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INTRODUCTION

Seagrasses are marine monocotyledonous angio -
sperms that occupy both the water column and sedi-
ments in low-energy estuarine environments. These
communities provide habitat for many commercially
important fish and shellfish species and provide other
important ecosystem services (e.g. improved water
quality, sediment stabilization, carbon sequestration,
etc.) and nutrient cycling (Hemminga & Duarte 2000,
Orth et al. 2006). Globally, seagrasses annually add
~27 Tg of carbon to marine sediments, roughly 10%
of the total annual carbon burial in world oceans
(Fourqurean et al. 2012). Thus, belowground dynam-
ics of seagrasses are critical to understanding sedi-

ment biogeochemical processes, but there have been
few studies due to logistical difficulties.

In many regions of the world, seagrass communities
are in decline, and no single causative agent has been
identified (Orth et al. 2006). Both natural and anthro-
pogenic stresses may be altering seagrass distribution
and growth, but our limited understanding of the envi-
ronmental dynamics of seagrasses has hampered de-
termining underlying mechanisms (Tou chette & Burk-
holder 2000). In particular, stresses affecting root and
rhizome growth and metabolism are poorly under-
stood, due to the lack of methodo logical approaches
for non-destructive, in situ sediment process studies.

Plant ecologists have made great progress in devel-
oping techniques to evaluate belowground root dy -
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namics of terrestrial plant ecosystems, including the
use of root windows (Egli & Kälin 1990) and mini rhizo -
tron tubes (Johnson et al. 2001). Both methods allow
visualization and measurement of root genesis, root
life span, demography and development. Further, ter-
restrialplantecologistshavedevelopedaclassification
system for roots and mathematical equations to calcu-
late fine root demographics. In contrast, plant below-
ground (i.e. sediment) dynamics are a poorly under-
stood component of seagrass ecosystems. Conse-
quently, application of methods pioneered by terres-
trialecologistscanprovidevaluable insight toseagrass
belowground dynamics, particularly with regard to
root demographics (e.g. birth, life span and mortality).

Seagrass scientists have long relied on marking
techniques to measure leaf and rhizome growth rates
(Short & Duarte 2001), while destructive harvest
methods are commonly used to estimate above- and
belowground biomass. Leaf marking methods are
generally accepted to provide good quantitative esti-
mates of leaf growth rates, although some methods
provide better estimates than others (e.g. leaf marking
versus clipping techniques; Hauxwell et al. 2001,
Kowalski et al. 2001). Rhizome marking methods have
been used to estimate seagrass rhizome growth rates
(Kaldy & Dunton 2000). Unfortunately, these tech-
niques cannot be used to measure root growth rates,
life span or other demographic parameters. The large
surface area and anatomical adaptations (e.g. root
hairs, lacunae, etc.) associated with seagrass roots fa-
cilitate exchange of nutrients and labile organic con-
stituents between plants and sediment. Consequently,
sediment microbial communities can use plant-
derived carbon to fuel biogeochemical cycling (Dev-
ereux 2005, Kaldy et al. 2006). Therefore, quantifying
dynamics of root growth and biomass in situ may pro-
vide more direct insight into linkages between plants
and sediment microbial communities.

The goal of this study was to address these knowl-
edge gaps using minirhizotrons to quantify root
standing crop, production, mortality and life span in
a seagrass bed in Yaquina Bay, Oregon, USA. We
had 3 general hypotheses: (1) root standing crop, pro-
duction, mortality and life span are independent of
seabed elevation; (2) root standing crop production,
mortality and life span are similar throughout the
sediment profile and (3) life span of individual root
cohorts is similar regardless of when the cohort de -
veloped. The results provide new information on root
distribution and also potential carbon fluxes to these
highly reduced marine sediments, which may be
used to develop better management and protective
measures for seagrasses.

