A Program of Nearshore Measurements to Advance the Understanding of Harmful Algal Blooms in Owasco Lake, NY
[image: https://3.bp.blogspot.com/-aXIZuKdb_QE/Wc_8AfCaXWI/AAAAAAAACaw/UKVLWXXZJpo7To_IeMoHzCYHV9-m9CdSQCLcBGAs/s320/owasco%2Balagae%2B092117%2Bemerson%2Bpark%2Bpier.jpg]



	Prepared by:
	Prepared for:

	Upstate Freshwater Institute
	Cayuga Community College

	224 Midler Park Drive
	197 Franklin Street

	Syracuse, NY 13206
	Auburn, NY 13021

	
	

	SUNY-Environmental Science and Forestry
	Owasco Watershed Lake Association

	1 Forestry Drive
	PO Box 1

	Syracuse, NY 13210
	Auburn, NY 13021





October 2018

Table of Contents
Executive Summary	4
A. Introduction	6
B. Description of Owasco Lake	8
C. Methods	11
Monitoring Buoys	11
Water Samples for Laboratory Analysis	12
SeaBird Profiles	13
Plankton	14
Long Term Trend Analysis	15
D. Results and Discussion	15
Buoy Measurements	15
Streamflow	15
Temperature	16
Specific Conductance	16
Dissolved Oxygen	17
Chlorophyll-a and Phycocyanin	17
Laboratory Measurements at Buoy Locations	22
Phosphorus	22
Nitrogen	22
Chlorophyll-a and Silica	23
Phytoplankton Community Composition	27
SeaBird Profiles at Four Sites Along the Main Axis of Owasco Lake	30
E. Long-Term Trend Analysis	32
Meteorological Conditions	32
Data Sources	32
Precipitation	33
Air Temperature	34
Hydrologic Conditions	36
Data Sources	36
Trends in Hydrologic Conditions	36
Water Quality Conditions	38
Data Sources	38
Events with Potential Implications for Water Quality	40
Water Temperature and Stratification	41
Common Indicators of Trophic State	43
Soluble Reactive Phosphorus, Nitrate, and Silica	45
Dissolved Oxygen	46
References	50
APPENDIX A	52
Glossary	52
APPENDIX B	53
Acronyms and Symbols	53
APPENDIX C	54

A glossary that defines limnological terms and a listing of symbols and acronyms has been included, as Appendices A and B, respectively, to promote enhanced understanding and more effective dissemination of the findings.  Supplemental graphs are provided in Appendix C.


[bookmark: _Toc526265354]Executive Summary
	The annual occurrence of harmful algal blooms (HABs) in Owasco Lake during late summer and fall since 2012 has spurred multiple efforts directed at understanding and managing this growing threat to water quality.  The primary objective of the 2016 monitoring program was to advance our understanding of the physical, chemical, and biological factors associated with HABs in Owasco Lake.  The water quality monitoring program included (1) high frequency measurements with two fixed-depth buoy platforms located in nearshore areas with a history of HABs, (2) biweekly collection of water samples to assess nutrient status and algal biomass, (3) vertical profiling along the main axis of the lake to investigate spatial variations, and (4) assessment of the phytoplankton, zooplankton, and dressenid mussel communities.
	No conspicuous differences in water quality conditions, including concentrations of nutrients and algal biomass, were observed between the two nearshore sites and the main lake.  Concentrations of phycocyanin, a photosynthetic pigment present in cyanobacteria, were low at both nearshore locations despite the occurrence of HABs at nearby shorelines.  Potential explanations for these low concentrations include (1) the phycocyanin sensors were deployed too deep, (2) suppressed fluorescence due to high light intensity, and (3) dense cyanobacteria populations were located closer to the shoreline.  Much higher phycocyanin concentrations were measured from docks, particularly in the vicinity of Emerson Park and Dutch Hollow/Burtis Point.  This is consistent with visual observations of cyanobacteria accumulating along windward shorelines despite low densities in the open water.
Long-term trend analyses indicated a significant increase in summer average air temperature over the 1950-2017 interval.  Moreover, summer air temperatures exceeded the long-term average in seven of the last eight years.  There has also been a trend for warmer temperatures in the upper waters of Owasco Lake during summer.  Statistical analyses found no long-term trend in either summer average precipitation or rainfall intensity.  There is limited evidence for a systematic long-term increase in summer average total phosphorus (TP) concentrations.  However, a focus on more recent years revealed that TP concentrations increased 50% from 2006-2010 (8.0 µg/L) to 2011-2017 (12.1 µg/L).  Although there has been no statistically significant long-term increase in summer average chlorophyll-a (Chl-a) concentrations, values for 2016 and 2017 were among the highest of the 1985-2017 record.  Despite a significant increase in Secchi disk transparency since the 1990s, water clarity has generally decreased since a peak in the early 2000s.  While summer average concentrations of the phytoplankton nutrients soluble reactive phosphorus and silica have increased, nitrate concentrations have decreased.  Depletion of dissolved oxygen (DO) in the metalimnion of Owasco Lake has intensified over the past decade.  Potential explanations for increased DO depletion include (1) increased primary production and decomposition of phytoplankton in the metalimnion, (2) respiration of dense mussel populations, and (3) increased organic loads from streams that enter the lake as interflows.  
According to the available data, Owasco Lake is a system in flux.  Lake water quality and the occurrence of HABs are impacted by changes in climate, the effects of invasive species, and nutrient inputs from the watershed.  It’s likely that a combination of these effects is responsible for the increased frequency and intensity of HABs.  Modern mechanistic water quality models can integrate the effects of these complex drivers and should be used guide appropriate management decisions.
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[bookmark: _Toc526265355]A. Introduction
Although cyanobacterial blooms have been widely reported in the scientific literature for more than a century (Hutchinson 1967), the frequency and intensity of harmful algal blooms (HABs) has increased markedly in recent decades (Downing et al. 2001, Heisler et al. 2008, O’Neil et al. 2012, Paerl and Paul 2012, Paerl and Otten 2013).  Increased cyanobacterial abundance has impaired use of our invaluable freshwater resources, endangered public health through threatened municipal water supplies or accumulation of shoreline blooms, and caused economic loss.  In addition, many genera of cyanobacteria are able to produce toxins harmful to the liver (e.g., microcystins, cylindrospermopsin) and nervous system (e.g., anatoxin-a, -methyl-aminoalanine) of humans and other mammals (O’Neil et al. 2012).  Although decreased phosphorus (P) loading has a long history of success in reducing algal blooms in eutrophic lakes (e.g., Edmonson 1970, Schindler 1974, Matthews et al. 2015), HABs have been reported in a number of New York State lakes with low to moderate phosphorus (P) concentrations.  Owasco Lake, for example, has experienced cyanobacterial blooms annually since 2012, despite modest P levels. 
While it is generally agreed that HABs are triggered by multiple physical, chemical, and biological factors (e.g., Heisler et al. 2008, Paerl and Otten 2013), the causes of the latest increases in the frequency and severity of cyanobacterial blooms remain poorly understood.  Factors contributing to the expansion of HABs are thought to include increased or more episodic nutrient loading (Heisler et al. 2008), changes in nutrient ratios (Smith 1983, Anderson et al. 2002), selective feeding and increased nutrient recycling by invasive dreissenid mussels (Hecky et al. 2004), and increased temperature of surface waters due to climate change (Elliott 2012).  These factors can also have unexpected interactive effects, such as the observation that dreissenid mussels can promote HABs more at moderate P than at high P concentrations (Sarnelle et al. 2012).  In addition, high levels of cyanotoxins have been routinely documented in lakes with low nutrient and chlorophyll-a concentrations (e.g., Cazenovia Lake, Owasco Lake, Song Lake), but only periodically reported in other lakes with similar trophic conditions, highlighting the importance of including more than P loading in predictive models.
Monitoring programs that specifically target HABs are necessary to advance our understanding of how different physical, chemical, and biological factors interact to create the conditions that can trigger harmful algal blooms.  Information from HABs-targeted monitoring can help guide related management efforts.  Monitoring efforts to improve our understanding of HABs are particularly important in lakes such as Owasco Lake that may not conform to the classical paradigm of increased nutrient loading causing HABs.
The annual occurrence of HABs in Owasco Lake since 2012 has prompted increased efforts to understand and manage this expanding threat to water quality.  Monitoring focused on developing a better understanding of HABs in Owasco Lake differs from traditional limnological monitoring in a number of important ways.  First, sampling frequency must be increased from monthly or weekly to daily or hourly in order to better match the time scale of blooms.  Deployment of water quality monitoring buoys facilitates high frequency (< hourly) measurements of temperature, dissolved oxygen, pH, specific conductance, chlorophyll-a, and phycocyanin (blue-green algae) in near-shore areas with a history of HABs.  It’s also critical that sampling efforts shift from mid-lake locations to nearshore areas where the blooms occur.  Monitored chemical parameters should include metrics of algal biomass (chlorophyll-a), cyanobacterial abundance (e.g., cell counts, phycocyanin), and bioavailable forms of P and nitrogen that support algal growth.  Because dreissenid mussels and zooplankton can influence phytoplankton dynamics, including HABs, targeted biological monitoring to characterize these communities is also recommended.  
All of these monitoring components were incorporated in the nearshore water quality monitoring program conducted in Owasco Lake during the July–October interval of 2016 to advance the understanding of HABs.  Measurements from this monitoring program supported: 
· An evaluation of water quality buoys to serve as an early warning system for HABs
· An analysis of factors potentially responsible for triggering and sustaining HABs in nearshore areas (e.g., water temperature, nutrient availability, horizontal and vertical movement of cyanobacteria)
· Comparisons of mid-lake and near-shore conditions, taking advantage of existing monitoring efforts in the main lake
· An assessment of phytoplankton and zooplankton communities in nearshore areas with a history of HABs 
In addition, an evaluation of long-term trends in meteorological (air temperature, precipitation) and water quality (water temperature, total phosphorus, chlorophyll-a, dissolved oxygen) parameters is provided in this report to establish a context for contemporary conditions.  Finally, a quantitative survey of dreissenid (zebra, quagga) mussels will be conducted during the spring of 2018.  The results of this survey will be summarized in a separate report.
This work was performed as an Agreement between Cayuga Community College and Upstate Freshwater Institute.  This report addresses the three Performance Measures listed under Task 1 (Analysis, Review, and Reporting of Data) of Objective 1 (Monitoring and Measurement) of the Work Plan to Contract DEC01-C00039GG-3350000 Owasco Lake Watershed Action Plan:
1. Summarize and evaluate existing data sets and data collected through this plan (see sections C. Methods and D. Results and Discussion)
2. Conduct detailed statistical analyses (see section E. Long-Term Trend Analysis)
3. Prepare and submit final reports and data summaries 
[bookmark: _Toc526265356]B. Description of Owasco Lake
Owasco Lake, the third easternmost of the 11 Finger Lakes, is located immediately south of the City of Auburn and approximately 36 kilometers (22 miles) southwest of the City of Syracuse (Figure 1). The lake is approximately 17 km (10.5 miles) long and 2 km (1.2 miles) wide, with the main axis oriented from the north-northwest to the south-southeast.  Owasco Lake has a mean of 29.3 meters (96 feet) and a maximum depth of 53.9 meters (177 feet) (Schaffner and Oglesby 1978).  More than 60% of the volume of the lake is associated with depths greater than 15 meters (Figure 1). Although the lake is contained entirely within Cayuga County, its 530 km2 (205 mi2) watershed extends into Onondaga and Tompkins Counties. Approximately 48% of the Owasco Lake watershed is used for agriculture (hay, pasture, cultivated crops) while 29% is forested (Cayuga County 2015).
[bookmark: _GoBack]Owasco Lake is classified as an AA waterbody by New York State Department of Environmental Conservation (NYSDEC), consistent with its use as a drinking water supply for the City of Auburn and the Town of Owasco.  The lake has a dimictic stratification regime, meaning it stratifies strongly during the summer, weakly during the winter, and mixes during spring and fall.  Water temperatures in the upper 10 meters of the water column typically warm to 20-25°C during the summer months, while temperatures remain less than 10°C at water depths greater than 20 meters.  Limnological studies by various researchers have found the lake to be mesotrophic, or moderately productive (Oglesby 1978, Callinan 2001, Halfman et al. 2016).  
Blooms of cyanobacteria have been reported annually in Owasco Lake since 2012.  A total of 84 HABs were reported between 2013 and 2017, with most blooms occurring in northern and northeastern portions of the lake, including Emerson Park and the Owasco Yacht Club.  Samples from 55 of the 84 reported blooms yielded high toxin concentrations.  Algal toxins (microcystin) were detected in samples collected from drinking water intakes in September and October 2016, but not in finished drinking water.  In addition to water supplies, HABs also threaten aesthetic and recreational uses of the lake, including swimming, fishing, and boating.  In fact, a total of 53.5 beach days were lost due to HABs-related beach closures during 2014-2017.
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Figure 1.	Aerial photograph of: (a) Finger Lakes of New York and position of Owasco Lake. Owasco Lake morphometry: (b) bathymetric map with two sampling sites, (c) contour area as a function of depth, and (d) volume as a function of depth.

