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Evaluating the effectiveness of long-term
monitoring to detect declines in a large
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ABSTRACT

Eelgrass (Zostera marina) forms extensive seagrass meadows
in coastal embayments at northern latitudes globally and
provides habitat for a wide range of species. Eelgrass abun-
dance has been monitored with a point-sampling survey at
Izembek and Kinzarof lagoons, in southwest Alaska, since
2007, to provide annual estimates of above-ground biomass
and detect change over time. We conducted a power analysis
to determine if the current sampling effort would provide
sufficient statistical power to have an 80% chance of detect-
ing a $25% decline in lagoon-wide mean eelgrass biomass
over 5 yr. We found that the current monitoring scheme is
unlikely to meet that goal, but the same rate of decline
(–5.6% per year) could be detected in 10 yr. We also found
that additional sampling per year would not help detect a
trend in eelgrass-when-present. Results from other studies
suggest that eelgrass presence can change substantially from
year to year, and thus continuing to monitor the current
sample size (�100 points in Izembek Lagoon, 50 in Kinzarof
Lagoon) would be useful to monitor changes in presence.
Further evaluation of satellite imagery, when available, could
also inform changes in the sampling frame if the extent of
eelgrass meadows in each lagoon changes. Continued moni-
toring of eelgrass in this area could inform management of
eelgrass itself or of other species of interest that rely on eel-
grass, such as Pacific black brant (Branta bernicla nigricans),
under continuing environmental or ecological changes.
Key words: Alaska, monitoring design, power analysis,

seagrass, Zostera marina.

INTRODUCTION

Long-term ecological monitoring programs strive to
detect meaningful changes in key components of an ecosys-
tem over time (Murray and Krebs 2024). Effective and useful
monitoring programs not only track changes in the main
components of an ecosystem, but have clear goals and objec-
tives, appropriate study design to adequately detect change,

and self-assessments to ensure goals and objectives are
achievable over time (Holland et al. 2012). Ecosystems that
are highly dynamic, and in areas with greater natural and
human stressors, may require more research to maintain the
effectiveness of a monitoring program (Munsch et al. 2023).

Eelgrass (Zostera marina L.) is a seagrass species that pro-
vides important habitat and food source for numerous spe-
cies, including migratory birds (Ward et al. 2005, Plummer
et al. 2013) and commercially valuable fish (Johnson and The-
dinga 2005). Because of the importance of eelgrass within
coastal ecosystems, its distribution, health, and abundance
have been tracked through a variety of ground-based moni-
toring and remote sensing approaches (Ward et al. 1997,
Hogrefe et al. 2014, Balsby et al. 2017, Christiaen et al. 2018,
Bartenfelder et al. 2022, Munsch et al. 2023, Douglas et al.
2024). Detecting trends in eelgrass can be challenging due to
high interannual variation in eelgrass abundance and distri-
bution (Balsby et al. 2017, Bartenfelder et al. 2022, Munsch
et al. 2023). Careful evaluation of the effectiveness of long-
term monitoring programs can help ensure that monitoring
objectives will be met in the face of these challenges.

