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INTRODUCTION

The estuarine turbidity maximum (ETM) of Chesa-
peake Bay is a region of high turbidity caused by
the entrainment of tidally resuspended sediment.
Located near the limit of salt intrusion in the upper
Chesapeake Bay, the ETM is created by tidal asym-
metries in particle transport brought about by the
effect of gravitational circulation on tidal flows (San-
ford et al. 2001). The Chesapeake Bay ETM eco -
system serves as nursery habitat for larval stages of
white perch Morone americana and striped bass
M. saxatilis (North & Houde 2006), because it hosts
abundant mesozooplankton prey (Roman et al. 2001,

2005), and because its turbid waters offer a refuge
from visual predators. The suspended particles that
cause this high turbidity are aggregates composed of
both mineral grains and organic material (Zabawa
1978). Aggregation of particles in ETM is thought to
be enhanced by organic matter including material
produced during phytoplankton blooms (van der Lee
2000a, Lartiges et al. 2001, Mikes et al. 2004, Verney
et al. 2009), but little is known about the composition
and concentration of this material.

In aquatic systems, aggregated particles such as
marine snow are bound together by transparent exo -
polymer particles or TEP (Alldredge et al. 1993, Pas-
sow & Alldredge 1995a, Grossart et al. 1997). TEP are
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clear, gel particles composed of acidic polysaccha-
rides produced by phytoplankton and bacteria, and
they form a major component of the matrix of aggre-
gates (Passow 2002). Both laboratory and field stud-
ies have demonstrated the importance of TEP for
the aggregation and sinking of diatoms, bacteria, and
other microorganisms (Passow & Alldredge 1995b,
Passow et al. 2001, Bar-Zeev et al. 2011), most likely
by increasing the stickiness of particles (Jackson
1995, Engel 2000). In addition to their ability to
increase particle aggregation and sinking, the high
carbon content of TEP make them an important part
of the global oceanic carbon cycle. The C:N ratio of
TEP is well above the Redfield ratio, making sinking
TEP a pathway for the flux of excess carbon to the
deep ocean (Engel & Passow 2001, Engel 2004).

TEP are produced either by coagulation of dis-
solved polysaccharides (Chin et al. 1998), or by direct
release of TEP by organisms including phytoplank-
ton, bacteria, and filter-feeding mollusks and ascidi-
ans (Decho 1990, Hoagland et al. 1993, McKee et al.
2005, Heinonen et al. 2007), all of which are common
in estuaries. Dissolved polysaccharides (TEP ‘precur-
sors’) can be released from growing phytoplankton
and bacteria, through ‘sloppy feeding’ or grazing
by zooplankton, and via viral or osmotically-induced
cell lysis (Passow 2002, Verdugo et al. 2004). The
 abiotic coagulation of dissolved precursors into TEP
is dependent on physical processes such as stratifica-
tion and turbulence that control the frequency of col-
lisions between TEP precursors (Precali et al. 2005,
Beauvais et al. 2006), and on chemical conditions that
influence the stickiness of the precursors. Examples
of these chemical conditions include salinity, which
has a positive effect on stickiness (Mari et al. 2012),
and dissolved metal ions, which have a negative
effect on stickiness (Mari & Robert 2008). Also,
cations (e.g. Ca2+, Mg2+, H+) appear to stabilize
TEP (Passow 2002) and influence TEP formation in
estuaries (Wetz et al. 2009),

There are few published studies of TEP in estuaries
(Wurl & Holmes 2008, Wetz et al. 2009, Mari et al.
2012) and no studies of TEP in ETM, despite the
likely importance of TEP in estuarine environments.
Studies in the coastal and open ocean have shown a
general increase in TEP concentrations along a gra-
dient from oligotrophic to more eutrophic environ-
ments (Passow 2002), a pattern which appears to
extend into estuaries (Wurl & Holmes 2008, Wetz et
al. 2009). The influence of TEP on particle aggrega-
tion and sedimentation may have a profound effect
on the fate of particulate organic matter (POM) in
highly productive estuaries.

This manuscript presents one of the first studies of
TEP in a strongly stratified estuarine environment.
We hypothesized that TEP production in ETM en-
hances particle aggregation and promotes the attach-
ment of labile POM capable of forming the base of a
detrital food web. We surveyed TEP concentrations
across the ETM region of the Chesapeake Bay during
8 research cruises over 2 yr and compared these
measurements to a suite of biological, chemical, and
physical measurements. We found very high concen-
trations of TEP that were spatially and temporally
variable. Across the ETM region, TEP was most often
spatially correlated with measures of particulate ma-
terial and degree of water column stratification, and
temporally correlated with chlorophyll concentration.
We also found a positive cor relation with the fraction
of settling particles in the water column suggesting
that TEP contributes to the process of ETM particle
aggregation, sinking, and accumulation.