MATERIALS AND METHODS

Site description

All fieldwork was conducted in Yaquina Bay, Ore-
gon, USA, in a monotypic Zostera marina meadow
(44° 37’ N, 124° 2’ W). Detailed information on Z. ma -
ri na characteristics and environmental factors at the
site can be found in Kaldy (2006), Kaldy & Lee (2007)
and Kaldy et al. (2013). In general, Z. marina has
strap-like leaves up to 2 m in length anchored to the
sediments, with rhizomes with fine roots emerging at
nodes spaced 0.5 to 5 cm apart. The study site is char-
acterized by sediments composed of 69% sand, 25%
silt and 6% clay and about 1.4% C (by weight) with a
C:N ratio of 15.8. The site is macrotidal (~2 m range)
and ocean-dominated, characterized by cold water
temperatures and high nutrient concentrations de -
rived from N fixation in the watershed and oceanic
up welling (Brown & Ozretich 2009). It is a low -
gradient bed, with the intertidal portion of the bed
being relatively flat with ~0.46 m of relief between
the river channel and the uppermost extent of the Z.
marina plants.

Minirhizotrons

Adapting minirhizotron technology to the estuarine
environment posed a number of technical and logisti-
cal problems. The minirhizotron tubes used in this
study consisted of extruded polybutyrate plastic
tubes, with an inside diameter of ~5 cm and wall thick-
ness of 0.3 cm, that were ~1.83 m in length. The por-
tion of the tubes that were exposed to light during low
tides were painted first with a layer of black paint and
then a layer of reflective white paint to exclude light
(Fig. 1A) (Johnson et al. 2001) which could affect root
growth or encourage algal growth within the tubes.
One end of each tube was fitted with a sharpened
plastic plug glued in place to seal the end of the tube.
This pointed end facilitated placement of the tube,
which was driven into the sediment with a rubber
mallet (Fig. 1A). Twelve tubes were installed in May,
2002 (Fig. 1B) at an angle 16° off the horizontal sedi-
ment surface, to ~30 cm depth. This angle was chosen
to optimize viewing the shallow roots that Z. marina
produces. Approximately 40 cm of each tube was left
projecting above the sediment to provide above-
water access at low tide for the minirhizotron camera.
The tubes were attached to a 70 cm ground anchor
with a metal hose clamp. Fig. 1C shows the location of
the Z. marina bed and minirhizotron placement.
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The seagrass bed exposed at mean low water at
Idaho Point was ~35 m wide (mean low water line to
uppermost extent of the seagrass). The seagrass bed
exposed at mean low water was divided into 3 eleva-
tions relative to mean lower low water (MLLW). The
lowest was called the ‘Lower bed’ at a tidal elevation
of about 0 m MLLW. Three minirhizotron tubes were
installed in the Lower bed, ~2−3 m from the mean
low water line, and parallel to it. The ‘Mid-bed’ was
upslope and above the Lower bed at a tidal elevation
of about +0.26 m MLLW. Three minirhizotron tubes
were installed in the Mid-bed 15 m away from those
installed in the Lower bed. Three minirhizotron tubes
were also installed in the ‘Upper bed’ at a tidal eleva-
tion of +0.39 m MLLW, 15 m upslope and parallel to
the tubes in the Mid-bed, 2−3 m from the upper
 margin of the seagrass bed. A fourth elevation was
 delineated above the permanent seagrass bed (i.e.
un-vegetated sediment) at about +0.51 m MLLW.
This was designated ‘Above bed’ and 3 minirhizotron
tubes were installed at this elevation. After place-

ment of the tubes, a plastic mechanical pipe plug
(Cherne Industries, model 270538) was used to seal
the end of the tube protruding from the sediment sur-
face to prevent water from entering the tube while
submerged at high tide.

