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Abstract

Marine aggregates play a critical role in the biological pump, both as a dominant component of carbon flux

and as hotspots for organic matter remineralization by microbial communities. In this study, we used labora-

tory experiments to investigate how aggregate thin layers, such as those commonly found in the coastal

ocean, affect the distribution of bacteria and their activity. Diatom aggregates were added to a stratified water

column, forming layers within which both microbial concentration and extracellular enzyme activity were

substantially increased relative to background levels. Importantly, this enhancement of bacterial concentra-

tion and activity persisted long after the marine snow aggregates settled through the tank—that is, 10 times

longer than the duration of the aggregate layer at the density interface. Thus, these small-scale microbial

interactions within aggregate layers leave behind considerable “carbon processing footprints” in the water

column that may affect biogeochemical cycles at much larger temporal and spatial scales.
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Scientific Significance Statement
The large-scale transfer of phytoplankton-derived organic carbon from the surface ocean to depth (the “biological pump”)

occurs via sinking aggregates that are colonized by heterotrophic bacteria, making them hotspots for organic matter remi-

neralization. Using laboratory experiments with diatom aggregates in a stratified water column, we demonstrated that

aggregate thin layers, such as those commonly found in the coastal ocean, are regions of increased microbial concentration

and rates of heterotrophic activity. This enhanced bacterial concentration and activity persisted long after the marine snow

aggregates passed through the density interface, suggesting that these small-scale interactions within aggregate thin layers

can affect carbon cycling in the water column on much larger temporal and spatial scales.
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The sinking flux of organic matter from the surface ocean

to depths below the pycnocline drives the biological pump,

which contributes to the transfer of CO2 from the atmos-

phere to the ocean (Passow and Carlson 2012). This removal

process is facilitated by sinking aggregates, which dominate

the flux of photosynthetically fixed carbon to the deep

ocean (Ducklow et al. 2001; Turner 2015). These aggregates

are hotspots of specialized heterotrophic microbial commun-

ities that facilitate the transformation and remineralization

of organic matter in the water column (DeLong et al. 1993;

Arnosti 2011). Aggregate-associated bacteria often are present

at concentrations that are orders of magnitude higher than

in the surrounding seawater, with higher metabolic rates

(Ploug and Grossart 2000; Grossart et al. 2007) and hydro-

lytic enzyme activities (Smith et al. 1992; Ziervogel and

Arnosti 2008) than neighboring non-aggregate-attached bac-

teria. This tight coupling between aggregates and heterotro-

phic bacteria leads to small-scale heterogeneity in the

distribution of bacteria, and thus the remineralization of

organic matter in the ocean (Azam and Long 2001).

Sinking aggregates are also heterogeneously distributed in

the ocean: aggregates can form thin layers, which can

extend for kilometers and persist for days (Alldredge et al.

2002; McManus et al. 2003). Studies have found that aggre-

gate thin layers can be common in coastal waters and may

form by a variety of mechanisms, including shear-thinning

of existing horizontal patches (Franks 1995) and delayed set-

tling, that is, decreases in settling velocity as aggregates sink

through sharp density gradients (MacIntyre et al. 1995;

Camassa et al. 2013; Prairie et al. 2013). Unlike other mecha-

nisms, velocity changes associated with sharp stratification

act to temporarily trap settling particles (Prairie et al. 2013)

or buoyant jets such as rising oil plumes (Camassa et al.

2016), increasing local concentration above initial values.

Thus, delayed settling may play a particularly important role

in affecting vertical aggregate distributions, and can result in

the formation of thin layers that are both peaky and asym-

metrical in shape (Prairie and White 2017).

Therefore, depending on the mechanism of formation,

these aggregate layers can be regions of considerably

enhanced particle concentrations—with peak concentrations

often an order of magnitude higher than background levels

above or below the layer—over relatively thin vertical spans

of less than a few meters (Alldredge et al. 2002). Such thin

layers have the potential to affect carbon cycling, as well as

biogeochemical cycling of other elements, at much larger

spatial and temporal scales than individual sinking aggre-

gates. Recent studies measuring enhanced microbial activity

associated with marine snow particles have suggested that

these effects should be magnified in highly concentrated

aggregate layers (Prairie et al. 2015). However, although

enhanced bacterial concentrations and activities have been

explored theoretically and experimentally within the plumes

of individual sinking aggregates (Kiørboe and Jackson 2001;

Stocker et al. 2008), the specific effects of aggregate layers on

bacterial communities and their carbon cycling activities

have not been directly examined experimentally.

