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Abstract Because photosynthesis requires CO2, carbon lim-
itation in aquatic environments could restrict primary produc-
tion and provide signals in tissue chemistry. We took advan-
tage of spatial variability of aqueous [CO2] in estuaries to
examine within-estuary variation in biometrics of intertidal
eelgrass (Zostera marina) during peak summer production.
As expected from the sensitivity of carbonate equilibria to pH,
aqueous [CO2] increased along an ocean-to-river gradient in
Willapa Bay, WA, USA. The scale of pH variability also
changed, reflecting weather-driven upwelling near the ocean,
tidal advection near rivers, and reduced diel fluctuation up-
estuary. Z. marina studied at eight sites in the bay integrated
across these different temporal fluctuations in water chemistry
to exhibit increased tissue carbon and depleted δ13C up-estu-
ary. However, seagrass production did not change as expected
from aqueous [CO2]. Instead, small standing biomass oc-
curred at sites with organic-rich sediments or high wave
energy, investment in branching showed trends along the
estuarine gradient that changed seasonally, and specific
growth rates based on leaf extension did not shift with the
estuarine gradient or with standing biomass. These results
reinforce that estuarine seagrasses are likely to experience
modified mean pH and variability due not only to ocean

acidification in the strict sense (anthropogenic CO2 absorbed
from the atmosphere) but also from land use, upwelling, and
feedbacks from biological processes. However, responses via
productivity may be less evident than in tissue chemistry.
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Stable isotopes . Leaf tissue nutrients . Reproductive
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Introduction

Seagrasses frequently experience carbon limitation and are
expected to increase in productivity with rising anthropogenic
[CO2] because of their efficient uptake of aqueous carbon
dioxide (CO2) compared to other forms of carbonate in sea-
water (Koch et al. 2013). Based on laboratory experiments
and field observations and experiments, seagrasses respond to
carbonate chemistry in metrics of photosynthesis (Invers et al.
2001), growth (Zimmerman et al. 1997), tissue chemistry
(Campbell and Fourqurean 2013), clonal and sexual repro-
duction (Palacios and Zimmerman 2007), and representation
in benthic assemblages (Hall-Spencer et al. 2008). These
results clearly add carbonate chemistry to the suite of envi-
ronmental factors known to influence seagrass traits (e.g.,
light [Dennison and Alberte 1985], desiccation [Boese et al.
2005], sediment properties and hydrodynamic energy [Koch
2001], and damage [Ruesink et al. 2012]), but the relative
importance of these factors remains uncertain, given condi-
tions experienced in the field.

Coastal environments already experience substantial tem-
poral and spatial variability in pH and accordingly aqueous
[CO2] (Borges and Abril 2011; Duarte et al. 2013). Drivers
include land-based inputs and biological, chemical, and phys-
ical processing during land-to-ocean transport (Aufdenkampe
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et al. 2011), as well as coastal upwelling (Feely et al. 2010).
Many estuaries become supersaturated and are net CO2 emit-
ters at lower salinities as river-borne inputs decompose
(Frankignoulle et al. 1998; Borges and Abril 2011). In this
study, we measured both water chemistry and traits of inter-
tidal eelgrass (Zostera marina) along an estuarine gradient in
Willapa Bay, WA, USA.

We predicted that:

1. pH would decline and aqueous [CO2] would increase up-
estuary due to freshwater inputs and the role of pH in
determining equilibrium concentrations of different forms
of dissolved inorganic carbon (CO2, HCO3

−, CO3
−−).

2. Temporal variability in pH would reflect oceanic upwell-
ing, tidal dynamics due to shifts in ocean-to-river influ-
ence, and diel shifts due to photosynthesis and respiration.

