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Abstract
1. Detritivores need to upgrade their food to increase its nutritional value. One
method is to fragment detritus promoting the colonization of nutrient-rich microbes, which consumers then ingest along with the detritus; so-called microbial
gardening. Observations and numerical models of the detritus-dominated ocean
mesopelagic zone have suggested microbial gardening by zooplankton is a fundamental process in the ocean carbon cycle leading to increased respiration of
carbon-rich detritus. However, no experimental evidence exists to demonstrate
that microbial respiration rates are higher on recently fragmented sinking detrital
particles.
2. Using aquaria-reared Antarctic krill fecal pellets, we showed fragmentation increased microbial particulate organic carbon (POC) turnover by 1.9×, but only on
brown fecal pellets, formed from the consumption of other pellets. Microbial POC
turnover on un- and fragmented green fecal pellets, formed from consuming fresh
phytoplankton, was equal. Thus, POC content, fragmentation, and potentially nutritional value together drive POC turnover rates.
3. Mesopelagic microbial gardening could be a risky strategy, as the dominant detrital food source is settling particles; even though fragmentation decreases particle
size and sinking rate, it is unlikely that an organism would remain with the particle
long enough to nutritionally benefit from attached microbes. We propose “communal gardening” occurs whereby additional mesopelagic organisms nearby or
below the site of fragmentation consume the particle and the colonized microbes.
4. To determine how fragmentation impacts the remineralization of sinking carbonrich detritus and to parameterize microbial gardening in mesopelagic carbon
models, three key metrics from further controlled experiments and observations
are needed; how particle composition (here, pellet color/krill diet) impacts the response of microbes to the fragmentation of particles; the nutritional benefit to zooplankton from ingesting microbes after fragmentation along with identification
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of which essential nutrients are being targeted; how both these factors vary between physical (shear) and biological particle fragmentation.
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1 | I NTRO D U C TI O N

has been found to account for 50% of the loss of sinking carbon
with depth in the oceans (Briggs, 2020), although what proportion

Sinking detrital particulate organic carbon (POC) in the ocean is a

of this is directly linked to zooplankton particle fragmentation and

vital sink for atmospheric carbon, without which there would be 50%

microbial gardening is unknown. In addition, the lack of experimental

more CO2 in the atmosphere than at present (Parekh et al., 2005;

research on this process means we do not fully understand its con-

Volk & Hoffert, 1985). Carbon sinks to depth predominantly as

straints and controls. Given that microbial gardening is a prominent

phytodetrital aggregates made of dead/living phytoplankton cells,

example of how ecological processes can influence ocean biogeo-

the fecal pellets of small pelagic crustaceans called zooplankton or

chemistry (Cavan et al., 2019), it is essential we improve our mecha-

zooplankton discards such as Appendicularia houses (Ebersbach &

nistic understanding of this process.

Trull, 2008; Turner, 2015). However, crustaceous zooplankton will

The production of smaller particles from fragmentation can in-

often fragment and partially consume detrital POC such as fecal pel-

directly result in a feedback to atmospheric CO2 concentrations, by

lets, as shown by laboratory experiments (Lampitt et al., 1990).

potentially increasing the surface area for microbial remineralization.

Fragmentation can be beneficial for zooplankton. Microbes rap-

Hence, ocean carbon cycle models need to be able to parameterize

idly colonize smaller particles (Kiørboe, 2003; Kiørboe et al., 2002),

the decline of POC flux with depth as a function of particle size and

and these microbes are rich in essential nutrients (e.g., unsaturated

fragmentation. There have been many studies that have investigated

fatty acids) (Okuyama et al., 2008; Russell & Nichols, 1999; Shulse

the role of particle size on the remineralization rate of both sink-

& Allen, 2010) some of which zooplankton cannot synthesize (De

ing aggregates and pellets (Belcher et al., 2016; Cavan et al., 2017;

Carvalho & Caramujo, 2012; Moi et al., 2018; Okuyama et al., 2008).

Iversen & Ploug, 2013; Ploug et al., 2008). However, these studies

This process of fragmentation to nurture then consume nutritionally

have employed intact pellets or those fragmented in situ prior to the

enriched food (i.e., microbes plus detrital POC) is termed microbial

onset of the experiment, and therefore, the effects of fragmentation

gardening (Fenchel, 1970; Mayor et al., 2014). There are three key

(i.e., exposure of new POC surface areas and release of dissolved

steps in microbial gardening; (a) a particle is fragmented by zooplank-

organic carbon, DOC) are dampened. Thus, studying the impact on

ton increasing the particle surface area, (b) microbes colonize the

fragmentation in a controlled laboratory setting has the potential to

newly exposed organic material rapidly (0.1–1 mm3 per hour, Kiørboe

advance our understanding of microbial gardening and fragmenta-

et al., 2003) increasing particle-attached microbial abundance lead-

tion processes. Models will also need to incorporate mesopelagic

ing to increased remineralization of POC, and (c) zooplankton in-

parameterizations of the energetic gains for zooplankton associated

gest the microbes and POC, thus their food is more nutritious than

with microbial gardening, due to the increase in consumption of mi-

the POC without the additional microbes (Anderson et al., 2017).

crobes with essential fatty acids (e.g., enhanced growth, Anderson

Fragmentation for microbial gardening is thus particularly beneficial

et al., 2017). However, experiments are required first to test the

to zooplankton in the mesopelagic zone (200–1,000 m depth) where

hypothesis that smaller, fragmented particles are remineralized by

the dominant food source is detritus (Ebersbach & Trull, 2008),

microbes faster, and to determine in what scenario it is beneficial for

which is often low in essential fatty acids that the zooplankton re-

zooplankton to invest in microbial gardening.

