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INTRODUCTION

Recent advances in optical and acoustical instrumen-

tation, and in deployment techniques, have allowed

the detection of persistent, spatially coherent plankton

patches that are substantially thinner than the 5 m

scales routinely sampled with bottles and nets (Don-

aghay et al. 1992). These structures are known as

‘thin layers’. Thin layers of phytoplankton and zoo-

plankton range in thickness from ~10 cm to ~3.5 m.

(Donaghay et al. 1992, Cowles & Desiderio 1993,

Cowles et al. 1998, Hanson & Donaghay 1998). Thin

layers have been detected in coastal marine systems

ranging from highly protected anoxic basins (Pet-

taquamscutt Estuary, Rhode Island; Donaghay et al.

1992, Sieburth & Donaghay 1993, Johnson et al. 1995)

to the Oregon Shelf (Cowles & Desiderio 1993), to open

Baltic waters (Nielson et al. 1990, Bjørnsen & Nielsen

1991, Carpenter et al. 1995). Thin layers can extend

horizontally for several kilometers and persist for sev-

eral days (Nielson et al. 1990, Bjørnsen & Nielsen 1991,

Rines et al. in press). Such temporally and spatially

coherent thin layers can have important impacts not

only on the biological structure and dynamics of

marine systems (Nielson et al. 1990, Donaghay &

Osborn 1997, Cowles et al. 1998), but also on the opti-

cal (Zaneveld & Pegau 1998) and acoustical (Holliday

et al. 1998) properties of those systems.

Although thin layers can occur in many coastal

marine systems, we know very little about their fre-

quency and under what physical conditions they will

occur. This is due to several factors. First, until recently

the sensitivity, stability and dynamic range of sensors

has been too limited to make quantitative measure-

ments of thin layers. Second, new deployment tech-

niques have only recently been developed to overcome

the inherent technical difficulty of sampling centimeter
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scales from rolling ships. Third, until

now much information on thin layers

was based on a limited number of pro-

files, most of which were collected

without coincident data on current

velocity and often without density

data. Lack of coincident data on physi-

cal variables has prevented investiga-

tors from answering the fundamental

question: are physical processes im-

portant in the temporal and spatial dis-

tribution of thin layers? It has been

hypothesized that physical processes

and biological-physical interactions

play critical roles in thin layer dynam-

ics (Donaghay & Osborn 1997, Osborn

1998); however, until now there have

not been sufficient data to test this

hypothesis.

We present results from cruises in

East Sound, WA, conducted to quantify

the fine-scale optical and physical

structure of the water column (Katz et

al. 1999, Twardowski et al. 1999). Prior

studies of thin layers have been conducted in either

highly protected sites, where physical forcing is lim-

ited, or in open water sites, where sea conditions make

it difficult to simultaneously measure both fine-scale

physical and biological processes. East Sound is topo-

graphically constrained, which allows it to be sampled

synoptically by small boats, yet it is physically dynamic

with current velocities of 5 to 40 cm s–1 and neap to

spring tidal excursions from 0.3 to 3.5 m, respectively.

The questions we ask in this study are: (1) How fre-

quently do thin layers occur? (2) Are thin layers

ephemeral or recurring? (3) How do the vertical distri-

bution, thickness and intensity of thin layers vary tem-

porally and spatially? (4) Are patterns of thin layer dis-

tribution related to patterns of physical structure?

MATERIALS AND METHODS

Study area. East Sound is a small fjord located near

Orcas Island, WA, in the San Juan Archipelago

(48° 39’ N, 122° 53’ W). East Sound averages 30 m in

depth, is 12 km long and 2 km wide. Orcas Island is

bordered by the most active passes exchanging water

between the eastern Juan de Fuca Strait and the south-

ern Strait of Georgia (Fig. 1).

