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ABSTRACT
Horne AJ, Beutel M. 2019. Hypolimnetic oxygenation 3: an engineered switch from eutrophic to
a meso-/oligotrophic state in a California reservoir. Lake Reserv Manage. 35:338-353.

A long-term improvement in water quality due to a hypolimnetic oxygenation system (HOS)
used without other management actions was shown for Camanche Reservoir in California (vol-
ume = 514 million m3). Prior to oxygenation, the reservoir was eutrophic with low water clarity,
high chlorophyll a (Chl-a), and blooms of cyanobacteria primarily caused by internal nutrient
loading from anoxic sediments. All 4 trophic state indicators showed major improvement, most
pointing to a new oligotrophic state. Days after HOS startup in July 1993, hypolimnion soluble
phosphate and ammonium concentrations declined and, unexpectedly, nitrate remained low.
This report covers pre-HOS (1988 to mid-1993) and 12yr of post-HOS measurements (mid-1993
to mid-2005). For surface waters during the growth season (Apr-Oct) after HOS, average Chl-a
decreased 79% (14.6-3.1 ug/L) and peak Chl-a decreased sixfold (from 49 to 8 ug/L). Average
Secchi depth increased 10-fold (0.47 to 49m) and peak Secchi depth doubled (4.2-8 m).
Cyanobacteria (Aphanizomenon and Dolichospermum, formerly Anabaena) decreased >95% while
the previously absent Merismopedia, an indicator of clean water, appeared. The large colonial dia-
tom Fragilaria also decreased by >90%. Zooplankton (rotifers and crustaceans) appeared
unchanged. After HOS, late winter surface nutrients prior to the next spring bloom were much
reduced (total phosphorus, TP, by 58%, total inorganic nitrogen, TIN, by 88%). The TIN:TP ratio
dropped from 6 to 1.6. In 2004, the last full year of measurements, further declines were found

KEYWORDS
Aphanizomenon; eutrophi-
cation; nitrogen limitation;
oxygenation

for nitrate nitrogen (42-3 ug/L) and Chl-a (3.1-2.8 ug/L) while TP was unchanged (14 ug/L).

Low levels of dissolved oxygen (DO) have been
used in the trophic classification of lakes for
almost a century. Thienemann (1922) and later
Linderman (1942) considered hypolimnetic anoxia
important in the definition of trophic state.
Anoxia remains a main component of cultural
eutrophication today (Lampert and Sommer 1997,
Kalff 2002, Cooke et al. 2005, Chislock et al.
2013). Anoxia in the sediments promotes internal
nutrient loading and is indirectly due to increases
in external nutrient inputs. In theory, anoxia and
internal nutrient loading might be overcome even-
tually by decreasing external nutrient loading and
thus decreasing algal biological oxygen demand in
the sediments. This indirect approach will take

“years to decades” (IJC 2019), is “mostly

inadequate” (Osgood 2017), and may be impos-
sible due to legacy nutrients accumulated in the
sediments, at least in shallow lakes (Scheffer 1998).
A more direct alternative described here is to add
oxygen to counteract oxygen depletion and thus
decrease internal nutrient loading from the sedi-
ments (Gemza 1997, Beutel and Horne 1999).
Oxygen additions would be continued until the
external sources were sufficiently reduced to make
oxygenation redundant.

The prime purpose of a hypolimnetic oxygen-
ation system (HOS) in Camanche Reservoir was
the prevention of downstream fish kills by sup-
pressing H,S generation in the sediments (Horne
2019a). Nonetheless, an improvement in the
trophic state was anticipated since the sediments
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Table 1. Chemical and biological
1990-1992 prior to HOS
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limnology of eutrophic Camanche Reservoir and trophic state indicators in

Parameters, location

Annual means in growth season (annual ranges)

Eutrophic—mesotrophic border

Epilimnion surface

TP (ug/L) 29 (10-120) 29
Nitrate as N (ug/L) 17 (1-105) 1507
Ammonium as N (ug/L) 8 50?7
TIN (ng/L) 25 200?
TIN:TP ratio 0.86 6.97
Chl-a (ng/L) 14.6 (2-49) 9

Secchi depth (m) 0.47 (0.09-3.5) 2.0

Hypolimnion bottom

Soluble phosphate as P (ug/L) 36 (3-200) 29
TP (ug/L) 79 (1-540) 29
Ammonium as N (ug/L) 260 (5-1700) 50
Nitrate as N (ug/L) 110 (1-390) 150

Oxygen minimum (mg/L)
Hydrogen sulfide

0 (decay rate 0.1 mg/L/d)
Detected via odor

5?
Any present

were the prime target of this HOS. This article
presents short- and long-term effects of HOS on
chlorophyll a (Chl-a), water clarity, nutrients,
phytoplankton, and zooplankton, over 17yr
(1988-2005) from before oxygenation to the
establishment of a new equilibrium.

Reservoir description

Camanche Reservoir was created in 1964 on the
Mokelumne River 10 km below the deeper Pardee
Reservoir. It is a multiuse reservoir with water
supply, recreation, and flood control functions,
owned and operated by the East Bay Municipal
Water Utility District (EBMUD) in Oakland, CA.
A description of the physical limnology of
Camanche Reservoir is given in an accompanying
article (Horne 2019a). Using the trophic classifi-
cation of Cooke and Welch (2008) where
eutrophic is classified as >9 ug/L Chl-a, >29 ng/L
TP, and <2m Secchi disk depth, Camanche
Reservoir was firmly eutrophic (Chl-a, Secchi) or
borderline mesotrophic-eutrophic (TP) by 1987.
The 1990-1992 average growth season Chl-a level
was 14.6 ug/L (22.1 ug/L in Jul-Sep) with peaks
of 45-49 ug/L in the summer-fall blooms. Mean
Secchi depth was 0.47 m, and TP averaged 29 pg/
L (Table 1). Using a similar nitrogen indicator of
eutrophication (TIN >200ug/L), the reservoir
(TIN = 198 ug/L) was on the eutrophic-mesotro-
phic border in 1987.