[bookmark: _Toc526265357]C. Methods
[bookmark: _Toc526265358]Monitoring Buoys
Two fixed-depth (1 meter) water quality monitoring buoys were deployed from July 21, 2016 to October 12, 2016 in nearshore areas of Owasco Lake, one near the mouth of Dutch Hollow Brook and the other near the mouth of Sucker Brook (Figure 2).  Each buoy was deployed in 2-3 meters of water and outfitted with a YSI 6600 multi-probe datasonde that measured temperature, dissolved oxygen, pH, specific conductance, chlorophyll-a, turbidity, and phycocyanin (an accessory pigment found in cyanobacteria) every 15 minutes.  The YSI multi-probes were exchanged every two weeks with recently calibrated units.  A separate YSI 6600 was used to ground truth the buoy measurements and collect detailed vertical profiles of the same suite of parameters at the two buoy locations on nine occasions.	
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Figure 2.  	Locations of buoy (orange diamonds), profile (purple triangles), and OLWIP water sample sites (green circles) on Owasco Lake.
[bookmark: _Toc526265359]Water Samples for Laboratory Analysis

	Water samples were collected by UFI staff at the buoy locations near the mouths of Dutch Hollow and Sucker Brook on nine occasions between July 21 and October 12.  These samples were collected from both sites at a depth of 1 meter and analyzed at UFI’s laboratory for total phosphorus (TP), total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), nitrate+nitrite (NOx), total ammonia (T-NH3), dissolved reactive silica (DRSi), and fluorometric chlorophyll-a (Chl-a). This suite of parameters provides a robust characterization of phytoplankton biomass and nutrient availability to phytoplankton in nearshore areas of the lake.  Laboratory analytical methods are specified in Table 1.  
Water samples and YSI multi-probe measurements were also collected from six shoreline locations by the Owasco Lake Watershed Inspection Program.  This monitoring was conducted weekly from September 12 to October 12 at Emerson Park, Burtis Point, Firelane 23, South Marina, Firelane 25-26, and Peterson Point (Figure 2).  The water samples were analyzed at UFI’s laboratory for TP, total nitrogen (TN), and Chl-a.  Temperature, dissolved oxygen, pH, specific conductance, chlorophyll-a, turbidity, and phycocyanin were measured with the YSI multi-probe at the same sites.  


Table 1.	Specification of laboratory analytical methods.
	Analyte
	Method No.
	Reference

	Total Phosphorus (TP)
	SM 4500-P E-99, -11
	Standard Methods 23rd Edition

	Total Dissolved Phosphorus (TDP)
	SM 4500-P E-99, -11
	Standard Methods 23rd Edition

	Soluble Reactive Phosphorus (SRP)
	SM 4500-P E-99, -11
	Standard Methods 23rd Edition

	Nitrate-Nitrite (NOx)
	EPA 353.2 Rev 2.0
	USEPA, Office of Research and
Development/NERL, 1997

	Total Ammonia (T-NH3)
	EPA 350.1 Rev 2.0
	USEPA, Office of Research and
Development/NERL, 1997

	Chlorophyll a (Chl-a) (fluorometric)
	EPA 445.0
	USEPA, Office of Research and
Development/NERL, 1997

	Dissolved Reactive Silica (DRSi)
	SM 4500-SiO2 C-97, -11
	Standard Methods 23rd Edition



[bookmark: _Toc526265360]SeaBird Profiles
Additionally, vertical water column profiles (at 0.5 m depth intervals) of a suite of water quality parameters (temperature, specific conductance, chlorophyll-a, turbidity, beam attenuation coefficient, and scalar photosynthetic active radiation) were collected at four sites (Sites 1 through 4; Figure 2) approximately equally spaced along the north-south axis of the lake on two occasions (once in July and once in August) using a SeaBird Electronics (SBE) profiler. These detailed profiles were intended to identify vertical and longitudinal patterns in water quality.  For example, the location of the largest inflow at the south end of the lake could potentially cause a south-north gradient in algal biomass or turbidity.  The field instrumentation parameters and depth resolution features are described in Table 2.  Specifications for the field instruments with respect to parameters measured, manufacturer, and performance features are presented in Table 3. Sites of buoys and four sites around the lake can be found below.

Table 2.	Specification of field instrumentation, measurements, parameters, and depth resolution used for 2016 Owasco Lake monitoring.
	Parameter
	Vertical
Resolution (m)
	Comment/Enhancement

	Temperature (T)
	0.5
	profiles with SEABIRD(a)

	Specific Conductance (SC)
	0.5
	profiles with SEABIRD(a)

	Chlorophyll a (Chl-a)
	0.5
	profiles with SEABIRD(a)

	Dissolved oxygen (DO)
	0.5
	YSI 6600 with datalogger

	pH
	0.5
	YSI 6600 with datalogger

	Algal classes
	0.5
	profiles with bbe FluoroProbe III(b)

	Secchi depth
	na
	black and white quadrant disk

	Turbidity (Tn)
	0.5
	profiles with SEABIRD(a)

	c660(c)
	0.5
	profiles with SEABIRD(a)

	kd(d)
	0.5
	profiles of PAR with SeaBird(a)


(a) SeaBird is a rapid profiling instrument package with several sensors on a common frame used to measure multiple water quality parameters simultaneously; (b) FluoroProbe is a rapid profiling instrument that discriminates between 4 preset algal classes: greens, bluegreens, diatoms, and cryptophytes; (c) c660 is the beam attenuation coefficient at a wavelength of 660 nm; a more sensitive measure of turbidity; (d) kd is the attenuation coefficient for PAR; a fundamental delimiter of the depth range of photosynthesis; will be calculated (Beer's Law) from downwelling irradiance profile.