In Alaska, eelgrass is the dominant seagrass in coastal areas
below about 67�N latitude, extending from the Bering Sea
south into the Gulf of Alaska and southeast Alaska (Wyllie-
Echeverria and Ackerman 2003). Assessments of eelgrass
abundance and distribution have been conducted in many of
these regions of Alaska, either as short-term, singular site
efforts (Ward et al. 2022) or through regular monitoring of a
site to evaluate changes over time (Harris et al. 2012, Ward
2021). One of the largest eelgrass meadows in the world is in
Izembek Lagoon (55.3�N, –162.9�W, at the tip of the Alaska
Peninsula), with a spatial extent of nearly 170 km2 (Green and
Short 2003, Hogrefe et al. 2014). The longest-running moni-
toring program for eelgrass in Alaska has been in Izembek
Lagoon (340 km2) and neighboring Kinzarof Lagoon (18 km2;
Ward 2021) (Figure 1). This monitoring program is motivated
largely by the importance of eelgrass as a fall staging and
overwintering habitat and food source for nearly the entire
population of Pacific black brant (Branta bernicla nigricans
Lawrence; Ward and Amundson 2019). The abundance of
black brant that overwinter in these lagoons has increased
from under 4,000 in 1981 to over 60,000 birds in 2022 (U.S.
Fish and Wildlife Service 2022), which appears to be con-
nected to declining ice cover (Ward et al. 2009) and has raised
questions about potential for brant to overgraze eelgrass dur-
ing its winter dormancy period.
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Given these changing conditions, along with the impor-
tance of eelgrass to fish and wildlife in this system, effective
long-term monitoring of eelgrass is intended to help inform
management of eelgrass and species that depend upon it.
No overall change was detected in eelgrass biomass in Izem-
bek and Kinzarof lagoons from 2009 to 2018 (Ward and
Amundson 2019), but eelgrass was lost at some specific loca-
tions in the lagoons between 2006 and 2020 (Douglas et al.
2024). However, no formal evaluation has taken place to
evaluate the statistical power of the current monitoring
efforts at Izembek and Kinzarof lagoons. Here we con-
ducted a power analysis of the annual monitoring scheme
to evaluate whether the current number of points surveyed
annually is sufficient to provide an 80% chance of detecting
a 25% decline in mean eelgrass biomass over 5 yr at Izem-
bek and Kinzarof lagoons. Additionally, we assessed if eel-
grass monitoring could be conducted at a less frequent
interval while still allowing detection of that decline.

MATERIALS AND METHODS

The eelgrass monitoring program was initiated in 2007
(Ward and Amundson 2019) because of the ecological impor-
tance of Izembek and Kinzarof lagoons, increasing threats to

and declines of eelgrass along the west coast of North Amer-
ica (Short and Wyllie-Eciieverria 1996, Ward et al. 2003,
Sherman and DeBruyckere 2018), and rapidly changing envi-
ronment of the North Pacific and Bering Sea region (Wood
et al. 2015). A broad-scale estimation of the spatial extent of
eelgrass has been made using satellite data (Hogrefe et al.
2014, Douglas et al. 2024). Due to the infrequency of suitable
satellite images (cloud-free at low tide with complete visibil-
ity of the lagoons; Ward et al. 1997, Douglas et al. 2024), this
approach is not suitable for annual monitoring. Instead, the
satellite-based estimate of eelgrass extent is used to establish
the sampling area, and then annual field sampling is con-
ducted as described below (Ward and Amundson 2019).

Field sampling

We used a previously published dataset (Ward 2021) to
characterize biomass of eelgrass at Izembek and Kinzarof
lagoons (Figure 1). The dataset included 12 yr for Izembek
(2007–2011, 2015–2019, 2022–2023) and 5 yr for Kinzarof
(2008–2010, 2019, 2023). In each year, a sample of points
was selected across each lagoon, with the locations and
numbers varying across years (averaging about 100 points
per year for Izembek and 50 for Kinzarof, with the Kinzarof
points being more closely spaced). Each year, 75% percent

Figure 1. Map of eelgrass sampling locations in each year at Izembek and Kinzarof lagoons on the Alaska Peninsula. Kinzarof was sampled in only 5 yr.
Areas with eelgrass beds as determined by remote sensing (Ward and Hogrefe 2022) are shaded in light green; our analysis included only data from
within those areas. Sampling points are colored based on whether eelgrass was detected (Ward 2021).
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of the points sampled in the previous year were retained to
sample again, and the remaining 25% were replaced with
new points, to balance monitoring trends over time with a
cumulative evaluation of lagoon-wide eelgrass distribution.
Timing of surveys coincided with peak eelgrass biomass
(late July to early August).

The sampling area within each lagoon varied across the
years of the study. In 2007–2008 at Izembek and 2008–2010
at Kinzarof, sampling was widespread across each lagoon
(Figure 1). Later an analysis of satellite imagery was per-
formed to delineate the spatial extent of eelgrass in each
lagoon (Ward and Hogrefe 2022), and field sampling was
almost entirely limited to areas with eelgrass in subsequent
years. Therefore, to ensure that the power analysis was rep-
resentative of the current sampling frame and informed by
data that were comparable across years, we used data only
from within the area delineated as containing eelgrass for
each lagoon in all following analyses (Table 1).