Image collection

Beginning in June 2002, we collected root images
and sampled shoot, rhizome and root tissue proximal
to each tube at monthly intervals through December
2003 (i.e. 18 image collection events). Sampling oc -
curred at low tides of at least −0.15 m MLLW to have
sufficient time to complete image acquisition. At
each sampling interval, the mechanical pipe plug
was removed from the end of the minirhizotron tube
and a small manual pump was used to remove any
water that had entered. Each tube was swabbed dry
with a clean cotton cloth, and a specialized digital
camera was used to record root images along the
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Fig. 1. (A) Minirhizotron tube installation using a
rubberized sledgehammer. Inset, close-up instal-
lation showing 16° foam block used to set tube
angle. (B) Diagram of minirhizotron camera and
tube system used in this study. See ‘Materials and
methods’ for details. (C) Aerial view of Yaquina
Bay, Oregon, showing the Yaquina River, Idaho
Point and the location of the minirhizotron tube
array. Plot plan shows the location of the minirhi-
zotron tubes, tube spacing and proximity to the
main channel of the Yaquina River at low tide
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length of the tube. Images were recorded on digital
video using a 5 cm O.D. color minirhizotron video
camera (Bartz Technology). Each image covered a
field of view of ~1.8 cm2, and 3 images were taken at
each location along the tube — pointed upwards
(12:00 position) and to both sides (09:00 and 03:00).
The camera was locked in place with an indexing
handle that allowed repeated observations at the
same location at each sampling event (Johnson &
Meyer 1998). There were 83 detents (locations) along
each tube where images were taken between the
sediment surface and a vertical depth of ~30 cm.

Root digitization and survival analysis

Root data and other information were extracted
from the videos back in the laboratory using ROOTs
digitizing software (Enslin et al. 1994). Length and
width of each root were measured by manual tracing
with a computer mouse. Error-checking computer
programs were written in SAS to examine 14 types of
classification, measurement and recording errors for
each image at a single sample time and across sam-
ple times (Johnson et al. 2001). Previous studies have
found very high data quality and repeatability of root
measurements using these techniques (Phillips et al.
2006a,b).

A data set was constructed from the minirhizotron
images that included, for each fine root: depth in
sediment, zone (position on gradient from deepest
to shallowest end of Z. marina bed; Lower bed, Mid-
bed, Upper bed and Above bed), time of appear-
ance, time of disappearance and life span (interval
from appearance to disappearance). Because there
is no way to determine root physiological activity,
all roots observed in the photographs were consid-
ered to be ‘live’, unless they disappeared from view
during the study period. All calculations and analy-
ses were carried out using SAS Version 8 (SAS Insti-
tute 1999). Root depth was binned into 2 sediment
depth classes for analysis: 0−10 cm and >10 cm.
There was also an indicator variable for right-
censoring (Allison 1995), which occurred when a
root had not disappeared by the end of the study
and thus had an indeterminate life span. A seasonal
cohort variable was also created to indicate the 3-
mo season (Jan−Mar, Apr−Jun, Jul− Sep, Oct−Dec)
in which each root first appeared. A Wilcoxon rank-
sum test (PROC NPAR1WAY in SAS) was used to
test for differences in root width (mean of all obser-
vations for each root) between sediment depth
classes (0−10 cm and >10 cm).

Proportional hazards regression (Cox 1972) was
used to analyze the effect of root depth in sediment
on root survivorship. This procedure has been used
extensively in agricultural studies (Baddeley & Wat-
son 2005) and forest tree studies (Phillips et al. 2009).
This analysis evaluates the hazard function h(t),
which indicates the instantaneous risk of mortality at
time t, given survival to time t (Allison 1995):

(1)

where T is the time of death. For an individual root i,
the hazard is modeled as the product of an unspeci-
fied baseline hazard function and an exponentiated
linear function of the k predictor variables (Allison
1995):

(2)

The βs are estimated coefficients in the model that
provide weights for the effects of each of the predictor
variables (x), and χ2 tests are performed to determine
whether the coefficients are significantly different
from 0. Since this linear function of predictors is expo-
nentiated, the model assumes that effects of the pre-
dictors on the hazard are multiplicative; thus the haz-
ard for one group is proportional to that of another
group, where this proportionality is assumed constant
over time. Hazard ratios are computed to compare
hazards between different levels of the categorical
predictor variables. Subtracting 1 from the hazard ra-
tio and multiplying by 100% gives the percent mor -
tality in crease between predictor levels (Allison 1995).