Table 3.	Instrument specification for 2016 Owasco Lake monitoring.
	Instrument
	Parameters (units)
	Manufacturer
	Range of Detection

	SeaBird
	T (°C)
	SeaBird
	-5 – 35 °C

	
	SC (µS/cm)
	SeaBird
	0 – 70,000 µS/cm

	
	c660 (1/m)
	WET Labs
	~ 0.003 to 138.15 1/m

	
	Turbidity, Tn (NTU)
	D & A Instruments
	0 – 250 NTU

	
	Chl-a (µg/L)
	WET Labs
	0.01 – 50 µg/L

	
	Depth (m)
	SeaBird
	0 – 100 m

	
	Scalar PAR (µE/m2/s)
	LiCor
	> +/- 10 % quantum
response

	YSI 6600
	T (°C)
	YSI
	-5 to 45 °C

	
	SC (µS/cm)
	YSI
	0 to 100 mS/cm

	
	Dissolved Oxygen, DO 
(mg/L)
	YSI
	0 to 50 mg/L

	
	pH (units)
	YSI
	0 to 14 units

	
	Depth (m)
	YSI
	0 to 200 m

	FluoroProbe
	Depth (m)
	bbe moldaenke
	0 – 100 m 

	
	Green algae class
	bbe moldaenke
	0 – 200 µg Chl-a/L 

	
	Bluegreen class
	bbe moldaenke
	0 – 200 µg Chl-a/L 

	
	Diatom class
	bbe moldaenke
	0 – 200 µg Chl-a/L 

	
	Cryptophyte class
	bbe moldaenke
	0 – 200 µg Chl-a/L 




[bookmark: _Toc526265361]Plankton
	Plankton samples were collected at a bi-weekly frequency at both buoy locations for enumeration of both phytoplankton and zooplankton.  Phytoplankton samples were collected as whole water samples from the surface in amber-glass bottles and refrigerated until microscopic identification could be performed.  Zooplankton were collected as 2-3 meter vertical net hauls using a 30 cm diameter sampling net and 64 µm mesh.  The samples were transferred to sample bottles and preserved with 70% ethyl alcohol for later identification.  Microscopic identification was performed by Dr. Kimberly Schulz at the State University of New York College of Environmental Science and Forestry (SUNY-ESF) in Syracuse.

[bookmark: _Toc526265362]Long Term Trend Analysis
	An evaluation of long-term trends was conducted for both meteorological (e.g., air temperature, precipitation) and water quality (e.g., water temperature, total phosphorus, chlorophyll-a, dissolved oxygen) parameters was conducted to provide a long-term context for the recent proliferation of HABs in Owasco Lake.  Relevant data was collected from a variety of sources and analyzed using both parametric (simple linear regression) and nonparametric (Seasonal Kendall test) statistical techniques.
[bookmark: _Toc526265363]D. Results and Discussion
[bookmark: _Toc526265364]Buoy Measurements
[bookmark: _Toc526265365]Streamflow
	Precipitation and associated runoff can be an important driver of lake water quality, causing sudden increases in loading of both plant nutrients (e.g., phosphorus and nitrogen) and sediment via tributaries.  The monitoring buoys near Sucker Brook and Dutch Hollow Brook were deployed from July 21, 2016 to October 12, 2016, a period with recurring and mostly minor runoff events.  The time series of 15-minute flows in Owasco Inlet (USGS gage 04235299 at Moravia) depicts approximately 12 peaks in streamflow during the monitoring interval (Figures 3a, 4a).  The highest flows corresponded with a runoff event on August 10.  Owasco Inlet is the largest tributary to Owasco Lake, and its flow patterns are assumed to be generally representative of flows at Sucker Brook and Dutch Hollow Brook.  We do, however, acknowledge that this assumption is imperfect, particularly during summer thunderstorms.  Conspicuous signatures of runoff events, such as large increases in turbidity and decreases in specific conductance corresponding to flow peaks, were not observed at either of the buoy locations (Figures 3, 4).  This suggests that water quality conditions at the buoy locations were not impacted significantly by inputs from the nearby streams.

[bookmark: _Toc526265366]Temperature
At both buoy locations water temperatures at 1 meter depth remained generally between 22 and 26°C between late July and mid-September, falling to approximately 17°C by mid-October (Figures 3b, 4b). This seasonal decrease in water temperature reflects a corresponding decrease in atmospheric temperature.  Warmer water temperatures generally provide cyanobacteria with competitive advantages over eukaryotic phytoplankton (Paerl and Paul 2012, Carey et al.  2012).  Maximum growth rates of cyanobacteria are generally reached at higher temperatures (~25°C) relative to eukaryotic phytoplankton (Robarts and  Zohary  1987).  Additionally, a warmer, more stable water column also favors cyanobacteria because many species possess gas vacuoles that allow for motility in the water column and access to nutrients from deeper waters (Johnk et al. 2008).  The high water temperatures that prevailed at these nearshore sites prior to late September provided a favorable condition for cyanobacterial growth.  However, similar temperatures were measured at four main lake sites on August 4 (Figure 9) and September 15 (Figure 10) and at the buoy operated by Finger Lakes Institute (Halfman et al. 2016).  This is not surprising given that horizontal mixing in lakes is generally sufficient to eliminate the potential for persistent gradients in water quality.
[bookmark: _Toc526265367]Specific Conductance
Values of specific conductance (SC) at one meter generally remained within the relatively narrow range of 270–310 µS/cm over the study period at both the Sucker Brook (Figure 3c) and Dutch Hollow Brook (Figure 4c) buoy locations.  This pattern of SC depicts essentially uniform concentrations of the major ions throughout the year in these shallow waters.  Decreases in SC at Dutch Hollow in mid-September are likely attributable to tributary inputs associated with runoff events.  However, losses of Ca2+ and HCO3- from seasonal CaCO3 precipitation may have also contributed to the observed decrease.  Specific conductance measurements at these shallow locations did not vary substantially from values at main lake sites (Figures 3 and 4; Halfman et al. 2016).
[bookmark: _Toc526265368]Dissolved Oxygen
The concentration of dissolved oxygen (DO) is a particularly important feature of water quality and resource value.  For example, certain combinations of low temperature and high DO are required for the maintenance of a cold water fishery.  Dissolved oxygen can be highly dynamic in aquatic ecosystems as it is affected by physical, chemical, and biological processes.  The principal sources of DO are photosynthesis and inputs from the atmosphere (when undersaturated concentrations prevail).  The major oxygen demanding (sink) processes are biochemical in nature, including respiration and stabilization (decomposition) of organic material.
Temporal patterns of DO in the northern end of Owasco Lake in 2016 are presented through 1 m depth time series data at the Sucker Brook (Figure 3d) and Dutch Hollow Brook (Figure 4d) buoy sites.  Dissolved oxygen conentrations at both sites remained between 8 and 12 mg/L for the observation period.  Dissolved oxygen concentrations were generally less variable during late September, indicating a closer balance between source and sink processes.  This is likely a result of decreased primary production (algal growth) during this period of decreasing temperatures and daylight.  Percent DO saturation varied between 90% and 145% at Sucker Brook buoy and from 85% to 136% at the Dutch Hollow Brook buoy.  Oversaturated conditions generally prevailed, suggesting that inputs of oxygen from photosynthesis exceeded losses due to decomposition processes.
[bookmark: _Toc526265369]Chlorophyll-a and Phycocyanin
The term trophic state refers to the level of primary (plant) production in an aquatic ecosystem.  The three trophic state classifications are oligotrophy, mesotrophy, and eutrophy, which correspond to low, intermediate, and high levels of productivity. Temporally comprehensive measurements of primary production throughout an annual cycle are the most direct and rigorous measure of trophic state (Wetzel 2001).  However, such measurements are quite laborious, costly and rare.  Instead, several commonly applied surrogate metrics of trophic state have been adopted that include:  (1) chlorophyll-a (Chl-a) concentrations, (2) total phosphorus (TP) concentrations, and (3) Secchi disk (SD) transparency.  Low levels of primary production (i.e., oligotrophy) are generally manifested as low concentrations of Chl-a and TP, and high SD.  Total phosphorus will be discussed along with other lab data in the following section.  Secchi disk measurements were not included in this monitoring effort because the SD values exceed the water depth at these nearshore locations.
Phytoplankton biomass is of course itself an imperfect measure of primary production (Wetzel 2001) and there are potential short-comings in each of these surrogate measures of trophic state because Chl-a, TP, and SD all depend on an imperfect coupling to phytoplankton biomass. For example, the Chl-a content of phytoplankton can vary, depending on community composition and ambient environmental conditions (e.g., light and nutrient conditions; Wetzel 2001). High concentrations of inanimate mineral particles (tripton) can compromise TP and SD as metrics of phytoplankton biomass because mineral particles contain P and contribute to light attenuation (Effler et al. 2002). Often Chl-a is the most reliable (e.g., most lakes) of these three surrogates because it is the most direct manifestation of primary production.
	Chlorophyll-a concentrations generally remained between 0 µg/L and 5 µg/L at the Sucker Brook location (Figure 3e), indicating low to moderate levels of phytoplankton biomass.  A similar range of values was measured by a buoy deployed by Finger Lakes Institute (FLI) in the deepest part of the lake (Halfman et al. 2016).  The peak concentration of approximately 6 µg/L was measured on August 1.  Relatively high concentrations were also observed in early and late September.  Chlorophyll-a concentrations were generally higher and more variable at the Dutch Hollow Brook buoy location (Figure 4e), reaching as high as 21 µg/L on September 8.  This peak in Chl-a corresponded with a runoff event that may have contributed both nutrients and benthic algae to the lake from Dutch Hollow Brook.  Concentrations of Chl-a were uniformly low during October, likely due to lower water temperatures and the seasonal decrease in available sunlight.  
	Phycocyanin concentrations, an indicator of cyanobacteria biomass, were variable and generally low at the Sucker Brook (Figure 3f) and Dutch Hollow Brook (Figure 4f) buoy locations.  Similar low values were recorded by the main-lake buoy operated by Finger Lakes Institute (Halfman et al. 2016).  Phycocyanin levels at the Sucker Brook buoy peaked during September 21-23, with measured concentrations greater than 1 µg/L.  Phycocyanin concentrations were also elevated above background levels at the Dutch Hollow Brook location during this period.  We propose three potential explanations for low phycocyanin concentrations at the buoy locations despite confirmed reports of cyanobacterial blooms at adjacent shorelines.  First, the position of the phycocyanin sensors in the water column (~1 meter deep) may have been too deep to effectively measure cyanobacteria.  Particularly during periods of light winds, cyanobacteria are often located in upper few centimeters of the water column.  Additionally, in situ fluorometers tend to underestimate concentrations at shallow depths due to quenching processes.  Under high light intensity, phytoplankton protect their photosystems from   bleaching through non-photochemical quenching processes.  This suppresses fluorescence emission, resulting in measurements that are false low.  Finally, it may be that the buoys were not exposed to high levels of cyanobacteria because they were located too far from the shoreline.  This explanation is consistent with observations of sharp gradients in cyanobacterial abundance within just a few feet of affected shorelines. 
Turbidity is a measure of water clarity that is affected by concentrations of both organic (i.e., phytoplankton) and inorganic (i.e., sediment) particles.  Turbidity at the Sucker Brook buoy (Figure 3g) did not exceed 10 NTU and was below 5 NTU for all but three days: August 21 (6.2 NTU peak), September 23 (5.4 NTU peak), and September 26 (7.7 NTU peak).  Turbidity values were somewhat higher at the Dutch Hollow Brook location (Figure 4g), with a number of measurements greater than 5 NTU. The peak turbidity value of 63 NTU on September 8 was likely caused by sediment inputs from a corresponding runoff event (Figure 4a).  The generally low turbidity levels measured during this study indicate good water clarity and mostly low concentrations of both phytoplankton and sediment.
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Figure 3.	15-minute time series of flow in the Owasco Inlet (A) and water quality measurements from the buoy deployed in Owasco Lake near Sucker Brook: (B) temperature, (C) specific conductance, (D) dissolved oxygen, (E) chlorophyll-a, (F) phycocyanin, and (G) turbidity.  Yellow dots are measurements made with a hand-held YSI profiler.
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Figure 4.	15-minute time series of flow in the Owasco Inlet (A) and water quality measurements from the buoy deployed in Owasco Lake near Dutch Hollow Brook: (B) temperature, (C) specific conductance, (D) dissolved oxygen, (E) chlorophyll-a, (F) phycocyanin, and (G) turbidity.  Yellow dots are measurements made with a hand-held YSI profiler.
[bookmark: _Toc526265370]Laboratory Measurements at Buoy Locations
[bookmark: _Toc526265371]Phosphorus
Three forms of phosphorus were measured at the Sucker Brook and Dutch Hollow Brook buoy locations: total phosphorus (TP), total dissolved phosphorus (TDP), and soluble reactive phosphorus (SRP).  Two additional fractions, particulate phosphorus (PP) and dissolved organic phosphorus (DOP), can be calculated from these three measured forms.  PP can be calculated as the difference between TP and TDP, while DOP is the difference between TDP and SRP.  Total phosphorus is the sum of the particulate, dissolved organic, and soluble reactive forms.  Both organic (e.g., phytoplankton) and inorganic (e.g., suspended sediment) particles contribute to PP.  DOP is not immediately available to phytoplankton but a fraction of this pool can be made available through enzymatic hydrolysis processes.  The SRP fraction is immediately available to support phytoplankton growth and in-lake concentrations are typically low due to rapid uptake.  Phosphorus is often referred to as the growth limiting nutrient because concentrations of bioavailable phosphorus are low relative to the needs of phytoplankton in most lakes.  However, phytoplankton growth can be limited by nitrogen on a seasonal basis in certain lakes.
Total phosphorus concentrations ranged from 8.7 to 16.4 µg/L at the Sucker Brook buoy location (Figure 5a) and from 9.4 to 18.4 µg/L near Dutch Hollow Brook (Figure 6a).  These concentrations are similar to values measured in the main lake by FLI (Halfman et al. 2016) and   indicate similar mesotrophic conditions in nearshore areas.  Concentrations of PP (TP-TDP) increased at both locations during September and October.  The lack of corresponding increases in Chl-a (Figures 5d, 6d) suggests that higher PP concentrations during this period were likely associated with inorganic particles rather than phytoplankton biomass.  Concentrations of DOP (TDP-SRP) were uniformly low (3–6 µg/L) at both sampling locations.  SRP concentrations were low throughout the monitoring period but increased above 1 µg/L at both sites during September and October.
[bookmark: _Toc526265372]Nitrogen 
	Two forms of inorganic nitrogen were measured as part of this monitoring program, nitrate+nitrite (NOX) and total ammonia (NH4++NH3).  While both forms are available to phytoplankton, ammonia is energetically preferred.  Diazotrophic cyanobacteria (e.g., Anabaena) have the ability to use dinitrogen gas (N2) as a source of nitrogen, providing them with a competitive advantage when ammonia and nitrate concentrations are low.  Microcystis, another bloom-forming cyanobacterium commonly observed in Owasco Lake, lack the ability to fix N2.  Although phytoplankton growth is most commonly regulated by availability of phosphorus, inorganic nitrogen concentrations are thought to be an important determinant of cyanotoxin production (Gobler et al. 2016).  
Nitrate concentrations at the Sucker Brook (Figure 5b) and Dutch Hollow Brook (Figure 6b) buoy locations decreased below 500 µgN/L in mid-August and early September but remained well above levels that would limit phytoplankton growth.  Ammonia concentrations were low at both the Sucker Brook (Figure 5c) and Dutch Hollow Brook (Figure 6c) buoy locations throughout the study period and decreased below detectable levels in early September.  These nitrogen conditions would not be expected to favor nitrogen fixing cyanobacteria such as Dolichospermum (formerly Anabaena); however, the uniformly high nitrate levels may contribute to high cyanotoxin concentrations in the blooms that form.

