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ARTICLE INFO ABSTRACT

Communicated by Craig Stow The Great Lakes Water Quality Agreement established the western and central basin of Lake Erie total phos-
phorus (TP) target of 6000 metric tons per year. Models that develop load-response curves showed that daily
loads and annual loads of the Detroit River are important. Direct measurements near the river mouth are difficult
due to Lake Erie seiches and surface oscillations. Therefore, an alternative approach for estimating daily loads is
needed. We show that existing turbidity-TP relationships can be applied to water treatment plant (WTP) turbidity
to develop daily load estimates by those responsible for routine monitoring. We show how turbidity measured at
WTP are comparable to those measured in the river. WTP uses an existing infrastructure that is of high temporal
resolution, so agencies charged with determining loads may use this network. By using daily water flux and the
WTP-based observations, daily TP concentration estimates and loads are applied upstream near Belle Isle and
downstream near Fighting Island. By adding the respective loads to the river, we obtain daily TP flux estimates to
Lake Erie. Due to well known turbidity gradients, the Windsor WTP needs an adjustment to better reflect
turbidity in the entire river. After adjusting, the summed daily rates to Lake Erie from both stations are com-
parable each other and to other rates. We also show the 2019-2024 annual averages are approximately 15 %
greater than that estimated by the Environmental Protection Agency (EPA) and Environment and Climate
Change Canada (ECCC). These daily and annual load estimates can be useful augmentations of more traditional
monitoring efforts that provide only annual loads.
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et al., 2016, 2019; Lam et al., 2008; Rucinski et al., 2010, 2016; Rowe
et al., 2023; Scavia et al., 2016; Zhang et al., 2016). Thus, accurate es-

1. Introduction

The Great Lakes Water Quality Agreement (GLWQA, 2016) estab-
lished Lake Erie western and central basin total phosphorus (TP) target
load of 6000 metric tons per year, anticipating returning the extent of
central basin hypoxia to that of the 1990s and early 2000s. Scavia et al.
(2024), using a statistical model developed for central basin hypoxia
extending back to 1959, showed that there is a trade-off among fisheries
in terms of TP load and hypoxic area. However, the 6000 metric tons per
year is currently the target. While Canada and U.S. agencies focus
monitoring on primary tributaries of interest and many of the important
rivers are monitored at least daily, the Detroit River is not. Lake Erie
process models need daily estimates of these loads to the lake. For
example, the process models used to develop the load-response curves
supporting the targets, as well as other efforts, have had to assume daily
loads from the river, and showed that both daily and annual loads of the
Detroit River are key drivers of central basin hypoxia (e.g., Bocaniov

* Corresponding author.
E-mail address: scavia@umich.edu (D. Scavia).

https://doi.org/10.1016/j.jglr.2025.102701
Received 6 June 2025; Accepted 4 November 2025

timates, including daily estimates, from the Detroit River are particu-
larly important for modeling and for setting targets for central basin
hypoxia.

Direct measurements of TP near the Detroit River mouth are difficult
due to complicated flow distributions around islands and Lake Erie
seiches and surface oscillations that influence pollutant transport and
nutrient loading (Derecki and Quinn, 1990; Jackson, 2016; Quinn, 1988;
Scavia and Calappi, 2023). Due to these challenges, most Detroit River
load estimates have been based on summing loads to the St. Clair/
Detroit River system (e.g., Dolan and Chapra, 2012; EPA/ECCC, 2025;
Maccoux et al., 2016; Scavia et al., 2019). However, this approach is
complicated by uncertainties in the Lake Huron load and by load mod-
ulation by Lake St. Clair (Bocaniov et al., 2019; Burniston et al., 2018;
Scavia, 2023, Scavia et al., 2019, 2020, 2022). This summing process
also produces only annual loads.
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Burniston et al. (2009, 2018) and Totten and Duris (2019) provide
more robust load estimates by making far more routine measurements in
river transects upstream of Lake Erie’s influence. Replicating those ap-
proaches for the daily estimates is likely challenging programmatically,
logistically, and financially. While state, provincial, and federal agencies
are looking to implement new, more rigorous monitoring programs
(EPA/ECCC, 2025), we offer a method to develop two daily estimates of
the load from the Detroit River to Lake Erie, both based on applying
water treatment plant (WTP) daily turbidity observations to the estab-
lished TP-turbidity relationships at their respective locations to deter-
mine a load.