Hypolimnetic oxygenation system (HOS)

The hypolimnetic oxygenation system (HOS) is
the key to this series of articles, and full details of

the form of HOS used in Camanche Reservoir,
the Speece cone, are described by Horne (2019a)
and Horne et al. (2019). The first reservoir
Speece cone was installed in Newman Lake,
Washington, in 1991, 2yr before the one in
Camanche Reservoir. The goal at Newman Lake
was to reduce eutrophication (Moore and
Christensen 2009), while the primary purpose in
Camanche Reservoir was suppression of sediment
anoxia. This was needed after 1987-1989 when
300,000 young steelhead trout and chinook sal-
mon died in a hatchery located just downstream
of the dam. The hatchery receives bottom hypo-
limnion water. Poor water quality, especially
hydrogen sulfide (H,S) in the reservoir outflow,
was a likely cause of fish deaths (Horne 2019a).
A Speece cone is a downflow submerged con-
tact oxygenation device and consists of a metal
cone of various sizes. For Camanche Reservoir
the cone was 7m high and 3.7 m wide at the base
(Figure 1la). Ancillary structures were a water
pump and inlet and outlet structures (Figs. la
and 1b). The cone was set on the bottom in the
deepest part of the reservoir about 180 m from
dam (Fig. 1c). A 0.9m?/s Flygt submersible elec-
tric water pump pulls cool, low-oxygen water
from near the bed and raises it to the top of the
cone, from which it passes down the cone to the
outlet. Pure gaseous oxygen evaporated from a
shoreline liquid oxygen tank is piped to the cone.
The oxygen bubbles try to rise and the 2 counter-
flowing streams of water (down) and oxygen gas
(up) mix. The flow rates and cone angle are
designed to keep bubbles within the cone until
they are all dissolved (Little and McGinnis 2001,
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Figure 1. The Camanche Reservoir Speece cone. (a) Diagram of the cone, side view (from Brown and Caldwell, 1995). (b) Cone
assembly by the dam (Pan Marine Construction). Cone is the large, 7 m high, white structure on right; large inlet and pump pipes to
top of cone are dark. Outlet manifold (not shown) attaches to bottom left of cone. (c) Final location of the submerged Speece cone
is marked by a buoy (inside triangle) 180 m from dam for which the rock face is at bottom. A 3.5m long fishing boat (circle) just out-
side line of small marker buoys shows scale. Photo shows the first 5km of the reservoir, which holds most of the reservoir volume.

Ashley et al. 2008). The now highly oxygenated
but bubble-free water flows out of the bottom of
the cone and is dispersed back into bottom water
to approximately saturation levels via ports in a
diffuser pipe (Fig. 1a).

The Speece cone differs from most other oxy-
genation or aeration devices in that the oxygen-
ated water plume “hugs” the reservoir bed, rather
than being dispersed throughout the hypolimnion
or entire water column. The temperature increase
inside the cone is very small so the diffuser’s
plume remains as cool and dense as the bottom
water from which it was drawn. The diffuser’s
jets of well-oxygenated water entrain surrounding
low-oxygen water and expand vertically to 9m
and horizontally to the width of the reservoir at

that depth (Horne 2019a). Importantly for discus-
sions of eutrophication, there is no rising bubble
plume to transport bottom water to the surface.
In Camanche Reservoir the upper half of the 20
m thick hypolimnion was little affected by the
oxygenated plume (Horne et al. 2019). Oxygen
needs (8 tons/d) were based on measured hypo-
limnion DO decline and an estimated sediment
oxygen demand.

The reasons for eutrophication in Camanche
Reservoir were not clear. The water supply, the
Upper Mokelumne River, comes from a little-
developed catchment rising to 2616 m (8584 ft) in
the Sierra Nevada Mountains. Possible undetected
and episodic nutrient sources were excess logging
upstream (EBMUD 1996) and wildfires. The few



small settlements in the drainage had wastewater
diverted away from the reservoir by 1968 but
may have had a prior cumulative effect on the
sediments. The huge Central Valley agricultural
industry lies to the west, and fertilizer-rich dust
particles (Baker et al. 2005) and volatile ammonia
are easily transported on windy days (Plautz
2018), as are nutrients elsewhere (Zhang et al.
2019). The reservoir’s drainage basin area is mod-
erately large compared with its surface water area
(48:1), and ratios >40:1 are often associated with
eutrophic status (Horne and Goldman 1994).

Methods

Most limnological measurements reported here
were made between 1990 and 2005, except for
Secchi depth and plankton counts, which were
begun in 1988. After 6yr of oxygenation some
changes in frequency and locations of sampling
were made and sampling was discontinued in
summer 2005. The HOS has continued to the
present. The most consistent dataset from the
index station in the deepest water close to the
dam is emphasized here, since this is the usual
location for sampling in reservoirs. Provisional
analysis of the rest of the reservoir sites (not
shown here) supports the conclusions made from
the index station. Results are reported only for
the surface and the deepest “bottom” water sam-
ple taken about 0.5m from the reservoir bed
using Van Dorn samplers. There was very little
difference in the upper water (0-10m) depth
profiles for nutrients, so surface sample values
represent the entire epilimnion. There was a ver-
tical structure to the nutrients in the hypolim-
nion, with the bottom water showing higher
concentrations of nutrients. Changes in collection
after 1999 eliminated the hypolimnion sampling
at most depths. From 2000 the fixed probe near
the Speece cone was used. This probe is located
near the reservoir bed, so the “bottom” value is
used hereafter, unless specified otherwise. The
bottom water is the most likely to show sediment
nutrient releases and is within the 9 m thick
HOS plume when operating (Horne et al. 2019).
Most importantly, the main outflow from
Camanche Reservoir is close to the bottom since
there is no multiple outlet tower.
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Water samples were analyzed for nutrients:
soluble nitrate plus nitrite, ammonium, phos-
phate, and total phosphorus, all reported as N or
P. Also measured were Chl-a, phytoplankton,
zooplankton, and water clarity as Secchi depth.
Total inorganic nitrogen (TIN: NO; + NH,),
represents total readily biologically available N
and is more useful than total nitrogen (TN) in
these warmer waters where more refractory
organic N concentrations, and thus TN, greatly
outweigh nitrate and ammonium concentrations.
Soluble phosphate is the only chemical form of P
that is released from sediments under anoxic
conditions and the only form available directly to
algae. However, phosphate can be released from
many chemical compounds, measured as TP by
alkaline phosphatase, an enzyme produced by
algae. Data analysis used Microsoft Excel.

Zooplankton were counted from the same water-
bottle samples as phytoplankton, which was the
standard practice at the water agency, rather than
the more usual epilimnion vertical or slanting hauls
using nets of various sizes. Only the surface water
samples are discussed here. The bottle method
reduces the precision for less common large crust-
acean zooplankton but may provide reliable data for
smaller forms like rotifers that may pass through the
normal 135 to 200 pm mesh nets. However, the large
number of individuals collected and counted (6873
rotifers and 2863 crustaceans in more than 200 sam-
pling events) somewhat compensates for the smaller
water volume sampled. EBMUD’s state-certified
laboratory analyzed Chl-a using a conventional
methanol extraction (APHA 1985, 10200H) and
nutrients using EPA methods (nitrate 300, ammo-
nium 350.1, TP 365.2, ortho-phosphate 365.2).
Phytoplankton were counted from surface grab (dis-
crete) samples (APHA 1985, 10200 and 10900C).

