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Abstract

Long time-series measurements were made to examine the effect of episodic inputs of organic
matter to the benthic boundary layer on the sediment community at a site in the eastern North
Pacific (Sta. M). Chlorophyll a and pheopigments were used to assess sediment enrichment, and
the response of the sediment community was examined with seasonal measurements of sedi-
ment community oxygen consumption (SCOC) and sediment ATP from February 1992 to July
1996. In addition, macrofaunal density and biomass were examined in 26 sediment grab
samples taken over a 2-year period. In order to determine whether the presence or absence of
detrital aggregates correlated with macrofaunal density and biomass, 54 tube core samples were
collected with the submersible Alvin at times when detrital aggregates were present on (August/
September of 1994) and absent (April 1995) from the sea floor. Large, seasonal inputs of
particulate organic carbon (POC) generally resulted in sediment enrichment and significantly
correlated with increases in SCOC. Summer maxima in SCOC occurred consistently over our
study period, indicating that this trend is a regular seasonal occurrence at Sta. M. Protozoans,
primarily agglutinating foraminiferans, and five of the six dominant metazoan taxa exhibited
seasonal increases in density during winter months after detrital aggregates had disappeared
from the sea floor and approximately eight months after peak SCOC and POC measurements,
over a 2-year period. Alvin tube core samples showed that relative protozoan density and
biomass increased significantly over a 4-week period following an input of phytodetritus,
indicating that these organisms may respond to organic matter inputs on time scales as short as
weeks. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In many areas of the world’s oceans food input to the deep sea can be in the form of
large seasonal pulses of phytodetrital material (Billett et al., 1983; Lampitt, 1985; Rice
et al,, 1986; Graf, 1989; Pfannkuche, 1993; Smith et al.,, 1994; C. Smith et al., 1996).
Phytodetritus consists primarily of phytoplankton remains, but also may include
zooplankton material and gelatinous structures (Thiel et al., 1988/1989; Beaulieu and
Smith, 1998). Large pulses temporally correlate with blooms in surface water produc-
tivity (Billett et al., 1983; Rice et al., 1986) and can completely cover the seafloor in
some parts of the North Atlantic (Lampitt, 1985) and North Pacific (Lauerman and
Kaufmann, 1998). Phytodetritus also can form discrete clumps, commonly termed
detrital aggregates, on the seafloor (Rice et al., 1986; Auffret et al., 1994; Smith et al.,
1994; Lauerman and Kaufmann, 1998).

Organismal responses to episodic phytodetrital inputs have been documented.
Many organisms, including foraminiferans (Gooday and Turley, 1990), cnidarians,
polychaetes (S. Beaulieu, unpub data), and echinoderms (Billett et al., 1983; Rice et al.,
1986; Lauerman et al., in press), ingest phytodetritus. A variety of indirect responses
also have been reported (reviewed in Gooday and Turley, 1990), suggesting that the
seasonal phytodetrital pulse affects at least some components of the deep-sea benthic
community,

Understanding the response of the sediment community to inputs of phytodetritus
is essential for describing the response of the benthic community as a whole. Sediment
community oxygen consumption (SCOC), a measure of the rate of organic matter
mineralization by the sediment community, can be used to examine the infaunal
response to organic matter input. SCOC has been shown to increase dramatically
following organic matter sedimentation to the deep-sea floor (Smith and Baldwin,
1984; Graf, 1989; Pfannkuche, 1993; Smith et al., 1994). This measurement does not
differentiate between various infaunal groups but is a useful indicator of the response
of the entire sediment community.

It is also necessary to describe the effects of phytodetritus on specific infaunal
groups. Previous studies have examined sediment bacteria (Lochte and Turley, 1988;
Thiel et al., 1988/1989), the meiofauna (Gooday and Lambshead, 1989; Gooday et al.,
1996) and the macrofauna (Pfannkuche, 1993) and documented a variety of responses
to the input of phytodetritus.

The effects of phytodetrital pulses on the deep-sea benthic community have been
assessed in short time-series studies lasting no more than one year (Graf, 1989;
Gooday and Lambshead, 1989; Lambshead and Gooday, 1990; Gooday et al., 1996)
or discontinuous sampling over several years with disjunct samples compiled to form
a seasonal data set (Pfannkuche, 1993). While these studies have provided valuable
insights into deep-sea benthic processes, they are not able to address interannual
variability or long-term change in the community. Long time-series measurements are
important for determining seasonal variation in community processes, yet the relative
inaccessibility of the deep sea has precluded such sampling in most cases.

This study was part of a larger, long time-series study to concurrently examine the
input of organic matter to the benthic boundary layer and its effect on the benthic
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community in the NE Pacific. In this paper we examine the response of the sediment
community to organic inputs over a 5-year period. Chlorophyll a (chl a) and pheopig-
ments were used to assess sediment enrichment and the response of the entire
sediment community was monitored by measuring SCOC. The response of the
sediment bacteria was estimated using sediment ATP as a proxy for bacterial biomass
(Smith et al., 1994). In addition, macrofaunal density and biomass were examined
from 26 sediment grab samples taken over a 2-year period. Fifty-four tube core
samples were collected with the submersible Alvin for macrofaunal analysis during
August/September of 1994 when phytodetritus almost completely covered the sea-
floor and discrete detrital aggregates covered 8.8% of the seafloor and the following
April when no phytodetritus or detrital aggregates were present (Lauerman and
Kaufmann, 1998).