Here, we use a novel experimental setup to determine the

effect of an ephemeral aggregate thin layer on microbially

driven carbon cycling. Thin layers were formed in the lab by

delayed settling of particles at a sharp density gradient. We

investigated the effects of these layers on the spatial and

temporal distribution of microbial cells and on the activities

of extracellular enzymes used in the initial step of micro-

bially driven carbon cycling (Arnosti 2011). Within the

aggregate layer, we observed substantially enhanced bacterial

concentrations and enzymatic hydrolysis rates, which lasted

for more than 1.5 h, long after all particles had settled

through the density gradient. The prolonged persistence of

the elevated cellular concentration and enzymatic hydrolysis

rates demonstrates that relatively ephemeral aggregate layers

(which lasted for less than 10 min in our experiments but

can last for over a day in the coastal ocean) can affect carbon

cycling dynamics on much longer temporal scales than that

of the layers themselves.

Methods

Aggregate thin layers were produced in the lab by adding

diatom aggregates to a rectangular tank (� 60 cm tall and

with a 5 3 5 cm base) that was stratified with a sharp verti-

cal salinity gradient (Fig. 1). One side of the tank had

silicon-stoppered sampling ports at approximately 1 cm

intervals (visible in Fig. 1); these ports allowed for subsam-

ples to be collected from discrete depths for analysis of cell

concentrations and extracellular enzyme activities without

Fig. 1. Image from Exp. 2 (Stratified artificial seawater) showing experi-
mental setup.
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disturbing the stratification or distribution of aggregates

within the tank (see below). The top layer of the tank con-

tained an artificial seawater (ASW) solution, prepared with

Instant Ocean (Spectrum Brands), with a salinity of � 20

PSU; the bottom layer contained an ASW solution of � 36

PSU. Both solutions were filtered through a 0.1-lm polycar-

bonate filter using low vacuum prior to filling the tank.

This procedure was sufficient to remove most bacterial cells,

but the ASW solution was not sterile, and low but detecta-

ble numbers of bacterial cells were present in solution prior

to introduction of aggregates (see Supporting Information

Table 2).

A sharp density gradient was created in the tank by slowly

pouring the top layer fluid through a diffuser (Prairie et al.

2013). Two experiments with aggregates were conducted

using a stratified tank (Exp. 1 and Exp. 2) in addition to a

control experiment in which aggregates were added to an

unstratified tank filled with an ASW solution of 20 PSU (Exp.

3). Another control experiment was conducted in which no

aggregates were added to a stratified tank (Exp. 4; see Sup-

porting Information Table 1).

Aggregates were produced in roller tanks (Shanks and

Edmondson 1989; Jackson 2004) filled with mixed diatom

cultures that were added to either unfiltered near-shore sea-

water (SW) or artificial seawater (ASW) (see Supporting Infor-

mation Table 1). Coastal seawater (SW) was collected on

Pawley Island, South Carolina, U.S.A. (33.478 N, 79.108 W;

Salinity: 34 PSU; Water temperature: 268C), and kept aerated

at room temperature for 5 d in the laboratory prior to the

roller tank incubations. The mixed senescent diatom culture

was prepared by combining aliquots of seven diatom mono-

cultures (Fragilariopsis sp., Thalassiosira sp., Pseudo-nitzschia

sp., Chaetoceros sp., Cylindrotheca sp., Skeletonema sp., Phaeo-

dactylum sp.) in a glass bottle before being combined with

SW or ASW to completely fill the roller tanks (total volume

� 4.5 L, see Supporting Information Table 1 for ratios for

each experiment). Monocultures of the seven diatoms were

maintained under non-axenic conditions at 128C and con-

stant light (Aquil media). Note that, since the composition

of diatom-associated bacterial communities varies by diatom

species as well as by diatom growth phase (Grossart et al.

2005), the bacterial composition of the inoculum likely var-

ied between experiments.

Once filled, roller tanks were rotated at 3.5 rpm at room

temperature for 2–3 d, depending on the experiment (see

Supporting Information Table 1). Millimeter-sized aggregates

formed within hours after the start of all incubations, and

aggregate formation continued until the end of the incuba-

tions. Roller tanks were then placed upright on the bench to

let aggregates settle to the bottom of the tank. Aggregates

were carefully removed from the tanks using a 1-mL cut-off

syringe and placed into clean 20-mL scintillation glass vials

containing ASW at � 20 PSU. Diatom aggregates formed in

SW were allowed to equilibrate to the lower salinity fluid

(� 20 PSU) for 1 h prior to initiation of the experiments in

the sinking tank. This equilibration period is intended to

allow higher density seawater within the aggregates to

exchange with the lower density surrounding fluid (Prairie

et al. 2015).