quire (Mayor et al., 2014; Wakeham et al., 1997). However, such gar-

Here, we use aquaria-maintained Antarctic krill (Euphausia superba)

dening can be seen as a gamble by choosing to fragment rather than

fecal pellets as a representative mesopelagic particle type (Belcher

ingest food in the food-poor mesopelagic (Iversen, 2014).

et al., 2019; Cavan et al., 2015) and measure microbial POC turnover

Microbial gardening has been empirically proven in other ecosys-

rates on purposefully fragmented (small) and unfragmented (large) pel-

tems and habitats, for instance on detrital turtle grass fragmented

lets. There were two types of pellets present in the krill aquaria (brown

by amphipods (Fenchel, 1970) and marine benthic invertebrates

and green pellets), so the experiment was done separately on the dif-

(Troch et al., 2005). However, the theory that fragmentation and

ferent colored pellets, as fecal color indicates food source of the pellet

the release of dissolved organic material further enhance microbial

POC (Wilson et al., 2008). The aim of this study is to test experimen-

remineralization, beyond particle size alone, has not yet been empir-

tally the first steps in microbial gardening, that fragmentation increases

ically tested on sinking biogenic particles. A biogeochemical model-

microbial remineralization (POC turnover) and to combine our results

ing study of mesopelagic carbon stocks revealed this fragmentation

with the existing literature to explore the mechanisms by which micro-

process was essential to balance the carbon budget of the meso-

bial gardening may occur and not be a risky strategy in the open ocean.

pelagic zone, by routing POC through the microbial loop (Giering

We apply a targeted experimental approach using a unique experimen-

et al., 2014). Physical (e.g., shear) or biological fragmentation of POC

tal facility where we could collect fresh krill pellets with knowledge of
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F I G U R E 1 Images of different
color and size fecal pellets; (a) large
brown unfragmented, (b) small brown
fragmented, (c) large green unfragmented,
and (d) small green fragmented. The
horizontal scale bar in panel (b) is 1 mm
long

(a)

(b)

(c)

(d)
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the krill diet that resulted in defecation. We hypothesize microbial POC

chance for krill to feed on the added algal mixture. See Kawaguchi

turnover will be higher in fragmented pellets rather than unfragmented

et al. (2010) for more details on the aquaria setup.

pellets, regardless of pellet color, because of the increased surface area
of POC available for the microbes to degrade.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Krill research aquaria

2.2 | Collection of fecal pellets
For the main POC turnover experiment, fecal pellet collection occurred from 09:30 to 11:30 (AET) each morning, approximately 1.5 hr
after the start of feeding. As part of the aquaria protocol, pellets are
removed each day from the tank. Only pellets floating in the surface

Fecal pellets from Antarctic krill (Euphausia superba) were collected

waters of the tank were used for this experiment. Pellets were col-

from animals maintained in aquaria at the Australian Antarctic

lected using a plastic beaker with the base cut off and replaced with

Division (AAD), Kingston, Tasmania. The krill are maintained in large

100 µm mesh, as krill pellets range from 80 to 600 µm width and 0.5

tanks at 0.5°C. They were collected during the Antarctic summer

to 34 mm in length (Atkinson et al., 2012). As pellets were collected,

of 2017–2018 south of 60°S in the Indian Sector of the Southern

they were rinsed from the mesh with filtered seawater into a 1-L

Ocean, so had been in captivity for approximately a year at the time

beaker. At least 300 pellets were collected per experiment over the

of the experiment in January 2019. The krill were a year older though

1.5 hr period and during this collection period, both green and brown

during the separate “in aquaria” fecal production and fragmentation

pellets were present. Pellets were gently separated into two beakers

observational study which was conducted in April 2020. The krill

depending on their color, green or brown. A subsample (~50 pellets)

used were adults with an estimated age of 4–6 years. Approximately

of each color of unfragmented pellets were then taken and stored in

2,000 krill were held in a 1.7 tonne circular tank. The irradiance at the

the fridge (4°C) for subsequent photography using light microscopy

time of the experiment was set to a “June” (Austral winter) regime.

(Figure 1). Fragmented pellets (see below) were gently pipetted from

The krill are fed every morning, starting between 08:00 and 09:30

the vials which had been inverted and stored in the fridge along with

Australian Eastern Time (AET) with a mixture of live phytoplankton

the larger unfragmented pellets for imaging. The majority of pellets

cultured at the AAD (the diatom Phaeodactylum triconutum and the

were used in the remineralization experiment.

flagellate Pyramimonas gelidicola, 10 L of each), 200 ml of 10% instant algae shellfish diet diluted in seawater (Reed Mariculture) and
FriPack FRESH prawn hatchery feed (2.5 g diluted into 200 ml of
seawater). The aquaria is a recirculating system, which continuously

2.3 | Pellet fragmentation and
remineralization experiment

circulates and filters the seawater in the system. Typically, it takes
about 1.5 hr for a complete exchange of the water in the tank. The

The aim was to compare microbial POC turnover rates on fecal pel-

water flow in the tank was closed while feeding to maximize the

lets that had and had not been fragmented, by physically breaking
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recently collected krill fecal pellets. Pellets from the two beakers

The cups were placed in a fuming bell overnight to remove inorganic

were transferred gently into four 20-ml microrespiratory vials. The

carbon and then dried at 60°C for two days. Cups were pelleted

microrespiration vials were gently filled with the pellet and seawater

and then C and N analyzed on a CHN analyser (Thermo Finnigan EA

sample to the top of the vial, the lid with a small capillary hole allow-

1112 Series Flash Elemental Analyser). It was not possible to provide

ing the electrode to pass through was placed onto the chamber and

a detailed biochemical characterization of the pellets, and hence,

a final drop of water added to the top of the lid to expel all air. The

published data on Euphausia superba (Tanoue et al., 1982; Tanoue

capped vials were then immersed within the baths filled with sea-

& Hara, 1986) were used to help interpret our experimental results.