Sampling overview. In 1996 three cruises were con-

ducted to simultaneously quantify the fine-scale physi-

cal and optical structure of the water column (‘May’

cruise, 23 May to 1 June; ‘June’ cruise, 22–26 June:

‘August–September’ cruise, 28 August to 7 September).

Fine-scale profiles of biological and physical structure

were simultaneously measured in 120 profiles (Fig. 2).

Sensors were deployed in a high resolution profiling

package, capable of simultaneously resolving physical

and optical structures on centimeter scales. Tempera-

ture, salinity, oxygen and pH were recorded at depth,

using an SBE 911plus CTD (Sea-Bird Electronics, Belle-

vue, WA). Two WET Labs ac-9s recorded spectral ab-

sorption by dissolved substances, Spectral absorption

and attenuation by particulate material, and Spectral

scattering at 9 wavelengths between 412 and 715 nm

using 2 ac-9s (wet Labs, Philomath, OR). Particulate ab-

sorption at 440 nm (ap440) was used to quantify fine-

scale optical structure. Particulate absorption at this

wavelength is an inherent optical property dominated

by phytoplankton chlorophyll a absorption. In contrast

to fluorescence, ap440 has the stability and broad dy-

namic range needed to quantify fine-scale optical struc-

ture over the seasonal time scales and wide range of

phytoplankton concentrations seen in coastal systems

(Twardowski et al. 1999). Current velocity, tidal phase,

as well as wind magnitude and direction were simulta-

neously recorded. Current velocity was measured with

an RD Instruments (San Diego, CA) 1200 kHz Acoustic

Doppler Current Profiler (ADCP) attached to the side of

the vessel, tidal phase was measured with an Endeco

tide gauge located halfway up the Sound, and wind

was recorded with a Davis weather station on the west

bank of the upper Sound. These concurrent measure-

ments are unique. Before 1996, similar centimeter scale

biological and physical measurements were usually
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East Sound on Orcas Island, WA
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made without simultaneous measurements of current

and wind fields. Our data set provides a unique oppor-

tunity to investigate the temporal and spatial distribu-

tion of thin phytoplankton layers relative to physical

processes.

Instrument calibration and data analysis. The CTD

was calibrated by the manufacturer between cruises.

The ac-9s were field-calibrated daily using Nanopure

water techniques (Twardowski et al. 1999). Raw ac-9

data were corrected for drift and effects of temperature

and salinity (Twardowski et al. 1999). Intakes of all the

sensors were at the same depth. This, coupled with

direct measurement of flow rates through the sensors,

allowed us to precisely calculate the lag time between

sampling a layer and individual sensor responses.

These time lags are critical to relating the depths of

structures measured by independent sensors.

Criteria for identifying thin layers. We defined 4

specific criteria to classify an optical structure as a thin

layer and all criteria needed to be met. First, the fea-

ture must be present in 2 or more subsequent profiles

with the high resolution profiler. This helps eliminate

random or isolated accumulations of phytoplankton

that lack spatial coherence. Second, the feature must

be ≤5 m thick. This thickness was chosen because this

is finer than the scale sampled with bottles and nets.

Thickness was measured where the optical signal was

at half maximum intensity (Fig. 3). Third, the optical

signal must contain more than 6 data points. This crite-

rion was chosen because the sampling rate of the ac-9

is 6 Hz; a single particle or single accumulation of par-

ticles moving through the flow cell will therefore pro-

duce a signal with 1 to 6 data points. Fourth, the opti-

cal signal must be 3 times greater than background

levels. This is a conservative criterion that effectively

eliminates ephemeral features.

