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The biological pump is the process by which CO2 from the 
atmosphere is converted by marine photosynthetic organ-
isms into biomass and inorganic carbonate shells and is then 

sequestered in the ocean depths when those organisms die and 
aggregate to form ‘marine snow’ particles that sink1–7. The sinking 
of particles and the vertical export of the carbon present in marine 
snow is affected by complex interactions between physical, chemical 
and biological processes that vary in magnitude with site, depth and 
season. These processes include zooplankton particle consumption 
and excretion1,2,8, zooplankton vertical migration1,2, particle aggre-
gation and fragmentation9 and degradation by marine bacteria10. 
An often-important role is played by bacteria residing on sinking 
particles, which convert the particles’ organic carbon into biomass 
or recycle it back into the dissolved phase6,7. From the perspective 
of bacteria, the phases of particle decomposition proceed through 
colonization11–13, enzymatic degradation and the associated con-
sumption of breakdown products to fuel cell growth12, and finally 
detachment in pursuit of new particles13–15. Particles are hotspots 
of enzymatic hydrolysis, where hydrolysis rates greatly exceed 
those in the surrounding seawater6,16. As a result, most particulate 
organic carbon (POC) that escapes consumption and modification 
by higher trophic levels17 is remineralized to CO2 by microbial res-
piration in the upper water column18–20, so that only 5–25% of the 
fixed carbon leaves the euphotic zone and only about 1% reaches 
the sediments, where it remains buried for thousands of years18,21,22. 
Thus, the degradation of organic particles by bacteria governs a 
major component of the global carbon cycle6, and understanding it 
is essential to predicting the role of the oceans in regulating atmo-
spheric carbon dioxide.

At the heart of the carbon pump lay two opposing processes: 
sinking and degradation. Higher sinking speeds enhance the verti-
cal carbon flux by accelerating the descent of particles, whereas deg-

radation reduces the vertical carbon flux by removing carbon from 
sinking particles. This competition is captured in some models of 
the Martin curve, the empirical relation describing the decrease 
in vertical POC flux with depth18,23–25. In such models, the verti-
cal POC flux F(Z) at depth Z is described either by Martin’s classic 
power-law equation, F(Z) = F(Z0)(Z/Z0)−b, or by its exponential vari-
ant, F(Z) = F(Z0)e−λ(Z−Z0)/W , where Z0 is the depth of the euphotic 
layer18,23,24. In the first equation, b is the coefficient of flux attenua-
tion (the higher the value of b, the less carbon reaches the ocean 
depths). In the second equation, λ is the typical rate of POC deg-
radation and W is the typical sinking speed: their ratio, Z* = W/λ, 
is the remineralization length scale18,23,25. Studies that modelled the 
flux decay, for example, by taking into account the contribution of 
the oceanic food web, the role of mineral ballast in particles or the 
dependence of bacterial degradation rates on the size of individual 
particles, have greatly expanded our understanding of the processes 
driving the biological pump2,23,26,27. Notably, a paradigm underlying 
all these models is that sinking speed and degradation rate are con-
sidered to be independent of each other.

Here we show that sinking speed and degradation rate of par-
ticles can in fact be coupled. We demonstrate and quantify this 
coupling with a series of experiments in which we track the deg-
radation of individual particles. We find that particle degradation 
rate, measured in the lab, increases with increasing sinking speed 
up to a speed of 8 m day−1, and saturates for larger sinking speeds 
at a value that is 12- to 15-fold higher than the degradation rate 
in the absence of sinking. Using a mathematical model of the ver-
tical carbon flux that accounts for the observed sinking-enhanced 
degradation, we predict that the enhancement of particle degrada-
tion due to sinking can reduce the transport efficiency of the carbon 
pump by up to two-fold compared with a null model that ignores 
this enhancement.
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Sinking enhances the bacterial degradation of particles
To quantify the degradation of sinking particles, we imaged indi-
vidual alginate particles (diameter 0.88 ± 0.03 mm) pre-colonized 
by the green fluorescent protein (GFP)-labelled marine gammapro-
teobacterium Vibrio cyclitrophicus ZF270 in a custom microfluidic 
channel and measured by image analysis their size over time upon 
exposure to a constant rate of flow (Fig. 1a–c, Supplementary Video 
1 and Supplementary Tables 1 and 2 for bacterial characterization). 
Alginate is a polysaccharide produced by brown macroalgae, par-
ticularly in coastal oceans and the Sargasso Sea28, and serves as a 
carbon source for V. cyclitrophicus ZF270 as well as for many other 
copiotrophic bacteria29. V. cyclitrophicus ZF270 is a copiotrophic 
marine bacterium isolated from large organic particles30, which in 
our experiments resided on the outer surface of the alginate parti-
cles and degraded these using a non-secreted form of alginate lyase 
(Supplementary Text). Flow with a constant speed towards a fixed 
particle is equivalent to a particle sinking at that speed in otherwise 
quiescent fluid. Results from a mathematical model of the transport 
within our microfluidic device show that the concentration around 
the particle of leaching nutrient produced by degradation is similar  

to that occurring around a freely sinking particle31, indicating that 
our model system captures the fundamental role of sinking on 
transport (Fig. 1d; Supplementary Text).