water so there could be no gaseous exchange between the vials and
the surrounding water (Cavan & Boyd, 2018). Two vials were filled
with brown pellets and two vials with green pellets. One vial of each

2.4 | Microbial POC turnover rates

colored pellet (1 × brown pellets and 1 × green pellets) was manually inverted once—quickly—to fragment the pellets. Fragmentation

We measured the POC turnover rates of fragmented and unfrag-

colored the water in the vial indicative of the release of dissolved

mented krill fecal pellets as a proxy for the possible increase in mi-

organic material (DOM) from the fecal pellet (Figure S1). Two other

crobial activity associated with the fragmentation of sinking particles

20-ml vials were filled with water from the krill tank without pel-

as suggested by microbial gardening. POC turnover rates were com-

lets as control vials containing only free-living microbes. Thus, for

puted as in Cavan and Boyd (2018). Briefly, oxygen uptake rates were

each experiment (and therefore per day) there were four treatments

determined by computing the slope of the linear regression between

(1 × whole brown pellets, 1 × brown fragmented pellets, 1 × whole

oxygen concentration (µmol/L) and time (hr) to give oxygen uptake

green pellets, 1 × green fragmented pellets), and 2 × control vials.

(µmol L−1 hr−1, Table 1 and Table S1). All slopes from vials contain-

The tank water is filtered at 1 µm and therefore would contain some

ing pellets showed a decrease in oxygen over 72 hr (Figure S2). The

heterotrophic bacteria smaller than this size that could attach to

slopes of the control vials (no pellets) were subtracted from the slopes

the pellets and decrease the oxygen concentration (Figure S2). The

of the treatment vials for that experiment to account for any oxygen

treatment vials (with pellets) would also potentially contain microbes

uptake by free-living microbes using carbon from nonpellet sources.

released from the krill gut already attached to the pellet (Hansen &

Oxygen uptake rates were converted from µmol L−1 hr−1 to µmol/h by

Bech, 1996). The tank water is kept at 0.5°C, UV sterilized, with am-

multiplying by the volume of the vials (0.02 L) as pellets only took up

monia removed through biofiltration to a level always below normal

a small amount of total volume in the vials (see images in Figure S1).

spectrophotometer detection limit (0.01 mg/L) and DOM was re-

Microbial POC turnover (k) was calculated as a rate per day:

moved through a foam fractionator which generates fine bubbles in
a water column skimming organic materials. All vials were placed in a

k ( d − 1 ) = Oxygen uptake ( μmol ∕ hr) ∕ POC mass ( μmol ) × 24,

(1)

rack and submerged in a water bath within a fridge (5°C), represent-

where the POC mass has been converted from µg to µmol so the

ing the Southern Ocean south of the sub-Antarctic Front but north

dimensions of Equation (1) and the POC turnover are correct.

of 60°S (Govin et al., 2009). The selected temperature was higher
than that of the live krill (0.5°C) to ensure a measurable signal in
microbial respiration (Brown et al., 2004).

2.5 | Data and statistical analysis

The experimental setup and protocol follows Cavan and Boyd
(2018). An initial dissolved oxygen reading was taken using a PreSens

To compute POC turnover rates, first the oxygen uptake rate is

microelectrode (limit of detection = 15 ppb, accuracy = 0.05% O2)

calculated as the slope between oxygen concentration in the vials

as soon as the vials were placed in the fridge. The pellets were incu-

and time (Figure S2). Rates were calculated using linear regression

bated in the dark and the dissolved oxygen concentration measured

with the lmList function in R (Table 1 and Table S1). The number of

every 24 hr. The experiment was terminated after oxygen concen-

data points were n = 4 for each vial as the experiment ran for 72 hr

trations became <100 µM so the pellets did not have anoxic centers

to prevent anoxic respiration which could impact our results when

which can stimulate anaerobic respiration (Ploug & Bergkvist, 2015).

O2 concentrations reached <100 µM in the vials (Table S2). For

Termination occurred after 72 hr, resulting in 4 oxygen measure-

the linear regressions, all intercept coefficients were significant

ments per experiment. The vials were gently (so as not to further

(p < .05) and only 4 (of 16) noncontrol vial slopes were below the

fragment pellets) manually inverted prior to oxygen measurements

p = .05 significance threshold, two of which were p < .1. The R 2

to mix the water.

values were high for all treatment vials ranging from 0.66–1.00 to

The experiment was replicated four times, giving four replicates

2 d.p with the majority (>60%) greater than 0.90 (Table S1). The

per experimental treatment. At the end of each experiment, the con-

mean R 2 across all treatments and controls was 0.90. After divid-

tents of each vial were filtered through a precombusted (overnight,

ing the oxygen uptake by POC mass (Equation 1), we calculated

400°C) QMA-quartz filter, dried, and then stored at room tempera-

the mean POC uptake rate per treatment (i.e., excluding controls).

ture. The QMA filters were then prepared and processed for POC

We did this using all data, and including those which had a slope p-

analysis; the dried filters were placed into silver cups (Elemental

value above .05. The mean POC turnover rates show that unfrag-

Microanalysis) and 20 µl of 2 N HCl Suprapur added to each cup.

