles mediate the transport of carbon and energy to the deep-sea, yet

the specific microbes associated with sedimenting particles in the ocean’s interior

remain largely uncharacterized. In this study, we used particle interceptor traps (PITs)

to assess the nature of particle-associated microbial communities collected at a variety

of depths in the North Pacific Subtropical Gyre. Comparative metagenomics was

used to assess differences in microbial taxa and functional gene repertoires in PITs

containing a preservative (poisoned traps) compared to preservative-free traps where

growth was allowed to continue in situ (live traps). Live trap microbial communities

shared taxonomic and functional similarities with bacteria previously reported to be

enriched in dissolved organic matter (DOM) microcosms (e.g., Alteromonas and

Methylophaga), in addition to other particle and eukaryote-associated bacteria (e.g.,

Flavobacteriales and Pseudoalteromonas). Poisoned trap microbial assemblages were

enriched in Vibrio and Campylobacterales likely associated with eukaryotic surfaces

and intestinal tracts as symbionts, pathogens, or saprophytes. The functional gene

content of microbial assemblages in poisoned traps included a variety of genes

involved in virulence, anaerobic metabolism, attachment to chitinaceaous surfaces, and

chitin degradation. The presence of chitinaceaous surfaces was also accompanied

by the co-existence of bacteria which encoded the capacity to attach to, transport

and metabolize chitin and its derivatives. Distinctly different microbial assemblages

predominated in live traps, which were largely represented by copiotrophs and

eukaryote-associated bacterial communities. Predominant sediment trap-assocaited

eukaryotic phyla included Dinoflagellata, Metazoa (mostly copepods), Protalveolata,

Retaria, and Stramenopiles. These data indicate the central role of eukaryotic taxa in

structuring sinking particle microbial assemblages, as well as the rapid responses of

indigenous microbial species in the degradation of marine particulate organic matter

(POM) in situ in the ocean’s interior.
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Introduction

Particulate organic matter (POM) generated in the euphotic
zone is the major conduit of matter and energy transport
to the deep sea and also represents the primary mechanism
of carbon removal from surface waters via the biological
pump (McCave, 1975; Volk and Hoffert, 1985). POM is
operationally defined as particles ranging from 0.1µm to
centimeters in size, and is further qualitatively subcategorized
into macroaggregates (marine snow; centimeters to 500µm in
diameter), microaggregates (500–1µm), and submicron particles
(1–0.1µm) (Simon et al., 2002). Sinking POM can be collected
in situ using sediment traps that contain saline solutions slightly
denser than seawater that retain sinking particles (Knauer et al.,
1979). This broad size spectrum of POM harbors a diverse and
complex variety of inorganic as well as living and non-living
organic materials (Volkman and Tanoue, 2002; Nebbioso and
Piccolo, 2013).

Much of the current knowledge of POM-degrading microbial
communities is derived from studies of suspended POM.
Analysis of whole seawater segregated into particle-associated
(>1µm) and free-living size fractions has revealed taxonomically
and functionally distinct microbial communities in marine
anoxic zones (Ganesh et al., 2014), coastal ecosystems (Allen
et al., 2012; Smith et al., 2013), estuarine environments
(Crump et al., 1999; Waidner and Kirchman, 2007), inland
seas (Moeseneder et al., 2001; Fuchsman et al., 2011, 2012;
Crespo et al., 2013), phytoplankton blooms (Riemann et al.,
2000; Fandino et al., 2005; Teeling et al., 2012), ocean trenches
(Eloe et al., 2011), and the open ocean (Kellogg and Deming,
2009; Allen et al., 2012). These studies have shown that in
particular, members of the Bacteroidetes, Planctomycetes, and
Deltaproteobacteria are often enriched in larger particle size
fractions. Studies of microbial community composition on
sinking particles are less extensive than those on suspended
particles. Research programs such as the Vertical Transport
and Exchange (VERTEX)(Martin et al., 1987) and VERtical
Transport In the Global Ocean (VERTIGO) (Buesseler et al.,
2008) supported diverse process-oriented studies that revealed
the importance of chemolithotrophs like nitrifiers (Karl et al.,
1984), organotrophs (Boyd et al., 1999), and exoenzyme-
driven degradation on sinking particles (Smith et al., 1992).
These findings laid the foundation for phylogentically-oriented
studies that suggested that Bacteroidetes, Planctomycetes, and
Roseobacter can act as sinking particle colonizers in the upper
water column (DeLong et al., 1993; LeCleir et al., 2013). While
sediment traps have proven useful for over 30 years in studies
of sinking POM (Karl and Knauer, 1984), to date there exists
only one report of the phylogenetic diversity of sediment-
trap collected microbes, which grew over 24 h in sediment-trap
captured particles from 100 to 120m (LeCleir et al., 2013).

Given the diverse sources and sinks of sinking particles in
the ocean’s interior (Honjo et al., 2008), much remains to be
learned about the microbes and processes that regulate the
degradation of sinking POM. In this study, we sought to examine
the nature of sinking particles collected in poisoned traps, which
we hypothesized would help preserve sinking materials and

allow us to identify (using metagenomics) the sources of larger
sinking particulates including larger eukaryotes that are known
to aggregate and sink to the deep-sea. We also included paired,
un-poisoned traps (live) in our experiments, postulating that
these might reveal the nature and identity of microorganisms
capable of growth on the collected organic material at the in situ
temperatures and pressures of trap deployment. We reasoned
that the phylogenetic identity of poisoned vs. live traps would
reveal the identity and genomic potential of microbes capable
of growth on sinking particulate organic materials in situ in the
ocean’s interior.

