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h e a d  fouled (16.23). Numbers of ooints overlvinz 

and ungra&d zooids (GILT): jroung, 1216227 
nuddle-aged, 231474; old, 1071181; total, 1419; 
X2 = 298, P < 0.0001, 2 df. 

21. Feeding on both crustose algae (GILT: 2141 
1658 = 0.13) and old Stgi  ovella (GILT: 1071 
181 = p.59) was higher thanTeciing on all other 
encrusung organisms combined ( G N :  531 
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cant for each group (x2 = 231 for crustose algae and 
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Can Microscale Chemical Patches Persist in the Sea? 
Microelectrode Study of Marine Snow, Fecal Pellets 

Microelectrode studies demonstrate the existence of persistent oxygen and pH gradi- 
ents around flocculent, macroscopic marine particles known as marine snow. Oxygen 
is partially, but continuously, depleted within and around marine snow in the dark and 
can be completely depleted within large fecal pellets. Boundary layers hundreds of 
micrometers thick are maintained despite advection of fluid past the particles. The 
existence of chemical microhabitats on the scale of millimeters around macroscopic 
particles in the pelagic zone may significantly influence the distribution and activity of 
marine microorganisms and permit processes requiring low oxygen, including denitri- 
fication. 

T HE EXISTENCE OF PELAGIC MICRO- 

zones enriched in nutrients, oxygen, 
or dissolved organic matter has been 

hypothesized to explain high growth rates of 
phytoplankton and bacteria in seemingly 
impoverished oceanic waters (1-4). Micro- 
zones of nutrient enrichment would attract 
microorganisms and support high metabolic 
activity, whereas microzones of oxygen-de- 
pleted water might support denitrification 
or even permit sulfate reduction or methan- 
ogenesis. Although microscale nutrient 
patches lasting a few tens of seconds are 
produced by zooplankton excretion and po- 
tentially affect the course of competition and 

A. L. Alldredge, Department of Biolo ical Sciences and 
Marine Science Institute, University of~alifornia, Santa 
Barbara, CA 93106. 
Y. Cohen, Marine Biologv Laboratory, Hebrew Univer- 
sity of Jerusalem, Post bffice Box 469, Eliat, 88103 
Israel. 

coexistence among phytoplankton (5), it has 
been argued that chemical gradients on the 
scale of millimeters cannot persist in the 
planktonic environment because they could 
not be maintained against processes of mo- 
lecular or turbulent diffusion (6, 7) .  

However, the pelagic zone contains abun- 
dant macroscopic particles, both flocculent 
aggregates known as marine snow and the 
fecal pellets of zooplankton, whose large size 
and high microbial activity (8, 9) could 
produce and maintain microscale chemical 
gradients. Using microelectrodes to measure 
oxygen and pH, we have demonstrated that 
oxygen is partially depleted within marine 
snow particles in the dark and may become 
fully depleted in large fecal pellets. The 
boundary layer surrounding the particles 
further increases the volume of the micro- 
zone. We present experimental evidence (i) 

Nitecki, Ed. (Univ. of Chicago Press, Chicago, 
1983), p. 111. 

23. Total predation before the die-off was 6.9% of cover 
in 6 weeks, and the average for the three following 
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1.6%.  his result suggests thatDiadema had hazed 
5.3% of the total cover every 6 weeks. To estimate 
annual rates, we assumed that the urchins grazed 
independently of previous grazing (that is, thev 
could feed again at the same spot, which was 
observed). The amount of space remaining ungrazed 
bv Diadema after 1 vear (that is, 8.66 measurement 
periods or 52 weekidivided by 6 weeks per census) 
was (1  - 0.053)8.66 = 0.62. Thus the amount 
grazed bv Diadema was 1 - 0.62 = 38% of the 
total space available. 
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that microscale chemical gradients can per- 
sist in the ocean against processes of advec- 
tion and diffusion on a scale significant to 
microorganisms and (ii) that these patches 
may have important implications for nutri- 
ent recycling in the sea. 

