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ABSTRACT: We developed methods to measure juvenile growth rates of the spionid polychaete
Polydora cornuta in nature. We transplanted and recovered small vials containing labeled individuals and measured each worm’s body volume before and after worms spent a week in field sediments. We transplanted labeled individuals to 3 elevations on an intertidal mudflat in Oneonta
Slough within the Tijuana River National Estuarine Research Reserve: a high elevation 0.7 m
above mean lower low water (MLLW), a mid-elevation 0.4 m above MLLW, and a low elevation
0.1 m above MLLW. To include a range of environmental conditions, we performed two 7 d transplantations in July 2009 and 2 in November 2009. On average, we recovered one-third of the transplanted juveniles. Mean relative growth rates (RGR) declined significantly from 7.7% d−1 at the
low elevation to 2.4% d−1at the high elevation. There was a positive correlation between RGR and
the time each elevation was submerged, suggesting the decline in RGRs with increasing elevation
was due to a reduction in the time available for suspension feeding. RGRs during 1 transplantation
(12 to 19 November) were significantly slower than RGRs during the other 3 transplantations, especially at the high and mid elevations. Due to seasonality in the mixed semidiurnal tides, the 12 to 19
November period was the only transplantation that experienced lower low tides during the afternoon. The slower RGRs during this time of exposure to afternoon sunlight and air temperatures
suggest physiological stress might have contributed to reduced RGRs during this transplantation.
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Within the intertidal, biological and physical factors work in concert to determine upper and lower
limits of species’ distributions. Studies of rocky-shore
communities have emphasized the presence of
intense vertical gradients and provided many central
concepts in marine ecology (e.g. Connell 1972,
Menge & Sutherland 1976, Gaines & Roughgarden
1985, Underwood 1985). In soft-sediment systems,
vertical distribution patterns are apparent for a variety of animals (e.g. Kneib 1984, Peterson 1991,
Dittmann 2000), but the biotic and abiotic mechanisms that cause these patterns are poorly understood compared to the rocky intertidal. The 3-dimen-

sional nature of sediments and the mobility of many
infauna make direct observation and manipulative
experimentation more challenging in soft bottoms
(Peterson 1991, Woodin 2007), especially when mechanistic questions pertain to the physiological performance of individual organisms in situ.
Growth is one of the most integrative measures of
an individual’s performance, particularly for nonreproductive juveniles. Measuring the growth rates
of individuals in situ has been common in studies of
hard-substrate communities (e.g. Connell 1972, Jarrett 2003, Phillips 2004). In soft-sediment systems,
however, the few estimates that have been made of
in situ growth rates of juvenile infauna are usually
based on changes in the size-frequency distribution
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of a population, requiring fairly discrete recruitment
of cohorts and an assumption that size-dependent
mortality is not significant (e.g. Marsh & Tenore
1990, Thompson & Schaffner 2001). To address some
of these methodological challenges, Qian & Chia
(1994) transplanted groups of stained siblings of
Capitella sp. and measured the change in the mean
size of the stained groups after 3 wk in the field.
Efforts to directly measure the in situ growth of individually labeled infauna have been limited to
bivalves (e.g. Peterson & Black 1987, 1988, Matthews
& Fairweather 2003, 2008).
In particular, Peterson & Black (1987, 1988) transplanted individually labeled bivalves from 5 species
and measured their growth and survival at 2 elevations on an intertidal mudflat to directly compare
individual performance with species’ patterns of vertical zonation. Changes in shell length were measured after several months (4 to 10 mo in Peterson &
Black 1987; 13.5 mo in Peterson & Black 1988).
Despite some species normally being most abundant
in the high intertidal and others being restricted to
the low intertidal, in general, all of the species grew
more at the lower elevation, with some variability
among sites and different experiments (Peterson &
Black 1987, 1988). In rocky intertidal systems, it is
widely accepted that the necessary cessation of feeding during tidal exposure leads to decreased growth
of suspension feeders at higher elevations (e.g.
Barnes & Powell 1953, Seed 1969, Suchanek 1978,
Griffiths & Buffenstein 1981). Peterson & Black (1987,
1988) found the same general pattern for infaunal
bivalves, but also noted that the magnitude of the
reduction in growth at the higher elevation was 2 to
3× greater than the reduction in daily water coverage. Peterson & Black (1987, 1988) suggested 2 possible explanations for the greater than expected
decline in growth at the higher elevation: (1) additional physiological stress at the higher elevation or
(2) a decline in the quality or quantity of suspended
food at the higher elevation. Because suspensionfeeding bivalves living in high densities at low elevations might reduce the concentration of suspended
food particles from the water before the rising tide
supplies suspension feeders living at higher elevations, Peterson & Black (1987, 1988) concluded that
depletion of food during tidal inundation was the
most likely explanation, and subsequent sampling of
seston over the mudflat during a flooding tide has
supported the food-depletion mechanism (Peterson &
Black 1991). Since these seminal experiments on infaunal bivalves, similar transplantation experiments
have not been performed on other infaunal taxa.