mented brown pellets (BL in Table S3) had lower rates compared

|
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TA B L E 1 Oxygen uptake and POC
turnover for each experimental treatment
vial, FP = fecal pellet. Note the oxygen
uptake results are not normalized to the
amount of carbon in the vials, and so POC
turnover rate (O2 uptake normalized to
POC) should be taken as the main result.
See Table S1 for the full results of the
linear regression fits to calculate oxygen
uptake
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Experiment

FP length

FP color

O2 uptake
(µmol L−1 hr−1)

POC turnover
(day−1)

1

Unfragmented

Brown

1.842

0.024

1

Unfragmented

Green

1.375

0.030

1

Fragmented

Brown

2.425

0.034

1

Fragmented

Green

2.288

0.051

2

Unfragmented

Brown

3.240

0.022

2

Unfragmented

Green

3.191

0.040

2

Fragmented

Brown

4.016

0.039

2

Fragmented

Green

3.567

0.048

3

Unfragmented

Brown

3.143

0.019

3

Unfragmented

Green

2.658

0.023

3

Fragmented

Brown

4.312

0.036

3

Fragmented

Green

2.041

0.011

4

Unfragmented

Brown

1.856

0.016

4

Unfragmented

Green

3.000

0.052

4

Fragmented

Brown

3.400

0.039

4

Fragmented

Green

3.188

0.032

with the other three fractions, and removing the nonsignificant

pellets which had been kept aside in the fridge (4°C) in darkness.

slopes only minimally changed the mean unfragmented brown pel-

Images were taken using a magnification of 32×. ImageJ was used

let rate from 0.020 to 0.019 day−1.

to analyze the photographs by converting each image to 16 bit and

We used a Welch's t test to compare the mean POC turnover

subtracting the background with a rolling ball radius of 150 pix-

rates between the fractions (Table S4). When data that resulted in

els. A threshold was applied and the background set to black with

linear regression oxygen uptake slope coefficients of p > .1 were

the pellets in white to automatically detect particles and meas-

removed (n = 14, i.e., a 90% significance threshold is set rather

ure their size (here perimeter), with a minimum detection limit of

than 95%), there was no change in the main statistical result; that

0.01 mm.

the only significant difference between any two treatments in POC
uptake was between un- and fragmented brown pellets (Table S4b).
Removing all nonsignificant (at 95% significance threshold, p > .05,
n = 12) linear regression oxygen uptake slope data resulted in a

2.7 | Fecal pellet production and fragmentation by
aquaria Antarctic krill

Welch's t test p-value of .07 between the un- and fragmented brown
pellets because of the now small sample size of (n = 2) for the brown

To determine how fecal pellet color and fragmentation change

unfragmented pellets. Nevertheless, the mean POC turnover rates

within the krill tank, we ran a separate experiment observing the

for this subsample of data for fragmented brown pellets were still

alteration of the size and color of fecal pellets produced as the

almost double those of the unfragmented brown pellets (Table S4c).

amount of food changed with time since the start of the daily

As can been seen in Figure 2d and Table S3, there was an order

morning feed. Initially, tank water was thoroughly inspected to

of magnitude more variation (standard deviation) in the green pellet

ensure there were no fecal pellets existing prior to feeding. In this

POC turnover rates than both treatments of the brown pellets. As

experiment, feeding started at 09:15. Water flow was closed be-

removing the few vials where the oxygen uptake slope coefficient

tween 09:30 and 12:30 to ensure food was not cleared out from

had p-values between .05 and .15 did not change the main result of

the tank during this period. At 12:30, the water flow was turned

our study, we present all data (n = 16) going forward in the results.

on, decreasing the algal food supply available to the krill. Given

All errors given in the main text are standard error of the mean.

that it takes 1.5 hr for the water to fully circulate, no algal food
remained in the tank by 14:00. Sampling of fecal pellets was un-

2.6 | Size of pellets

dertaken at 10:15, 11:15, 12:35, 14:30, and 16:45. Fecal pellets
floating in the water were gently siphoned out into a bucket prior
to being photographed and analyzed as above. 40–90 pellets were

A Leica M205C dissecting stereo-microscope with a Leica DFC

collected at each sampling time point, with collected pellets in-

450 camera and Leica LAS V4.0 software was used to image the

creasing in number with time due to fragmentation.
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Faecal pellet perimeter length

(b)
4

O2 uptake (µm ol L–1 h –1)

20

Faecal pellet perimeter (mm)

Microbial oxygen uptake

15

10

5

3

2

1
0
Brown Long

Green Long

Green Short

Brown Long

Faecal pellet POC content

(d)

Brown Short

Green Long

Green Short

Microbial POC turnover

0.05

Microbial POC turnover (d–1)

POC concentration (mmol L–1)

(c)
4

Brown Short

3

2

1

0.04

0.03

0.02

0.01
Brown Long

Brown Short

Green Long

Green Short

Brown Long Brown Short Green Long Green Short

F I G U R E 2 Median differences in fecal pellet size, oxygen uptake, pellet POC, and microbial POC turnover in un- (long) and fragmented
(short) pellets of different colors (green and brown), (a) perimeter of fecal pellets (b) microbial oxygen uptake, (c) pellet POC content, and
(d) microbial turnover of pellet POC. The solid black horizontal line in each box is the median, the upper and lower extent of the boxes
(hinges) are the upper and lower quartiles, respectively, and the upper and lower whiskers are the highest and lowest data point. The mean is
represented by the black solid symbol. The sample size is n = 4 for (b), (c), and (d) and n = 130, 278, 191, and 408, respectively, for each box
in (a)

3 | R E S U LT S

(t test, p < .05, Figure 2a). The mean perimeter length of physically fragmented brown and green pellets was 2.40 ± 0.01 mm

Manual fragmentation of krill fecal pellets successfully created

and 2.84 ± 0.01 mm, respectively. There was no statistical differ-

long and short pellets as a proxy of particles of different sizes with

ence in length between the brown and green fragmented pellets

different surface area to volume ratio in the oceans (Figures 1 and

(p > .05).