Particle degradation in the presence of flow differed dramatically 
from degradation without flow (compare Supplementary Video 
1a,b). For flow speeds corresponding to natural sinking speeds of 
marine snow32, the volume of individual particles exhibited sigmoi-
dal dynamics over time, with a lag time of 10–20 hours followed by 
rapid shrinking lasting 15–40 hours (Fig. 1a,b). Particles remained 
nearly round while shrinking and bacteria were confined to the 
particle surface, without infiltrating it (Fig. 1a and Supplementary 
Video 1), so that the reduction in particle volume is a good proxy 
for particle degradation (Supplementary Text and Extended Data 
Fig. 1). Particle degradation was accompanied by exponential cell 
growth fuelled by the breakdown products, as revealed by the 
dynamics of bacterial GFP fluorescence on the particle (Fig. 1c  
and Supplementary Video 2). The maximum degradation rate 
occurred after 30–40 hours (depending on the flow rate), after the 
particle surface became entirely covered by bacteria (Fig. 1b and 
Supplementary Video 1). The process ended with the detachment 
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Fig. 1 | Marine particle degradation is flow dependent. a, Time-lapse images of alginate particles degraded by V. cyclitrophicus ZF270 in flow. Phase 
images (greyscale) shown with overlaid GFP signal from the bacteria (green). Initial particle diameter (here 0.87 mm) is shown in blue in the final image. 
b, Time series of particle volume during bacterial degradation, relative to initial volume, for different flow speeds (mean (lines) and standard deviation 
(s.d.; error bars); n = 3 replicate experiments for each flow speed, except for 4.4 m day−1 for which n = 6). The flow speed in the absence of bacteria (pale 
brown line) was 7.25 m day−1. c, Time series of bacterial abundance on particles up to 20 h, relative to initial value, for different flow speeds, measured as 
the average GFP fluorescence intensity at the interface between the particle and the glass slide (Supplementary Video 2). For full 70-hour time series, see 
Extended Data Fig. 1a. Mean (lines) and s.d. (error bars), colours and n as in b. d, Nutrient concentration around a particle within the microfluidic channel, 
as predicted by a mathematical model (top and side views). Nutrient flux from the particle was assumed steady and uniform over the particle surface. 
Inset: nutrient concentration at the particle’s equator (position S0) as a function of flow speed (orange curve). results from a model for a freely sinking, 
0.8-mm-diameter spherical particle are shown for comparison (white curve).
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of a majority of the bacteria, leaving a fraction (32–37% by volume) 
of the particle unconsumed, even after 70 hours (Supplementary 
Video 2 and Fig. 1a,b).

In contrast, the experiments without flow showed much slower 
degradation dynamics and a linear rather than sigmoidal decrease in 
particle volume, accompanied by bacterial growth that had a short 
lag and was linear with time (Fig. 1b,c and Supplementary Videos 
1a and 2). Fluid flow was previously shown to counteract O2 limita-
tion within marine particles33. However, the difference we observed 
between degradation rates under flow and no-flow conditions was 
not a consequence of O2 limitation under no-flow conditions, for even 
without flow, the diffusive flux of O2 into the device was sufficient to 
support the bacterial population on the particle (Supplementary Text, 
Supplementary Videos 1 and 2 and Extended Data Fig. 1b).

Controlling sinking speed by imposing a given flow rate in our 
experiments allowed us to isolate the effect of flow on the dynam-
ics of particle degradation and bacterial growth. With increasing 
flow speed, the maximum degradation rate increased as a power 
law with exponent 0.21 (Fig. 2a). Bacterial growth dynamics were 
also flow-dependent: higher flow rates caused longer lag times in 
growth, yielding a power-law dependence of lag time on flow rate 
with exponent 0.18 (Fig. 2b). Both maximum degradation rate and 
lag time showed a linear correlation (R2 = 0.49 and 0.66, respec-
tively) with the Sherwood number, Sh, the dimensionless param-
eter quantifying the ratio of total (that is, advective plus diffusive) 
mass transfer to/from the particle to diffusive mass transfer alone  
(Fig. 2c,d)34. This signifies that the transport of nutrients by fluid 
flow plays an important role in setting the degradation rate.

The role of flow is also evidenced by the negative linear correla-
tion of both the maximum degradation rate and the bacterial lag 

time (R2 = 0.58 and 0.61, respectively) with the concentration on 
the surface of the particle of oligo-alginate, the byproduct of the 
enzymatic degradation of alginate, predicted from our transport 
model (Figs. 1d and 2e,f). These negative correlations suggest that 
the rate of particle degradation is regulated by the concentration 
of the byproduct oligo-alginate within the boundary layer, which 
in turn is directly affected by fluid flow (Fig. 1d). This hypothesis 
is also supported by Raman microspectroscopy measurements of 
the microenvironment surrounding particles, which revealed an 
accumulation of oligo-alginate on the surface of the particle even 
at intermediate flow speeds during bacterial degradation, consump-
tion and growth (Extended Data Fig. 2; Methods).

oligomers inhibit the enzymatic degradation of particles
We hypothesised that the bacterial alginate-lyase enzymes respon-
sible for particle degradation are inhibited by high concentra-
tions of dissolved oligo-alginate. This hypothesis was supported 
by the results of three experiments. First, we quantified the deg-
radation of particles in the presence of flow of solutions contain-
ing different concentrations of oligo-alginate. The addition of 
oligo-alginate reduced the rate of particle degradation by bacteria 
by up to 11-fold, in a concentration-dependent manner (Fig. 3a,b 
and Supplementary Video 3). This effect arose independently of 
effects on bacterial population growth on the particle, which in 
fact increased at high oligo-alginate concentration (Extended Data  
Fig. 3 and Supplementary Video 3). Second, we quantified the deg-
radation of particles in the presence of rich medium in the flow (1% 
marine broth 2216), instead of oligo-alginate. The addition of rich 
medium also increased bacterial growth on the particles, but did not 
reduce the particle degradation rate, indicating that the reduction  
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of the degradation rate is specifically caused by oligo-alginate 
and not by nutrient availability at the particle surface (Fig. 3 and 
Extended Data Fig. 3). Third, we directly confirmed that high con-
centrations of oligo-alginate are sufficient to inhibit the degradation 
of particles by alginate lyase. Using sterile particles, in which deg-
radation was driven solely by pure alginate-lyase enzyme added to 
the bacteria-free flowing solution, revealed that here, too, degrada-
tion was inhibited by the addition of oligo-alginate (Extended Data  
Fig. 4a and Supplementary Video 4).

Remarkably, the inhibition of alginate lyase during bacterial deg-
radation did not arise by classical product inhibition, whereby the 
products of the reaction inhibit the specific activity of the enzyme, 
as the enzymatic activity (measured with enzymes in solution using 
a plate reader) was unaffected by the addition of oligo-alginate 
(Extended Data Fig. 4b). Instead, the mechanism we propose is 
that enzymatic depolymerization, and thus particle degradation, is 
reduced by the bacterial alginate-lyase enzymes encountering the 
oligo-alginate molecules that are the initial product of degradation. 
As they diffuse from the particle on account of being small and dis-
solved, the degradation products compete for enzymatic activity 
with the larger polymer molecules that constitute the particle itself. 
The enhanced degradation in flow thus arises because the otherwise 
competing oligo-alginate is swept away (Fig. 3c).