Particles of marine snow (flocculent, mac- 
roscopic particles consisting of phytoplank- 
ton, detritus, bacteria, and fecal pellets em- 
bedded in a mucous matrix) ranging from 1 
to 4 mm in diameter were collected by hand 
in small cylinders by scuba divers in surface 
waters of the Santa Barbara Channel, Cali- 
fornia (1 0). All particles were maintained at 
18°C and tested within 1 to 24 hours after 
being collected. Freshly defecated fecal pel- 
lets were also obtained from planktonic 
macrocrustaceans collected by net and aged 
for up to 3 days in sterile seawater in the 
laboratory at 25°C. Each individual particle 
was placed in a small cone, 7 mm high and 
3.5 mm in radius, made from 120-pm 
mesh-size plankton net, which sat in a 30-ml 
vessel filled with filtered seawater main- 
tained at 18" to 20°C. A stream of fine 
bubbles emitted from a pipette tip placed 
near the bottom of the vessel outside the 
cone was used to mix water throughout the 
vessel. This bubble stream produced a suc- 
tion effect, advecting water toward it from 
the cone and the rest of the vessel. Measure- 
ments of the time required for a fine suspen- 
sion of carmine particles placed within 500 
pm of the marine snow to leave the cone 
indicated that current velocities around the 
particles were on the order of 0.04 cm sec-'. 
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Calibrated oxygen (11) and pH (12) micro- 
electrodes with sensing tips of 2.5 pm and 
38 pm, respectively, were introduced into 
the experimental vessel by two microma- 
nipulators under a stereoscopic microscope 
(13). Oxygen and pH gradients in and 
around the individual particles were mea- 
sured in the light and dark after steady state 
had been established (generally requiring 2 
to 3 minutes after light conditions were 
altered) and were monitored for 1 to 12 
hours under each light condition. Oxygenic 
photosynthesis rates in the particles were 

measured as the initial slope of oxygen 
depletion rate after the light was turned off (14). 

Oxygen concentrations at the surface of the 
particles of marine snow were elevated above 
ambient seawater concentrations at both low 
and high light intensities (Fig. 1, A and B), 
indicating photosynthetic activity. Microscop- 
ic examination indicated that healthy-looking 
phytoplankton were abundant throughout 
the particles of marine snow (Table 1). How- 
ever, within large particles, oxygenic photo- 
synthesis took place primarily at the particle 
surface and decreased considerably inside the 

Distance (pm) 

Distance (pm) Fecal pellet age (hours) 

Flg, 1. Profiles of oxygen, pH, and oxygenic photosynthesis across individual particles of marine snow 
and fecal pellets, determined with microelectrodes. Three to four replicate profiles obtained for each 
particle showed negligible variability and were highly repeatable. Light was provided by a 150-W 
halogen lamp through a 4-mm-wide fiber optic that allowed quantum flux of up to 1500 )*.E m-2 sec-I 
at the particle surface. (A) Microgradients across a single marine snow particle of 3.8 mm3 volume (4.1 
mm in diameter): (0) oxygen profile and ( W )  oxygenic photosynthesis at light intensi of 1400 )*.E 
m-2 sec-I; (A) oxygen profile and (*) oxygenic photosynthesis at 250 PE m-' sec-T ( a )  oxyg!n 
profile in the dark. (B) Microgradients across a single marine snow particle of 11.0 mm3 (2.8 mm m 
diameter): (0) oxygen profile and (*) oxygenic photosynthesis at 250 )*.E m-2 sec-I; ( a )  oxygen 
distribution in the dark. (C) Microgradients of oxygen andpH across a large, 3.4-mm3 (6.21 mm long, 
0.41 mm wide) crustacean fecal pellet of unknown origin found attached to a particle of marine snow: 
( a )  oxygen distribution in the dark through the intact membrane; (A) oxygen distribution through a 
ruptured portion of the membrane; (0) pH profile; (0) oxygen profile across a freshly defecated, 0.02- 
mm3 pellet (0.06 mm wide) of the kelp mysid A,  sculpta. (D) Mean percentage of oxygen depletion (+ 1 
SD) within fecal pellets of the euphausiid E. pac$ca as a h c t i o n  of pellet age in the laboratory at 25°C. 
Pellet sizes and composition are given in Table 1. 