MATERIALS AND METHODS

Samples were collected during 8 research cruises
aboard the RV ‘Hugh R. Sharp’ in the ETM region of
Chesapeake Bay (Fig. 1) in winter (January or Febru-
ary), early and late spring (April and May), and fall
(October) of 2007 and 2008 (see Table 1). During each
cruise at least two 5-station axial surveys through the
ETM region were undertaken, with sampling at 3
depths per station (surface, mid-depth, and ~1 m
above bottom). Bottom sampling depth ranged from
5.7 m at the freshwater station to 23.7 m  down-estuary
of the ETM region. In addition, samples were
collected at anchor stations upstream, within, and
downstream of the ETM zone. Samples were collected
with 10 l plastic Niskin bottles attached to a rosette
equipped with a suite of sensors for measuring con-
ductivity, temperature, depth, chlorophyll fluores-
cence (ECO/AFL fluorometer), and turbidity as optical
backscatter (OBS-3, D&A Instrument). Water samples
from each depth were collected in 2 Niskin bottles,
combined in 20 l plastic buckets equipped with sam-
pling ports, and gently stirred with large stir-bars to
keep particles suspended during subsampling.

TEP were measured using the spectrophotometric
method of Passow & Alldredge (1995b). Samples were
filtered in triplicate onto 0.40 µm pore-size, 47 mm
diameter polycarbonate filters (Millipore), stained for
~2 s with 1 ml of a 0.02% (w/w) aqueous solution of
Alcian Blue (8GX) and immediately rinsed with dis-
tilled water to remove unbound dye. Sample volume
was chosen carefully to avoid clogging the filter
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(range 20 to 200 ml). Low vacuum (<15 cm Hg) was
used to avoid destroying the delicate TEP. Stained
samples were stored at −20°C until processed.

To measure TEP-bound Alcian Blue, the sample fil-
ters were soaked in 6 ml of an 80% sulfuric acid solu-
tion for 3 h, and vortexed every hour. This solution
was then loaded into a 96-well plate, with 300 µl
added per well, and the absorbance read at 788 nm
with a BioTek Synergy HT microplate reader. TEP
was quantified using a standard curve prepared with
xanthan gum (XG) particles for each batch of Alcian
Blue as described in Passow & Alldredge (1995b).
Standard curves were prepared for each batch of dye
by filtering 0.25 to 2.0 ml of XG solution through 6
 filters for each volume; 3 pre-weighed filters for
measuring mass and 3 filters for TEP analysis. Filters
of XG for mass were held in a drying oven for at least
24 h (~60°C), allowed to equilibrate at room tem -
perature for 2 h, and weighed on a Sartorius micro -
balance. Filters of XG for TEP analysis were stained
with Alcian Blue and analyzed as described above.

Dissolved organic carbon (DOC) measurements
were performed on samples of filtrate from pre-ashed
25 mm glass fiber filters (Whatman GF/F or Sterlitech
GF75). DOC samples (20 ml) were stored frozen at
−20°C in polypropylene vials and analyzed by Horn
Point Laboratory (HPL) analytical services using a
Shimadzu TOC-5000 total organic carbon analyzer
(Sugimura & Suzuki 1988). DOC analyses were refer-
enced against deep Sargasso Sea water provided by
the Hansell Laboratory, University of Miami.

The concentration of total suspended solids (TSS)
was determined from water samples filtered through
ashed and pre-weighed 25 mm glass fiber filters
(Wheaton GF/F or Sterlitech GF75). Duplicate sam-
ple filters were dried at 60°C for 48 h before being
weighed with an Ohaus Adventurer microbalance.

Particulate organic carbon (POC) was determined
from water samples filtered through ashed glass fiber
filters (Whatman GF/F or Sterlitech GF75), which
were dried, fumed under concentrated (12 N) HCl
overnight, and dried for 24 h at 60°C before being
crimped into silver capsules. The samples were then
analyzed at the University of California Davis Stable
Isotope Facility using a PDZ Europa ANCA-GSL
 elemental analyzer interfaced to a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon).

Chlorophyll a (chl a) and phaeophytin a (pheo a)
were measured using EPA method 445.0 (Arar &
Collins 1992). Briefly, samples were collected by
 filtering water through 25 mm glass fiber filters
(Whatman GF/F) under low light conditions to mini-
mize photodegradation of the pigments and stored
at −20°C. The pigments were extracted with 90%
acetone, and their concentrations measured fluoro-
metrically.

The degree of physical water column stratification
at each sampling depth was quantified by analyzing
vertical salinity profiles for each sample using data
from the CTD. The profiles were smoothed via a
1.75 m moving average (the height of the CTD ro -
sette). The salinity 1.5 m above the sample depth was
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Fig. 1. (A) Chesapeake Bay and (B) the upper Chesapeake Bay region. The typical location of the estuarine turbidity maximum
(ETM) is shaded medium grey. Closed circles: axial survey stations for all cruises except early spring 2007, when samples were
collected at Stns 1, 3, 6, 8, and 11; open circles: other stations used for CTD casts. Five stations were sampled per axial survey:
the southern- and northern-most stations were sampled in every survey, while the middle 3 stations were selected based on 

the location of the estuarine turbidity maximum (ETM) in each survey
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then subtracted from the salinity at the sample depth
and the change in salinity was divided by 1.5 m to
give an approximation of ds/dz in units of m−1. Since
the tops of the Niskin bottles were 1.5 m above the
CTD sensor, this is equivalent to the salinity stratifi-
cation sampled by the bottles. This measure of strati-
fication indicates whether the sample was taken in a
strong pycnocline (high stratification) or in a re -
latively well-mixed part of the water column (low
stratification).