Predicted impact on vertical Poc flux
To predict the implications of this enhancement of particle degra-
dation by flow and thus the potential impact of coupling between 
sinking speed and degradation rate on the vertical flux of POC in 
the ocean, we developed a mathematical model that accounts for the 
observed coupling (Supplementary Information and Extended Data 
Figs. 5–9). We consider an initial particle size distribution (PSD) 
P(R0) of particles of radius R0, with a range of sizes Rl < R0 < Rg where 
Rl and Rg are the minimum and maximum initial radius considered 
respectively, and total concentration of particles C at the euphotic 
depth Z0. Size distributions are chosen based on observed particle 
distributions in the ocean and account for suspended and sinking 
POC35. The model evolves the depth Z(t) and radius R(t) of each 

particle with time t, based on classic assumptions (including the 
decreasing sinking speed and increasing density as particle size gets 
smaller, both based on empirical power laws36) and on our observed 
dependence of degradation rate on sinking speed (Supplementary 
Information). Whereas in general, multiple processes affect particle 
degradation and thus vertical carbon flux, including fragmentation, 
coagulation or consumption by zooplankton, the model focuses on 
the contribution of bacterial degradation (it does, however, account 
for variation in PSDs, and thereby indirectly for the results of par-
ticle fragmentation and coagulation; see below). This model, there-
fore, is not intended to replace large-scale biogeochemical models, 
but only to provide a measure of the importance of including the 
mechanism we report. For this reason, we do not attempt to pre-
dict the absolute carbon flux at a given location or time. Instead, we 
predict the vertical carbon flux over depth relative to the flux at the 
bottom of the euphotic zone, F(Z)/F(Z0), and compare this with the 
reference case (null model) in which the effect of flow on degrada-
tion is ignored.

Accounting for the observed effect of sinking resulted in a much 
stronger attenuation of carbon flux with depth, as sinking-enhanced 
degradation causes more carbon to be remineralized by bacteria in 
the upper water column. This was reflected in a 2.8-fold higher 
coefficient of carbon attenuation b in the best-fit Martin curve and 
in a much shallower half-decay depth of 150 m below Z0, compared 
with ~1450 m in the case without coupling between sinking and 
degradation (Fig. 4, Supplementary Information). In line with this 
result, the relative POC transfer efficiency 100 m below the eupho-
tic zone2,37, denoted T100, was 56%, compared with 94% in the case 
without coupling (Fig. 4, Supplementary Information). Our model 
thus predicts a large effect, overlooked in current biogeochemical 
models, of the coupling between sinking and bacterial degradation, 
which in several regions of the ocean may make an important con-
tribution to setting the vertical flux of carbon (further analysis in 
Supplementary Information, Extended Data Figs. 5–9).

The impact of the coupling between sinking and degradation is 
predicted to vary by oceanic province (Supplementary Discussion). 
To study the potential contribution in different oceanic regions and 
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in the context of additional processes affecting the biological pump, 
we quantified T100 for different initial particle size distributions 
(PSDs) in the surface ocean. Steeper PSDs are typical of oligotro-
phic waters; shallower PSDs are typical of more eutrophic waters38,39. 
Model results indicate that the coupling of particle degradation and 
sinking speed strongly enhances particle degradation in eutrophic 
waters (compared with a model that ignores the coupling), where 
the relative abundance of larger and thus typically faster sinking par-
ticles is greater (T100 = 43% for the coupled case versus T100 = 92% for 
the uncoupled case, for a PSD with exponent of −2, corresponding 
to a 2.14-fold decrease; Supplementary Discussion and Extended 
Data Fig. 7). We expect this scenario to apply in eutrophic waters, 
under bloom conditions with strong coagulation of particles and, 
for example, in the subtropical ocean during winter, where fast sink-
ing particles (>10 m day−1) contribute considerably to the carbon 
flux2,38,40–42. A weaker but still considerable effect is observed in oligo-
trophic waters (T100 = 60% for the coupled case versus T100 = 95% for 
the uncoupled case, for a PSD with exponent of −5, corresponding 
to a 1.58-fold decrease), where the relative abundance of smaller and 
thus typically slower sinking particles is greater2,38,41–43. We expect 
this scenario to apply in waters rich with fragmented particles9 and, 
for example, in the subtropical oligotrophic Atlantic and Pacific 
oceans, the Subarctic Ocean, the North Pacific Ocean and the north-
west Mediterranean Sea in the summer, where slow sinking particles 
(<10 m day−1) contribute substantially to the carbon flux40,41.

Model results show that the effect of the sinking–degradation 
coupling is robust to the incorporation of other characteristics of 
the particle transport process. Accounting for the decrease of enzy-
matic activity with decreasing temperature, and thus with increas-
ing depth (with a temperature coefficient Q10 of 2.5; Supplementary 
Information), generally increases the transfer efficiency of POC, 
yet the difference between the coupled and uncoupled cases is 
preserved (T100 = 74% and T100 = 98%, respectively; Supplementary 
Information and Extended Data Fig. 8). Moreover, the effect of 
the coupling between sinking and degradation in decreasing the 
transfer efficiency T100 is greater than the effect of temperature 

on the degradation rate (Supplementary Discussion). Finally, the 
temperature-dependence of seawater viscosity has a negligible 
effect on our predictions of T100 (Supplementary Information 
and Extended Data Fig. 9). In summary, even when taking into 
account further aspects of the complexity of the natural process, the 
sinking-enhanced degradation mechanism is predicted to play an 
important role in setting the bacterial degradation rate of particles 
in the ocean (Supplementary Discussion).

Although our model results demonstrate that sinking-enhanced 
degradation, if validated in the environment, can impose an impor-
tant control on carbon flux, the actual flux at a given location will be 
further affected by several other factors, including particle consump-
tion by zooplankton17, particle fragmentation9 and local tempera-
ture44. Indeed, a limitation of our model is that it does not account 
for processes that may act in concert with sinking-enhanced degra-
dation, such as aggregation/disaggregation and the incorporation 
of ballast in particles23, known to affect carbon flux in the ocean. In 
the environment, particles of a given size can have different sinking 
speeds, permeabilities and porosities. For example, the inclusion of 
ballast material, which is dense and non-permeable, may cause the 
sinking speed to increase as the (often less dense) labile material 
is degraded: particles may then escape the inhibited degradation 
experienced at low sinking speeds and operate within a regime of 
rapid sinking and enhanced degradation. Additionally, aggrega-
tion or disaggregation may respectively accelerate or slow down the 
sinking of particles and thus alter their degradation via the coupling 
to flow; the actual quantitative importance of these factors will be 
best quantified using global POC models. These limitations not-
withstanding, our work suggests that global models should account 
for the dependence of degradation rate on sinking speed, provides 
a quantitative formulation for this dependence and cautions against 
parameterizing models using degradation rates obtained from qui-
escent, in vitro experiments, which will considerably underestimate 
particle degradation rates.

