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1 Introduction

This report is a revised version of the 2006 Final Report bytthkaws, et al., and
contains most of the original text, updated figures, and @aital discussion of
the new data collected from July 2006 through June 2007.

Lake Samish is a valuable aquatic resource, providing p@ucess for boating,
fishing, swimming, picnicking, and other water and lakestamtivities. Residents
around the lake enjoy outstanding views of both the lake tnslirrounding wa-
tershed, and the lake serves as a water supply for many aikbsHore residents.
Lake Samish is located in the Washington State DepartmeBtology’s water
resource inventory area #3 (WRIA 3), and discharges intdelyrCreek, a salmon
spawning tributary of the Samish River.

The Lake Samish monitoring project was initiated in JuneS2@collect wa-
ter quality data from the lake and from major tributarieshie tvatershed. Lake
Samish experiences periodic algal blooms, including bofrpotentially toxic
cyanobacteria. The major goal of the monitoring project wasollect data that
would help identify the causes of the blooms, and possibbyide insight into
how to protect the lake from water quality degradation.

2 Methods

2.1 Lake Sampling

Water samples were collected approximately moritfigm June 2005 through
June 2007 at representative sites in Lake Samish (Figur&dmples were col-
lected at four sites (Sites A-D) from June 2005 through J@I9&2and at two
sites (Sites A and B) from August through May 2006. In Junef20@der a new
monitoring contract, the lake was again sampled at all faas sbut the sampling
frequency has been reduced to quarterly.

Temperature and dissolved oxygen measurements weretedligcl meter depth
intervals from the surface to the bottom at each site usingdrdfab field meter.

1The original project included 12 months of water quality itoring. The scope of work was
extended through a no-cost amendment to allow additiomapbag at a reduced level of effort.
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Beginning in March 2006, conductivity and pH profiles wersoatollected at 1
meter depth intervals using the Hydrolab field meter. Sedepth was measured
at each site by lowering a black and white disk into the watet @cording the
depth at which it was no longer visible from the lake surface

Surface and bottom water samples were collected at eachkitakand transported
to the laboratory to measure pH, conductivity, phosphatsi(phosphorus and
orthophosphate), nitrogen (total nitrogen, nitrateitafty ammonium), turbidity,

and alkalinity. Separate surface and bottom water sames @ollected to mea-
sure fecal coliform counts; the coliform samples were @séd on ice to the
Samish Water District.

Chlorophyll fluorescence was measured in the field at 1 mefgthdntervals from
the surface to the bottom at each site using a field fluorom@teeach sampling
date, water samples were collected at six randomly selat#pths to measure
chlorophyll biomass. Due to equipment failure, field fluoeder data are not
available after March 2007.

All water samples collected in the field were stored on ice iantthe dark until
they reached the laboratory, and were analyzed as desaéniJedble 1. All data
for the Lake Samish monitoring project have been includedigpendix A.

2.2 Stream Sampling

Water samples were collected In July and November 2005 frothutaries flow-
ing into Lake Samish and from the lake outlet at Friday Créegre 1). Temper-
ature and dissolved oxygen was measured using a Y Sl field.nvédger samples
were collected at each stream site and transported to tlealalny to measure
pH, conductivity, phosphorus (total phosphorus and oftlesphate), nitrogen (to-
tal nitrogen, nitrate/nitrite, ammonium), turbidity, aatkalinity. Separate water
samples were collected to measure fecal coliform counescthiform samples
were delivered on ice to the Samish Water District.

All water samples collected in the field were stored on ice ianthe dark until
they reached the laboratory, and were analyzed as desaéniJedble 1. All data
for the Lake Samish monitoring project have been includedigpendix A.

2Nitrate and nitrite were analyzed together because nitdteentrations are usually very low
in surface water and require low level analytical techngjieemeasure accurately.
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3 Results and Discussion

3.1 Lake Samish
3.1.1 Water Temperature

Temperature profiles showed that much of the lake stratifiza §pring through
early fall. Only Site D, which is very shallow, remained tmadly unstratified
throughout the year (Figures 2—24).

Most lakes in our region will develop temperature stratifaa after the lake be-
gins to warm during the spring. As the surface of the lake vgadwe to solar
radiation, the surface water becomes less dense than tleelyind cold wate?
The surface water eventually forms a warm layer.gpiéimnion that is physically
separated from the colder, denser lower layer,iyy@olimnion Once the lake is
stratified, there is little exchange of dissolved chemitaitsveen the layers. Al-
gae and bacteria often accumulate in the transition zonedeet the layers, the
metalimnion where light is sufficient for photosynthesis and nutriears often
more available than at the surface.

In the fall, the lake surface cools and the density diffeedmetween the epilimnion
and hypolimnion decreases. Eventually, the surface andrmotater densities
are sufficiently similar that wind-generated internal weivaix the entire water
column. This is called “turn-over” and is often accomplighvathin a few days
(or hours) during the first major wind storm in the fall.

Based on the 2005-2007 data, the east arm of Lake Samisrshiegstratify in
April at locations where the water column is at least 12—1%ensedeep (Sites B
and C). The lake remains stratified throughout the summeearigfall, and turns
over in October or November, depending on weather conditidn shallower
areas (Site D), the water column does not maintain a statagfistation, and the
water column mixed throughout the year.

Lake stratification in the west arm (Site A) is more complexte & appears
to develop temperature stratification by April (Figures hitl 22), and remains
stratified throughout the summer and early fall. Destraiion is less predictable

SWater is most dense at@; warmer water is less dense.
4wind energy generates many types of waves in lakes. See M&®83) for more information.
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at Site A. In January and February 2006, despite nearly imigurface to bottom
water temperatures, the water column at Site A did not appaarx completely,

and oxygen levels were near zero at the bottom of the lakeHigeees 8—9). The
following winter, the water column was completely mixed andiary (Figure 19),
but not in February (Figure 20).