3. Tissue chemistry and production of Z. marina would
reflect improved carbon availability up-estuary.

Spatial comparisons of seagrass traits are relatively com-
mon in the literature across depth (Keller and Harris 1966),
nutrient enrichment (Lee et al. 2004; Hauxwell et al. 2006;
Herbert and Fourqurean 2009), salinity (Holmer et al. 2009),
proximity to CO2 vents (Hall-Spencer et al. 2008), or bays at
several spatial scales (Phillips et al. 1983; Thorne-Miller et al.
1983; Yang et al. 2013). However, studies of a suite of
seagrass traits at multiple sites experiencing a different relative
influence from a single freshwater input into the ocean are as
yet uncommon (but see Tanaka et al. (2008) for growth and
stable isotopes), although such a mixing gradient could help
expose responses to high variability in pH and aqueous [CO2]
expected to occur there (Duarte et al. 2013).

Methods

Location

All sampling occurred in Willapa Bay, WA, USA (Fig. 1;
46.6° N, 124.0° W), a shallow (average 3.2 m) coastal plain
estuary of regionally intermediate volume (0.76 km3) along
the northeast Pacific coast (Hickey and Banas 2003).
Z. marina occupies >3000 ha of the bay, primarily at tidal
elevations between −1 m and +0.5 m relative to mean lower
low water (Ruesink et al. 2010). Sites for the study of
Z. marina were deliberately selected to span its full range in
the bay, from near the ocean to the Naselle River. Typically,
this river discharges a maximum of 32 m3 s−1 in early De-
cember, falling to 3 m3 s−1 at the beginning of July and
1.2 m3 s−1 in mid-August (waterdata.usgs.gov/wa/nwis/cur-
rent/?type= flow for station 12010000). Accordingly,
Z. marina up-estuary can experience salinities <5 in winter
but rising salinities to ~25 in summer. Bay-wide, the salinity

gradient is weak in summer, when both temperatures and
salinities fall well within the range deemed suitable for
Z. marina (Fig. 2a, b; Lee et al. 2007). Relevant to carbonate
chemistry, the closest analog for information is the Willapa
River, which carries low alkalinity (17 mg L−1 CaCO3 or
~340 μmol L−1) in clear water (suspended sediment=
5 mg L−1, dissolved organic carbon=2.5 mg L−1; http://
pubs.usgs.gov/dds/wqn96cd/html/wqn/wq/region17/
12013500.htm).

Based on monthly sampling byWashington Department of
Ecology, light transmission in mid-summer is about 60 % in
the northern half of Willapa Bay but drops to about 40 %
towards the Naselle River (transmissometer with 25-cm path
length; http://www.ecy.wa.gov/apps/eap/marinewq/
mwdataset.asp). Water column nutrients can cause light
limitation (via plankton blooms) or direct toxicity to
seagrasses, as documented by Short et al. (1995), Touchette
et al. (2003), and van Katwijk et al. (1997). However, water
column nutrients in Willapa Bay do not show consistent
spatial gradients and are not at levels expected to cause
problems, at <8 μM in nitrate+ammonium during summer
(Ruesink et al. 2003). The watershed is sparsely populated
(Pacific County: 8.5 people km−2; quickfacts.census.gov/qfd/
states/53/53049.html) and unlikely to contribute to cultural
eutrophication.

Z. marina Biometrics

We selected eight sites in Willapa Bay spanning the distribu-
tion of Z. marina along the longest estuarine axis (Fig. 1). On
21 Jul 2009 (22 Jul at sites 3 and 4), five 0.25-m2 plots per site
were selected at random from within eelgrass (i.e., no bare
areas were sampled between patches) at mean lower low
water. By measuring Z. marina at a common tidal elevation,
we standardized water depth and immersion time, which
could otherwise influence eelgrass traits (Dennison and
Alberte 1985; Boese et al. 2005). All above- and below-
ground material was collected and processed as follows. For
each shoot, life history stage was categorized as seedling,
vegetative terminal shoot, vegetative branch, or flowering.
Each shoot was measured for length and width, and its nodes
on the rhizome were counted, especially to track the age of
shoots generated asexually through branching. On a quadrat
basis, above- and below-ground material was separated, dried,
and weighed.