The fundamental transport-based nature of the role of flow 
suggests that the coupling between sinking and degradation that 
we reported is not specific to our particular experimental system. 
The proposed sinking-enhanced degradation mechanism is likely 
to be independent of the specific bacterial strain causing degra-
dation, for it is apparent when degradation is produced purely by 
enzymes in solution (Extended Data Fig. 4a and Supplementary 
Video 4). Support for this generality comes also from additional 
observations that the same mechanism applies for other polymers 
found in marine particles: a sinking speed of 7.25 m day−1 enhanced 
degradation by 4.5-fold for chitin particles and by 2.5-fold for 
short-chain chitosan particles compared with no-flow conditions, 
for a co-culture of Vibrio splendidus 1A01 and Psychromonas C606 
(Extended Data Fig. 10 and Supplementary Video 5; Methods).

While polymeric carbohydrates such as alginate account for a 
major fraction of labile carbon in several oceanic regions45,46, often 
serving as the glue that holds particles together47, natural particles 
harbour greater complexity than our model particles. Thus, further 
analysis will be required to assess the contribution to particle deg-
radation of chemical composition, as well as other factors such as 
porosity (which adds degradation from within the particles) and 
microbial community composition (Supplementary Discussion). 
The flow due to sinking will also have additional effects that can fur-
ther affect degradation, such as increasing particle encounters with 
bacteria13, decreasing the competitive advantage of non-degrading 
microbes on particles48, and enhancing the flux of oxygen to the 
interior of particles33 and of secreted enzymes and signalling mol-
ecules away from particles. The formation of a thick biofilm could 
also change the transport and degradation dynamics48. These 
additional effects notwithstanding, our observations establish the 
coupling between sinking and degradation as a fundamental mech-
anism that, together and possibly in synergy with other processes, 
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Fig. 4 | the coupling of sinking and degradation can have a major effect 
on vertical flux of Poc in the ocean. Shown is the vertical flux of POC 
as a function of depth, F(Z), normalized by its initial value F(Z0) at the 
euphotic layer depth, Z0 = 100 m, predicted by a model that accounts 
for the observed coupling of sinking and degradation (blue curve). Also 
shown is a null model ignoring the coupling, with degradation rate equal 
to that observed at no flow (red curve). In both models, total particle 
concentration was 200 per litre, with a power-law size distribution with 
exponent −4 over particle radii from Rl = 125 µm to Rg = 750 µm. black 
lines show best fits of a Martin curve F(Z) = F(Z0)(Z/Z0)−b to the model 
predictions, resulting in b = 0.94 (R2 > 0.99) for the coupled case (dashed 
line; of the same order as values obtained from environmental data18,44) and 
b = 0.33 (R2 = 0.93) for the uncoupled case (dotted line). For other model 
assumptions and additional cases, see the Supplementary Information and 
Extended Data Figs. 5–9.
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can impact the vertical flux of carbon in the ocean. Ultimately, our 
work shows that not only the ecological interactions on particles49 
but also the microscale transport dynamics play a fundamental role 
in determining the degradation rate of particles by bacteria and can 
contribute to the global-scale carbon flux to the oceans’ depths.
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Methods
Bacterial culture. V. cyclitrophicus ZF270, kindly provided by M. Polz 
(Massachusetts Institute of Technology), was originally isolated from the coast of 
New England, United States. A GFP-labelled strain was obtained from previous 
work14. All experiments were performed in f/2 medium, with artificial seawater, the 
exclusion of sodium metasilicate and the addition of 1 mM NH4Cl2 (−Si +NH4) 
(NCMA Bigelow Laboratory for Ocean Sciences). Artificial seawater was prepared 
by dissolving 35 g of sea salt (Instant Ocean, Spectrum Brands) in 1 l double 
distilled water (DDW), filtering through a 0.2 µm filter and autoclaving. For the 
preparation of alginate plates, a solution of f/2 (−Si +NH4) medium was mixed 
with 1% weight per volume (w/v) Bacto Agar (Becton Dickinson) and 0.5% (w/v) 
alginic acid sodium salt from brown algae (medium viscosity, Sigma-Aldrich) 
and sterilized by autoclave. For general bacterial culture, 10% marine broth 2216 
(Becton Dickinson) in artificial seawater was used. Plasmid selection during 
growth was performed using spectinomycin (50 µg ml−1; Sigma-Aldrich).

Particle preparation. Alginate particles were prepared using a mix of alginic acid 
sodium salt from brown algae (medium viscosity, Sigma-Aldrich) and alginate 
labelled with rhodamine (0.015% w/v, medium viscosity; Creative PEGWorks). 
To solubilize the alginate, 50 mM EDTA, pH = 8.0, in DDW was added. To form 
particles, the alginate solution was dripped from a 1 ml syringe with a needle, at a 
rate of 60 µl min−1, from a height of 20 cm above a beaker containing 0.5 M CaCl2 
in DDW. The CaCl2 solution was stirred constantly using a magnetic stir-bar 
(300 rpm). Drop size was optimized by blowing nitrogen flux (50–300 mbar) from 
a distance of 2 cm from the tip of the alginate source. Particle sizes were measured 
under a microscope and the nitrogen flux was optimized to provide particles of 
diameter 0.88 ± 0.03 mm. The particles were collected from the CaCl2 solution 
using a 100-µm filter and kept at 4 °C in fresh 0.5 M CaCl2 solution until used. 
Chitin and short-chain chitosan particles were prepared as previously described50. 
Briefly, chitin from shrimp exoskeletons (Sigma-Aldrich, C7170) was dissolved 
in N-dimethylacetamide with 5% LiCl (w/v) to give 1% (w/v) final concentration. 
This solution was dripped from a syringe, as described above for the alginate 
solution, into an absolute ethanol solution to form chitin beads. Short-chain 
chitosan particles were prepared with the same approach, but with chitin that 
was treated beforehand for seven days in 10% HCl (v/v) and then one day in 5 M 
NaOH. Before making the chitosan particles, the solution was repeatedly washed 
with DDW until a pH of 6.5 was achieved.