Here, we report the transplantation and recovery
of labeled individuals of a common intertidal spionid
polychaete, Polydora cornuta, to directly measure
their growth rates in situ. Although individual spionids are not labeled as easily as infaunal bivalves
(e.g. by applying coded paint dots to their shells:
Peterson & Black 1987, 1988), P. cornuta and most
other infaunal spionids reside in sediment tubes that
are amenable to transplantation experiments. Their
small size (often <1 cm long) poses methodological
challenges, but their rapid growth (e.g. Hentschel &
Larson 2005, 2006) facilitates transplantation experiments on a time scale of several days rather than several months. Spionids are common members of many
soft-sediment communities, often achieving densities
>10 000 m−2 (e.g. Zajac 1991a,b, Hentschel & Larson
2006, Conlan et al. 2010). Their tube-building, feeding, and bioturbation activities alter the sediment
and impact other members of the community (e.g.
Thrush et al. 1996, Bolam & Fernandes 2003). These
worms are also important prey to higher trophic levels (Stehlik & Meise 2000, Tomiyama et al. 2007) and
are among the first colonists of disturbed sediments
(e.g. Pearson & Rosenberg 1978, Levin et al. 1996a).
Most spionids are interface feeders (Dauer et al.
1981), having the ability to switch from deposit feeding to passive suspension feeding with increases in
flow and the flux of suspended food particles (e.g.
Taghon et al. 1980, Taghon & Greene 1992, Bock &
Miller 1996). Laboratory flume experiments have
revealed that the growth rates of juvenile P. cornuta
are greatly enhanced when fluxes of suspended food
favor suspension feeding (Hentschel 2004, Hentschel
& Larson 2005, 2006).
We adapted methods used in those laboratory
flume experiments to measure the in situ growth
rates of individual Polydora cornuta along a gradient
of tidal elevation. Although spatial patterns in the
abundances of infaunal polychaetes in intertidal
sediments are commonly observed (e.g. Wilson 1983,
Bolam & Fernandes 2003, Larson et al. 2009), we are
not aware of any previous in situ measurements of
the growth or performance of infaunal polychaetes in
relation to tidal elevation or other spatial features
that vary on a small scale of meters.

MATERIALS AND METHODS
To measure variability in the growth rates of juvenile Polydora cornuta along an elevation gradient,
we transplanted pre-measured individuals to 3 intertidal elevations on a mudflat and recovered and re-
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measured the labeled individuals 7 d after they were
deployed to the field. The intertidal mudflat was
located on the eastern bank of Oneonta Slough in the
Tijuana River National Estuarine Research Reserve
(32.5648° N, 117.1313° W). The poorly sorted sediment has a mean grain size of 109 µm (phi = 3.2) and
is 45% silt (< 63 µm) by weight. We performed the
transplantations on 2 dates in July and 2 dates in
November of 2009 (Table 1). We planned 2 of the
transplantations to include a new-moon spring tide
(21 July and 16 November 2009) and 2 to include a
neap tide (28 July and 9 November 2009). The site
has mixed semidiurnal tides, with successive high
and low tides usually differing in height (i.e. the
extremes during a single day are referred to as ‘lower
low water’ and ‘higher high water’).
Live Polydora cornuta were collected 2 d before
each transplantation from a dense patch in Oneonta
Slough ~150 m north of the transplantation site by
sieving 3 to 5 cm of surficial sediment in the field
(0.5 mm mesh, Hentschel 2004). Worm tubes were
then transported to the laboratory where they were
sorted using a stereomicroscope. Individual P. cornuta
were teased from their sediment tubes with forceps,
and undamaged juveniles ranging in length from 2.0
to 6.5 mm were selected for the transplantations.
A total of 90 to 114 worms were used for each transplantation (Table 1). These worms were placed in a
petri dish containing the vital stain Neutral Red
(0.25 g dissolved in 1 l of 1 µm filtered seawater) for
15 min. The staining ensured that worms we recovered from the field transplantations were the same
pre-measured individuals rather than immigrants.
Qian & Chia (1994) reported that Polydora ligni
(a synonym of P. cornuta: Blake & Maciolek 1987)
juveniles stained with Neutral Red grew to sexual
maturity in laboratory culture at the same rate as unstained worms. In a pilot study conducted in a laboratory flume, we confirmed that P. cornuta juveniles
stained with Neutral Red and unstained juveniles
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both had indistinguishable mean relative growth
rates of 0.08 d−1 (Colvin & Hentschel unpubl. data).
After staining, worms were anesthetized in 5% MgCl
and photographed individually with a Sony HDRHC7 camcorder connected to a Leica MZ 12.5 stereomicroscope and a Macintosh computer with
I-Movie software. Using ImageJ software, we measured the body length of each individual and its
width at 5 locations to calculate its body volume as
the sum of 4 conical frustums (Hentschel 2004). The
volume of each frustum was calculated as:
V = (π/3) × L × [(W1/2)2 + (W1/2)(W2/2) + (W2/2)2] (1)

