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SummarY

The Marine Review Committee (lrIR.C) 's studies of giant kelp were done

over a ten year period and included sampling of nanral populations, experimental

manipulations and transplants in the fie14 and psslanistic studies both in the field

and in the laboratory. These studies were combined rvith an extensive investigation

of the effects of SONGS on the physical environment. In combinatioq these studies

show that the operations of Units 2 and 3 of the San Onofre Nuclear Generating

Station (SONGS) had substantial and adverse effects on the population of giant

kelp in the San Onofre kelp forest (SOK). These results are summarized in Table 1'

The operational period that was snrdied included years in which giant kelp was very

successful in producing new plants and incteasing its density and areal extent

throughout southern California (e.g. 1936), and other years in which giant kelp did

quite poorly (e.g. 1983). Because our shrdies etrcompassed such a broad range of

conditions, the effects we have seen are quite likely representative of the average

effects that will be seen in the future.

Extensive diver and shipboard SONAR surveys over the ten year period

showed that both the areal extent and density of giant kelp in SOK were reduced

below the levels they would have obtained in the absence of SONGS. By comparing

the dynamics of giant kelp in SOK with those in the San Mateo kelp forest (SMK)'

we estimated that the area in SOK covered by moderate to high density stands of

giant kelp was reduced by approximately 80 hectares (by about 60Vo)' Density of

adult giant kelp on areas of hard substrate was also reduced, particularly in the

upcoast offshore portion of SOK where losses reached rcatly 80Vo' Throughout

SOK we estimated a loss in average standing stock of approximately 59,000 adult
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and subadult plants that can be attributed to operations of SONGS. We emphasize

that our estimates of losses in SOK are based on the dynamics of that forest, relative

to SMK and not just on the absolute densities of kelp in SOII This is an important

strength of the Progam since the Past few years have been partiorlarly good ones

for kelp recnritment througbout southern California. If we had not been comparing

SOK with a control bed, we might 6ays mistakenly concluded that SOK was not

impacted because of the recent production of new plan6 there.

Units Z and 3 of SONGS affect adult giant kelp density by inhibiting the

production of new adults. Two separate sarrpling programs showed that the decline

in the production of adulr was preceded by substantial declines in the production of

small (10 cm to one m) sporophyes. During an intensive snrdy of recruitment

during 1986, higher mortality was seetr in small sporophytes transPlanted near the

diffusers. During the operational period, fewer sporophytes were produced from

gametophytes at experimental stations in SoK when those stations were exposed to

plume water for a greater fraction of the time. Experimentally outplanted

microscopic sporophytes also showed Poorer performance when exposed to the

plume water. The mechanisrns for these impacts include an increase in seston flu'x

and a decrease in irradiance. The relationships between biological characteristics of

giant kelp and physical and chemical variables were established through laboratory

experiments, and experiments in the freld done over nearly all of the l'0 year period'

The initial production of microscopic sporophytes from the senral stage (the

microscopic gametophyte) is both positively related to irradiance and negatively

related to high levels of seston flux. Higher seston flu:t values are also correlated

with increased mortality rates of small sporophytes. In addition' the $ofih rates of

all sporophyte stages are positively related to irradiance' Oceanographic studies

have shown that the vertical flux (settling) of seston increased in the upcoast half of



SOK and seston concentration near the bottom increased throughout the kelp

fbrest. Irradiance reaching the bottom also declined throughout the kelp forest.

Overall, the effects we have seen on giant kelp follow the MRC's earlier

predictions. The observed effects were most marked in the ofBhore and upcoast

quadrant of the kelp foresg where they were predicted to be most severe. In

addition, they were manifested by the early sporophyte stages, also in agleement

with the predictiors. Finally, our conclusioq that SONGS adversely affected giant

kelp, is based on precisely the kind of evidence that the MRC argued, epioi, would

indicate an effect: the density of giant kelp in the area downcoast of the diffusers

became relatively lower, in comparison with densities in the San Mateo kelp forest,

our control.

The effect of SONGS on giant kelp in SOK is likely to have indirect 9ffects

on other species. These include a decrease in the recntitment of some fish species,

a reduction in the density of invertebrates that live on kelp fronds, and perhaps a

decrease in the production of red sea urchins and other invertebrates, which depend

upon drift giant kelp for food.

The studies of giant kelp by the MRC broke new ground in understanding

the population biology of this species. By foorssing on the mechanisms by which

SONGS might influence the production of new plants, the results not only allowed

an evaluation of effects of the power plant, but also will facilitate the study of

potential impacts of other projects. We established quantitative relationships

between physical variables such as light and seston flulq and the performance of

microscopic and small macroscopic kelp stages. Much was also learned about the

longevity of the microscopic stages and the dispersal of kelp spores' This
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information is of interest both for its inherent value and because it provides some of

the tools needed to evaluate tle consequetrces of the loss of a kelp forest, and to

determine how such a forest might be reestablished.



1. Introduction

Populations of giant kelp, Macrocystis pyrifera, are one of the most extensive

and valuable resources fognd off the California coilst. Giant kelp is hawested and

used in the manufacture of a wide range of products (Ashkenazy l'975, North 1'976'

American Gas Association L977). In addition, forests of giant kelp are very

productive ecological habitats that harbor a rich and complex biotic community

(North 1971 and references therein, Rosenthal et at.1974, Hobson and Chess 1976,

Bernstein and Jung 1979, Coyer 1984, Foster and Schiel 1'985, Coyer 1986)' Giant

kelp is the main structural component of kelp forest communities, and provides

living space for hundreds of species of fishes, invertebrates and algae (North L97L).

Many species of frsh and invertebrates that comprise nearshore corlmercial and

sport fisheries are intimately associated with Macroqstis forests at some point in

their life history (Limbaugb 1955, Quast 1968, Burge and Schultz 1973, Miller and

Giebel 19?3, Feder et a1.1974, Ebeling et at.L98O' Dean et aL 1984. Harrold and

Reed 1985, Hallacher and Roberts 1985, Bodkin 1986). There is also strong

evidence that the abundance of some species of frshes is tied to the local abundance

of giant kelp plants (Bray and Ebeling 1975, Isrson and DeMartini l'983, Ambrose

1.987, Ebeling and I-aur 1988, Holbrook et al. in press, DeMartini and Roberts

submitted (and Final Technical Report J), Bodkin 1988, Carr 1989)' Further' the

replenishment of local populations through lanral recnritment is positively related to

the presen ce of. Macrocysrrs for several reef fishes (Larson and DeMartini 1983' Carr

198e).

Giant kelp has a complex, heteromorphic life history fig. 1). Adult

sporophytes attain lenglhs of tens of meters. These planc are generally attached to
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hard substrate on the ocean's bottom by a holdfast, but most of the tissue is in the

water column or at the surface where fronds often form a dense canoPy' which

reduces the light reaching the ocean floor. "Reproductive" adults (large

sporophytes) release zoospores, a microscopic haploid stage. After dispersing,

generally for a few to tens of meters, spores settle and develop into female or male

gametophytes. These microscopic plants constitute the senral generation of the

kelp life history. Foltowing fertilization of the nicroscopic female gametophyte, a

microscopic diploid asenral sporophyte is produced. This tiny (about 45 microns in

length) sporophyte grows into a small plant with a single blade, and is the first stage

in the life cycle readily observable in nature. The single blade then grows and

differentiates into two fronds. This c:tn occur when plants are as small as l'0 cnr' but

usually does not occur in the kelp forests near San Onofre until planS are about 40

cm in height. These small plants, with more th'al one fron4 but less than a meter in

lengt\ were called juveniles. The plant continues to grow and produce new fronds,

eventually lsashing the water's surface.

This report evaluates the effects of the discharge from SONGS' Units 2 and3

on giant kelp in the San Onofre kelp forest (SOK). Units 2 and 3 of the nuclear

generating station use a once-through cooling system. Each unit takes in sea water

at a single intake, Pumps the water to the condensers where it is used to cool the

secondary coolant" and then returgs the seawater to the ocean through a diffuser

with 63 separate ports (Interim Technical Report 1). At full operation' Units 2 arrd

3 in combination can circulate L x 10? m3 per day. when the water is discharged

through the diffgsers, approximately 10 times this volume is secondarily entrained

into the resulting the plume (Interim Technical Report 1, Final Technical Report

L). Beyond 100 m from the diffusers, elevations in temperature are less than 0.5oC

(Final Technical Report L). The diffgser system was designed to Prevent large



increases in temperature by rapidly diluting the cooling water by mixing it with

ambient water (Interim Technical Report 1., Final Technical Repon L)' The

resulting plume is often tubi{ due to increased seston load, and predominantly

moves towards the sou&east (i.e. downcoast, Fig.2) with prevailing curents (Finat

Technical Report L). The new Units began test pumping in 1980 and 1981, but did

trot reach full operational levels of water circulation until mid-1983 (Interim

Technical Report 1).

In the vicinity of SONGS the coast is oriented northwest - soutleast. Most of

SOK is downcoast (southeast) of the diffusers, and prior to operations of Unia 2

and 3, it extended 1e yTithin 150 m of the diffusers (Dean 1980). SOK is located

about 2 km offshore at the same depth as the diffirsers, and extends 2-3 km

downcoast from the diffusers. In 1980 SOK consisted of 80 ha of dense Macroqstis

canopy, and an additionat 60 ha of scattered plana. (Dean 1930)' Because of

SOKs locatio& the nrbid plune from the diffusers of Units 2 artd 3 reduces light

lssghing the bottom yithin SOK on the order of 0.4 '0.6E/mz/d during the 60Vo of

the time when tle current moves dourncoast (Appendix A and Final Technical

Report L). This reduction is equivalent to about 26Vo of. average irradiance levels in

SOK). SONGS may cause a somewhat smaller increase in irradiance within SOK

when the current is moving northwest due to clearer'makeup" water being drawn

inshore over the kelp forest. However, the evidence for this positive effect is less

conclusive. Ignoring this possible positive effect, the average reduction in irradiance

in SOK is about L6Vo, tal6111g into account that the plume from the diffusers only

moves southeast about 60Vo of. the time. If we take the possible upstream positive

effect into account (assumed to be half the magnitude of the downstream effect)'

the overall reduction within SOK is estimated to be 0.21 E/mz/d, or approximately

L2Vo of. the average irradiance within soK (Appendix A). There is also evidence
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that the turbid plume generated by SONGS leads to an increase in the vertical flux

(settling) of seston (suspended panicles) within uPcoast SOK and an increase in the

concenttation of seston near the bottom throughout the kelp forest (Appendix A)'

Giant kelp forests have been uncommotr in the vicinity of San Onofre- Over

the period of the MRCs shrdies, there have been only three kelp fores6 in the

general vicinity of the San Onofre Nuclear Generating Station (SONGS): the San

onofre (soK), san Mateo (SMK), and Barn (BK) kelp forests. sMK is located

approximately 4.5 km to the nortb, and BK is located approximately 1L km to the

south of the generating station (Fig. 2). At times in the past' and in the past few

yeirs (1986-1989), gant kelp has appeared' in a patchily distributed fashioo'

especially inshore (i.e. 5-10 m depth), between these three kelp forests' However'

based on the harsher physical conditiors inshore, and past historical Patterns' we

expect these new areas with giant kelp to be less persistent than the SMK SOK and

BK kelp forests.

The SlvIIi BI! and SoK kelp forests differ from others in San Diego county

in that a substantial proportion of the substrate consists of boulders, cobbles, and

coarse sand, rather than consolidated reefs. Only the Barn kelp forest is located

where there is also a substantial proportion of consolidated reef' All three of these

beds consist of lou/ relief substrate. The algal community consists of a canopy of

giant kelp, and an understory composed primarily of the brown algae Pterygophora

califomica, Cystoseira osmundacea, Larninaria farlowii and occasionally Desmarestia

ligulata, and the red alga Acrosoium uncinatttm. Common macro-invertebrates

include red and white sea urcbins, gorgonian corals and a variety of molluscs (Final

Technical Report F). The historical Pattems in the persistence and areal extent of

these three kelp forests in the San Onofre area iue presented in more detail below



(Section 2).

