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Motivation

Advancing our understanding of factors affecting trends in water 
quality requires adoption of analytical approaches that can:

• represent potential nonlinearities in the long-term patterns now 
being observed with more than 30 years of water quality data;

• explore environmental factors that may affect those trends.



2014 MEOWQT Workshop Finding

• The GAM (General Additive Model) approach is a promising 
mathematical tool for detecting and describing trends in estuarine 
water quality parameters. 

• Full implementation the GAMs technique will require incorporation of 
additional temporally-distributed hydrologic processes that influence 
mixing and flow in increasingly more saline areas of the estuary (i.e., 
the oligo-, meso-, and poly-haline zones). 



2014 MEOWQT Workshop Recommendation

• The CBP should continue to develop and apply GAMs to the appropriate response 
variables (i.e., nutrients, sediments, DO) in tidal waters. 

• Developers of the GAMs method should solicit input from the estuarine research 
community to guide construction of GAMs for the Chesapeake Bay. 

• In order to fully implement GAMs as a standardized method for evaluating water 
quality trends in the tidal waters, functionality that enables automated analysis 
must be developed. 

• The CBP should submit the GAMs technique to a rigorous peer review process 
before establishing it as the primary tool for estimating trends in estuarine water 
quality parameters. 



Project Overview

• 2014-present: Collaborative development team implementing Generalized 
Additive Model (GAM) approach

• 2015-present: Ongoing research collaborations using GAMs
• 2016-17: STAC review of the approach
• 2017: MDDNR & VADEQ adoption of the GAM approach to compute annual 

tidal trends
• 2017-2018: Incorporated method change approach & flow-adjustment
• 2018: ‘baytrends’ package published on R repository ‘CRAN’
• 2018: MDDNR & VADEQ adoption of updated approach with flow-

adjustment and method-change approach for annual trends
• 2019: Peer reviewed manuscript



Basic approach

Water quality = 
linear(date) + s(date) + s(doy) + ti(date, doy)

Functions can 
be linear Smoothly-

varying non-
linear “spline” 

functions

And multi-
dimensional 

smooth 
functions

s = spline smooth functions
doy = day of year

Example: TN in mid-Bay at CB5.4 Surface
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A GAM represents the constituent of interest as the sum of 
multiple smooth (possibly non-linear) functions of 
explanatory variables



Basic approach: Percent change  

Example: TN in mid-Bay at CB5.4 Surface
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change = -35%
p<0.001 



Basic approach

Water quality = 
linear(date) + s(date) + s(doy) + ti(date, doy)

• Basic approach tells us:
• Observed mean pattern 

over time
• Seasonal changes
• Trends over time

• These trends are 
influenced by wet/dry 
periods

• Also needed an approach 
to answer the question: if 
river flow had been 
average, what would the 
trends look like?



Key updates since STAC review

• Flow or salinity adjustment

• Method or lab change analyses (i.e., interventions)

• Publicly-available CRAN package ‘baytrends’

• Manuscript in review



Flow or salinity-adjustment

Water quality =
linear(date) + s(date) + s(date) + ti(date,doy) + 
s(flw_sal) + ti(flw_sal,doy) + ti(flw_sal, date) + ti(flw_sal,doy,date)

flw_sal is either: 
• Salinity at same place & time
• Pre-processed flow from a RIM station averaged over 

preceding n days (selected by correlation) 

Same as previous 
model

Additional 
smooth on flow
plus all interactions



Flow or salinity-adjustment

Basic Model: 
TN in mid-Bay at CB5.4 Surface
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Magenta: Model with 90 days of Susquehanna flow or CB5.4 salinity
Black: Flow-or-salinity adjusted

R2= 0.64
AIC = -325

R2= 0.73
AIC = -443

R2= 0.52
AIC = -195



Compare 
maps with 
and 
without 
flow-
adjustment

Previous
example



Example 
change 
with flow-
adjustment

Still a slight increase with flow-adjustment, but no longer 
confident in it because the early low flow years pulled down the 
TN in the 1980s 

Observed

Flow-adj.



Method or lab change analysis: Interventions

Water quality = 
linear(date) + s(date) + s(doy) + ti(date, doy)

+ intervention
+ all flow terms 

• Intervention investigations proved challenging (as discussed by STAC reviewers) 

• Work still underway on dissolved nutrients and TSS

• Currently changes included in our annual trends for TN and TP

Original model

Factor term (e.g., 0 or 1) before and after change

Model could include or not include flow



Method or lab change analysis: Interventions

Intervention = 0.19, p<0.001

Intervention = 0.30, p=0.04

TN change from TKNW+NO23  PN + TDN

TP change from direct measure  PP + TDP



Package on CRAN

https://cran.r-project.org/web/packages/baytrends/index.html

https://cran.r-project.org/web/packages/baytrends/index.html


Documentation

• Murphy, R.R., E. Perry, J. Harcum, and J. Keisman. 
2019. A Generalized Additive Model approach to 
evaluating water quality: Chesapeake Bay Case 
Study. Environmental Modelling and Software.  In 
Review.