The potential for N, fixation was measured as
the ratio of heterocytes to vegetative cells (h/c)
using a microscope at 200 or 400 power with
fresh living samples collected within 24 hours.
Heterocytes are the site of N, fixation most in
planktonic cyanobacteria (Horne and Goldman
1972). Counts were made only for the most com-
mon  cyanobacterium  Aphanizomenon. The
method used was to find a heterocyte and then
count the vegetative cells along the filament chain
until the next heterocyte, continuing as long as
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Figure 2. (a) Chlorophyll a and (b) water transparency in
Camanche Reservoir during the growth season before and
after HOS, which began July 1993. Secchi depth correlation
coefficient is based on a third-order polynomial but the R? for
linear regression was similar.

possible along the often-winding filaments. At
least 10 heterocytes were counted for each of the
triplicate samples. It would have been desirable
to have the h/c ratios from before HOS, but due
to lack of staff these counts were made only after
HOS installation. Metals, turbidity, dissolved oxy-
gen, temperature, pH, conductivity, and other
variables were also measured and are reported in
other papers in this series (Horne 2019a, Horne
2019b, Horne and Faisst 2019, Horne and Jung
2019, Horne et al. 2019).

Results
Chlorophyll, water clarity, and trophic status

Phytoplankton, measured as Chl-a in surface
waters, declined substantially following HOS oper-
ation, and that decline is directly attributable to
the large reduction in internal nutrient loading. In
the pre-HOS period (1990-1992), annual average
growth season for Chl-a (Apr-Oct) was 14.6 pg/L
and dropped 73% after 5yr of HOS operation
(Aug 1993-1999, Fig. 2a, Table 2). Further

Table 2. Summary of declines in chlorophyll a after HOS for
the entire growth season and the key recreational months of
July-September.

Chl-a (ng/L) Secchi depth (m)
Growth Growth
Time season  Jul-Sep  season Jul-Sep
Before HOS (1990-Jun 1993) 14.6 221 0.47 0.35
After HOS (Jul 1993-2004) 31 3.7 49 4.5
After 11yr HOS (2004) 2.8 2.7 5.6 6.7

improvement occurred with continued HOS oper-
ation. For the 11yr following HOS (1993-2004),
Chl-a declined to an average of 3.1 ng/L. For 2004
alone, the last year with a full data set, Chl-a
dropped to 2.8 ug/L, a decline of almost 80% com-
pared with pre-HOS values. Peak Chl-a values fell
65% from 49pg/L  (1990-1992) to 17ng/L
(1994-97) and 84% to 8 pg/L by 2004. For the rec-
reational season of July through September, Chl-a
fell from an annual average of 22.1ug/L before
HOS to 3.7 pg/L soon after HOS began and was
only 2.7 pg/L in 2004, a decline of 88% (Table 3).

As expected from the large Chl-a decline,
water clarity also improved (Tables 3 and 4,
Fig. 2b). Mean growth season (Apr-Oct) Secchi
depth increased from 0.47 m before HOS to 4.1 m
(1993-1997) and to 4.9 for the entire post-HOS
period (1994-2004). For the final full year of
measurement, 2004, Secchi disk transparency had
risen to an average of 5.6m (Table 2). A linear
regression of Secchi depth over time shows a
coefficient of R* = 0.75 (n=239, Fig. 2b). Just
over half of the improvement in water clarity can
be explained by the drop in Chl-a, since the
power regression between the two was R> = 0.59.
Minimum Secchi depth increased from 0.09
(1990-1992) to 1.5m (1993-1997) and 1.8m by
2004. Maximum Secchi depth increased from
42m before HOS to 82m over the next 5yr
(1994-1998). In June 2004, a single peak Secchi
depth value of 10 m was achieved (Fig. 2b).

Nutrients

Concentrations of various nutrients important in
eutrophication before and after HOS were
compared among periods before and after HOS
(Tables 3 and 4). The HOS began in late July 1993
and the immediate pre- and post-HOS values
reported here (Table 3) show that year split into 2



Table 3. Declines in soluble phosphate (as g P/L) in the bot-
tom hypolimnion water (2m above sediment near the dam)
before and immediately following HOS in late July 1993

Bottom soluble phosphate as P (ug/L)

Month
1992 before HOS 1993 after HOS

Aug 39 18
Sep 35 40
Oct 123 38
Mean Aug—Oct 66 32
Std. dev. 50 10
eV % 76% 31%

Table 4. Summary of long-term changes in major nutrients
(ng/L) in the deep hypolimnion and surface waters of
Camanche Reservoir before and after HOS

1990-1992  1994-1997 2004

Years Before 4yr after  11yr after
Hypolimnion water in October (std. dev.)

Soluble phosphate as P (ug/L) 95 (55) 15 (15) 18 (18)

TP (ng/L) 201 (127) 25 (2) 28 (5)

Ammonium as N (ug/L) 706 (523) 28 (25) 14 (8)

Nitrate as N (ng/L) 40 (92) 65 (59) 50 (18)

TIN (NH, + NO3) as N (ug/L) 746 93 64

TIN:TP ratio 3.7 3.7 29

Surface water in Feb-Mar (range)

1990-1992 1995-1999 2004
Soluble phosphate as P (ug/L) 21 (10-31) 7.8 9
TP (ng/L) 33 (20-46) 14.2 14
Ammonium as N (ug/L) 8.0 12.9 17
Nitrate as N (ng/L) 190 (180-200) 42 3
TIN (NH, + NO3) as N (ug/L) 198 549 23
TIN:TP ratio 6.0 4.0 1.6

parts. More detailed comparisons (Table 4) were
made comparing 1990-1992 (preoxygenation;
anoxic hypolimnion), with those for the first 5yr
after HOS (1994-1998), as the new ecological equi-
librium became established, and then 11yr later in
2004 as HOS was run at lower oxygen delivery
rates. Longer term changes for hypolimnion and
surface water-soluble phosphate, TP, ammonium
N, and surface water nitrate N (Figures 2-5,
respectively) are evident. The initial oxygen supply
was 8 tons/d, but because algae had decreased the
EBMUD operators gradually reduced the supply,
monitoring the bottom DO to keep it above 2 mg/
L. By 2004, they had been able to reduce the oxy-
gen feed to 2 tons/d.