The MRC'S research on giant kelp proceeded along several lines. First'

sampling snrdies were done to characterize the spatial and tempord patterns of kelp

abundance in the field. A reduction in giant kelp abundance near SONGS during

the After period relative to abundance at a control site or sites is regarded as

circumstantial evidence for a SONGS effect (see Interim Technical Repon 2). Both

San Mateo and Barn kelp forests were considered as Potential controls in the MRC

studies. However, early in the MRCs studies it was recognized that simply sampling

kelp in SOK and at a control location before and after SONGS began operating

would nol alone, establish that SONGS had affected the kelp population. Although

nearby kelp populations do tend to track one another in abundance and spatial

extent (North 1971, Neushul 1981, Tegner and Dayton 1987), individual beds can

demonstrate somewhat independent d1mami65 over a period of a few years (Dayton

et aL !984,North 1971, Nisbet and Bence 1989). For exarnple, San Mateo and San

Onofre kelp forests have generally tracked one another well, but Barn kelp has

behaved quite differently (Section 2, and Dixon et at. 1988)- The MRC kelp

program was therefore also designed to identif the mechenisms of impacts'

Researcb on the effects of Unit I indicated that recmitment of microscopic

stages of giant kelp was inhibited by an increase of nrrbidity and sedimentation

(Deysher and Medler 1978). It is likely that these smaller stages would be more

strongly influenced by a reduction in irradiance and an increase in sedimentation'

This is because light must Pass through the entire water column to reach small

individuats located on the botton\ and these individuals experience more scouring

over their entire surfaces than individuals that extend up into the water column (see

also Deysher and Medler 1.978, Dean 1980). Based on these and similar results, the
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MRC predicted that a turbid plume emanating from the diffirsers of Units 2 artd 3

would adversely affect giant kelp populations, by limiting recruitment into the

canopy-forming stage (Dean 1980). It was predicted that the maximum impact

would be in the upcoast offshore portion of SOK where densities would be reduced

E to 70 Vo (Murdoch et al. 1980. Dean 1980), because of proximity, and because

physical models predicted that the turbid plume would pass over the offshore

portion of SOK most of the time (Reiuel 1980). This prediction was made with

some uncertainty because the extent and nrrbidity of the plume from Units 2 zrtd 3

could not be predicted with great confidence, &d because the extent to which

densi tydependentProcessesmighlcomPensatefor losseswasunknown.I t is

possible, for example, that a reduction in the production of young plants would be

compensated for by an increase in the fraction of the plan6 that were produced that

survived to enter the adult population.

The original evidence, indicating that increases in turbidity or sedimentation

would lead to a reduction iu recmitment, was based on a relatively small number of

samples of only one of the microscopic stages (gametophytes) of giant kelp (Dean

1980). The MRCs sfirdies of giant kelp built uPon these early data One approach

was laboratory experimentation in which irradiance and other physical factors were

manipulated. The second approach was to outplant various stages of giant kelp at a

Control site in SMK a3d at various locations in SOK These outplants had two main

purposes. First, mechenisms of effects could be identified by relating the

performance of outplanted individuals to aspects of the physical environment (e'g'

amount of irradiance, sedimentation rate). Second, effects could be linked to

soNGS by comparing the perfonnance of the outplants located in the plume to the

performance of outplants that were outside the plume'



A third aPProach was to study intensively a resuitment episode to determine

at what stage, il -y, recruitment was intelTupted by the power plant' This included

transptanting cobbles bearing microscopic and small macroscoPic stages of giant

kelp to control and impact areas during periods when recruitment events seemed

likely. This approach was used in 1985 and 1986, by which time the available

evidence suggested that tbe plume from SONGS' Units 2 and 3 was impeding

uahrral recnritment of macroscopic sporophytes.

The second and third approach can provide evidence for SONGS effects that

might otherwise not be found in a reasonable time. However, our ultimate goal was

to evaluate the effects of SONGS on the abundance of large plants. Thus, effects on

individual life-stages needed to be related to the numbers of adults that were

eventually produced. This was a difficult and not completely resolvable tash

because there is evidence that mortality and growth within a cohort of giant kelp

depends upon its own density (Dean et al. Lg87 arrdinpress, Reed wbmitted' Dayton

et al. Lg84) and the local canopy of adult kelp (Dean et al. L987, Reed and Foster

1984, Santelices and Ojeda 1984). For this reason' sampling of the adult stage was

essential.

Although we Present the results of the studies on giant kelp as an integrated

whole, information relevant to the biolory of giant kelp and the effects of SONGS

' on this species comes from a variety of studies, so6e of which were concerned

primarily with organisms other than kelp. For example, density of giant kelp has

been estimated by the Ketp Ecolory Project (KEP: directed by Dr' Tom Dean'

University of California, Santa Barbara) along fixed U''nsects' by the Kelp

Invertebrate Project (KIP: directed by Drs. Stephen Schroeter and John Dixon"

University of Southern California) in fxed quadrats as part of a study of benthic
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invertebrates and in widely distributed random quadrats as part of a study of sea

urchins and kelp rectgitment" and by Eco-systems ManagemeDt Associates (Eco-M:

directed by Mr. Karel Zabloudil and Dr. John Reitzel), using downJooking and

side-scan SONAR. Much of the work on giant kelp has relied uPon an extensive

field snrdy of the oceanograPhy in the area by Eco-M. The field coutractors

reported their results in a series of frnal rePorts. This technical report further

integrates these results. It is not the intent of this rePort to replace the extensive set

of final reports submitted to the MRC. We refer to those reports for details on

methods, and the dslails of the results that explored the basic biolory of giant kelp.

We present results and analyses in detail where they bear direAly on the effects of

SONGS.



2. Description of the StudY Area

2.1 Characteristics of local kelp forests during the MRC's investigations

San Onofre kelp forest (soK), and san Mateo kelp forest (sl'flQ (Figs' 24)

are somewhat unusual in San Diego county in substrate composition (Table 2)' A

high ploportion of the substrate in these two forests consists of cobbles aod

boulders, rather thas consolidated reef (Tabl e 2). To <rur Laowledge' the only

5imital boulder fieid that supports a gant kelp population is.oiShore from Imperial

Beach, jrst south of San Diego Harbor. A tbird kelp forest oear San Onofre' Bam

(BK) (Figs. 2 and 5) has extensive aleas of both reef and cobble subsgate' and is

more similar to otber kelp forests in Nonheru San Diego County (Table 2)' Bo&

SOK and SMK occur on fields of cobbles a:rd bouiders, which are set in a gravel and

sand matrir The substrate at SMK includes a greater proportion of very iarge

boulders, which ocor in large piles in parc of tbe bed' As a result' average bottom

relief is higher at sMK than at solc Also, at sMK the large cobbles and bouiders

tend to be set in a matrix of gravel and small cobbles, whereas at soK the boulders

and cobbles are SruTounded by coarse sand. As a result, there are more crevices

that migbt provide shelter to invertebrates in SMIL Nevertheless SMK is the local

kelp forest 6s515imilar to SOK

Maooqstis pyrifuawas the predominant zurface canopy-forming alga within

SOK and sMIc Of the uuderstory algae that are generally found in southern

California kelp forests, Pterygophora californica aod Cystoseira osmundacea were

often abundant at our snrdy sites (Table 3). Laminaria farlowii was generally
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present in the shallower portions of SOK but was not courmo* Eisenia arborea was

rare. Desmarestia ligulata, an ephemeral species of brown algae, was occasionally

extremely dense. Rock surfaces, especially in the shallower part of the beds, were

generally dominated by encnrsting gelallins algae and a red algal turf, of which

Acrosorium wtcinanm was often a prominent member.

SMK and SOK were also somewhat unusual in that white sea urchins,

Lytechirus ancune&ts, ocqured in relatively large numbers (Table a). From 1980-

1987 red sea urchins, Strongiocentrotus franciscatus, were also abundant at SMK

(Table 4), and in some portions of SOIC

In the early 1980's, commercial sea urchin divers found larger populations of

red sea urchins io SOK and SMK than in any other kelp forests between San Onofre

and Point Loma (Dave Rudy, penonal communication). Feeding aggregations or

"frontsn of red sea urchins formed in both of these kelp forests from time to time;

horpever, intensive cornmercial harvesting from 1981 to 1984 reduced the density of

red sea urchins in both beds. Purple sea urchins, S. purpuratus' were more

numerogs at SMK than at SOK which was probably a reflection of the greater

amount of cryptic habitat at the former site.

Prior to 1981 sea stars were common in all the kelp forests. The bat star,

Patiria (Asterina) miniata, was partiorlarly abundang especially in SOIC In the

surlmer and fall of each year from 1981 to 1984, sea star populatiors suffered

catastrophic mortality &om epizootics caused by a marine bacteriurn' Wrio patiiae

(Schroeter er at. 1.988). After that time the density of sea stars was low'

10



The gorgonians Lophogorgta chilensis, Muicea califomica, &d M. fruticosa

were found in all three kelp forests, but only Muicea sPp. were abundant. Muicea

populations were generally denser in SMK and BK than in SOI1 Other abundant

nacro-invertebrates were the gastropods Keltetia kelletii, Contts califomica, Mitta

idae, Pteropulpu.ra festiva, Muwellia 7emma, and Murqiella surtafos@ta (Table 4'

See also Final Technical Report F).

The assemblages of fish were similar in SOK and SMK prior to the

operations of SONGS Units 2 a1^d 3 (Final Technical Report J). Common species

seen in the water column in both forests were kelp perch (Brachyisus frenatus),

senorita (eyiulis californica), kelp bass (Paralabru, clathrarus)' halfmoon

(Medialuna catiforianis), and white sea perch (Phmerodon fiircan'ts)' Common

species of fishes associated with the bottom substrate within both kelp forests were

senorita (Oxyjutis califomica), kelp bass (Pualabru, ctathrarus). California

sheephead (Semicossyptttts pulcher), white seaperch (Phanerodon furcants), black

perch (Embiotoca iacksoni), rock wrasse (Halichoeru semicincfits), pile perch

(Rhacochifiis vacca), blac}smith (Chromis pwaipinnis), black croaker (Cheilotrema

s aturrunt), and barred sand bass (P aralabrc nebulifer).

22 History of Giant Kelp Forests in San Diego County

prior to the MRC srudies, the kelp forests in the vicinity of SONGS had been

mapped over the years using a variety of techniques, including surveys of canopy

areas by se*ant triangulation, aerial photography, and mapping of subsurface plants

by means of side-scan and down-looking SONAR. These records allow a rough

estimate of the location and approximate size of kelp forests in San Diego County at
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the times of the various surveys, which occurred sporadically over a period of about

75 years (Dixon et aL.1988).

In 1911, kelp forests were present at most locations along the coastline from

San Diego to Point Conception where suitable substrate occurred. SOK SMK and

BK kelp forests existed theq and also at the time of sun'eys in 1934 and in the early

1950's.

Canopies at SOK and SMK disappeared completely during the 1958-1959 El

Nino, and BK was reduced in size. It has been hlpothesized that the die'off was

related to either abnormally high water temperature (North t97L), or low nutrient

concentrations associated with the higb water temperatures (Jaclaon1977)'

The SMK and SOK kelp forests became reestablished in L970 and L972

respectively. The kelp forests generally flourished for the next several years until

another partial die-off occurred in the summer of. L976. The size of other kelp

forests in southern California also declined during that summer (R. McPealg Kelco

Div., Merck lnc., penonal communicaion).

The SMK and SOK kelp foresc began increasing in size again in 1977, and

increased sbarply in 1978 and 1979, following widespread recmitment events.

During those periods, MRC investigators noted large numbers of small'blade-stage"

(see Methods) Macrocystis throughout SOK and SMK (Tom Dean' penonal

obseruation).
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From late 1979 until early 1982, both SOK and SMK declined slightly.