The first objective of this study was to determine if long time-series measurements
of SCOC, bacterial biomass (ATP), and sediment enrichment (chl a, pheopigments)
temporally correlated with episodic inputs of phytodetritus. We also compared our
data with a previous 2-year data set from the same location to determine if present
data matched the previously described pattern of June/July sediment enrichment and
peak SCOC and ATP values (Smith et al, 1994). The second objective was to
determine if any seasonal pattern existed in macrofaunal density from a 2-year box
core data set and compare these trends with the described patterns in the above
parameters. Our third objective was to determine whether the presence or absence of
detrital aggregates correlated with macrofaunal density and biomass in sediment
cores collected at times when detrital aggregates were present and absent from the
seafloor.

2. Materials and methods
2.1. Study site

Station M (34°50'N, 123°00'W, 4100 m depth) is located in the NE Pacific,
~ 220 km west of Point Conception, California (see Fig. 1). This area lies below the
California current, which exhibits large, seasonal variation in surface water chloro-
phyll concentrations (Smith et al., 1988; Michaelsen et al., 1988). Smith et al. (1994)
have documented seasonal increases in the flux of particulate matter followed by the
arrival of detrital aggregates at this site up to 1.5-months later. Sta. M is located near
the base of the Monterey deep-sea fan, where the benthic terrain is relatively flat with
a maximum relief of 60 M over 770 km?2. The sediments are composed of silty clay
(Smith et al., 1994), and pore water oxygen is detectable to ~ 3 cm depth (Reimers
et al., 1992).

2.2. Sediment chemistry

Seasonal sediment samples were collected with a free-vehicle grab respirometer
(FVGR; a complete description of the vehicle is given in Smith, 1987). This instrument



896 J.C. Drazen et al. | Deep-Sea Research Il 45 (1998) 893-913
T

T
2408m 2403
cssn - 1515k_\ / -
34° 55'N \f 4040

" 1205
060
onm
1505

616
»
34° 50"

g

34° 45'

tube core 1818
40 samples 3002
LS
| ]
“ﬂ ‘ol (
¥ ?
\ :
Sl L)
123° 10 123° 00'W

Fig. 1. Map of Sta. M showing the location of FVGR deployments and the area from which Alvin tube
cores were taken. Twenty meter contour intervals are given.

was deployed during four seasonal sampling periods in 1992, three sampling periods
in 1993, and in February and June from 1994 to 1996 (Table 1). The FVGR consists of
a flotation package and an aluminum frame that supports a central instrument
package with four stainless-steel sediment grabs. Each grab encloses a 413 cm? area of
the seafloor and is slowly (1-2 cm min~!) pushed 15 c¢m into the sediment after the
vehicle has landed. For each FVGR deployment a sediment subcore (7 cm i.d.) was



J.C. Drazen et al. | Deep-Sea Research 1l 45 (1998) 893-913 897

Table 1

Station data for the FVGR deployments and Alvin dive periods. The number of samples analyzed is shown
for each FVGR deployment. The number of Alvin tube cores examined for macrofauna is shown for each
dive period. Positions of individual 4lvin tube cores are not reported. See Fig. 1 for the tube core collection
area. SCOC from tube cores is presented in Smith et al. (1998). SCOC and sediment chemistry for FVGR
stations 105-616 are given in Smith et al. (1994)

Station  Date Latitude Longitude Depth SCOC  Chemistry Macrofauna
(N) (W) (m)

105 Jun 17, 89 34°50.16' 123°00.71° 4084 2
123 Jun 25, 89 34°50.06" 123°02.43° 4087 3
212 Oct 25, 89 34°48.06' 12370543 4100 2
221 Oct 28, 89 34°49.88" 123°08.08 4095 2
307 Feb 19, 90 34°46.91° 123°04.64° 4100 2
318 Feb 22, 90 34°47.00°  123°01.7¢ 3
424 Jun 24, 90 3474892  122°59.80' 2
442 Jun 28, 90 34°49.34'  123°01.89' 4085 3
504 QOct 23,90 34°49.97  122°58.46" 4081 3
605 Feb 20, 91 34°49.89° 12275698 4080 3
616 Feb 23,91 34°50.82°  122°5594° 4076 1