Shoot growth was based on a modified leaf-marking tech-
nique (Zieman 1974), which capitalizes on the fact that new
leaves are produced by a basal meristem at the center of the
bundle of leaves. At each site, five groups of three to five
shoots were marked by poking two small holes near the top of
the leaf sheath on 21 Jul 2009 (22 Jul at sites 3 and 4). Three
days later, we collected the shoots and found leaf emergence
rates of 12 % day−1 (SE 1 %) based on unmarked youngest
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leaves that had extended past the original mark (cf. Herbert
and Fourqurean 2009). Each shoot was measured for the
width (mm) at the top of the leaf sheath, total length of each
leaf, and distance that each growing leaf had extended (cm).
New growth was estimated from the length of growing leaves
that had extended beyond the original marks still present on
non-growing outside leaves. This “new biomass” was pack-
aged separately from the rest of the shoot, and both compo-
nents were dried and weighed. All processing was completed
within 24 h. We calculated growth as daily % increase from
new leaf extension relative to total above-ground size, sepa-
rately for leaf length and biomass. This metric is called spe-
cific growth (e.g., Short et al. 1995) or relative growth rate
(e.g., Herbert and Fourqurean 2009). Subsequently, a portion
of the new tissue was ground and packaged for analysis of
carbon and nitrogen content and isotope ratios (University of
California Davis Stable Isotope Lab). Growth and tissue

chemistry data were averaged by quadrat prior to statistical
analysis.

We determined sediment organic content based on loss-on-
ignition from three surface sediment scrapes at each site, ~20 g
of which was dried and then ashed at 500 °C for 4 h.

Water Chemistry

Discrete samples for water chemistry analysis were collected
from a shallow draft boat in channels near tideflats occupied
by Z. marina. Transects along the estuarine axis were run in
July and August of 2009 (six transects of three to four stations)
and 2010 (14 transects of six to nine stations). Water samples
were collected in a Niskin bottle at 2-m depth and transferred
without bubbles to acid- and bleach-washed 350-ml bottles,
then poisoned with 0.3 ml saturated solution of HgCl2 and
sealed with crimp-seal metal caps. At the same time,
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Fig. 1 Index of pH in surface water of Willapa Bay, WA, USA. a
Running sampler at high tide on 10 Sep 2010 overlaid on a map of
Willapa Bay with numbered sites of eelgrass samples. pH index in
summer 2009 and 2010 b near ocean (N46.6577°, W124.043°),
overlaid with daily upwelling values (points, right-hand axis reversed
so down is higher upwelling); c at the south end in 2009 (N46.4094°,

W123.9756°) and mid-bay in 2010 (N46.4837°, W124.0244°); d near
river (N46.4491°, W123.9231°), overlaid with the maximum high-to-low
tide difference in water level each day. Statistical analyses of temporal
variability in pH in relation to environmental factors are in supplemental
Tables 1 and 2
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temperature and salinity were measured (handheld YSI 85).
Water samples were analyzed for two components of the
carbonate chemistry system (dissolved inorganic carbon and
pCO2) at Oregon State University, as documented in Bandstra
et al. (2006) and Barton et al. (2012). From these two compo-
nents, given the temperature and salinity at collection, the
carbonate chemistry system was calculated, with pH provided
in seawater system units and aqueous [CO2] as micromoles
per kilogram of seawater.