Strong predictive relationships between phosphorus and turbidity
suggest turbidity could be used as a surrogate for direct P measurements.
For example, Robertson et al. (2018) showed strong relationships be-
tween turbidity and TP in Great Lakes tributaries, and Howell et al.
(2014) showed strong TP-turbidity relationships in data from Lake Hu-
ron’s nearshore. Scavia et al. (2022) assembled data from Lake Huron
and the St. Clair River to develop relationships for the St. Clair River
system. They used these relationships to estimate daily TP concentra-
tions at the Point Edward and Marysville water treatment plant intakes
and estimated the load from Lake Huron.

Herein, we use a similar approach with two different regressions to
determine daily and annual TP flux from the upstream portion of the
Detroit River (around Belle Isle) and a downstream section of the river
(near Fighting Island). By adding the respective loads to the river
downstream of those estimates, we obtain and compare TP flux esti-
mates to Lake Erie. It is important to note that, on its own, the upstream
regression and daily discharge at Fort Wayne describes the TP efflux
from Lake St. Clair. The total Lake Erie load requires the addition of
inputs below this point in the river. Similarly, the downstream regres-
sion describes total TP flux in the Detroit River up to the WTP intake
near the head of Fighting Island; additional inputs below this point must
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be added to estimate the load to Lake Erie.
2. Methods

Daily average turbidity at the Windsor WTP was provided by the
treatment plant staff as daily values of raw water intakes from 1 January
2001 to 31 December 2024 (Fig. 1). Daily average turbidity at the Water
Works Park, SW Detroit, and Wyandotte WTP raw water intakes were
provided through Environmental Consulting & Technology, Inc. (Grosse
Pointe, Michigan) as part of the WQData Live program.

Michigan Department of Energy, Great Lakes, and Environment
(EGLE) collected two types of TP and turbidity (NTU) data. One type was
data collected from long-term monitoring sites, and the other data was
collected from multiple locations across a transect (all on the U.S. side of
the international border); these samples were collected on a line to
include the long-term sample location and were only collected for a few
years and used to assess cross-channel gradients in TP. All samples were
provided by EGLE staff for long-term stations A and F, and for the
transects in U.S. waters, A through F, in recent years (Fig. 1). Ministry of
Environment, Conservation, and Parks (MECP) TP and turbidity data
near the river intakes of the Windsor and Amherstburg plants were
downloaded from https://tinyurl.com/3y5bv4jk on 15 December 2024.
TP and turbidity data from the Trenton Channel are from Totten and
Duris (2019) and across the connecting channel near there by Burniston
et al. (2018). United States Geological Survey (USGS) recent cross-
channel transects of integrated TP data from Ralph Wilson Park, Fort
Wayne, and just south of the Rouge River were taken from https://www.
waterqualitydata.us/ on 15 December 2024.

New TP data and flux measurements were sampled at transects on
both sides of Belle Isle, a full river transect at Fort Wayne, and on
transects on both sides of Fighting Island. Transect samples were
collected at five points across the channel, spaced so that each point
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Fig. 1. Locations of domain of the study sampling by EGLE (Michigan Energy, Great Lakes, and Environment), ECCC (Environment and Climate Change Canada),
USGS (United States Geological Survey), MECP (Ministry of Environment, Conservation, and Parks), and this work plus the general location of the water treatment

plant intakes.
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represented an equal fraction (20 %) of the discharge through the
transect. Discrete samples were processed for TP after digestion by the
National Center for Water Quality Research laboratory (https://ncwqr.
org/) at Heidelberg University using standard techniques for low
phosphorus concentration.

USGS (M. Diebel, pers. comm.) took 92 samples representing a single
date. On each date, the transect was sampled at five points and spaced as
described above. The five samples were then combined into a single
composite sample for laboratory analysis. The annual load estimates
were made with WRTDS-K (htps://tinyurl.com/37b77x9a).