1107 Feb 21, 92 34°5297  123°0745 4081 3 1

1120 Feb 26, 92 345307 123°09.04" 4075 3 1

1205 Jun 21,92 34°5440° 123°06.77° 4065 1

1218 Jun 25,92 34°46.85° 122°58.75" 4072 3 1

1401 Jul 20, 92 34°47.01' 122°56.88° 4070 3 1

1505 QOct 17, 92 34°51.11° 123°08.96" 4080 2 1

1515 Oct 20, 92 3475492  123°08.25° 4067 2 1

1604 Feb 19,93 34°47.50°  122°55.00° 4085 3 1

1714 Jul 19, 93 344917 123°04.42" 4090 3 1

1807 Nov 4, 93 34°4798 122°56.05° 4096 2 1

1818 Nov 7,93 3474220 12275727 4100 2 1

1904 Feb 6, 94 34°46.88' 12275533 4090 3 1

2016 Jun 17, 94 34°52.02" 123°08.75 4080 3 1

2100- Aug 15-30, 94 12

2200 Sept 13-26, 94 22

2403~ Feb 14, 95 3495599 123°07.06° 4062 2 1

2408 Feb 17, 95 34°56.12°  123°08.89° 4065 1

2500- Apr 21-May 4, 95 18

2605 Jun 3,95 3475693  123°07.98' 4055 4 1

2909 Jan 30, 96 34°43.39'  122°58.55' 4095 4 1

2921 Feb 3, 96 34°40.56' 122°56.48' 4112 2 1

3002 May 31, 96 34°41.49° 122°54.08° 4133 3 1

taken from the grab with the least disturbed sediment surface and immediately placed
in a refrigerated room at 2°C. Each core was then sectioned every 2.5 mm in the upper
10 mm and subsampled in triplicate for ATP (Craven et al., 1986), chlorophyll a, and
pheopigments (Parsons et al., 1984). Dry weight of each section was determined from
another set of triplicate subsamples and corrected for salt concentration (Strickland
and Parsons, 1972). A complete description of the methods employed for sediment
chemistry is given in Smith et al. (1994).
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2.3. Sediment community oxygen consumption (SCOC)

Seasonal measurements of SCOC were taken with the FVGR. Each sediment grab
was equipped with a polarographic oxygen sensor and a stirring device. SCOC
measurements were made over 2-day incubation periods, with oxygen sensor output
recorded every 15 min and recorded on a tape drive. Sensor calibration and the
method of SCOC calculation are given in Smith (1987). SCOC was converted to
organic carbon utilization (mg C m~2d~') assuming a respiratory quotient of 0.85
(Brody, 1943).

2.4. Macrofauna

For each deployment of the FVGR, sediments from one to three of the grabs not
selected for sediment chemistry were sieved aboard ship through a 300 pm screen to
retain sediment macrofauna. Infauna were preserved in 10% buffered formalin in
filtered seawater. In the lab samples were treated with Rose Bengal dye, which aided in
sorting and indicated which fauna, especially the protozoan tests, contained cyto-
plasm (Corliss and Emerson, 1990). Macrofauna were sorted to lowest possible taxon.
Although these taxa often are considered meiofauna, we counted large foraminiferans,
nematodes, and harpacticoid copepods. Undoubtebly, many of these organisms
passed through the 300 pm screen, but many large individuals were retained. Large
(>1cm) infaunal organisms (e.g. ophiuroids) were not considered macrofauna and
were excluded from the samples.

Macrofauna from FVGR samples taken between June 1989 and February 1991
were analyzed (Table 1). Samples were grouped into two consecutive 9-month periods
(1989/1990 and 1990/1991) each beginning in June, when particle flux typically begins
to increase at Sta. M, and ended in February when detrital aggregates were typically
absent from the seafloor (Smith et al., 1994). Samples also were grouped by season
(February, June, October) and analyzed using two nonparametric Kruskal-Wallis
analysis of variance tests to determine variation in density (Zar, 1984). Ideally,
a nonparametric two-way analysis of variance would be used to assess the effects of
season and year on macrofaunal density. However, these tests require either identical
replication for each sampling period or at least three seasons and three years
(Tate and Clelland, 1959). We have from 3 to 5 replicates per sampling period and
2-years of data. Therefore, a Kruskal-Wallis analysis of variance test was used to
determine if a difference existed between years. If there was no significant difference
(p > 0.05) between years, the data were pooled by season and another K ruskal-Wallis
analysis of variance test was used to determine if macrofaunal density varied among
seasons.

In addition to the FVGR sampling, three cruises were conducted using the sub-
mersible Alvin to collect sediment cores. We used tube cores (7 cm i.d.) to sample the
sediments. Rubber valves covered the tops of the cores to reduce bow wave effects
when the cores were pushed into the sediment. Cores sampled with the Alvin had
virtually undisturbed surface sediments and allowed us to visually collect sediments
with overlying detrital aggregates. Two cruises occurred during August and September
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1994, when phytodetritus almost completely covered the seafloor and discrete
detrital aggregates covered 8.8% of the seafloor, and one cruise occurred in April
1995, when no phytodetritus or detrital aggregates were present. Cores were pushed
into the sediment 15-20 cm, then withdrawn and placed in an insulated polyethylene
box on the Alvin basket. At the surface, these cores were transferred to a refrigerated
van kept at 2°C. If present, detrital aggregates were removed by pipette and overlying
water was extracted with a vacuum pump (see Smith et al., 1998). Cores for macro-
faunal analysis were sectioned vertically every 1 cm in the upper 4 cm. Sediment cores
with steeply sloped or disturbed sediments were discarded. Sections were preserved in
10% buffered formalin in filtered seawater.