where V is the volume of the frustum, L is the length
of the frustum, and W1 and W2 are the 2 width measurements at each end of the frustum.
Each measured worm was then transferred to filtered seawater for 15 min and then placed in an individually numbered vial containing defaunated sediment. Field-collected sediment was defaunated by
freezing, thawing, sieving to remove particles larger
than 0.3 mm, freezing a second time, and then thawing again prior to use with worms. The vials containing pre-measured, stained individuals consisted
of 2 concentric cylinders (both 2 cm high) made from
2 mm thick polypropylene tubing and sealed at the
bottom with Hot Melt Glue. After filling a vial with defaunated sediment, a pre-measured worm was placed
into the central cylinder (5 mm inner diameter). The
outer cylinder (16 mm outer diameter) ensured that
the worm was located near the center of the entire vial
and aided in the recovery of transplanted worms. The
numbered vials were placed in a 1.3 cm thick PVC
slab (30 × 15 cm) with 16.7 mm holes drilled to secure
the vials. Each slab held 10 to 13 worm vials located
randomly, and each of the 4 transplantation periods
included a total of 9 PVC slabs. PVC slabs were then
placed in a seawater table (15°C, 30 ‰ salinity) to allow worms to build sediment tubes and acclimate to
the vials for 12 to 15 h before being transported to the
field. To transport worm vials, each
PVC slab was placed in a covered
Table 1. Polydora cornuta. Transplantation dates of pre-measured juvenile
worms with recovery 7 d later. Numbers of individuals transplanted and replastic box (33 × 20 cm) filled with a
covered for each of the 3 intertidal elevations: High = 0.7 m above mean lower
thin film of filtered seawater to prevent
low water (MLLW), Mid = 0.4 m above MLLW, and Low = 0.1 m above MLLW
desiccation and erosion of sediment.
PVC slabs containing worm vials
TransplanRecovery
No. worms
No. worms
were transplanted into the mudflat in
tation date
date
transplanted
recovered
3 parallel transects that were perpenHigh Mid Low
High Mid Low
dicular to the tidal channel and sepa16 Jul 2009
23 Jul 2009
30
30
30
12
13
17
rated by 1 m. Stakes marked the ends
23 Jul 2009
30 Jul 2009
38
38
38
21
7
5
of each transect, and a string connect5 Nov 2009
12 Nov 2009
30
30
30
10
13
6
ing the stakes was used to measure
12 Nov 2009 19 Nov 2009
30
30
30
5
5
9
the exact locations of the transplanted
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worm vials. Transplantations occurred at 3 elevations: a high intertidal elevation 0.7 m above mean
lower low water (MLLW), a mid-intertidal elevation
0.4 m above MLLW, and a low intertidal elevation
0.1 m above MLLW. The high intertidal site was separated from vegetation on the bank of the channel by
3 m horizontally, and the low intertidal site was ~5 m
horizontally from the center of the tidal channel at
MLLW.
During pilot studies, we determined that burying
the vials so their top edges were flush with the sediment−water interface was critical to the successful
recovery of transplanted worms. If the top edges of
vials were buried > 2 mm below the sediment−water
interface, worms could extend their sediment tubes
horizontally beyond the confines of the vial. If vials
were exposed above the sediment−water interface,
erosion of the vials’ contents was common. To facilitate accurate burial of the worm vials, we first buried
a Plexiglas tray (48 × 31 cm with side walls 2 cm high,
the same height as the vials) at each elevation along
each of the 3 transects 2 d before each transplantation. Having these trays buried in situ for 2 d before
burying the PVC slabs containing worm vials made it
easier to accurately bury the vials flush with the sediment−water interface. We removed sediment from
the center (~32 × 17 cm) of each pre-buried Plexiglas
tray and inserted a PVC slab containing vials of premeasured worms. Nearby sediment was added, and
the entire area encompassing the Plexiglas tray was
smoothed with a straight edge so that the top edges
of the vials and the Plexiglas tray appeared flush with
the sediment−water interface. Because pilot studies
revealed that we were unlikely to recover at least
half of the transplanted worms, we decided a priori to
pool all data from the 3 transects rather than potentially testing for differences among transects; the
transects simply provided a means to relocate the 3
PVC slabs buried at each elevation.
PVC slabs and vials were recovered and transported to the laboratory in plastic boxes 7 d after
each transplantation was initiated. Individual vials
were then rinsed with a stream of filtered seawater to
expose worms’ U-shaped sediment tubes, which
were often attached to the inner edge of the vial’s
central cylinder. Worm tubes were then gently removed from the vials with forceps, and worms were
teased from their tubes and re-measured to calculate
each individual’s final body volume. Relative growth
rates (RGR) were calculated assuming exponential
rates according to Fisher (1921) as:
RGR = [ln(Vf) − ln(Vi)] / t