PROC LIFETEST in SAS was used to produce root
survival curves (proportion of roots surviving versus
time since first appearance) by plotting Kaplan- Meier
estimates of the survivor function versus time for vari-
ous predictor variables (Kaplan & Meier 1958). From
these estimates, median life spans were computed,
which designate the point at which half of the roots
originally present have disappeared. Diagnostic tests
indicated that there was not constant proportionality
of hazards over time among the 4 seasonal cohorts or
among the elevations. Therefore, these variables
were not included in the proportional hazards model
described above, but equality of their survival func-
tions was tested with log-rank and Wilcoxon tests (Al-
lison 1995), and median life spans and their 95% con-
fidence intervals were compared among cohorts and
among zones. The proportional hazards analysis was
carried out in PROC PHREG of SAS, testing for the ef-
fect of root depth in sediment on root survival. The
hazard ratio was determined for deeper roots (>10 cm)
versus shallower roots (0−10 cm).
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Root biomass and carbon turnover

Biomass and carbon standing stocks were esti-
mated using empirical data collected from the same
Z. marina bed during this study (Kaldy 2006). Each
month, 10 replicate 15-cm diameter cores inserted to
a depth of 20 cm were collected monthly from March
2001 to November 2002. The number of shoots was
recorded and leaf blades, rhizomes and roots were
washed, separated, dried and weighed. Percent car-
bon (C) was determined on dried sub-samples using
a Carlo-Erba CHN analyzer and replicate analyses
were pooled for monthly values (n = 21). To estimate
root biomass turnover rate, we multiplied mean root
biomass on an area basis (g m−2 to 20 cm) by the esti-
mated mortality rate (d−1) from the minirhizotron
 survival analysis. A similar calculation was made for
root C mass turnover rate. Using all roots from the
minirhizotron analyses, the overall median life span
(d) represented the half-life of a negative exponential
survival curve and the overall mortality rate (d−1)
was calculated as ln(2)/half-life. Mortality was re-
expressed on a yearly basis (yr−1), resulting in root
biomass and C mass turnover rates in g m−2 yr−1 to a
depth of 20 cm.

Root length dynamics

As a complement to the survival analysis of individ-
ual fine roots, the dynamics of root length were also
examined. At each sampling time, the following
dynamic metrics using root length were quantified:

(1) standing crop was estimated from the length of all
roots present (mm/tube); (2) production over the
sampling interval was estimated from the length of
newly appeared roots plus length extension of roots
already present (mm/tube over the sampling inter-
val); and (3) mortality over the sampling interval was
estimated from the length of disappeared roots plus
length decreases of roots already present (mm/tube
over the sampling interval). Repeated-measures
ANOVAs using PROC GLM in SAS (SAS Institute
1999) were performed to test for effects of elevation
and sediment depth (between-subjects effects), time
(within-subjects effect) and their interactions on root
length standing crop, production and mortality.
Greenhouse-Geisser corrections were used for time
and time interaction tests to adjust for possible non-
sphericity (Greenhouse & Geisser 1959).

RESULTS

Root characterization

A total of 204 individual roots were observed in the
12 minirhizotron tubes over the 18 sampling periods.
Equal numbers of roots were observed at 0−10 cm
and >10 cm depths (Table 1). The largest number of
roots were first observed in the Apr−Jun cohort
(Table 1); there was an obvious seasonal component
to root emergence, with fewer new roots observed
during the October–March time period. More roots
were observed in intermediate elevation zones
(Mid- and Upper bed) compared with Lower bed and
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Variable                                 p-value                 Class              No. of roots,                   Median life                    Hazard ratio 
                                                                                                    total = 203                   span in days                 compared with 
                                                                                                  (+1 censored)        (95% confidence limits)        reference class