Materials and Methods

Sample Collection
A free-drifting sediment trap array identical to those used
in the VERTEX and HOT field programs (Knauer et al.,
1979) was deployed at station ALOHA (22.75◦N, 158◦W) in
the North Pacific Subtropical Gyre on July 14, 2012. Each
trap tube (cross sectional area of 0.0039 m2) was filled with
approximately 1.8 liters of either an 0.2µm-filtered brine
solution (Knauer et al., 1984) (“live”) or an 0.2µm-filtered
RNAlater solution (“poisoned”) adjusted to a density of 1.05 g/cc
(see Supplementary Material, for further methodological details
on trap solutions). Both sets of traps were fitted with a 335 um
Nitex screen below the topmost baffle in order to exclude larger
zooplankton. The array drifted north-west for 75 nautical miles
before recovery on July 26, 2012. Prior to filtration, the 335µm
Nitex screen was removed along with approximately 500mL of
seawater overlying the higher density hypersaline trap solution.
Following recovery, particles in the 0.2–335µm fraction were
collected on Sterivex filters (EMDMillipore, Billerica, MA, USA)
and preserved with 1.5mL RNAlater (Ambion, Carlsbad, CA,
USA). Filters were stored at−80◦C prior to nucleic acid isolation.

Microscopy
Epifluorescence and Optical Microscopy
For each depth, 10mL of fixed sediment trap sample (2%
formaldehyde final concentration) was filtered onto black 0.2µm
pore size polycarbonate filters and allowed to dry completely.
Ethanol cleansed surgical scissors were used to cut 1/8 pieces
from each filter and four pieces were then positioned on a
microscope slide (Fisherbrand Superfrost precleaned microscope
slides #12-550-143). A 24× 50mm coverslip with #1.5 thickness
was placed below the slide. Antifade mounting medium (Patel
et al., 2007) containing 1µg mL−1 of nucleic acid stain 4′,6-
diamidino-2-phenylindole (DAPI) was spotted on the coverslip
(15µL) to align with the filter pieces. The coverslip was inverted
onto the slide and the filters were stained for 10min. Filters
were visualized at 1000× total magnification on a Nikon 90i
epifluorescence microscope with excitation/emission settings for
DAPI, chlorophyll, and phycoerythrin. Images were acquired
with a QImaging Retiga EXi camera using optimized exposure
times and analyzed with Nikon NIS-Elements software.

For optical microscopy, unmounted filters were visualized
through a Nikon AZ100 Multizoom microscope with a 10×
objective at 20× and 40× magnification (zoom settings 4 and
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8) using a Nikon NI-150 illuminator. Images were captured via
NIS-Elements software using a Nikon DS-Fi1 camera.

Library Preparation and Sequencing
Approximately one-half of each Sterivex filter was used for
extraction of total community DNA using the Powerwater DNA
isolation kit (Mobio, Carlsbad, CA, USA), with modifications
(see Supplementary Material for details). Library preparation
followed the Nextera XT DNA sample preparation protocol
(Illumina, San Diego, CA, USA). Samples were dual indexed
and 10 samples pooled per sequencing run on a MiSeq
using MiSeq reagent kit v3 (Illumina, San Diego, CA, USA).
Sequencing and quality control followed the manufacturer’s
recommendations.

Sequence Analysis and Annotation
Sequencing and annotation statistics for sediment trap
and seawater samples are summarized in Table A1 in
Supplementary Material. Metagenomic sequences were filtered
with Trimmomatic (Bolger et al., 2014), PandaSeq (Masella
et al., 2012), and SortMeRNA to identify rRNA-containing
reads (Kopylova et al., 2012) as previously described (Lincoln
et al., 2014) with one modification. Unjoined read pairs output
from PandaSeq were joined with 6 N’s and tracked along with
paired reads. The taxonomic origins of rRNA and non-rRNA
reads were determined by comparison against SILVA release
115 and the NCBI RefSeq release 61 databases, respectively,
using lastal (Kiełbasa et al., 2011). Function of non-rRNA
reads was determined by comparison with the September 2013
version of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Kanehisa and Goto, 2000) database using lastal and
the March 22, 2013 version of the Carbohydrate Active Enzyme
(CAZy) database (Cantarel et al., 2009) using HMMER3.0 (Eddy,
2011) and hidden Markov models of CAZy signature domains
(Yin et al., 2012). See Supplementary Material for further
details.