RESULTS AND DISCUSSION

General thin layer characteristics

Thin layers were detected in 54% of 120 profiles

(Table 1). We observed up to 3 layers in a single pro-

file. In total, we observed 119 thin layers. Thin layers

occurred as shallow as 1.41 m and as deep as 24.49 m

(mean 6.69 m). Most occurred in the upper water col-

umn, with roughly 50% at <5 m depth and roughly

80% at <10 m depth (Fig. 4a). Layers ranged in thick-
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Table 1. Thin layer occurrence, encounter, depth, thickness and intensity for all 3 cruises. Minimum and maximum values for 

thin layer depth, thickness and intensity are indicated in parenthesis before and after average values

All cruises May cruise June cruise Aug–Sep cruise

5/23–9/7 5/23–6/1 6/22–6/26 8/28–9/7

Profiles (#) 1200 53 29 38

Profiles with layers (#) 65 36 7 22

Percentage with layers (%) 54 68 24 58

Total layers encountered (#) 1190 75 12 32

Depth (m) (1.41) 6.69 (24.49) (1.84) 7.10 (21.25) (4.41) 6.82 (8.52) (1.41) 5.69 (24.29)

Thickness (m) (0.12) 1.20 (3.61) (0.12) 0.94 (3.42) (0.31) 1.25 (2.41) (0.61) 1.79 (3.61)

Intensity (m–1) (0.25) 1.33 (6.45) (0.32) 1.65 (6.45) (0.43) 0.93 (1.40) (0.25) 0.72 (1.34)

Fig. 4. Histograms: (a) layer

depth, m; (b) layer thickness,

m; (c) layer intensity, ap440,

m–1; (d) buoyancy frequency,

(rads/s)2; (e) shear, s–1; (f)

Richardson number. Buoyancy

frequency, shear and Richard-

son number calculated from

measurements at exact loca-

tion of each thin layer
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ness from 0.12 m to 3.61 m (mean 1.20 m). Roughly

44% of layers were <1 m in thickness, and 80% of

layers were <2 m in thickness (Fig. 4b). This indicates

a clear separation in scale between thin layers, and the

more traditional deep chlorophyll a maximum (Ander-

son 1969). Layer intensity, or ap440, ranged from 0.25

to 6.45 m–1 (mean 1.33 m–1) (Table 1, Fig. 4c). About

72% of the thin layers had absorption intensities that

ranged from 0.25 to 1.5 m–1 (Fig. 4c).

There is a second class of thin optical layer adjacent

to the bottom. These bottom layers were found in 31

(26%) of the profiles. They ranged from 0.23 to 3.11 m

in thickness (mean 1.30 m). Bottom layer intensities

ranged from 0.26 to 2.24 m–1 (mean 0.80 m–1). Thus,

bottom layers had similar thickness to and slightly

lower intensities than water column thin layers. We

do not include bottom layers in these

analyses (see Rines et al. in press).

Buoyancy frequency, shear, and

Richardson number were calculated

from physical measurements made

at the exact depth interval of each

thin layer. Layers occurred over a

broad range of buoyancy frequencies

(Fig. 4d). Buoyancy frequency indi-

cates the strength of the vertical den-

sity gradient. Roughly 40% of all lay-

ers occurred at relatively low buoyancy

frequency [<0.0005 (rads/s)2], while

60% were in regions with buoyancy

frequencies >0.0005 (rads/s)2. Layers

in regions of higher buoyancy fre-

quency were most often associated

with the pycnocline. Layers occurred

over a broad range of shear (Fig. 4e).

There were 2 modes in the shear histo-

gram, the first at relatively low shear

[0 to 0.025 s–1] and the second at

moderate shear [0.025 to 0.05 s–1].

Only 5% of all thin layers occurred at

shear >0.05 s–1. No layers were found

in regions where the Richardson num-

ber was <0.23 (Fig. 4f). In general,

when the Richardson number is <0.25

the water column is unstable (Mann &

Lazier 1991), and would not support

thin layer development.