[bookmark: _Toc526265373]Chlorophyll-a and Silica 
Phytoplankton biomass, as represented by concentrations of chlorophyll-a, was indicative of oligo-mesotrophic conditions at both the Sucker Brook (Figure 5d) and Dutch Hollow Brook (Figure 6d) buoy locations during the late July to mid-October study period.  At the Sucker Brook site, Chl-a concentrations ranged from 1.3-3.6 µg/L and averaged 2.5 µg/L.  Chl-a concentrations were somewhat higher at the Dutch Hollow site, ranging from 1.9-4.2 µg/L and averaging 3.1 µg/L.  The relatively low levels of phytoplankton measured at these nearshore sites are seemingly inconsistent with multiple reports of HABs at adjacent shorelines during the study interval.  We suggest the most likely explanation for these apparently contradictory results is the accumulation of buoyant cyanobacteria to exceedingly high concentrations along shorelines.  Relatively low levels of cyanobacteria tens of meters from shore can be multiplied many fold at downwind shoreline boundaries.  Although water quality conditions (e.g., nutrients, temperature) at the nearshore locations included in this study were very similar to those measured at mid-lake sites, we cannot discount the possibility that cyanobacterial growth along the shoreline is contributing to HABs.
	Silica is an essential nutrient for diatoms, which represent an important component of the phytoplankton community in many of the Finger Lakes, including Owasco Lake.  Diatoms assimilate large quantities of silica for production of silicified cell walls known as frustules.  When silica concentrations are reduced to low levels (~0.5 mg/L), diatoms cannot compete effectively with other phytoplankton taxa and their growth rates decline.  When silica availability becomes limiting to diatom growth, other less desirable phytoplankton taxa (e.g., green algae, cyanobacteria) may proliferate.  


[image: ]
Figure 5.	Time series of parameter values at the Sucker Brook buoy location during July 21–October 12, 2016: (A) total phosphorus (TP), total dissolved phosphorus (TDP), and soluble reactive phosphorus (SRP); (B) nitrate, (C) ammonia, (D) chlorophyll-a, and (E) dissolved reactive silica (DRSi).
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Figure 6.	Time series of parameter values at the Dutch Hollow Brook buoy location during July 21–October 12, 2016: (A) total phosphorus (TP), total dissolved phosphorus (TDP), and soluble reactive phosphorus (SRP); (B) nitrate, (C) ammonia, (D) chlorophyll-a, and (E) dissolved reactive silica (DRSi).
[bookmark: _Toc526265374]Phytoplankton Community Composition
The algal community is composed of a diverse assemblage of algal taxa that are influenced by a variety of local and global environmental factors.  The assessment of phytoplankton communities is typically a labor intensive effort requiring extensive experience and the resulting information is oftentimes limited by the number of samples that can be collected during a sampling effort. The FluoroProbe III is an instrument designed to provide rapid assessment of algal community composition, including identification of cyanobacteria (blue-green algae).  The FluoroProbe III is designed to be used either in the lab as a benchtop instrument or in the field as a rapid profiling instrument.  The instrument can discriminate between four different algal “groups”; “green” algae (Chlorophyta and Euglenophyta), “brown” algae (Bacillariophytoa, Chrysophyta, and Dinophyta), “bluegreen” algae (Cyanophyta), and “red” algae (Cryptophyta).  The summation of the four groups provides an overall total measure of chlorophyll-a (Chl-a). Use of the FluoroProbe in profiling mode allows for the rapid assessment of the vertical distribution and contributions of the four algal groups.  The FluoroProbe cannot perfectly discriminate the cell counts and biovolumes of all the algae present due to various spectral overlaps in mixed populations but in general the instrument is quite capable of indicating the dominant algal group. Concentrations of Chl-a determined by the FluoroProbe are generally reflective of concentrations measured by more traditional extraction methods (e.g., EPA 445.0).
This information, in light of changing climatic conditions and increases in harmful algal blooms across New York State, provides valuable aesthetic and public health information for Owasco Lake. Detailed profiles of algal composition collected at multiple locations over time allowed for the characterization of algal community composition in space and time and established a baseline of critical data related to the distribution of cyanobacteria within the lake.  A FluoroProbe was deployed at several nearshore and main lake sites around Owasco Lake to provide a spatial representation of the phytoplankton community.  This data is summarized in Table 4 and Figure 7.  Chl-a concentrations were mostly low to moderate with the exceptions of spikes to 21 µg/L on September 15 near Dutch Hollow Brook and 31 µg/L at Emerson Park on October 4 (Table 4).  On both occasions cyanobacteria (blue-green algae) accounted for more than 80% of the total phytoplankton biomass.  It is noteworthy that these higher concentrations of cyanobacteria were only observed in nearshore samples collected from the surface of the lake.  The spatial heterogeneity of phytoplankton in the nearshore is depicted in Figure 7, which shows Chl-a concentrations ranging from < 1 µg/L to > 8 µg/L on October 12, 2016.
Table 4.	FluoroProbe measurements of chlorophyll-a and contributions from different algal groups at multiple sites on Owasco Lake during September and October 2016. 
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Figure 7.	FluoroProbe measurements of chlorophyll-a and contributions from different algal groups at multiple sites on October 12, 2016. 