A total volume of 5 mL of the aggregates was then trans-

ferred to the rectangular tank and carefully released below

the tank air–water interface. For each aggregate sinking

experiment, continuous images were recorded using a Pike F-

100B camera (Allied Vision Technologies, Germany) at a rate

that was constant for an experiment, but ranged between 12

and 25 frames s21 between experiments. The images cap-

tured the entire tank in the field of view, and images were

taken for at least 8 min after the aggregates were added. The

images were processed using MATLAB, first subtracting from

each image a baseline image taken before aggregates were

added. The intensity of a corrected image was then summed

at each depth to determine particle intensity vs. depth for

each image. These profiles were normalized by the maxi-

mum particle intensity observed throughout the experiment

(summed over all depths of the tank) to obtain relative parti-

cle intensity as a fraction of the maximum vs. both time and

depth. These profiles of relative particle intensity provide a

proxy for particle concentration vs. depth and time.

Subsamples (� 2 mL of water) were collected at seven dis-

tinct depths (Supporting Information Table 2) from the sam-

pling ports in the side of the tank before aggregates were

added, while the aggregates were sinking (Fig. 1), and after

the aggregates had settled to the bottom of the tank (see Sup-

porting Information Table 2 for specific sampling depths and

time points, as well as cell counts and enzyme activities).

Samples were collected using a 3-mL plastic syringe equipped

with a needle introduced horizontally into the tank through

the silicon-sealed sampling ports (see Fig. 1, which shows a

sample being collected). Shortly after collection, the samples

were gently centrifuged at 194 g (the lowest setting on an

Eppendorf MiniSpin, sufficiently low to avoid cell lysis) for 1

min to remove large fractions of aggregates that were visible

in some of the samples. The supernatant was used for meas-

urements of extracellular enzymatic activity, cell concentra-

tions, and salinity, as described below. Despite the fact that

the samples were gently centrifuged, it is possible that small

fractions of aggregates remained in some samples, which

could have affected these measurements.

Extracellular enzyme activity was measured using L-leu-

cine-4-methylcoumarinyl-7-amide (MCA) hydrochloride as

substrate proxy for leucine-aminopeptidase activity (final

concentration: 350 lM) according to Hoppe (1983). Incuba-

tions were conducted in disposable acrylic cuvettes (700 lL

incubation solution) at room temperature in the dark.

Changes in fluorescence over time were monitored four

times over an incubation time of 1 h using a Turner Biosys-

tems TBS-380 fluorometer, with excitation/emission chan-

nels set to “UV” (365 nm excitation, 440–470 nm emission).
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Fluorescence changes were calibrated using an MCA standard

solution.

Bacterioplankton were counted using flow cytometry fol-

lowing the procedures described in Johnson et al. (2010) and

Lin et al. (2013). One milliliter of water was fixed with 25%

buffered formalin (0.125% final concentration) and stored in

2-mL Eppendorf tubes at 2808C until analysis (no longer

than 3 months). Shortly before analysis, fixed samples were

thawed in a cooler on blue ice. Bacterial cells were stained

with SYBR-Green I (13 final concentration; Marie et al.

1999), kept on ice in the dark for 30 min, and enumerated

on a FACSCalibur flow cytometer (Becton Dickinson) modi-

fied with a syringe pump for quantitative sample delivery.

In the stratified experiments, salinity measurements con-

firmed the presence of a sharp salinity gradient, which per-

sisted throughout the duration of the experiment (Supporting

Information Fig. 1). Salinity was measured using a hand held

refractometer (10 lL sample volume) at each sample time and

depth, with the exception of Exp. 1 (the stratified experiment

which used aggregates formed in near-shore seawater). For

Exp. 1, tank water salinity was measured � 30 min after the

final sample was taken with a MicroScale Conductivity and

Temperature Instrument (Precision Measurement Engineering).

For each time and depth, enhancements in bacterial cell

counts and rates of enzyme activities were calculated by nor-

malizing by baseline values measured before aggregates were

Fig. 2. Two aggregate settling experiments were performed in stratified tanks: Exp. 1 with aggregates formed from diatoms mixed with coastal sea-
water (A–C) and Exp. 2 with aggregates formed from diatoms mixed with artificial seawater (D–F). One experiment was performed in an unstratified
tank with aggregates formed from diatoms mixed with artificial seawater (G–I). (A, D, G) shows particle intensity vs. time and depth. In stratified

experiments, particle intensity is enhanced at the density interface, indicating the presence of an aggregate layer for 100s of seconds. Corresponding
enhancements of microbial enzyme activity (B, E) and microbial cell concentrations (C, F) are also shown vs. time and depth. Both microbial enzyme

activity and cell concentrations are enhanced at the depth of the layer even � 1.5 h after the aggregates were added. In the unstratified experiment,
particle intensity initially is spread over a broader depth interval (G), and little enhancement in enzyme activity (H) or cell concentrations (I) is
observed in the water column at either � 400 s or � 1.5 h after aggregate addition. White circles in (A, D, G) show times and depths at which sam-

ples were taken which correspond to colored circles in (B, C, E, F, H, I). Enhancements were calculated by dividing by the median baseline value
(taken before aggregates were added).
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added to the tank. An enhancement factor of 1 thus repre-

sents no increase relative to initial values.