However, the most striking event that occurred was the decline and disappearance

of BK during 1980. The decline apparently began in the sPring of that year, with the

sharpest period of decline in population density between June and November, after

which only a few scattered adult plants remained. For the most part, we stopped

sftdying BK at that time.

We think that the most likely explanation for the die-off at BK in 1980 is that

heavy sedimentation within the kelp forest inhibited recruitment and perhaps also

killed adutt plans. Rainfall was unusually heavy during L978, 1979' and l'980

(Dixon et at. Lg8l,Fig.32), and that led to high discharge volumes from creels and

strearns. The discharge rate was so high during 1980 that the meter used to measure

the flow rate was washed out of Las Flores Creelc, which lies just inshore of BI(

(Dixon et al.lg88). What was unique in the vicinity of BK was that the heavy rains

resulted in extensive landslide activity and cliff erosion along the shoreline adjacent

to the bed in February 19?8, and again in February 1980 (Kuhn and Shepard 1984).

Enormous amounts of sediments were deposited offshore, creating a series of sand

bars. We noted extensive sand movement onto several of our stations h BK during

sumrner 1980. While some areas did not get covered with sand, a layer of fine

sediments covered the kelp fronds and hard substrata throughout the bed- We

suspect tle loss of the BK forest resulted from an inhibition of recnritment due to

the covering of much of the available hard substrata by sediments, and perhaps also

by an increase in the mortality rate of adult plana. Once giant kelp was essentially

extinct at BK an early resurgence was probably prevented because no local source

of spores remained. The BK forest did not become reestablished during the period
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of the MRC field studies, and not until 1987 did a substantial population of adult

giant kelp again develoP there.

The die-off of plants at BK was a very localized event, and we }now of no

other forests from Point Conception to San Diego that experienced such a decline at

that time. Both before and after this period, the changes in the area of giant kelp at

SOK and SMK tracked each other quite well. Consequently, we discontinued using

BK as a ncontrol" kelp forest and used SMK as our control. Because such large

natural changes in ketp populations are possible, the MRC studies of giant kelp

combined a study of mechanisms with the monitoring of nanrral populations'
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3. METI{ODS

The MRC's studies of giant kelp incorporated a variery of different

laboratory and field approaches, under the direction of several different principal

investigators, over a ten yeu!,r period. Here we summarize the methods that appe:Lr

in the final reports of the original investigators, and refer the reader to those reports

for additional details. When necessary, we present additional methodological

dsleils that were not included in previous repons.

Giant kelp has a complex life-history, &d individuals range in size from

microscopic to tens of meters in length. In addition to the microscopic gametophyte

and sporoPhyte stages, we defined four macroscopic stages (blades, juveniles,

subadults, aud adults) corresponding roughly to size categories (Fig. 1). Blades

were defined as plants with a single short stipe and a 5inglg lamina (blade) wrinkled

at the base, which may have begun to split. Juveniles were plants less than one

meter in height with at least two fronds. Subadults were plants greater than one

meter in heigbt with a primary dichotomy which was not overgrown by haptera

(element of tbe holdfast). Adula were generally larger than subadults and had

haptera above the primary dichotomy. They often formed a surface canopy, and

most adults possessed reproductive blades terned sporophylls.

The MRC's studies fall into three groups: (1) field sampling of macroscopic

stages of nanrral giant kelp through time, (2) examination of experimental kelp

populatiors in the field, and (3) laboratory experiments. We present an overview of

these three types of studies in the next three paragraphs, and then a more detailed

accounting of the methods.
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(1) A variety of different approaches was used to sample kelp in the field.

Down-looking SONAR sampled relatively large areas and was therefore best at

sampling the large but least numerous adult stage. Much smaller areas were

sampled by divers to obtein accruate counts for the numerous blades and small

juveniles following a recruitment episode. Finally, individual plants were marked by

divers and followed through time providing information on mortality rates.

(2) Experimental kelp populations were used extensively. Included in this

goup were outplants, where gametophyt€, misle5sopic sporoPhyte, and juvenile

giant kelp were placed at standard locations in the field repeatedly over a period of

years extending from before SONGS Units 2 and 3 began operating until well after

operations began Additional experiments were designed to snrdy the 1986

recruitment episode. These included sirurpling of gametophytes by collecting

cobbles and ortturing them in the laboratory transplanting of microscopic

sporophytes that had recmited to natural cobbles, transplanting of blade-stage

plants, and a more extensive than usual ouplanting of juveniles. AdulS were also

6ansplanted near the diffusers where adult mortality had previously been high.

Over the coruse of the MRCs sftrdies a number of other freld experiments was done

that investigated how nutrient limitation or canoPy shading influenced the preadult

stages of giant kelp. These studies provided useful background information on the

biologt of giant kelp, and the metbods and results are Presented in detail in Dean el

at. (L987).

(3) A number of laboratory experiments was done to identify the

mechanisms by which SONGS might impact giant kelp. Irradiance' temperature'

and nutrients were manipulated in these experimenS. These experiments also

16



provided useful background information on the biolory of giant kelp. Details of

methods and results are in Dean et al. (L987).

Physical and chemical measurements were made during several of the kelp

snrdies. Moreover, the MRC sponsored an extensive study of oceanographic

processes in the San Onofre area. This work included a detailed study of how

SONGS'plume reduced irradiance levels on the sea floor. Although these studies

were to some extent integrated with, and motivated by the kelp studies, tle details

of this work are presented in the Final Technical Report ou Oceanography (Report

L), which we refer to when necessary. Some additional analyses of seston and

irradiance data directly related to this rePort are included here as Appendix A

Many field stations were used in the snrdies of giant kelp. To clarif the

presetrtation of the results we have adopted the following naming conventions' The

main portion of SOK located downcoast (southeast) of the dihrsers, was divided

into four quadrants: SOKU35, SOKU45, SOKD35, and SOKDaS (Fig. 3)' The two

upcoast quadrants were designated as SOKU, and the two downcoast quadrants as

SOKD. The enrting'35, was attached to the inshore quadrants and the ending'45'

was attached to the oftshore quadrants, &d refers to the approximate depth (in

feet) of water in these a.reas. The patch of kelp a few hundred meters upcoast

(northwest) of the difhrsers was called SOKN. The offthore and inshore halves of

SMK were czlled SMK45 and SMK35, respectively (Fig. a)' At times we also

needed to identi$ individual sites within subareas of soK or SMK (usualty because

multiple sites were being disorssed within the same subarea)' The names for these

sites begin with L (for location) followed by the six character name for the general

area of the site (e.g. SOK[J45), and sometimes end with additional letters used to
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uniquely identify the site. For example IJOKU45CL is a specific site within the

upcoast offshore quadrant in SOIC The locations of all the stations used in the

studies reported irr this report are given in Appendix B.

3.1 Studies of Natural Populations of Giant Kelp

3.1.1 Counts of Adults and Subadults

3. 1. 1. 1 Down-looking S ONAR Cottttts

We used down-looking SONAR as our primary method for assessing the

density of the larger stages (subadults and adults) of giant kelp. This method was

specifically developed to r6sess the density of giant kelp over large areas within

SMK and SOK a task that would have been prohibitively expensive by diver

surveys.

Sonarsuwe} ' so fke lpwereconduc tedbyEcosys temsManagement

Associates (Eco-M) in SOK and SMIC In our analyses we present results for SIvIIL

soK and separately by quadrant within soIC The areas surveyed correspond to

those shown in Figs. 3 and 4. SOKN is included as Part of SOK and all analyses of

SOK as a whole using doum-looking SONAR included this subarea Beeilning in

February 1982, SONAR estimates of kelp densities were made approximately'every

six months. Following the completion of the tenth survey under MRC auspices in

SeptemberlgST,additionalsurve}'sweredonebyEco.MunderSouthernCalifornia

Edison (SCE) funding. Data from the additional surveys, through Feb' 1989' were

processed by Eco-M and provided to the MRC in time to be included in this report'
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The down-looking SONAR s5rstem consisted of a SONAR transponder

attached to a small boat, a navigational system to record the boat's position at a

gven time, and a precision graphic recorder which recorded the SONAR echoes.

rifithin each large block, the boat seatainiqg the SONAR equipment moved over a

predetermined grid, with distances between transects of the grid at approximately

100 m intervals. The boat moved at a speed of approximately 2.7 m/sec, and its

position was recorded at approximately 80 m intewals (i.e. every 30 s). These

recorded boat positions are termed shot points. Kelp density was.estimated in

rectargles that were centered at these shot-points and were approximately 6 m wide

(3 m on either side of the transect center line), and about 80 m long (the usual

distance between shot points).

Adult and subadult kelp plants in a SONAR beem returned an echo that

generally produced a distinctive linear trace otr the record. Calibration studies

(conducted by KIP and KEP in collaboration with Eco-M) determined that plants

with less than eight stipes were often overlooked, but larger plants nearly always

were counted. This size corresponds to a large zubadult or young adult plant. The

counts of kelp traces on SONAR records per meter length of the transect were

related to kelp density in plan6 per square meter by using a mathematical model.

The assumptions of the model were tested with field observations. The estimates of

kelp density obtained by the model were in good agreement with those based on

diver counts. Additional details of the methods used during SONAR surveys and to

determine kelp densities at shot points from SONAR records are in Reivel et al.

(1987 a).
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The results of. the down-looking SONAR surye)6, along with detailed

substrate maps obtained from side-scan SONAR (Reitzel et al. L987 b), were used

to determine ketp density Per unit area of hard substrate (i.e. > 107o cobble as

indicated on side-scan SONAR maps), and to determine regions in which this kelp

density exceeded a specified threshold value (e.g. greater than 4/100 m2)' Average

kelp densities were calculated using only density records for shot points over hard

subsfate. Shot points were classifred as being from areas of hard or soft substrate

based on the substrate maPs generated from side-scan SONAR surveys' Within a

given region, the area for which kelp density exceeded specified values was

determined simply as the proportion of all shot points on hard substrate for which

density exceeded the specified value, times the total area of hard subsuate within

the region-

3.1.1.2 Transec*

The Kelp Ecologr Project (IGP) monitored the fate of giant kelp plants

along pennanent transects from 1978 througb the end of 1986' They conducted

surveys at approximately monthly intervals iD 1978 and at quarter$ intenrals

thereafter. Through May 1981, all Macrocystis that had reached the juvenile stage

were narked and counted. Thereafter only new adult plants were marked'

We used data from the permanent transects to assess recmitment into aod

moftality of adult giant kelp populatiors. The transect data were well suited for this

purpose because individual plans were marked and followed through time, starting

in the Before period, both at SOK and at the control (SlvfK)' Adult recruitment

rate was estimated as the number of new adults that appeared during the interval
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from one census to the next, divided by the time period between censuses' Adult

per capita mortality rate between survey i-l and survey t 1Mi), was estimated as:

Mi=[og(Ni-r)-log(Si)]/ti (1),

where Ng is the number of adults alive on survey i-1, $ is the number of these

adults still present and alive on sgrvey l" and ti is the time between the i-1th and ith

survey. (Different letters are used to represent the initial number and their

survivors since initially all adult plans were included, while at the next survey only

those plants that had been presetrt on the prior sgrvey were included')

We also used these data to assess temporal pattems in adult kelp population

density. Althougb down-looking soNAR records produced estimates over larger

a^reas, and therefore were more indicative of density in the kelp forest as a whole

(see above), the density data from the transects were valuable because they have

been recorded since 1978, while down-looking soNAR data are available only from

1982 onward. Kelp plants were cognted by diven in other suneys described below'

but the resulting data were generally not useful for assessing adult density' due to

the smaller areas samPled.