Average TEP values for each cruise were calcu-
lated from axial surveys of the upper Chesapeake
Bay omitting the shallow and often freshwater Stn 11
(i.e. spatial average of 4 stations, 3 depths), and were
also calculated for all samples collected at 3 salinity
ranges during each research cruise (<1, 1−5, >5).
Average antecedent Susquehanna River flow (m3 s−1)
was calculated for each cruise from USGS daily flow
measurements at Conowingo Dam, just upstream
of the conjunction of the Susquehanna River with
Chesapeake Bay (http://waterdata.usgs.gov/nwis).
These calculations were done in conjunction with
esti mates of residence time using the fraction of
freshwater method (e.g. Asselin & Spaulding 1993).
An initial estimate of the fraction of freshwater resi-
dence time (tres) was calculated based on the annual
mean discharge of the Susquehanna River (1100 m3

s−1), the average salinity and the highest salinity
 calculated from each axial survey, and the volume of
upper Chesapeake Bay down to the southernmost
sampling station (Cronin 1971). Susquehanna River
flow prior to each cruise was averaged applying a
backwards exponential weighting in time, scaled by
the initial estimate of tres. A new estimate of tres was
derived based on this new estimate of river flow, and
the process repeated until the estimates stabilized.
Estimates of the average top to bottom salinity differ-
ence and the average water temperature were also
calculated for each axial survey. These estimates of
physical factors were compared to each other and
to spatially averaged TEP values.

To compare the settling characteristics of suspended
material in the ETM to those of particles in source
waters, a modified Owen-style settling tube (Owen
1976) was used to collect water samples at 3 locations
during each cruise: near-surface freshwater at the
northern-most station, near-bottom water in the ETM,
and higher salinity water collected below the pycno-
cline at the southern-most station. The sampling ap -
paratus consisted of a 20 l Niskin bottle lined with a
straight-walled acrylic tube (inner diameter = 7.62 cm,
height = 1.04 m) that holds 5 l of water. To sample,
the tube was attached to a specialized frame and

deployed with an A-frame over the stern of the ship.
Stabilizing vanes (i.e. ‘fins’) attached to the frame ori-
ented the tube in a horizontal position into the water
flow, allowing water and suspended particles to flow
through the tube. When pneumatically tripped, the
end caps closed and the bottle swung into a vertical
position within the frame. Once on deck, 1-l water
samples were periodically drawn from a valve in -
stalled in the bottom end cap (typically 7, 16, 34,
63 min after bottle tipped to vertical, plus a final 1 l
sample), the exact volumes of these samples were
recorded, and TSS was measured as described
above. While on deck, the tube was wrapped in a
reflective Mylar blanket to minimize internal convec-
tion cells; while it was not possible to completely
eliminate internal motions, observed motions were
very small and did not appear to be associated with
either thermal effects or ship motion.

Settling velocity spectra were calculated from TSS
and volume data using a spreadsheet implementa-
tion of Owen’s (Owen 1976) original graphical
method (see Microsoft Excel spreadsheet in the Sup-
plement at www.int-res. com/ articles/ suppl/ m486 p023
_ supp.xlsx). This method estimates the suspended
sediment concentration binned by settling velo city.
For present purposes, concentrations were calculated
for 2 groups of particles that settled either faster or
slower than 0.06 mm s−1, which is the slowest settling
speed distinguished by the settling tube. At this set-
tling speed, particles settle 1.3 m in 6 h or 5.2 m in
one day. The fraction of fast settling particles was
defined operationally as the mass settling faster than
0.06 mm s−1 divided by the total mass of particles in
the tube. For samples in which more than half of the
particles settled faster than 0.06 mm s−1, the median
settling speed was estimated by linear interpolation
to the 50th percentile of the cumulative TSS distribu-
tion. For samples in which more than half of the par-
ticles settled slower than 0.06 mm s−1, the median set-
tling speed was set to 0.03 mm s−1 as a reasonable
estimate of an unknown underlying distribution. The
precise value of this slow settling velocity is not
important, as long as it is a reasonable representation
of slowly settling particles.

RESULTS

TEP concentrations ranged from 37 to 2820 µg XG
eq. l−1, and were often elevated in the ETM region
(Fig. 2). Spatially averaged TEP values ranged from
492 µg XG eq. l−1 in fall 2008 to 1326 µg XG eq. l−1 in
early spring 2007 (Table 1, Fig. 3). In 2007, TEP con-
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centrations were high in winter and early spring and
declined through fall (Fig. 3). In early and late spring
of that year, higher concentrations were observed in
samples with salinity >1, while in the winter and fall
TEP concentrations were similar across all salinities.
In 2008, average TEP concentrations were more sea-
sonally and spatially consistent, and lower than in
2007 in 3 out of 4 cases.