Particle degradation in a microfluidic chip. Prior to experiments, V. cyclitrophicus 
ZF270 were starved for carbon for 2 hours in f/2 (−Si +NH4) medium. The 
particles were taken from the 0.5 M CaCl2 solution and allowed to equilibrate 
by incubation in 15 ml f/2 (−Si +NH4) medium under slow shaking (60 rpm). 
Bacterial degradation of alginate particles was studied within a custom-made 
six-channel microfluidic chip (Sticky-Slide VI 0.4, IBIDI). Six single particles were 
collected using a pipettor equipped with chopped-edge tips and placed individually 
in the six channels of the slide. Before experiments were started, the particles 
were incubated for 60 min with the previously starved V. cyclitrophicus (ZF270 
GFP-labelled) at final optical density (O.D.) at 600 nm of 0.0025. The sticky-slide 
channels were closed with a sterilized (ultraviolet (UV)-treated) cover slide to 
trap one particle at the centre of each channel. Using a syringe, the channel was 
manually supplied with 0.3 ml of medium to flush out unbound bacteria and to fill 
the channel with liquid while avoiding trapping bubbles. A syringe pump (Harvard 
PHD2000) was then used to maintain flow in the channels with f/2 (−Si +NH4) 
medium at the desired rate (1–36.3 m day−1). In the replicates with zero flow, the 
inlet of the channel was gently blocked with parafilm to allow oxygen permeability 
but reduce water evaporation. The microfluidic chip was mounted on a microscope 
for visualization. All experiments were performed at 25 °C. No antibiotic was used 
for selection on the chip, but no loss of fluorescence was observed during the 
experiments. Identical experiments were performed using chitin and short-chain 
chitosan particles, but with a mix of V. splendidus (1A01) and Psychromonas (6C06) 
instead of V. cyclitrophicus ZF270, and with initial inoculum density of 0.02 O.D. 
from each strain instead of 0.0025 O.D.

Visualization and image analysis. Experiments were visualized using a Nikon 
Eclipse TI-2 microscope at magnification ×100, capturing phase and fluorescence 
images at 20 min intervals for 70 hours using an Orca flash 4.0 (Hamamatsu) 
camera. Images were analysed using NIS-Elements 4.40.00 (Nikon) and the 
MATLAB (R2016b) image analysis toolbox. The diameter of each particle was 
measured using the ‘imfindcircles’ function in MATLAB, on the images taken from 
the mid plane of the particle. Bacterial growth was estimated using NIS-Elements 
based on the average fluorescence intensity obtained from the lowest plan, at 
the interface between the glass and the alginate particle. The measurement area 
in all experiments was limited to the particle boundaries and excluded bacterial 
growth in the surrounding medium. The volume of each particle was estimated 
using the particle diameter by assuming a perfect spherical shape. Particle 
volume was normalized to the maximum value and the average fluorescence 
intensity was normalized to the initial values. All experiments were visualized for 
70 hours, except those using a flow rate of 36.3 m day−1, in which the particles were 
sufficiently degraded and carried away by the fluid flow after ~50 hours.

Oxygen-consumption measurements. Three independent cultures, containing 
18 alginate particles in 500 µl of f/2 (−Si +NH4) medium, were incubated at 
30 °C with 800 rpm shaking in 2 ml Eppendorf tubes. The primary inoculum had 
O.D. = 0.01 after dilution from a starter culture that was grown in marine broth 
2216 for 5 hours to O.D. = 0.15. After 40 hours, the supernatant (which includes 
the unbound bacteria) was removed and the particle with a small amount of the 
leftover supernatant was suspended gently in 2 ml of fresh f/2 (−Si +NH4) medium. 
Particles were transferred to 2 ml respiration vials containing an O2 sensor spot 
(OXSP5, PyroScience) and the O2 consumption measured at room temperature 
over 4 hours. As a control, O2 consumption was measured for 18 particles with no 
bacteria. The particles and all content were then transferred to an 8-well µ-slide 
(ibidi) to measure particle diameter by microscopy. To count cell number, the 
particles were dissolved using 100 µl of 0.5 M EDTA. The dissolved particles were 
vortexed until fully dissolved to suspend all the previously attached bacteria. 
The dissolved particle solution was stained with SYBR green (1:100 from stock 
solution) and diluted 1:10 with artificial seawater, then cells were counted by flow 
cytometry (CytoFLEX, Beckman Coulter) with flow rate of 30 µl min−1.

Oxygen flux to the particle. O2 diffusive flux to the particle (in the absence of 
flow) was estimated using the equation for mass transfer to a perfectly absorbing 
sphere

Q = 4πD r C,
where Q is the flux (mol min−1), D is the diffusion coefficient of O2 in water 
(2 × 10−5 cm2 s−1) at a temperature of 25 °C, r is the radius of the sphere (0.05 cm) 
and C is the concentration of dissolved oxygen in seawater at a temperature of 25 °C 
(0.2 µmol cm−3). Using these values, we obtain an estimated flux of 151 pmol min−1. 
Note that this simplified calculation only provides an approximate estimate of the 
diffusion flux within the chamber; however, when compared with the estimated 
oxygen requirements of bacteria on the particle it suggests that even in the absence 
of flow, the O2 flux is about 17-fold higher than the consumption rate and thus O2 
flux is unlikely to limit degradation rates (the estimated O2 requirement per particle 
is 8.9 ± 0.7 pmol min−1 per particle, at peak growth, 40 h post inoculation, n = 3).

COMSOL transport model. For the model of nutrient transport in flow around 
our particles, we used the COMSOL Multiphysics (5.5) software to solve the 
coupled physics problem of transport of dilute species together with laminar flow 
in the chamber. In the simulation, a 0.8 mm sphere was placed in the centre of 
a 5 mm × 20 mm × 0.53 mm channel. The sphere is taller than the channel, thus 
creating a ‘pita’-like structure that resembles the squeezed alginate particle. A 
steady surface flux equal to 3.5 × 10−6 mol m−2 s−1 was used to mimic the leakage 
of oligo-alginate from the particle. The diffusion coefficient of the oligo-alginate 
was set to 1 × 10−9 m−2 s−1. The concentration of the solute was computed on the 
side of the particle surface as a function of the flow rate (Fig. 1d). For comparison, 
we solved a transport model for a simple sphere in flow with identical parameters 
(Fig. 1d). The COMSOL model files can be obtained from Zenodo (https://doi.
org/10.5281/zenodo.4818505).