	The Owasco Lake Watershed Inspection Program (OLWIP) made weekly measurements of cyanobacteria with a YSI bluegreen algae (BGA) sensor at six nearshore sites between September 12, 2016 and October 12, 2016 (Figure 8).  Cyanobacterial densities were highest at the two northernmost sites, Emerson Park and Peterson Point.  The peak concentration at Peterson Point was 9,476 cells/mL on September 27.  One week later on October 4, the cyanobacterial density at Emerson Park peaked at 17,314 cells/mL.  Concentrations of cyanobacteria were uniformly low at the other four nearshore locations.
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Figure 8.	Time series of bluegreen algae measurements taken at six nearshore sites on Owasco Lake between September 12, 2016 and October 12, 2016. 


[bookmark: _Toc526265375]SeaBird Profiles at Four Sites Along the Main Axis of Owasco Lake
	On August 4 and September 15, 2016 detailed vertical profiles of a suite of water quality parameters were collected at four sites along the main axis of Owasco Lake.  The profiling extended from Site 1 in the north end of the lake to Site 4 in the south (Figure 2).  The profiles on showed strong vertical patterns in temperature, specific conductance, turbidity, and chlorophyll-a but only modest gradients moving from site-to-site along the main axis of the lake (Figure 9, 10).  Strong temperature stratification was apparent at all sites and on both dates (Figures 9a, 10a).  On August 4 water temperatures at the surface ranged from 23.7°C at Site 4 to 25.3°C at Site 1.  The cooler temperatures in the south end of the lake may have been caused by upwelling of cooler water from deep layers or inputs from Owasco Inlet, the lake’s largest tributary.  Temperatures in the hypolimnion decreased from approximately 10°C at 20 meters depth to less than 6°C at depths below 40 meters.  Vertical profiles of specific conductance, a measure of ionic content, mirrored the temperature profiles, with more dilute epilimnetic waters overlying the slightly more saline waters of the hypolimnion (Figures 9b, 10b).  
	Turbidity was low (< 3 NTU) at all sites on both monitored days (Figures 9c, 10c).  Higher turbidity values observed in the upper 10 meters of the water column and near the bottom are attributable to algal biomass and resuspension of bottom sediments, respectively.  Site 1, located in the north end of the lake, had the highest turbidity of both dates.  Chlorophyll-a concentrations were generally higher in the epilimnion, where phytoplankton growth is stimulated by sunlight and warm temperatures (Figures 9d, 10d).  The in situ measurements indicated subsurface Chl-a peaks on both dates at a depth of approximately 10 meters.  However, the observed decrease in Chl-a near the lake surface is an artifact caused by high light intensity suppressing the fluorescence signal.  These higher Chl-a concentrations are assumed to extend from the apparent subsurface peak to the lake surface.
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Figure 9.	Detailed vertical profiles collected from four sites located along the main axis of Owasco Lake on August 4, 2016: (a) temperature, (b) specific conductance, (c) turbidity, and (d) chlorophyll-a. 
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Figure 10.	Detailed vertical profiles collected from four sites located along the main axis of Owasco Lake on September 15, 2016: (a) temperature, (b) specific conductance, (c) turbidity, and (d) chlorophyll-a. 



[bookmark: _Toc526265376]E. Long-Term Trend Analysis
	A long-term trend analysis was conducted as part of this project to put current water quality conditions in a broader temporal context and to identify factors that might be related to the recent proliferation of HABs in Owasco Lake.  In addition, significant trends identified in this analysis will serve as opportunities for testing of a future water quality model for Owasco Lake.  This trend analysis focuses on summer (June–September) conditions and common metrics of trophic state, including total phosphorus concentrations, Secchi disk transparency, chlorophyll-a concentrations, and the areal hypolimnetic oxygen deficit (AHOD).  The analysis also includes meteorological and hydrologic variables that have the potential to affect water quality.  These impacts may be the result of either year-to-year variations or long-term trends related to climate change.  In addition, we’ve identified noteworthy events with the potential to affect water quality in Owasco Lake, such as the introduction of invasive species.
	For each of the variables considered, data was compiled from all known sources and plotted as a time series of summer average values.  These time series were evaluated using multiple statistical tests for time trends.  Both simple linear regression and Seasonal Kendall tests were used to identify long-term monotonic trends in summer average conditions.  While simple linear regression is a parametric test that requires residuals to be normally distributed, the Seasonal Kendall test is nonparametric and robust to deviations from normality.  Both t-tests (parametric) and Mann-Whitney tests (nonparametric) were used to test for step trends in the in-lake variables.
[bookmark: _Toc526265377]Meteorological Conditions
[bookmark: _Toc526265378]Data Sources
Two long-term NOAA weather stations are located in the vicinity of Owasco Lake, one at Auburn and one at Syracuse Hancock International Airport.  Additional weather stations located near the lake (e.g., Groton) only have measurements going back to 2007-2008.  Although the Auburn weather station has data going back to 1950, large gaps exist in this data set (e.g., 1971-1985, 1994-2003).  Therefore, the NOAA-Syracuse station was selected as the source of long-term air temperature and precipitation data.  Time plots of the Auburn data are provided in the Appendix for reference (Figure A-1).  The Auburn and Syracuse stations compared reasonably well for years with data available from both stations (Figure A-2).  The largest differences between the two stations were observed for summer precipitation, which varied by five inches in some years.  This is not surprising given the spatial heterogeneity of rainfall.
[bookmark: _Toc526265379]Precipitation
	Summer (June-September) precipitation at Hancock International Airport in Syracuse averaged 14.3 inches during the 1950-2017 interval and ranged from 7.4 inches in 1964 to 27.6 inches in 1975 (Figure 11a).  Summer precipitation was unusually low during the 1960s (mean = 10.8 inches) and high during the 1970s (mean = 19.4 inches).  In recent years, the summers of 2010, 2011, and 2015 were substantially wetter than average while 2012 was quite dry.  Simple linear regression indicates a statistically insignificant increase in summer rainfall of 0.0346 inches per year between 1950 and 2017 (Table 5).  For the shorter 1970-2017 interval, linear regression suggests a decreasing trend in rainfall while the Seasonal Kendall test finds no trend.
In this region global climate change is expected to result in more frequent high intensity rain events, which have the potential to deliver large nutrient and sediment loads to lakes.  To look at long-term changes in rainfall intensity, we calculated the number of days each summer that precipitation exceeded one inch (Figure 11b).  This is an arbitrary threshold intended to indicate days with particularly intense rainfall.  The long-term average is 2.8 days per summer with at least one inch of rain, with a range from 0 days (1964, 1965, 1969, 1980, 1981, 1994, 1997, 2008, 2012) to 11 days (1975).  The summers of 2015 and 2016 each had five days when daily rainfall exceeded one inch.  However, this metric of rainfall intensity revealed no long-term trend over the 1950-2017 period of record.
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Figure 11.	Time series of meteorological data from the NOAA weather station at Auburn, NY: (a) total summer precipitation, (b) number of summer days with precipitation exceeding 1 inch, (c) summer average temperature, (d) number of summer days with maximum temperature greater than 85°F.  The blue lines represent trends as determined by simple linear regression.

[bookmark: _Toc526265380]Air Temperature
	Summer air temperature at Hancock International Airport in Syracuse averaged 67.5°F during the 1950-2017 interval and ranged from 64.9°F in 1982 to 71.6°F in 2005 (Figure 11c).  The long-term trend, as determined by simple linear regression, indicates a statistically significant increase in summer air temperature of 0.0236°F per year (Table 5).  Both linear regression and the Seasonal Kendall test suggest a stronger warming trend (0.0568-0.0625°F per year) during the shorter 1970-2017 period.  The long-term summer average air temperature of 67.5°F has been exceeded in seven of the last eight years and surpassed 70°F in 2011 and 2012.  Warmer summer temperatures increase the stability of thermal stratification in the water column and tend to favor cyanobacteria over other phytoplankton taxa.