The concentration of TEP correlated positively with
TSS and POC aggregating across all sampling dates
(Fig. 4), but on some individual sampling dates these
relationships were not significant. Spearman’s corre-
lation analysis showed that TEP con cen tration was

more often correlated with environmen-
tal measurements in 2007 than in 2008
(Table 2). In 2007, TEP concentrations
were positively correlated with TSS dur-
ing February, April, and May (p-values
range from <0.05 to <0.0001). In addition,
TEP was positively correlated with salin-
ity, pheo a, chl a, POC, and DOC concen-
trations in April and May (p-values range
from <0.05 to <0.0001; Table 2), and de-
gree of stratification in May. In 2008, TEP
correlated with TSS in January (p < 0.01),
DOC in April (p < 0.05), POC in May (p <
0.05), salinity in April (p < 0.05), and de-
gree of stratification in April and May (p
< 0.05; Table 2). TEP concentration did
not correlate with any environmental
measurements in Oc tober of either year.

Susquehanna River flow was the dom-
inant control on the physical environ-
ment of upper Chesapeake Bay (Table 1).
Aver age salinity (−), average top to bot-
tom salinity difference (+), and resi-
dence time (−) all correlated strongly and
significantly with flow (p << 0.05), where
the + or − signifies the sense of the corre-

lation. Temperature varied indepen dently of flow at
these time scales, increasing monotonically from the
first to the last cruise during each year. Cruise-
 averaged TEP was not significantly correlated to any
of these averaged physical indicators.

TEP concentrations varied across the sampled re -
gion, and in some surveys (e.g. February 2007, May
2008) high concentrations of TEP co-occurred with
high concentrations of chl a (Fig. 5). But TEP concen-
trations were also relatively high at locations up-
estuary of peak chl a (e.g. April 2007, 2008, January
2008). Because of this, TEP and chl a concentrations
were correlated only during 2 cruises (Table 2), and

27

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

TE
P

 (µ
g 

X
G

 e
q

. l
–1

)
M

on
te

re
y B

ay
, C

A

San
ta

 B
ar

ba
ra

 C
ha

nn
el,

 C
A

Nor
weg

ian
 fjo

rd

NE A
tla

nt
ic,

 4
7°

N

Sag
am

i B
ay

, J
ap

an

Gre
at

 B
ar

rie
r R

ee
f, 

Aus
tra

lia

Dela
war

e 
Bay

Balt
ic 

Sea

To
ky

o 
Bay

, J
ap

an

Pea
rl 

R. E
st

ua
ry

 (J
an

.)

Pea
rl 

R. E
st

ua
ry

 (A
ug

.)

Neu
se

 R
. E

st
ua

ry
 (D

ec
.-J

ul.
)

Neu
se

 R
. E

st
ua

ry
 (A

ug
.-N

ov
.)

Che
sa

pe
ak

e 
Bay

, M
D

Che
sa

pe
ak

e 
ETM

 sa
m

pl
es

Fig. 2. Range of TEP concentrations (as xanthan gum equivalents, XG eq.)
observed in various ecosystems. Gray shaded bars represent this study.
ETM samples were defined as bottom and middle depth samples from the
ETM region containing elevated concentrations of particles during each
cruise. Modified from Passow (2002); additional data from Ramaiah & Fu-
ruya (2002; Tokyo Bay), Sun et al. (2012; Pearl R Estuary), and Wetz et al. 

(2009; Neuse R. Estuary)

Year Season Dates tres Flow Ave. salt ΔS Ave. temp Ave. TEP

2007 Winter Feb 23–26 26 953 7.5 3.1 0.9 1214
Early spring Apr 9–15 12 2283 7.3 7 7.6 1326
Late spring May 8–14 15 1822 7.7 6.3 14.8 682
Fall Oct 2–8 57 205 12.9 3 23.4 497

2008 Winter Jan 23–26 14 1585 9.2 8 3 513
Early spring Apr 17–23 16 1947 6 6.1 11.2 511
Late spring May 16–22 18 1550 6.6 5.4 15.7 574
Fall Oct 3–9 53 265 12 2 20.2 492

Table 1. Sampling dates, residence time estimates (tres, d), averaged antecedent Susquehanna River flow (m3 s−1), spatially
 averaged salinity, spatially averaged top to bottom salinity difference (ΔS), spatially averaged temperature (°C), and spatially 

averaged TEP (µg XG eq. l−1) for each cruise
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showed no overall relationship (Fig. 6).
However, a significant correlation was
observed between spatially averaged
TEP and spatially averaged chl a con-
centrations calculated for each cruise
over the 2 yr study period (Fig. 6;
Spear man’s rho = 0.93, p < 0.01).

Median particle settling speed
determined with the modified Owen-
style settling tube ranged from below
our detection limit (0.06 mm s−1) to 2.5
mm s−1, and was faster in ETM sam-
ples (mean ±SD 0.47 ± 0.73 mm s−1)
than in samples collected up or down
estuary (0.19 ± 0.39 mm s−1, and 0.06 ±
0.1 mm s−1 respectively). The fraction
of particles that settled faster than
0.06 mm s−1 was highly variable, and
ranged from 0 to 90% of the sus-
pended particle mass. TEP measure-
ments carried out concurrently with

settling tube samples show that total TEP concentra-
tion correlated positively with the fraction of settling
suspended solids (Spearman’s rho = 0.68, p < 0.05;
Fig. 7). ETM samples tended to have both higher TEP
concentrations and higher fractions of settling sus-
pended solids than samples collected in freshwater
farther up-estuary or in higher salinity water farther
down-estuary (Fig. 7).