Root depth in sediment        <0.0001              0−10 cm               101 (+1)                       48 (44−51)                        Reference
                                           (chi-square)           >10 cm                    102                           75 (57−95)                            0.436

Seasonal cohort                     0.5956             Jan − Mar                  11                            57 (35−92)                             NA
                                             (log-rank)           Apr − Jun                  84                           57.5 (56−66)                            NA
                                                0.3833              Jul − Sep                   65                            48 (48−75)                             NA
                                            (Wilcoxon)          Oct − Dec              43 (+1)                       47 (47−104)                            NA

Seagrass bed zone                 0.7224            Lower bed                  46                           49.5 (29−58)                            NA
                                             (log-rank)            Mid-bed                   67                            58 (51−75)                             NA
                                                0.6091             Upper bed              69 (+1)                        51 (48−75)                             NA
                                            (Wilcoxon)         Above bed                  21                            51 (47−76)                             NA

Table 1. Numbers of roots observed and results of tests for effect of seasonal cohort (time of first appearance), seagrass bed
zone and root depth in sediment on survivorship curves. See ‘Materials and methods’ for specific details of statistical methods.
Root depth was tested using a proportional hazards model (PROC PHREG), and had a significant effect on survival. Seasonal
cohort and seagrass bed zone did not meet assumptions of constant proportional hazards over time, and were tested using
PROC LIFETEST; they did not have significant effects on survival. The censored root refers to one that had not disappeared by 

the end of the study and thus had an indeterminate life span. NA: not applicable



Mar Ecol Prog Ser 557: 123–132, 2016

Above bed zones (Table 1). It is important to note that
Zostera marina generally produces adventitious roots
off the rhizome, with no branching or lateral roots
(Tomlinson 1982). Terrestrial ecologists classify roots
based on diameter; fine roots are considered those
<2 mm diameter (Johnson et al. 2000). All of the roots
ob served in the present study fell within the <2 mm
‘fine root’ classification. Overall, roots had a median
width of 0.332 mm (5%ile = 0.196 mm, 95%ile =
1.145 mm). Roots at >10 cm depth in the sediment
(median = 0.442 mm, 5%ile = 0.208 mm, 95%ile =
1.291 mm) had significantly greater widths (Wilcoxon
rank-sum test p < 0.001) than those at 0−10 cm depth
(median = 0.290 mm, 5%ile = 0.193 mm, 95%ile =
0.657 mm). Occurrence of roots within the sediment
exhibited marked structure with a bimodal distribu-
tion (Fig. 2), with peak root numbers at 9 and 25 cm
depth.

Survival analysis

Of the 204 roots observed during the experiment,
one was right-censored and life span could not be
determined. Compared with shallow roots (0−10 cm),
deeper roots (>10 cm) had a hazard ratio of 0.436,
corresponding to a 56.4% decrease in mortality rate,
which can clearly be seen in comparing the 2 survival
curves (Table 1, Fig. 3). The median life span for
deeper roots was 75 d compared with 48 d for shal-
lower roots (Table 1), and one root lived for almost a
year (Fig. 3). Calculated life spans based upon mini -
rhizo tron observations may be overestimated be -
cause of inability to determine whether an observed
root is still living. When a Zostera marina fine root
dies it rapidly loses soluble organic matter but root
structural constituent decomposition is slow (Ken-
worthy & Thayer 1984). In contrast, neither seasonal
cohort nor elevation zone had any significant effect
on root survival (Table 1).

Root biomass and carbon turnover

Over the 21 mo core sampling period, average root
biomass was 12.58 g m−2 to a depth of 20 cm. With an
average 29.12% C concentration, this represents a
stock of root carbon of 3.66 g C m−2 to 20 cm. Overall,
median life span was 56 d, which corresponds to a
mortality rate of 0.0124 d−1. Root biomass turnover is
therefore estimated to be 0.156 g m−2 d−1 or 56.9 g m−2

yr−1, and root C mass turnover is estimated to be
0.045 g C m−2 d−1 or 16.6 g C m−2 yr−1.