This unusual pattern is calledtermittent meromixisand is probably the result of
the relative isolation and protection of the west arm fromvgiling winds, cou-
pled with a small surface area and a deep, steep-sided ls®snd{scussion of
meromixis by Hakala, 2004). When water temperatures andgyngaiform at Site
A, a small amount of wind from the right direction will caudeetwater column
to mix completely, creating uniform profiles for dissolvexiigen and other dis-
solved materials (e.qg., Figure 19). If the right climate ditions do not occur, the
water column will either maintain chemical stratificatidwdughout the winter,
or re-establish chemical stratification whenever the Bk&w water circulation
rate is insufficient to replenish oxygen consumed by baadtelecomposition of
organic matter.

3.1.2 Dissolved Oxygen

All of the stratified sites in Lake Samish sites showed songeeseof oxygen de-
pletion in the hypolimnion during lake stratification (Frgs 2—24). Epilimnetic
oxygen concentrations were high during periods of stratifici, and oxygen con-
centrations were high throughout the water column follgpake turnover. Only
Site A had low hypolimnetic oxygen concentrations duringwhnter.

Oxygen is required by most aquatic organisms, including fegfuatic inverte-
brates, and most types of algae and bacteria. The primargeai dissolved
oxygen in lakes is from the atmosphere. Although algae predixygen dur-
ing daytime photosynthesis, they consume oxygen at nigtu,therefore have
little effect on the net amount of dissolved oxygen in lakelypolimnetic oxy-
gen depletion can occur after a lake stratifies and the lovatens of the lake
are isolated from the atmosphere. In nutrient-rich lakeshacteria decompose
organic matter from dead algae or aquatic plants, they us#isgplved oxygen
in the hypolimnion. Since the hypolimnion is isolated frolne tsurface, no new
supplies of oxygen are introduced into the hypolimnioniithe lake turns over.
Unproductive lakes that are low in plant nutrients, esplcphosphorus, do not
produce much organic matter. With less organic matter t@mpose, bacteria
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may not use enough oxygen in unproductive lakes to cause sunadde drop in
hypolimnetic oxygen concentrations.

Low oxygen conditions are associated with a number of ureppewater quality
problems in lakes, including loss of aquatic habitat; re¢eaf phosphorus and
nitrogen from the sediments; increased rates of algal mtomludue to release of
nutrients; unpleasant odors during lake overturn; fisis Kgarticularly during lake
overturn; release of metals and organics from the sedimemieased mercury
methylation; increased drinking water treatment costsreiased taste and odor
problems in drinking water; and increased risks assocwmitdddisinfection by-
products created during the drinking water treatment E®ce

In addition to intermittent meromixis, Site A had anotheusual feature that set
it apart from the rest of the lake: it developed a region ofessaturated oxygen
located in the transition zone between the epilimnion argbhgnion (themet-
alimnion). This metalimnetic oxygen peak was present at Site A thmougthe
summer in 2005 and 2006, and appeared to be developing dhergummer of
2007. McNair (1995) reported similar metalimnetic oxygeals during the sum-
mer of 1993, but not in 1994. This pattern is commonly obsgimehe northern
basin of Lake Whatcom (DelLuna, 2004; Matthews, et al., 2008¢talimnetic
oxygen peaks are caused by an accumulation of rapidly pyattessizing algae
along the density gradient between the epilimnion and hgpobn. Often, this is
a region where algal nutrients are sufficient to support Yégh levels of photo-
synthesis. It is coupled with metalimnetic oxygen depletb night as the dense
band of algae consumes oxygen for metabolism.

3.1.3 Alkalinity, pH, and Specific Conductance

Alkalinity, pH, and specific conductance (conductivityg aelated in surface wa-
ter. Conductivity and pH both measure the amount of dissbleas in water.
Conductivity measures the resistance of water to flowingtedas, which is de-
termined by the amount of dissolved ionic compounds in thiew&imilarly, pH
measures the acidity of water, which is determined by thdadibity of hydro-
gen ions. Alkalinity measurbufferingor how resistant water is to pH changes.
Alkalinity is measured analytically by adding hydrogensdao see how fast pH is
lowered.
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The alkalinity, conductivity, and pH values in Lake Samisergvall within the
normal ranges for soft water lakes in this region (Figures1Bland 25-27). Al-
kalinity concentrations were fairly lon<{30 mg/L) throughout the sampling pe-
riod (Figure 25). This means that Lake Samish is not welldreffi against pH
changes. When the water column in Lake Samish was stratifiedsurface al-
kalinities were often slightly lower than at the bottom andiace pH levels were
often higher (Figure 26). During photosynthesis, algaeovemdissolved CQ
from the water, which can temporarily raise pH and lower latitg, especially in
poorly buffered lakes like Lake Samish.

As indicated above, the pH data showed the influence of piotiossis and bacte-
rial decomposition. During summer stratification, the acef pH levels increased
due to the photosynthetic removal of €OThis caused a temporary reduction
in the concentration of dissolved carbonic acid, which isrfed when CQ re-
acts with water: HO + CO, « H,CO; (carbonic acid). Concurrently, the hy-
polimnetic pH levels decreased due to the accumulationidfaadecomposition
products as bacteria broke down organic matter that sdtil#te bottom of the
lake. This pattern is clearly illustrated in the summer Hyadb profiles, which
show high pH levels throughout the epilimnion and low pH lsxwbroughout the
hypolimnion (e.g., Figures 13-17).

Conductivity in lakes is determined by the types and amotiissolved ions
in the water. The soil type and land use in the watershed rdé&terthe poten-
tial amount of ionic compounds that can enter the lake fronfasa runoff and
groundwater, while climate and hydrologic patterns deieenthe actual trans-
port of dissolved ions. Surface runoff may have low conditgtievels when the
runoff is significantly diluted by rain water, or high condiray levels if there
are soluble ionic compounds in the soils or on imperviousases. Groundwa-
ter will often have higher conductivity levels compared toface runoff because
water percolating through the soil has more time to pick ggalved compounds.