DISCUSSION

TEP concentrations were persistently high in the
ETM region of Chesapeake Bay compared to those
observed in coastal and open-ocean environments
(Fig. 2; Passow 2002, Ramaiah & Furuya 2002, Engel
2004, Sugimoto et al. 2007), and were similar to con-
centrations published in other estuaries (Wurl &
Holmes 2008, Wetz et al. 2009, Sun et al. 2012). This
is consistent with the observed trend of increasing
TEP concentrations along productivity gradients
(Passow 2002, Engel 2004), and likely reflects the eu -
trophic state of Chesapeake Bay (Kemp et al. 2005).
Maximum TEP concentrations were found at or
below the pycnocline in the oligohaline region of the
upper Chesapeake Bay (Fig. 5), although concentra-
tions were high in freshwater during fall (October)
and winter (January–February) (Fig. 3). Also, TEP
concentrations were sometimes elevated in waters
down-estuary of the ETM in association with phyto-
plankton blooms at and above the pycnocline (Fig. 5).
These spatial patterns indicate that there are multi-
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Fig. 3. Spatially averaged TEP concentrations (±SE) observed during cruises in
(A) winter, (B) early spring, (C) late spring, and (D) fall. Averages are given for
all samples collected in freshwater (salinity < 1), mid-salinity (1 < salinity < 5)
and higher salinity (salinity > 5) water, and for samples from complete axial
surveys (4 stations, 3 depths) within each cruise (total). Open bars are data
from 2007, filled bars from 2008. No data are presented for freshwater in the
fall because low river flow at that time of year made freshwater inaccessible

Fig. 4. TEP concentration versus (A) total suspended solids
(TSS) and (B) particulate organic carbon (POC) for all sam-
ples. Open circles: samples collected from the ETM, identi-
fied as regional peaks in turbidity; closed circles: samples 

collected outside the ETM
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ple sources of TEP to the Chesapeake Bay ETM, and
that TEP is retained and concentrated in the ETM.

Inter-annual variability

Seasonal patterns in TEP concentrations differed
dramatically between years. TEP concentrations were
similar in October of both years, but were much
higher in 2007 than in 2008 during winter and spring
(Fig. 3). In winter 2007, TEP concentrations were
very high in freshwater samples collected in the
upper portion of the ETM region, averaging 2 to 4
times higher than all subsequent sampling dates
(Fig. 3). This cruise coincided with the breakup of a
large ice cover in northern Chesapeake Bay. Water
samples in the freshwater region featured large

amounts of filamentous algae col -
onies, which grew on the bottom
and margins of the floating ice. We
hypothesize that the melting and
breakup of the ice cover caused
these normally sessile colonies to
enter the water column, where
stress due to differing light regimes
and osmotic pressure caused them
to leak potential TEP precursors
into the water column. The forma-
tion of TEP from senescent algae
and algal detritus has been demon-
strated in both field and laboratory
studies (Liu & Buskey 2000, Rama-
iah et al. 2001). It is also possible
that algae growing in freshwater
ice (Frenette et al. 2008) produce
exopolymeric substances similar to
those produced by sea ice algae
(Krembs et al. 2002, Underwood et
al. 2010), and that this material
 contributed to water column TEP
during ice breakup.

Seasonally varying spatial aver-
ages of salinity, degree of overall
stratification, and freshwater resi-
dence time were all significantly
related to antecedent Susquehanna
River Flow, as expected (e.g. San-
ford et al. 2001). However, neither
these factors nor water tempera-
ture were significantly related to
spatially averaged TEP, when com-
pared across all cruises. Within sev-
eral cruises, and across all cruises,

TEP was strongly related to TSS, which was higher in
the ETM than upstream or downstream. These corre-
lations clearly show associations between TEP and
suspended sediment, but they may also indirectly
support an association between TEP and turbulence
(Beauvais et al. 2006). This is because most of the
high TSS samples were collected near the bottom
during maximum tidal resuspension. Sanford et al.
(2005) show a clear correlation between tidal sedi-
ment resuspension and near bottom turbulence lev-
els in the Chesapeake ETM, implying a potential
connection between high turbulence, high TSS, and
high TEP. However, observed correlations between
TEP and stratification in the pycnocline (Table 2)
may indicate a connection between the very low
 turbulence levels there and TEP formation. Further
investigation is warranted.
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Cruise pheo a chl a POC DOC TSS Strat Salinity

Feb 07 rho 0.041 −0.099 0.112 −0.006 0.379 −0.404 −0.050
p 0.830 0.604 0.557 0.977 0.039 0.077 0.795
n 30 30 30 30 30 20 30

Apr 07 rho 0.585 0.361 0.598 0.442 0.509 0.254 0.455
p 0.000 0.011 0.000 0.001 0.000 0.160 0.001
n 49 49 49 49 49 32 49

May 07 rho 0.742 0.387 0.810 0.621 0.834 0.395 0.654
p 0.000 0.001 0.000 0.000 0.000 0.017 0.000
n 66 66 66 66 66 36 66

Oct 07 rho 0.267 −0.013 −0.107 0.179 −0.326 −0.276 0.091
p 0.337 0.965 0.703 0.523 0.236 0.440 0.746
n 15 15 15 15 15 10 15