Relationships of thin layer depth,

thickness and intensity to wind speed

were also investigated. Wind speeds

(Fig. 5) are 1 h averages prior to the

start of each profile. Neither thin layer

depth nor thickness showed any clear

relationship to wind speed, but layer

intensity did. Highest layer intensities

(>2.3 m–1) occurred at lower wind speeds (<4 m s–1). In

East Sound, surface waters from 2 to 10 m are strongly

influenced by wind forcing. When wind speeds are

low, advection of and mixing in the surface layer are

low. Thus, in situ growth rates for phytoplankton might

maintain high biomass and might subsequently main-

tain higher layer intensities.

Thin phytoplankton layers and the pycnocline

Thin layer depth was closely associated with depth

and strength of the pycnocline. Roughly 62% of all thin

layers were at the base of the pycnocline (Fig. 6a). This

pattern was observed on all cruises, but was strongest in

May. Approximately 9% of thin layers were distributed
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Fig. 5. Layer attributes: (a) layer depth, m; (b) layer thickness, m; (c) layer inten-

sity, ap440, m–1 versus wind speed, m s–1. Wind speeds are 1 h averages prior to 

start of each profile
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from the surface to just within the pycnocline (Fig. 6b).

This pattern was observed in August–September, when

surface water with high biomass was being advected

into the Sound by persistent southerly winds. In total,

71% of thin layers were directly associated with the

pycnocline. Of the remaining 29%, half were below the

pycnocline (Fig. 6c) and often associated with advected

water masses. The rest were sampled at times when

density increased slowly and uniformly with depth and

there was no well-defined pycnocline (Fig. 6d). 

Temporal occurrence of thin phytoplankton layers

and physical conditions

To understand the occurrence of thin phytoplankton

layers over time, it is necessary to understand both the

local circulation patterns and the regional physical

forcing which influences water mass movement into

East Sound. Wind and tidal forcing are the primary

influences on circulation patterns in the Sound. The

surface layer (2 to 10 m) flows with the wind; deeper

flows are tidal. Most thin layers were at the density

interface between the wind forced surface layer and

the tidally influenced layer below (cf. Fig. 4a).

East Sound’s water masses also change over time.

These water masses result from mixing cooler, higher

salinity water from the Strait of Juan de Fuca with

warmer, lower salinity water from the Strait of Georgia

(Redfield 1950) (cf. Fig. 1). The Strait of Georgia is

heavily influenced by the Fraser River, which supplies

over 80% of the total annual freshwater to the Straits

(Thomson 1981). The river’s maximum outflow occurs

from late May to early June. Between 25 and 27 May

1996, a sustained north wind combined with a neap

tide produced the proper conditions for a plume of low
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Fig. 6. Statistics showing relationship between thin layers and pycnocline: (a) layer is located at base of pycnocline; (b) layer is

spread above and in pycnocline; (c) layer is below pycnocline; (d) thin layers exist but pycnocline is not well defined



Dekshenieks et al.: Thin phytoplankton layers

salinity water from the Strait of Georgia to be advected

into East Sound. This low salinity plume moved rapidly

into the system and displaced the pycnocline to a

depth of 17 m. The deepest thin layers were found on

27 May after this low salinity event, and this was the

only time we observed a plume of low salinity water

in 1996. The depth of thin layers is obviously highly

dependent upon both local circulation patterns and

episodic low salinity events driven by regional wind

and tidal forcing. 

To discern temporal trends in layer attributes, we

plot both layer thickness and intensity temporally

(Fig. 7a,b). Layer thickness is related to strength of the

pycnocline, which is primarily a function of the physi-

cal characteristics of the water masses advected into

the Sound plus thermal heating. The thinnest layers

(<0.31 m) were encountered during May. In June,

layer thickness ranged from 0.31 to 2.41 m, and no

layers <0.31 m were encountered. During August–

September, layer thickness ranged from 0.61 to 3.61 m,

and no layers <0.61 m were sampled. During May, the

density profile in East Sound was heavily influenced

by lower salinity water being advected southward

from the Fraser River, and the mean density increase

across the pycnocline was the greatest (0.31 sigma-

theta). In addition to the influence of the Fraser River,

spring tides occurred during the last few days of May.