There were 20 pern:urent transects in soK and four in SMIC Each transect

was 50 m long by 6 m wide, and was marked with steel bars driven into the sea floor

at 1-m intervals. Twelve transects were initially established in the SOK in the

srunmer of 1978. Another transect was added in March 1979 to expand coverage of

the forest. In 1981, two transects were established in SMK in order to provide a

control stations at Some distance from SONGS'diffusers' In December 1982' KEP

established seven new transects in soK and nro in sMK to provide more complete

coverage of both kelP forests.
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Ten of the 20 transects in SOK and two of the four transects in SMK were

initially established perpendicular to the edges of the kelp forest, with half of each

of these transects on cobble substrate outside of the kelp forest, and half extending

under the ketp canopy. These sites were chosen in order to monitor any expansiea

or contraction of tlese kelp forests. The other transects were established in dense

patches of kelp that prior observations indicated had persisted for several years.

For the analpes presented here, trensects were gfouped by areas (SIVIIL

SOKU35, SOKU45, SOKD35, SOKD45). In addition to the four transects in SMK

there were four to six tr:urects within each of the subareas of SOIC We first

estimated resuitment and mortality rates for each transect and then averaged these

by areas. Additional details of the methods used on the tr'znsect sun'eys can be

found in Dean et al. (L987, Sections 8 and 10), and Dixon et aL (L988, Section 3)'

3.1.2 Counts of young giant kelP (blades and juveniles)

3.1.21 Bed-wide sa,mpling of kelp recruitment

In September 1981, the Kelp Invertebrate Project (KIP) set up a grid of

stations in both SOK and SMK to e,ramine the distribution and abundance of sea

urchins and newly recruited giant kelp. In these surveys, four stages of' Macroqstis

(blades, juveniles, subadults and adults) were counted, along with sea urshins and

understory algae. Substrate characteristics were also recorded. We used data from

these quadrats to assess recmitment of blade and juvenile kelp. Although larger

plana were also counted, t}re area sampled was too small to accurately assess their

densiw.
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Originally,24 stations were placed on hard substrate in SOK and 1'1 in SMIC

In November 1.985 six additional stations were placed in SOK and two in SMIC

Two new stations were also placed in SOKN at this time, but we do not use data

from these stations in our analyses. In our analpes we grouP the quadras into the

following areas: SMK SOKU35, SOKU45, SOKD35, and SOKD45. Prior to May

1984, counts were made in tlree 4-62 quadrats at each statio& and in five l'-m2

quadrats thereafter. Sunep were conducted quarterly except during 1983 and 1984

when they were done nrice a year. A detailed description of the methods used to

monitor these small quadrats is given in Schroeter et aL (1988).

3.1.22 IkIp counts from the study of bmthic invertebrates

KIP also established a group of stations used primarily for the shrdy of large

benthic invertebrates (Final Technical Report F) in October 1980. Data from the

SOKU45, SOKD45 and SMK45 subareas were anallzed for this report (additional

datawere collected in Barn Kelp Forest, see Final Technical Report F).

In these subareas the abundances of the four macroscopic stages of giant

kelp (as well as a suite of invertebrates and understory algae) were estimated

quarterly through December 1982, semiannually from January 1983 througb May

1984, and quarterly thereafter through November 1986. The percent cover of

various substrate qtpes (e.g. sand, cobble, boulders, etc.) was also estimated in each

quadrat. Prior to June 1981, only subadult and adult kelp were counted since

smaller plants were either absent or very rare. Beginning in June 1981, following a

recnritment episode, blades and juveniles were also counted. Each station consisted

of a grid of 40 perrranent 1-62 quadrats spaced 4 m apart along four 4Gm transects.
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The transects radiated from a center point to form a cross' centered on a 0'65

hectare plot.

We used tlese data along with the data from the bed wide recruitment

stations described above, to assess recrnitment of blade and juvenile giant kelp.

Additional detail on the sampling methods can be found in Final Technical Report

F.

32 Studies of Experimental Giant Kelp Populations

3.2.1 Outplant and Transplant Techniques

3.21.1 Gomaophyte OutPlants

KEP exemined the production of sporopbytes from gametophytes by

ouplanting known densities of gametophytes on nylon lines and sampling these

lines six weels later to determine the number of sporophytes produced'

Gametophyte outplants were placed in the field on a total of 39 dates in the Before

period (November LSTI - August lg82) at one to five stations, and on 24 dates in the

After period (May 19&4 - July 1986), at three to five stations. Procedures for

arhrring gametophytes on lines in the laboratory outplanting, ild counting the

number of sporophytes produced are described in detail in Dean et 4l- (L987), and

are briefly summarized below.

Sporophylls were collected from adult sporophytes in SOK and were

returned to the laboratory. Spores were then released from the sporophylls to make

an inoculation solution which consisted of a known density of spores in filtered
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seawater. Plastic plates with nylon line substrates were placed in the inoculation

solution overnight. The next day one line was removed from each plate and the

densities of gametophytes on the lines were estimated. The plates with the

ls6aining lines were outplauted onto PVC racks at field sites in SOK and SMIC

After six weels in the frel4 the plates were collected and returned to the laboratory

where the number of sporophytes per line was estimated. The proportion of

gametophytes producing sporophytes was then calculated as the ratio of sporophyte

density at the end of the outplant.to the idtial female gametophyte density

(assumed to be half the initial gametophyte density). Over the range of

gametophyte densities used, initial density did not influence the proportion of

gametophytes producing sporophytes (Dean et al. L987, see also Reed in press)' A

six-week exposure period was used because previous studies had indicated that the

mardmum densiry of sporophytes was generally reached after this period in the field

(Dean et aL.1987, Section 5.0).

The number of substrate plates and the nunber of lines per plate varied as

the experimental design evolved. Generally, trvo plates with seven lines per plate

were outplanted to the sea floor atd 2 m above the sea floor at each station

(Appendix G to Dean et al.lg87). In addition, plates were also placed at 4 m and 6

m above the bottom in SMK45 during 1981 and 1982. Substrates were placed in the

water column to provide a wider range of physicochemical regimes.

The instruments used to measure the physical factors were attached to the

same racks holding the plates. Temperature, irradiation, seston flux (accumulation

of sediments in plastic tubes), and nitrogen concentrations (NOz' + NOr + NHa*)

were measured. Details on their measurement are in Appendix C to Deali. et al.
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(1987). Nitrogen values were not used in analyses because they were measured too

infrequently. Instead, we used temperature as a prory for nutrient status because

nitrogen concentration was well correlated (negatively) with temperature' and

because low temperatures are indicative of nutrient rich uPwelled waters

(T.immerman and Kremer L9&,Final Technical Report L).

A number of stations in SOK and SMK was used in the gametophyte

outplarts (See Appendix G to Dean et at. L987 for a complete list of stations). A

station in SOKD45 was used continuously since 1977, a station in SOKU45 was

added in June, 1979. An additional station in SOKD35, and two in SMK45 were

added in August, 1981, and a station at SOKU3j (LSOKU35) was added in

October, 1985. Note that outplants were placed at one of the nilo SMK45 stations

only on a subset of suweys, and consequently this site is not used as a second control

In addition to the standard outplants described above, an addiuonal set of

outplants was done during a time when phpical conditioru made the production of

sporophytes unlikely. These outplants were intended to determine whether older

gametop\ftes enter a "resting stage' with low mortality rates' This was of interest

becarse of the hypothesis that such a resting stage migbt allow a kelp forest to

recover after all adults had died, without a source of recmir from outside the local

area The methods and results of these outplants are described in detail in Dean er

at. (1987).
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3.2.1.2 Microscopic Sporophyte Outplants.

The growth and survival of microscopic sporophytes was examined by

ouplanting known densities of newly recruited sporophytes on nylon lines attached

to substrate plates, and examining these lines after three weels to determine the

size of sporophytes and the number of suwivors. Lines were inoculated with

gametophytes, in the same way as for the gametophyte oulPlants described above

(Section 3.2.I.L),kept in laboratory culture under optimal conditions for two weeks

until sporophytes-were produced, and then oulPlanted to freld sites. Laboratory

culture conditions used for sporophytes are given in detail in Dean et al. (1987'

Section 6.0).

Transport and attachment of experimental substrates, the set of stations

used, and the measurement of physical factors were the same as for the

gametopbyte oulPlants. In outplants since 1981, substrates were placed at the

bottom at up to six freld stations. During earlier outplants (1979-1981) substrates

were also placed two m above tle sea floor. Immediately prior to oulplanting, one

line from each plate was selected at random and removed to determine initial

densities and lengths. Two to three lines from two substrates were sanpled after

the plates had been in the field for approximately three weels' Sporophyte

outplan6 were placed in the freld on 15 dates during the Before period (September

LgTg - September tg82) at two to six statioDs, and on 11 dates during the After

period (July 19Sa - July 1986) at three to frve stations.

Sporophyte growth was defrned as the instantaneous rate of change in length

as a proportion of initial length, and was estimated as the difference benreen frnal

and initial log transformed lengths divided by the outplant duration; i.e. by:
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g=[og(ls,n"r)log(linit"r)]/duration (2)'

where lno"r ed linitd 3r€ the final and initial lengths and duration is the duration (in

days) of the outplant period. Mortatity rate was estimated as the difference between

the initial and final log trensformed densities, divided by the oulplant duration

(after Eqa 1).

3.2.2 Cobble transplants and samPling

Cobbles were tralrsPlanted as part of the detailed study of the heavy

recrgitment episode in 1986. Gametophyte availability was monitored by collecting

cobbles, returdng them to the lab, anlturing theq and counting the number of

sporophytes that were produced. We assumed that differences in sporophyte

densities following culturing reflected differences in gamslsPhyte densities in the

field.

Cobbles were collected from one station in SMK (in SMK45) and four

stations in SOK (one each in SOKU45, SOKD|j, SOKU35, and SOKD35) at

approximately monthly intervals between November 1985 and July 1986' Beginning

in May 1986 the standing stock of microscopic sporophytes was assessed by counting

the number of sporophytes oo cobbles immediately after their collection at these

same stations. During this srme time period (November 1985 'July 1986)' and at

these same stations, slides were placed in the field at approximately monthly

intervals and left in place for two week periods. These slides were then collected,

cultured in the lab, and the numbers of resulting sporophytes were counted' The

slides were used to determine whether patten$ seen in standing stock of

gametophytes corresponded to the numbers of gametophytes that accumulated (i'e'
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settled and survived) over two week periods. Detailed methods of collection and

orlturing are in Dean et al. (1987).

The survival and growth of newly recnrited microscopic laminarian

sporophytes w:ls assessed in a transplant experiment (At tbese early stages it was

not possible to distinguish Macroqstis from other leminarian species.) Many of

these plants werc Mac,rocystis, as indicated by the subsequent heavy recnritment of

giant kelp. Othen were the understory a\gae, Pterygophora califomica' Details of

the methods used in this transplant experiment are in Schroeter et al. (1988' Section

4.1), and are srunmarized here. Approximately one week after high densities of

sporophytes were seen at sl\dlq on May 16, 1986, cobbles were collected at sMK

and transplanted to six transplant sites: two in SMK45, and one each in SOKU45'

SOKU35, SOKD45, and SOKD35. The overlayrng canopy of' Macroqstis arld

understory algae had been cleared from all of these sites to equalize conditions at

the different locations.

Six trays were placed at each site, with four cobbles in each tray. Three trays

at each site were secqred to the sea floor with T-shaped steel ban. Three other

trays were held approximately 20 cm above the sea floor on T'shaped bars partially

driven into the sea floor. The latter treatment was used to exclude sea urchins.

After eigbt weeks the cobbles were collected and renuned to the laboratory

where all sporophytes on the cobbles were counted and measured' In order to

determine sporophyte densities, an index of the surface area of each cobble was

obtained by tracing its outline onto Paper, and then measuring the outlined area

with a planimeter.
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With the exception of one of the stations in SMK45, irradiation, temPerature,

and seston flu,r were measured at each station during the course of the experiment.

psfails of the methods used to measure these physical factors are given in Schroeter

et al. (198& Section 2.1).