Oligo-alginate preparation. Oligo-alginate was prepared by mixing 1% (w/v) 
alginate (medium viscosity; Sigma-Aldrich) with 20 µg ml−1 alginate lyase and 
2 mM CaCl2 in 10 mM MOPS buffer (pH = 7.0). The enzymatic reaction was mixed 
(600 rpm) overnight at room temperature. The solution was then filter centrifuged 
(Centricon 10 kDa, Millipore). The flow-through was collected and the salinity 
adjusted to 35 g l−1 with instant ocean solute. The solution was frozen at −20 °C 
until further use.

Bacterial degradation of particles as a function of oligo-alginate concentration. 
Incubation of particles in the microfluidic chip and experimental procedures were 
performed as described above. Flow of 7.25 m day−1 was provided for 17 hours until 
cells entered the exponential growth phase. The medium being flowed into each 
channel was then changed to a solution containing oligo-alginate (>10 kDa) (either 
0.01 mg ml−1, 0.04 mg ml−1, 0.2 mg ml−1 or 0.6 mg ml−1), no oligo-alginate or 1% 
marine broth 2216. The change to the new medium took 20–40 min, during which 
no flow was applied to any of the channels. Visualization and data analysis were 
performed as described above.

Enzymatic degradation of particles as a function of oligo-alginate 
concentration. The particles were trapped in a microfluidic channel as in the other 
experiments and supplied with medium and alginate-lyase enzyme (10 µg ml−1) at 
a flow rate of 7.25 m day−1. For comparison, experiments using a similar solution 
complemented with 1 mg ml−1 oligo-alginate and one with no enzyme but with 
oligo-alginate (1 mg ml−1) were performed in parallel. Degradation was monitored 
at intervals of 1 min over 180 min by video microscopy and image analysis. 
Alginate lyase activity was also measured using a plate reader by monitoring the 
UV absorption at 235 nm as an indication of alginate degradation. The activity was 
measured in 10 mM MOPS buffer containing 20 µg ml−1 alginate lyase, 0.1% (w/v) 
sodium alginate, 2 mM CaCl2 and the different concentrations of oligo-alginate 
(0 mg ml−1, 0.008 mg ml−1, 0.016 mg ml−1, 0.031 mg ml−1, 0.063 mg ml−1, 
0.125 mg ml−1, 0.250 mg ml−1 and 0.500 mg ml−1).
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Raman microspectroscopy to estimate oligo-alginate distribution within and 
around the particles. A colonized alginate particle was imaged in a microfluidic 
device (sticky-slide I Luer, ibidi), 42 hours post inoculation using a confocal Raman 
system under flow of 7.25 m day−1. A confocal Raman microspectroscope (Horiba 
LabRAM HR Evolution, Horiba Scientific) was used to take the bright-field 
image and to measure the Raman scattering signal of the alginate particle. The 
resulting degraded particle was visualized by stitching the 660 images (22 × 30), 
Raman mapped with step size of 20 µm (in both x and y directions) in two 
sessions, ‘top’ and ‘bottom’, bottom side mapped second. The Raman laser (532 nm, 
neodymium-doped yttrium aluminum garnet (Nd:YAG) at 1 W) was focused using 
a ×60 water-immersion objective (Plan Apo VC 60×A/1.2 WI, Nikon) with pinhole 
size 200 µm and 1 s exposure time was used at each measurement point. As a control, 
a sterile particle was measured under the same conditions. To evaluate the spatial 
distribution of the lysed polymer, the carboxyl ion peak (COO−; 1390–1440 cm−1) 
was mapped. Integrated Raman intensity (I1390–1440) was normalized by the glass 
peak intensity (I520–570). No smoothing or baseline subtraction were used. The 
concentration of the carboxyl ion, a proxy for dissolved oligo-alginate released by 
bacterial degradation, was highest at the particle boundary and decreased towards 
the particle centre (Extended Data Fig. 2c). In contrast, the spatial distribution of the 
carboxyl ion was homogeneous in the control sample (Extended Data Fig. 2d).

Modelling the potential effect of sinking-enhanced degradation on the 
efficiency of the ocean’s carbon pump. To investigate how the coupling of the 
flow caused by sinking and the rate of degradation revealed in our experiments 
can affect the vertical flux of carbon in the ocean, we developed a model of marine 
particle degradation and sinking that incorporates the observed effects of flow. 
Full details can be found in the Supplementary Information. The computer code 
used for modelling the potential effect of sinking-enhanced degradation on the 
efficiency of the ocean’s carbon pump is available for download from Zenodo 
(https://doi.org/10.5281/zenodo.5233234).

Data availability
The datasets and representative videos generated and analysed during the study are 
available in the Supplementary Information of the paper. The raw videos generated 
and analysed during the study are available for download from: https://doi.
org/10.3929/ethz-b-000488179. Source data are provided with this paper.