(2)

where Vf and Vi are measurements of each individual’s final and initial body volume, respectively
(Hentschel 2004), and t is time.
Environmental data during the 4 transplantation
periods were acquired from data loggers operated
by the National Oceanic and Atmospheric Administration (NOAA) National Estuarine Research
Reserve Network (NOAA 2004). Data on water
depth, water temperature, turbidity, dissolved oxygen, and salinity were obtained from the Oneonta
Slough water station (32.56830° N, 117.13127° W; YSI
6600 Multi-Parameter Environmental Monitoring
System) ~300 m north of our transplantation site. Air
temperatures were obtained from the Tidal Linkage
weather station (32.57461°N, 117.12701°W; Campbell Scientific Meteorological Station CR1000) ~1 km
northeast of our transplantation site. Data is recorded
by the instruments every 5 s and averaged in 15 min
intervals. In particular, we used the measured water
depths to calculate the amount of time that each tidal
elevation was submerged each day.
A 2-way ANOVA was applied to test the effects of
tidal elevation and transplantation date on the RGR
of Polydora cornuta. Post hoc Tukey’s HSD comparisons identified significant differences among means.
A linear regression was also applied to show the relationship between RGR and the average amount of
time each elevation was submerged each day.

RESULTS
On average, we recovered one-third of the transplanted worms (Table 1). The proportion of worms
recovered did not vary significantly among the 3 tidal
elevations (F2, 9 = 0.178, p = 0.839) or among the 4
transplantation periods (F3, 8 = 1.713, p = 0.241). In a
few additional cases, a worm was damaged during
removal from its vial; these damaged worms were
not re-measured and not included in the analyses.
Although our recovered vials collected many meioand macrobenthos in the field and occasionally collected a Polydora cornuta recruit <1.5 mm long, we
never found P. cornuta individuals in our vials that
might be confused with the pre-measured, stained
individual (i.e. the staining was helpful, but not
essential).
The 4 transplantations consistently showed that the
RGR of juvenile Polydora cornuta varied significantly
among the 3 tidal elevations (Fig. 1; F2,111 = 16.262,
p < 0.001). Tukey’s test showed that the mean RGR at
the low intertidal elevation was significantly slower
than those at the 2 higher elevations (p < 0.001);
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Fig. 1. Polydora cornuta. Mean (± SE) relative growth rates
(RGR) of juvenile worms at 3 elevations above mean lower
low water (MLLW) during the 4 transplantation periods.
Lines connect mean RGRs from the same 7 d transplantations. Sample sizes associated with each mean RGR are
reported in Table 1 as number of worms recovered

RGRs at the mid- and high intertidal elevations did
not differ from each other significantly (p = 0.685).
The RGRs also differed significantly among the 4
transplantation periods (F3,111 = 3.994, p = 0.011).
Tukey’s test revealed that the mean RGR during the
12 to 19 November 2009 transplantation was significantly slower than the mean RGRs during the other 3
transplantations (p < 0.035). Overall, there was not a
significant interaction between the effects of elevation and transplantation date (F6,111 = 0.668, p =
0.742). In addition, there was not a significant relationship between mean RGR and the proportion of
worms recovered (F1,10 = 0.432, p = 0.526).
Environmental data were collected during each
transplantation period to aid in the interpretation of
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the RGR data (Table 2). The most noteworthy parameter is the time of day when lower low water (LLW)
occurred (Table 2). Due to the seasonal change in the
timing of LLW, the 12 to 19 November 2009 transplantation period was the only one of the 4 periods
that had LLW during the afternoon (Table 2). This resulted in the mudflat being exposed to direct sunlight
and the warmest air temperatures of each day more
often during this transplantation than during the
other 3 transplantations. Tidal range varied as
planned, with the 2 periods that included a spring
tide (16 to 23 July and 12 to 19 November 2009) having a greater mean tidal range than the 2 periods that
included a neap tide (23 to 30 July and 5 to 12 November 2009). Due to seasonality in the mixed-semidiurnal tidal cycle, neither the 2 spring tides nor the
2 neap tides were identical (Tables 2 & 3). In particular, the elevation of higher high water (HHW) during
the spring tide on 21 July was 1.60 m above MLLW,
while the HHW elevation during the spring tide on
16 November was 1.30 m above MLLW. This difference in HHW during the 2 spring-tide periods
resulted in slightly greater submergence time at
the high and mid-intertidal elevations during the
16 to 23 July transplantation compared to the 12 to
19 November transplantation (Table 3). Water and air