Daily water discharge at Fort Wayne was determined by USGS, and
values were retrieved for 1 January 2008-31 December 2024 at the
station from https://tinyurl.com/yvaanbk2 on 14 March 2025.

TP-turbidity relationships — Even though the datasets were collected
over different time periods and in different locations along the Detroit
River, we compared the turbidity-TP relationships in the river for tem-
poral, seasonal, and geographic differences. We categorized the datasets
into different locations along the Detroit River, different seasons based
on the month of data collection, different time periods, and by country.
We used analysis of covariance to examine differences in the slopes and
intercepts of simple linear regressions between log-normalized turbidity
and TP. US and Canada regressions were significantly different for slope
but not for intercept. Geography (location along the connecting channel)
had different intercepts but not slopes. Seasons (Winter/Spring vs
Summer/Fall) and time (1998-2006, 2007-2016, 2017-2023) had both
different slopes and intercepts.

None of these regressions produced more statistically significant fits
than the ones below. For statistical and logistical reasons, we settled on
two regression equations, one for the upstream portion and one for the
downstream section representing the TP in the Detroit River up to that
point. For the upstream section around Belle Isle, the TP-turbidity
regression (n = 321, Electronic Supplementary Material (ESM)
Fig. S1) was based on river TP and river turbidity from MECP and the
long-term EGLE A (see below) station:

Logio (TP) = 0.571*Log1o (NTU) — 2.279 (R? = 0.60)

where TP is mg/1 and NTU represents turbidity in NTU units.

For the downstream Detroit River TP, regression (n = 568, ESM
Fig. S1), we used river TP and river turbidity from all EGLE stations
except station F that may be influenced by Lake Erie, the MECP data, and
Totten and Duris (2019) for the Trenton Channel:

Logio (TP) = 0.498*Log1o (NTU) — 2.182 (R? = 0.52)

It is important to note these relationships were developed with
turbidity measurements in the river co-located in space and time with TP
measurements. We used these regressions with WTP turbidity to esti-
mate the daily river TP concentrations. When multiplied by flow from
the USGS gauge at Fort Wayne, we calculated TP flux at that location.

Loads to the river below the upstream and downstream stations — We use
the methods outlined in Scavia et al. (2019) and show that the contri-
bution added to the river below each of the two sections was small but
not insignificant (ESM Table S1). For the update, we conducted a
Generalized Additive Model (GAM) analysis of Lake St. Clair outlet TP
concentration times the annual discharge at Fort Wayne and WRTDS
(Weighted Regressions on Time, Discharge, and Season) on the Rouge
River. We updated the other non-point sources of TP based on the
updated unit estimates of the Rouge and Thames rivers. The Great Lakes
Water Authority (GLWA) point-source data are also shown in ESM
Table S1; the 2022-2024 values used were the average of 2019 to 2021.

3. Results
Partitioning of flow around the islands is important for determining

to what extent the TP sample locations largely represent the same water
as the WTP intakes where turbidity is measured. The percentage of flux
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that goes along the navigation channel side of the islands shows that the
navigation channel location is important.

Flux around Belle Isle — The US Army Corps of Engineers collected
discharge measurements at several locations on the Detroit River six
times between 2008 and 2013. On either side of Belle Isle, these aver-
aged 76 % and 24 %, for the navigation and non-navigation sides of the
island, respectively (Fig. 2). The percentage of water on the side of the
island with the navigation channel is similar to the proportion, 74 %,
reported by Holtschlag and Koschik (2002).