code availability
The computer codes used during the study are available for download from Zenodo 
(COMSOL transport model, https://doi.org/10.5281/zenodo.4818505; model of 
sinking-enhanced degradation, https://doi.org/10.5281/zenodo.5233234).
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Extended Data Fig. 1 | Growth, respiration and localisation of alginate lyases of Vibrio cyclitrophicus ZF270 grown on alginate as a sole carbon source. 
(a) Growth of Vibrio cyclitrophicus ZF270 on alginate particles under different flow rates. bacterial growth was quantified as the average GFP fluorescence 
intensity at the interface between the alginate particle and the glass slide. All data normalized to initial values, error bars are standard deviations of three 
independent replicates. An expanded view of the exponential phase (0–20 h) is presented in Fig. 1c. A.U. = arbitrary units. (b) respiration rate of Vibrio 
cyclitrophicus ZF270 grown on alginate particles. respiration was measured in 2 ml vials each containing 18 alginate particles (diameter = 0.80 ± 0.05 mm) 
pre-colonized with Vibrio cyclitrophicus ZF270. O2 concentration was measured using O2-sensitive optode sensors and plotted as a function of time 
for three replicates (see Methods). Values were used to estimate O2 consumption per particle (8.9 ± 0.7 pmol min−1 particle−1; at peak growth, 40 
h post-inoculation, n = 3) and per bacterium (0.07 ± 0.02 fmol min−1 cell−1, based on counts of 1.3 ± 0.3 × 106 cells per particle, at peak growth, 40 
h post-inoculation, n = 3). The background consumption rate obtained from the no-bacteria control (blue curve) was subtracted from the bacterial 
respiration rate. (c) Vibrio cyclitrophicus ZF270 uses membrane-bound/periplasmic alginate lyases for growth on alginate. Images of Vibrio colonies grown 
on a 0.5% alginate-containing agar plate. Alginate lyase secretion by Vibrio splendidus FF6 (lower panel) leads to the formation of a transparent ring 
(marked with arrows) on the opaque plate due to degradation of alginate. This ring is absent around the Vibrio cyclitrophicus ZF270 colony (upper panel), 
indicating that this strain does not secrete alginate lyase into the surrounding medium.
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Extended Data Fig. 2 | Raman microscopy of alginate particles during degradation by Vibrio cyclitrophicus ZF270 suggests an accumulation of 
oligo-alginate on the surface of the particle even at intermediate flow rates during bacterial degradation, consumption and growth. (a, b) Stitched 
bright-field microscopy images (22 × 30 = 660 and 29 × 35 = 1,015 images per picture) of a degraded particle (a; 42 h post-inoculation with bacteria) and 
a control particle (b; sterile particle). A flow rate of 7.25 m day-1 was imposed in both experiments. (c, d) raman images of the spatial distribution of the 
carboxyl group (COOH) at the mid plane of the particle. Carboxyl groups are found on the mannuronate and guluronate subunits of alginate. The raman 
map of the carboxyl group (I1390–1440; integrated intensity in the spectral region 1390–1440 cm−1) was normalized by the background intensity from the glass 
slide (I520–570). Soluble oligo-alginate, the product of bacterial degradation, diffuses into and out of the particle and results in a higher raman signal (c). 
The raman signal of the carboxyl ion, indicating the presence of dissolved oligo-alginate, was highest around the periphery of the particle, and decreased 
towards the particle centre. In contrast, the spatial distribution of the carboxyl ion in the absence of bacterial degradation was homogeneous (d). The 
white circle represents the boundary of the alginate particle. Panels (c) and (d) are stitched images with 20-µm step size in x- and y-directions. Scale bars: 
100 µm.
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Extended Data Fig. 3 | Vibrio cyclitrophicus ZF270 biofilms on particles 30 h post-inoculation in flow of different concentrations of oligo-alginate or 
in 1% marine broth 2216. bacterial degradation was monitored under a flow of 7.25 m day-1 of medium supplemented with different concentrations of 
oligo-alginate or with 1% marine broth 2216 (complementary control; see main text). White arrows indicate bacterial biofilms, which form in oligo-alginate 
concentrations ≥0.04 mg ml-1 and in 1% marine broth 2216. Although more cells reside on particles at higher oligo-alginate concentrations, the 
degradation rate is lower than at lower oligo-alginate concentrations. For example, upon addition of 0.04 mg ml-1 oligo-alginate, the biofilm thickness was 
33 ± 11 µm and the degradation rate was (7.5 ± 0.1) × 10−3 mm3 h-1, whereas for zero addition of oligo-alginate, the biofilm thickness was 8 ± 3 µm and the 
degradation rate was (20.5 ± 0.8) × 10−3 mm3 h-1. Scale bar: 400 µm.
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Extended Data Fig. 4 | High concentrations of oligo-alginate inhibit the degradation of alginate particles but do not affect alginate lyase activity. (a) 
Particles exposed to alginate lyase enzyme under a flow rate of 7.25 m day-1 for 120 min in the presence or absence of 1 mg ml-1 oligo-alginate <10 kDa 
(see also Supplementary Movie 4). An experiment with 1 mg ml-1 oligo-alginate but with no alginate lyase enzyme is presented as a negative control. 
Degradation of the particle is only detected in the presence of alginate lyase but the absence of oligo-alginate. The volume of the particle relative to 
time zero (Vr) is indicated within each panel. Scale bar: 400 µm. (b) Addition of oligo-alginate does not inhibit the activity of alginate lyase. Alginate 
lyase activity was measured by monitoring the increase in absorption at 235 nm using a plate reader. reactions were performed in 10 mm MOPS buffer 
containing 20 µg ml-1 alginate lyase, 0.1% (w/v) sodium alginate, 2 mM CaCl2 and the concentrations of oligo-alginate <10 kDa given on the x axis (see 
Methods). No differences in enzyme activity were observed across the range of concentrations tested (n = 3 for each value of concentration).
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Extended Data Fig. 5 | the coupling of sinking speed and degradation rate in models that consider a fixed minimum particle size. Shown is the vertical 
flux of POC as a function of depth, F(Z), normalized by its value F(Z0) at the euphotic layer depth, Z0 = 100 m, predicted by our model when accounting 
for the observed coupling of sinking and degradation (continuous curves) or when excluding this coupling (reference case, dashed curves). When 
assuming a fixed lower bound, Rmin = 20 µm, for the radius of particles contributing to the flux (orange curves), our model shows a similar trend to the 
results presented in Fig. 4 (here shown with black curves), for which the range of radii varies with depth as particles are degraded. The minimum size was 
chosen by considering the experimental lower bound of the size of particles that can be detected by vision profilers with a fixed lower resolution35,51, to 
represent the lower bound on particles that are considered in empirical estimates of the POC flux. In both of the coupled approaches (continuous curves), 
the coupling of sinking speed with degradation results in a faster decrease of the vertical flux with depth compared to the reference case that neglects the 
coupling. All curves were derived from the following initial conditions: total concentration 200 particles l-1 at initial depth Z0 = 100 m, with a PSD slope of 
-4 over particles with initial radii in the range 125–750 µm for the varying range assumption (black) and initial radii 20–750 µm for the fixed lower bound 
assumption (orange).