2a, Figure S3). The mean perimeter length of unfragmented brown

Linear regressions between oxygen concentration and time

and green pellets was 7.28 ± 0.06 mm and 5.26 ± 0.03 mm, respec-

showed oxygen concentrations declined significantly (p < .05)

tively. Both types (brown and green) of unfragmented pellets were

over the 72-hr experiment in each microrespiration vial which

significantly longer than the short, manually fragmented pellets

contained pellets (Figure S2, Table S1). Oxygen concentrations

|
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approached 100 µM after 72 hr in 3 of the 4 replicate experiments

were predominantly green. Once the tank was empty of algal

(Tables S1 and S2). Microbial oxygen uptake rates ranged from 1.8

food (at 14:00), the pellets became browner in color indicating

to 4.3 µmol L−1 hr−1 (Table 1). Mean oxygen uptake rates per pellet

the krill had begun to feed on the pellets (coprophagy) (Lampitt

treatment (color and fragmentation, Figure 2b) ranged from 2.0 to

et al., 1990), and the organic material had now passed through

3.0 µmol L−1 hr−1 (Figure 2b). Oxygen uptake rates do not account

the krill gut at least twice (Figure 3). We quantified the mean pe-

for the varying number of pellets (and therefore POC in each vial),

rimeter of these pellets, which was largest at the first time point

and thus, the normalized values of POC turnover (Equation 1) are

and decreased continually throughout the day (Figure 3) indicat-

the focus our results (Table 1). Mean pellet POC concentration

ing that either brown pellets are smaller when egested or that krill

ranged from 1.4 ± 0.2 mmol/L in the unfragmented green pellets

preferentially fragment brown pellets while feeding. The number

to 2.4 ± 0.3 mmol/L in the unfragmented brown pellets (Figure 2c).

of pellets in each sample taken also increased with time, so there

After normalization of the oxygen uptake rate to fecal pellet

were more pellets that were also smaller toward the end of the

POC, there was no overall effect of pellet size (p > .05, Figure 2d)

day. This supports the latter theory that krill were preferentially

on microbial POC turnover rate, as the POC turnover was the

fragmenting the brown pellets. The results of this experiment pro-

same for un- and fragmented green pellets and fragmented brown

vide evidence that the green pellets in this experiment had likely

pellets (mean ~0.036 ± 0.01 day−1). However, POC turnover in

only passed through the krill gut once (Fuentes et al., 2016) and

the fragmented brown pellets was significantly (p < .05, t test,

the brown pellets were formed from feeding on green pellets. It

Table S4a) higher (1.9×) than that of unfragmented brown pellets

also suggests Antarctic krill in the tank are undertaking microbial

−1

(0.020 ± 0.00 day ). Even though the difference in POC turnover

gardening of the more detrital pellets, because of the decrease in

rate between unfragmented and green pellets and unfragmented

size (Figure 3) of the browner pellets toward the end of the day.

brown pellets was the same as between un- and fragmented brown

This is evidence of fragmentation as unfragmented brown pellets

pellets, the larger variation in POC turnover of green pellets (Table

were not found to be smaller than green pellets in our main study

S3) means this difference was not significant (Table S4a). Therefore,

prior to manual fragmentation (Figure 2a), when collected a short

microbial remineralization did increase upon fragmentation but only

time (1.5 hr) after feeding.

for brown pellets and not green pellets.

Our results are a step toward supporting the first tenet of the
microbial gardening hypothesis as they confirm that fragmentation

krill within the tank, and if in situ fragmentation occurs we ran a

can enhance microbial remineralization of POC and thus potentially

separate time-series experiment. Our results indicated that while

boost the nutritional value of food consumed by mesopelagic krill

algal food was present in the tank (09:15 to 14:00, Figure 3) pellets

or zooplankton. However, given that pellet color influenced the

Faecal pellets

6
5
4
3

Food

2
1
0

Mean faecal pellet perimeter (mm)

7

To find when green versus brown pellets are produced by the

10

12
14
Time of day

16

F I G U R E 3 Results of the in-tank krill time-series experiment of fecal pellet size (perimeter) throughout the day postfeeding. The mean
fecal pellet perimeters (y-axis) are shown by the symbols, with error bars representing the standard error of the mean. The size of the
symbols is the number of pellets in the sample collected (not normalized to volume) ranging from 40 to 91 pellets. The colors of the symbols
reflect the gradual change in the dominance of green to brown pellets as observed by eye during the experiment. Broad trends in algal food
concentration and fecal pellet number are indicated to show when they increased and decreased, respectively. In this experiment, feeding
started at 09:15 in the morning and the water flow was turned on at 12:30 (gray downward arrow), resulting in sharp decline in algal food
which was completely removed from the tank by 14:00. Fecal pellets were present in the tank at all sampling times

1030

|

CAVAN et al.