Root length dynamics

Fine root length standing crop fluctuated from one
sampling period to the next, reflecting the balance
between root length added (production) and root
length that disappeared (mortality) between samples
(Fig. 4). However, ANOVAs revealed no significant
differences in fine root length standing crop, produc-
tion or mortality due to time (18 sampling times), ele-
vation zone (4 gradient positions), sediment depth (2
classes) or their interactions (Table 2), although the
time effect was nearly significant (p = 0.056) for
standing crop.
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DISCUSSION

Root demographics

Analysis of over 200 roots showed
distinct seasonal patterns, but overall,
standing crop, production and mor tality
did not vary statistically with seabed el-
evation or sediment depth, consistent
with our hypotheses. However, median
root life span did vary significantly de-
pending on where in the sediment pro-
file the root was observed (Table 1).
Our estimates of 48 and 75 d median
root life span for roots in the top 10 cm
of sediment and >10 cm sediment
depth, respectively, indicate that root
turnover is greater than 7 times per
year in the 0−10 cm sediment depth,
and less than 5 times per year in sedi-

ment deeper than 10 cm. At both depths, our re-
sults are within the range of root turnover esti-
mates of 2−10 per year that Duarte et al. (1998)
found for most seagrass species and sites that
they re viewed. Differences in life span with sedi-
ment depth (Table 1) may be related to reduced
bioturbation or decomposition at depth or may be
an artifact of the inability to differentiate live and
dead tissue from visual appearance. Our median
estimates are also well aligned with rough pro-
jections developed from plastochrone intervals
and the documented physiological integration of
Zostera ma ri na rhizome nodes. Z. marina roots
are adventitious and de velop from rhizome
nodes, which are formed by leaf initiation at the
meristem (Tomlinson 1982). Consequently, the
leaf plastochrone is the same as the rhizome plas-
tochrone, with new leaves initiated about every
14 d (Kaldy 2006). Kraemer & Alberte (1993)
showed that rhizome metabolism decreases with
increasing node rank (i.e. older tissue) and was
al most negligible at node rank 10, suggesting
that roots might be expected to be metabolically
active (i.e. alive) for up to 140 d. Our calculated
median values are well within this range. The
presence of a single root after 1 yr is likely a
methodological artifact or indicates the inability
of this method to definitively distinguish between
live and dead seagrass roots.

The time between tube installation and image
collection in this study was approximately 1 mo.
Joslin & Wolfe (1999) and Johnson et al. (2001)
recommend a longer waiting period to avoid
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Dependent variable    Source of variation                df    p-value

Root standing crop     Elevation                                 3        0.58
(mm tube–1)                 Depth                                       1        0.16
                                     Elevation × Depth                  3        0.82
                                     Error (between subjects)       15           
                                     Time                                       17      0.056
                                     Time × Elevation                   51       0.52
                                     Time × Depth                         17       0.11
                                     Time × Elevation × Depth     51       0.96
                                     Error (within subjects)         255          

Root production          Elevation                                 3        0.46
(mm tube–1)                 Depth                                       1        0.78
                                     Elevation × Depth                  3        0.86
                                     Error (between subjects)       12           
                                     Time                                       16       0.19
                                     Time × Elevation                   48       0.55
                                     Time × Depth                         16       0.42
                                     Time × Elevation × Depth     48       0.99
                                     Error (within subjects)         192          

Root mortality             Elevation                                 3        0.38
(mm tube–1)                 Depth                                       1        0.97
                                     Elevation × Depth                  3        0.52
                                     Error (between subjects)       13           
                                     Time                                       16       0.16
                                     Time × Elevation                   48       0.39
                                     Time × Depth                         16       0.22
                                     Time × Elevation × Depth     48       0.88
                                     Error (within subjects)         208