The combination of strong density gradients and
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Fig. 7. Thin layer attributes and associated physical attributes plotted sequentially in the order in which they were encountered:

(a) layer thickness, m; (b) layer intensity, ap440, m–1; (c) sigma-theta; (d) salinity, psu; (e) temperature, °C; (f) buoyancy 

frequency, (rads/s)2; (g) shear, s–1; (h) Richardson number; the solid horizontal line in (h) corresponds to Ri = 0.25
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higher shears produced by spring tides supported

the thinnest layers (0.12 to 0.31 m). Most August–

September layers occurred from the surface to just

within the shallow, late-summer pycnocline. These

thin layers were more accurately classified as ‘surface

expressions’ and differed from their May counterparts.

During August–September, the mean density increase

across the pycnocline was only 0.16 sigma-theta,

and the pycnocline was consistently at 1 to 5 m. The

August–September density profiles were primarily the

result of heating.

There was a clear seasonal trend in layer intensity.

The mean intensity decreased from May to August–

September. Layers with the most intense signal

(1.65 m–1) were encountered in May, while layers with

the least intense signal (0.72 m–1) were encountered in

August–September (Table 1, Fig. 7b). Variations in

phytoplankton production and seasonal succession

may be important to the intensity. Cushing (1959)

identified generalized patterns of fluctuation in the

seasonal amplitude of algal and herbivore production

for arctic, temperate and tropical regions. Dexter’s

(1983) work in East Sound closely matches Cushing’s

conceptual model, suggesting that East Sound is likely

to be typical of many temperate, neritic ecosystems.

Our May cruise took place during the spring phyto-

plankton bloom, and we measured the highest inten-

sity signal during the bloom. Our June and August–

September cruises fell within the summer, high her-

bivore-low phytoplankton period and the measured

intensity signal was considerably lower.

To discern temporal trends in physical attributes

associated with layers, we plot sigma-theta, salinity,

temperature, buoyancy frequency, shear and Rich-

ardson number as time series (Fig. 7c–h). In early

May (layers 1 to 40), most layers were associated with

a specific sigma-theta and salinity and a narrow

range of temperature (Fig. 7c–e). These layers were

part of a bloom of the diatom Pseudo-nitzschia that

persisted as a coherent thin layer for 9 d in close

association with waters with a salinity of 29.78 psu

(Rines et al. in press). Toward the end of May (layers

41 to 75), layers developed in waters that were dis-

tinctly lower in sigma-theta (e.g. the result of the 

27 May plume of lower salinity, warmer water). This

second group persisted until the end of May. During

June (layers 76 to 87), thin layers occurred over a

narrow range of sigma-theta and salinity, while tem-

perature varied by up to 3°C. During August–Sep-

tember, layers were initially associated with a rela-

tively narrow range of sigma-theta and salinity. Later,

sigma-theta and salinity increased while temperature

decreased.

There were no clear temporal trends in buoyancy

frequency, shear and Richardson number associated
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Fig. 8. East Sound: (a) composite surface plot of thin layer

depth distribution, m; (b) composite surface plot of thin layer

thickness distribution, m; (c) composite surface plot of thin 

layer particulate absorption distribution, ap440, nm
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with layers (Fig. 7f,g,h). Buoyancy frequency varied

over 3 orders of magnitude. This variability is con-

sistent with the fact that thin layers were not always

associated with the steepest region of the pycnocline.

Shear was also highly variable (0.003 to 0.088 s–1).

However, almost all Richardson numbers were above

0.25. This is consistent with the hypothesis that thin

layers can only persist in regions where buoyancy is

sufficient to suppress turbulent flow. 