Jan 08 rho 0.471 0.075 0.639 0.242 0.631 −0.238 0.181
p 0.049 0.766 0.004 0.334 0.005 0.570 0.472
n 18 18 18 18 18 8 18

Apr 08 rho 0.335 −0.448 −0.104 0.539 0.150 0.706 0.603
p 0.223 0.094 0.713 0.038 0.593 0.023 0.017
n 15 15 15 15 15 10 15

May 08 rho 0.074 −0.009 0.452 NA 0.034 0.581 0.244
p 0.750 0.965 0.023 NA 0.872 0.023 0.241
n 21 25 25 NA 25 15 25

Oct 08 rho 0.214 0.174 0.210 0.027 0.110 0.023 −0.074
p 0.284 0.385 0.302 0.892 0.592 0.934 0.715
n 27 27 26 27 26 15 27

2007 rho 0.514 0.307 0.695 0.148 0.732 0.264 0.323
p 0.000 0.000 0.000 0.061 0.000 0.009 0.000
n 160 160 160 160 160 98 160

2008 rho 0.111 −0.029 0.264 0.220 0.129 0.379 0.172
p 0.323 0.794 0.015 0.091 0.243 0.008 0.115
n 81 85 84 60 84 48 85

Table 2. Spearman’s rho, significance, and number of samples for correlation
analyses between TEP and phaeophytin (pheo a), chlorophyll a (chl a), particu-
late organic carbon (POC), dissolved organic carbon (DOC), total suspended 

solids (TSS), and degree of stratification (strat). Bold indicates p < 0.05
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TEP organic carbon

TEP often made up a large fraction
of the POC in the water column. The
ratio of TEP to POC was highly vari-
able, ranging from 0.07 to 1.68 µg XG
eq. (µg POC)−1, with a mean (±SD) ratio
of 0.61 ± 0.30 across all samples (Fig. 4).
To determine if carbon in TEP repre-
sents a significant fraction of POC in the
upper Chesapeake Bay, we converted
TEP concentration to carbon concen -
tration using a conversion factor. Engel
& Passow (2001) measured the carbon
content of TEP produced from a variety
of pure diatom cultures as well as a nat-
ural assemblage of diatoms, and found
that the carbon content of TEP ranged
from 0.53 to 0.88 µg C (µg XG eq.)−1,
with an average value of 0.75 µg C
(µg XG eq.)−1. These conversion factors
were determined for organisms grown
in media with much higher salinity than
our estuarine samples; thus, we applied
the lowest value reported by Engel &
Passow (2001) as a conversion factor
(0.53 µg C [µg XG eq.]−1) to conserva-
tively estimate the concentration of
TEP-derived carbon (TEP-C) in the
ETM region of the Chesapeake Bay. We
calculated that TEP-C constitutes on
average (±SD) 32 ± 16% of the total
measured POC in the upper Chesa-
peake Bay, and ranges as high as 89%.
If we apply the improved carbon con-
version factor  calculated by Engel
(2004) (0.63 µg C [µg XG eq.]−1), then
these values are higher. It should be
noted that the difference in pore size of
the filters used to measure TEP and
POC (0.4 µm poly carbonate and 0.7 µm
glass fiber, respectively) could cause
these calcu lations to overestimate the
portion of TEP-C (Passow & Alldredge
1995b, Engel & Passow 2001). Never-
theless, it is clear that TEP make up a
significant portion of the POC in the
upperChesapeake Bay (Wetz et al.2009).

TEP are consumed directly by zoo-
plankton (Passow & Alldredge 1999,
Ling & Alldredge 2003), and the ten-
dency for TEP to aggregate with bacte-
ria-sized particles may shorten trophic
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Fig. 6. (A) TEP concentration versus chl a concentration for all samples, and (B)
spatially averaged TEP concentration (±SE) for each cruise versus average
chl a concentration. Triangles denote 2007 cruises, circles denote 2008 cruises

Fig. 5. Distribution of TEP during selected axial surveys through ETM region
for one axial survey per research cruise. Circles are scaled to TEP concentra-
tion (in µg XG eq. l–1), with warmer colors (yellow to red) indicating higher
concentrations. Contours indicate salinity. Shading indicates chl a fluores-
cence (in voltage units). Regions of peak bottom-water turbidity are indicated 

with black bars
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linkages allowing larger zooplankton and juvenile
fish to graze on much smaller food items (Grossart et
al. 1998, Mari & Rassoulzadegan 2004). Our results
show that TEP is an abundant potential food source
for zooplankton (and possibly fish) in the Chesa-
peake ETM during the winter-spring transition when
juvenile striped bass Morone saxatilis and the white
perch M. americana rely on abundant zooplankton
prey (North & Houde 2003). During this period in
May 1998, abundance of Eurytemora affinis cope-
podites and adults averaged 40 988 (±11 159 SE) m−2

and peaked at >175 000 m−2. TEP particles and asso-
ciated microorganisms may support the development
of these large populations of zooplankton during
early spring (Roman et al. 2005) that become prey for
juvenile fish.