Tube core samples were processed in the lab in the same manner as the FVGR grab
samples. Macrofauna were preserved in 70% ethanol. To obtain wet weights, taxa
were filtered onto a millipore® filter using a hand pump filtering apparatus. The wet
filter and organisms were placed under a dissecting microscope and the organisms
were transferred to a dry filter for weighing. This ameliorated the drift induced by
evaporation of ethanol from the wet filter while preserving the wet weight of the
organism. We typically weighed organisms after 3-days of ethanol preservation to
a precision of + 10 pg.

Prolonged storage in ethanol can reduce invertebrate wet weights (Mills et al.,
1982). To assess the affects of ethanol storage on the macrofauna in this study,
organisms from three frozen tube cores were weighed wet, preserved in 70% ethanol,
and reweighed at successive time intervals (1-30 days) to mark any decline in wet
weight. We noted significant depressions in wet weights for all taxa, even after
1-day of preservation (J. Drazen, unpubl. data). Therefore, the biomass estimates given
in this paper should not be used as estimates of standing stock but as relative indices
only.

Agglutinating foraminiferans, the dominant protozoan taxon (see below), tended to
fragment during sorting. As a result, densities of protozoa are given as the number of
fragments and are overestimates of organismal densities. Calcareous benthic
foraminiferan species possess discrete tests and rarely fragment. Hence, data on this
group are represented seperately from the data for all protozoa. Measurements of wet
weight for protozoans (foraminiferans, komokiaceans, xenophyophores) included the
weight of their agglutinated or calcareous tests. Obtaining quantitative biomass
estimates of these organisms is extremely difficult (Snider et al., 1984; Bernhard, 1990),
but we believe our measures of protozoan density and biomass are still important for
temporal comparisons.

Alvin tube cores were grouped temporally according to sampling period (cruise).
Sample sizes were small (n = 12, 22, 18 for each cruise, respectively), distributions were
typically not normal (Shapiro-Wilks W test, p < 0.05), and in many cases an assump-
tion of homoscedasticity could not be met (Levene’s test, p << 0.05). Therefore, non-
parametric Mann—-Whitney U tests were used to compare the biomass and abundance
of macrofauna among these sampling periods. We adjusted alpha values to 0.025,
using the Bonferroni method, to correct for multiple pairwise comparisons between
sampling periods (Zar, 1984).
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3. Results
3.1. Sediment chemistry

Chlorophyll a and pheopigments did not exhibit regular a seasonal fluctuation
between 1992 and 1996. Maxima in pigment concentrations were seen in June/July
1992 (June n =2, July n=1) and June 1995 (n=1; Fig. 2a and b). No other
temporally repeated pattern was seen. Chlorophyll a was elevated in February 1993
between 2.5 and 10 mm depth, resulting in a depth integrated total of 1.65 pg chl a
{g dw)" ! (n = 1). Pheopigments were also high at the same time in the lower 5 mm of
sediment (n = 1). Chlorophyll a content peaked in February of 1994 primarily from an
increase in the upper 2.5 mm of the sediments (n = 1). Pheopigments concentration
did not vary appreciably between June 1993 and February 1995.
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Fig. 2. Sediment chemistry parameters and SCOC from February 1992 to June 1996. For (a) chlorophyll a,
(b) pheopigments and (c) ATP, profiles are given for each 2.5 mm interval in the top centimeter of sediment
sampled and for the depth integrated total. (d) SCOC is compared to mass flux (from Baldwin et al., 1998).
Thick lines with symbols represent SCOC. The thin continuous line represents particle flux at 50 mab and
the thin dotted line represents particle flux at 600 mab. Error bars represent + 1 standard deviation. Points
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We compared sediment enrichment (chl a and pheopigments) to particulate and
component fluxes measured at Sta. M by Baldwin et al. (1998) with moored sediment
traps at 50 and 600 m above bottom (mab). Particulate organic carbon (POC) flux is
presented in Fig. 2d. Peak surface pigment values in July 1992 and June 1995
coincided with peaks in POC flux at 50 and 600 mab (see Baldwin et al., 1998).

Sediment ATP was typically highest in the top 5 mm of sediment, and little variation
was seen throughout the study period (Fig. 2c). However, between 5 and 10 mm depth,
ATP content increased slightly from June to July, 1992. ATP content also peaked in
February 1994 with 2000 pg ATP (g dw) ! in the uppermost 2.5 mm of sediment and
as a depth integrated total of 5400 ug ATP (g dw) ™! (n = 1). Gradual increasesin ATP
concentration were seen at all depths from February 1995 to February 1996.

3.2. ScocC

The FVGR measured SCOC seasonally from February 1992 to July 1996 as an
estimate of the rate of organic carbon mineralization by the sediment community
(Fig. 2d). Two to six individual SCOC measurements were made in each sampling
period. SCOC fluctuated over this period (Fig. 2d), with the highest rates typically
occurring during June-July (8.80-15.71mgCm~2d "), and the lowest rates in
February (6.16-6.95 mg C m™2d~!). Maxima coincided with periods of peak POC
flux at 50 and 600 mab (Fig. 2d; also see Baldwin et al., 1998). No significant difference
in SCOC was found among years (Kruskal-Wallis analysis of variance test, p > 0.05).
We then pooled all measurements from 1992-1996 for each time period (e.g. February,
June, October). Our results indicated a significant rise in SCOC rates between
February and June (Kruskal-Wallis analysis of variance test, p < 0.001).