Sampling locations (points) in the published field dataset
(Ward 2021) were typically accessed by boat and sampled by
snorkeling in dry suits. In a few instances when water depth
dropped too low during a survey, final access to the point
was by foot. Four quadrats were sampled per point, with the
quadrats placed haphazardly 1–4 m from the point in each
of the four cardinal directions. Percent cover of eelgrass,
defined as the portion of the quadrat area that is covered
by eelgrass when observed from above, was estimated in
each quadrat (Ward and Amundson 2019). If eelgrass was
present in a quadrat, 10 (years 2007–2009) or 5 (2010–2023)
representative vegetative shoots were collected and mea-
sured for shoot length (meristem to tip of longest leaf) and
width. Additional data were collected on environmental
and biological conditions, but were not used in the present
analysis. To calculate the relationship between observed
metrics and eelgrass biomass (dry weight g per m2), all eel-
grass shoots were collected from a subset of 15–30 quadrats
per year. Shoot length was measured for 10 representative
fresh shoots from each calibration quadrat; then all shoots
from the quadrat were dried to constant mass, and the dry
mass of each quadrat was recorded. A calibration model

was used to determine the relationship between eelgrass
dry mass, shoot length, and percent cover for each calibra-
tion quadrat (Patil 2024). This relationship was then used to
obtain estimates of eelgrass biomass in all remaining quad-
rats where biomass was not directly measured. When some
information was missing for a quadrat, the mean value of
biomass (159 g per m2 across all quadrats in all years) was
used. We used these predicted values of eelgrass biomass by
quadrat to inform our power analysis.

Analysis

As detailed below, we first evaluated any annual trend in
eelgrass biomass in the field dataset to provide context for
our power analysis. We then conducted a power analysis to
determine if the current sampling effort could detect a
25% decline over 5 yr in eelgrass biomass at Izembek and
Kinzarof lagoons by 1) estimating biological parameters
from the existing dataset to inform the power analysis, 2)
identifying a set of candidate sampling designs to evaluate
(scenarios), 3) simulating data following those sampling
designs and the biological parameters, and 4) evaluating the
proportion of simulations in which a trend in eelgrass bio-
mass was successfully detected under each scenario.

Modeling framework. To the field dataset, we applied a log
gamma hurdle model in a Bayesian framework following a
previous analysis (Ward and Amundson 2019, Patil 2024) with
a response variable of eelgrass biomass in dry grams per
square meter. The model included a presence-absence hurdle
process, which described whether each quadrat was occupied
by eelgrass (i.e., occupancy) using logistic regression, as well as
a gamma regression process to define eelgrass biomass on the
log scale at occupied quadrats (“biomass-when-present’’).
Together, the two processes determined gross biomass (occu-
pancy 3 biomass-when-present). The model accounted for
the hierarchical nature of the sampling design with three ele-
ments: 1) random effects of point on quadrat-level occupancy
and biomass-when-present (i.e., quadrats were nested within
points), 2) categorical effects of lagoon (Izembek as the base-
line) on occupancy and biomass-when-present, and 3) a cate-
gorical effect of year on biomass-when-present. With the
inclusion of the year effect on biomass-when-present, we
could not also include a categorical effect of year on occu-
pancy, as the two effects would have been unidentifiable.
Given the current design of sampling only within the remotely
sensed eelgrass area, we expected little change in occupancy,
so we considered effects of year only on biomass-when-pre-
sent throughout this study.

Our model differed from the previous version (Patil
2024) in that we did not include other covariates. Values of
most environmental covariates would be difficult or impos-
sible to predict in the datasets we simulated for the power
analysis (below), so in the simulated data, any underlying
covariates are treated as unexplained variation or noise in
the data. For consistency with that framework, when esti-
mating parameters from the field dataset, we likewise
ignored other covariates (treating them as unexplained
noise). However, when a real dataset is analyzed in the
future, including other covariates could help explain varia-
tion and improve statistical power to detect a trend.

TABLE 1. NUMBER OF POINTS SAMPLED IN EACH YEAR AND EACH LAGOON WITHIN THE

AREA DETERMINED BY REMOTE SENSING TO CONTAIN EELGRASS BEDS. THESE ARE THE

POINTS THAT WERE USED IN THE POWER ANALYSIS, EXCLUDING POINTS THAT WERE

SAMPLED OUTSIDE THE REMOTELY SENSED EELGRASS AREAS. KINZAROF WAS NOT

SAMPLED IN MANY YEARS (—). ORIGINAL DATA ARE FROM WARD (2021) BUT HERE WE

EXCLUDED THE POINTS OUTSIDE THE EELGRASS AREA.