These discrete samples were supplemented by pH
measurements from YSI glass electrode pH sensors at-
tached to 6600 datasondes, which were calibrated in the
NBS scale prior to deployment. Three units were placed
on moorings in surface water at intervals along the
estuarine axis (Fig. 1), to which we will refer as ocean,
mid-bay, and river positions, although all three were
within the estuary. In 2009, deployment was from 5
July to 17 Aug, and in 2010 from 29 June to 13 Sep,
with pH recorded at 15-min intervals. A fourth unit was

used as a running sampler on a shallow draft boat that
sampled (1-min interval) throughout the bay on 10 Sep
2010. This unit was housed within a plastic pipe
through which water was pumped as the boat was
underway. Geographic position was recorded concurrent-
ly (Garmin GEKO). To verify sensor performance, in-
stantaneous pH recorded by sensors was compared to
discrete samples collected at about 1-week intervals
during deployment, which represented a subset of those
described above. At this 1-week scale, instantaneous pH
recorded by sensors was correlated with concurrent dis-
crete samples (Pearson’s r [sample size] at ocean, mid-
bay, and river, respectively, in 2009: N/A [2], 0.73 [4],
0.52 [5]; in 2010: 0.84 [9], 0.72 [10], 0.69 [9]). We
also calculated the mean and standard deviation of the
differences between sensor and discrete data. Three sen-
sors were statistically indistinguishable from discrete
samples (2009 ocean, 2010 mid-bay and river), and a
fourth was easily adjusted (ocean 2010: pHsws=(pHNBS
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−0.0136)/1.013). For the two remaining sensors, no
adjustment was made because it would have increased
the magnitude of pH fluctuations by a factor of 3 to 5:
for mid-bay mooring in 2009, pHsws=(pHNBS−5.6659)/
0.329; for river mooring in 2009, pHsws= (pHNBS−
6.3493)/0.2006. Overall, the potential error introduced
by measurement method (based on the standard deviation
of the differences between sensor and discrete data) was a
large portion of the total variation (standard deviation of
pH at each sensor), specifically at ocean, mid-bay, and
river, respectively, in 2009: 77, 170, and 170 %; in 2010:
54, 50, and 41 %. These values imply a low signal-to-
noise ratio in the sensor data, making any conclusions
about environmental drivers (signal) conservative because
patterns are less likely to be detected in noisy data. In any
case, data from glass electrode pH sensors, which we
simply term a pH index, are not used to draw inferences
about gradients of carbonate chemistry in Willapa Bay but
rather to evaluate components of variability.

To test potential environmental drivers of pH variation,
daily values of the Bakun upwelling index during sensor
deployment were downloaded from http://www.pfel.noaa.
gov/products/PFEL/modeled/indices/upwelling/NA/data_
download.html for the time series point closest toWillapa Bay
(48° N, 125° W). Water levels at 6-min intervals were
downloaded from http://tidesandcurrents.noaa.gov/
waterlevels.html?id=9440910 for a NOAA station near the
entrance to Willapa Bay. The tidal cycle lags by 25 min in
mid-bay and 38 min at the south end (Ruesink et al. 2003).

Data Analysis

Of 20 total eelgrass biometrics collected across sites, we
focused our analysis on tissue chemistry (%carbon, %nitro-
gen, δ13C), standing biomass, and production in terms of new
shoot formation (% branching) and leaf extension (specific

growth). These data were collected at eight sites and analyzed
in two ways: first, to test for site differences (analysis of
variance, site as main effect, n=5 per site), and second, to test
for an estuarine gradient using distance from the ocean as a
predictor variable. Two models were compared by Aikaike’s
information criterion in this second analysis, one in which
variables changed linearly with distance from the ocean and a
second that added a second-order effect of distance to address
the position of optimal conditions along the estuary. Discrete
water samples collected during transects were analyzed only
by the second method to test for an estuarine gradient, given
variability in sampling intervals along transects. Sediment
organic content was analyzed in the same manner as these
environmental data.