Soluble phosphate is the P form most directly
changed by oxygen (Brett et al. 2016) and is
released by anoxic sediments to the bottom
waters. Prior to HOS, anoxia in the hypolimnion
normally began in August so values from mid-
August  through October were compared.
Oxygenation began July 1993 when DO had
fallen to 4mg/L (Horne 2019a, Horne et al.
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Figure 3. Phosphorus species in Camanche Reservoir before
and after HOS, which began July 1993. (a) Bottom water-sol-
uble phosphate. (b) Surface TP. Aberrant peaks after HOS were
due to minimal, late-season only use of HOS (1995) and an
electrical problem (1997) when brief anoxia occurred.

2019). Hypolimnion phosphate concentrations in
August through October during the first year of
HOS were half those in the previous year over
the same period (32 versus 66 nug P/L, Table 2).
For the longer term results, October was chosen
because it was usually the time of maximum
hypolimnion nutrient concentrations in this res-
ervoir where turnover normally occurred in early
November. The pre-HOS phosphate level in
water near the bottom in October 1990-1992 was
95pug P/L. In the first 5yr with HOS
(1994-1998), phosphate dropped 84% (95 tol5 g
P/L). After 11yr of HOS, hypolimnion bottom
water phosphate concentrations changed little.
The average for 2004 was 18 ug P/L (Table 2,
Figure 3a). As with many large new systems,
there was some on-and-off operation of the HOS
in first year of operation in summer 1993. This
may have affected the nutrient fluxes, so the 1993
data were excluded in the following analysis. The
difference between the 1990-1992 and 1994-2004
growing seasons averages for phosphate was stat-
istically significant (p <0.01, t-test, two-sample
assuming equal variances, n =239).



344 A. J. HORNE AND M. BEUTEL

(mg N/L)

Bottom ammonium

Surface ammonium

........

R*=10.1868

R?=0.0257

Figure 4. Ammonium in Camanche Reservoir before and after HOS, which began July 1993: (a) bottom water and (b) sur-

face water.

0.12

0.1 |

0.08 r

ONLY

Surface nitrate-N (mg/L)

.
.

e e ]
.

BRIEFLY

HOS USED

0.02 R2=10.0392
P R VA N | R WAL Ve o T
S O N N N S
PSP A P P P P A P A E N I
F & F F ¢ ¢ & F F ¢ §F & F F ¢ &
N N A N I N A N N A R R\

Figure 5. Nitrate in surface water for Camanche Reservoir before and after HOS, which began July 1993.

For TP, the annual range in the hypolimnion
prior to HOS was large (up to 540 ug/L), but the
seasonal pattern was like that of phosphate.
Comparing values in October 1992, the year
before HOS startup, with the October average for
the 4yr after HOS, there was an 85-90% drop in
TP (201 pg/L to 25 pg/L, Table 4). Concentrations
of TP remained at this level for 11yr, and the
final full year of measurements in 2004 had a
mean value of 28 ug/L. Comparing longer term
averages for the entire growth season, the differ-
ences between the 1990-1992 and 1994-2004

hypolimnion TP means was statistically

significant (p <0.01, t-test, two-sample assuming
equal variances, n=239).

Surface water TP is commonly used as an
indirect indicator of lake trophic status and fol-
lowed the pattern of TP and phosphate in the
hypolimnion. Concentrations during the algae
growth season prior to HOS averaged 29 pg/L
(Table 1), placing the reservoir on the eutro-
phic-mesotrophic border. After HOS, surface TP
declined to 15 pg/L (1996-1999) before stabilizing
at about two-thirds of the preoxygenation levels
(18 ug/L, 2002-2005, Figure 3b). An insightful
illustration of the efficacy of HOS occurred when



normal operation was not maintained. Brief
spikes in surface TP and lesser perturbations in
hypolimnion phosphate occurred in 1995 when
HOS was used for only 1 week in late October
and in 2001 due to electrical failure lasting about
a week (Figure 3b). Both forms of P returned to
low levels once HOS operation resumed.
Ammonium in the hypolimnion was virtually
eliminated by HOS (Fig. 4a). During the anoxic
period (Aug-Nov 1992) just prior to HOS, bot-
tom water ammonium values were very high,
reaching 1700 pg/L in late autumn (Fig. 4b), and
averaged 706 pg/L in October 1990-1992. In
1993, the first year of HOS operation, ammo-
nium in the bottom water of the hypolimnion fell
considerably and never exceeded 50 ug N/L even
in late autumn (Fig. 4b). The longer term view
supports the initial findings with continuing low
concentrations in the bottom water. For October
only during the next 4yr of HOS operation, bot-
tom water ammonium averaged 28pug N/L
(Table 3), then decreased to 14 pg/L in 2004—the
last full year of nutrient measurements. The dif-
ference between the mean values for 1990-1992
and 1994-2004 for bottom water ammonium in
the growing seasons was statistically significant
(p <0.01, t-test, two-sample assuming equal var-
iances, n=142). As with bottom water phos-
phate, ammonium increased to ~200ug P/L in
1995 due to the minimal use (1 week in late
October) of HOS in that year (Fig. 4b).
Ammonium in the surface waters, and thus
directly available for growth, is usually low in
open waters since it is readily taken up by phyto-
plankton for growth and bacteria can gain energy
by its oxidation to nitrate. Prior to HOS, surface
water ammonium was very low at 7pug/L
(1990-1992, Fig. 4b), presumably due to high
demand from the dense algae blooms. After
HOS, surface ammonium increased slightly to
11 pg/L (1994-2005), and after 11yr reached
17 ng/L (2004-2005). These are still very low con-
centrations for freshwaters, but it is interesting
that the surface concentrations did not decline
while  benthic ~ammonium  concentrations
decreased substantially. It is unlikely that there
was direct vertical transport of bottom water
ammonium upward through the hypolimnion
since this HOS system has no bubble plume,
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unlike an aeration-mixing system (see earlier
HOS mechanism summary). One possibility is
that the decrease in cyanobacteria due to HOS
was responsible for the small increase in surface
ammonium. Cyanobacteria in productive fresh-
waters preferentially take up ammonium, while
other algae are better adapted for nitrate uptake
(Cunha et al. 2017).