Year Izembek Kinzarof

2007 150 —
2008 163 71
2009 94 64
2010 60 62
2011 59 —
2015 98 —
2016 103 —
2017 105 —
2018 100 —
2019 92 35
2022 98 —
2023 101 29
Mean 102 52
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The model was previously applied in JAGS (Plummer
2003), but we implemented it in Nimble (de Valpine et al.
2017) to reduce runtime. We discarded 15,000 iterations as
burn-in, ran another 30,000 iterations, and thinned by 10 to
reduce memory requirements, thus retaining 3,000 itera-
tions. This was sufficient to achieve good mixing of chains
based on visual assessment of trace plots as well as conver-
gence based on Gelman-Rubin statistics (Ȓ) , 1.1 (Gelman
and Rubin 1992), except the overdispersion term was
unidentifiable. Uncertainty in the value of the overdisper-
sion term due to nonconvergence could have slightly
increased the standard errors of the other parameter esti-
mates but would not bias their values.

Previous trend.We first applied the modeling framework to
the field dataset to evaluate any previous trend in eelgrass
biomass. This evaluation provided context for our goal of
detecting a 25% decline over 5 yr. We used the estimated
intercept (which differed between lagoons) and the categori-
cal year effect (which did not differ between lagoons) to cal-
culate an annual estimate of eelgrass biomass (dry g per m2)
for each lagoon. We then applied a linear regression to the
annual estimates to estimate the observed trend over time
for each lagoon. We considered a trend to be significantly
detected if p , 0.05 for the slope of the linear regression,
and divided the slope by the estimated mean biomass from
the first year to calculate the observed percent change per
year (i.e., to compare to our goal of detecting 25% decline
over 5 yr, which equates to –5.6% per year).

Power analysis. The second component of our analysis was
a simulation-based power analysis. We informed the power
analysis with parameter estimates from the model as
applied to the field dataset described above (Table 2).
Where possible, we incorporated model uncertainty by
using the standard error (SE) of the model estimate as the
standard deviation (SD) of the simulated values. For three
additional parameters needed for the power analysis, we

calculated values directly from the field data, as these
parameters were not estimated by the model: the SD across
quadrats (within points) in biomass-when-present, the
interannual SD in occupancy, and the uncertainty in con-
verting field measurements to biomass from the calibration
model (expressed as a coefficient of variation [CV]).

We simulated a suite of scenarios where sampling param-
eters varied. While our goal was to detect a 25% decline in
5 yr, monitoring programs often have low power to detect
change over short time series (Thogmartin et al. 2007,
Urquhart 2012), so we also evaluated scenarios with the
same annual rate of decline (–5.6% per year) but where
monitoring occurred over 10 or 15 yr. Our scenarios also
included cases where sampling was conducted every 1, 2, or
3 yr and where 50, 100, or 150 points were sampled each
year within the eelgrass polygon. In all cases, we assumed
four quadrats were sampled per point.

For each lagoon separately, we simulated data under the
same hierarchical structure as the real dataset: four quad-
rats within N points in each of Y years in each lagoon, using
the summary statistics from the corresponding lagoon
(Table 1) and the trend of interest (–25% every 5 yr). Here
we treated year as a continuous variable, rather than cate-
gorical as above, to represent a trend over time. Interannual
variation was also applied to biomass-when-present, such
that the trend was not perfectly linear over time but rather
showed random noise as observed in the field dataset.
Trend was applied lagoon-wide, not point by point, but
points were assigned mean offsets from the lagoon mean to
represent random spatial variation that was constant over
time. The annual mean for each point was drawn from a
distribution with a mean ¼ lagoon mean þ point-specific
offset. Finally, the biomass value for each quadrat was
drawn from a distribution defined by the annual point
mean and the interquadrat SD estimated from the field
dataset. We also simulated occupancy with interannual

TABLE 2. PARAMETERS ESTIMATED FROM THE FIELD DATASET (DIRECTLY OR FROM OUR MODEL) AS INPUT VALUES TO INFORM THE DATA SIMULATION USED IN THE POWER ANALYSIS