Statistical Analyses
All metagenomic sequence counts were normalized and variance
stabilized using the regularized log transformation in DESeq2
(Love et al., 2014). Ordination of normalized sequences used
principal coordinate analysis with Bray-Curtis distance in the
phyloseq R package (McMurdie and Holmes, 2013). Significance
(p < 0.05) of clusters was determined using non-parametric
analysis of variance based on dissimilarities in the vegan R
package (Dixon, 2003). A negative binomial Wald test in
DESeq2 was used to identify statistically significant differences in
taxonomic and functional non-normalized gene counts among
live traps, poisoned traps, and seawater (data not shown). The
presence of copepods in live and poisoned traps was also
confirmed by optical microscopy (Figures 1G,H). As replicates
of sediment traps at each depth were not available, all four
depths belonging to a treatment were modeled as biological
replicates. A false discovery rate threshold of 0.01 was used for
detecting differentially abundant taxa or functions. For statistical
validation of depth-specific taxonomic differences, Fisher’s exact
test as implemented in the STAMP v2.01 program (Parks and

FIGURE 1 | Fluorescence (A–F) and optical (G,H) microscopy images of

sediment trap POM. (A) 150m, poisoned trap; A circle of bacteria

associated with a chlorophyll-containing particle (B) 200m, poisoned trap;

Unattached, ovoid pigmented cell in class Dinophyceae (C) 300m, poisoned

trap; A dually flagellated cell in class Chrysophyceae loosely surrounded by

bacteria (D) 500m, poisoned trap; A chlorophyll-containing particle covered

with non-pigmented cells of varying sizes including flagellates in class

Chrysophyceae and large bacteria (E) 150m, live trap; Abundant bacteria,

some associated with diffuse chlorophyll-containing particles (F) 150m,

poisoned trap; Sparsely distributed bacteria associated with a

chlorophyll-containing particle (G) 150m, live trap; Partially degraded copepod

(H) 150m, poisoned trap; Slightly degraded copepod.

Beiko, 2010) was used for pairwise comparisons of 150m vs.
500m RefSeq-identified non-normalized taxa within treatment
types. A false discovery rate threshold of 0.05 and a difference
between proportions cutoff of 1 were used to assess statistical and
biological significance, respectively.

Sequence Data
The sequences reported in this paper have been deposited in the
Genbank Short Read Archive (Bioproject PRJNA270248).

Results and Discussion

Sinking particles were collected using a free-drifting sediment
trap array deployed in the North Pacific Subtropical Gyre, from
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the base of the photic zone and into the mesopelagic [150,
200, 300, and 500m (Figure A1 in Supplementary Material)].
The sediment traps included two treatments: a “live” trap
which contained a solution of sterile seawater adjusted to a
density of 1.05 g/cc with NaCl and a “poisoned” trap which
contained a preservative to prevent in situ growth and preserve
DNA. Fluorescence microscopy of trap-collected POM revealed
bacteria associated with chlorophyll-containing particles in both
live and poisoned sediment traps (Figures 1A,D–F). Bacteria in
the sediment traps were either unattached, loosely surrounding
protists (Figure 1C), or directly associating with amorphous
particles (Figure 1D). Unattached bacteria were most abundant
in 150m live traps likely due to the opportunity for enhanced
growth during deployment (Figure 1E).

Domain Level Taxonomic Composition in Live vs.
Poisoned Sediment Traps
DNA was extracted and shotgun sequenced from both live
and poisoned sediment trap particulates collected at the
base of the photic zone and into the mesopelagic (Figure
A1 in Supplementary Material) to determine the taxonomic
and functional diversity associated with sinking particles. The
diversity of the particle-associated microbes at the domain-level
indicated the dominance of Bacteria and Eukarya in all traps
at all depths sampled (Figure 2). Archaea represented less than
10% of total in both live and poisoned sediment trap microbial
assemblages at all depths (Table 1).

Eukaryotic rRNA genes were more highly represented than
identifiable protein-encoding sequence reads, likely due to the
inherently lower gene density in eukaryotes vs. bacteria, as well
as the lack of closely related eukaryotic reference genomes for

a number of highly represented taxa. Notably, the percentage
of total annotated genes in poisoned traps was consistently
lower than that of live traps (Table A1 in Supplementary
Material). This result most likely reflects the higher relative
abundance of eukaryotic DNA in the poisoned traps compared
to live traps. In total, these results are consistent with previous
observations that particles are more enriched in eukaryote-
associated and unclassified protein-coding genes (Allen et al.,
2013; Smith et al., 2013; Ganesh et al., 2014). The decreased ratio
of eukaryote-to-bacteria DNA in the live traps was apparently
due to in situmicrobial growth in the trap during the deployment
as POM underwent decomposition, and possibly concomitant
degradation of the particle-associated eukaryotic nucleic acids.

Principal coordinate analysis of protein-coding genes
indicated the presence of distinctive communities in live traps,
poisoned traps, and surrounding seawater (p < 0.001) and
a much lesser effect of depth on community composition
(Figure 3). We therefore focused subsequent analyses on the
taxonomic and functional differences between live and poisoned
sediment traps with minor attention given to depth-related
differences.

Live vs. Poisoned Sediment Trap Bacterial
Assemblages
The most abundant bacterial genera in the live traps were
affiliated with the order Alteromonadales (Alteromonas,
Marinobacter, Moritella, and Pseudoalteromonas), in contrast
to poisoned sediment traps where Vibrio was the most highly
represented genus (Figure 4A). These trends were consistent
across all sampled depths except 500 m, where in the poisoned
traps there was a lower more even distribution of different

FIGURE 2 | The relative abundance of Archaea, Bacteria, and Eukarya in live (filled bars) and poisoned (striped bars) sediment traps at the indicated

depths as determined by the taxonomic identifications of small subunit ribosomal RNA genes (rDNA) and protein coding genes.
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TABLE 1 | The relative abundance of Bacteria, Eukaryota, and Archaea in live (L) and dead (D) sediment traps.