No increase in Chl-a occurred for this small
increase in surface ammonium, but this might be
due to growth limitation by moderately low TP
(14 ng/L, Table 4). This seems less likely in
Camanche Reservoir since the available surface
water TIN fell by more than 50% (55 to 23 pg/L,
Table 4) between 1993-1997 and 2004. In con-
trast, surface TP remained constant at 14 pg/L
between these 2 periods. Since the downward
trend in TIN followed a 30% decline in Chl-a
(Table 3), it is likely that inorganic N, not phos-
phorus of any kind, was the algal growth-limiting
factor in this reservoir. The small increase in sur-
face ammonium was more than offset by a larger
decline in nitrate.

Oxidation of the hypolimnion using HOS was
expected to reduce ammonium in the bottom
waters (700 ug N/L) by converting it to a similar
concentration of nitrate. Prior to HOS, hypolim-
nion nitrate was low (40pg N/L), so a sharp
increase in nitrate in the hypolimnion water was
anticipated following HOS startup. It was a sur-
prise that even after ammonium had decreased
substantially, the nitrate increase was minimal
(Table 3). Using October as the most stressful
period in terms of oxygen demand, nitrate in bot-
tom hypolimnion water increased from 40 ug N/L
prior to HOS to only 65 g N/L in the 4 yr follow-
ing HOS and fell to 50 ug N/L 11yr later in 2004.
These changes were not due to improvements in
methodology over the 14yr of sampling. Even
though laboratory methods did improve (MDL in
1990 =10 ug/L, in 2004 =6 pg/L) these are small
numbers compared with the changes observed
in nitrate.

The HOS in Camanche Reservoir was designed
to place a layer of high-DO water directly over the
sediments and thus more efficiently oxidize the
surface sediment layers. Overall, oxygenating the
sediments reduced and/or oxidized forms of inor-
ganic N by about 92% (1992 peak ~1800 ug N/L,
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almost all ammonium N; 1993 peak = 93 pg N/L,
more nitrate than ammonium). Thus, the 1993
peak nitrate value is not representative of the final
decline to be expected with HOS used regularly
over years. Importantly for reservoir management,
inorganic N reductions apparently need more time
than soluble phosphate reductions when
using HOS.

Prior to HOS, surface nitrate N followed the
typical pattern of nonagricultural regions with rela-
tively low winter maxima (up to 1000 nug/L) and
summer minima (~10pg/L) after summer algae
blooms (Fig. 5). Following HOS, surface nitrate
remained very low for almost all the next 11yr.
Averages were 17 ug N/L (1990-1992), 9ug N/L
(1994-2004), and 6pg N/L (2004 alone). Not
using HOS in 1995 except for a brief time at the
end of the thermally stratified period increased
surface nitrate N to pre-HOS winter levels at turn-
over (Fig. 5). Thus, both surface nitrate N and
phosphorus responded rapidly to anoxia when
HOS was not used.

Reduction in bioavailable N and P in the bot-
tom waters of the hypolimnion should affect
nutrient levels in the surface waters following
winter overturn. If so then there should be an
effect on algae growing the following spring.
Concentrations of TIN and TP in late winter
(Feb—Mar) when the reservoir was still in its win-
ter mixing period give a robust measure of
potential trophic state. For example, the log-log
plot of spring concentrations of TP versus sum-
mer Chl-a is one of the most frequently used
regressions in applied limnology (Dillon and
Rigler 1974). Mean TIN in surface waters in the
pre-HOS late winters of 1990-1992 was 198 ug/L,
compared with 55 pug/L in following years (Table
3). For TP the late winter values were 33 pg/L
before HOS compared with 14 pg/L after HOS.

The N:P ratio indicates a balanced nutrient
ratio for algal growth at ~10:1 by weight, P-limi-
tation if >10 and N-limitation at <10. For this
analysis TIN:TP was used since it best represents
biologically available nutrients rather than
TN:TP. Because TIN is used, the ratio of TIN:TP
will bias the ratio toward N-limitation, but use of
TN:TP even more strongly biases toward a very
high P-limitation since organic N is so high and
nitrate so low in the warm waters of Camanche

Reservoir relative to lakes in cooler climates. For
example, in a survey of 729 lakes in Michigan
(Fuller and Taricska 2011), the average surface
water ratio of TN:TP was 44 (nitrate N =260 pg/
L, TN = 790 ug/L, TP = 18ng/L), which shows
strong P limitation, but so does the TIN:TP ratio
of 17.7 (ammonium N =60pg/L). In Camanche
Reservoir surface water TIN is always low (mean
= 25pg/L) and organic N always high (~1500
pg/L) and TP moderate (29 pg/L) so shows very
different ratios with TN:TP (51.7) compared to
TIN:TP (0.86, Table 1). The main sources of
nitrate in most surface waters are agricultural run-
off, atmospheric deposition, and sometimes waste-
water inflows and urban runoff. The main losses
of nitrate are sediment deposition and denitrifica-
tion. The latter is strongly temperature-limited
and may explain part of the differences in cold cli-
mates for nitrate accumulation, which is ubiqui-
tous, even in the very large, oligotrophic Lake
Superior (Sterner 2011).

The TIN:TP ratio in Camanche Reservoir indi-
cated moderate N-limitation in the epilimnion in
late winter, prior to the spring algae bloom
(TIN:TP = 6) prior to HOS (Table 3). Increasing
N-limitation occurred over the next 11yr with
ratios of 3.7 (1995-97) and 2.9 (2004 alone).
Considering only the most critical month of
October, the ratio in the bottom hypolimnion
water eventually fell to 2.9 (Table 3).

Changes in phytoplankton and zooplankton

Cyanobacteria have long been a concern in
eutrophic conditions. Because some produce tox-
ins such as the liver-damaging microcystin or the
neurotoxin anatoxin, these algae are undesirable
at high concentrations. The HOS in Camanche
Reservoir rapidly reduced the biomass of
Aphanizomenon, the most common potentially
toxin-producing genus present. In California and
almost everywhere else this alga is most common
in the warmer months when thermal stratifica-
tion is strong (Horne 1979, Kanoshina et al.
2003). Before HOS, Aphanizomenon was found in
Camanche Reservoir from June to October.

Prior to HOS, Aphanizomenon counts for indi-
vidual samples often exceeded 300 million cells/L,
but a month later the same site would only
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Table 5. Changes in dominant phytoplankton and zooplankton including colonial cyanobacteria before and after HOS which

began in late July 1993.