EGLE long-term Station A vs flow near Belle Isle — To determine if the
long-term EGLE sampling site at the top of the Detroit River, A (Fig. 3),
was representative of waters flowing down the navigation or non-
navigation side of Belle Isle, we used the steady-state model of the St.
Clair and Detroit rivers (Calappi et al., 2024). The model was run with
typical conditions, and the dividing streamline was traced (Fig. 3).
Additional model runs were examined to determine if a moderate wind
from the north-northwest and the south-southeast at 10 m/s was enough
to shift which side of Belle Isle best represented the long-term sample
location. Additionally, discharges + 15 % of the average discharges
were also evaluated; the flow distribution around Belle Isle remained
similar. While more extreme wind and discharge events do occur, this
captures realistic, frequently occurring conditions. The range of dis-
charges examined covers 78 % of the period of record (1900-2023).
While the wind conditions are not the most extreme, they are from di-
rections perpendicular to the discharge and are expected to maximize
deflection of the streamlines. From this analysis, the long-term site,
EGLE A, represents the flow on the navigation side of Belle Isle.

Discharge measured at Fort Wayne — The effect of changes in discharge
as measured at Fort Wayne varies both daily and annually (Fig. 4). The
lowest values are due to ice buildup and blockage on the river. It is
important to recognize this variation when calculating loads because it
varies as much as 67 % (e.g., 4500 to 7500 m>/s) annually during this
time. For example, even if TP remained constant at the 2013 concen-
tration, the load would be higher in 2019 due to the difference in
discharge alone. The summation approach does not explicitly consider
this variation. There is also considerable variability from day to day
(Fig. 4) that must be considered when estimating daily loads.

Turbidity at WTP intakes and in the river — To demonstrate that WTP
turbidity was similar to that measured in the river, we compared those
values with the river measurements. Using the log plot to emphasize
lower values, a substantial difference was found between that measured
by the Windsor plant and that measured in the river by EGLE and MECP.
We then multiplied the Windsor values by 0.3, and they lined up with
what was measured in the river (Fig. 5 top). It is not clear why the
turbidity at the WTP intake was higher than in the river, but it may be
that the cross-stream gradients observed in that area are a driving factor.
The MECP data are taken in the river near the intake, and the EGLE A
values are taken closer to the outlet of Lake St. Clair. Both the original
and the reduced values are shown in Fig. 5. The reduced values matched
observations of turbidity and TP (see below) in the river better. While
the river measurements on both sides of Belle Isle were well represented
by the WTP, the samples missed many of the higher values at the WTP
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Fig. 2. Measured percent of total discharge on the commercial navigation
channel side of Belle Isle and Fighting Island.
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Fig. 4. Detroit River discharge as measured at Fort Wayne — USGS
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(Fig. 5) as was found in the St. Clair River (Scavia et al., 2022).

We compared the SW Detroit WTP turbidity with that measured by
EGLE means at transect B, C, D, and E. There are not as many turbidity
measurements in this section, but they were consistent with the WTP
measurements, as well as those measured earlier by Totten and Duris
(2019) (Fig. 5).

TP concentrations calculated from the WTPs and measured in the river —
The WTP turbidity at the downstream station and the adjusted WTP
turbidity from the upstream station, along with the regression conver-
sions, were used to calculate the WTP-turbidity regression-based TP
concentrations. The WTP-turbidity estimates of TP are compared to the
MECP, EGLE A (long-term), and our estimates of the transect means on
the navigation channel side of Belle Isle. Based on the few measurements
on the non-navigation channel side of the island (Fig. 5), we assumed the
concentration to be half of the concentration on the navigation channel
side. The annual TP load changed little if we assumed that concentra-
tions were equal.

The correlation and RMSE (root mean square error) between TP
estimated at the WTP and measurements in the river on the same day
were 0.54 and 0.006 mg/1 (each day, n = 174) and 0.49 and 0.008 mg/1
(averaged over the month, n = 100) for upstream station. The values for
the downstream station were 0.50 and 0.005 mg/1 (n = 110) and 0.56
and 0.004 mg/l (n = 47). The correlation coefficient values are rela-
tively low in part because the WTP estimates are averaged over the day,
but the river samples were taken at discrete times. There could be sub-
stantial variability during the day. The river samples may also miss

higher values found in the WTP estimates as reported by Scavia et al.
(2022) for the St. Clair River. So, we also looked at the daily trends over
time in both the WTP estimates and those found in the river.