From the Lake Samish tributary data (Section 3.2), the coindty of surface wa-
ter entering the lake during high flow (November 2005) wagiab6—-100:S/cm,

which was similar to the lake’s surface conductivitie®0—80,S/cm). Lake con-
ductivities were usually higher in bottom samples, esplgairing stratification
when low oxygen conditions at Sites A—C allowed dissolvetsito leak into the
hypolimnion from the sediments.
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3.1.4 Algal Nutrients: Nitrogen and Phosphorus

Nitrogen and phosphorus were measured in the laboratony Wwater samples
collected at the surface and bottom of each site (Figure828-The samples
were analyzed to measure total nitrogen, which includearoegand inorganic
forms of nitrogen, as well as dissolved inorganic ammoniunah @itrate/nitrite.

Phosphorus was measured as total phosphorus (organicagdric phosphorus)
and soluble, inorganic orthophosphate.

Nitrogen and phosphorus are important nutrients that inflaealgal growth in
lakes. Nitrogen rarely limits algal growth, but the type @fogen available in
the water column often determines which species of algddwhbundant. Most
algae can only use dissolved inorganic nitrogen for groliN(= ammonium,
nitrite, and nitrate). During the summer, as algae take gpalved nitrogen, the
concentration of DIN in the epilimnion may fall so low thatneigen becomes
limiting to many types of algae. When this occurs, condsgitavor the growth of
cyanobacteria (bluegreen “algae”) because they can daigsplved nitrogen gas
into usable forms of inorganic nitrogen. Cyanobacterieelegecond advantage
because they can store extra phosphorus in the spring, espiporus is slightly
more available, and use it to sustain growth throughouttinenser and fall. This
is why large blooms of cyanobacteria can develop in late seron early fall,
despite very low concentrations of nutrients in the watdurmm.

Phosphorus is the nutrient that typically limits total dlgeowth because it is re-
quired by all algae, and the concentration of “bioavailapleosphorus is usually
quite low in lakes. Much of the phosphorus that enters lakeghtly bound to
surface of small particles or in organic matter that mustdmdcposed before the
phosphorus is available for algal growth. Total phosphoneasurements, there-
fore, overestimate the amount of phosphorus availablel§al growth. Bioavail-
able phosphorus includes soluble forms of phosphorus ssicdrthophosphate,
organic phosphorus that can be released by decompositidmpteosphorus that
can be released from the surface of particles by microbzymes or under low
oxygen conditions. The fraction of total phosphorus thatesvailable varies, but
will fall somewhere between the orthophosphate and totasphorus concentra-
tions.

In Lake Samish, total nitrogen and nitrate/nitrite concatiins followed very
similar seasonal patterns that included a progressivectieuof nitrate/nitrite
during the summer due to algal uptake, and an increase ihnitrtagen and ni-
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trate/nitrite during the winter when the water column datgied. Ammonium
concentrations were generally very low except in bottom@amduring periods
of stratification. In aerobic water, ammonium is rapidly werted into nitrite and
nitrate by bacteria (or lost through volatilization), buten oxygen concentrations
are low, these bacteria are not active, which allows amnmnaiaccumulate in
the isolated hypolimnion.

The Lake Samish orthophosphate and total phosphorus ciattens were usu-
ally lower in surface samples at Sites A and B during periodsti@tification
(Figures 31 and 32). This was most likely caused by algalkepia the epil-
imnion and phosphorus release from the sediments into thelinynion. Site D
is too shallow to stratify so there was little differencevbe¢n surface and bottom
phosphorus concentrations.

3.1.5 Secchi Depth, Turbidity, and Chlorophyll

Secchi Depth and Turbidity: Secchi depth is an indicator of lake transparency
and is defined as the depth at which a black and white disk i®mgelr visible
from the lake surface. The Secchi depth determines the =ippate depth of the
photiczone, where light conditions favor photosynthesis. Tutpid a measure-
ment of the suspended particles in water, which includesesdg well as inorganic
particles and non-living organic matter. When most of thepsmded particles in
the water column are algae, chlorophyll concentrationsisw@lly good predictors
for Secchi depth and turbidity: as algal densities incre@agbidity increases and
Secchi depth decreases. When inorganic and non-algatylatgs are present,
however, only turbidity and Secchi depth are likely to bated.

In Lake Samish, Secchi depths did not appear to follow clploytd concentrations
very closely, and some of the shallowest Secchi depth rgadincurred during
winter when algal densities and chlorophyll concentratiaere very low (Figure
33). Similarly, there was no apparent relationship betwseaface turbidity lev-
els and chlorophyll (Figure 34). Correlation analysis aonéid that while there
was a correlation between Secchi depths and turbidityetivere no significant
correlations between chlorophyll and Secchi depth or dityp{Figure 35)2 This

5 Kendall'sT correlation analysis was used to examine the relationsi@pseen chlorophyll,
turbidity, and Secchi depth. Correlation test statistarsge from —1 to +1; the closer tbl, the
stronger the correlation. The significance is measuredjubia p-value; significant correlations
have p-values0.05.
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indicates that both algal and non-algal suspended patarie present in Lake
Samish, and only direct measures such as chlorophyll ol déyesity should be
used to estimate algal abundance.

Chlorophyll:  Chlorophyll concentrations were measured using two teghes:
in situ algal fluorescence, which was measured in the field, and abihytl
biomass, which was measured in the laboratory from watepkemeollected in
the field. Chlorophyll molecules fluoresce when exposed ttarewavelengths
of light. This fluorescence can be measured easily and quigihg a field flu-
orometer attached to a pump that draws water from multippghdethroughout
the water column. Measuring chlorophyll biomass is moretomnsuming and is
rarely done at more than a few sites or depths because iresquollecting large
volumes of water at each site and depth, followed by prongssnd analysis in
the laboratory.

The Lake Samish fluorescence profiles (Figures 36—40) redsalasonal patterns
and showed the amount of variation related to depth anditocit the lake. Algal
fluorescence was usually higher in the summer and fall coeaptar the winter,
Sites C and D usually had higher fluorescence values thas Sitend B, and
fluorescence was usually higher in samples collected neautiace.