Table 2. Results of repeated-measures ANOVAs on fine root length
standing crop, production and mortality over 18 sampling events, 4
seagrass bed zones (positions along the depth gradient within the
Zostera marina bed) and 2 sediment depth classes (≤10 cm, >10 cm).
p-values are for the F-test with Greenhouse-Geisser correction for 

time and time interaction tests
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observing potential root growth artifacts due to tube
installation. Seasonal variation was observed, but
there were no readily apparent qualitative differ-
ences in production and mortality in the second year
versus the first. Consequently, the early root data
were not excluded. The 18 mo sampling period was
likely sufficient time for all existing roots at the time
of tube installation to have completed their life span,
as well as for new cohorts of roots to complete their
life cycle. Perhaps new rhizome and root growth was
primarily into new areas rather than backfilling the
areas recently vacated. This is consistent with obser-
vations that ramets can have life spans of 2 yr or less
(Olesen & Sand-Jensen 1994).

New root production varied by season, with the
greatest flush of new roots occurring in April through
June, and the least occurring January through March
(Table 1). These patterns are generally consistent
with previous observations of seasonal lateral shoot
formation (Olesen & Sand-Jensen 1994). Ruesink et
al. (2010) observed a ~50% increase in shoot density
during February attributed to recent branching. The
subsequent development of roots along rhizome
nodes could easily account for the observed numbers
of new roots. Likewise, new root production during
summer was also elevated (Table 1) and may be asso-
ciated with high rhizome branching rates (~30%;
Ruesink et al. 2010, Olesen & Sand-Jensen 1994) or
seasonal growth patterns (Kaldy & Lee 2007). The
flush of new roots is clearly correlated with seasonal
light availability and thermal patterns in the region
and likely reflects plant response to these drivers.

Observation of individual root mortality combined
with core samples of roots allowed estimation of
Z. marina root biomass turnover and its associated
carbon content. Although relatively little information
is available on belowground dynamics in seagrasses,
Duarte et al. (1998) calculated root turnover as
 production/ biomass, essentially equating production
and turnover under the assumption of steady-state
bio mass. Their estimates of root biomass production
and turnover rates varied from 210 to 1427 g m−2 yr−1.
Our estimate of 57 g m−2 yr−1 is considerably lower,
but is consistent with the values of 55−182 g C m−2 yr−1

estimated by Kenworthy & Thayer (1984) for a warm
temperate system. Duarte et al. (1998) re viewed data
from 3 tropical and 1 warm temperate system, in con-
trast to our cool temperate system, where water tem-
peratures are 9−12°C year-round, and the system can
be light-limited with annual underwater irradiance of
only 1200 mol photons m−2 yr−1 (Kaldy & Lee 2007). Z.
marina shoot density in monotypic stands in Yaquina
Bay (301 shoots m−2) is also much lower than total sea-

grass shoot densities (800 to 4449 shoots m−2) across
multiple species reported in Duarte et al. (1998). Like-
wise, the allocation of belowground biomass only ac-
counts for 20− 40% of total biomass for Z. marina in
Yaquina Bay (Kaldy & Lee 2007, Kaldy 2012), which is
lower than many species examined by Duarte et al.
(1998). Methodological differences also likely con-
tributed to differences in estimates, such as core sam-
pling (our 20 cm depth versus their 35 cm depth), and
our direct minirhizotron observation of root birth and
death versus their calculation of root production
based on allometric relationships with rhizomes.

Minirhizotron application

Minirhizotrons provide a nondestructive, in situ
method for viewing roots and are one of the best tools
available for directly studying roots. They permit the
simultaneous measurement of fine root production
and disappearance, which cannot be accomplished
using coring or in-growth cores (Majdi 1996). Mini -
rhizotron techniques have improved significantly
since they were first proposed (Bates 1937) and are
widely utilized to study the dynamics and functions
for fine roots in agricultural and natural plant commu-
nities (e.g. Taylor 1987, Hendrick & Pregitzer 1996).
Their greatest strength is their ability to monitor (from
birth to death) specific root segments at frequent time
intervals without significantly impacting fine root pro-
cesses. They can be used to characterize fine root pro-
duction, phenology, growth, mortality and life span,
and are useful in developing ecosystem carbon budg-
ets (Hendrick & Pregitzer 1996, Majdi 1996).