These river measurements and WTP-based estimates were compared,
and, in all cases, we found regression-based estimates of TP to be good
matches with the transect mean river estimates (Fig. 6). While a fair
amount of the river sampling did not match the higher values calculated
from the WTP, like in the St. Clair River (Scavia et al., 2022), there was
general agreement. The higher turbidity (Fig. 5a) and thus TP (Fig. 6a)
values and variability in the upstream section are likely due to the
plumes from the Thames River and its proximity to the head of the
Detroit River. These plumes usually pass through the navigation channel
on the south side of Belle Isle.

For the downstream regression, we used average turbidity at the SW
Detroit and the Wyandotte plants and only SW Detroit when only it
exists. At times when no data were available (4 % of the time), we used
the average of before and after the SW Detroit gap. We compared the
WTP-turbidity regression estimates for the downstream section with
transect means taken in the vicinity of the intakes (EGLE mean for C, D,
E; USGS composites below the Rouge). There was good alignment of the
WTP-turbidity TP regression estimates and those measured in the river
(Fig. 6¢). TP values reported by Burniston et al. (2018) and Totton and
Duris (2019) were similar to those measured in subsequent years. They
reported 0.011 + 0.009 mg/1 in 2013-2014 and 0.017 + 0.007 mg/1 in
2015, respectively.

TP load estimates — Multiple loads to Lake Erie were computed and
compared. Loads were computed by multiplying the WTP-regression-
estimated daily TP concentration by the daily discharge from the
USGS station (Fig. 4) and separately adding the TP flux contributed to
the river downstream of those estimates. The average total contribution
of load to the river (2008-2024) below the upstream section is the last
column in ESM Table S1 divided by the number of days in the year
(assuming they are evenly distributed over time). For the downstream
section, we only added 20 % of that load to the river because US and
Canadian sources below the downstream section is less than below the
upstream section. The estimated daily loads for 2019-2024 (Fig. 7, ESM
Table S1) show that the northern section and the southern section, with
respective loads added to the river below the sections, are similar. As
expected, the monthly loads have less variability and are also included
in ESM Table S1 and ESM Fig. S2.
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To compare those loads with previously estimated annual loads, we
summed the daily loads for each year (Fig. 8) from the upstream and
downstream sections. We compared those estimates with annual loads
estimated by summing the loads including Lake St. Clair (Scavia et al.,
2019; Scavia et al., 2022) and with preliminary values determined from
a transect below River Rouge by USGS (Diebel pers. comm.). The USGS
loads were plotted with the 90 % prediction intervals with the same
added load to the river below the transect. The estimates of WTP-
turbidity regression from the upstream and downstream sections are
similar to each other and to both independent estimates, and they are
about 15 % higher than that estimated by the Environmental Protection
Agency (EPA) and Environment and Climate Change Canada (ECCC)
(EPA/ECCC, 2025) (Fig. 8, Fig. 9).

4. Discussion

The discrepancy from EPA and ECCC estimates is most likely due to
the original estimation methods underestimating the contribution from
Lake Huron (Scavia et al., 2020, 2022; Scavia, 2023) and by not
including the retention by Lake St. Clair (Bocaniov et al., 2019; Scavia
et al., 2019). This discrepancy with the Lake Huron load has been
recognized by the agencies (Annex 4 Adaptive Management Task Team,
2023), but the effect of Lake St. Clair has apparently not been suffi-
ciently recognized. This latter effect could reduce the impact of under-
estimating the load from Lake Huron.

The annual TP loads of the Detroit and Maumee rivers have been
roughly equal and together contribute about 90 % of the load to the
western basin and 54 % to the whole lake (EPA/ECCC, 2025; Maccoux
et al., 2016; Scavia et al., 2016). The two loads have drawn significant
policy attention and thus our correction and augmentation of traditional
estimates of the Detroit River is important. Adjusting the load to Lake
Erie with up-to-date estimates of the Lake Huron load and the effect of
Lake St. Clair may impact the annual load, and Lake Erie process models
require daily loads. While the agencies are looking to increase the
sampling of the Detroit River (EPA/ECCC, 2025), it will still be a chal-
lenge to obtain sufficient data to directly quantify daily rates.