• In-package documentation including overview, 
vignettes, and function instructions



Chesapeake GAMs Applications

• Annual trends in tidal water quality

• Academic research collaborations

• GAMs team ongoing work: hypothesis testing



Tidal trends annual production

• MDDNR and VADEQ compute trends 
annually (with CBP, ODU and USGS)

• GAM-based approach through R package

• Scope:
• ~150 stations
• TN, TP, DIN, PO4, secchi, DO, TSS, chlorophyll-a, 

water temp, salinity
• Surface & bottom
• Annual and/or seasonal; short-term & long-term
• Observed & flow-or-salinity-adjusted trends



Annually:
Bay-wide 
picture of 
trends

Long-term Short-term



Annually:
Bay-wide 
picture of 
trends

Long-term Short-term



Annually:
Updated 
online

https://www.chesapeakebay.net/who/grou
p/integrated_trends_analysis_team

Integrated Trends Analysis Team Website

https://gis.chesapeakebay.net/wip/wqmonitoring/

WIP Dashboard

https://www.chesapeakebay.net/who/group/integrated_trends_analysis_team
https://gis.chesapeakebay.net/wip/wqmonitoring/


How the results are used

Informing public, stakeholders, 
and management communities:

• CBP websites (earlier slide)

• MD and VA reports and websites 
(i.e., Eyes on the Bay) 

• CBP and partner presentations 
and products (e.g., WQGIT, 
MWCOG)

• Stakeholder presentations (e.g., 
Potomac riverkeepers)

http://eyesonthebay.dnr.maryland.gov/eyesonthebay/statustrends.cfm

http://eyesonthebay.dnr.maryland.gov/eyesonthebay/statustrends.cfm


How the results are used: Research collaborations

Chl-a and nitrogen seasonality: Testa, Murphy, 
Brady, and Kemp. 2018. Nutrient- and Climate-
Induced Shifts in the Phenology of Linked 
Biogeochemical Cycles in a Temperate Estuary. 
Frontiers in Marine Science 5. 

Water Clarity: Keisman, Friedrichs, Buchanan, 
Cornwell,  Lane, Porter, Testa, Trice, Zhang, 
Zimmerman, Batiuk, Blomquist, Lyubchich, Moore, 
Murphy, Noe, Orth, Sanford, 2018. Understanding 
and explaining over 30 years of water-clarity trends 
in Chesapeake Bay: Previous work and new 
insights. Edgewater, MD. STAC Publication Number
18-XXX.

SAV: Lefcheck, Orth, Dennison, Wilcox, Murphy, 
Keisman, Gurbisz, Hannam, B. Landry, Moore, 
Patrick, Testa, Weller, and Batiuk. 2018. Long-term 
nutrient reductions lead to the unprecedented 
recovery of a temperate coastal region. 
Proceedings of the National Academy of Sciences
115(14) 3658-3662.

Statistical methods: Beck and Murphy. 2017. 
Numerical and Qualitative Contrasts of Two 
Statistical Models for Water Quality Change in Tidal 
Waters. Journal of the American Water Resources 
Association (JAWRA) 53(1):197–219. 

On-going investigations:
• Patuxent and Rappahannock; 

Potomac exploratory analyses (Perry, 
Keisman, Murphy; Harris et al.) 

• Maximum chlorophyll-a response 
(Murphy)

• Nutrient limitation changes (Zhang et 
al)

• Phosphorus trends and changes in 
mainstem (Testa, Brady, Zhang and 
Murphy)

From Testa et al. 2018

Mainstem chlorophyll-a seasonal changes analyzed multiple ways



How the results are used: On-going investigations

• Patuxent and Rappahannock; Potomac 
exploratory analyses (Perry, Keisman, 
Murphy; Harris et al.) 

• Maximum chlorophyll-a response 
(Murphy, Keisman)

• Phosphorus trends and changes in 
mainstem (Testa, Brady, Zhang and 
Murphy)
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Hypothesis testing with GAMs: 
chla~ s(flow) + s(PAR) + s(WW-TN)    [All by season]

Excerpt from Harris et al. study in-progress



GAM implementation team

• Statistical Development: Elgin Perry

• baytrends package: Jon Harcum, Erik Leppo (Tetra Tech)

• Key user input and feedback: Renee Karrh (MDDNR), Mike Lane 
(ODU)

For more info, contact:

Jeni Keisman, USGS jkeisman@usgs.gov
Rebecca Murphy, UMCES at CBP rmurphy@chesapeakebay.net

mailto:jkeisman@usgs.gov
mailto:rmurphy@chesapeakebay.net