FOR DETECTING TRENDS IN EELGRASS BIOMASS (DRY WEIGHT G PER M
2) AT IZEMBEK AND KINZAROF LAGOONS IN ALASKA. VALUES WERE CALCULATED USING ONLY SAMPLES TAKEN

WITHIN THE AREA OF EACH LAGOON THAT HAD BEEN DEEMED BY REMOTE SENSING TO INCLUDE EELGRASS (WARD AND HOGREFE 2022). WE USED IZEMBEK ESTIMATES OF

INTERANNUAL VARIATION FOR KINZAROF (—) BECAUSE THE FIELD DATASET INCLUDED ONLY 5 YR FOR KINZAROF, THUS POTENTIALLY INCOMPLETELY REPRESENTING INTERANNUAL

VARIATION. SOME OTHER VALUES ARE IDENTICAL BETWEEN LAGOONS WHERE THE MODEL WAS STRUCTURED SUCH THAT ONLY A GLOBAL VALUE WAS ESTIMATED, RATHER THAN

LAGOON-SPECIFIC VALUES.

Metric Parameter Description Scale Izembek Kinzarof

Occupancy Quadrat mean Mean occupancy probability per quadrat1 Natural 0.9993 0.9785
Interannual SD Variation across years2 Natural 0.3719 —
Interpoint SD Variation across points (within years)1 Natural 0.0004 0.0122
Interpoint SD Variation across points (within years)1 Logit 4.5049 4.5049
SD in interpoint SD Variation across replicates in the interpoint SD1 Logit 0.4536 0.4536

Biomass-when-present Interannual SD Variation across years1 Log 0.4844 —
SD in interannual SD Variation across replicates in the interannual SD1 Log 0.0124 —
Interpoint SD Variation across points (within years)1 Log 1.0437 1.0437
SD in interpoint SD Variation across replicates in the interpoint SD1 Log 0.0365 0.0365
Interquadrat SD Variation across quadrats (within points)2 Log 0.2179 0.3508

Gross biomass Mean Overall mean biomass across all points and years1 Log 5.0224 5.0869
Interannual SD Variation across replicates in mean gross biomass1 Log 0.3853 —

Calibration uncertainty CV across samples Variation in the relationship between field
measurements (length, percent cover) and empirical
estimates of eelgrass biomass3

Proportion 0.1400 0.1400

1Estimated with the model.
2Estimated directly from the raw data (Ward 2021).
3Estimated by Patil (2024).
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variation and spatial variation, but without an overall trend
over time.

To each simulated dataset under each scenario, we then
applied the same model used on the field dataset, but with
year as continuous variable (rather than categorical) such
that the year effect represented the trend over time. Here
we modeled each lagoon separately to best evaluate whether
a trend could be detected in each lagoon. The model for the
power analysis otherwise matched the model described
above. We repeated the data simulation and model fitting
for 500 replicates of each scenario. If the 95% Bayesian

credible interval (BCI) of the year effect did not overlap
zero and the mean was , 0, we considered the replicate to
have successfully detected the decline. We calculated the
power of each scenario as the proportion of replicates in
which the trend was detected, and compared that power to
the target of an 80% chance of detecting the decline to
determine which sampling designs would successfully meet
the monitoring goal (detecting a decline of –5.6% per year).
Our scripts to implement the power analysis, including sim-
ulating data, applying the model, and calculating power, are
publicly available (Weiser 2025).

RESULTS AND DISCUSSION

Our analysis of the previous trend showed a significant
decline in eelgrass biomass over 2007–2023 in Izembek
Lagoon (slope ¼ –7.91, 95% CI ¼ –14.80, –1.02; P ¼ 0.03)
and a nonsignificant decline in Kinzarof Lagoon (slope ¼ –
8.36, 95% CI ¼ –17.56, 0.84; P ¼ 0.09; Figure 2). The esti-
mated slope for Izembek Lagoon equated to a –3.9% per
year decline relative to the first year in the dataset (2007).
The estimated decline at Kinzarof Lagoon was also –3.9%
per year, but was not significantly detected with only 5 yr of
sampling over the 17-yr period.