Average cells/L (algae)

Years after HOS Aphanizomenon Dolichospermum Fragilaria Rotifers (annual mean) Crustaceans (annual mean)
Before: 1988-1992 3,681,000 148,354° 400,000° 29 9.4
After +1-2 363° 2015° 138,000° 100 11
+5 84,483 179,000° 36 13
+6 0.8 50 19 10
+11 (2005) 70 7270 26,690 30 12

?Aug 1988-May 1989. PAug 1994-May 1995. ©1998-2000. dAug 1988-May 1998.

record a few hundred cells per liter. Counts of
buoyant colonial cyanobacteria are often erratic
from week to week or month to month, reflecting
natural fluctuations and spatial heterogeneity
(Sandusky and Horne 1978, Horne and Commins
1987, McDonald and Lehman 2013). Algae sam-
pling began before nutrient measurements and,
measured as the average cell count per collection
in the growth season (Apr-Oct), Aphanizomenon
prior to HOS (1988-1992) averaged 3.7 million
cells/L but fell more than 95% to 363 cells/L after
HOS (Aug 1993-May 1994, Table 4). This alga
continued at low concentrations until sampling
was discontinued in mid-2005, although occa-
sional smaller blooms occurred (Table 5). Unlike
the pre-HOS populations, Aphanizomenon was
found in low numbers (<1500 cells/L) in the
cool November-March period. Dolichospermum,
the other common toxin-producing cyanobacter-
ial genus, showed a similar decline (Table 5),
though not quite as dramatic as that for
Aphanizomenon. Prior to HOS, Dolichospermum
was found at more than 148,000 cells/L but
declined to between 50 and 7999 cells/L over the
period 1994 to 2005 (Table 5). Changes in other
algal genera were observed but are more complex
to interpret and are beyond the scope of this art-
icle. Aphanizomenon and Dolichospermum were
much more common than other cyanobacteria in
Camanche Reservoir prior to HOS, but this
changed after HOS. One clear example was the
appearance of the small colonial cyanobacterial
genus Merismopedia, which was absent prior to
HOS but showed a brief bloom (2100 cells/L) in
June-July 2004. The species is sometimes consid-
ered an indicator of clean water (Palmer
et al. 1977).

The ratio of heterocytes to vegetative cells (h/c)
can be used to determine the N stress placed on
some cyanobacteria (Horne and Fogg 1970)

because heterocytes are the site of effective N, fix-
ation (Horne and Galat 1985). No heterocyte
counts were made prior to HOS, but between
2000 and 2004 the h/c ratio was estimated on the
8 occasions when Aphanizomenon was present.
There was a remarkably constant h/c ratio, averag-
ing 1:18. When there is ample TIN (>150 pg/L),
Aphanizomenon has few heterocytes and an h/c
ratio of ~1:400 (Horne 1979). However, when
TIN concentrations fall to lower levels the h/c
ratio can rise to as high as 1:10, indicating high
N, fixation. The high h/c ratio in Camanche
Reservoir after HOS indicates that N stress was
severe. It is also possible that iron may be limiting
now in Camanche Reservoir as it is in other
California lakes and reservoirs (Elder and Horne
1977, Wurtsbaugh and Horne 1983).

The large decrease in Chl-a suggested a reduc-
tion in biomass for all types of phytoplankton,
despite their different buoyancy strategies. The
large colonial pennate diatom Fragilaria, which is
common in mildly eutrophic waters (Lund 1949),
was also common in Camanche Reservoir prior
to HOS (Table 4). Fragilaria showed declines
similar to those found for Aphanizomenon. Like
most planktonic diatoms, which are heavy due to
their silica cell walls, Fragilaria blooms during
well-mixed periods like spring and early winter.
Fragilaria’s main bloom in Camanche Reservoir
was in April-June, with lesser blooms in
October-December. This seasonal cycle con-
trasted with the opposite strategy of the buoyant
cyanobacteria, which bloom in the strongly strati-
fied warm conditions of summer and early fall.
After HOS, Fragilaria numbers declined by 66%
from an average of 400,000 cells/L (Aug 1988-May
1989) to 138,000 cells/L (Aug 1993-May 1994,
Table 4). The reduction continued (179,000 cells/L,
Aug 1998-May 1999), with further declines after
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Figure 6. Zooplankton in near-surface water of Camanche
Reservoir before (1988-1992) and after (1994-2004) HOS,
which began in July 1993. Grand annual means were rotifers
29/L (before) and 50/L (after); crustaceans 9/L (before) and 12/L
(after) HOS. Incomplete or no data are available for 1994
and 1996-1998.

11yr to 26,000 cells/L or about 7% of the pre-
HOS Fragilaria population.

Rotifers are the most important soft-bodied
invertebrates in  the freshwater plankton
(Hutchinson 1967), although they are not often
included in reservoir management studies. In
Camanche Reservoir the most abundant rotifer
was Keratella, a common genus that grazes on
small ciliates and phytoplankton in the 4-17 pm
size range (Walz 1995; Weissel and Frahm 2001).
Annual mean concentrations for rotifers varied
from 3.1 to 100/L, similar to the range for some
other, similar eutrophic freshwaters (Nauwerk
1963). Rotifers appeared to have increased follow-
ing HOS. Prior to HOS, annual means averaged
29.3/L (1988-1992), while after HOS (1994-2005),
means averaged 50.4/L. However, the increase was
not statistically significant (p=0.2 for all data,
n =168, two-tailed test, equal variances) and was
confined to the early years after HOS (1995-1999,
Fig. 6). Rotifer counts varied a great deal each
year, so finding significant changes would require
a large difference. The few years of increase are
shown also in the comparisons of the pre-HOS
years (29/L, 1988-1992) and the second post-HOS
year, for which there is a full dataset (1995, 100/L,
Table 5, Fig. 6). After 11yr of HOS, the annual
average for rotifers was 30/L, similar to pre-HOS
findings. Some rotifers cannot thrive when using
Dolichospermum as a primary food source (Qiugi
et al. 2014) but might also be affected by a decline
in diatoms.

For the larger crustacean zooplankton, the
annual mean concentrations varied from 4.1 to

23 individuals/L with peak numbers averaging
51.9/L (range 28 to 94/L). The annual average
number of crustaceans prior to HOS was 9.4/L
(1988-1992), while for comparable periods after
HOS the average was higher at 12/L (Fig. 6). The
differences were not statistically different
(p=0.022, n=174, two-tailed test, equal varian-
ces), Nevertheless, the small increase could be
real since the high variation in numbers for each
sampling reduces statistical power. Eleven years
after, HOS zooplankton concentrations were
unchanged at 12/L (Table 5). Annual average
peak numbers were 57.8/L before HOS and
slightly lower at 48.7/L after HOS. Average crust-
acean densities in the surface water of Camanche
Reservoir are lower than in some other eutrophic
waters; in particular, the pre-HOS May-August
averages of 15-22/L compares with about 20/L
(Madison Lake) and 100/L (South Center Lake)
for 2 Minnesota lakes with peak Chl-a similar to
pre-HOS Camache Reservoir (Heiskary et al.
2016). The lower numbers are possibly due to the
surface sampling during daylight hours rather
than epilimnion vertical hauls, since large zoo-
plankton tend to avoid illuminated water to
escape fish predation. Nonetheless, zooplankton
sometimes peak in lake surface water (Halvorsen
et al. 2004).