rDNAa

150Lb(%) 150D (%) 200L (%) 200D (%) 300L (%) 300D (%) 500L (%) 500D (%)

Bacteria 70.0 65.6 69.1 66.7 69.4 68.1 68.4 67.3

Eukaryota 22.0 26.6 22.5 25.0 22.3 23.5 23.3 24.3

Archaea 8.0 7.8 8.4 8.2 8.3 8.5 8.3 8.3

Protein-codingc

150L (%) 150D (%) 200L (%) 200D (%) 300L (%) 300D (%) 500L (%) 500D (%)

Bacteria 98.7 92.4 97.6 81.9 97.6 87.4 95.9 85.1

Eukaryota 1.0 7.0 1.6 16.6 1.7 10.7 3.4 12.5

Archaea 0.3 0.6 0.7 1.5 0.8 1.9 0.8 2.4

aNormalized relative abundance determined by rDNA, small subunit ribosomal RNA genes.
bNumbers preceding L and D refer to sediment trap depths in meters (150, 200, 300, and 500m).
cNormalized relative abundance determined by protein-coding genes.

FIGURE 3 | Principal coordinate analysis of the relative abundance of

taxa, as determined by protein-coding genes, in live particle, poisoned

particle, and seawater samples. Samples were grouped into significant

clusters according to treatment, as assessed by non-parametric analysis of

variance based on dissimilarities (p < 0.001).

bacterial groups, that included Pelagibacter which is typically
more abundant in seawater and much less so on particles. The
detection of ProchlorococcusDNA at 500m in the poisoned traps
may reflect their entrainment on particles or in fecal pellets and
subsequent transport into deeper waters, perhaps reflecting the
positive correlation between picophytoplankton productivity
and their export to the deep sea (Richardson and Jackson, 2007).

Significant depth-related partitioning in bacterial abundance
in the live traps was detected for Alteromonadales, with
Alteromonas, Moritella, and Glaciecola significantly enriched
at 500m and Pseudoalteromonas and Marinobacter enriched

at 150m (Figure 5A). In the poisoned traps, Vibrio was also
enriched at 150m (Figure 5B). Depth-related partitioning, also
observed in seawater (Figure 5C), may be linked to different
lifestyles of the bacteria. Marinobacter and Pseudoalteromonas
are known to associate with eukaryotes (Thomas et al., 2008;
Gärdes et al., 2010) and their enrichment at 150m could
be due to their attachment to eukaryotic biomass originating
from the euphotic zone. Many alteromonads are typical r-
strategists, capable of multiplying rapidly in response to nutrient-
rich particles and Alteromonas species have been found in
suspended particle fractions in a variety of ocean basins
(Garcia-Martinez et al., 2002; López-Pérez et al., 2012). This
may explain their overall high abundance in live traps and
enrichment on 500m particles (Figures 4A, 5A) where they
outcompete k-strategists like Pelagibacter which are generally
more abundant in seawater at this depth at Station ALOHA
(DeLong et al., 2006).

At all depths, the live traps were significantly enriched in
bacterial taxa previously implicated with particle-association,
hydrocarbon and dissolved organic matter (DOM) degradation,
and eukaryote associations. There was a significant enrichment
ofOceanospirillales, Flavobacteriales, and Alteromonadales in live
traps (Figure 4B and Figure A3 in SupplementaryMaterial). Taxa
within the Bacteroidetes, including Cytophaga and Flavobacteria,
are often found associated with marine snow and phytoplankton
blooms in marine environments (DeLong et al., 1993; Teeling
et al., 2012). Many Flavobacteriales such as Zobellia, Gramella,
Formosa, and Cellulophaga specialize in algal-derived organic
matter degradation (Bauer et al., 2006; Bowman, 2006; Mann
et al., 2013), which may be an ancestral trait of this
group (Thomas et al., 2012). Methylophaga, Alteromonas,
Idiomarina, Glaciecola, Rheinheimera, Polaribacter, and Formosa
were also enriched in the live traps, and have also been
detected in DOM enrichment events such as phytoplankton
blooms and experimental microcosms (Brettar et al., 2006;
McCarren et al., 2010; Teeling et al., 2012; von Scheibner
et al., 2013). These bacterial types were either growing
directly on POM, or on DOM generated in situ from POM
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FIGURE 4 | Abundance and enrichment of bacteria in sediment traps

assessed by the taxonomic identification of protein-coding genes. (A)

Genera with at least 2% mean abundance in traps relative to all sequences

(including Archaea and Eukarya) in live (L, filled columns) and poisoned (P,

striped columns) sediment traps at the indicated depths. Alt, Alteromonas;

Pel, Candidatus Pelagibacter; Mar, Marinobacter; Mor, Moritella; Pro,

Prochlorococcus; Pse, Pseudoalteromonas; Vib, Vibrio. (B) Representative

bacterial genera (for full figure and dataset see Figure A3 and Dataset A1 in

Supplementary Material) that are significantly enriched (FDR < 1%) in live

(positive, white) or poisoned (negative, black) sediment traps. Depths were

treated as biological replicates to identify statistically significant differences

between live and poisoned traps (see Materials and Methods). Order-level

identifications are listed in bold for those genera with at least three taxa

represented in the comparison.