Our simulation-based power analysis showed that the
current study design (�100 points per year at Izembek and
50 at Kinzarof within the eelgrass polygon for each lagoon)
did not meet our goal of an 80% chance of detecting a 25%
decline in eelgrass biomass-when-present over 5 yr
(Figures 3a and 3d). However, we found a $80% chance of
detecting a decline of the same magnitude (–5.6% per year)
after 10 yr at either lagoon if 100 points were monitored

Figure 2. Annual estimates of eelgrass biomass in Izembek and Kinzarof
lagoons, Alaska, for each year in the field dataset. Estimates are shown
only for years in which each lagoon was sampled. Estimates between
lagoons were very similar because the model allowed the lagoons to differ
only in their intercepts, not in the categorical year effect on biomass, due
to limited data from Kinzarof Lagoon.

Figure 3. Predicted probability of detecting a decline in eelgrass biomass for each lagoon (Izembek: a–c; Kinzarof: d–f) under various sampling schemes:
50, 100, or 150 points sampled per year (horizontal axis) with sampling occurring every 1, 2, or 3 yr (lines) over 5, 10, or 15 yr (panels). In every case, the
simulated decline was –5.6% per year (–25% every 5 yr) and a dashed horizontal reference line is shown at the power target of 0.80 (80% chance of
detecting the decline). The left-hand column (a, d) shows only one line per lagoon because sampling at a frequency of less than annually would not
provide robust estimates of a trend over 5 yr, so we did not test those scenarios.
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per lagoon per year within the eelgrass polygon (Figures 3b
and 3c), or after 15 yr with monitoring conducted at least
every third year (Figures 3c and 3f). The number of years
was much more influential than the number of points,
agreeing with previous work showing that the power to
detect a trend over time typically depends strongly on the
number of years in the sample (Thogmartin et al. 2007,
Urquhart 2012). The fundamental sampling unit in a trend
analysis is the year rather than samples within a year, and
thus interannual variation has a strong influence, with
higher variation introducing more noise that hinders detec-
tion of a trend. In our dataset, the standard deviation across
years was equivalent to 11.6% of the mean value, whereas
the trend we modeled was only –5.6% per year. Thus, the
noise introduced by interannual variation often masked the
trend in our simulations, especially when fewer years were
included.

The previous field dataset included �100 points sampled
in 12 of 17 yr at Izembek, which is intermediate between
the 1- and 2-yr sampling frequency that we simulated in our
power analysis (Figure 3c). Our model of the previous trend
detected a statistically significant decline of –3.9% per year
at Izembek, in agreement with the power analysis that a
stronger trend (–5.6% per year) could be easily detected
with a similar dataset over 17 yr. In contrast, the previous
dataset for Kinzarof sampled �50 points about every 3 yr
over 17 yr, which is roughly equivalent to the 3-yr sampling
frequency in Figure 3f. As shown in the figure, our power
analysis indicated that a –5.6% trend would usually be
detected with that sampling design, but it is unsurprising
that a weaker trend (–3.9% in the field dataset) would not
be significantly detected.

Our results were similar between the two lagoons (Fig-
ure 3), but this similarity could be attributed to our use of
Izembek’s interannual variation for both lagoons due to the
limited time-series of field data available for Kinzarof. If
further monitoring reveals that Kinzarof has lower or
higher interannual variation than Izembek, power to detect
a trend may be higher or lower (respectively) than shown
here. The two lagoons are in close proximity but are not
part of the same oceanic system (Izembek opens to the
Bering Sea, while Kinzarof opens to the Gulf of Alaska/
Pacific Ocean), so differing ocean-influenced conditions
such as water temperature or salinity could result in differ-
ent magnitudes of interannual variation between the two
lagoons. Local factors such as ice scouring or grazing by
herbivores could also potentially manifest differently in the
two lagoons, thus differently affecting their rates of interan-
nual variation. After a few more years monitoring at Kin-
zarof, recalculating interannual variation would be useful
to evaluate whether the results of this power analysis will be
accurate for Kinzarof. However, based on our results, it
would still be unlikely that a decline of –5.6% per year
could be detected at Kinzarof in less than 10 yr.