3.3. Macrofauna

3.3.1. FVGR

Twenty-six grab samples representing six time points from June 1989 to February
1991 were analyzed for macrofaunal abundance (Table 1). The protozoan density,
averaged over the study period, was 1443 + 210 fragments grab™! (413 cm™2), and
the metazoan density averaged 388 + 16 individuals grab~! (errors given within the
text are standard error unless otherwise specified). Large protozoans were dominated
by agglutinating foraminiferans. The numerically dominant metazoan taxa included
nematodes, polychaetes, harpacticoid copepods, tanaids, ostracods, and isopods.

Total protozoan and metazoan density appeared to increase from June to February
of each consecutive 9-month period (Fig. 3). However, protozoan and metazoan
density did not differ significantly over the 2-year study period (Kruskal-Wallis
analysis of variance test, p < 0.05), so we pooled all measurements from each time
sampling period (e.g. February, June, October). Protozoan density varied significantly
among seasons (Kruskal-Wallis analysis of variance test, p < 0.05), and although
total metazoan density did not (Kruskal-Wallis analysis of variance test, p = 0.16) the
density of several taxa appeared to vary between seasons. To examine this trend
further we examined each of the six dominant metazoan taxa (Fig. 4). No
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differences were found between years (Kruskal-Wallis analysis of variance test,
p > 0.05), allowing us to pool the data by season. Five of the six taxa varied
significantly among seasons (Kruskal-Wallis analysis of variance test, p < 0.05), the
exception being ostracods.

3.3.2. Tube cores

We sorted macrofauna from 52 tube cores collected with the Alvin, 12 collected in
August 1994, 22 in September 1994 and 18 in April 1995 (Table 1). Phytodetritus
almost completely covered the seafloor in August and September and discrete detrital
aggregates covered 8.8% of the seafloor, but both were absent in April (Lauerman and
Kaufmann, 1998). Material covering the seafloor in September included degraded
remains from earlier in the year and an additional input that occurred between the
August and September sampling periods (Beaulieu and Smith, 1998).

Large protozoans, primarily represented by agglutinating foraminiferans, domi-
nated the macrofaunal assemblage in the tube core sediments. Nematodes, poly-
chaetes, harpacticoid copepods, tanaids, ostracods, and isopods were the numerically
dominant metazoan taxa. This pattern of dominance was the same as that for the
FVGR collected sediments. The protozoan density, averaged over the study period,
was 292 + 11 fragments core "! (38.5cm ™ 2) and the average metazoan density was
45 + 1 individuals core "'

The numerically dominant taxa also dominated by weight. Bivalves were also
important gravimetrically due to their relatively large size but were infrequent in the
samples and are only included in the total metazoa. The protozoan biomass, averaged
over the study period, was 42.3 + 5.0 mg core " !, and the average metazoan biomass
was 7.6 + 2.0 mg core ™ 1.

There was a general decrease in macrofaunal density and biomass with depth in the
sediments (Fig. 5; Table 2). However, calcareous foraminiferan density and biomass
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increased with increasing depth in the sediments (Fig. 5¢ and f). The density of
nematodes was rather constant with depth, but nematode biomass increased with
depth due to the presence of larger individuals deeper in the sediments (Table 2).

Protozoan density varied between the tube core sampling periods. Total protozoan
density increased significantly from August to September (Mann—-Whitney U test,
p < 0.025) and then declined from September to April (Fig. 5c). Protozoan depth
distributions also were different between August and September, with density increas-
ing significantly in the 0-1 cm sediment layer (Mann-Whitney U test, p < 0.01).
Calcareous foraminiferans, while only a fraction of the total protozoan density,
exhibited similar trends (Fig. Se and f). Their density increased significantly from
August to September (Mann—Whitney U test, p < 0.025). This was primarily due to
significant increases in calcareous foraminiferan density in the upper two sediment
layers (Mann-Whitney U test, p < 0.01). We observed only small decreases in
calcareous foraminiferan density between September and April.
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Fig. 5. (a-b) metazoan, (c-d) protozoan and (ef) calcarcous benthic foraminiferan density and biomass
from Alvin tube core samples for each 1 cm sediment interval and for the entire top 4 cm. Samples were
taken in August 1994 (black bars), September 1994 (white bars), and April 1995 (grey bars). Error bars are
+ 1 standard error. (*) and (A) denote a significant difference (Mann--Whitney U-test, p < 0.05) from mean
values for September and April, respectively.