particles. The rate at which the oxygen flows 
away from or into the particle is proportional 
to the oxygen gradient. The steeper oxygen 
gradient outside the particle in the light sug- 
gested that more oxygen might be flowing 
out than was being used internally. Oxygen 
concentration dropped below ambient seawa- 
ter concentrations at the center of the particle, 
even at high light intensity (Fig. 1A). This 
result indicates that microbial respiration in- 
side the large particle reported in Fig. 1A 
exceeded rates of photosynthetic oxygen pro- 
duction, which suggests degradation of or- 
ganic matter within the particle center. Miner- 
&ation of organic matter by active microbes 
may supply nutrients that support the en- 
hanced photosynthetic activity at the particle 
surface. A similar, although lkss prondunced, 
phenomenon was observed in a smaller parti- 
cle (Fig. 1B). 

In the dark, photosynthetic oxygen produc- 
tion ceased i d  respiratory caused 
partial oxygen depletion of as much as 45.8% 
inside the particle compared with that in 
ambient seawater (Fig. 1, A and B, and Table 

% " .  

1). Oxygen depletion persisted at a stable low 
level as long as the particles were kept in the 
dark (up to-12 houri). Oxygen depletion was 
greatest within larger particles (Table 11, and 
a boundary layer depleted of oxygen extended 
out to 800 pm from the particle surface (Fig. 
1A). The large change in slope of the oxygen 
gradient at the particle surface and a more 
gradual slope in the interior of the particle 
indicates that dark respiration was m&um 
at the particle surface. High respiration is 
attributed to the abundance of bacteria (up to 
9.4 x lo7 per particle) together with the res- 
piration of protozoans and phytoplankton 
(Table 1). 

The lower pH values inside the particles in 
the dark indicate respiratory activity. The 
ApH would be primarily a function of in- 
creased C 0 2  concentration within the parti- 
cle. The ApH observed for the 4-rnm particle 
in Fig. 1A was merely up to 0.22 
(AC02 = 110 pm), indicating relatively fast 
diffusion rates between particles and the sur- 
rounding seawater. 

Anaerobic conditions were never observed 
within the marine snow tested. The gelatinous 
matrix and amorphous nature of &ese parti- 
cles coupled with the advection of water past 
the particles apparently allowed relatively rap- 
id flm of oxygen into the particle, which 
counterbalanced the rate of oxygen consump- 
tion and produced a stable level of oxygen 
depletion within the particle. 

Anaerobic conditions were observed within 
a large crustacean fecal pellet (6.2 mm long) 
found attached to a particle of marine snow 
(Fig. 1C). Oxygen was depleted within 100 
pm of the surface of the pellet in areas where 
the peritrophic membrane remained intact. 
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Table 1. Size, composition, degree of oxygen depletion, and ApH across particles of marine snow and 
fecal pellets. Diatoms, especially Chaetoceros spp., Skeletonema costaturn, Rhizosolenia m a ,  and R. 
denticulata, Nitzchiapacijica, and Coscinodkcus spp., made up more than 80% of the phytoplankton by 
number. Dinoflagellates, including Peridinium spp., Prorocentrum sp., and Ceratiurn lineaturn and some 
coccolithophorids, were also present. Abundances of bacteria were determined with epifluorescence 
microscopy after mild sonication and stainin with acridine orange (8) .  Values of ApH in the light were 
obtained at a light intensity of250 FE m-'sec-', corresponding to light intensity 10 m deep in the 
Santa Barbara Channel. Numbers in parentheses are replicate pellets. 