Table 5.	Summary of statistical trend analysis.  Statistically significant trends highlighted in gray.
	Parameter
	Years 
	Years with data
	Linear Regression1
	Seasonal Kendall2

	
	
	
	Direction
	Magnitude
	n
	p-value
	Direction
	Magnitude
	n
	p-value

	Total phosphorus
	1986-2017
	28
	increasing
	0.0937 µg/L/yr 
	28
	0.20
	increasing
	0.136 µg/L/yr 
	166
	0.06

	Chlorophyll-a
	1985-2017
	30
	increasing
	0.0394 µg/L/yr
	30
	0.10
	increasing
	0.0375
µg/L/yr
	217
	0.09

	Secchi disk
	1985-2017
	30
	increasing
	0.0323 m/yr
	30
	0.02
	increasing
	0.0314
m/yr
	221
	0.02

	Soluble reactive phosphorus
	2004-2016
	13
	increasing
	0.0825 
µg/L/yr
	13
	0.04
	increasing
	0.0285
µg/L/yr
	70
	0.13

	Nitrate+nitrite
	1989-2017
	27
	decreasing
	-6.916
µg/L/yr 

	27
	0.06
	decreasing
	-11.38
µg/L/yr 
	149
	0.003

	Silica
	1996-2016
	19
	increasing
	0.0135
mg/L/yr
	19
	0.21
	increasing
	0.0215mg/L/yr
	85
	0.05

	Owasco Inlet inflow
	2009-2017
	9
	increasing
	0.1896 m3/s/yr
	9
	0.35
	decreasing
	-0.0197 m3/s/yr
	1098
	0.91

	Summer precipitation (KSYR)
	1950-2017
	68
	increasing
(failed normality)
	0.0346 in/summer/yr
	68
	0.19
	--
	--
	--
	--

	
	1970-2017
	48
	decreasing
(failed normality)
	-0.0765 in/summer/yr
	48
	0.075
	
	0 inches/yr
	5856
	0.89

	Summer average air temperature (KSYR)
	1950-2017
	68
	increasing
(failed normality)
	0.0236 °F/yr
	68
	0.014
	--
	--
	--
	--

	
	1970-2017
	48
	increasing
	0.0568 °F/yr
	48
	0.0003
	increasing
	0.0625 °F/yr
	5856
	0.0007

	Summer average water temperature
	1996-2014
	15
	increasing
	0.125°C/yr 
	15
	0.01
	increasing
	0.1167°C/yr
	85
	0.07

	AHOD
	1986-2017
	15
	increasing
	0.00253 g/m2/d/yr
	15
	0.18
	--
	--
	--
	--

	Number of days with DO min.
	2005-2017
	8
	increasing
	2.384 days/yr
	8
	0.01
	--
	--
	--
	--

	Volume days of DO min.
	2005-2017
	8
	increasing
	627.9 *106 m3/d/yr
	8
	0.006
	--
	--
	--
	--




Because growth of cyanobacteria may respond more directly to short term temperature patterns rather than summer average conditions, we calculated the number of days each summer that the maximum air temperature exceeded 85°F (Figure 11d).  This is an arbitrary threshold and alternate representations of particularly warm weather may yield different conclusions.  The maximum air temperature was greater than 85°F for an average of 22.8 days per year over the 1950-2017 interval.  The value of this metric with ranged from 6 days in 1976 to 51 days in 1955.  The number of days with air temperatures greater than 85°F exceeded the long-term average of 22.8 days in five of the past eight years.  During the summer of 2012, the maximum air temperature surpassed 85°F on 46 days.  However, this metric of rainfall intensity revealed no statistically significant long-term trend over the 1950-2017 period of record.
[bookmark: _Toc526265381]Hydrologic Conditions
[bookmark: _Toc526265382]Data Sources
	Hydrologic information is critical for quantifying loading of nutrients and other constituents to Owasco Lake and for development of a water balance necessary for water quality modeling.  Available hydrologic data for the Owasco Lake watershed consists of water surface elevation of the lake, discharge from the Owasco Inlet at Moravia, and discharge from the Owasco Outlet at Auburn.  Daily water surface elevation data are available from USGS for 50 years during the 1968-2017 period of record.  Daily discharge data for the Owasco Inlet, the largest tributary to Owasco Lake, is available from USGS for 1960-1968 and 2009-2017.  A continuous record of daily discharge from the Owasco Outlet is available from USGS for the 1999-2017 period.  
[bookmark: _Toc526265383]Trends in Hydrologic Conditions
	The summer average water surface elevation of Owasco Lake remained in a rather narrow range (216.9-217.3 meters) over the 50 year period of record (Figure 12a), and no long-term trend was identified.  The summer of 2016 had the lowest WSE on record and 2017 had one of the highest.  These variations in WSE correspond to low flow conditions in both the Owasco Inlet (Figure 12b) and the Owasco Outlet (Figure 12c) in 2016 and high flow conditions in 2017.  Statistically significant long-term trends were not identified for either the Owasco Inlet or the Owasco Outlet.  With the exception of two years (1961, 2017). Summer average precipitation at Auburn was a good predictor of flow in the Owasco Inlet (Figure 13).  We hypothesize that the southern portion of the Owasco Lake watershed received substantially more rainfall than was measured at Auburn in 1961 and 2017.  This seemed to be the case in 2017 when two major rain events in July were decidedly more intense south of Owasco Lake.
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Figure 12.	Time series of summer average hydrologic data for Owasco Lake: (a) water surface elevation (WSE), (b) flow for Owasco Inlet at Moravia, and (c) flow for Owasco Outlet at Auburn.  All data was retrieved from USGS.

[image: ]
Figure 13.	Evaluation of the relationship between summer flow in Owasco Inlet and summer precipitation measured at Auburn, NY.

[bookmark: _Toc526265384]Water Quality Conditions
[bookmark: _Toc526265385]Data Sources
	Water quality data were compiled from various entities that have monitored Owasco Lake over the past 50 years (Table 6).  The locations of the sites monitored in these studies are depicted in Figure 14.  The Finger Lakes Institute (FLI) has monitored the lake continuously since 2005, including deployment of an autonomous monitoring buoy since 2014.  The Upstate Freshwater Institute (UFI) conducted discontinuous monitoring programs on Owasco Lake during the 1980s, 1990s, and 2000s.  UFI deployed an autonomous monitoring buoy from 2005 to 2008.  The New York State Department of Environmental Conservation (NYSDEC) in partnership with the New York Federation of Lake Associations (NYSFOLA) supported monitoring of the lake from 1989 to 1994 and in 2017.  NYSDEC also conducted annual surveys of Owasco Lake from 1996 to 2004.  Academic researchers from Cornell University conducted most of the monitoring in the 1970s.  The earliest known limnological survey of Owasco Lake was performed by Birge and Juday (1914) in 1910.

Table 6.	Summary of monitoring studies conducted on Owasco Lake from 1965 to 2017. 
	Year 
	Researcher
	Site Name1
	Orig. Site Name
	Lat.
	Long.
	Secchi Disk
	TP
	Chl a
Lab (Field)
	Temp. 
	DO 
	NOx
	Si
	SRP

	1965
	Shampinge
	A
	
	
	
	--
	X
	--
	--
	--
	--
	--
	--

	1971
	Mills
	B
	
	42.833
	76.517
	X
	X
	X
	
	
	X2
	--
	X2

	1972
	Schaffner/Oglesby
	C
	
	
	
	X
	X
	X
	
	
	X2
	--
	X2

	1972
	EPA
	D
	
	42.781
	76.482
	X
	X
	--
	
	
	X
	--
	--

	1973
	Schaffner/Oglesby
	C
	
	
	
	X
	X
	X
	
	
	X2
	--
	X2

	1984
	Miller
	M
	
	
	
	X
	--
	--
	
	
	--
	--
	--

	1985
	UFI
	E
	Central
	42.817
	76.509
	X
	--
	X
	X3
	X3
	--
	--
	--

	1986
	UFI
	E
	Central
	42.817
	76.509
	X
	X
	X
	X
	X
	--
	--
	--

	1988
	UFI
	
	
	
	
	X
	--
	X4
	--
	--
	--
	--
	--

	1989
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	X
	--
	--
	X
	--
	--

	1990
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	X
	--
	--
	X
	--
	--

	1991
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	X
	--
	--
	X
	--
	--

	1992
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	X
	--
	--
	X
	--
	--

	1993
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	X
	--
	--
	X
	--
	--

	1994
	NYSDEC-CSLAP
	F
	
	42.874
	76.528
	X
	X
	--
	--
	--
	X
	--
	--

	1996
	UFI
	G
	
	42.850
	76.520
	X
	--
	X (X)
	X5
	X5
	--
	--
	--

	1996
	NYS DEC
	H
	
	42.852
	76.527
	X
	X
	X
	
	
	X
	--
	--

	1997
	UFI
	G
	
	42.850
	76.520
	X
	--
	X (X)
	X5
	X5
	--
	--
	--

	1997
	NYS DEC
	H
	
	42.852
	76.527
	X
	X
	X
	
	
	X
	--
	--

	1998
	UFI
	H
	
	42.852
	76.527
	
	--
	X
	--
	--
	--
	--
	--

	1998
	NYS DEC
	H
	
	42.852
	76.527
	X
	X
	X
	
	
	X
	--
	--

	1999
	NYS DEC
	H
	
	42.852
	76.527
	X
	X
	X
	
	
	X
	--
	--

	2000
	NYS DEC
	H
	
	42.852
	76.527
	X
	--
	--
	
	
	--
	--
	--

	2001
	NYS DEC
	I
	
	42.852
	76.527
	X
	X
	X
	X
	X
	X
	X
	--

	2002
	NYS DEC
	I
	
	42.852
	76.527
	X
	X
	X
	X
	X
	X
	--
	X

	2005-08
	UFI 
	
	Buoy
	42.839
	76.516
	--
	--
	(X)
	X
	X
	--
	--
	--

	2003
	UFI
	J
	Prime
	42.839
	76.516
	--
	X
	X
	--
	--
	X
	X
	--

	2003
	NYS DEC
	
	
	