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Extended Data Fig. 6 | comparison of results from models incorporating the coupling of sinking and degradation with a reference case imposing a 
fixed high degradation rate for all particles. Shown is the vertical flux of POC as a function of depth, F(Z), normalized by its value F(Z0) at the euphotic 
layer depth, Z0 = 100 m, predicted by our model when accounting for the observed coupling of sinking and degradation (blue curve) or when excluding 
this coupling (reference case, red curve). Also shown are results from a variant of the reference case that considers a uniform high rate of shrinking of the 
radius over the entire range of particle sizes (dash-dotted curve), corresponding to the initial shrinking rate of the largest particle considered at the initial 
depth Z0 (R0 = 750 µm) in the coupled case. All curves were derived from the following initial conditions: total concentration 200 particles l-1 at initial depth 
Z0 = 100 m and a PSD slope of -4 over particles of radii ranging between 125 and 750 µm. Note that the uncoupled high degradation case (dash-dotted 
curve) assumes a constant degradation rate that was measured under high flow, thus it overestimates the degradation compared to the coupled dynamics 
(blue curve).
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Extended Data Fig. 7 | Sensitivity of sinking-enhanced degradation to the characteristics of the particle size distribution (PSD). Using our model, we 
computed the transfer efficiency of the vertical flux of POC to a depth of 100 m below the euphotic zone, denoted T100, that is T100 = F(Z0 + 100)/F(Z0) 
with Z0 = 100 m the depth of the euphotic zone, for different PSDs covering the range of existing oceanic regimes. by varying the PSD slope from -5 
to -2, we move from typical oligotrophic PSDs dominated by small particles to typical eutrophic PSDs where larger particles are more prominent and 
can dominate in volume. For each PSD slope, we also considered a narrow range of initial particle size (R0 = 125 to 750 µm, circles), and a wider range 
representative of extended capabilities of Underwater Video Profilers to detect particles51 (R0 = 22.5 to 2500 µm, crosses). For each set of initial conditions, 
we ran our model including the sinking-enhanced degradation mechanism (coupled case, in blue) and without the coupling as a null model (uncoupled, in 
red). These results demonstrate that as the PSD skews towards small particles with slope closer to -5, typical of oligotrophic regions, the difference in flux 
between the uncoupled and coupled models becomes smaller. In contrast, a PSD with a greater contribution from large particles, with slope close to -2 
like that in eutrophic regions, results in a greater difference between the coupled and uncoupled models. This is intuitive given the stronger enhancement 
of degradation for larger particles resulting from their faster sinking. In the same manner, we observe that including a wider range of particle sizes in the 
distribution for oligotrophic regions (with slopes -5 to -4) results in a weaker effect of the coupling of sinking and degradation on the POC flux, through the 
dominant contribution of very small particles. In contrast, the same wider range of particle sizes reinforces the effect of coupling in eutrophic regions (with 
PSD slopes of -2), where larger particles make a dominant contribution to the flux.
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Extended Data Fig. 8 | Modelling the coupling of sinking and degradation while including the effect of the water column temperature gradient on 
degradation rate. Shown is the vertical flux of POC as a function of depth, F(Z), normalized by its value F(Z0) at the euphotic layer depth, Z0 = 100 m. 
Continuous curves account for the observed coupling of sinking and degradation (blue continuous curve) or exclude this coupling (reference case, red 
continuous curve), as in Fig. 4, for estimates of degradation rate at temperature T = 25 °C. The degradation rates of both coupled and uncoupled cases 
were also modelled while considering the reduction of degradation rate with decreasing temperature, assuming a reduction by a factor 2.5 for each 10 °C 
decrease in temperature, (i.e. temperature coefficient Q10 = 2.5). The results are presented for two alternative assumptions: 1) the degradation rate is 
uniform over the water column but corresponds to a temperature T = 15 °C (dashed curves); 2) a fitted temperature profile T(Z) for subtropical waters 
(see equation (17) Supplementary Information) modulates degradation over the water column (dash-dotted curves). For both assumptions, red curves 
correspond to the uncoupled reference case while blue curves correspond to the sinking–degradation coupled case. All curves were derived from the 
following initial conditions: total concentration 200 particles l-1 at initial depth Z0 = 100 m and a PSD slope of -4 over particles of radii ranging between 
125 and 750 µm. As our experimental degradation rate was measured at T = 25 °C, the reduction of degradation rate imposed by considering T = 15 °C or a 
complex profile T(Z) both result in a weaker attenuation of the flux with depth. However, note that regardless of this effect of temperature, there remains a 
strong attenuation of POC flux with sinking–degradation coupling with respect to the reference uncoupled case.
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Extended Data Fig. 9 | Varying viscosity with seawater temperature has only a minor effect on the modelled Poc flux. Shown is the vertical flux of 
POC as a function of depth, F(Z), normalized by its value F(Z0) at the euphotic layer depth, Z0 = 100 m, predicted by our model when accounting for 
the observed coupling of sinking and degradation (blue continuous curve) or when excluding this coupling (reference case, red continuous curve), as 
in Fig. 4. Also shown are results from models in which seawater viscosity varies with temperature, both in the coupled (dark blue dashed curve) and 
uncoupled case (dark red dashed curve). The temperature profile corresponds to subtropical waters with a sharp decrease with depth (see equation (17) 
Supplementary Information). All curves were derived from the following initial conditions: total concentration 200 particles l-1 at initial depth Z0 = 100 m 
and a PSD slope of -4 over particles of radii ranging between 125 and 750 µm.
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Extended Data Fig. 10 | Flow plays a key role in determining bacterial degradation of chitin and chitosan particles. (a,c) Time series of particle volume 
during bacterial degradation of chitin (a) and short-chain chitosan (c) particles under flow of 7.25 m day-1 and under no-flow conditions (shown relative 
to initial volume; mean and SD; n = 3 replicate experiments, except for flow in (a) for which n = 4). (b,d) Maximum degradation rate of chitin (b) and 
chitosan (d) particles. The apparent degradation rate is ~4-fold faster (chitin) or ~2.5-fold faster (chitosan) in flow compared to no-flow conditions. Note 
that the degradation rate estimated from volume loss in the case of chitin and chitosan is only a proxy for the mass loss, since Vibrio splendidus (1A01) 
and Psychromonas (6C06) degrade the particle using membrane-bound enzymes but possibly also by using secreted enzymes52,53. Thus, unlike the case 
for alginate, degradation may occur from within the particle as well as on the surface, so that measurements of volume reduction may underestimate 
degradation rate. Flow speed in all panels is represented by colour; blue – no flow, orange – flow speed of 7.25 m day-1. Movies showing the degradation 
dynamics can be provided by the authors upon request.
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