pH data from logging sensors were analyzed with respect
to three potential drivers (upwelling, tidal stage, and diel
biological activity) and separately at two temporal scales
(daily average and 15 min). A daily scale of analysis was used
to relate daily average pH and upwelling index, including lags
of up to 1 week as marine signals propagate into the bay
(Banas et al. 2004). For both 2009 and 2010, at each of the
three moorings, daily average pH was regressed on daily
upwelling using a linear model and model fit (r2, P value)
recorded for each lag time. At the shorter time step at which
sensors logged data on moorings (15-min intervals), pH
values were related to three potential predictor variables based
on a linear model with main effects of water level, salinity, and
diel patterns. Potential diel variability was incorporated as a
sine wave with pH peaking at the end of the day (8 pm) and
reaching its lowest value in the morning (8 am). This diel
assumption is not symmetric around solar noon (12:22 pm at
the study site; http://www.esrl.noaa.gov/gmd/grad/solcalc/),
nor does it account for ca. 16-h daylight at this latitude in
summer, but empirically it provided a robust fit to data that
enabled consistent comparison of diel variability across the
estuarine gradient.

Table 1 Results of statistical analyses of environmental gradients in
Willapa Bay.F-values are derived from analysis of variance, andP-values
are reported as *<0.05, **<0.01, and ***<0.001. Model comparison
favors the more complex model, including both distance from ocean (D)

and distance-square (D2) as predictor variables, when P<0.05. When
model 2 is favored, the position of the unimodal peak or low point in
the bay is provided by site number

Sample size Model 1: main
effect of D

Model 2: main
effects of D2 and D

Comparison of model 1
and model 2 (P value)

Salinity 104 40.43*** 35.62***, 4.94* Linear decline (0.54)

Temperature (°C) 104 156.98*** 140.26***, 45.93*** Peak at 8 (0.00071)

pHsws 93 22.39*** 28.65***, 1.31 Peak at 1–2 (0.014)

Aqueous [CO2] (μmol/kg) 93 7.71** 10.56**, 1.44 Lowest at 1–2 (0.047)

Dissolved inorganic carbon (μmol/kg) 93 19.89*** 15.66***, 6.44* Linear decline (0.16)

pCO2 (μatm) 93 9.54** 12.36***, 0.99 Linear increase (0.063)

Sediment % organic content 24 70.99*** 48.97***, 25.39*** Lowest at 1–2 (10−7)
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Results

From ocean to river in summer, water became fresher and
warmer, its pH declined, and aqueous [CO2] increased
(Fig. 2a–d, Table 1). Median values of aqueous [CO2] were
nearly twice as high at the river compared to ocean end of
Z. marina’s distribution in Willapa Bay (22 vs. 14 μmol/kg
seawater; Fig. 2c, d). This increase in aqueous [CO2] occurred
despite an overall decline in the total amount of dissolved
inorganic carbon (DIC; Fig. 2e). DIC may have been diluted
by freshwater or lost to the atmosphere from off-gassing since
up-estuary samples had pCO2 above atmospheric equilibrium
(median 606 μatm; Fig. 2f). Sediment organic content in-
creased from <1 % near the ocean to 9 % at up-estuary sites
(Fig. 3, Table 1). Decomposition of this organic matter would
generate a trend of increased up-estuary autochthonous con-
tributions to DIC, which would partly counteract dilution and
off-gassing as losses.

The overall pattern of reduced pH up-estuary was support-
ed by the running sampler (Fig. 1), but moored pH loggers
revealed yet another component to variation. pH near the
ocean fluctuated primarily at a scale of weeks and shared a
substantial amount of variability with upwelling (Fig. 1b;
Supplemental Table 1). Increased upwelling resulted in de-
creased pH at the ocean end of Willapa Bay with a 2-day lag
time. In contrast, no negative relationship emerged between
upwelling and pH at any lag time farther into Willapa Bay.
Analyses at finer temporal resolution showed that fluctuations
in pHwere greatest near the ocean (SD=0.13 in 2009 and 0.15
in 2010) and river (SD=0.12 in 2009 and 2010), whereas pH
conditions were relatively stable in the southwestern “lagoon”
regardless of whether the sensor was positioned far up-estuary
(SD=0.06 in 2009) or more mid-bay (SD=0.04 in 2010;
Fig. 1c). Fluctuations in pH near the ocean had a large com-
ponent of variability associated with salinity (Fig. 4; Supple-
mental Table 2), consistent with upwelling of high-salinity,
high-nutrient deep water. Fluctuations near the river had a
large component of variability associated with water level,