	
	--
	--
	--
	X
	X
	--
	--
	--

	2004
	UFI
	J
	Prime
	42.839
	76.516
	X
	X
	X (X)
	X
	X
	X
	--
	X

	2004
	NYS DEC
	H
	
	42.852
	76.527
	X
	X
	X
	X
	X
	X
	--
	--

	2005
	UFI
	J
	Prime 
	42.839
	76.516
	X
	X
	(X)
	X
	X
	X
	--
	X

	2005
	FLI
	K1, K2
	Site 1,2
	42.845
	76.516
	X6
	--
	X6
	
	
	X6
	X6
	X6

	2006
	UFI
	J
	Prime 
	42.839
	76.516
	X
	--
	X (X)
	X
	X
	--
	--
	--

	2006
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6
	
	
	X6
	X6
	X6

	2007
	UFI
	J
	Prime 
	42.839
	76.516
	X
	X
	X (X)
	X
	X
	X
	--
	--

	2007
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6 (X)
	X
	X
	X6
	X6
	X6

	2008
	UFI
	J
	Prime
	42.839
	76.516
	X
	--
	X (X)
	X
	X
	--
	--
	--

	2008
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6 (X)
	
	
	X6
	X6
	X6

	2009
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6 (X)
	
	
	X6
	X6
	X6

	2010
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6 (X)
	X
	X
	X6
	X6
	X6

	2011
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6
	X
	X
	X6
	X6
	X6

	2012
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6
	X
	X
	X6
	X6
	X6

	2013
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6
	X
	X
	X6
	X6
	X6

	2014
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X6
	X6
	X6
	X
	X
	X6
	X6
	X6

	2014-17
	FLI 
	L
	Buoy
	42.874
	76.528
	--
	--
	(X)
	X
	X
	--
	--
	--

	2015
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X7
	X7
	X7
	
	
	X7
	X7
	X7

	2016
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X7
	X7
	X7
	
	
	X7
	X7
	X7

	2017
	NYS DEC CSLAP 
	M
	C1
	42.845
	76.516
	X
	X
	X
	--
	--
	X
	X
	X

	2017
	FLI
	K1, K2
	site 1
	42.845
	76.516
	X8
	X8
	X8 (X)
	
	
	X8
	X8
	X8


1 site name assigned in the project see Figure 14 for locations; 2data from Brown et al., 2012;   3 upper waters only;  4 Parson and Lorenzen Chl a;  5 HydroLab and SeaBird field data;  6 data obtained from EcoLogic;  7 FLI data from Cornell data base; 8 FLI data from report, average of site 1 and 2.
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Figure 14.	Locations of Owasco Lake monitoring locations compiled from various studies. (Note that sites A and C are not show on map because we do not have latitude and longitude information).
[bookmark: _Toc526265386]Events with Potential Implications for Water Quality
	When evaluating long-term changes in water quality of Owasco Lake it is appropriate to consider the occurrence of significant events with potential water quality implications.  Significant meteorological events, water quality legislation, colonization of the lake by invasive species, and treatment upgrades at wastewater treatment plants (WWTP) all have the potential to affect water quality.  A listing of such events is provided in Table 7.

Table 7.	Events with potential water quality implications for  Owasco Lake.
	Event code
	Year
	Description

	1
	1972  
	Hurricane Agnes in June

	2
	1973
	Clean Water Act  - ban of phosphate detergents

	3
	1976
	Treatment upgrade at Groton WWTP

	4
	1992
	Treatment upgrade at Moravia WWTP

	5
	1997
	Colonization of Owasco Lake by zebra mussels

	6
	1997
	Cercopagis (fishhook water flea) found in Owasco Lake

	7
	2004
	Treatment upgrade at Groton WWTP begins

	8
	2008
	Treatment upgrade at Groton WWTP completed

	9
	2010
	Asian clams first found in Owasco Lake

	10
	2013
	Treatment upgrade at Moravia WWTP

	11
	2012-2017
	HABs documented in Owasco Lake

	12
	2016
	Quagga mussels found in Owasco Lake



[bookmark: _Toc526265387]Water Temperature and Stratification
	No conspicuous trends are apparent from visual examination of the time series of summer average water temperatures in the upper and lower mixed layers of Owasco Lake (Figure 15).  However, linear regression of summer average upper water temperatures indicates a statistically significant (p < 0.01) increase of 0.08°C per year.  Regression analysis indicates that bottom water temperatures have been stable over the same period.  Color contour plots produced from daily temperature profiles collected by autonomous monitoring buoys operated by FLI and UFI depict detailed temporal and spatial patterns (Figure 16).  The impact of the warm summers of 2005 and 2016 is reflected in unusually warm temperatures in the upper waters.  Volume-weighted temperatures for the upper and lower mixed layers are presented in Appendix C for 2005-2008 and 2014-2017 (Figure A-4).
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Figure 15.	Time series of summer average water temperatures in the upper and lower layers of Owasco Lake, with monitoring programs identified.
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Figure 16.	Color contour plots of daily temperature profiles collected by autonomous monitoring buoys operated by UFI (2005-2008) and FLI (2014-2017): (a) 2005, (b) 2006, (c) 2007, (d) 2008, (e) 2014, (f) 2015, (g) 2016, (h) 2017.



[bookmark: _Toc526265388]Common Indicators of Trophic State
	The most common indicators of trophic state, or primary production, in lakes are the summer average concentrations of total phosphorus (TP) and chlorophyll-a (Chl-a) in the upper waters and water transparency as measured with a Secchi disk (SD).  Time series of these trophic state metrics are presented for the 1985-2017 interval with annotations for potentially significant water quality events (Figure 17).  Both linear regression (p = 0.20) and Seasonal Kendall (p = 0.06) tests suggested increasing trends in TP, although neither result was statistically significant at the commonly adopted confidence level of 95% (Table 5).  A t-test comparing TP concentrations for 1986-1999 (10.3 µg/L) versus 2001-2017 (10.8 µg/L) indicated no significant difference (p = 0.68).  However, there has been a significant (p<0.01) increase in TP concentrations from 2006-2010 (8.0 µg/L) to 2011-2017 (12.1 µg/L).  The timing of this increase corresponds roughly to the first documented occurrences of HABs in Owasco Lake in 2012 and perhaps also to colonization of the lake by quagga mussels (Figure 17a).  Summer average TP concentrations have generally remained within the range representative of mesotrophic (moderately productive) conditions (10-25 µg/L) and below the New York State guidance value of 20 µg/L intended to protect recreational uses of lakes.
	Summer average concentrations of Chl-a increased over the 1985-2017 interval according to both linear regression and Seasonal Kendall tests (Table 5).  However, neither test produced statistically significant results with p-values slightly higher than the 0.05 threshold.  Average Chl-a concentrations in 2016 (5.4 µg/L) and 2017 (5.2 µg/L) were among the highest observed since 1985 (Figure 17b).  Even these higher concentrations remained within the range of values representative of mesotrophic lakes (3.5-9 µg/L), while values consistent with oligotrophic (low productivity) conditions were observed from 2010 to 2014.
	Despite evidence of long-term increases in both TP and Chl-a, which would be expected to reduce water clarity, summer average values of Secchi disk transparency increased over the 1985-2017 interval (Figure 17c).  Both linear regression (p = 0.02) and Seasonal Kendall (p = 0.02) tests indicated statistically significant long-term increases in water clarity (Table 5).  From 1985 to 1999 SD averaged 3.0 m and remained in the narrow range of 2.6 m to 3.6 m.  Since 2001 the average summer SD value has shifted higher by one meter and both within-year and interannual variability has increased.  Increased water clarity is consistent with the effects of dreissenid (zebra and quagga) mussels on lakes.  These filter feeding bivalves increase transparency by removing phytoplankton and other particles from the water column.  However, they also excrete bioavailable forms of N and P, which could promote phytoplankton growth.  Average values for both the 1985-1999 (3.0 m) and 2001-2017 (4.0 m) were within the mesotrophic range of 2-4 m.  Summer average SD values were unusually high during 2001-2004 (mean = 4.8 m) and have generally declined since 2012 (Figure 17c), coincident with increasing levels of Chl-a  and the occurrence of HABs (Figure 17b).
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Figure 17. 	Time series of summer average (June–September) values of common trophic state indicators: (a) total phosphorus (TP), (b) chlorophyll-a (Chl-a), and (c) Secchi disk (SD).  Potentially significant events are identified above panel a (see Table 7 for description of events).