3.2.3 Blade Stage Transplants

The main blade-stage transplant experiment was done from August 18, 1986

to January 11, 1987 as part of the detailed study of the 1986 kelp recmitment

episode. Details of the methods of this experiment are in Schroeter et aI. (L988,

Section 5), and are surnmarized here. One hundred blade-stage kelp plants 10-15

cm in lengh were transplanted on small cobbles from the upcoiuit Portion of SMK

to a station in SMK35, and to each of three locations in SOK (one station each in

SOKU35, SOKU45, SOKD35) and to shallow SOKN (ISOKN35), and fifty blade

stage plants were transplanted to a station in SOKU45. The transplanted cobbles

were secured by cable ties to chains that were fastened to the bottom with steel bars.

Except for SMK35, seston flux and light were measured at each station or, in the

case of the station in SOKN, at a nearby location. The site near to SOKN used to

measure seston was in a sand plain and consequently seston flux on the bottom was

overwhelmed at this location by sand movement. Therefore comparisons of seston

flu,x between SOKN and the control site in SMK45 were based on data collected 2

m above the sea floor.

One other manipulative experiment with blades was done in l'986, which

overlapped in time with the above experiment, and used similar methods. To

exarnine the effect of the canopy of adult giant kelp on the growth of blade-stage

plants, some blades were transplanted into canopy areas and their growth was
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compared to that of others transplanted into clearings. A similar "natural

experiment" was done in 1983 when the growth of blade-stage individuals was

monitored in canopy and non-canopy areiu. The methods and results of these other

blade experiments are presented in detail in Dean et al. (7987, Section 5).

3.2.4 Juvenile Transplants

Juvenile sporophytes, about 40 crn in heigft, were transplanted to various

locations in SOK and SNTIIi and temperature, irradiance, and seston flux were

concurrently measured. Each plant was measured immediately after transplanting,

and after six weeks the remaining plants were remeasured. The trarspftating wss

done because juveniles were not always available when and where tiey were

needed. Also, transptanting enabled plants to be placed so that they experienced a

wide range of physical conditions.

Nine juvenile transplant experiments were done during the Before period

(October 1978 - September 1982) at two to four stations. There were seven juvenile

transplart experimeuts in the After period (July 198a - August 1986) at three to six

statioDs. Prior to 1986, six stations located in SOK and SMK were used at various

times in these transplants. A complete tabulation of the dates for each transplant

and the stations used is given in Dean et al. (L987, Table 9.1). These six stations

were located within 50 m of adult kelp populations that persisted for the lenglh of

the snrdy, and all were at a depth range of. L32 to 14.4 m- At three stations

(ISMK4sCAI{, I^SOKD45CA}.1, ISOKU45CAI.{) transplants were placed under a

stand of adult Macroqstis pyrifera. At the other (standard) stations (ISOKD45'

LSOKU45, and ISMK45), all adult plants within approximately 10 m of the
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transplant racks were removed. During the After period experiments were done at

the standard stations without adult canopy.

Following a recnritmetrt evetrt in spring 1986, juveniles were transplanted

nvice to three additional locations in the shallower areas of the kelp forests

(SOKU35, SOKD3s, SMK35). The results of these inshore transplants were

analped separately from the other transplant data

Details of transplant techniques are given in Dean et al. (1987), Section 9.

Briefly, plants were eitber taken from nahrally recmited stocks growing in SOK

SI\rIIq or other nearby kelp forests, or were reared to the blade stage in the

laboratory and then grown to juvenile size in the field, at either SMK or SOIC The

juvenile plants were traosplanted by divers onto sawhorse-like raclcs. The racks held

the plants about 1 m above the bottom-

Growth rates were calculated for each individual plant, and then averaged by

station. Growth rates were calculated as the differenci in log transformed final and

initial lengths divided by the duration of the experiment (i.e. by eqn. 2).

3.25 Adult transplants

In 1g&[, there was extremely high adult mortality on the transect located

closest to the Unit 3 diffuser in about 12 m of water. All adult plants in that area

died in place over a period of about four months (Schroeter a al- L988, pp. 56-57).

An adult 6snsplant experiment was done in 1986 to determine whether any new

adults that might recruit to that area would suffer such severe mortality.
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On August 20 - ?3,1986, adult Macroqstis were transplanted from downcoast

SMK to three control plots in SMIC35 and to three experimental plots in SOKU35.

Each plot was 25 m x 1.5 rq with boundaries marked with steel rods. All adult kelp

was removed from these plots prior to the transplant. Twenty adult kelp plana

averaging 19 fronds per plant were transplanted to each plot for a total of 60 plants

in SMK35 and 60 plants in SOKU35. Each plant was attached to a 60 lb. concrete

blockwhich was anchored to the bottom and uniquely numbered.

The transplant plots were revisited between September 2 and September 5,

at which time there were between 17 and 20 plauts at each plot. This survey was

designated the start of the transplant experiment, and the number of fronds on each

plant were couuted. The transplant plots were revisited on29 September 1986' 30

October Lg86, ?5 November 1986, and 21 January 1987. On each visit any missing

plants were noted, aud on the final visit the number of fronds Per plant on the

remaining plants was noted.

3.2.6 Nutrient addition experiments

There were two sets of nutrient addition experiments. In the frrst (done in

1.981), nutrient levels were elevated above ambient in the vicinity of one (of nvo)

sets of gametophyte outplants. The effect of nutrients on juvenile growth rate was

examined in the second set of fietd experiments, in 1984. The dglails of the methods

and results of both of these are included in Dean et al. (L987).
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33 Laboratory Experiments

I-aboratory experiments were done to deterurine the effects of light,

temperature, and nutrien6 on sPoroPhyte production from gametophytes, and

microscopic sporophyte growth. The methods and results of these experiments are

presented in detail in Dean et al. (1987).

In 1980 the relationship between irradiance and the production of

sporophytes from gametophytes wzls examined. The primary goal of this study was

to determine the lower criticat light requirements for gnmelegenesis' During 1984'

the combined effects of temperature and irradiance on sporophyte production from

gametophytes was exanined. In these experiments irradiance and temperanrre

were varied among treatments in a factorial design, to test for an interaction

between these two factors. A series'of three laboratory experiments explored t.he

effects of nutrients on tle production of sporophytes from gametophytes. Two sets

of laboratory experiments ex'mined the relationship between sporophyte growth

and irradiance.

3.4 Analpical Methods

Commonly used statistical procedures are described when they are used in

the Results section- The prograrns used in our analyses are doormented in

Appendix C. Here we present less well-known methods that we used repeatedly.
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3.4.1 Tests for relative chanees at an impact site

In many of the MRC's investigations, including the studies of giant kelp'

samples were collected repeatedly througlr time at a control station and at otre or

more impact stations. By sarnpling both Before and After SONGS Units 2 arld 3

began operating at normal levels, and by 5ernpling in Control and Impact areas'

many temporal and spatial variations unrelated to the operations of SONGS were

controlled for. For the analyses we frrst calculated the differences between each of

the Impact and Control values collected on a given survey. We tested for a relative

change in the Impact area in the After period by detennining whether these

differences ("deltas") had changed sienificantly from Before to After. More detail

on the rationale behind this Before-After-Control-Impact-Pairs (BACIP) design is

presented in Interim Technical Report 2.

For this rePort we used three variants of the BACIP desigrl and we describe

each of these below, and then turn to the details of the analpes.

3.4.1.1 A single impact site

In this case there was a 5ingls impact site that was being compared with a

5ingle control. This is the design dessribed in detail in Interirr Technical Report 2'

We analped the difference between Impact and Control values (possibly

transforme4 see Section 3.4.L.4 below). We then determined whether the mean

value of these deltas in the After period was significantly (p<0'05) different from

the mean for the Before period using a 2'sarrple t-test'
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3.4.1.2 Two impact sita

When there was more than one impact site one could perform seParate

analpes for each impact site as described for the 5ingls site case above'

Alternatively, one could analpe the data from the multiple impaa sites in 3 unifisd

manner. pel this report we used both approaches, depending uPon the structure of

the data When the different impact stations had zubstantially differeal 5amPling

histories (e.g. one of the impact stations was established years before the other) we

analped them separately, so ils to be able to use more of the data. In this case we

also tested for a differential effect at the two impact stations by calling the "far"

impact station a Control and comparing it with the "near" impact station using the

uzual BACIP approach described above.

In those cases where the different impact sites were generally sampled at

about the same times, we analped the data from both Impact stations

simultaneously using repeated-measures Analysis of Variance. For each survey we

frnt calculated the difference between the values at each Impact station and the

control station- In this analysis, a significant main effect of period indicates that the

deltas, averaged over the trro impact stations, had changed from Before to After

SONGS Units 2 and3 began operating. A significant location by period interaction

indicates that the nvo Impact sites had changed differentially from Before to After.

Repeated measures AI{OVA was

SONGS on large benthic invertebrates

Technical Report F). A more detailed

model specification, is in that report.

also used in our study of the effects of

in the San Onofre kelP forest (Find

discussion of the analysis, including the
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3.4.1.3 Limited Before sa,mpling

In some cases only a few surveys were done in the Before period, beginning

toward the end of that period. In these qtses we did not test whether the Impact'

Control difference (delta) had changed from Before to After. Ins1g3d, we tested for

trends in the deltas through time by regressing the delta for each survey against

time. This may indicate an effect that had "accumulated" througb time. It is a test

which is more likely to falsely implicate SONGS than one comparing mean Before

and After values, because a trend might be a continuation of a pattern already in

evidence before operations of the new Units of the generating station began. With

suffrcient Before data we could test for a trend during that period (see below).

3.4.1.4 Details of the analyses

In ogr analyses we defrned the "Aftero period as starting ou May 1'' 1983.

Since SONGS Units 2 and 3 were oe1 5imPly nrned on' but increased their

operating levels gradualty through time, some judgement was exercised in choosing

this as the break between the Before and After periods. However, Units 2 and 3

(and SONGS as a whole) clearly operated at higber levels after this date, over the

period of our investigations (Table 5). The choice of a date is only of concern for

the suweys of nanrral populations since no outPlants were made from the end of

1982 until May 1984. One exception to the May 1983 break-point was our analysis

of YOY recnritment at the bed-wide stations where we included the fourth survey

(begun in July 1983) in the Before period.

The most critical assumptions underlying our statistical tests are additivity,

lack of serial correlations, and absence of trends in the Before period. When
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possible we tested for violations of each of these assumPtions. We tested for lack of

additivity using the Tukey one-degree of freedom test, for serial correlation using

the Durbin-Watson statistic, and for trends by regressing deltas against time in the

Before period. Details on these assumption tests are included in Interim Technical

Report 2. Tests of assumptions for the repeated measures AI'{OVA are described in

Final Technical Report F. In some cases, there were too few Before data to

conduct assumption tests. This was true for studies on blade and juvenile densities

$oung-of-the-year recnritment), and fof the down-looking SONAR data.

Violations of assumptions may sometimes be avoided by transforming the

raw data before analysis. [n our analyses, we generally used log transformations.

We preferred log transformations because we expected SONGS to have a

multiplicative effect (i.e. to change values to some fraction of what their unaffected

values would be). For kelp forest area and for mortdity rate we preferred not to

transform the data Mortality rate is already a derived variable based on log

transformed values, and we had no a piori expectation that kelp forest area wouid

be affected by loss of a fraction of its origind size. In the case of log

transformations we first added a constant because the log of zero is undefined. The

constant added was 1 for kelp densities determined from down-looking SONAR'

and 0.O25 for young-of-the-year recnuitment based on diver surve]ls. For other data

1./6 of.the mean value in the Before period was tried as the constant. If the tess of

the assumptions on the data using the preferred transformation indicated violations

(especiatly of additivity), we then turned to alternative data treatments (i.e. a

different constant or the use of untransfonned data). If the log transformation using
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L/6 ot tle mean violated the test assumptions, the Before mean value was

considered as a possible constant before untransformed data was tried.

For large data sets (ou the order of 50 sampling times or more) the presence

of serial correlation can be adjusted for in the BACIP t-test. The procedure we

adopted was to model the residual variation about the period meens as au

autoregressive (AR) process. We used this procedure in our comparison of seston

flux in upcoast and downcoast SOK (reported in Appendix A). In these analyses we

used an AR(1) (order one) process, and treated periods of more than three montls

between observations as breala in the time series. We chose an AR(1) model

because preliminary analyses indicated that higher order terms were not significant.