There were few consistent patterns in the densities of metazoan taxa. Total meta-
zoan density exhibited a small decrease from the late summer to spring sampling
periods (Fig. 5a). In the top centimeter, a significant drop in total metazoan density
occurred between September and April (Mann-Whitney U test, p < 0.025). In addi-
tion, we found few significant differences in density or depth distributions among the
six numerically dominant macrofaunal taxa (Table 2). There was a decrease in
harpacticoid, tanaid, ostracod, and isopod densities from September to April;
however, this decrease was significant only for ostracods (Mann—Whitney U test,
p < 0.025).
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Table 2

Density and biomass of metazoan macrofaunal taxa collected in Alvin tube cores. Data are given for cach
one centimeter interval and for the entire top 4 centimeters. Bold and underlined type indicate a significant
difference (Mann-Whitney U test, p < 0.025) from mean values for April. No significant differences were
found between August and September. Values are mean + standard error

Taxon Density (individuals/core) Biomass (pg/core)

Section August September April 1995 August 1994  September April 95

(cm) 1994 1994 1994
Nematoda  0-1 50+07 70+12 47407 33422 118+50  56+29
12 91411 69+07 71+09 242+135  259+84 100 +44
23 50405 69+06 67+07 258+187  364+152 3284127
34 59409 50+04 53+05 4334275  282+92 789 +379
total 259 +22 257+17 238+ 16 967+31.6 1023 +245 1272 +375
Polychaeta 17403 12+03 14402 1325+686 3717 +2054 1689 + 48.5

0-1

1-2 21404 23404 20+02 567542523 1205+ 1085 206.7 + 67.2
2-3 23404 19+03 28+04 3108 +101.2 2036 +£663 5222 +2127
3-4 09403 07+03 1.5+03 1300+654 271.4 4 1309 700.6 + 369.2
total 69+10 60+08 77406 1140+ 3514 5397 + 2259 1598 + 5619

Harpacticoida 0-1 38405 35405 28+03 425+183 391 +119 239+ 102
1-2 30406 21+03 17+04 5584123 286 +82 439+ 169
2-3 06+03 07402 10402 83456 36 +1.7 150 +10.5
3-4 02+01 0 0.1 +01 42442 0 0.0+00

total 75411 63405 56+06 1108 +21.1 714 + 151 828 +222
Tanaidacea  0-1 05+02 09+03 06+02 1581158 145+74  60.6 + 406

1-2 08+02 06+02 03101 1000 +509 545+ 265 122 +8S
2-3 04+01 03+01 04401 6171406 8.6 +4.7 200 +83
3-4 01+£01 0 0 00 +00 0 0

total 1.8+03 1.7+03 13403 177514613 777 £261 928 +420

Ostracoda 0-1 08+03 14+03 03+01 1671101 295 +13.1 1.1 +08
1-2 06+03 04102 05401 42442 205 + 181 128 £6.6
2-3 0 0.1+01 0.1+£0.1 0 45+32 33+33
3-4 0 00+00 0 0 1.8+ 1.8 0
total 13+04 20+03 09+02 208+103 564 +212 172 +73
Isopoda -1 03+02 07403 03101 500%£335 104.5 +43.1 433 + 283

0

1-2 06+02 03+01 021401 9421393 64.1 +549 572 + 383
2-3 01+01 01+01 01401 00+ 0.0 67.7 +£627 194 +194
3-4 0 01+01 01401 0 36 +26 72+72
total 10+03 12+03 06402 1442 +550 2400 + 853 1272 +519

Biomass estimates for all taxa were highly variable among samples, and the
resulting high variance made interpretation of the data tenuous. Total protozoan
biomass increased from 36 mg core ! in August to 41 mg core ~! in September and to
46 mg core ! in April (Fig. 5d). The protozoan biomass depth profile also changed
significantly. In the 0-1 cm section, April biomass was significantly higher than
during either of the two late summer sampling periods (Mann—Whitney U test,
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p < 0.025). A small but significant decrease in protozoan biomass in the 2-3 c¢m
sediment layer also was seen between August and September. Calcareous
foraminiferan biomass increased significantly from August to September in the first
two depth intervals (Mann-Whitney U test, p < 0.01; Fig. 5f). These changes in
biomass mirror increases in calcareous foraminiferan density (Fig. Se).

Total metazoan biomass did not vary over the course of the study (Fig. 5b), and we
found little significant variation between sampling periods for individual metazoan taxa
(Table 2). Polychaete biomass was much greater in September than during the other two
sampling periods (Table 2). This peak in biomass was the result of several relatively large
individuals that were not excluded because they were still macrofaunal in size. Individuals
of the same size occurred in other sampling periods but were much less common.

4. Discussion
4.1. Sediment enrichment

Sediment pigment concentrations do not follow a consistent seasonal fluctuation
(Fig. 2a and b). However, peaks in sediment chl @ and pheopigments were seen from
June to July of 1992 and in June 1995, corresponding to high POC and pigment fluxes
at 50 and 600 mab (Baldwin et al., 1998). Curiously, the large POC fluxes in the
summers of 1993 and 1994 (Fig. 2d) were not reflected in the sediment pigment profiles
(n =1 in each year; Fig. 2a and b). In addition, a strong subsurface maximum (n = 1)
in chl a and pheopigments was found in February 1993, which may reflect sampling
near a burrow structure. We noted several animal burrows from this FVGR box core,
and the subcore may have been taken through part of the burrow system. Enhanced
deposition of organic matter to pits has been demonstrated (Rice et al., 1986; Yager
et al., 1993) and could occur for burrow openings resulting in localized enrichment
(Aller and Aller, 1986; C. Smith et al., 1996). In addition tube-dwelling animals such as
sipunculans (Graf, 1989) and polychaetes (Levin et al., 1997) can actively transport
detrital material into their burrows.