Spatial patterns of thin phytoplankton layers

and physical conditions

Thin layer depths were spatially variable across the

Sound (Fig. 8a). Generally, thin layers were shallower (2

to 5 m) on the eastern side, and deeper (6 to 10 m) on the

western side. This trend is most pronounced in the lower

and middle regions of the Sound, and closely follows

both the slope in the ‘layer of no motion’ evident in cur-

rent profiles, and the across-Sound slope in the pycno-

cline (Fig. 9). The patterns of circulation differ across-

Sound. In general, the tide floods more strongly on the

eastern side and ebbs more strongly on the western side.

A combination of bathymetry at the mouth and Coriolis

force produce this pattern.

Thin layer depths varied spatially from south to north

(Fig. 8a). In the lower and middle Sound, thin layers were

generally shallower than in the upper Sound, following

the pycnocline which slopes downward from south to

north (Fig. 9). This slope results from the near continuous

advection of lower density surface water up the Sound

due to predominantly southerly winds. Clearly, circula-

tion patterns influence spatial patterns in thin layer depth.
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The strength of the pycnocline can be related to

spatial patterns in layer thickness. The increase in

density across the pycnocline is consistently greater

(mean 0.20 sigma-theta) on the eastern side of the

lower and middle Sound. The thinnest layers (0.25 to

1.0 m) were also located in these regions. In the upper

Sound, the density increase across the pycnocline is

consistently lower (mean 0.05 sigma-theta) and was

associated with thickest layers (2.0 to 3.5 m) (Fig. 8b). 

Circulation patterns also contribute to observed pat-

terns in intensity. Layer intensity was highest (1.5 to

2.5 m–1) in the north (Fig. 8c). Predominant southerly

winds produce a ‘jet’ of northward moving water in the

central region of the upper Sound. Surface water is

advected up the center of the Sound, and surface water

then moves down-Sound along the peripheries indicat-

ing recirculating surface waters. This recirculation

retains phytoplankton in the upper Sound; hence, this

is the first location where spring blooms occur (Dexter

1983). 

CONCLUSIONS

Finding thin layers in 54% of the 120 profiles taken

over 4 mo indicates that thin layers can be a recurrent

feature of coastal systems. Furthermore, the fact that

these layers ranged in thickness from 0.12 to 3.61 m,

with 80% of all thin layers measuring <2 m in thick-

ness, indicates that conventional sampling methods

would underestimate both the intensity and abun-

dance of thin layers. Thus, we conclude that thin layers

are certainly a real feature, they are common, and they

clearly indicate another scale of biological variability. 

Physical structures and processes play a critical role

in controlling the temporal and spatial distribution of

thin layers. Over 71% of all thin layers were associated

with the pycnocline. Because the pycnocline in East

Sound varies temporally and spatially, thin layer dis-

tribution is also variable in both time and space. The

strong statistical relationships between thin layers and

physical structure indicates that we cannot understand

the vertical position or lateral distribution of thin layers

without understanding both local circulation patterns

and regional physical forcing. Physical processes also

play a critical role in thin layer dynamics. Thus, simul-

taneous measurement of fine-scale optical structure

along with physical structure and physical processes

can help in the prediction of thin layer occurrence.

Thin layers in East Sound occur over a broad range

of buoyancy frequency and shear, and we expect such

layers to occur under similar physical conditions in

other coastal systems, providing that biological condi-

tions are also favorable. This is consistent with theo-

retical models (Donaghay & Osborn 1997) and with

observations of thin layers in coastal systems (Ryther

1955, Nielson et al. 1990, Bjørnsen & Nielsen 1991,

Carpenter et al. 1995). Our results also indicate that

there are physical conditions under which thin layers

do not occur, e.g. where the water column is turbulent

(Ri <0.23). Thus, we do not expect persistent thin

layers in tidally mixed regions, nor do we expect thin

layers in wind mixed surface layers. These results

clearly connect physical structure, physical processes

and the presence of thin layers in East Sound. With this

new understanding we can identify other coastal

regions that have a high probability of supporting thin

layer development.
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