Additional details on this procedure are in Finat Technical Report L, where it was

used in BACIP tests on irradiance.

In some applications other than the BACIP t-test we also modelled residual

variations as autoregressive Processes. In partiorlar we used this method when we

compared irradiance or temperature between two sites over a defined period of

time. In those analyses we took the difference between the two stations and tested

whether the average difference was significantly different from zero, which would

indicate that &e mean values at the two stations differed. In this case' our test was a

time-series version of the one-sample t-test. For station differences of both

irradiance and temperature we used an AR(l) Process to model the residual

variation about the mean delta.
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3.4.2 Estimating the area and number of Plants lost

For variables used in BACI analyses estimates of relative percent ch2nge tue

gveq and tlese were estimated using the methods given in Interim Technical

Report 2. Here we desclribe the methods used to estimate 16s glanges in the area'

density, and numbers of giant kelp in SOKbased on down-looking SONAR data'

As a first step in calorlating the numbers of giant kelp plants (adults and

subadults) lost" we estimated the multiplicative factor S, defined by SOKa = S x

Predictede, where SOK^ and PredictedA are the densities (per unit area of suitable

substrate) actually seen in SOK and predicted given no impac! respectively, during

the After period. We estimated S using the equation derived in Final Technical

ReportJ: S = (SOKA/5OKB)/(SMKB/SMKA). The terms on the right hand side of

the equation rePresent the mean densities in a given kelp forest during a given

period, and the subscripts A and B refer to the After and Before periods,

respectively. Thus, SOKg represents the mean density of kelp plants per unit area

of suitable substrate in SOK during the Before period. We can exPress the observed

changes as relative percent slanges which equal 100 x (1-S)'

We converted our estimate of S to a number of plans lost by first calculating

tle decline in density that could be attributed to SONGS, and then multiplying this

by the average area of suitable substrate (i.e. > l}Vo cobble on side-scan SONAR

maps) that had existed in SOK over tle course of the MRC studies. The change in

density that could be attributed to SONGS was calculated as SOI(a - SOKa/S, since
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We estimated losses in area covered by moderate to high dersities (i-e. >4

plants per 100 otz; of giant kelp as follows. First we calculated the proportion of

suitable substrate covered by moderate to high densities of giant kelp for each kelp

forest and period, as the mean area for that forest and period, divided by the meatr

area of suitable substrate in that kelp foresL We then took the difference between

the proportion for SOK and SMK (SOK - Slvffq in each period, and then took the

difference between the differences seen in the Before and After periods (Before -

After). This double difference'is our estimate of the change in the proportion of

hard substrate ocorpied that can be attributed to SONGS. We can convert this to

area by simply multiplying it by the average area of hard substrate in SOIC We take

the sum of this change and the actual area occupied in SOK during the after period

as an estimate of the area that would be occupied if SONGS did not exist. Thus, the

percentage change is simply our estimate of the chang'e, divided by the area that

would have been covered in the absence of SONGS, times l'00.

We used the method described above for calorlating chenges in area that

could be attributed to SONGS, rather than a simple multiplicative model, or other

methods that did not take into account the area of suitable substrate, because these

other methods estimated losses greater than the average amount of free sPace in the

After period. Even the method described above, when applied to areas wtth oty

kelp present, estimated a larger loss than is physically possible. This ocanrred

because in the After period SMK became nearly saturated with giant kelp. In the

Before period 39Vo ofthe suitable substrate had some kelp in SMK and73%ohad

some kelp in SOK In the After period, the value rose to 93Vo in SMK and

remained unchanged in SOIC The saturation in SMK was less extreme for the

moderate to high.density kelp category. In the Before peripd 24Vo of' the suitable
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substrate had this much kelp in SMK and 37Vo of the suitable substrate had this

much kelp in SOK. In the After period the percentage occuPied rose to 63 in SMK

but fell to 32 in SoK

In our calculations of both areas and numbers lost we used the first three

surve)rs (February Lg82 - July 1983) as the "Before" period, and the last six survets

(January 1987 -February 1989) ur 
9" 

nAfter" period. We did this, rather than using

the standard Before and After periods because there were few data from before

May 1, 1983, and because there were trends in the deltas, so we wished to estimate

losses for an "After" period when the differences between SOK and SMK appeared

to no longer be changing systematically through time.

The relationship between the production of sporophytes from g4metophytes'

microscopic sporophyte growth and mortality rates' and juvenile growth rates and

physical variables (irradiance, temperature, and seston flux) was evaluated using

multiple regression. As part of the outplant studies, temPerature and irradiance

were recorded continuously, and seston flux was estimated from accumulation in

tubes over several week periods. The instantaneous concentration of nitrogen was

estimated for locations near the outplants on some dates. Because there were few

data on nitrogen, however, we did not use this variable in our analyses, instead we

used temperature because low temperature is associated with nutrient rich upwelled

water (Final Technical Report L). In our regressions we used the average daily

value at an outplant statior! over the period of the outPlant. Thus, we calculated an

average for each day at a station, then averaged these daily values over all days an

oulplant was in the field.
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In general, we linearly regressed a given log transformed biological variable

agairst the log transformed physical variables. Extensive preliminary analyses

indicated that these models generally had smaller mean square errors and fit the

data better than linear models fit to untransformed data (Dean et al. 1987).

Furthermore, preliminary nonlinear regtessions of growth rates against irradiance

using a von Bertalanffy equation provided little or uo improvement in fit over the

linear regressions using log transformed data The one exception to our use of log

transforms was for irradiance in the model for sporophyte production from

gametophytes. Extensive laboratory experiments (see Dean et al. L987) suggested

that sporophyte production responded to irradiance as a steP function, rising

abruptly from a low to an asFrptotic value. Consequently, we created an indicator

variable, and assigned it a value of one when irradiance was above a threshold, and

zero when it was below that threshold, and used this variable in our analyses.

I-aboratory results suggested that a threshold value of about 0.4 E/mz/d would be

appropriate. The indicator variable, using this threshold, outperformed a range of

different thresholds, as well as log transformed irradiance in preliminary analyses

(i.e. it explained more of the variation, see also Dean et al. 1987).

We developed a single model for each biological variable, using data from all

stations and depths. For stations in SOK we used only data collected in the Before

period, to eliminate any confounding influence of a SONGS effect operating

through processes independent of these variables. We also excluded data collected

in the After period on the bottom at SMK45 because this site (and SOKDa5)

experienced a substantial increase in sea urchin densities that may have influenced

results on the bottom during the After period (see Results).
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For each biological variable we first fitted a multiple regression model using

the three (transformed) physical variables as the independent variables. The results

696 this model were examined, and a second model was then 61 iaglgding only

independent variables for which the slope parameter attained a significance level of

0.1 or less in the first analysis.

3.4.4 Plume analyses

We analyzed the microscopic outplart data by testing whether the

performance of these outplants was related to the fraction of time a station was

classified as being in SONGS' plume. For every hour during an oulplant we

classifred each station as being in or out of the plume using an oceanographic model

that took into account curent vectors and diffusion (see Final Technical Report L).

We then calculated the fraction of hours each transplant was exposed to plume

waters.

In our analyses, the dependent variables were the differences between the

values of the biological variables (possibly transformed) at the various Impact sites

and the value at the Control site (SMKa$. We used the same transformations as

were used in the BACIP tests described above. We linearly regressed these "deltas"

against the fraction of time a station was classified as in the plume, and included in

our analyses the impact station identities as "dummy variables". This is equivalent

to analysis of covariance (A}.{COVA), with station as the treatment and fraction of

time in the plume as the covariate.

4



4. Results

Througbout the results section, we distinguish different areas within SOK

and SMK (see Methods). In particular, we divide the main portion of SOK that lies

downcoast (sou&east) of the diffusers into four quadrants: SOKU35, SOKU45,

SOKD35, and SOKD45. SOKU45, for example, is the offshore and furthest upcoast

quadrant of the main SOK kelp forest and lies immediately dowucoast from the

diffusers (Fig. 3). One other area of SOK SOKN, is distinguished. This area lies

northwest (upcoast) from the difftrsers, and therefore is exposed to SONGS'plume

less often than is the main SOK bed (Final Technical Report L).

4.1 Effects of SONGS on Natural Populations

4.1.1 Trends in adult and subadult populations

The spatially most comprehensive data on population density of subadult and

adult giant kelp in SOK and SMK come from down-looking SONAR, but those

surveys did not begn until February 1982. Because there are very few data from the

Before period we tested for temporal trends in the deltas between the impact site

(soK or subareas of soK) and the control (sl"ilo by regressing these differences

against date. We analped both the area of the kelp bed and the density of kelp on

hard substrate. We considered three categories of areas: the area where any kelp is

present, the area where kelp density exceeds 4 plants per 100 m2, arrd the area

where kelp density exceeds 16 plants per 1.00 m2. For both density and area' a

decline through time indicates a decline at the impact site relative to the control

which we regard as circumstantial evidence for an effect of SONGS.
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There was a general decline in the area supporting any giant kelp in SOK

relative to sMK from 1982 througb 1989 (Fig. 6). The relative decline in area was

significant for SOK as awhole, which includes SOKN (Table 6). A similar pattenr is

seen when we consider the area with moderate kelp, i.e' more than four plants per

100 mz (Table 6). There was also a significant relative decline in the area in SOK

with dense kelp, i.e. greater than 16 plants per 100 6z (Table 6)' The relative

declines in areas with some or moderate kelp were largely the result of absolute

declines in SOK from 1982 througb 1985. After 1985 SOK tracked SIvIIL with areas

increasing in both forests, but did not recover its earlier losses relative to SMIC For

areas of high kelp density, the relative loss at SOK resulted both from a decrease to

near zero at SOK by 1985, and a failure to increase as much as SMK did starting in

1e86 (Fie.6).

We estimated a decline in the area with moderate to high density kelp (i'e' >

4 plants / 100 m) within SOK relative to SMK of 80 hectares, corresponding to

57Vo of.the area in SOK that would have had this much kelp, if SOK had ghanged in

the same way as SMK did. This estimate was calculated using the first three surveys

(February 1982 - July 1983) as the nBeforen period and the last three surve)'s

(January Lg87 - February 1939) as the oAfter" period (see Methods)' It is worth

noting that this relative dectease in area in SOK corresponds to a relative decrease

in the percentage of the hard substrate covered with moderate to higb density kelp'

In the "Before" period 24Vo artd 37Vo of the hard substrate in SMK and SOK

respectively, were occupied by moderate to higb density kelp' In the "Aftef'period

the percentage declined to 32Vo it SOK but increased to 63Vo it SMIC As

discussed in the Methods section, calculating the area with any kelp that was lost in

SOK is complicated by the fact that nearly all substrate in SMK was covered by at

least some kelp during the "After" period. Our best estimate of the area with at
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least some kelp that was lost in SOK is simply the total area of hard substrate that

was not ocorpied there, equaling 50 ha.

In addition to its use in producing substrate maps, side-scan SONAR records

were used to produce trulps on which areas of different kelp density categories were

demarcated. These maps were digitized, and used to estimate areas with moderate

to high density of giant kelp, as part of the kelp bed fish analyses (Final Technical

Report J). By comparing kelp areas at SOK and SMK during the times of the kelp

bed fish Before and After $lryeys, it was estimated that||Vo of the area supporting

moderate to high kelp density was lost. Although side-scan maPs have not been

quantitatively calibrated against diver counts, tlese records were used in the kelp

bed fish analyses since down-looking soNAR survq's did not begrn until after the

Before frsh sarnpling was completed. In Appendix D we provide analyses of all the

side-scan data which encomPass 2J surveys from 1978 through 1989 on which areas

of both soK and sMK were estimated. These results are qualitatively consistent

with the analyses of down-looking SONAR presented here, and the analyses of a

subset of the side-scan soNAR presented in Final Technical Report J. A

significant decline in the areawith moderate to higb density kelp was detected' This

decline was estimate d as 54Vo of the area that would have supported such densities

of kelp if SONGS were not operating.