degradation. Cycloclasticus, Thalassolituus, Alcanivorax, and
Marinobacter were also enriched in live traps (Figure 4B).
Species within these genera are often found in high abundance
oil-contaminated marine environments, and include some
obligately hydrocarbonoclastic species (Yakimov et al., 2007).
Enrichment of hydrocarbons on marine POM has long been
postulated due their hydrophobicity which may lead to their
adsorption on marine POM (Lee et al., 1978; Evans et al., 1990).
Recent studies have reported that obligately hydrocarbonoclastic
bacteria may associate specifically with phytoplankton as
well (Gutierrez et al., 2012). Since hydrocarbons comprise a
measurable fraction of carbon in POM (Wakeham and Volkman,
1991) and lipids are the second largest identifiable POM
compound class (Lee et al., 2004), these hydrocarbonoclastic
species may be participating in the degradation of adsorbed
hydrocarbons or those derived directly from eukaryotic plankton
(Yoshimura and Hama, 2012; Wei et al., 2013). Several species
within Marinobacter and Pseudoalteromonas are reportedly
eukaryote-associated (Thomas et al., 2008; Gärdes et al.,
2010) and might be expected to be well-represented in live
and poisoned sediment traps. Their enrichment in live traps
(Figure 4B), however, suggests that they may be actively
growing and degrading their deceased eukaryotic hosts as
has been suggested for a several marine symbionts (Grossart,
1999).

The poisoned traps were significantly enriched in
chemoautotrophic bacterial types and those with eukaryote-
associated lifestyles (Figure 4B and Figures A3, A4 in
SupplementaryMaterial). These included epsilon-proteobacteria,
particularly Campylobacterales, in the poisoned traps
(Figure 4B, Figure A3 in Supplementary Material). Presumptive
chemoautotrophic sulfur-oxidizing bacteria including
Sulfurimonas, Sulfurovum, and Sulfuricurvum (Campbell
et al., 2006) were also enriched in the poisoned traps (Figure 4B,
Figure A3 in Supplementary Material). Sulfurospirillum, which
contains sulfur- and nitrate-reducing heterotrophic species
(Stolz et al., 1999), was also enriched in poisoned traps. The
presence of sulfur-oxidizing and -reducing taxa in poisoned traps
is consistent with previous reports of these metabolic pathways
on suspended particles (Fuchsman et al., 2011; Swan et al.,
2011). Sulfurovum and other epsilon-proteobacterial species
have also been found as ectosymbionts of marine invertebrates
in both hydrothermal vent and coastal environments (Goffredi,
2010; Ruehland and Dubilier, 2010) suggesting a diverse
habitat range for these bacteria on metazoan surfaces in niches
where both reduced sulfur compounds and oxygen are readily
available. Nitratiruptor and Nitratifractor are chemolithotrophic
hydrogen-oxidizing denitrifiers (Nakagawa et al., 2005) that were
also enriched in the poisoned traps (Figure 4B, Figure A3 in
Supplementary Material). Denitrification is not considered to
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FIGURE 5 | Pairwise comparisons of selected Bacterial and Archaeal

taxa in 150m vs. 500m (A) live sediment traps, (B) poisoned sediment

traps, and (C) seawater. Only taxa significantly enriched (FDR < 0.05) at

shallow (blue, 150 m) and deep (orange, 500 m) depths with a difference

between proportions >1 are shown. The bar plot displays the mean

proportion of sequences assigned to each taxon in each sample.

be a significant process in well-oxygenated seawater; however
it may occur in anoxic microniches within large particles (Karl
et al., 1984) or more likely within the intestinal tracts of decaying
zooplankton carcasses that have been shown to provide anoxic
niches for marine bacteria (Tang et al., 2011; Bickel and Tang,
2014).

Several particle-associated taxa enriched in the poisoned
traps were closely related to well-described eukaryote-associated

groups, that included Enterovibrio, Arcobacter, Wolinella, and
Campylobacter (Figure 4B). Their presence in poisoned traps
is consistent with the detection of diverse eukaryote-associated
microbes in seawater and on marine metazoan surfaces
(Gugliandolo et al., 2008; Preheim et al., 2011; Turner et al.,
2014). Notably, Vibrionales genera were similarly enriched in
both live and poisoned traps, as compared to seawater (Figure
A4 in Supplementary Material). Many Vibrionales associate
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with diverse eukaryotes and are capable of degrading a wide
variety of abundant marine biopolymers (Thompson et al.,
2004; Takemura et al., 2014). Taken together, these data
indicate that bacteria enriched in poisoned traps were most
likely associated with eukaryotic surfaces or digestive tracts
which is consistent with phyto- and zooplankton detritus
constituting the major fraction of marine POM (Simon et al.,
2002).

Live vs. Poisoned Sediment Trap Eukaryotic
Assemblages
Themost abundant eukaryotic phyla across all depths in both live
and poisoned sediment traps were Dinoflagellata, Protalveolata,
Retaria, Metazoa, and unclassified Stramenopiles, which are likely
representative of the composition of sinking particles at Station
ALOHA (Figure A5 in Supplementary Material). Protists in
class Dinophyceae were also identified microscopically in the
200-m poisoned trap (Figure 1B). Dinoflagellates, radiolarians,
and foraminiferan protists, algae, metazoans, and heterotrophic
protists were expected to be captured in live and poisoned
sediment traps at similar rates.