Table 3. Mean (± SE) time each elevation was submerged
each day. High = 0.7 m above mean lower low water
(MLLW), Mid = 0.4 m above MLLW, Low = 0.1 m above
MLLW
Transplantation
period

Time each elevation was submerged
(h d−1)
High
Mid
Low

16−23 Jul 2009
23−30 Jul 2009
5−12 Nov 2009
12−19 Nov 2009

9.7 ± 0.6
8.6 ± 0.8
10.0 ± 0.8
8.4 ± 0.6

15.4 ± 1.0
17.0 ± 1.1
16.9 ± 0.6
13.9 ± 1.1

20.7 ± 0.5
20.9 ± 0.6
22.3 ± 0.4
21.4 ± 0.3

Table 2. Environmental data collected by data loggers during each transplantation period. Time of lower low water (LLW) is reported for the daily LLW nearest the midpoint of each 7 d transplantation period. Tidal range, maximum and minimum air temperature values are mean ± SE of 7 daily measurements during each transplantation period. Water temperature, turbidity (NTU:
nephelometer turbidity units), dissolved oxygen, and salinity values are mean ± SE of measurements collected every 15 min
Transplantation period

16−23 Jul 2009
23−30 Jul 2009
5−12 Nov 2009
12−19 Nov 2009

Time of Tidal range
Max. air
LLW
(m)
temperature
(°C)
02:45
07:00
21:45
15:30

1.6 ± 0.08
1.1 ± 0.07
1.2 ± 0.07
1.5 ± 0.05

24.0 ± 0.26
23.7 ± 0.23
19.7 ± 0.97
19.0 ± 0.31

Min. air
temperature
(°C)

Water
temperature
(°C)

Turbidity
(NTU)

Dissolved
oxygen
(mg l−1)

Salinity
(‰)

17.8 ± 0.28
18.4 ± 0.18
11.9 ± 0.52
10.2 ± 0.77

22.1 ± 0.08
23.4 ± 0.08
16.7 ± 0.04
16.2 ± 0.04

4.5 ± 0.08
5.7 ± 0.10
3.4 ± 0.05
3.3 ± 0.06

4.1 ± 0.10
3.8 ± 0.10
5.8 ± 0.05
6.5 ± 0.05

34.4 ± 0.04
35.0 ± 0.04
34.2 ± 0.01
34.1 ± 0.02
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temperatures were greater during the 2 July transplantations than during the 2 November transplantations, and the temperature values during the 2 transplantations within each month were very similar to
each other (Table 2). Dissolved oxygen in the tidal
channel was lower in July than in November, but values were always > 3.5 mg l−1 (Table 2). Turbidity was
greater in July than in November (Table 2). Salinity
was fairly constant, which is not surprising because it
did not rain during or shortly before any of the transplantation periods (Table 2).
There was a significant linear relationship between
RGR and mean daily submergence time (F1,10 =
16.109, p = 0.002, r2 = 0.617). Because the 12 to 19 November 2009 transplantation was unique in experiencing afternoon LLW, we also performed the regression on a subset of the data that excluded the 12 to 19
November 2009 transplantation (Fig. 2). The relationship between RGR and submergence times remained
significant, but had a lesser slope and a higher r2 than
the regression that included all 4 transplantations
(Fig. 2) (F1, 7 = 21.165, p = 0.002, r2 = 0.751).
To quantify the proportional decline in RGR with
decreasing submergence time, we calculated the proportional RGR as the mean RGR at each elevation
divided by the mean RGR at the low elevation during
the same transplantation period (i.e. the proportional
RGR at the low elevation = 1.0 for each of the 4 trans-

plantations). Similarly, we calculated the proportional
submergence time as the mean daily submergence
time at each elevation divided by the mean submergence time at the low elevation during the same
transplantation period. If the amount of time worms
are submerged is paramount to their growth, the relationship between proportional RGR and proportional
submergence time should be a line with a slope of 1
(Fig. 3). Because all of the data from the low elevation
are set to a proportional RGR = 1.0 and a proportional
submergence time = 1.0, statistical analyses will be
overly weighted if all of these identical, fixed points
are included. Therefore, we took a conservative approach and excluded all but one of the values from
the low elevation when performing least-squares regression analyses of proportional RGR versus proportional submergence time. When all 4 transplantations
were included in the regression, the relationship was
not significant at α = 0.05 (F1, 7 = 4.616, p = 0.069, r2 =
0.397). When data from the 12 to 19 November 2009
transplantation were excluded because this transplantation was unique in having afternoon low tides,
the linear relationship between proportional RGR
and proportional submergence time during the remaining 3 transplantations was significant with a
slope of 0.813 (Fig. 3, F1, 5 = 6.681, p = 0.049, r2 =
0.572). This slope of 0.813 was not significantly different from a slope of 1 (t = 0.596, df = 5, p = 0.577).