With these varied results, it is difficult to determine if sediment enrichment para-
meters follow patterns in particle flux at Sta. M. However, earlier work at this site has
shown sediment enrichment concurrently with increased mass flux (Smith et al,, 1994),
and the present data show the same trend in two of the five years examined. This
suggests that some of the phytodetritus mixes with the sediment and becomes
available to the sediment community at Sta. M. Other investigators also have found
a strong correlation between sediment chl a concentration and particle flux (Graf,
1989) and the recent sedimentation of phytodetritus (Thiel et al., 1988/89; Pfannkuche,
1993), indicating enrichment of the sediments.

4.2. SCOC and Bacteria

SCOC is used as a measure of the rate of organic matter mineralization by the
sediment community. Our data show a strong temporal correlation between SCOC
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and particle flux at 50 and 600 mab between February 1992 and June 1996, with
significant increases in SCOC from February to June (Kruskal-Wallis analysis of
variance test, p < 0.05; Fig. 2d). Previous work at this station has shown the same
correlation over a previous 2-year period from 1989 to 1991 (Smith et al., 1994). These
results strongly suggest that seasonally elevated mass flux is an important event to the
sediment community in the eastern North Pacific. SCOC also has been shown to
increase dramatically in response to increased particle flux at other sites in the North
Pacific (Smith, 1987), the North Atlantic (Pfannkuche, 1993), and the Norwegian Sea
(Graf, 1989). In addition, the results of Smith et al. (1994) and our long-time series
measurements ( ~ S years) suggest that seasonal variation in SCOC is a regular
seasonal occurrence in the eastern North Pacific.

Many bacteria colonize phytodetritus in the deep sea (Lochte and Turley, 1988),
and Pfannkuche (1993) suggested that up to 60-80% of SCOC at the BIOTRANS site
in the north Atlantic was due to bacteria and small protozoans that directly colonize
settled phytodetritus. In addition, Thiel et al. (1988/89) found higher bacterial abund-
ance and biomass in sediments when phytodetritus was present. However, sediment
ATP, as an estimate of microbial biomass, does not correlate well with observed
seasonal patterns in SCOC or mass flux at Sta. M (Fig. 2). This result is suprising as
other studies have shown distinct seasonal variation in sediment ATP concentrations
(Graf, 1989; Pfannkuche, 1993) or sediment bacterial counts (Thiel et al., 1988/89). The
apparent lack of correlation between SCOC and sediment ATP is likely due to small
sample sizes for sediment chemistry parameters (Table 1) and possibly the typically
patchy distribution of detrital aggregates during some years at this site (Lauerman and
Kaufmann, 1998). Such a distribution could lead to localized enrichment and commun-
ity responses. SCOC measurements integrate the community response over a relatively
much larger area (413 cm?) than that from which ATP estimates were determined.

The studies cited above correlate their seasonal ATP signals with sediment chl a
content (Graf, 1989; Thiel et al., 1988/89; Pfannkuche, 1993) and it has been shown
that bacterial abundances and ATP concentrations are affected by local variation in
sediment enrichment (Aller and Aller, 1986). Our study does not show a clear seasonal
signal in sediment enrichment, although sediment ATP content follows trends in
sediment pigment concentrations in 1992 and 1994 (Fig. 2). Chl a and ATP concentra-
tions exhibit maxima in June/July 1992 and ATP content also peaked in February
1994 with 5400 pg ATP g dw ™! (n = 1; Fig. 2c), which was consistent with a peak in
chl a concentration in surface sediments (n = 1; Fig. 2a). However, for the entire
time-series ATP is not significantly correlated with either chl a or pheopigments
(Kendall’s tau test, p > 0.05). This is not very suprising considering that for most time
points only one core was analyzed and that where two samples were analyzed
variability in both ATP and pigments could be large (Tablel; Fig. 2).

4.3. Macrofauna
Several general features were noted for the macrofaunal community. Agglutinating

foraminiferans are dominant macrofauna at Sta. M (Figs. 3 and 5), and other
investigators have shown that foraminiferans are one of the most abundant
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eukaryotic groups in the deep sea (Snider et al., 1984; Alongi, 1992; Lambshead and
Gooday, 1990). Both the FVGR and tube core data sets show that nematodes,
polychaetes, harpacticoid copepods, tanaids, and isopods are the dominant metazoan
taxa. Both protozoan and metazoan densities estimated from the tube core sampies
were greater than the estimates from the FVGR samples. The Alvin tube cores collect
undisturbed sediments and might retain more individuals from the top few mm of the
sediments resulting in higher density estimates (Bett et al., 1994).

The density of macrofaunal taxa generally decreased with increasing depth in the
sediments, and this trend corresponded to decreasing pore water oxygen content with
depth (nondetectable at ~ 3 cm) at Sta. M (Reimers et al., 1992). The exception to this
trend was the calcareous foraminifera, which showed increased density with depth
(Fig. 5e). This distribution has been described previously for some species. For
example, Chilostomella oolina and Globobulimina affinis have been shown to prefer
certain physicochemical conditions present in deeper sediments (Corliss, 1985). The
large calcareous foraminiferan assemblage at Sta. M was dominated by members of
these two genera. In addition many calcareous foraminiferans are smaller than the
300 um screen used in this study, and many small taxa common in the surface
sediments could have been lost.