Di- Vol- Phyto- Bacteria O2 de- 

Particle plankton ( x lo6 per pletion ameter urne 
APH 

(no. per 
(m) (m3) particle) particle) (% in Dark Light dark) 

Marine snow 
1 
2 
3 
4 
5 
6 

Fecal pellets 
Unknown 
Acanthomysk sculpta 
Euphawia pacifica 

4-hour (6) 
28-hour (5) 
52-hour (5) 

240-hour (2) 

Where the membrane had ruptured, the oxy- 
gen gradient was more gradual, indicating the 
efficient diffusion barrier of the membrane. 
The number of bacteria per volume found in 
the large fecal pellet was considerably larger 
than those of the marine snow particles (Table 
1). The large size of the pellet, the abundance 
of the bacteria community and the effective 
diffusion barrier of the peritrophic membrane 
led to total oxygen depletion within the fecal 
pellet. The pH inside the pellet dropped to pH 
7.09, corresponding to a ApH of 0.91. This 
value corresponds in turn to an increase in 
COz of 326 pm, slightly less than the 500-pm 
decrease observed for oxygen. 

This fecal pellet was atypically large relative 
to the smaller pellets produced by common 
planktonic crustaceans such as euphausiids, 
sergestids, or mysids. Oxygen gradients were 
also measured across smaller, freshly defecated 
pellets of the kelp mysid Acanthomysis sculpta 
(Fig. 1C) and the euphausiid Euphausia pacif- 
ica (Fig. ID). Only minor oxygen depletion 
of 14% or less (Fig. 1D) was observed inside 
freshly defecated pellets of these macrocrusta- 
ceans, decreasing to 3% oxygen depletion in 
52-hour-old pellets. Little or no oxygen de- 
pletion was observed in pellets 2.5 days or 
older. Thus, it is unlikely that significant 
oxygen gradients would exist in microscopic 
fecal pellets, such as those produced by cope- 
pods and other small zooplankton. 

Our laboratory study strongly supports the 
conclusion that microgradients exist in nature 
as well. ~once~ tua l l<  particles in the ocean 
sink through a stationary fluid, whereas we 
moved a fluid past a stationary particle in the 

laboratory. However, it is the relative motion 
of the fluid to the particle that is important for 
the transfer of mass between the particle and 
fluid (15). A 4-mm particle of marine snow 
sinks with a velocity of approximately 0.06 cm 
sec-' (16), which resembles the 0.04-cm 
sec-' velocity of fluid advecting around the 
particles in the laboratory. A 4-mm sinking 
particle of marine snow would have a Reyn- 
olds number of 3 and a Peclet number (Pe) of 
3 x lo3 (1 5). The Peclet number is a measure 
of the relative importance of advection and 
diffusion as mechanisms affecting the flux of 
mass away from the particle. The high Pe for 
marine snow indicates that adveaion domi- 
nates and that most of the oxygen depletion 
would be contained in a narrow wake behind 
the settling particle rather than be evenly 
distributed around it (15). Our results dem- 
onstrate that even at the high Pe expected for 
marine snow in nature, biological activity 
within the particles is sficient to maintain 
chemical microzones around them against 
adveaive processes. 

Although we measured only oxygen and 
pH, the observed gradients are expected to be 
followed by gradients of nutrients, such as 
phosphate, ammonium, and nitrate, which are 
enriched to levels UD to 400 times ambient 
levels within particles of marine snow (17). 
These patches may be unique microhabitats 
attracting various assemblages of pelagic 
microorganisms and resulting in nonrandom 
distributions of bacteria (2, 3)  and in the 
evolution of special adaptations for nutrient 
uptake by phytoplankton (1,s). Since marine 
snow occurs at an abundance of about one to 

ten particles per liter even in the deep sea (18), 
such microzones would be readily accessible 
to most motile microbes (2, 4), which, once 
within the boundary layer, would tend to 
remain near the particle. 