Discussion

This article reports the first successful long-term
use of a large HOS when used alone. Some
smaller HOS systems have successfully reversed
eutrophication, but few results are available in
the archival literature. Examples in the gray lit-
erature (nonarchival publications like consultants’
reports that may or may not be peer reviewed)
include small Speece cones in Indian Creek
Reservoir, California (California Waterboards
2014), and Marston Reservoir, Colorado
(WaterWorld 2012), and pure oxygen bubbles in
Arvada Reservoir, Colorado (Dominick and
DiNatale 2009). An exception is the Speece cone
in Newman Lake, Washington (Moore and
Christensen 2009, Moore et al. 2009, Moore
2012), where eutrophication was reversed.
However, the Newman Lake story is complicated
by three other management techniques: direct
whole lake alum treatment, later continuous alum
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Table 6. Delineation of trophic state based on 4 commonly measured variables, 2 direct (algae and water clarity) and 2 indirect
(nutrients). The table is based on literature surveys summarized in Horne (1996) and Cooke and Welch (2008)

Direct measures growth season surface (Apr-Oct)

Indirect measures late winter surface (Feb—Mar)

Trophic state Chl-a (ng/L) Secchi depth (m) TP (ug/L) TIN (ng/L)
Hypereutrophic >25 <1 >100 >1000
Eutrophic 8.1-25 1-2 30-100 300-1000
Mesotrophic 3.2-8 2.1-38 9-29 90-290
Oligotrophic <3.1 >39 <8 <80
Hyperoligotrophic <1 >8 <2 <10

additions through the Speece cone along with the
oxygen, and substantial watershed improvements.
Another successful HOS application was in
Upper San Leandro Reservoir, Oakland, CA (vol-
ume = 40 million m’) using an uncontained
bubble plume (Mobley et al. 2003). But again, the
results were complicated by artificial extended
spring destratification using air lift pumps. In
that case the idea was to prolong the spring dia-
tom bloom and restrict the June geosmin-produc-
ing bloom of Dolichospermum (Horne et al.
2003). In Camanche Reservoir the HOS was used
alone and 11yr of post-HOS data enable a longer
term assessment of its performance.

The change in trophic state at Camanche
Reservoir was rapid. Large reductions in TP,
phosphate, and ammonium in the hypolimnion
occurred within 4 weeks with no increase in the
low levels of nitrate. For comparison, about 5yr
was required to achieve comparable results dur-
ing the successful reversal of eutrophication in
Lake Washington, Seattle, WA, after sewage
inputs were diverted (Edmondson 1972, Horne
and Goldman 1994, 503). Lake Washington is
about 6 times larger than Camanche Reservoir,
and it never had an anoxic hypolimnion, though
the hydraulic residence times of both are short.
Importantly, improvements at Camanche
Reservoir were achieved without moving the
nutrient load to another downstream site.
Wherever they came from, the legacy pollution of
nutrients in Camanche Reservoir is now locked
in the bottom sediments as phosphorus com-
pounds or released as N, gas to the atmosphere.

The oligotrophication of Camanche Reservoir
required regular use of HOS in summer-fall. The
2 occasions when HOS was not used showed an
increase in bioavailable phosphorus and possibly
ammonium soon after sediment anoxia resumed.
Maintaining a minimum bottom water DO of
>5mg/L, rather than the 2mg/L used currently

at Camanche Reservoir, would give a greater
margin of safety. Depending on the kinetics of
sediment oxygen demand induced by HOS, the
additional 3 mg/L DO safety factor would provide
2 to 6weeks of sediment nutrient releases sup-
pression without HOS.

Change in trophic state

The trophic state changes found in Camanche
Reservoir attributable to HOS can be determined
using 4 commonly measured variables: 2 direct
and 2 indirect (Table 6). Two out of the four
indicators showed a change from eutrophic to
oligotrophic, one showed a change from mid-
mesotrophic to oligotrophic, and one showed a
change from borderline eutrophic to mid-meso-
trophic. Based on direct measures of Chl-a and
Secchi depth, HOS changed the trophic status of
Camanche Reservoir from eutrophic to oligo-
trophic. Chl-a decreased from 14.7 to 2.8 pg/L
and Secchi depth increased from ~0.5 to 5.6 m.
In addition, peak Secchi depth rose in 2004 to
10m, which is an indication of a hyper-oligo-
trophic state (Table 6). The two indirect meas-
ures, TP and TIN, gave slightly different results.
The TP in late winter surface water prior to the
spring phytoplankton bloom moved from border-
line eutrophic (29 pg/L) before HOS to mid-mes-
otrophic (14 pg/L) afterward. Much less attention
has been paid to the effects of TN in a trophic
state and even less for TIN. Using TIN as a
trophic state indictor in Camanche Reservoir fol-
lowing HOS (Table 6), the trophic state changed
from the meso-eutrophic boundary (TIN 198 pug/L)
to strongly oligotrophic (23 pg/L).

We could find no other studies on the effect of
HOS on zooplankton, which appeared unaffected
by HOS at Camanche Reservoir, although there
was a limited dataset. The Speece cone HOS tech-
nique is possibly the least physically disturbing of
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the common oxygenation or aeration management
methods, and as such would only affect zooplank-
ton indirectly. Based on the large decline in Chl-a,
it might be expected that zooplankton would have
less food and show declines. Yet crustaceans such
as Daphnia and Bosmina, common in California
waters, do not feed on large colonial cyanobac-
teria. In experiments zooplankton reject them and
they may even be toxic to most zooplankton
(Lampert and Sommer 1997, Qiuqi et al. 2014).
although there is debate about this (Haney 1987).
However, large Daphnia do feed on diatoms like
Fragilaria, for which the populations fell 66% soon
after HOS and 93% after 11yr.

Since crustaceans showed only a small and
statistically nonsignificant increase due to HOS
and rotifers only a short-term increase, it is pos-
sible that zooplankton abundance in Camanche
Reservoir was not food limited between 1988 and
2004. Aphanizomenon and Dolichospermum prob-
ably did not play a major role in the planktonic
food web, and large diatoms like Fragilaria were
probably present in excess of zooplankton needs.
The large stocked sport-fish populations and the
absence of an oxygenated hypolimnion refuge
from predation for large zooplankton prior to
HOS may have depressed crustacean zooplank-
ton abundance.