Aggregation and sinking

Particle sedimentation is essential for the formation
of ETM (Festa & Hansen 1978, Geyer 1993, Sanford
et al. 2001), and particle settling speeds are generally
increased by the process of aggregation into larger
particles (Van der Lee 2000b, Xia et al. 2004, Sanford
et al. 2005, Graham & Smith 2010, Smith & Friedrichs
2011). Our results show that the fraction of rapidly
settling particles (with settling speeds greater than
0.06 mm s−1) is positively correlated with TEP con-
centration (Fig. 7). There are 2 potential reasons for
this association. Higher con centrations of suspended
particles promote aggregation (Mehta et al. 1989,

Verney et al. 2009). Both total particle concentration
and TEP concentration are higher in ETM samples
than in freshwater and saltwater end-member sam-
ples. Thus, conditions are optimal for aggregation
and the formation of rapidly settling particles in the
ETM. Alternatively, if TEP increases the rate of for-
mation of large, rapidly settling particles anywhere
in the upper estuary, these particles will tend to be
accumulated preferentially in the ETM and main-
tained in the water column by resuspension (Geyer
1993, Sanford et al. 2005). In this case, TEP is accu-
mulated in the ETM because of its association with
large, rapidly settling particles that are transported
there from elsewhere.

Our ETM samples contained higher fractions of
settling particles than the end-member samples partly
because they were collected close to the sediment
during resuspension events, while the end-member
samples were collected higher in the water column.
However, this sampling bias is still consistent with
either the enhanced local aggregation mechanism or
the remote aggregation and subsequent transport
mechanism. It is likely that both factors are impor-
tant, such that TEP promote aggregation and settling
of suspended material throughout this estuarine sys-
tem, as they do in other marine and freshwater en -
vironments (Leppard 1995, Logan et al. 1995, Passow
& Alldredge 1995a, Engel 2004), and thereby con-
tribute to ETM particle trapping, which in turn fur-
ther concentrates TEP in the ETM.

The settling speed of aggregated particles is also
influenced by excess particle density, which tends to
decrease as aggregate size increases (Van der Lee
2000b, Xia et al. 2004, Smith & Friedrichs 2011). Bal-
last-free, ‘pure’ TEP are less dense than water, with
an estimated density between 0.70 to 0.84 g cm−3

(Azetsu-Scott & Passow 2004). In laboratory experi-
ments, TEP have been shown to decrease the settling
velocity of diatom aggregates by decreasing the ex -
cess bulk density of aggregates (Engel & Schartau
1999). Relatively high concentrations of TEP can even
induce an upward flux of particles (Azetsu-Scott &
Passow 2004). However, ballast-free TEP are unlikely
to exist in the ETM due to high concentrations of sus-
pended inorganic particulate matter. Using an Owen-
type settling tube sampler similar to that used in this
study and a video settling tube, Sanford et al. (2005)
showed that large aggregates in the Chesapeake Bay
ETM sank much faster (0.25 to 8 mm s−1) than their
component silt and clay particles (0.0005 to 0.2 mm s−1),
regardless of the lesser density of the larger  particles.
In addition, TEP concentrations were positively cor-
related with aggregate size in the bottom water of
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Fig. 7. TEP concentration versus concurrently measured
fraction of settling suspended solids for freshwater samples
collected near the surface at Stn 1, ETM samples collected at
near-bottom depth, and higher-salinity samples collected 

below the pycnocline down-estuary of the ETM
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the Mecklenburg Bight, where, similar to the Chesa-
peake Bay ETM, much of the suspended particulate
material is resuspended sediment (Jahmlich et al.
1999). This suggests that increases in size for TEP-
associated aggregates dominated over any decreases
in excess density, resulting in the observed correla-
tion between the fraction of rapidly settling sus-
pended solids and high TEP concentrations in the
Chesapeake Bay ETM.

Mechanisms of TEP formation

Since the most likely source for TEP and TEP pre-
cursors are growing and senescing phytoplankton
(Passow et al. 2001, Passow 2002), we expected
 positive correlations between TEP concentration and
measurements of chl a and pheo a. While we ob -
served these correlations in April and May 2007, and
for the year 2007 as a whole, the lack of a clear rela-
tionship during the other cruises and 2008 was
 puzzling (Table 2). By averaging the TEP and chl a
measurements for each cruise (Fig. 6), we found a
positive correlation between spatially averaged TEP
and chl a concentrations. Spatially averaged TEP
also correlated with spatially averaged chl a plus
pheo a (Spearman’s rho = 0.83, p = 0.01). These
 correlations suggests that primary production is a
first-order predictor of spatially averaged TEP con-
centrations on seasonal and interannual timescales
over broad spatial scales, but that instantaneous
 spatial patterns of chl a and pheo a alone are not
 sufficient to explain the spatial variability of TEP
observed across the upper Chesapeake Bay.