DISCUSSION

Fig. 2. Polydora cornuta. Mean (± SE) relative growth rates (RGR) of
worms versus mean daily submergence time at each elevation during
each 7 d transplantation. Symbol shading: 4 transplantation periods; Intertidal elevations: High (triangle) = 0.7 m above mean lower low water
(MLLW), Mid (circle) = 0.4 m above MLLW, and Low (rhombus) = 0.1 m
above MLLW. Plotted regression line (y = 0.004x − 0.008; F1, 7 = 21.165, p =
0.002, r2 = 0.751) was calculated based on the 9 mean RGRs from the first 3
transplantations (i.e. 12 to 19 Nov 2009 data plotted here but excluded
from this regression)

Our measurements of the RGR of juvenile Polydora cornuta at 3 intertidal elevations during 4 week-long periods in
Oneonta Slough are among the first
direct measurements of the growth of
individual infaunal polychaetes in situ.
Although we typically recovered only
one-third of the transplanted individuals,
directly measuring the change in size of
each individually labeled worm that was
recovered reduces potential biases and
uncertainties inherent in approaches that
transplant a group that has a mean size
measured at the start of the transplantation and a subset that has a larger mean
size after recovery. In the latter approach,
the increase in size could result from
either growth or a loss of small individuals from the group during the transplantation period. Labeling individuals
provides direct confirmation that the
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Fig. 3. Polydora cornuta. Proportional relative growth rates
(RGR) of worms versus proportional submergence time. Proportional RGR: mean RGR at each elevation divided by mean
RGR at the low elevation during the same transplantation
period (i.e. the proportional RGR at the low elevation = 1.0 for
each of the 4 transplantations). Proportional submergence
time: mean daily submergence time at each elevation
divided by mean daily submergence time at the low elevation during the same transplantation period. Dotted line: 1:1
ratio between proportional RGR and proportional submergence time. Black line: least-squares regression (y = 0.813x +
0.017; F1, 5 = 6.681, p = 0.049, r2 = 0.572) calculated from the
first 3 transplantations with only 1 of 3 identical data points
from the low elevation included in the regression analysis.
Data from 12 to 19 Nov 2009 are plotted, but excluded from
the regression