Scavia and Calappi (2023) suggested that more accurate load esti-
mates that drive those models, develop mass balances, set load reduction
targets, and track progress over time, require better estimates of the
Detroit River TP load and assess the sources and processing of those
loads. They included establishing a transect at Fort Wayne and/or on
either side of Belle Isle and evaluating TP-turbidity relationships to
replace or augment TP sampling. We found that using adjusted Windsor,
SW Detroit, and Wyandotte WTP turbidity, appropriate TP-turbidity
relationships, and the additional load to the river below the upstream
and downstream stations provided daily and monthly load estimates
(Fig. 7, ESM Table S1).

For allocating load source reductions, in addition to more accurate
estimates of the Lake Huron load (Scavia, 2023), they also suggested
sampling at the head of the St. Clair River near Port Huron at least
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Fig. 7. Total load of the Detroit River to Lake Erie from the northern and southern sections.

weekly and augmenting that with daily turbidity measurements. While
the load to Lake St. Clair is dominated by the St. Clair River (and thus
Lake Huron), load reductions from the Thames River appear to be more
impactful than those from the Sydenham and Clinton rivers (Bocaniov
etal., 2019), and we found that they seem to be monitored primarily by
measurements and flow down the navigation channel side of Belle Isle
(see. Fig. 3 and Fig. 6a).

4.1. Limitations and next steps

While the WTP-regression estimates provided daily rates and the
annual rates that matched those determined by updates of Scavia et al.
(2019) and the preliminary USGS estimates, there are ways to enhance
monitoring and improve methods. The upstream section is easier to
measure because there are fewer pathways to monitor. We recommend

monitoring at both sections (Fig. 7, Fig. 8), but if resources are limited,
we suggest the southern transect because its daily flux may be more
representative of the loads to Lake Erie because it varies less and it re-
quires fewer loads to the river to compute the total load to Lake Erie.

Another recommendation we propose is to improve the regressions
proposed here, which had R? values of 0.52 and 0.62. While observa-
tions were combined from several sources (n = 521 and 368) and they
resulted in rather low prediction errors (ESM Fig. S1), the percent
explained was low. Having significant observations at the two transects
will likely reduce the uncertainty and increase the strength of the
regressions.

It was also proposed by Scavia and Calappi (2023) that the potential
effect of lateral variable may not be captured well enough by the WTP
intakes. This is particularly true at the upstream station. While we did
not have sufficient detail at the intakes to make that determination,
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Fig. 8. Annual load estimates (metric tons (MT)/year) from the northern and
southern regions from this paper and those based on methods in Scavia et al.
(2019) and from USGS (Diebel, pers. comm.) and EPA/ECCC.
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Fig. 9. Annual load estimate (MT/year) from WTP estimation, the summation
based on Scavia et al. (2019), the USGS loads to Lake Erie, and the EPA/
ECCC estimates.

transects of turbidity or TP would be beneficial. It may be important for
the agencies to establish continuous monitors of turbidity at the sam-
pling locations because it may not be possible to rely on the WTPs alone.
Comparing daily rates with those determined with other methods will be
important. That would also likely require sampling more frequently than
is done now, but in the short term it may be important.

Updating the Detroit River load can lead directly to updates of Lake
Erie mass balances but is only the first step in a reassessment of the goals,
targets, and approaches. The next step would be to compare response
curves from models calibrated to the new loads with those used to guide
the current targets. Scavia and Calappi (2023) also pointed out that
increased temporal resolution of the Detroit River loads could not only
provide improved estimates for the process models but also provide new
insights into the drivers of harmful algal blooms and hypoxia. If the new
models result in substantially different response curves, it could lead to
assessment of the impacts of different sources on hypoxia (e.g., western
and central basin tributaries versus the Detroit River). Given the scale
and scope of the binational load reduction plan, these next steps will not
be trivial, requiring substantial time and resources. However, the
GLWQA calls for routine reassessments and adaptive management as
new information becomes available, and this should allow windows of
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time for adjustments if needed.
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