Results

Addition of diatom aggregates (formed with either natural

or artificial seawater) led to aggregate accumulation at the

density interface for 100s of seconds (Fig. 2A,D) for both of

the experiments in the stratified tank (Exps. 1 and 2). This

extended residence time of aggregates at a sharp density gra-

dient has been previously investigated, and is likely related

to the time required for diffusive exchange of lower-density

fluid within the aggregate interior for the higher-density

water of the bottom layer of the tank (Prairie et al. 2013). By

contrast, in the unstratified control tank (Exp. 3), the aggre-

gates sank through the tank volume without visible delay at

any point (Fig. 2G).

In the two stratified experiments (Exps. 1 and 2), when

the aggregate layer formed at the density interface, enzyme

activity was enhanced by a factor of more than 20 and

microbial concentration was enhanced by a factor of more

than 40 at the location of the particle layer compared to the

median baseline value taken before aggregates were added to

the tank (Fig. 2B,C,E,F; see Supporting Information Table 2

for specific values of cell counts and enzyme activities). This

enhancement, moreover, persisted over time and was meas-

urable at the density interface � 1.5 h after aggregates were

added to the tank, long after the aggregates had sunk to the

tank bottom (approximately 10 times longer than the dura-

tion of the thin layer itself—that is, the length of time that

visible aggregates resided at the density gradient). The final

median enhancement in cell concentration was 33.3 and

19.2 in Experiments 1 and 2, respectively, and the final

median enhancement in enzyme activity was 8.7 and 6.1

(Fig. 3). Addition of aggregates to the unstratified control

tank lacking a density gradient (Exp. 3) produced some

enhancements of microbial enzyme activity and cell concen-

trations, but these enhancements were comparatively less

than those for the stratified experiments, and there was no

depth-specific pattern (Fig. 2H,I). There were also measurable

enhancements in the unstratified tank 1.5 h after aggregates

were added to the tank (Fig. 3), but again the enhancements

were relatively modest compared to the stratified experi-

ments, with final median enhancement in cell concentration

and enzyme activity of 4.8 and 3.2, respectively. The

additional control experiment with a stratified tank and no

aggregates (Exp. 4) showed no enhancements of cell concen-

trations or enzyme activities (Supporting Information

Table 2).

Discussion

Marine aggregates—including those formed from diatom

cultures—typically contain high concentrations of bacterial

cells that exhibit high rates of enzyme activities (e.g., Gros-

sart et al. 2007). These experiments demonstrate that this

enhancement of bacterial activity can be compounded

within aggregate thin layers, where concentrations of aggre-

gates are many times background levels. Furthermore, our

results suggest that this enhanced bacterial activity can have

a “memory effect,” persisting long after the aggregate layers

are gone; although the thin layers were relatively ephemeral

in our experiments, the enhancement of bacterial abundance

and activity persisted over 10 times the duration of the

aggregate thin layers at the density gradient in both strati-

fied experiments.

The enhancement of both cell concentrations and

enzyme activities long after the aggregate layer dispersed

suggest that this “memory effect” is likely due to aggregate-

associated microbes detaching from aggregates (Kiørboe

et al. 2003; Grossart et al. 2007) during the time they were

suspended at the density interface. Although we did not vis-

ually observe any changes in aggregate size at the density

interface, small fragments of aggregates might also have

been left at the interface, contributing to the accumulation

of bacterial cells. The elevated microbial activity measured at

the interface may thus result from accumulation of bacteria

that possess cell-surface attached extracellular enzymes; addi-

tionally, extracellular enzymes may have been excreted from

aggregate-associated cells into the water column (Ziervogel

and Arnosti 2008; Ziervogel et al. 2010) and left behind at

the interface once the aggregates sank to the bottom of the

Fig. 3. Comparative enhancements of enzyme activities and cell con-

centrations for the two stratified experiments (Exps. 1 and 2) and the
unstratified control (Exp. 3) at the density interface in the stratified tanks
(and at an equivalent depth for the unstratified control) � 1.5 h after

aggregate addition. Error bars show enhancement given 15th and 85th

percentile baselines. Dashed horizontal line shows an enhancement

value of 1 (i.e., no enhancement over baseline).
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tank. Free enzymes have been reported to make a major con-

tribution to enzymatic activity in the deep ocean (Balter

et al. 2010); transient aggregate thin layers may be one

source of such enzymes. In the environment, free enzymes

produced by bacteria (Ziervogel and Arnosti 2008) can

potentially retain activity in the water column for hours to

days (Ziervogel et al. 2010).