The most unexpected finding was that the high
ammonium concentrations present in the anoxic
hypolimnion in July 1993 were not nitrified to a
stoichiometric equivalent amount of nitrate fol-
lowing oxygenation (Beutel 2006). Nitrification
presumably occurred, but only a few weeks after
HOS was switched on, ammonium and nitrate
were both very low. The loss of nitrate is likely
due to coupled nitrification—denitrification
(CND) and has since been observed in both lake
aeration studies (Horne 2013) and laboratory
experiments using isolated sediment cores from a
very shallow, eutrophic Machado Lake Reservoir
in Los Angeles, CA (Horne 2009). The CND
hypothesis is that HOS or aeration do not fully
oxygenate the sediments of most reservoirs all
the time (Horne et al. 2019). Unlike the rather
stable deep ocean anoxic layer or well-mixed
wastewater treatment plants, the beds of reser-
voirs have spatial variation over time (day-night,
seasons) and geographic variation (old stream

trenches, zones of high biological oxygen demand
[BOD] deposition). This variability could give
opportunities for alternation between lower and
higher DO, as has been shown in summer over
several years during artificial aeration in
eutrophic Lake Elsinore in southern California
(Horne 2013). Another possibility is anammox,
which also converts NH, to N, but via a different
pathway (NH,© + NO,” — N, + 2H,0).
Anammox needs less oxygen than denitrification
so is favored in permanently anoxic sites like the
deep ocean or wastewater treatment plants where
nitrate is low. However, anammox bacteria grow
slowly and thrive best at higher temperatures
than the 13C found on the sediments of
Camanche Reservoir (Shen et al. 2017).

Oligotrophication by decreasing nitrogen

Reduction of overall TIN in the surface waters
prior to the spring algae blooms (decrease of 83%
from 198 to 23 pg/L) seems more important in
Camanche Reservoir than reducing TP (decrease
of 58%, 33 to 14pg/L). This finding is partially
supported by recent work (Bergstrom 2010, Paerl
et al. 2016) that considers both N and P to be
important. An important question is whether N,
fixation by cyanobacteria would compensate for
reductions in bioavailable N, making N reduction
not a suitable lake management strategy as was
suggested by Welch (2009). In Camanche
Reservoir heterocyte to vegetative cell counts on
the small amounts of Aphanizomenon still pre-
sent after HOS indicate that N, fixation was
approaching the maximum rate (Horne 1979).
Nonetheless, this rate was insufficient in this case
to allow the large blooms that occurred in the
pre-HOS  period. The approximately 50%
decrease in TP may have interacted with a low
nitrate and lower soluble iron concentrations
(Horne and Jung 2019) to give the observed
decline in cyanobacteria following HOS.

Application of HOS to reservoir
management elsewhere

From the reservoir manager’s viewpoint, the large
reduction in peak algal biomass may be more
important than changing trophic state. Nuisances
and impairment of public use of reservoirs are



often associated not with the mean or median
but with peaks and unsightly surface scum-form-
ing blooms. Peak Chl-a values in Camanche
Reservoir fell by 65% from 49 pg/L (1990-1992)
to 17 pg/L (1994-1997) and by 84% to 8 pg/L by
2004, 11yr after HOS.  Scum-forming
Aphanizomenon fell by more than 90%.
Ammonium peak value prior to HOS was
1700 pg N/L (Oct 1990), a level high enough to
deter fish, so its reduction to low levels by HOS
would assist in maintaining a healthy cool-water
fishery in the hypolimnion. In our opinion, lake
and reservoir managers can use HOS with confi-
dence that it will reduce eutrophication in mod-
erately eutrophic, thermally stratified lakes and
reservoirs with anoxic hypolimnia whether algal
growth is limited by N or P or both. This state-
ment assumes that internal loading of nutrients is
the source driving summer-fall eutrophication.
Removal of soluble phosphate during HOS was
rapid, probably weeks at most. Because there are
several stages in the removal of inorganic N, its
removal may take a few months, based on the
Camanche experience.

The nutrient budget for Camanche Reservoir,
as for many eutrophic lakes, is dominated by
internal nutrient loading (Filbrun et al. 2013)
from releases from anoxic sediments. The Speece
cone variant of HOS should be most effective at
reducing algae in such waters because it places a
stable dense layer of high DO water directly over
the sediments. What is less certain is the effect of
HOS if the summer-fall nutrient budget is domi-
nated by surface water inflows. For example,
wastewater inflows from cities or agriculture and
summer rains flush nutrients directly to the res-
ervoir, and hypolimnetic oxygenation or aeration
may have less effect on algae. However, in tem-
perate climates, the inflowing, cooler and denser
water from summer storms generally flows just
below the thermocline (DiNatale Water
Consultants 2018). This mid-level water is sus-
ceptible to treatment with oxygen. In such cases,
general hypolimnion oxygenation might be best
(Mobley et al. 2003). In any situation, correctly
designed HOS will reliably eliminate one of the
worst scourges of eutrophication, a fishless,
anoxic deep-water zone (Welch et al. 2011).
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Summary

The hypolimnetic oxidation system (HOS) using a
Speece cone installed in Camanche Reservoir in 1993
produced the following changes in trophic state:

e Chlorophyll a: mid-eutrophic transformed to
oligotrophic based on changes in seasonal mean
and maximum.

e Water clarity (Secchi depth): middle eutrophic
transitioned to middle mesotrophic based on
seasonal means and maximum water clarity.

e Total phosphorus: borderline eutrophic altered
to mid-mesotrophic.

e Total inorganic nitrogen: mid mesotrophic
transformed to strongly oligotrophic.

e Cyanobacteria: blooms stopped; cell concentra-
tions fell >95%.

e Diatoms: dominant
declined ~75%.

e Zooplankton: crustaceans rose slightly after HOS
and rotifers showed a short-term (few years)
increase but samples were from surface water

Fragilaria cell counts

only and differences were not statistically signifi-
cant; no decline in zooplankton observed.

e Nutrients: TP, soluble phosphate, nitrate, and
ammonium all declined substantially (>50%)

e Unexpected effect on the N cycle: nitrification of
ammonium in the hypolimnion did not result in
high nitrate, which remained low; bacterial
denitrification at the moderately warm (13-15
C) sediment-water interface could account for
the lack of nitrate.
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