Although it is easy to measure algal fluorescence in the fodlidrophyll biomass
is more widely used for lake monitoring, particularly forsassing lake trophic
status. In theory, chlorophyll biomass can be predictedgualgal fluorescence.
In reality, chlorophyll fluorescence and biomass are rdlabeat not identical. To
test this relationship we collected paired fluorescence l@athass data, then
looked for a linear relationship between biomass and fluemese. The lin-

ear model was highly significant, despite a small seasofal ibni samples col-
lected during the spring (Figures 41-42), so we were ablsttmate chlorophyli

biomass from the fluorescence readings.

The estimated chlorophyll concentrations were plottecerh site to show sea-
sonal and site-specific patterns (Figure 43). The most olsviattern is that the
chlorophyll concentrations were considerably higher myr2005, especially at
Sites C and D, which masks most of the other chlorophyll pasteln general,
chlorophyll levels were lower at Site A, showed the greatesiation at Sites C
and D, and were lower in the winter at all sites.
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Trophic State: One way to evaluate the Lake Samish chlorophyll concentra-
tions is to use Carlson’s Trophic State Index (Carlson antpSon, 1966), which

is widely used to classify lakes based on biological proditgt The index may

be calculated using chlorophyll, Secchi depth, or totalgpimrus concentrations:

TSI(CHL) = 9.81 (In CHL) -+ 30.6
TSI(SD) = 60— 14.41 (In SD)
TSI(TP) = 14.42 (In TP) +4.15

CHL = chlorophyll concentration ipg/L
SD = Secchidepthin meters, and
TP = total phosphorus ing-P/L

Chlorophyllis the most direct measurement of algal proitgt and when avail-
able, should be the primary basis for a trophic index (Carsud Simpson, 1966).
This is particularly important in Lake Samish because Sedepth and phos-
phorus were poorly correlated with chlorophyll. Typicallywproductive oolig-
otrophiclakes have TSI values lower than 30 while productivewtrophiclakes
have TSI values higher than 50. Moderately producthesotrophidakes lie in
the middle with TSIs of 40-50.

Most of the Lake Samish TSI(CHL) values fell within the mesphic range of
40-50 (Figure 44 and Table 2). The summer 2005 TSIs (July-ZDE5) were
higher than the summer 2006 TSIs, matching the higher chhyidband algal
densities in the lake (Figure 45). Sites A and B had the loWw&s, with most
values between 3545, indicating that these sites arentlyrraesotrophic. Sites
C and D had higher summer TSls (approx. 45—-65), indicatiatttiese sites are at
the upper limits of mesotrophic, and occasionally couldlaesified as eutrophic.
Eutrophic lakes commonly experience problems with bloofnsyanobacteria,
particularly if the epilimnetic inorganic nitrogen condsations fall during the
summer (see discussion in Section 3.1.4). In Lake Samisimatyacteria blooms
were observed regularly in plankton samples collectedndguthe summer and
fall of 2005 (R. Matthews, personal observation). The blsauntained com-
mon “nuisance” taxa, includin@loeotrichia echinulataMicrocystis aeruginosa
Woronichnia naegelianupand a variety ofAnabaenaspecies.

SDigital images of common Lake Samish algae are posted ondilee IWS digital image
library at http://www.ac.wwu.edu/iws.
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3.1.6 Coliform Bacteria

Coliform bacteria are a diverse group of bacteria that ikelgpecies normally
found in the intestinal tract and feces of warm blooded afsr(iacal coliforms).
Since fecal coliforms usually don’t survive long outsideitthost, their presence
can be used to detect sewage or fecal contamination in watgsles. Most types
of fecal coliform bacteria are not pathogenic, but if feaaliforms are found in a
sample, other potentially harmful pathogens may also bsepite

The current surface water standards are based on “designete’ cate-
gories, which for Lake Samish is likely to be “Extraordinafyimary Con-
tact Recreation.” The standard for bacteria is describedClmapter 173—
201A of the Washington Administrative Code, Water Qualittarlards for
Surface Waters of the State of Washington (online versionilae at
http://www.ecy.wa.gov/biblio/wac173201a.html):

Fecal coliform organisms levels must not exceed a geomeieian
value of 50 colonies/100 mL, with not more than 10 percentllof a
samples (or any single sample when less than ten samplespmint
ist) obtained for calculating the geometric mean value edagg 100
colonies/100 mL.

The geometric means for all of the Lake Samish sites w2%fu/100 mL’, and
none of the counts exceeded 10 cfu/100 mL, so the Lake Saiisplss passed
both parts of the surface water standard for coliforms.

3.2 Creeks in the Lake Samish Watershed

Four tributaries to Lake Samish and the outlet from Lake Shmiere sampled
during the summer and fall of 2005. Two of the tributariesewennamed, so they
were assigned temporary names as indicated on Figure 1.f &lleaributaries

were sampled in July and November; the outlet at Friday Cvesek sampled in

August and November.

Water temperatures were higher and dissolved oxygen ctratiens were lower
in Friday Creek compared to the Lake Samish tributariesl€Ta Some of these

’cfu = colony-forming units



Lake Samish 2007 Report Pagel2

differences may have been caused by the later summer sanalalia for Friday
Creek; however, these types of lake influences are commdrslgreed in outlet
creeks. Barnes Creek usually had the highest alkalinitgdaotivity, pH, and
turbidity values, which may reflect differences in soilsamd use in the drainage
area for that creek.

The ammonium concentrations were slightly elevated ingyri@reek, reflecting
the export of ammonium from the shallow, productive east afiinake Samish.
The outlet concentrations were similar to the surface catnagons at Site D (Fig-
ure 30), and were much lower than the ammonium concentsatioanaerobic
bottom samples at Sites A—C. Mud Creek had an unusually mghanium con-
centration in November 2005. High ammonium concentratasesuncommon in
well-oxygenated streams, but because ammonium is soltibéeyld have washed
into the creek from a nearby source. The most common souf@sraonium in
oxygenated surface water include animal waste, fertjliserammonium from
upstream wetland® The fecal coliform count was low (13 c¢fu/100 mL), so it is
unlikely that the ammonium came from animal waste, and mkeéylthat it came
from fertilizer or an upstream wetland.