F I G U R E 4 In the euphotic zone zooplankton and krill feed on phytoplankton cells, producing greener fecal pellets containing more labile
organic matter with some essential nutrients. As these pellets or particles sink and are consumed (Lampitt et al., 1990), the highly nutritious
compounds are preferentially removed, such that within the underlying mesopelagic zone food is scarcer and less nutritious, and pellets are
brown in color. To gain essential nutrients mesopelagic resident or migratory zooplankton they (1) fragment detrital food reducing the size of
the particles and releasing dissolved organic carbon (DOC), which (2) promotes the colonization of microbes many of which can synthesize
nutrients essential to zooplankton (e.g., unsaturated lipids, see Shulse & Allen, 2011 and Yoshida et al., 2016), and (3) the zooplankton ingest
both the particle and the attached microbes, which now likely contains additional nutrients zooplankton need (see Tanoue et al., 1982).
Under the communal gardening concept, zooplankton may garden and consume the entire particle and many colonized bacteria, or may
move on leaving the particle and colonizers for other grazers, they themselves benefiting from other abandoned particles. The reduced size
and therefore sinking rate of the fragmented particles, and the increased remineralization by particle-attached (and free-living on any DOC
released via fragmentation) microbes are responsible for large decreases in the sinking POC flux
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experimental outcome, modeling microbial gardening may not be as
straightforward as we suggested.
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Pellets are first observed in the AAD aquarium tanks 20–30 min
after the krill commence feeding, consistent with laboratory experiments of krill gut clearance times (Pond et al., 1995). Thus, in our
study there was sufficient time for both green and brown pellets to
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be present when pellets were collected for the POC turnover rate
experiment. These brown pellets would likely contain more refrac-

Fragmentation in conjunction with microbial gardening has been pro-

tory material than the green pellets, although we did not characterize

posed by modeling studies (Giering et al., 2014; Mayor et al., 2014)

their biochemical composition in our study. From the literature, most

as an important ecological process in the food-limited mesopelagic

of the essential nutrients and labile organic carbon, such as unsatu-

zone influencing the open-ocean carbon cycle. Gardening may

rated fatty acids and amino acids, have already been extracted from

provide energy-rich food for zooplankton, while also having bio-

such refractory material leaving compounds that are less nutritious

geochemical implications by increasing the remineralization rates of

to consumers (Zimmerman & Canuel, 2001). This conclusion is sup-

sinking particulate carbon, ultimately reducing the ocean carbon

ported by time-series experiments conducted by Neal et al. (1986)

sink. For the first time, we experimentally tested the first step in the

and Harvey et al. (1991) on the lipid composition of fecal pellets.

microbial gardening hypothesis that fragmentation of sinking parti-

Both studies report that feeding mode (i.e., herbivory vs. cophroph-

cles increases microbial activity and the dissolution of POC associ-

agy) had a major influence on proportion of refractory material in the

ated with smaller particles, using krill fecal pellets as a representative

pellets (cophrophagy resulted in more refractory pellets). This trend

−1

detrital particle. Our pellet POC turnover rates (0.011–0.052 day )

is also evident for Antarctic krill – Pond et al. (1995) fed them with

were of the same order of magnitude as those measured from krill

radio-labeled phytoplankton and analyzed assimilation and egestion

pellets collected from the Scotia Sea (0.05–0.065 day−1) (Belcher

of algal lipids. Their polar study demonstrates that the hydrocarbon

et al., 2016), but lower than those measured on copepod pellets pro-

detected in the algal lipid was assimilated efficiently and eicosapen-

−1

duced in the laboratory (0.08–0.21 day ) (Ploug et al., 2008) or col-

taenoic acid (EPA) was catabolized extensively (65%–93%). Both

lected in situ (0.52–2.5 day−1) (Poulsen & Iversen, 2008). The lower

unfragmented and fragmented green pellets (i.e., with more labile,

POC turnover rates on krill pellets compared with copepods is likely

energy-rich organic carbon) were turned over at the same rate

due to temperature of the experiments (Brown et al., 2004; Cavan

showing that if the carbon contains high energy compounds, the mi-

& Boyd, 2018), as in both copepod studies most of the treatments

crobes will remineralize the carbon at the same rate regardless of

were run at higher temperatures than our (5°C) experiment, 4–16°C

particle size. As only the fragmentation of brown pellets increased

(Poulsen & Iversen, 2008), and 15°C (Ploug et al., 2008).

POC turnover, we conclude that when the organic material is en-

Our results showed that small pellets are subjected to higher
remineralization rates than larger pellets, but only when the pel-

ergy-poor and microbes are substrate limited, fragmentation facilitates the exposure of new material for microbes to remineralize.

lets were brown in color, and thus particle size alone is not a unique

Many different microbes can colonize organic particles and con-

driver of remineralization rates. Sinking fecal pellets collected from

tribute to both trophic upgrading (i.e., increasing the proportion of

the ocean, including those of krill, tend to be brown or white de-

essential nutrients) of the organic material and POC degradation and

pending on diet (Wassmann et al., 1994; Werner, 2000; Wilson

remineralization of DOC. Trophic upgrading is viewed as the main

et al., 2008), with whiter pellets being from those feeding on detrital

benefit of microbial gardening to zooplankton (Anderson et al., 2017;

food sources which are less nutritious. In our aquaria setting at the

Mayor et al., 2014) as the micron-scale size, mass and carbon con-

AAD, the krill only ever produce green or brown pellets. Here, the

tent of microbes means they do not increase the magnitude of food

krill are the same age and species, so diet most likely contributes to

items for zooplankton. This is readily demonstrated—if we assume

the difference in pellet color (Werner, 2000). In the aquaria frag-

bacteria occupy 10% of the surface area of fecal pellets after in-

mentation experiment, green pellets were produced after a supply

cubation (Gowing & Silver, 1983), have a carbon content per cell of

of fresh phytoplankton cells to the tank (Figure 3), and as the di-

12 fg C/cell (see Boyd et al., 2015) and are 2 µm diameter, and krill

gestive tract of Antarctic krill is green when feeding on phytoplank-

pellets have 0.39 µg C/pellet (Gleiber et al., 2012) and a pellet sur-

ton (Fuentes et al., 2016), the green pellets collected in this study

face area of 5.5 mm2 (converting of a perimeter of 6 mm to a cuboid

for the remineralization experiments were from those feeding on

of dimensions 0.5 × 0.5 × 2.5 mm), then bacterial colonization would

phytoplankton. As green pellets are not commonly observed in the

only contribute to 0.54% of pellet POC. It is more likely the microbes

ocean, particularly in sediment traps, they are likely preferentially

actually decrease the POC through solubilization and remineraliza-

consumed in the surface ocean and thus are more indicative of eu-

tion. Many pellet degradation studies have found that other plank-

photic zone food sources (Figure 4). The brown pellets were mostly

tonic groups aside from bacteria, such as dinoflagellates and ciliates

present in our aquaria fragmentation experiment once the phyto-

can be the key degraders of pellet POC (Jacobsen & Azam, 1984;