recovered worms actually grew during their 7 d
transplantation period.
When extrapolating the directly measured RGRs of
recovered individuals to a broader population, one
must assume the probability of any individual being
recovered is random. Recovering a minority of the
transplanted individuals can raise questions about
the reasons individuals are not recovered and
whether recovery is random or biased in some way.
Several lines of evidence suggest an assumption of
random recovery is reasonable. First, the proportion
of worms recovered did not vary significantly with
either tidal elevation or transplantation date, indicating that measured differences in RGR among elevations and dates cannot be explained simply by differences in recovery. Second, the small size of juvenile
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Polydora cornuta poses obvious methodological challenges when transplanting individuals to the field. In
particular, we suspect mechanical disturbances during transport to and from our field site probably
caused some worms to leave their tubes. Third, adult
P. cornuta have been shown to emigrate from their
tubes in a laboratory flume experiment (Stocks 2002),
but we are not aware of any studies demonstrating
that an individual’s growth rate or other measures of
its physiological condition influence whether a juvenile remains in its tube or vacates it. Similarly, P. cornuta are documented prey (Stehlik & Meise 2000,
Tomiyama et al. 2007), but there are no data indicating a relationship between the physiological condition of P. cornuta and susceptibility to predation. In
fact, we caution against strictly interpreting our recovery proportions as estimates of mortality, which
can be measured with fewer artifacts by monitoring
the abundance of natural populations. Although the
exact reasons why many transplanted worms are
not recovered cannot be known, available evidence
does not suggest that extrapolating the RGRs of
recovered individuals to a broader population is
likely to be influenced by potentially biased, nonrandom recovery.
Results from the 4 transplantations at 3 elevations
on a single mudflat show that the RGRs of juvenile
Polydora cornuta declined with increasing tidal elevation at this site. We suspect the reduced growth
rates at higher elevations resulted primarily from
reduced time worms are able to feed. In particular,
suspension feeding is only possible when the substrate is submerged, and slower growth of suspension-feeding invertebrates is well documented as
intertidal elevation increases and the time available
for suspension feeding decreases (e.g. Seed 1969,
Griffiths & Buffenstein 1981, van Erkom Schurink &
Griffiths 1993, Bishop & Peterson 2006). Although
P. cornuta and similar spionids can facultatively
switch to deposit feeding (Taghon et al. 1980, Dauer
et al. 1981), conditions that promote suspension feeding greatly increase juvenile growth rates in laboratory flume experiments (Hentschel 2004, Hentschel &
Larson 2005, Hentschel & Herrick 2005). Although
P. cornuta might be able to deposit feed if a thin film
of water or shallow pool persists after tidal coverage
recedes, this opportunity for deposit feeding at times
when suspension feeding is not possible will only last
briefly as the exposed sediment surface dries. Furthermore, nutritious particles within the worms’
deposit-feeding area will be depleted quickly and
not resupplied until the flooding tide (Miller et al.
1984, Miller & Jumars 1986, Bock & Miller 1995).
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In addition to the overall decline in RGR with increasing elevation, we also found significantly slower
growth during the 12 to 19 November 2009 transplantation, especially at the mid- and high intertidal
elevations. The fact that this transplantation period
was the only one of the 4 that experienced LLW during the afternoon suggests increased physiological
stress during the 12 to 19 November 2009 transplantation relative to the other 3 transplantations. This
mudflat on the eastern bank of Oneonta Slough has a
west-facing slope and receives several hours of direct
sunlight when LLW occurs during mid afternoon.
Variations in other measured environmental parameters alone (Table 2) do not correspond to the pattern
of differences in RGR among the 4 transplantations.
For example, if water temperature, air temperature,
turbidity, or dissolved oxygen had a strong effect on
RGR, we would expect similar RGRs during the two
November transplantations and clear differences
between the RGRs in July and those in November,
which did not occur. We caution that unmeasured
variables might have contributed to slower growth
during the 12 to 19 November transplantation, but
the distinct timing of LLW provides the most parsimonious explanation based on available data. This
hypothesis about the mechanism that might have
caused slower growth during the 12 to 19 November
2009 transplantation can be tested by future field
experiments that replicate transplantations with
afternoon LLW and/or manipulate direct sunlight
and air temperature by shading portions of the mudflat. For example, Wethey (1984) showed that shading increased the survival of barnacles in the rocky
intertidal.
Analysis of the 3 transplantations that experienced
LLW during the night or early morning shows that
RGR appeared to decline in direct proportion to the
decline in submergence time. The slope near 1 suggests that the time available for feeding, especially
suspension feeding, is the main determinant of
worms’ growth along the elevation gradient at this
site. Peterson & Black (1987, 1988) compared the
growth of infaunal bivalves at 2 elevations and found
a proportionally greater decline in growth than could
be explained solely by submergence time. Rather
than implicating additional physiological stress at
higher elevations, they concluded that bivalves feeding at lower elevations depleted food particles available for suspension feeders living at higher elevations. The slower RGRs of Polydora cornuta juveniles
during the 12 to 19 November transplantation and
the deviation from the 1:1 relationship between proportional RGR and proportional submergence time