The total nitrogen and nitrate/nitrite concentrationseveery high in all tribu-
taries. The nitrogen may have come from the watershed gaitscularly if there
were large numbers of red alde&lus rubrg upstream from the sampling sites.
The roots of red alder host a beneficial fungal community tixas N, nitrogen
into nitrate, which is easily absorbed by the host tree, [aat @asily leached into
adjacent streams. The highest nitrate concentrationsiweasured in November,
when leaching would be highest, and plant uptake lowest.tdta¢ nitrogen and
nitrate/nitrite concentrations were lower at the lake etyugparticularly in August,
when the nitrate/nitrite concentration was only 1@@N/L. This is consistent
with lake data that showed significant nitrate uptake byaljaring the summer.

The total phosphorus and orthophosphate concentratioreshigher in the trib-
utaries than in the outlet due to algal uptake of phosphariiske Samish. The
phosphorus concentrations were fairly high compared ttasersamples from
Lake Samish (Figures 32—31) and probably provide a signifisaurce of phos-
phorus to the lake. These results indicate that Lake Sanashdth external (wa-
tershed) phosphorous sources and internal sources froxicdake sediments.

8Wetlands soils are often anaerobic, and can discharge aimmand other reduced com-
pounds during periods of high flow.
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The fecal coliform data were difficult to interpret becausestnof the summer
values were above the detection limit of 23 cfu/100 mL. Thev@ober results
were reasonably low at all sites except Finney Creek. Thehigio counts from
Friday Creek (August) and Finney Creek (November) are seffico warrant a
more intensive monitoring of fecal coliforms in watershpdrticularly since the
lake serves as a drinking water source for many of the lakeslesidents. The
coliform levels in the lake were consistently low 0 cfu/100 mL), but lake col-
iform samples were off-shore in fairly deep water, and mayreftect conditions
at private drinking water intake locations.

4  Summary and Recommendations

Although the primary goal for this project was to collect &lage water quality

data, a second goal was to begin looking as options for pgiotpwater quality

in the lake. A full assessment of lake management optionsysid the scope
of this project, but several important observations can beaenconcerning the
direction of future lake management efforts.

First, is it important to recognize the features of Lake Sdmthat will affect
management options and factor heavily into the successydbie management
effort. Lake Samish is predominantly a shallow, mesotrojdike. With the ex-
ception of the west arm, which is unusual in itself, the lakeofs the growth
of aquatic plants, whether they are algae, cyanobactaershareline vegetation.
The mean depth in the east arm is only 9.4 m (Figure 1), and #tleoeast arm
sites had high chlorophyll concentrations at some poininguthe monitoring
project (Figures 36—40). While the lake is shallow enougsuimport algal growth
throughout the water column, it is deep enough to stratifyath arms. Because
of it's mesotrophic state, the hypolimnion in both arms Imeeanoxic, releasing
phosphorus. The west arm appears to be intermittently metiagwhich resulted
in extended periods of anoxia in the hypolimnion (Figures1i®and 25-27) and
the release of large amounts of phosphorus from the sedsn€igures 31-32).
The release of phosphorus from sediments due to low oxygecectrations in
the hypolimnion is callednternal loading and is one of the items that must be
considered in the future management of Lake Samish.

9The Whatcom County Health Department does not support wssirfgce water for a private
domestic water supply.
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A second important feature that affects lake managemeanis lise in the Lake
Samish watershed. The tributary data revealed that thesigmsficantexternal
loading of phosphorus from the watershed. The lakeshore is devalapestly
with single-family homes, and the upper watershed is lgrdel/oted to forestry
and timber harvesting. A major interstate highway, withvyeiauck and vehicle
traffic, passes along the eastern side of the lake. Althduggetland use activities
are not necessarily incompatible with recreational usb®fdke, they are not par-
ticularly desirable in a lake that provides drinking water fakeshore residents.

Our recommendations for Lake Samish focus on controllingrerl phosphorus
loading, minimizing internal phosphorus loading, and eding watershed resi-
dents about drinking water issues and lake stewardshipselteEommendations
are not intended to serve as a substitute for developing p@ransive lake man-
agement plan.

Recommendations for Maintaining Lake Samish Water Quality

e Develop an environmental education program to help residefithe Lake
Samish watershed understand the water quality issues itakee and
what can be done at the individual level. One example of thishe
Watershed Pledge Program developed for the Lake Whatcorersingtd
(http://www.watershedpledge.org). While it may be difficto measure
the direct success of public education programs in termsadémquality
improvement, an educated public is more likely to undestamd support
watershed and lake management actions.

e Develop strategies for controlling external phosphorasliog. Phosphorus
is very difficult to remove after it get into streams or lakes where possi-
ble, source control remains the best approach. This metres eéducing
the amount of phosphorus that enters surface runoff (esmgphosphorus-
free fertilizers) or decreasing the amount of surface rutiaft enters the
lake (e.g., adding retention/detention basins that tatdiinfiltration into
the groundwater). The Watershed Pledge Program lists a ewuaflways
to reduce phosphorus in surface runoff near homes. Becédtise scale of
this task, the Samish Water District should work with an exreed storm
water consultant to develop a comprehensive storm wateagement plan
for the watershed.
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Lake Samish is already mesotrophic, and in some cases bigr&o re-
ducing external phosphorus loading from the watershedpsabably not
eliminate cyanobacteria blooms. If external loading isucei, however,
the lake should stabilize around its current levels of pobidity, and possi-
bly even show some improvement over a long period of time.