Based on down-looking SONAR, there was a decline in the density of giant

ketp in offshore soK beginning in 1983 (Fig. 7). The declines at both SoKU45 and

soKD45 were statistically significant (Table 7). At inshore SOK the density of

giant kelp initially declined relative to SMK then increased markedly in 1987 (Fig'

7). Overall there was no significant correlation between the deltas and time for the

inshore quadrants (Tabte 7). The overall trend was for a relative decline in the
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density of giant kelp in SOK but this was not quite significant (Table 7, p=0.06).

Giant kelp density in the area immediately upcozrst of the diffusers (SOKN) showed

a nonsignificant negative trend (Table 7).

From the down-looking SONAR data we estimated a decline in density of

giant kelp within SOK relative to SMK of. 60Vo (Table 8). This decline was due to

losses in the offshore portion of SOK especially in the uPcoast quadrant, where

density was initially higbest, and declined, by 80Vo (Table 8). These percentage

losses correspond to a total of 59,000 plants lost from the average standing stock in

SOK- These estimates were calctrlated using the frrst three surveys (February L982'

July 1983) as a "Before" period and the last three suweys (January 1987 - February

1989) as an "After'period (see Methods).

In the Before period the abundance of adult giant kelp was estimated in

permanent transects over a longer time than with down-looking SONAR. We were

therefore able to statistically compare the differences between SMK and SOK for a

Before (prior to May 1, 1983) and an After (May 1, 1983 and after) period using the

BACI procedure. This analysis excludes the downcoast inshore quadrant of SOK

(SOKD35) because few Before data were collected there.

Density on the faDsects declined strikingly in SOK relative to SMK from the

Before to the After period (Fig. S). The decline was statistically signifrcant in both

offshore and inshore SOK with decline s of. 45Vo and 55Vo offshore, and 92Vo inshore

(Tables 9 and 10). We were only able to compare the declines in upcoast and

downcoast SOK for the offshore quadrants, and there was no evidence for a smaller

effect in downcoast SOK (Table 9). It is possible that some of the decline seen in
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downcoast SOK was due to white sea urchins that increased in that area (Final

Technical RePort J).

The relative decline in adult density seen in the transects in SOK was largely

due to a relative reduction in recnritment rate into adult populations (Fig. 9)' and

not to an increase in mortality of adults (Frg. 10). In offshore SOK neither the

recruitmeut rate of adults nor their mortality rates changed signifrcantly relative to

SMK but the relative decline in recnritment rate in SOK was substantial in size (on

the order of.gTVo,Tables 9 and 1.0), while changes in mortality rates were small and

in the opposite direction needed to explain the changes in adult density (Table 9)'

Our failure to detect a significant decline in adult recnritment is not surprising grven

the low power of the tests (Tables 9 urd 10). While the relative decline in

recnritment rate was also large in uPcoast inshore SOK we were not able to

statistically evaluate mortality rate in this quadrant This is because all the plants on

the transects io SOKU35 died in place over a four month period in 1984 (see Fig' 8)'

and as a consequence mortality rates either could not be estimated (or were based

on the survival of a single plant that subsequently recnrited) over much of the After

period.

Based on Unit 1 snrdies, it was predicted that the cover of fouling organisms
i i 

on adult kelp would incnease in SOK and would result in increased mortality rates'

However, neither such an increase in fouling (Dixon et al' 1987), nor the resulting

general increase in mortality rates was seen. As noted above, however, nearly all

the adult planu in the uPcoast inshore quadrant of SOK (SOKU35) died over a four

month period in 1984. We return to this subject below, when we evaluate the results

of an adult transplant experiment.
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There was a striking decline in the density of giant kelp on transects

throughout SOK relative to SMIC This pattern was not evident for inshore SOK ir

the down-looking SONAR surveys. The difference between the SONAR and the

U,rnsect results stems from the fact that SONAR sampling was continued after the

end of 1986, when the transect sampling stopped. In September of 1987 there was

substantial recnritment in SOK especially in the upcoast inshore portion' which

made temporal trends non-significant at the inshore quadrants for the down-looking

SONAR data These plants have persisted, and a substantial giant kelp population

existed inshore at SOK as of February 1989.

We believe that the giant kelp that appeared in the down-looking SONAR

sunreys in September L987 were produced from ganetophytes during the last half of

January L987, aperiod when Unit 3 (the Unit with its diffuser further inshore) was

shut-down- Supporting evidence in favor of this hypothesis is presented at the end

of the Results sec-tion along with other information critical to the argument.

4.1.2 Effects of SONGS on Blade and Juvenile Kelp

Lower recnritment into the adult population at SOK was strongly linked to

the reduced recmitment of blade-stage and juvenile kelp (referred to as young-of-

the-year or YOY) 6 to 8 months earlier (see also Schroeter et al' 1988)' Very little

recnritment of YOY was seen in SOK during the After period, while substantial

recnritment wzs seen in SMK (Figs. 11 and 12).

Repeated-measures AI'{OVAs

between SOK (or subareas in SOK)

recnritment of kelP YOY in SOK

comparing Before and After differences

and SMK indicated relative declines in the

during the operational period (Table 1i)'
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Analyses done on "kelp recmitment" stations in SOK and SMK indicate a

statistically significant relative decline throughout SOK of about 75Vo with to

difference between the upcoast and downcoast halves of the bed, as indicated by tbe

nonsignificant period x location interaction (Tabte 11). A similar Pattern was seer

when the bed was split into inshore (35 ft. depth) and offshore halves (45 ft. depth).

However, the relative decline was slightly greater in the inshore than the offshore

half of the bed, and was not statisticaily significant in the latter (Table 11). All the

tests for effects in SOK had, however, quite low power (Table 11), and even quite

large effects could have gone undetected.

Additional sampling of YOY was done at two stations in the offshore

portions of SOK (withitr the SOKU45 and SOKD45 quadrants) and one station in

the offshore half of SMK (in SMK45) that were also used to monitor populations of

kelp forest invertebrates (see Technical Report J). A less accurate picture of

recnritment results from these sa^urples because less ,rrea was sarrpled'

Nonetheless, resul8 from these stations are similar to "kelp recnritment" stations in

the offshore half of SOK: a relative decline in YOY in offshore SOK which was not

statistically significant (Fig. L2, Table 11).

42 Recruitment of Microscopic Stages of Giant Kelp

The last nro sections showed that declines in giant kelp populations in SOK

(relative to SMK) were strongly influenced by patterns of recnritment into the adult

population. In nrrn, the lower recnritment rate seen for adults was also seen in the

sub-canopy juvenile and blade stages (YOY). This strongly suggests that failure of

adult recruitment in SOK during the After period resulted from events affecting the

microscopic or blade stages. Failure to recruit to the blade stage (the smallest
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above. During the spring recnritment period of 1.986, seston fltrx was higher and

irradiance was lower in the upcoilst portion of SOK than in SMK or downcoast SOK

(Table13).Forsestonf l r rxthedi f ferencewassigni f i@ntat theSoKU35stat ion

versusSMK45andnearly5igni f i66glatsoKU45versusSMK45(Table13).For

irradiance no differeuces were significant; however, the SOKU45 vs SMK45

comparison was nearly so (Table 13). Although there were significant differences in

temperature between all sites (Table 13), temperatures were low enough at all sites

so that associated nutrients were probably not limiting during the time period of this

experiment (Dean et al. t987).

4.2.2 Production of sporoPhytes from Sametophytes

Because gametophytes were not in short supply at any of the stations, while

microscopic sporophytes were scarce at the stations nearest the diffusers' our

attention now focuses on the production of microscopic sporophytes from

gametophytes, and the nrn'ival of these sporophytes once produced.

The production of sporophytes from nanrally recnrited gametophytes was

not measured. However, the production of ganetophytes from sporophytes was

assayed in an extensive series of field outplants (Methods). The relationship

between the production of sporophytes in these oulPlants and the physical

environmetrt was examined by rse of a multiple regression model (see Methods for

details of model formulation). The results of these regressions indicated that the

production of sporophytes was higher at higher irradiance values, lower when seston

flux was higber, and lower when temperature was high (indicating that nitrogen and

other nutrients were at low concentrations, Final Technical Report L) (Table 1a).
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Of special interest are the relationships with irradiance and seston flu:q since

SONGS appears to inlluence both these variables.

To directly assess SONGS' effects, we tested, during the After period,

whether sporophyte production at an impact station was related to the proportion of

the time a station was designated as in the plume by a plume model (see Analytical

Methods). On the bottom the production of sporophytes from gametophytes wils

generally low for all outplants and sites during the operational period. Althougb the

production of sporophytes wzls lower when a station was in the plume more, the

effect wils trot significant (Table 15). At two meters above the bottor& where there

was appreciable production of sporophytes at times, tle production of sporophytes

was signifrcantly and negatively related to Percetrt time in the plume (Table 15)'

4.2.3 Microscopic sporophyte survival

Mortality of microscopic sporophytes almost certainly contributed to the

observed recnritment failure near SONGS. During an experiment done as part of

the intensive study of the 1986 recnritment episode, cobbles with microscopic

sporophytes that had nanrrally recnrited on them were transptanted to stations in

SMK and SOIC The numbers of surviving sporophytes was lower on cobbles

transplanted to stations in SOK (especially the upcoast stations nearest the

diffusers) in comparison with the control station in SMK (Table 16)' In this

experiment, cobbles were either transplanted on the bottom or on a tray raised off

the bottom to protect them from grazing. These two treatments were pooled

because a pretiminary analysis indicated no effect of the treatment (Schroeter er a/'

1988: Tabl e 25). Statiou had a significant effect (One-way ANOVA Fs,88=2'28'

P=0.05), and the numbers suwiving at the upcoast stations in SoK (SOKU35 and



SOKU45) were sigtrificantly lower than the numbers surviving at the tu'o stations in

SMK (Table 16).

The density of surviving sporophytes was positively correlated with mean

irradiance (n=5, 12=0.7!, p=0.07) and negatively correlated with mean seston flux

(n=5, P=0.V2, p=0.O2) during this experiment, but there was no aPparent

relationship with temperature (p=0.92). During the experiment irradiance was

lower at all stations within SOK than in SMK45 (irradiance was not measured in

SOKU35), and these differences were statistically significant for three of the four

stations in SOK (Table 17). Seston flux was higher at all stations within SOK than

at SMK and was especially high at the upcoast station. However, only the

differences benveen the downcoast stations in SOK and SMK were significant

(Table 17). The lack of sienificance for the upcoast stations in SOK resulted from

high variability among the three sa^mples at each of tlese stations, as the mean

seston flrx at these stations was actually higher than in downcoast SOK (Table 17).

The mortality rate of micnoscopic sporophytes was also assessed from an

extensive series of ouplants. During the After period, mortdity rates were directly

related to the fraction of the time a station was classified as being in SONGS'plume

(Table 18).

Based on the results of the above analyses, we citnnot distinguish between

the negative effects of higb seston flrx and low irradiance. However, the outPlatrt

data suggest that increased seston flru may have been the primary cause of the low

survival rates seen in upcoast SOII The relationship benveen the survival (and

growth) of this stage, and the physical environment was explored through the use of

multiple regression models (see Methods for details on model development).
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Survival was significantly lower when seston fltrx was high (Table 19). Althougb

survival was also negatively correlated with irradiance, this was wealcer than that

with seston flgf and the addition of irradiance did not exPlain a significant amount

of additional variability in the mortality rates over that explained by seston flux

alone. Furthermore, increases in seston flux provide a plausible ngslanism for

increased mortatity since burial by sedirnents has been shown to reduce survival of

microscopic kelp in lab experiments (Devinny and Volse 1978). However, because

irradiance and seston concentrations are correlated in the physical-cherirical data

collected as part of these outplants (Appendix A), we cannot rule out some

influence of irradiance on microscopic sporophyte survival rates.