Differences between live and poisoned traps were most
pronounced for Metazoa and Retaria. The most abundant
metazoa across live and poisoned traps were unclassified
Maxillopoda and a variety of copepod genera (data not shown).
Copepod taxa in live traps included Corycaeus, Clausocalanus,
and Oithona while Scolecithrix and the ostracod Conchoecia were
most abundant in poisoned traps (data not shown).

Retaria species were slightly more abundant in the poisoned
vs. live traps with the most abundant taxa classified as
Acantharia (poisoned vs. live mean abundance; 1.8% vs. 1.6%)
and Polycystinea (2.8% vs. 2.4%). A colonial polycystine protist,
Sphaerozoum, appeared significantly enriched in the poisoned
trap (Figure A6 in Supplementary Material). The silica skeleton
of polycystines may be solubilized rapidly in the upper water
column at Station ALOHA, with approximately 40% lost
within the mesopelagic (Lamborg et al., 2008). Again, in situ
microbial degradation in the live traps are likely responsible
for the differences in eukaryotic taxon abundance between live
and poisoned traps. The detection of Acantharia, which have
strontium sulfate skeletons, in both live and poisoned traps is
notable because they are not typically detected in traps without
the addition of strontium to the capture solution to inhibit
their dissolution (Michaels et al., 1995). This suggests that
acantharians detected in the poisoned trap were intact just prior
to capture, and that remnants of their DNA in the live trap
endured during the 12-day deployment.

Functional Gene Categories Associated with Live
and Poisoned Sediment Trap Assemblages
KEGG pathways and genes associated with sediment trap DNA
were surveyed to functionally profile live vs. poisoned sediment
trap metagenome content. A large variety of pathways were
significantly enriched in the live vs. poisoned traps, including
those associated with motility, amino acid, carbohydrate, and
energy metabolism, signal transduction, and cofactors and
vitamin biosynthesis (Figure A7 in Supplementary Material).

Notably, only the siderophore biosynthesis pathway was enriched
in poisoned vs. live sediment trap microbial assemblages.
Similarly, siderophore biosynthesis was significantly enriched in
poisoned sediment traps compared to seawater (Figure A7 in
Supplementary Material). In a recent study, a high frequency of
strains containing siderophore biosynthetic genes were linked
to eukaryote-associated lifestyles (Cordero et al., 2012), which
were enriched in our poisoned sediment traps (Figure A4
in Supplementary Material). These siderophore biosynthesis
pathways are likely affiliated with eukaryote-associated taxa
since iron acquisition is important for microbial colonization
of eukaryotes (Miethke and Marahiel, 2007). Pathways for
membrane transport and cell motility were significantly enriched
in both live and poisoned sediment traps, compared to seawater
(Figure A7 in Supplementary Material).

Bacterial Genes and Pathways Enriched in the
Live Sediment Traps
To explore the potential functions and metabolism associated
with in situ particle degradation, we surveyed genes and
metabolic pathways that were enriched in sediment trap
bacterial DNA. Live sediment traps were found to be
significantly enriched in genes for TonB-dependent iron
transporters (TBDTs), assimilatory and dissimilatory single-
carbon compound utilization, and polysaccharide utilization
(Figures 6A,B). The majority of sequences matching TBDTs (fiu,
fhuE) were associated with Alteromonas spp. (Figures 6A,B).
Alteromonas-like gene sequences matching algae- (alginate)
and diatom-derived polysaccharide (fucose) utilization were
also prevalent (Figures 6A,B). Alginate and fucose utilization
genes have been linked to phytoplankton decomposition and
assimilation of diatom exopolysaccharides in previous studies
(Teeling et al., 2012; Smith et al., 2013). Methylophaga-like gene
sequences matching key genes of the ribulose monophosphate
(RuMP) assimilatory pathway for formaldehyde fixation and
detoxification (hxlA/hxlB) and the tetrahydromethanopterin
(THMPT)-dependent dissimilatory formaldehyde oxidation
pathway (FwdABC, ftr, mch) were also prevalent (Figures 6A,B,
Dataset A2 in SupplementaryMaterial). These data are consistent
with previous microcosm experiments that showed the
enrichment of Alteromonadaceae and Methylophaga phylotypes,
as well as their expressed genes, including Alteromonadaceae
TBDTs and Methylophaga-like key enzymes of the RuMP
pathway and the THMPT-dependent pathway (Pinhassi et al.,
2004; Neufeld et al., 2008; McCarren et al., 2010). Potential
growth of these groups on DOM generated in the live trap by
POM breakdown is also consistent with previous zooplankton
and phytoplankton degradation studies that have demonstrated
rapid accumulation of DOM over the course of just a few days
during POM diagenesis (Yoshimura et al., 2009; Yoshimura and
Hama, 2012).

Other bacterial genes enriched in the live sediment traps
included those associated with denitrification from nitrate to
N2 (nitrate reductase; narG, nitrate reductase; nirS, nitric
oxide reductase; norB, and nitrous oxide reductase; nosZ).
(Figures 6A,B, Dataset A2 in Supplementary Material) Genes
encoding amannose-sensitive hemagglutinin (MSHA) pilus were
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FIGURE 6 | Representative significantly enriched KEGG genes

(FDR < 1%) in live (positive, white) and poisoned (negative,

black) sediment traps for comparisons between (A) live and

poisoned and (C) poisoned and seawater. For full gene list see

Dataset A2 in Supplementary Material. The most common genus of

sequences matching the selected genes and its proportional

representation within live (L) and poisoned (P) sediment traps at 150,

200, 300 and 500 meter depths (B,D). The first letter of each genus

name is listed within each circle. The circle area represents the

proportional representation of each genus within the specified sample.