e Optionally, after external phosphorus loading has beemesded, develop
strategies for reducing internal phosphorus loading. &laee many lake
management techniques that, given sufficient funding fstaltationand
maintenancecan be used to reduce internal loading. The addition of ehem
icals such as alum will bind with phosphorus, often resgliim years of
reduced algal densities. The effect is temporary, and feappn of the
chemical is required on a periodic basis. Hypolimnetictesaare available
that can maintain sufficient oxygen in the hypolimnion tover& internal
phosphorus loading. Aerators are also available thatlarethe entire wa-
ter column, but in most stratified lakes, this is not a des&approach, and
may even increase algal growth. All of these techniquesiregusignifi-
cant initial investment, long-term funding for maintenanand are unlikely
to be effective if external loading is not controlled.

e Consider developing a public drinking water supply andritigtion system.
The algal densities in the lake were very high and probabiyrdmite to the
formation of harmful disinfection by-products, partictjain systems that
disinfect the water by chlorinated. Although the coliforevéls were low
in the lake, the results may not reflect conditions at pridieking water
intakes. Finally, the lake is subject to potentially haparsl cyanobacteria
blooms and exposed to potentially hazardous chemicalshaating activ-
ities and the nearby highway. These represent an ongoktprisdividuals
drawing domestic drinking water from the lake.

e Conduct an evaluation of on-site sewage disposal in therupptershed,
and its potential influence on water quality in Lake SamishisTevalua-
tion should be included in the assessment of external plogpHoading
into the lake. On-site sewage disposal may be a minor fantphospho-
rus loading into the lake because the Lake Samish shoraliserved by a
public sewer line, so only portions of the upper watershedikely to have
on-site sewage disposal.
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e Although monitoring priority pollutants was beyond the geoof this
project, Lake Samish was placed on Washington State’s 2Gdn@Quality
Assessment 303(d) list due to the levels of PCBs and merawsports fish
collected from the lake. The levels of PCBs were high enoogienerate
a “Category 5” listing, which will require the Department®Btology to de-
velop a Total Maximum Daily Load (TMDL) assessment aimeckedtcing
PCBs in the lake. The mercury levels were lower, resulting @ategory 2
listing that identifies “waters of concern” where there iglence of a water
quality problem but not enough data to require a TMDL.

High levels of mercury and PCBs have been found in fish tissare fmany
other lakes in Washington, and throughout North Americahsgresence
of these pollutants in Lake Samish reflects widespread nuntdion of
freshwater lakes rather than a unique local source. Nesledh, due to
the popularity of sports fishing in Lake Samish, we recommeshditional

monitoring of priority pollutants in water, sediments, disth tissue in Lake
Samish.
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Detection Limit/

Analyte Abbr. Method Reference (APHA 1998) Sensitivity
Alkalinity Alk SM2320, titration +0.5 mg CaC@Q/L
Chlorophyll - field Chl Turner fluorometer (field meter) NA
Chlorophyll - lab Chl SM10200 H, acetone extraction +0.1ug/L
Conductivity - field/lab Cond SM2510, lab or field meter +0.1 units
Dissolved oxygen - field DO SM4500-0O G.,membrane electriidkl(meter) +0.1 mg/L
Dissolved oxygen - lab DO SM4500-0 C., Winkler, azide +0.1 mg/L
Fecal coliforms FC SM9221 E , MPN* <l.lor<2
Nitrogen - ammonium Ngl  SM4500-NH3 H., flow inject, phenate 1@ NH3-N/L
Nitrogen - nitrate/nitrite N@  SM4500-NO3 ., flow inject, Cd reduction 1@ NOs-N/L
Nitrogen - total TN SM4500-NO3 I., flow inject, persulfateydst 10ug N/L

pH - field/lab pH SM4500-H, electometric lab or field meter +0.1 units
Phosphorus - orthophosphate  OP SM4500-P G., flow inject 1g BO,-P/L
Phosphorus - total TP SM4500-P G., flow inject, persulfagesh 5ug P/L
Temperature - field Temp SM2550 thermistor (field meter) +0.1C
Turbidity Turb  SM2130, nephelometric +0.2 NTU

*Fecal coliform analyses were provided by Edge Analyti8@5 Orchard Dr., Bellingham, WA.

Table 1. Summary of analytical methods used by the Instituté/atershed Stud-
ies in the Lake Samish monitoring project.
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Min. Med. Mean Max. N
Site A
All data (June 2005-March 2007) 20.6 36.3 36.4 545 pl12
Summer 2005 (July—October) 24.7 40.0 405 526 |97
Summer 2006 (July—October) 234 358 36.7 516 |95
Site B
All data (June 2005-March 2007) 24.2 41.0 40.2 624 361
Summer 2005 (July—October) 343 452 452 624 |80
Summer 2006 (July—October) 242 350 371 496 |60
Site C
All data (July 2005—July 2006) 26,5 446 458 67.0 209
Summer 2005 (July—October) 42.1 60.3 558 67.0 |76
Summer 2006 (July only) 37.6 46.2 444 526 18
Site D
All data (June 2005—-July 2006) 32.3 438 46.0 67.4 |86
Summer 2005 (July—October) 42.3 63.6 56,5 674 |29
Summer 2006 (July only) 39.9 475 464 491 |8

Table 2: Carlson’s Trophic State Index - TSI(CHL) resultslfake Samish.



Lake Samish 2007 Report Page20

Site Month Day Year DO Temp Alk  Turb pH Cond
Unnamed (Mud Creek)  July 15 2005 8.26 12.9 247 0.76 6.29 94.2
Nov 10 2005 14.61 8.5 159 088 7.05 748

Finney Creek July 15 2005 9.66 135 28.0 0.77 7.05 149.8
Nov 10 2005 14.65 9.2 122 3.00 7.23 752

Unnamed (Mia Creek) July 15 2005 9.06 13.4 31.8 251 6.72 8§27
Nov 10 2005 13.63 9.2 180 191 7.13 73|19

Barnes Creek July 15 2005 10.15 125 520 458 7.22 1p8.7
Nov 10 2005 14.71 9.0 375 267 7.49 1034

Friday Creek (outlet) Aug 9 2005 4.05 20.5 21.3 373 6.11 6D.4
Nov 10 2005 8.47 10.7 19.7 086 7.21 68}4