The system used to anchor the minirhizotrons was
effective against large tidal changes characteristic of
Yaquina Bay, often in excess of 2 m. The use of only
one minirhizotron tube was lost during the 2 yr study.
This loss was likely due to physical perturbation rather
than to tides. In other systems with less tidal influence,
deployment of this technology will be even easier. The
means of plugging the tubes was only partly effective
as water was often found in tubes after the roughly
60−90 tidal changes that occurred be tween sample in-
tervals. Nonetheless, tubes re mained clear and did not
foul below the sediment line, allowing root and rhi-
zome image collection throughout the study period.

The estimates of root life span and growth rates
generated with minirhizotrons will be useful for mak-
ing more accurate estimates of blue carbon contribu-
tions. Although significant logistical obstacles re -
main (e.g. use in subtidal beds), development of a
non-destructive sampling technique for seagrass



Johnson et al.: Zostera marina root dynamics

below ground (i.e. within sediment) dynamics will
provide better insight into seagrass root−sediment
interactions that cannot be captured using traditional
destructive sampling methods. The importance of
belowground dynamics and interactions to seagrass
ecosystem health and structure are generally under-
represented in the literature, even though they are
widely acknowledged as a critical component of the
system (Hemminga & Duarte 2000).

Better quantitative estimates of root dynamics also
will likely enhance seagrass modelling capabilities.
For example, the relationship between sediment sul-
fide concentration and seagrass toxicity is not well
understood, in part because of complex sediment
chemistry (Hasler-Sheetal & Holmer 2015) and inter-
action with anatomical and physiological adaptations
of the plants. A better understanding of root dynam-
ics (e.g. production and mortality) may facilitate the
capacity to accurately model belowground biogeo-
chemical processes. It is well established that sea-
grass exudates and detritus influence sediment bac-
terial remineralization rates (Boschker et al. 2000,
Holmer et al. 2001, Kaldy et al. 2006), which can,
under some conditions, lead to toxic sulfide condi-
tions (Terrados et al. 1999, Welsh 2000).

To date, there have been very few studies tracking
belowground dynamics in marine seagrass beds, in
part due to challenges of studying belowground dy -
namics in the relatively harsh conditions of an estuary
with macro-tidal swings. We demonstrated that root
minirhizotrons, which were initially developed for use
in terrestrial soils, are also effective for tracking root
production, growth, turnover and life span in intertidal
beds of Z. marina. This information is useful for un-
derstanding not only dynamics of root growth in rela-
tion to aboveground productivity, but also how these
systems respond to stress. Root mini rhizotrons could
be coupled with rhizotron windows (Egli & Kälin
1990) to assess sub-tidal dynamics; however, our re-
sults across a depth profile should provide reasonable
estimates for submerged portions of the bed. There
are numerous opportunities to ex pand the scope of in-
formation obtained using mini rhizo trons in estuarine
systems. For example, in terrestrial systems mini -
rhizotrons have been used to help elucidate competi-
tive interactions among roots; to track root associations
with symbionts such as bacteria and fungi (Rygiewicz
et al. 1997); and, coupled with stable isotope as sess -
ments (Hobbie et al. 2001), to identify carbohydrate
partitioning within and among roots in a community
(Hobbie et al. 2002, Andersen et al. 2010). In addition,
it may be possible to couple root minirhizotrons with
planar optodes (Frederiksen & Glud 2006) or other de-

vices to track sediment chemistry. The information
presented here, coupled with other approaches to
 focus on more refined aspects of belowground dy -
namics, will help modelers and others interested in
assessing susceptibility of these systems to large-scale
stresses such as nutrient loading and climate change.
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