Large nematodes did not show greater abundances in the surface sediments and
exhibited increasing biomass with depth in the sediments. The loss of small indi-
viduals also occurred for this taxa and can explain these trends if smaller individuals
are present in higher numbers in the surface sediments.

In addition to the general results described above, a high degree of spatial hetero-
geneity in macrofaunal community structure was noted. This pattern is well
documented in the deep sea (Hessler and Sanders, 1967; Snider et al., 1984; Gage and
Tyler, 1991). The standard errors of our macrofaunal density and biomass estimates
were large and suggested very high heterogeneity for all taxa considered (Figs. 3-5).
The scale of such distribution patterns is of concern to ecologists who attempt to
estimate population density or perform temporal comparisons from a few ‘representa-
tive’ samples. For the deep-sea meio- and macrofauna, a high degree of spatial
variability occurs at very small scales, i.e. 100 cm (Jumars, 1975; Coull et al., 1977,
Snider et al., 1984), and at larger scales, i.e. 1 to 100’s of meters (Jumars, 1978, Jumars
and Eckman, 1983). Our samples encompassed two easily characterized scales: tube
core samples covered a sediment surface area of 38.5 cm? and the FVGR sediment
grabs covered 413 cm? in each sample. Despite this difference in spatial coverage,
variability was comparable between the two data sets as estimated by standard error
(see standard error bars in Figs. 3-5 and standard error in Table 2). It can be
concluded that some processes affecting macrofaunal spatial structure at Sta. M ope-
rate at scales smaller than the area enclosed by our coring devices. This conclusion is
supported by evidence suggesting that macrofaunal density and biomass are affected
by a variety of centimeter scale features, i.e. manganese nodules (Snider et al., 1984),
animal burrows (Aller and Aller, 1986), polychaete tubes and mudballs (Thistle, 1979),
and xenophyophores (Levin et al., 1986; Levin, 1991). Despite the spatial hetero-
geneity in the macrofaunal community, we believe that temporal comparisons are
justified in Heu of our large sample sizes (Table 1).
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4.3.1. FVGR

Seasonal variations in density were apparent for some taxa in our 2-year macro-
faunal data set. We reemphasize that agglutinating foraminiferan density is a relative
density (number of fragments) for use in this study only. Protozoans, primarily
agglutinating foraminiferans, were affected by season (Kruskal-Wallis analysis of
variance test, p < 0.05), with increases in density occurring from October to February
in 1989/1990 and 1990/1991 (Fig. 3). Other investigators have described similar trends
with autumn maxima of sediment foraminiferal densities (Pfannkuche, 1993; Silva
et al., 1996). The metazoan population response is not so clearly defined. No signifi-
cant trend in total metazoan density was seen over the study period. However, this is
not true for each of the dominant taxa considered individually (Fig. 4). A significant
effect of season on the density of large nematodes, polychaetes, large harpacticoids,
tanaids, and isopods was found (Kruskal-Wallis analysis of variance test, p < 0.05)
with increases in density generally occurring between June and the following
February.

Peaks in macrofaunal densities occurred after detrital aggregates typically disap-
peared from the sediment-water interface (Smith et al.,, 1994; Lauerman and Kauf-
mann, 1998) and approximately eight months after peaks in SCOC and POC flux
(Fig. 2d). Similar patterns for metazoan macrofauna have not been observed elsewhere
in the deep sea (Gooday and Turley, 1990; Pfannkuche, 1993), but other forms
of organic enrichment, such as macroalgal detritus, do affect the density and
biomass of some metazoan macrofaunal taxa in sediments underlying the organic
matter (Grassle and Morse-Porteous, 1987). At Sta. M, seasonal variation in the
density of metazoan macrofauna was not always pronounced in both 9-month
sampling periods (1989/1990 and 1990/1991) and we consider this result preliminary
(Fig. 4).

4.3.2. Tube cores

Unlike the FVGR box core sampling, the Alvin tube core samples allowed us to
compare the presence or absence of detrital aggregates with macrofaunal density and
biomass. Protozoans, primarily agglutinating foraminiferans, appear to respond to
the presence of detrital aggregates. Significant increases in protozoan density were
seen over a 4-week period from August to September 1994 (Mann—-Whitney U test,
p < 0.025; Fig. 5¢). This trend could have been the result of different fragmentation
rates for each group of samples; however, we find this unlikely as samples were treated
identically, samples were sorted in random order, and the density and biomass of
calcareous benthic foraminiferans, which do not typically fragment, also increased
significantly from August to September 1994 in the top Zcm of the sediments
(Mann-Whitney U test, p < 0.01; Fig. Se and f). An additional pulse of phytodetritus
settled on the bottom during this period (Lauerman and Kaufmann, 1998; Beaulieu
and Smith, 1998) and the increases in protozoan density and biomass could have been
responses to this detritus. Rapid responses by protozoans to phytodetritus have been
described (Gooday and Turley, 1990; Graf, 1992). Foraminiferans are known to
colonize fresh phytodetritus (Gooday and Lambshead, 1989; Lambshead and
Gooday, 1990; Gooday, 1993) and exhibit high densities in the sediments beneath it