Our data demonstrate that chemical gradi- 
ents on the scale of millimeters can persist in 
the pelagic zone within and around macro- 
scopic particles. The large particle size, the 
relatively hlgh specific activity, and the diffi- 
sion barrier around these particles maintain 
these chemical patches. Dissimilatory nitrate 
reducers may be active in and around oxygen- 
depleted marine snow either at night or when 
these particles sink below the euphotic zone. 
The high respiration of macroscopic particles 
settling through the water column may con- 
tribute to the depletion of oxygen in the 
oxygen-minimum layer and produce unnatu- 
rally low oxygen conditions within unpoi- 
soned sediment traps. Settling particles may 
also deplete oxygen from the sea floor, al- 
though this would be most significant in 
shallow seas or over continental slopes, where 
particles sinking at 50 to 100 m day-' (16) 
reach the sea floor while still metabolically 
active. 

REFERENCES AND NOTES 

1. J .  J. McCarthy and J. C. Goldman, Science 203,670 
11979). 

2. F. AZ& and J. W. Ammerman, in Flows ofEnw8 
and Materials in Marine Ewsystems, M. Fasham, ~ d Z i  
(Plenum, New York, 1984), pp. 345-360. 

3. J. J. Cole,Annu. Rev. Ewl. Syst. 13, 291 (1982). 
4. J. C. Goldman, in Flows of Energy and Materials in 

Marine Ecosystems, M .  Fasham, Ed. (Plenum, New 
York, 1984), pp. 137-170. 

5. J .  T. Lehman and D. Scavia, Science 216, 729 
(1982). 

6. G. A. Jackson, Nature (London) 284, 439 (1980). 
7. P. J .  LeB. Williams and L. R. Muir, in Ewhydrody- 

namicr, J. C. Nihoul, Ed. (Elsevier, New York, 
1981), p 209-218. 

8. A. L. ddredge, J. J. Cole, D. A. Caron, Limnol. 
Oceanogr. 31, 68 (1986). 

9. G. A. Knauer, D. Hebel, F. Cipriano, Nature (Lon- 
dun) 300,630 (1982). 

10. A. L. Alldredge and J. L. Cox, J. Mar. Res. 40, 517 
(1982). 

11. N. P. Revsbech, in Polarogvaphimy~en Sensors: 
Ayuatic and PhysiologicdA@licatwns, E. Gnaiger and 
H. Forstner, Eds. (Springer, Heidelberg, 1983), pp. 
265-273. 

12. R. C. Thomas, Ion-Sensitive Intracellular Microelec- 
trades, How to Make and Use Them (Academic Press, 
London, 1978). 

13. Oxy en electrodes were calibrated with standard 
winher titration methods [J. D. H. Strickland and 
T. R. Parsons, A Practical Handbook of Seawater 
Analyssis (Fisheries Research Board of Canada, Otta- 
wa, 1972)l. The pH electrodes were calibrated with 
buffered siawate;. 

14. N. P. Revsbech, B. B. Jorgensen, 0 .  Bru, Limnol. 
Oceanoar. 26. 717 11981). 

15. G. T. Csanady, ibid 31,-237 (1986). 
16. A. L. Shanks and 1. D. Trent. Dee0 Sea Res. 27. 137 , 

(1980). 
17. , Limnol. Oceanogv. 24, 850 (1979). 
18. S. Honjo et d . ,  Deep Sea Res. 31, 67 (1984). 
19. Sup oned by NSF grants OCE83-08615 and 

0cE85-10826. We thank C. Gotschalk and K. 
Tohnson for technical assistance and I. I. Childress 
k d  J. M. Melack for comments on &e hanuscript. 
Special thanks to S. MacIntyre for invaluable com- 
ments on microscale fluid motion. 

3 September 1986; accepted 2 December 1986 

6 FEBRUARY 1987 