Site Month Day Year NH TN NO3 TP OoP FC
Unnamed (Mud Creek)  July 15 2005<10 5821 4743 20.2 155>23*
Nov 10 2005 108.6 2308.4 1901.7 186 8.6 1B

Finney Creek July 15 2005 11.7 7476 622.2 33.1 35323*
Nov 10 2005 <10 20615 18604 151 5.7 13(

Unnamed (Mia Creek) July 15 2005 145 4783 2934 49.8 3023*
Nov 10 2005 <10 1890.9 1666.2 21.2 102 23

Barnes Creek July 15 2005 17.1 1082.7 9156 46.0 26:23*
Nov 10 2005 <10 1670.0 1518.2 151 9.0 23

Friday Creek (outlet) Aug 9 2005 40.6 3619 10.2  25.%3 130
Nov 10 2005 28.0 409.8 1879 9.6 <3 8
*Sample above detection limit of 23 cfu/100 mL

Table 3: Water quality data for creeks in the Lake Samish nghesl. All sites
were sampled in July and November, 2005 except Friday Craleich was sam-
pled in August and November, 2005.
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¥ Lake Samish

West Arm Finney Creek /

Contours = 20 ft

S "Mud" Creek

East Arm Barnes Creek

1
’

"Mia" Creek

2000 4000 ft
[ 1 | 1
Friday Creek
Lake Samish Morphology

West Arm East Arm
Size 130 acre 0.53 km 680 acre 2.75 ki
Maximum depth|| 140 ft 42.6m 75 ft 229m
Mean depth 711t 21.6m 311t 9.4m
Lake volume 9230 acre-ft 11.810°m3 | 21,080 acre-ft 26.910 m?
Drainage area || 3.70sgmi  9.58 krh 9.20 sq mi 215.5 kih
Altitude 273 ft 83.2m 273 ft 83.2m
Shoreline lengthj| 1.8 mi 2.9km 6.3 mi 10.1 km

Figure 1: Lake Samish sampling sites, 2005-2006. Figunewadfrom Bortle-
son, et al. (1976); morphology data from Bortleson, et adeldeon survey data
collected by the Washington State Dept. of Game in 1956.
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Figure 2: Lake Samish Hydrolab profiles for Sites A—D, Jung2®D5.
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Figure 3: Lake Samish Hydrolab profiles for Sites A—D, July 2005.
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Figure 4: Lake Samish Hydrolab profiles for Sites A-D, Aug2&t2005.
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Figure 5: Lake Samish Hydrolab profiles for Sites A-D, Seiten20, 2005.



Lake Samish 2007 Report Page26

Depth (m)

Depth (m)

Water Temperature — October 2005 Dissolved Oxygen — October 2005
o - o - .E
o | o | ;
— —
E
Q] < o ]
N E N
—e— Site A 8 —e— Site A
8 ] —— SiteB 8 - —— SiteB
Site C Site C
o - —#— Site D o - —#— Site D
T T T T T T T T T
5 10 15 20 25 0 5 10 15
Temp (C) DO (mg/L)
Lake pH - October 2005 Specific Conductivity — October 2005
o - o -
No Hydrolab data No Hydrolab data
o _| o
- -
E
S £ 8
—e— Site A 8 —e— Site A
g —e— SiteB S - —e— SiteB
Site C Site C
e —B— SiteD e —B— SiteD
T T T T T T T T T T T T
6 7 8 9 10 50 55 60 65 70 75 80
pH Cond (uS/cm)

Figure 6: Lake Samish Hydrolab profiles for Sites A—D, Octdlig 2005.
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Figure 7: Lake Samish Hydrolab profiles for Sites A—D, Noven0, 2005.
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Figure 8: Lake Samish Hydrolab profiles for Sites A-D, Jan@ay, 2006.
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Figure 9: Lake Samish Hydrolab profiles for Sites A—D, Feby26, 2006.
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Figure 10: Lake Samish Hydrolab profiles for Sites A-D, Matéh2006.
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Figure 11: Lake Samish Hydrolab profiles for Sites A-D, A@gB| 2006.
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Figure 12: Lake Samish Hydrolab profiles for Sites A-D, May 2006.
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Figure 13: Lake Samish Hydrolab profiles for Sites A-D, Jube2D06.
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Figure 14: Lake Samish Hydrolab profiles for Sites A-D, Jiy 2006.



Lake Samish 2007 Report Page3s

Water Temperature — August 2006 Dissolved Oxygen — August 2006
o - o 4
o _| o
— -
E E
= o _] o o _]
a o a o
© [
&) &
o _| o _|
1%} ™
—e— Site A —e— Site A
o —o— SiteB o —o— SiteB
< <
T T T T T T T T T
5 10 15 20 25 0 5 10 15
Temp (C) DO (mg/L)
Lake pH — August 2006 Specific Conductivity — August 2006
o * o F
o _| o
- -
E E
£ 8- £ 8-
o O
(&) ()
o _| o _|
15} ™
—e— Site A —e— Site A
o —o— SiteB o —e— SiteB
< <
T T T T T T T T T T T T
6 7 8 9 10 50 55 60 65 70 75 80
pH Cond (uS/cm)