Particle layers in the ocean can thus lead to accumula-

tions of both bacteria and free enzymes, with the potential

to significantly alter the rates of local carbon transformation

for time periods much longer than the persistence of the

particle patches themselves (Fig. 4). Depending on the time-

scale between the enzymatic production and respiration of

low molecular weight substrates, the consequences of these

vertical patches for carbon cycling in the ocean could be

considerable. As an example, enhanced enzymatic produc-

tion of readily metabolized substrates (amino acids, simple

sugars) from complex organic matter in such a thin layer

could lead to localized increases in the rate of respiration of

organic carbon to CO2, since low molecular weight sub-

strates are readily respired in the ocean (e.g., Skoog et al.

1999).

The extent of enhancement of bacterial activity associated

with aggregate layers is likely to vary substantially under dif-

ferent biological and environmental conditions, since bacte-

rial community composition changes with phytoplankton

growth phase, and phytoplankton species host different bac-

terial communities (e.g., Grossart et al. 2005). Indeed, given

that the majority of bacteria in our experiments originated

from the phytoplankton cultures from which the aggregates

were formed, it is not surprising that we observed different

magnitudes of enhancement in both bacterial cell counts

and enzyme activity in the two stratified experiments. More-

over, in natural environments, processes such as small-scale

turbulence and interactions with grazers may result in frag-

mentation of aggregates (Goldthwait et al. 2005), which will

in turn affect particle settling speeds and rates of reminerali-

zation by bacterial communities.

The persistent microbial “footprint” observed in the wake

of the aggregate thin layers in our experiments has poten-

tially important implications for a range of microbially cata-

lyzed biogeochemical processes. “Episodic” organic matter

export may be linked to specific features of nitrite maxima

in the water column (Santoro et al. 2013); rates of nitrifica-

tion and nitrite concentrations have also been linked along

density horizons in the northeast Pacific Ocean (Smith et al.

2016). The heterogeneity of these bacterial-aggregate interac-

tions may help provide an explanation for the spatial and

temporal variability in carbon flux observed in the field

(Buesseler et al. 2009; Marsay et al. 2015).

Our data also suggest a potential mechanism by which

particle-associated bacteria can become redistributed in the

ocean, consistent with observations from coastal California

(Cram et al. 2015). Moreover, the detachment of bacteria

from sinking aggregates can help shape the composition of

the remaining aggregate-associated community. Analysis of

sinking aggregates collected in situ at several depths in the

Atlantic Ocean showed that in the upper water column, the

composition of the aggregate-associated community was

similar to the free-living community, whereas at greater

depths, the aggregate-associated community had changed,

and its composition was dominated by specific fractions of

the initially attached community (Thiele et al. 2015).

Because of the extremely sharp density gradient in our

experimental setup and the release of aggregates in a single

pulse, the particle layers in our experiments were on the

order of cms thick and persisted for only 100s of seconds.

However, natural particle layers in the coastal ocean have

been observed to be a meter or more thick and can persist

for over a day. This extended residence time may be due to

naturally formed aggregates typically having densities that

are considerably less than those formed in the lab (Prairie

Fig. 4. Schematic demonstrating enhancement of microbial extracellular enzymatic activity (represented by both color bar and arrow size) at the

depth of an aggregate thin layer (zlayer) at five different times (t0–t4) during the transition from maximum particle concentration to dissipation of the
thin layer. Black curves represent subsequent profiles of particle concentration vs. depth.
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et al. 2013), or the presence of transparent exopolymeric

particles as components of the aggregates, permitting them

to reach neutral buoyancy (Alldredge et al. 2002). Under

such conditions, the timescales over which aggregates

remain at a density interface is considerably longer, and

could lead to even greater enhancement of organisms and

enzymes at a thin layer compared to the surrounding water

column. This study provides experimental evidence of

“footprints” of enhanced bacterial activity that may arise

from aggregate thin layers; future measurements of these

interactions in the field will be important to understand

the implications of these results in the context of natural

environmental conditions and variable microbial and

planktonic communities.
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