In cases where two genera each represented 50% of the sequences,

both are listed.

found associated with Marinobacter at depths between 150–300
m, and Moritella at 500m (Figures 6A,B). The MSHA pilus
has been implicated in attachment to animal surfaces in Vibrio
and Pseudoalteromonas (Chiavelli et al., 2001; Dalisay, 2006)
and it may also play a role in attachment by Moritella and
Marinobacter, which have previously been shown to associate
with eukaryotes (Gärdes et al., 2011; Tunsjø et al., 2011). The
pilA gene encoding the pilin protein of a novel chitin-regulated
pilus (ChRP;K02650) along with a chitin-binding protein gene
(CBP; K03933) were also highly enriched in live traps (Dataset
A2 in Supplementary Material). In addition, a variety of
heavy-metal resistance genes associated with Alteromonadales

were enriched in the live traps (Figures A8A,B and Dataset
A2 in Supplementary Material). The czcABCD genes encode
a heavy metal efflux pump involved in resistance to cobalt,
zinc, and cadmium that were affiliated with Alteromonas. CusAB
and cusRS encode copper efflux proteins and copper two-
component sensor systems, respectively, that were affiliated with
Alteromonas, Glaciecola, and Marinobacter. The genes involved
in mercury resistance (merABR) and transport (merTP) were
affiliated with Alteromonas and Marinobacter. The enrichment
of metal resistance genes in the poisoned traps may be linked to
their growth on particles, which are known to concentrate heavy
metals (Puig et al., 1999).
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FIGURE 7 | Representative significantly enriched CAZy families

(FDR < 1%) in live (positive, white) and poisoned (negative, black)

sediment traps along with their potential substrates. For full family

list, see Dataset A4 in Supplementary Material. PL, polysaccharide lyase;

GH, glycoside hydrolase; CBM, carbohydrate-binding modules; CE,

carbohydrate esterase.

To further evaluate the potential for carbohydrate degradation
capabilities of trap associated microbial assemblages, peptide
encoding sequences were compared to a carbohydrate-active
enzymes database (CAZymes) (Yin et al., 2012). A large
number of glycoside hydrolase (GH) families associated with
polysaccharide degradation found in algae and bacterial cell walls
including arabinose, pectin, cellulose, and peptidoglycan were
significantly enriched in the live traps (Figure 7). Polysaccharide
lysase (PL) families 6,7 and 1 and carbohydrate esterase family
8 complement the degradation potential of GHs (Cantarel et al.,
2009) and potentially may enhance the degradation of the algal
substrates alginate and pectin in live traps (Figure 7). Several
carbohydrate-binding module (CBM) families targeting chitin
(e.g., CBM1, CBM14, and CBM18) were also enriched in live
traps (Dataset A4 in Supplementary Material).

Bacterial Genes and Pathways Enriched in the
Poisoned Sediment Traps
Poisoned sediment trap particles were significantly enriched
in a variety of iron-scavenging genes and virulence factors,
primarily associated with Vibrio spp. (Figures 6A–D). Vibrio
spp. are known to engage in pathogenic, symbiotic, and
saprophytic associations with a wide variety of eukaryotes
in the marine environment (Takemura et al., 2014). Vibrio-
like genes for carbohydrate uptake and chemotaxis, supporting
eukaryote-associated lifestyles, were significantly enriched in
poisoned sediment traps (Figures 6C,D). Vibrio genes for chitin
utilization, including those associated with sensing, attachment,
degradation, and uptake of chitin derivatives (Keyhani and
Roseman, 1999; Beier and Bertilsson, 2013) were also enriched in
the poisoned sediment traps. These included a methyl-accepting
chemotaxis protein that mediates a chemotactic response to N-
acetylglucosamine (GlcNAc) (Meibom et al., 2004) and a CBP
(K03933; Cazy AA10) that mediates Vibrio spp. attachment

to chitin surfaces and enzymatically cleaves chitin, which
were both highly enriched in poisoned traps (Figures 6C,D
and Dataset A2 in Supplementary Material) (Vaaje-Kolstad
et al., 2010; Frederiksen et al., 2013). Transporters mediating
uptake of cellobiose and GlcNAc were also highly enriched in
poisoned traps (Figures 6C,D). Together, these data support the
association of Vibrio in poisoned traps with chitin substrates, and
are consistent with the presence of copepods detected in DNA
analyses and in optical microscopy (Figure 1H) in the same traps.

A variety of genes involved in quorum sensing and
anaerobic metabolism, also associated with Vibrio spp., were
significantly enriched in poisoned traps (Figures 6C,D). They
included the luxS-luxP/Q quorum-sensing system, the luxOR
bioluminescence regulators, trimethylamine N-oxide (TMAO)
reductase, and the TMAO two-component regulatory sensors
(torR/S) (Figures 6C,D and Dataset A2 in Supplementary
Material). TMAO is an abundant osmolyte found in the tissues
of marine eukaryotes that can be utilized aerobically and
anaerobically by diverse marine bacteria (Barrett and Kwan,
1985; Proctor and Gunsalus, 2000; Sun et al., 2011). Enrichment
of TMAO genes is thus consistent with eukaryotic association in
live animals or sedimenting particles that entered the poisoned
traps.