Figure 15: Lake Samish Hydrolab profiles for Sites A and B, éatg?4, 2006.
Sites C and D were not sampled on this date.
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Figure 16: Lake Samish Hydrolab profiles for Sites A and B tSmber 19, 2006.
Sites C and D were not sampled on this date.
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Figure 17: Lake Samish Hydrolab profiles for Sites A and B,aDet 22, 2006.
Sites C and D were not sampled on this date.
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Figure 18: Lake Samish Hydrolab profiles for Sites A and B,d»eloer 18, 2006.
Sites C and D were not sampled on this date.
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Figure 19: Lake Samish Hydrolab profiles for Sites A and Buday 30, 2007.
Sites C and D were not sampled on this date.
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Figure 20: Lake Samish Hydrolab profiles for Sites A and B,rkaty 27, 2007.
Sites C and D were not sampled on this date.
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Figure 21: Lake Samish Hydrolab profiles for Sites A and B, éha29, 2007.
Sites C and D were not sampled on this date.
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Figure 22: Lake Samish Hydrolab profiles for Sites A and B,il&3t, 2007. Sites
C and D were not sampled on this date.
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Figure 23: Lake Samish Hydrolab profiles for Sites A and B, Md4y2007. Sites
C and D were not sampled on this date.
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Figure 24: Lake Samish Hydrolab profiles for Sites A-D, Juhe?P07.
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Figure 25: Lake Samish alkalinity data, June 2005 througte 2007. Samples
were collected at the surface and bottom for each site; Siteaad D were not
sampled from August 2006 through May 2007.
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Figure 26: Lake Samish pH data (laboratory analysis), J@®5 2hrough June
2007. Samples were collected at the surface and bottom ¢brste; Sites C and
D were not sampled from August 2006 through May 2007.
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Figure 27: Lake Samish specific conductivity data (labayatmalysis), June
2005 through June 2007. Samples were collected at the suafadt bottom for
each site; Sites C and D were not sampled from August 2006ghriMay 2007.
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Figure 28: Lake Samish total nitrogen data, June 2005 tlirduge 2007. Sam-
ples were collected at the surface and bottom for each siess S and D were not
sampled from August 2006 through May 2007.
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Figure 29: Lake Samish nitrate/nitrite data, June 2005udinaJune 2007. Sam-
ples were collected at the surface and bottom for each sig¢a @ere not cen-
sored, and some values were below detection. Horizontdéledbeference line
shows detection limit; Sites C and D were not sampled fromust@006 through

May 2007.
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Figure 30: Lake Samish ammonium data, June 2005 through2Diie Samples
were collected at the surface and bottom for each site. Data wot censored,
and some values were below detection. Horizontal dashederafe line shows
detection limit; Sites C and D were not sampled from August@through May

2007.
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Figure 31: Lake Samish total phosphorus data, June 2005ghrdune 2007.
Samples were collected at the surface and bottom for eaeh Béta were not
censored, and some values were below detection. Horizdatdled reference
line shows detection limit; Sites C and D were not samplethflugust 2006

through May 2007.
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Figure 32: Lake Samish orthophosphate data, June 2005gtdoune 2007. Sam-
ples were collected at the surface and bottom for each sig¢a @ere not cen-
sored, and some values were below detection. Horizontdéledbeference line
shows detection limit; Sites C and D were not sampled fromust@006 through
May 2007.
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Figure 33: Lake Samish Secchi depth data, June 2005 thraugh2D07. Sam-
ples were collected at the surface for each site; Sites C awér® not sampled
from August 2006 through May 2007.
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Figure 34: Lake Samish turbidity data, June 2005 througle A097. Samples
were collected at the surface and bottom for each site; Siteaad D were not
sampled from August 2006 through May 2007.
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Figure 35: Kendall'sr correlations between turbidity, Secchi depth, chlorophyl
and orthophosphate. See page 5 for a description of caoekatalysis. Diagonal
line on turbidity vs. Secchi figure is for reference only awesinot imply a linear
relationship.
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Figure 36: Lake Samish algal fluorescence profiles, Junagir8eptember 2005.
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Figure 37: Lake Samish algal fluorescence profiles, Octob@s ghrough March
2006. December 2005 and January 2006 data are not available.
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Figure 38: Lake Samish algal fluorescence profiles, Aprdulgh July 2006.
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Figure 39: Lake Samish algal fluorescence profiles, Augud #trough January
2007. September and November 2006 data are not availalés. Gand D were
not sampled on this date.
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Figure 40: Lake Samish algal fluorescence profiles, Febrtragugh March
2007. April, May and June 2007 data are not available. Sitesmx€ D were
not sampled on this date.



Lake Samish 2007 Report Page61

chl (mg/L) = 12.027(chl.vivo) — 0.950 o)
Adj R-squared = 0.7043
p-value <0.0001
w —
o”
r'd
rd
© ’
7
© ® o -,
g
e] (0] 70
9] * . °
3] @ ) J
@©
2 ®
X
@ e © o % 7
— < - (e16) Id
G e rd
@ (0] ./ [5)
® o., s
(<] (<]
e e
) (<] Ze e o
N 8 6e® o o
) ° o8
o8 ° ° <)
()
8ogr © %
rd . © ]
6, ©°
by -0
o —]
I I I I I
0.1 0.2 0.3 0.4 0.5 0.6
chl.vivo

Figure 41: Comparison between chlorophyll fluorescencesorea in the field
and chlorophyll biomass measured in the laboratory.
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Figure 42: Seasonal comparison between chlorophyll fleerese measured in
the field and chlorophyll biomass measured in the laboratory
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Figure 43: Boxplots showing Lake Samish estimated chloythgloncentrations
based on fluorescence regression model.
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Figure 44: Boxplots showing Lake Samish monthly TSI(CHL)ues. Chloro-
phyll biomass was estimated based on fluorescence regrassidel. Boxplots
show median and upper/lower quartiles; whiskers show maxifminimum val-
ues. See page 9 for discussion.
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Figure 45: Boxplots showing Lake Samish summer TSI(CHL)ueal (July
through October 2005). Chlorophyll biomass was estimaaseéth on fluorescence
regression model. Boxplots show median and upper/lowertitpg whiskers
show maximum/minimum values. See page 9 for discussion.
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Figure 46: Lake Samish fecal coliform data, June 2005 thHiQlume 2007. Sam-
ples were collected at the surface and bottom for each sit@aalyzed by Edge
Analytical.
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A Water Quality Data

Printed versions of this report include tables of the 200672lake monitoring

data, edited to show detection limits. Online reports doindtide copies of the
original data, but electronic data files are available frbelhstitute for Watershed
Studies. In addition, the IWS web site (http://www.ac.wedu~iws) features

“dynamic” plots of the Lake Samish water quality data anddslzontaining the
most recent results from the lake.
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