plankton food source had been depleted, and thus, we propose that

Poulsen & Iversen, 2008), while others reported that bacteria can

brown pellets occur due to krill feeding on other pellets (coproph-

significantly contribute to pellet degradation (Jing et al., 2012).

agy, Lampitt et al., 1990) when fresh algal concentrations are low

Regardless, free-living bacteria remineralize the DOC released upon

(Figure 3) as is the case in the mesopelagic (Figure 4).

fragmentation by the pellet (Thor & Dam, 2003). Microbes, including
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dinoflagellates and bacteria, may also increase the nutritional value

& Poulsen, 2007). However as in the mesopelagic zone the food

of detrital food (Anderson et al., 2017), which we now explore.

source is predominantly detrital (Ebersbach & Trull, 2008), pellet

How do we reconcile the main outcome of our study—that

and detrital ingestion is higher (Suzuki et al., 2003) than in surface

fragmented brown (i.e., refractory) pellets have higher carbon

waters. Zooplankton may be able to detect the nutritional value of

turnover than for intact brown fecal pellets—with the likelihood

the particles they intercept (Friedman & Strickler, 1975; Kiørboe

that enhanced bacterial activity, promoted by gardening via frag-

& Jackson, 2001) and actively chose whether to fragment them.

mentation, will not result in any significant increase in the POC

Copepods can use chemo-detection to find particles (Jackson &

content of the pellet (0.54%)? If microbial gardening is taking place

Kiørboe, 2004), and zooplankton are known to select food based

then there must be some benefits other than the enhancement of

on nutritional value (DeMott, 1990; Vanderploeg, 1994). Ultimately,

pellet POC.

the time for which a zooplankter remains in contact with the parti-

Zooplankton can synthesize some but not all essential lipids
or amino acids so they must derive some from their food source,

cles it has fragmented and consume microbes will be influenced by
turbulence.

otherwise they may be susceptible to poor growth and fecundity

Turbulence is low in the mesopelagic compared with the sur-

and high mortality (Stoecker & Capuzzo, 1990). Many marine bac-

face ocean with the smallest turbulent eddies (10 × Kolmogorov

teria can synthesize two essential polyunsaturated lipids, eicos-

length scale) being larger (10 mm flow length scale) (Siegel, 1998)

apentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Russell &

than even unfragmented pellets in this study (<6 mm mean perim-

Nichols, 1999; Shulse & Allen, 2010, 2011), which make up 30% of

eter length), laboratory produced aggregates (<7 mm equivalent

total fatty acids in bacteria (Okuyama et al., 2008). Particle-attached

spherical diameter) (Iversen & Ploug, 2013) and natural sinking

bacteria attract microbial predators (see supplementary video in

particles observed in the ocean (<3 mm equivalent spherical diam-

Boyd et al., 2017) such as dinoflagellates, which can synthesize DHA,

eter) (Cavan et al., 2018). Fragmented particles will be smaller than

potentially further upgrading the nutritional quality of the pellet as

the length scale of turbulent eddies in the mesopelagic (Figures 2a

a food source for zooplankton (Klein Breteler et al., 1999). Thus, col-

and 3). Thus, it is reasonable to predict that in the less turbulent

onizing microbes make up a much higher proportion of these lipids

mesopelagic zone a zooplankton may remain in the vicinity of its

as a percentage of all the fatty acids, than in sinking detrital meso-

fragmented particle for some time, thus making it worthwhile to

pelagic POM (4% for EPA and 10% for DHA) (Mayzaud et al., 2014).

expend energy fragmenting particles and consuming the frag-

In contrast, fatty acids associated with mesopelagic POM are com-

ments and microbes as they attach for some time postfragmenta-

prised of more refractory saturated fatty acids (Cavan et al., 2018;

tion. On the contrary, zooplankton may not stay with the particle

Wakeham et al., 1997).

long enough for microbial colonization to take place. Thus, “com-

In the case of the fecal pellets of Antarctic krill, EPA comprised

munal gardening” may be a more plausible scenario, whereby zoo-

2.3% by weight (c.f. 0.7% and 2.0% for POM and net plankton sam-

plankton partially consume labile material from their fragmented

ples, respectively) (DHA was not assayed, Tanoue & Hara, 1986). This

particle before moving onto other food sources, meanwhile the

outcome differs from experiments conducted with the pellets from

particle is continuously colonized by microbes which a neighbor-

temperate copepods in which the abundance of heterotrophic bac-

ing zooplankton or one living in underlying waters may then ingest

teria increased over time, as did poly unsaturated fatty acids but not

(Figure 4).

EPA and DHA, which were completely removed (Harvey et al., 1991;

There is circumstantial evidence of such a communal approach.