which was a much better predictor of pH than salinity per
se. Salinity certainly varied with water level (r2=0.58 in 2009
and 0.3 in 2010) but did not as effectively predict pH because
of a rising salinity trend through the summer season of low
rainfall, which was not mirrored by pH (Fig. 1d). Overall,
more diel variability in pH occurred near the ocean andmiddle
of the bay than at the river sensor (Fig. 4). The modest amount
of overall pH variability in the southwest (2009) and mid-bay
(2010) regions appeared to emerge primarily from day–night
differences in biological production since salinity and water
level were weak predictors there (Fig. 4).

Z. marina showed significant spatial variation in nearly all
traits that were measured (Table 2; Supplemental Tables 3 and
4), but we focus here on key traits related to tissue chemistry
and production. Standing above-ground biomass generally
declined from ocean to river but also readily divided the sites
into two groups: four exceeding 120 gDW m−2 and four <60
gDW m−2 (Fig. 5a). The latter group comprised the three up-
estuary sites with sediment organic content >8 % and a fourth
sandy site where above-ground biomass is limited by water
motion due to local wave exposure (Yang 2011). In contrast,
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specific growth based on leaf lengths did not vary consistently
across the estuary (Fig. 5b, Table 2). Biomass provided overall
lower estimates of growth than did length (Fig. 5b) because
the method to measure growth from newly extended biomass
did not account for leaf thickening, although thickness at least
doubled as leaves aged. The difference in pattern between
specific growth by length (no trend) and by biomass (mid-
estuary peak; Table 2) is explained by thinner leaves initially
at both ends of the estuary, which mature to similar specific
leaf area (Supplemental Tables 3 and 4). Branching was
frequent at both ends of the estuarine gradient (Fig. 5c), but
the most ocean-ward site was distinct in having recent
branches (≤5 nodes or 42-day window given leaf emergence
rates of 12 % day−1), whereas up-estuary sites primarily had
branches about 14 nodes back, consistent with a seasonal peak
in branching before March (Ruesink et al. 2010). Gradients
from ocean to river were evident in carbon content, which
increased from 30 to 33 %, and in carbon isotope ratio, which
declined from −11 to −15‰ (Fig. 5d, f). Nitrogen content was
lowest mid-estuary (Fig. 5e).

Discussion

Z. marina biometrics along an estuarine gradient

Tissue chemistry, not production of Z. marina, mirrored estu-
arine pH gradients and integrated across upwelling-driven
variation at scales of weeks near the ocean and tidally driven
variation at semidiurnal scales up-estuary. The range of δ13C
values for Z. marina in summer in Willapa Bay (−11 to
−15‰; Fig. 5f) was on the wide end of those reported in the
literature for multi-site studies at a single time. Similarly, wide
ranges are reported across three bays with differing upland
development (−7.7 to −11.2‰; Olsen et al. 2011) and along a

single fjord with a eutrophication gradient (−9 to −14‰;
Papadimitriou et al. 2005). In both cases, δ13C was negatively
related to δ15N, consistent with anthropogenic inputs as a
major driver of spatial pattern, but in Willapa Bay the two
isotopes did not covary (t1,6=0.47). Narrower ranges in δ13C
of Z. marina are reported along a salinity gradient in Akkeshi
Bay (−7 to −8‰with no spatial trend; Tanaka et al. 2008) and
with distance from the ocean in Tomales Bay where little
salinity gradient exists in summer (−9 to −11‰; Fourqurean
et al. 1997).