Comparisons with the CAZyme database revealed that a
variety of CBM families targeting cellulose and chitin were
enriched in the poisoned traps (Figure 7). CBMs complement
the activity of other enzymes by promoting extended interactions
with substrates (Cantarel et al., 2009). Further, GH families 7
and 19 catalyze the degradation of cellulose and chitin and
were highly enriched in poisoned traps as compared to live
traps and seawater, respectively (Figure 7 and Dataset A4 in
Supplementary Material). Auxiliary activity (AA) family 10,
formerly classified as CBM family 33, capable of cleaving chitin
and cellulose (Aachmann et al., 2012) was enriched in both live
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and poisoned traps, as compared to seawater (Dataset A4 in
Supplementary Material). These data support KEGG functional
profiles indicating the potential for chitin degradation in both live
and poisoned sediment traps.

Conclusion

Sinking particles represent the primary vehicles of organic carbon
flux from surface waters to the deep ocean (Volk and Hoffert,
1985), yet to date, few data are available on the specific microbes
and metabolic pathways responsible for POM degradation
throughout the water column. There is a general consensus that
particles represent hotspots of microbial activity in the ocean
(Karl and Knauer, 1984; Turley and Mackie, 1994; Crump et al.,
1999; Bochdansky et al., 2010; Smith et al., 2013), but the nature
of those processes and microorganisms responsible still need to
be better described.

In this study, sediment trap metagenomic analyses revealed
dramatic differences in the taxonomic diversity and functional
potential of microbes associated with sinking particles in
poisoned sediment traps, compared to those that grew in
situ in live traps. Both live and poisoned sediment trap
microbial assemblages were distinctly different from those
found in seawater, which is consistent with the conclusions of
several recent studies (LeCleir et al., 2013; Smith et al., 2013).
Live particle-trap assemblages shared many similarities with
communities found in microcosm DOM enrichments, with
the added dimension of known particle-associated bacteria
(e.g., Flavobacteriales) and potentially eukaryote-associated
bacteria (e.g., Pseudoalteromonas and Marinobacter). The
functional gene content in live traps pointed to the potential
for growth by alteromonads on labile DOM produced in situ
from sinking POM. Apparently, the contained environment
within the sediment trap acted similarly to microcosm
enrichment experiments, where fast-growing copiotrophic
bacteria out-competed the particle- and eukaryote-associated
bacteria for the nutrients available in the trap. The poisoned
sediment trap-associated metagenomic analyses provided
a clear contrast to live traps and presumably reflected the
biological material and microbial assemblages associated with
sinking particles. The differences in composition between live
and poisoned traps were much greater than depth associated
differences, consistent with previous studies of suspended
particulates found in oxygen minimum zones (Ganesh et al.,
2014).

In total, these findings are consistent with a previous study
that suggested initial particle-colonizers are surface-colonizing
(or eukaryote-associated) specialists (LeCleir et al., 2013). Our
metagenomic data further indicated that microbes in poisoned
sediment traps were often associated with eukaryotic surfaces and
intestinal tracts as symbionts, pathogens, or saprophytes. Some
of these eukaryote-associated bacteria may alternate between
symbiotic to pathogenic or saprophytic lifestyles, as has been
shown for some phytoplankton symbionts (Grossart, 1999;
Seyedsayamdost et al., 2011). The functional gene content in
poisoned traps, which included a variety of genes involved in
virulence, anaerobic metabolism, attachment to chitinaceous

surfaces, and chitin degradation were consistent with this
conclusion. Notably, genes for attachment to chitinaceous
surfaces and anaerobic metabolism were also detected in
live traps, though they were associated with a different set
of microbial taxa. Thus, eukaryote-associated communities
captured in live and poisoned traps differed, most likely due to
bacterial growth in the live trap.

Our data also provide new perspective on the taxonomic
identity of the particulate matter itself, namely the eukaryotic
taxa that contribute to the complex mixture of detritus and
minerals that make up marine particles. While previous studies
have reported marine particles as consisting of eukaryote-
derived detritus, the analyses we report here suggests that
specific interactions between eukaryotes and bacteria may be
centrally important in the transport and degradation processes
associated with sinking POM. The presence of chitinaceous
surfaces provides a habitat for a specialized bacterial community
adapted to sense, attach, degrade, and take up chitin derivatives.
These same habitats appeared to coincide with the development
of copiotrophs known to respond rapidly to labile DOM inputs.
The probable sources of labile DOM include turnover of
phytoplankton captured in the traps, the excretions of swimming
zooplankton, and substrates from the degradation of captured
chitinaceous detritus.

This study provides a baseline for understanding microbial
community assemblages and metabolic activities associated with
the transport and degradation of sinking POM. To date, gene
expression associated with POM degradation has not yet been
reported, partly due to the technical difficulties associated with
preserving RNA in situ. Future metatranscriptomic analyses
have the potential to identify those metabolic pathways that are
expressed in situ on sinking particles and help to define the
processes that actively drive particle degradation in the ocean’s
interior. Finer scale studies of particle transport and degradation
should also help to define hypothetical successional cascades
that reflect sequential processing of POM to DOM during its
transport to the deep-sea.
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