Neal et al., 1986). Clearly, more research is needed into changes with

Mesopelagic copepods living in the mesopelagic below sea ice in

depth (and time) in the biochemical characteristics of krill pellets,

the Southern Ocean have been shown to fragment krill fecal pellets,

along with the role that microbes play in nutritional enhancement

which then can be a food source for deeper living organisms (Suzuki

of the pellets. There must be potential mechanisms to supply EPA to

et al., 2003). Communal gardening may be particularly beneficial for

animals at depth (Tanoue & Hara, 1986), where Antarctic krill often

large aggregations of zooplankton such as krill swarms (Tarling &

feed (Clarke & Tyler, 2008; Schmidt et al., 2011) and/or reproduce

Fielding, 2016) and other zooplankton and fish living in deep scat-

(Kawaguchi et al., 2011).

tering layers (Proud et al., 2017). Diel vertical migrators may have

Our experiment suggested higher microbial activity on brown

further advantage from accessing and grazing both phytoplankton

pellets of lower nutritional value than green pellets, thus nutrition-

in the euphotic zone and to gardened particles in the mesopelagic

ally poor food is more likely to benefit from trophic upgrading and

zone.

the addition of extra essential fatty acids. As green pellets are more

Although microbial gardening has been proven to enhance the

indicative of euphotic zone food sources (Figure 3), green pellets

nutritional value of detrital food for estuarine copepods (Heinle

may be consumed in surface waters and be subsequently egested

et al., 1977), it can seem an odd and potentially controversial choice

as brown pellets which sink into the mesopelagic, which are then

for mesopelagic organisms where food is scarce. Why would a zoo-

actively fragmented (Figure 4). A laboratory study where copepods

plankton pass up the opportunity for food and instead fragment the

have the choice between pellets and an alternative food source

particle? The modeling study of Mayor et al. (2014) proposing mi-

show pellets were mostly rejected and fragmented by the cope-

crobial gardening in the mesopelagic zone is supported with video

pods as they preferentially chose the more nutritious food (Iversen

evidence of preferential ingestion of small pellets over large ones by
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copepods (Iversen, 2014; Iversen & Poulsen, 2007). A more recent
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study has shown in the North Pacific that small particles (<53 µm)
dominated the diet of mesopelagic zooplankton when particle flux

We present experimental evidence toward refining the microbial

(i.e., their food source) was low (Romero-Romero et al., 2020), fur-

gardening hypothesis by mesopelagic zooplankton. Previously mod-

ther supporting the evidence that fragmentation of particles is com-

eling studies have shown that fragmentation of sinking organic parti-

mon in the mesopelagic zone, with consequences for the carbon

cles by zooplankton can account for a large loss of the ocean carbon

cycle (Briggs, 2020).

sink due to the increase in microbial remineralization on the smaller

As previously mentioned, a side effect of microbial gardening

particles. We suggest though that zooplankton only fragment more

is increased remineralization to CO2 or solubilization to dissolved

refractory particles typically found in the mesopelagic zone, as only

organic carbon (DOC) of POC by particle- or pellet-attached bac-

brown pellets in this study showed an increase in microbial activ-

teria. Increased remineralization by free-living bacteria will also

ity when fragmented. Hence, particle composition is an important

occur on any DOC released from inside a particle (Figure 4 and

factor, with more detrital particles likely to be fragmented. As zoo-

Figure S1). As the fragmented particles are smaller, they will also

plankton can detect the nutritional value of the food they encounter

sink more slowly (Iversen & Ploug, 2013; Laurenceau-Cornec

they may actively choose to fragment the sinking particle or not.

et al., 2019). The increased microbial activity and reduced sinking

The ecological benefit of fragmenting a particle rather than con-

rates decreases the sink of POC in the ocean, reducing the ca-

suming it is that many microbes, composed of essential nutrients

pacity of deep ocean storage of atmospheric CO2 . Fragmentation

required by zooplankton, colonize these smaller particles, which

of particles as they sink and subsequent remineralization by mi-

the zooplankton can then ingest. More information is required on

crobes is responsible for 50% of the decline in POC with depth

how microbes alter the biochemical characteristics of krill pellets

(Briggs, 2020). This includes both physical fragmentation of more

with depth (and time), since they have the potential to supply EPA

fragile aggregates and biological fragmentation by zooplankton.

to krill at depth where they often feed and/or reproduce. Other ten-

Thus, an ecological process to gain essential nutrients (microbial

ets of microbial gardening that require more research is whether

gardening) has wider implications on the carbon cycle and bio-

zooplankton remain within close proximity long enough to benefit

geochemistry. Linking ecological and biogeochemical processes

from substantial bacterial colonization, or abandon the fragments

are important to understand ecosystem feedbacks on climate

after initial consumption of labile compounds released. The latter

(Cavan et al., 2019; Schmitz et al., 2013) including in modeling

hypothesis suggests a level of altruism among mesopelagic commu-

work. Here, we have shown that particle size alone is not a good

nities. Regardless, the increased abundance of microbes on smaller

enough descriptor of microbial activity and remineralization, as

particles increases the remineralization of organic carbon, declining

particle food source and composition are important constraining

the ocean carbon sink. Hence, microbial gardening is an example of

factors.

the impacts of ecology on biogeochemistry. It is clear from this and

Before being able to parameterize microbial gardening in carbon

previous studies that microbial gardening is an important process in

models, future experiments and observations should determine the

the mesopelagic zone, and one that is worthy of parameterizations

extent of fragmentation in different food environments for zooplank-

in biogeochemical models. However, prior to that, additional and ex-

ton such as replete and depleted food sources and those of different

tended experimental work is needed to investigate the controls and

labilities, as inferred by organic chemistry, simulating the euphotic

conditions of this process.

versus mesopelagic zone. While fecal pellets are an important component of particle flux globally, a similar empirical study to this is
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