Carbon isotope ratios in seagrasses tend to reflect underly-
ing isotopic availability in source carbon (Papadimitriou et al.
2005), but modified by a variety of factors including high
growth rates and/or carbon limitation that can reduce enzy-
matic discrimination against the heavy isotope (Tanaka et al.
2008) and use of bicarbonate as well as aqueous CO2, the
latter of which has depleted δ13C relative to the former (Mook
and Tan 1991; Papadimitriou et al. 2005). Therefore, we
cautiously conclude that up-estuary Z. marina with depleted
δ13C inWillapa Bay shows that materials are entering from the
forested watershed or marshes and decomposing in situ,
shifting δ13C toward a terrestrial carbon signal. These addi-
tions to DIC from biological processing appear to be more
than offset by the physical processes of mixing with freshwa-
ter and off-gassing from water of lower alkalinity that holds
less DIC since the DIC pool dropped up-estuary (Fig. 2e).
Nevertheless, carbon appeared readily accessible to Z. marina
up-estuary as indicated by the modest but significant trend of
increased tissue carbon concentration (Fig. 5d).

Typically, nutrient limitation in temperate seagrasses has
been evaluated with respect to nitrogen availability (Duarte
1990). As is typical, nitrogen (%N) varied more than carbon
(%C) in Z. marina in Willapa Bay (Fig. 5d, e). Lowest %N
occurred mid-estuary, where eelgrass meadows are dense
(Fig. 5a) and sources of N from upwelling or rivers most

Table 2 Results of statistical analyses of biometrics of Z. marina across
Willapa Bay.F-values are derived from analysis of variance, andP-values
are reported as *<0.05, **<0.01, and ***<0.001. Sample size=5 at each
of eight sites. Model comparison favors the more complex model,

including both distance from ocean (D) and distance-square (D2) as
predictor variables, when P<0.05. When model 2 is favored, the position
of the unimodal peak or low point in the bay is provided by site number

Model 1 with distance
(D) as main effect

Model 2 with D2

and D as main effects
Comparison of model 1
and model 2 (P-value)

Model with site
as main effect

Above-ground biomass (g m−2) 19.68*** 24.34***, 1.30 Peak at 1-2 (0.046) 7.14***

% shoots that are branches 0.20 2.56, 25.95*** Lowest at 4 (<10−5) 5.19***

Summer branches 16.87*** 15.80***, 22.61*** Lowest at 2 (0.0004) 6.28***

Spring branches 18.2*** 26.8***, 4.1 Lowest at 5 (0.005) 5.35***

% length increase (day−1) 0.66 0.62, 0.02 No trend 3.53**

% biomass increase (day−1) 4.43* 9.23**, 9.04** Peak at 3 (0.0011) 5.12***

%carbon in leaf tissue 7.19* 7.08*, 0.04 Linear increase (0.76) 1.17

%nitrogen in leaf tissue 6.38* 40.06***, 70.14*** Lowest at 3 (<10−10) 26.6***

δ13C in leaf tissue ‰ 61.14*** 145.20***, 16.01*** Peak at 1–2 (<10−6) 78.7***
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distant, but specific growth was maintained (Fig. 5e). For
comparative purposes, C/N ratios in Z. marina at both the
ocean and river ends of Willapa Bay were similar to those
from 17 sites spanning >200 km in Puget Sound, a deep fjord
also in Washington state (C/N=9–12; Yang et al. 2013).
However, C/N in the middle of Willapa Bay was 17–21.

Across many experimental studies of Z. marina, limiting
factors such as low light, competition from algae, low nutri-
ents, or increased sediment sulfide act in ways that simulta-
neously reduce growth and biomass (Dennison and Alberte
1985; van Lent et al. 1995; Mascaró et al. 2009). Alternative-
ly, intraspecific competition could reduce growth at high
standing biomass. A recent analysis showed few cases of
intraspecific competition in seagrasses based on self-
thinning (Cabaço et al. 2013), but in Willapa Bay Z. marina
accelerates branching after shoots are experimentally thinned
(Ruesink et al. 2012). In contrast to both predictions, for
Z. marina across Willapa Bay, standing biomass varied by a
factor of 3 but was not related either positively or negatively to
normalized production (recent % branching: t1.6=0.89; spe-
cific growth by length: t1,6=−0.96; specific growth by bio-
mass: t1,6=1.00; Fig. 5). These results raise the interesting
possibility that under natural conditions, factors limiting bio-
mass differ from those influencing growth, but for our pur-
poses here, the main point is that neither growth nor biomass
of Z. marina changed in a manner consistent with carbon