TEP is often directly correlated with chl a con -
centrations (Passow & Alldredge 1995b, Ramaiah &
Furuya 2002, Wurl & Holmes 2008, Ortega-Retuerta
et al. 2009), but several studies have shown tem -
poral or spatial disconnects between TEP and chl a
(Schuster & Herndl 1995, Garcia et al. 2002, Corzo et
al. 2005). For example, Corzo et al. (2005) found an
inverse relationship between TEP and chl a con -
centrations in certain areas of the Bransfield Strait,
Antarctica, likely due to a time lag between maxi-
mum biomass and maximum TEP production within
a phytoplankton bloom. Garcia et al. (2002) reported
similar findings in the Gulf of Cadiz, where TEP and
chl a maxima were spatially distinct. TEP production
by phytoplankton is highly variable, and is influ-
enced by a variety of factors including species
 composition, growth phase, nutrient levels, and
 turbulence (Passow 2002, Ramaiah & Furuya 2002,
Beau vais et al. 2006) that could lead to maximum

TEP production becoming decoupled from maximum
chl a concentrations. In the present case, we postu-
late that the rapid physical variability characteristic
of the ETM region of Chesapeake Bay (e.g. North et
al. 2005) and the transport lag of settling particles
 relative to water circulation (e.g. Sanford et al. 2001)
combine with temporal lags between chl a biomass and
TEP production to decouple their spatial distributions.

In some shallow estuarine waters, primary produc-
tion by phytobenthos and submerged grasses is sig-
nificant (e.g. Bergamasco et al. 2003, Lawson et al.
2007), and might contribute to TEP production. How-
ever, benthic primary productivity is not usually im -
portant in the Chesapeake ETM region. Even though
the average water depth of this region is only 4 m,
turbidity levels are high enough to completely block
light penetration to the bottom (attenuation coeffi-
cient, Kd; ~2 m−1; Xu et al. 2005). Indeed, even the
plankton community of the ETM region is net hetero-
trophic due to limited light availability (Boynton et
al. 1997). In mesocosm experiments examining inter -
actions between resuspension and ecosystem pro-
cesses, Porter et al. (2010) found that tidal resuspen-
sion similar to that in the Chesapeake ETM was
sufficient to shift their systems from benthic domi-
nance to pelagic dominance. Extensive grass beds
can flourish seasonally in the freshwater shallows
upstream of the ETM, but we generally found lower
TEP levels in these same waters. Thus, it is unlikely
that benthic primary productivity was an important
contributor to TEP production in our study.

Bacterial processes also influence TEP concen -
trations, by producing TEP or TEP precursors them-
selves (Passow 2002, Sugimoto et al. 2007), by
 stimulating TEP production by phytoplankton, or by
degrading TEP or consuming TEP precursors (Gros -
sart & Simon 2007). The interplay of these mecha-
nisms by which bacteria regulate TEP concentrations
are complex, often species-specific (Grossart et al.
2006), and difficult to predict in situ. We observed
highly variable levels of bacterial production over the
course of the study (data not shown) in both the par-
ticle-attached and free-living communities, but no
relationships were found between bacterial produc-
tion and TEP concentration.

TEP concentration was significantly correlated
with degree of stratification in April and May 2007,
May 2008, and 2007 as a whole (Table 2). Several
mechanisms exist by which stratification could in -
fluence TEP concentrations in the Chesapeake Bay
ETM region. Sinking TEP-rich particles could accu-
mulate on the pycnocline when they reach a water
density at which they become neutrally buoyant.
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This same mechanism is responsible for the forma-
tion of mucilaginous ‘false bottoms’ in the Adriatic
Sea (Alldredge & Crocker 1995, Precali et al. 2005).
In the ETM region, vertical stratification was fre-
quently high, at times greater than 2 ΔS m−1, which is
the same stratification level associated with ‘false
bottom’ formation in the Adriatic (Precali et al. 2005).
Alternately, stratification could enhance the forma-
tion of TEP. Since the Mg2+ and Ca2+ cations neces-
sary for the coagulation of TEP from dissolved or
 colloidal precursors are 2 orders of magnitude greater
in seawater than in freshwater discharged from the
Susquehanna River (USGS site number 01578310,
http://nwis.waterdata.usgs.gov/usa/nwis/qwdata)
(Bianchi 2007), the concentrations of these cations
should be correlated with salinity. A positive correla-
tion observed between TEP concentration and salin-
ity in the Neuse River Estuary was attributed to Mg2+

and Ca2+ availability (Wetz et al. 2009). Thus, the
interface between low and higher salinity waters
could be a hotspot of TEP formation, provided that
TEP formation is limited in low-salinity waters by low
concentrations of Mg2+ and Ca2+ cations.

Based on the observed relationships between TEP
concentration and chl a, degree of stratification, and
TSS, we propose a conceptual model to explain the
distribution of TEP in the upper Chesapeake Bay.
The observed relationship between spatially averaged
TEP and chl a concentrations suggests that photo-
autotrophic production is the main source for TEP
and TEP precursors, but physical factors that enhance
the coagulation of TEP precursors, aggregation of
TEP with other ETM particles, and rapid transport of
TEP-containing water causes TEP to be concentrated
in the ETM and, thus, spatially decouples TEP and
chl a concentrations across the ETM region. The abi-
otic coagulation of TEP from dissolved organic matter
is dependent on chemical conditions (Mg2+ and Ca2+

concentration, pH) that change across salinity gradi-
ents, making the pycnocline a likely hotspot of abi-
otic TEP production. Furthermore, changes in water
density associated with the pycnocline could allow
TEP and TEP-containing aggregates to accumulate
(even if just temporarily) in zones where they be -
come neutrally buoyant, and then aggregate with
resuspended ETM particles into larger, rapidly set-
tling, TEP-rich aggregates. These processes, coupled
with the particle-trapping behavior of the ETM result
in elevated TEP concentrations in ETM.
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