evident in the other 3 transplantations are most likely
explained by additional physiological stress at the
mid- and high intertidal elevations during this transplantation period. Although we did not measure the
density of bivalves or other active suspension feeders
that might be capable of significantly depleting
nutritious seston at lower elevations, it is unlikely
that the densities of active suspension feeders effectively differed between the 5 to 12 and 12 to 19 November 2009 transplantations. The alternative hypotheses of increased physiological stress during
afternoon low tides and exploitative competition
among suspension feeders along an elevation gradient could be tested by transplanting spionids to highintertidal locations that had different densities of
lower-intertidal bivalves.
Our successful transplantation and recovery of
small and rapidly growing opportunistic infauna provides many opportunities for ecologists to directly test
hypotheses about variability in the performance of individual soft-sediment benthos on small spatial scales
on the order of 1 m (e.g. tidal elevation) and temporal
scales of a few days. Previous transplantation experiments of individual bivalves, which grow more slowly
than spionid polychaetes, have measured growth
rates over several months (e.g. Peterson & Black 1987,
1988, Matthews & Fairweather 2003, 2008). These
longer time periods are probably not sensitive to
potentially important environmental variation that
occurs on shorter time scales in many estuarine and
coastal habitats, such as weather patterns, phytoplankton blooms, seasonal hypoxia, brief inputs of
chemical pollutants, and recruitment pulses of competitors or predators. For example, Colvin &
Hentschel (2011) measured variation in the RGR of
Polydora cornuta juveniles over a 14 mo period at a
single site and found that 4 major rain events (that
significantly decreased salinity) reduced RGR to
0.00 d−1; worms transplanted just 1 to 2 wk after major
rain events always had RGRs > 0.08 d−1.
We caution that studies focused on effects of sediment geochemistry and biotic interactions on infaunal growth might need to modify some aspects of our
methods. In particular, the sediment placed in our
worm vials was standardized by sieving and by
repeated freezing and thawing. The natural sediment and benthic community could be disrupted less
by filling vials with sediment cores. Also, the vials
and Plexiglas trays we used can inhibit porewater
drainage, but we note that surface sediments in mudflats retain water and remain close to saturation
throughout periods of tidal exposure due to ‘capillary
fringe’ (Drabsch et al. 1999, Atherton et al. 2001,
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Kuwae et al. 2003). Furthermore, we have conducted
a pilot study comparing RGRs of Polydora cornuta
juveniles transplanted to intertidal sediment in vials
with a Nitex mesh bottom (0.2 mm) and perforated
trays to the impermeable vials and trays used in the
present study and found no difference in RGR (t =
1.689, df = 7, p = 0.135, authors’ unpubl. data). Nevertheless, when research questions pertain directly
to subsurface geochemistry, vials and trays that have
fewer barriers to porewater exchange might be beneficial.
One of the intellectual challenges for ecologists is
the extrapolation from mechanistic and tightly controlled laboratory experiments to field settings in
which complex interactions among many environmental parameters and logistical constraints often
prohibit direct, quantitative comparisons between
the performance of organisms in the laboratory and
in the field. The fastest RGRs we measured in situ are
3 to 4× less than the maximal RGRs of juvenile Polydora cornuta in laboratory flume experiments that
used similar transplantation methods (Hentschel &
Larson 2005, 2006, Hentschel & Herrick 2005). Those
flume experiments with P. cornuta added phytoplankton that is probably a higher quality food than
natural estuarine seston. In addition, slower growth
at intertidal field sites is expected because worms in
the flume experiments were able to suspension feed
the entire time. However, constant submergence
during the flume experiments (i.e. ~3 h of additional
submergence compared to what occurred at our lowintertidal elevation) explains only a small fraction of
the difference between P. cornuta growth we measured in the field and previous laboratory flume
experiments. Most of those flume experiments had
simplified unidirectional currents with constant
speeds. Times of slack tide and relatively slow currents between some of the intermediate low and high
tides of mixed-semidiurnal tidal exchange probably
also contributed to the slower RGRs we measured in
the field. For example, Hentschel & Herrick (2005)
showed that laboratory flumes programmed to simulate semidiurnal tidal currents that varied in speed
and direction led to RGRs of ~0.3 d−1 compared to
RGRs of ~0.5 d−1 for small juvenile P. cornuta in laboratory flumes with constant, unidirectional current
speeds (Hentschel & Larson 2005). Conversely, very
fast flows are known to decrease particle capture by
spionids (Shimeta & Jumars 1991, Shimeta & Koehl
1997), and we have measured current speeds in
Oneonta Slough faster than 45 cm s−1 during the
peak ebb and flood tidal currents (authors’ unpubl.
data), which greatly exceed the 12 cm s−1 maximum
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speeds in laboratory flume experiments measuring P.
cornuta RGRs > 0.3 d−1. We also suspect that, in
nature, other organisms interfere with the feeding
activities of P. cornuta juveniles and further reduce
the time worms spend feeding in the field relative to
laboratory experiments. For example, Hentschel &
Larson (2006) showed that the RGRs of juvenile P.
cornuta are reduced in the presence of nearby adults
that produce fecal mounds. In addition, sub-lethal
predation on the feeding palps of spionids is well
documented (e.g. Zajac 1995, Tomiyama et al. 2007),
and the presence of predators probably causes
worms to retract into the safety of their tubes, as
occurs with mechanical stimulation in the laboratory
(authors’ pers. obs.). The transplantation methods we
have developed provide a means to test these and
other hypotheses concerning the growth and performance of infauna directly in situ to complement
potentially problematic extrapolations from laboratory experiments.
Spionids are important and abundant members of
soft-sediment communities (Noji & Noji 1991, Cummings et al. 1996, Stehlik & Meise 2000, Bolam & Fernandes 2002, 2003). The early juvenile period has
been suggested as a possible bottleneck in the dynamics of benthic populations (e.g. Jumars et al. 1990,
Hentschel & Jumars 1994, Olafsson et al. 1994, Gosselin & Qian 1997, Hunt & Scheibling 1997, Hentschel 1998a,b). Several studies modeling the population dynamics of spionids indicate that juvenile
growth is a critical factor (Levin & Huggett 1990,
Zajac 1991a,b, Levin et al. 1996b). These models
were partly based on the growth rates of juveniles
from laboratory experiments in still water. Although
in situ estimates of growth rates are not entirely free
of potential artifacts, they should facilitate improved
parameterization of models.
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