limitation. Under environmental control from aqueous
[CO2], growth and biomass should have increased up-estuary,
rather than remaining unchanged or declining, respectively.
One reasonable explanation is that estuarine gradients in car-
bonate chemistry are too weak to elicit productivity responses
in Z. marina. Compare, for instance, the pH range (8.1 to 7.7)
and twofold range in aqueous [CO2] in Willapa Bay to other
studies modifying aqueous [CO2] by 100-fold (Zimmerman
et al. 1997) or pH from 6 to 8 (Invers et al. 2001; Hall-Spencer
et al. 2008). Further, the pH in Willapa Bay falls within the
range of weak physiological responses in Z. marina in the
laboratory (Invers et al. 2001).

Carbonate Chemistry Along an Estuarine Gradient

Our expectations regarding pH and aqueous [CO2] along the
estuarine axis were supported (Fig. 2), and these trends in
mean values were associated with distinct patterns of temporal
variability (Fig. 1). Near the ocean, pH variability at the scale
of weeks coincided with upwelling (low pH) and relaxation
(high pH). This temporal pattern supports other oceanograph-
ic studies along the coast (Hickey and Banas 2003; Feely et al.
2008). Variability in pH due to upwelling strength dissipated
by mid-bay, where day–night variability was the dominant
component in an overall relatively stable pH region (Figs. 1b
and 4). Near the river, pH variability primarily reflected tidal

Fig. 5 Z. marina biometrics (mean+standard error, n=5) along an
estuarine gradient in Willapa Bay, WA, USA, July 2009, at different
straight-line distances from the ocean. a Above-ground biomass as dry
mass per area; b daily shoot growth as % relative to total leaf length or

biomass; c % of shoots originating as new branches in spring (6–18
internodes) or summer (≤5 internodes); d %carbon as dry weight in leaf
tissue; e %nitrogen as dry weight in leaf tissue; f stable isotope ratio of
carbon in leaf tissue (‰ relative to PeeDee Belemite)
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movement of water with different riverine contributions
(Fig. 4). Although the estuarine gradient in carbonate chem-
istry appears to have distinct drivers at each sensor in these
summer deployments emphasizing short-term variability, it
remains possible that ocean inputs could modify baseline pH
within the estuary through seasonal variation in the carbonate
chemistry of water arriving at the inner shelf (Feely et al.
2008) or through respiration of coastal phytoplankton blooms
advected during complex tidal circulation (Banas et al. 2007).
More generally, CO2 emissions from estuaries are typically a
function of watershed inputs, as DIC directly or as organic
matter followed by net heterotrophy, but may also be influ-
enced by nitrification and calcium carbonate deposition or
dissolution (Borges and Abril 2011).

Eelgrass growing along the estuarine gradient in Willapa
Bay experiences not only different average carbon availability
but also fluctuations of different amplitude and frequency. Our
samples seemed to integrate across this variability—that is,
carbon content and stable isotope ratios of Z. marina had clear
linear or unimodal spatial trends (Fig. 5, Table 2)—and in fact
provided improved understanding through stable isotopes that
up-estuary carbonate chemistry may be sensitive to
watershed-level changes in material inputs. Within eelgrass
meadows, diel variation could be even more dramatic than in
channels (where our moorings were placed) because of bio-
logical feedbacks through net photosynthesis and respiration
in shallow overlying water, possibly resulting in carbon lim-
itation in daylight regardless of position along the estuarine
gradient. The strength of these biological feedbacks remains
an area of future study in seagrass biology, along with con-
trolled tests of whether amplitude and frequency of environ-
mental conditions modify responses to mean values.
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