The number of points sampled had little influence on
the power to detect a trend in this study, with 50 points
generally performing nearly as well as 150 points (Figure 3).
However, this analysis evaluated only the goal of detecting a
decline in biomass-when-present, and thus did not consider
any changes in occupancy (i.e., where eelgrass is present). If

local (point-scale) occupancy is of interest, such as to evalu-
ate localized loss of eelgrass due to ice scouring, continuing
to monitor the current sample size of �100 points in Izem-
bek and �50 in Kinzarof could be useful. In addition to
tracking point-scale occupancy, monitoring at least 100 and
50 points (respectively) could be useful to evaluate lagoon-
scale changes in occupancy if satellite imagery is not consis-
tently available. In other parts of the world, both point-scale
occupancy and the extent of eelgrass meadows can change
substantially from year to year (Balsby et al. 2017, Barten-
felder et al. 2022, Munsch et al. 2023), suggesting that moni-
toring occupancy would be useful in this system and could
justify continuing to sample extensively across both lagoons.

In our power analysis, we assumed that monitoring was
conducted throughout the extent of the eelgrass meadows
in each lagoon, and that no sampling was conducted in
areas where eelgrass was absent. If this sampling frame is
accurately designated, it provides an efficient way to moni-
tor each lagoon’s total eelgrass biomass without wasting
effort on sampling points where eelgrass is unlikely to
occur. However, if the eelgrass extent changes in the future,
adjusting the sampling frame would be necessary to con-
tinue ensuring that the lagoons are adequately and effi-
ciently sampled. When new satellite images become
available in future years, the remote-sensing process (Doug-
las et al. 2024) could be repeated to update the estimated
area in which eelgrass is present. The area for field sampling
could then be updated accordingly. After the sampling
frame changes, an evaluation of trend across years with dif-
ferent sampling extents could be conducted by using the
sum total of eelgrass biomass present in each lagoon (bio-
mass in g per m2

3 area of the current eelgrass extent in
m2) in each year. This sum total, and any trend therein,
would be relevant to management of other species of inter-
est because it would indicate the total amount of eelgrass
available to those species.

While eelgrass is not currently directly managed in Izem-
bek or Kinzarof lagoons, it is of management interest due
to its role in sustaining populations of Pacific black brant
and other waterfowl (Ward et al. 2005). The monitoring
program is therefore intended to detect any declines in eel-
grass abundance and distribution that could be caused by
changing conditions. Eelgrass occurrence and biomass in
these lagoons can be affected by ice scouring, storms (wave
action), water temperature, light intensity, and water depth
(McRoy 1966, 1970, Ward and Amundson 2019). Future
human development or other habitat change could also
potentially affect eelgrass extent or biomass in the lagoons.
Numbers of brant overwintering in both lagoons have also
increased in recent years, as ice cover in the lagoons has
decreased, potentially changing herbivory pressure on eel-
grass over winter (Ward et al. 2009, Stillman et al. 2021, U.S.
Fish and Wildlife Service 2022). While grazing can stimulate
growth of eelgrass (Shaughnessy et al. 2021), it is unclear
how grazing may affect eelgrass biomass at high latitudes in
winter, when eelgrass is not growing, thus providing
another potential avenue for changing eelgrass biomass.
The waterfowl that use Izembek and Kinzarof lagoons are
harvested, and thus any documented decline in eelgrass at
their primary fall staging site could inform harvest limits
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and other management decisions for brant or other water-
fowl (Olson 2019). Additionally, if the monitoring program
reveals declines in eelgrass that are of management concern,
restoration of eelgrass beds could be pursued, perhaps
through methods employed at lower latitudes (e.g., transplan-
tation and seeding; Tanner et al. 2010, Ward and Beheshti
2023).

In conclusion, our power analysis indicates that the current
monitoring scheme at Izembek and Kinzarof lagoons is
unlikely to meet our goal of an 80% chance of detecting a
25% decline in eelgrass biomass over 5 yr. However, a longer
time series would likely detect the same rate of decline (–5.6%
per year). Our results suggest that additional sampling per year
would not help to meet the goal of monitoring trends, but
findings elsewhere of variable eelgrass occupancy and
extent would support continuing to monitor the current
samples of �100 (Izembek) and �50 (Kinzarof) points. The
improvement in power with a longer time series highlights
the utility of long-term monitoring of natural resources,
particularly when interannual variation is large. Continued
monitoring of eelgrass, brant populations (e.g., Ward et al.
2009), and factors that contributed to healthy eelgrass eco-
systems (e.g., water temperature) in this area would help
inform management of eelgrass itself or of other species of
interest, particularly with any continuing environmental or
ecological changes and increasing numbers of overwinter-
ing black brant.
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