[bookmark: _Toc526265389]Soluble Reactive Phosphorus, Nitrate, and Silica
	As described previously, soluble reactive phosphorus (SRP), nitrate (NOx), and silica (Si) are important phytoplankton nutrients.  Under certain conditions each of these nutrients can be depleted in lakes to levels that limit the growth of phytoplankton.  For example, concentrations of SRP are frequently below the analytical level of detection in the upper productive layers of lakes.  However, the turnover rate of phosphorus can be on the order of minutes under warm, phosphorus-deficient conditions (Wetzel 2001), which limits the utility of SRP as an indicator of phosphorus availability.  The time series of summer average SRP values depicts uniformly low concentrations from 2004 to 2012 (0.4-1.0 µg/L) and higher concentrations in 2013, 2014, and 2016 (Figure 18a).  This increase was determined to be statistically significant according to linear regression (p = 0.04) but not according to the Seasonal Kendall test (p = 0.13; Table 5).  Increasing SRP concentrations are not typically associated with eutrophication in P-limited lakes because bioavailable forms of P are rapidly assimilated by phytoplankton. 
Summer average nitrate concentrations decreased from ~800 µg/L in the early 1990s to less than 500 µg/L during the early 2010s, before rebounding to ~700 µg/L in the mid- 2010s (Figure 18b).  The overall decreasing trend in NOx was determined to be borderline significant by linear regression (p = 0.06) and highly significant by Seasonal Kendall (p<0.01).  This shift to lower NOx concentrations could be caused by increased phytoplankton uptake or reduced watershed inputs.  Although silica concentrations generally increased over the 1996-2016 interval, there were several large changes from one year to the next (Figure 18c).  The increasing trend in summer average silica concentrations was statistically significant according to the Seasonal Kendall test (p = 0.05) but not according to linear regression (p = 0.21).  Higher silica levels could be related to an increase in loading from the watershed or a shift in the composition of the phytoplankton community to fewer diatoms, resulting in reduced uptake of silica.
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Figure 18. 	Time series of summer average (June–September) values of phytoplankton nutrients: (a) soluble reactive phosphorus (SRP), (b) nitrate (NOx), and (c) silica (Si).  Potentially significant events are identified above panel a (see Table 7 for description of events).
[bookmark: _Toc526265390]Dissolved Oxygen
Color contour plots produced from daily dissolved oxygen (DO) profiles collected by autonomous monitoring buoys operated by FLI and UFI depict depletion of DO in both the metalimnion (10-20 m) and the hypolimnion (below 30 m; Figure 19).  Oxygen consumption in hypolimnion and sediments reflects decomposition of settling and deposited particulate organic matter formed mostly through primary production in the overlying trophogenic zone.  The rate of hypolimnetic DO depletion has long been recognized as an integrator of lake metabolism.  The rate of loss of DO, normalized for the surface area of the hypolimnion, described as the areal hypolimnetic oxygen deficit (AHOD, g/m2/d), is a quantitative representation of this DO depletion (Wetzel and Likens 2000).  The apparent increase in AHOD over the 1986-2017 interval was determined to be statistically insignificant according to linear regression (r2 = 0.13, p = 0.18; Figure 20).  The evidence for an increasing trend in AHOD is even weaker when the 1986 value is omitted from the analysis (r2 = 0.03, p = 0.56).
The occurrence of a metalimnetic minimum in DO, known as a negative heterograde curve, is rather common in deep reservoirs but atypical in lakes (Wetzel 2001).  One cause of this DO distribution is decomposition of organic matter (e.g., phytoplankton) that settles slowly in the colder metalimnetic layers.  Other causes include respiration of dense zooplankton populations, morphometric irregularities, and entry of interflows with elevated oxygen demand or low DO levels.  Dense populations of dressenid mussels in the metalimnion might also contribute to this phenomenon.  In systems where decomposition of settling phytoplankton is the dominant cause of the DO distribution, the volume and intensity of this depletion may be related to trophic state.  It has been suggested that DO consumption rates in the metalimnion are likely to be more sensitive to interannual variations in primary production than hypolimnetic rates (Effler et al. 1998).
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Figure 19. 	Color contour plots based on daily (midnight) vertical profiles of dissolved oxygen (DO) collected by autonomous monitoring buoys operated by UFI (2005-2008) and FLI (2014-2017): (a) 2005, (b) 2006, (c) 2007, (d) 2008, (e) 2014, (f) 2015, (g) 2016, and (h) 2017.  
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Figure 20.	Annual time series of the areal hypolimnetic oxygen deficit (AHOD) for Owasco Lake, 1986-2017.

Visual inspection of Figure 19 suggests increases in both the duration and intensity of the metalimnetic DO minima over the 2005-2017 interval.  We quantified the duration of the metalimnetic DO minima by summing the number of days when DO fell below 8 mg/L (~80% saturation) within the 10-20 m depth range.  The duration of the metalimnetic DO minima has significantly (p = 0.01) according to linear regression (Figure 21a).  The metalimnetic DO minima persisted significantly longer during 2014-2017 (mean = 101 days) compared to 2005-2008 (mean = 79 days), according to a t-test (p = 0.01).  The lowest DO concentration measured within the metalimnion decreased from 5.0-6.0 during 2005-2008 to 3.2-5.2 during 2014-2017.  We also calculated volume days of DO depletion in the metalimnion for each year with available data (Figure 21b). This representation of the metalimnetic DO minima, which reflects both its duration and the volume of the lake affected, has doubled over the 2005-2017 interval.  Potential explanations for this trend include (1) increased primary production and bacterial decomposition of settling phytoplankton in the metalimnion, (2) colonization of metalimnetic depths with dense mussel populations, and (3) increased inputs of oxidizable organic material from tributaries that enter the lake as interflows.

[image: ]
Figure 21.	Time series of metrics of metalimnetic oxygen depletion in Owasco Lake, 1986-2017: (a) duration of the metalimnetic dissolved oxygen (DO) minima, and (b) volume days of the metalimnetic DO minima.
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APPENDIX A
[bookmark: _Toc526265393]Glossary

biomass -	mass of living material per unit area, or volume, at an instant in time
chlorophyll a -	the primary photosynthetic pigment of oxygen producing organism; commonly used as a surrogate metric of phytoplankton biomass
dimictic (adj) -	lakes that circulate (turnover) twice per year, generally separated in time by summer stratification and ice cover
ecology -	the study of natural systems, including the living and nonliving components
epilimnion -	the upper well-mixed region (layers) of a stratified lake
eutrophic -	the condition of a lake having a high level of primary production; e.g., high levels of nutrients
hydrology -	study of the water cycle
hypolimnion -	lower colder region (layers) of a stratified lake, below the metalimnion
limnology -	the study of lakes
mesotrophy -	the condition of a moderate level of primary production; e.g., moderately rich in nutrients
metalimnion -	the central stratum in a stratified lake, between the epilimnion and hypolimnion, characterized by a strong thermal gradient
morphometry -	specifications of the physical dimensions of a lake
oligotrophic -	the condition of a lake having a low level of primary production; e.g., low levels of nutrients
photosynthesis -	production of plant biomass and oxygen, from carbon dioxide, water and light by pigmented plants
phytoplankton -	that portion of the plankton (free floating organisms) community composed of photosynthetic, oxygen – producing, microbes
respiration -	oxygen-demanding metabolic process
Secchi disk -	black and white quadrant disk lower in the water to the point of detection as a measure of clarity
thermal stratification -	vertical layering of water in a lake according to temperature, and therefore density; summer stratification has warmer water in the surface layers
trophic state -	the level of primary productivity in a lake, generally according to oligotrohic, mesotrophic or eutrophic
watershed -	the area surrounding a lake where runoff contributes to water inputs
[bookmark: _Toc526265394]
APPENDIX B
[bookmark: _Toc526265395]Acronyms and Symbols

AHOD -	areal hypolimnetic oxygen deficit
Chl-a -	concentration of chlorophyll-a
DO -	dissolved oxygen
FLI -	Finger Lakes Institute
NOx -	the sum of nitrate (NO3-) and nitrite (NO2-)
SC -	specific conductance
SD -	Secchi disk depth (m)
SRP -	soluble reactive phosphorus
TDP -	total dissolved phosphorus
TP -	total phosphorus
UFI -	Upstate Freshwater Institute
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Figure A-1.	Time series of meteorological data from the NOAA weather station at Auburn, NY: (a) total summer precipitation, (b) number of summer days with precipitation exceeding 1 inch, (c) summer average temperature, (d) number of summer days with maximum temperature greater than 85°F.  
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Figure A-2.	Regressions of NOAA meteorological data from Syracuse Hancock International Airport and Auburn, NY for 42 years with paired data: (a) total summer precipitation, (b) summer average air temperature, and (c) total number of summer days with maximum temperature greater than 85 °F. 
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Figure A-3.	Summer average air temperatures based on daily minimum and maximum values versus those calculated from daily average values.  Data from NOAA meteorological station at Syracuse Hancock International Airport.
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Figure A-4.	Volume-weighted temperatures for the upper and lower mixed layers of Owasco Lake: (a) 2005, (b) 2006, (c) 2007, (d) 2008, (e) 2014, (f) 2015, (g) 2016, (h) 2017.  Data collected by UFI (2005-2008) and FLI (2014-2017).
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Dutch Hollow 0 9/8/2016 7.6 2.9 1.8 1.1 1.8 15%

Dutch Hollow 1 9/8/2016 6.7 2.4 2.0 0.5 1.7 8%

Sucker Brook 1 9/8/2016 5.1 1.4 2.6 0.0 1.2 0%

Dutch Hollow 0 9/15/2016 21.1 0.0 0.0 17.3 3.8 82%

Sucker Brook 0 9/15/2016 2.8 1.0 0.5 0.5 0.7 18%

Dutch Hollow 1 9/15/2016 3.9 0.8 1.3 0.5 1.3 12%

Sucker Brook 1 9/15/2016 3.5 1.1 0.5 0.9 0.9 27%

Sucker Brook 1 9/29/2016 2.6 0.0 0.6 0.5 1.4 21%
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Burtis Point 0 10/4/2016 1.2 0.0 0.0 1.1 0.2 87%

Firelane #23 0 10/4/2016 1.5 0.0 0.1 0.8 0.6 53%

South Marina 0 10/4/2016 3.4 0.3 1.0 0.4 1.7 13%

Firelane #25&26 0 10/4/2016 1.4 0.0 0.0 1.0 0.5 68%

Peterson Point 0 10/4/2016 4.3 0.6 0.5 2.2 1.0 51%

Sucker Brook 0 10/12/2016 4.1 0.0 0.5 2.0 1.6 49%

Dutch Hollow 0 10/12/2016 2.6 0.0 0.8 0.7 1.2 26%

Emerson Park 0 10/12/2016 8.5 1.8 1.1 4.6 1.1 53%

Point 0 10/12/2016 8.3 0.8 2.9 3.5 1.1 42%

Firelane #23 0 10/12/2016 3.0 0.0 1.6 0.8 0.6 28%

South Marina 0 10/12/2016 3.1 0.0 1.6 0.0 1.4 1%

Firelane #25&26 0 10/12/2016 1.1 0.0 0.1 0.3 0.6 29%

Peterson Point 0 10/12/2016 0.9 0.0 0.0 0.5 0.4 53%
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