4.2.4 Growth of microscopic sporoph:rtes

Effects of SONGS on growth of the microscopic sporophyte stage are also of

interest. Mortality rates for this stage are higber than for larger sporophytes, and if

growth rate is reduced, an individual plant \r,'ill lemain in this higb risk stage for a

longer period of time.

During the 1986 cobble transplant experimen! the final tength of surviving

sporophytes was measured, and was taken as a measure of the gfowth rate over tle

course of the experimenf The results for growth Uo.- * experiment do not

present clear evidence for a power plant effect. The station to which cobbles were

transplanted to did not significantly influence length, but tlere was a significant

interaction between station and heigbt off the bottom (Table 20). Irngths of

sporophytes were not significantly correlated with any of the physical factors that

were measured.
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Although growth during the cobble trarsplant experimeut was not correlated

with irradiance levels, outplant results showed that growth of the microscopic stage

was, in general, positively related to irradiance level, and negatively related to

seston flu,,r (Tabl e 21). Althougb effects of both irradiance and seston flux were

significant, and together these two variables explained 50Vo of the variability' the

partial r2s for both variables were low (Table 21). This indicates that althougb

together these variables were important, we could not distinguish between their

effects. Either very little or a substantial portion of the variabitity in growth rates

could be attributed to either of these physical factors alone.

Growth rate of microscopic sporophytes, like mortality rate, was related to

the proportion of the time a station was classified as being in SONGS' plume'

Growth rates were inversely related to the fraction of the time a station was

classifred as in the ptume (Table 18).

4.2.5 BACIP Analyses on MicroscoFic OutPlants

Gametophyte and mictoscopic sporophyte outplants were placed at a control

site (in SMK45), a near impact site (in SOKU45), and a far impact site (in

SOKD45) repeatedly both before SONGS Unit's 2 arld 3 began operations and after

operations began By examining the change, from Before to After, in the difference

between impact and cotrtrol stations we tested for effects using the Before-After-

Control-Impact-Pairs (BACIP) approach (see Interim Technical Report 2 for

details).

The results of these tests are presented

gametophytes from sporophytes), 23 (growth

in Tables 22 (Production of

of outplanted microscoPic
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sporophytes), and 24 (mortality rate of microscopic sporophytes). To control for

depth, tests were only done comparing SOKU4j and SOKD45 with the control at

SMK45. We did not test for differences in sporophyte production at 0 m (on the

bottom) at SOKU45 because sporophyte production at that site was zero or near

zero on nearly all dates both in the Before and After period. With the exception of

some tests on mortality of the microscopic sporophyte outplants, these tests had very

low power (less than 20Vo), and were not statistically significant. Because of their

low power, these BACIP tests on the microscopic outPlants do not constitute a

strong test of SONGS effec,ts.

There was one statistically significant effect. The mortality rate of

microscopic sporophytes was significantly lowq at SOKU45 in comparison with

SMK45 in the After period relative to the Before ieriod (Table 2a)' A nearly

signifrcant difference was seen in the SOKU4j vs SOKDI$5 comparisorl again with a

relative decrease in mortality rates at SOKU45, the station closest to the diffusers

(Table 2a). These effects were due to increases in mortality rate from Before to

After at the control (slvtrq and far impact (soKDts) sites.

The BACIP results for mortality of the outplanted microscopic sporophytes

do not agree with the pattems obsenred for nanrral recluitment, nor with the results

of the cobble transplant, nor with the relationship between microscopic mortality

and percent time in soNcs' ptume. These other lines of evidence all suggested

that SONGS had adverse effects on microscopic stages of giant kelp' We believe

that the reduction in mortality of microscopic sporophytes in upcoast SOK indicated

by the BACIP analysis of the oulPlant data was anomalous, ild not indicative of

what natural kelp populations have experienced throughout the SOKU45 quadrant'

The apparent reduction in mortatity rate may have stemmed from a Period by Site
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interaction at the specific sites rsed in these outplans. In conEast with our bed'

wide monitoring of natural populations, the outplarts at each statiotr were placed

ryithin a relatively small area (less than 1 m2), and it is possible that tbey were

strongly influenced by very local eveuts. For example, a large increase in white sea

nrchin (Lytechittus) density occurred at or lear tbe ouplant sites in SOKDIS and

SMK45, and the white sea urchin is a looum gruzer on giant kelp, and can inhibit

recnritment of small stages @ean et at. 1984). Although not sampled for sea

urchins, it is lraown that the arca ued for these outplants in SMK became an urchin

barrens during the After period (S. Schroeter, pasonal observation). White sea

urchin deosities near the SOKU45 and SOKD45 outplant sites were estimated as

part of the IrrIRCs study of hard benthic invertebrates (Final Technical Report F).

The densities increased srbstantialty near thc outPlail site in downcoast SOK

relative to tbe increase near the outplAffi statiotr in upcoast SOK (Tabhe E) in the

After period. The increase near the outplant site in SOKD45 (ISOKDIS) relative

to tbe outplant site in soKU45 (LSOIru4t is approximately six fold (Table E).

Wbile there was a general incrcase in thc density of white sea urchins in the

SOKD45 qgadrant relative to the SOKU45 quadrang this overall increase,less than

a doubling (Final Technical Report F), was nrbstantially less tban was seen at the

outplail sites. This is of course, jrst one logical cxplanation for tbe resuls.

Another is that mortality rates increased at the control site due to insreased

abrasiou from drift kelp. During the After period drift kelp was more often

observed tangled with the outplant racks in SMK (Tom Dea4penonal obsavaion)'
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4.3 Performance of Macroscopic Plants

4.3.1 Blade stage transplants

Results from experiments that compared the growth of blade-stage

individuals under an adult kelp witb growth in clearingp demonstrate that under

field conditions growth is generally lower when irradiance levels are reduced (Dean

et aL.1987).

An additional btade-stage transplant experimetrt was done in 1986. In it

blade-stage plants were placed in various stations in SOK and in SI\dIq and their

growth and survival was monitored over a four month period. Mortality rates during

the experiment were higher in each area of the main part of SOK than they were in

either SMK or in the area of kelp northwest of the difftrsers (SOKN) (Fig. ta).

Mortality was signifrcantly higber in the inshore downcoast portion of SOK than in

sMK (Table 26), and w:N acrually significantly lourer in the area of kelp upcoast of

SONGS diffusers (SOKN) than in SMK (Table 26). Mortality at all sites in SOK

downcoast of the diffusers, combine4 was significantly higher than at the nvo sites

upcoast of the diffusers (Sltff< and SOKN) combined ()Gr = 26.7,p < 0.0001).

The higher mortality rates seen in SOK compared to SMK were generally

associated with higher seston flux on the bottom in the SOK kelp bed than in the

SMK bed during this experiment (Table 26), but the correlation benreen log

transformed mortality rate and log transformed seston flux did not reach statistical

significance (rz=0.60, p=0.L2, n=5). In contrast, there is no evidence that high

mortality rates were associated with low irradiance (Table 26). In fact, irradiance

levels were somewhat higher in SOK than in SMK during the experiment (Table

26).
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Although growth rates of blade stage plants varied significantly among

stations during this transplant experiment, they were not generally lower in SOK

than in SIvfIq and no individual SOK statioo had a growth rate that differed

significantly from that seen at SMK (Table 26). There was no obvious relationship

between growth rate and irradiance or seston flur For exa^mple, SOKU45 had the

lowest irradiance and the higbest seston fluq and yet the second highest growth rate

(Table 26). This is not to say that growth rate is generally unrelated to irradiance.

It should be noted that within SMK an experiment overlaPping in time with this one

showed that blade stage individuals under adult giant kelp canopy (and experiencing

30Volower irradiance) grew slower than individuals in clearings (Dean a al.1987)-

There is some suggestion in the results of the blade transplant experiment

that mortality rates were higher and growth rates lower at stations with lower

bottom temperatures. The station with the lowest temperature had the lowest

mortality rate aud the highest growth rate, a.nd the two stations with the highest

temperatures had tle lowest growth rates and the highest mortality rates. The

correlation between log transformed growth and log transformed temperature was

negative (72=0.67, p=0.09, n=5), and the correlation between log transformed

mortality and log transformed temperature was positive (rz=0.69, P=0.08, n=5),

althougb neither of tlese correlations was quite statistically significant. However,

evidence from a 1983 experiment with blade-stage individuals argues against a

direct effect of temperanrre or the low nutrient concentrations associated with high

temperan[es. At the time of that experiment" the average temperature was

substantially higher (175 oC) than at any station during the 1986 experiment, yet

$owth rates were higher during the 1983 experiment than in 1986, and especially

high mortality was not noted in 1983 (Dean et a\.1987). Clearly the role of nutrient

limitation on growth of the blade-stage is an area for funrre research'
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4.3.2 Juvenile transplants

We used data from juvenile lpnsplants to assess SONGS' effects on juvenile

growth rate. Overall, the juvenile trausplant results do not provide convincing

evidence that SONGS acts to reduce growth rates. For juveniles we do not have the

information necessary to evaluate SONGS' effects on mortality. On transects

individual juveniles were marke d in situ only during tle Before period. Althougb

there were data for transplanted juveniles for both the Before a^nd the After periods,

they were secured to racls and raised off the bottom, a procedure that eliminals6

the most significant sources of mortality to juvenile plants in nature.

During 1986, juveniles were transplanted to additional inshore stations vithin

soK and sMK (soKD35, SOKU35, SMIC35), along with the offshore areas used

throughout the study (SOKD45, SOKU45, SMK45). These additional stations were

added during two transplants as part of the intensive snrdy of the 1986 recruitment

episode. The frrst of these two transplants was started oo.24 June, about the time

when the first nanyal recnrits reached the juvenile stage. The second 6ansplant was

started on 7 August, at a time when many nahrral recnrits had reached the juvenile

stage.

Among the inshore transptants during 1986, gfowth rates were lowest nearest

the SONGS diffrsen (Table 27). For these inshore stations growth rates differed

significantly among stations and were ordered as SMK35>SOKD35>SOKU35 and

SMK35=SOKD35>SOKU35 in the 24 June and 7 August transplantings'

respectively (Table 27). There were no consistent sPatial trends in growth rates

among the offshore sites (Table 28), although growth was significantly lower in

SOKD45 than in SMK45 in the 24 June transplant'

62



Differences in growth rates at the inshore sites appeared unrelated to

irradiance or temperature. In fact" at these inshore stations, irradiance was

generally higher at SOK even though growth was lower there (Table 29).

Temperanres did not differ significantly among inshore sites during either

experimeut, and the onty difference seen offshore was significantly lower

temperatures at SOKU45 in comparison with SMK45 during the 7 August

transplant (Table 29).

Inshore, Fowth rates of transplanted juveniles were lower at the sites with a

higher percent cover sf fsuling organi565. Among the inshore sites the highest

levels of fouling were observed at the inshore site closest to the diffusers (SOIru35)

followed by SOKD35 and SMIC35 (Table 30). The spatial pattern at the offshore

stations wils opposite, however, with fouling quite high in SMK and low in upcoast

SOK and spanned the same range as was seen inshore (Table 30). Taken together

these results suggest that the negative relationship seen between fouling and growth

inshore may be spurious, or that fouling affects kelp differently inshore than it does

offshore. Early studies demonstrated lower growth and higher mortality associated

with increased fouling of giant kelp plans transplanted near the oudall of Unit I'

(Murdoch et al. lg80). This work was also done inshore (because of the location

Unit 1's outfall).

Ttre traiuplants during 1986 did not indicate that variation in irradiance or

temperailre among sites contributed to differences in growth rates. A more

extensive series sf 6ensplants done only at the offshore sites demonstrated that in

general juveniles grow faster when irradiance is high and when temperatures are

low. Together these nvo physical factors explained 56Vo of. the variation in grofih

I
I
I
I
I
t
I
I

63



I
I
I
I
I
I
t
I
I
T
I
I
I
I
I
I
I
t
I

rates with partial rt of 0.49 and 0.27 for temperature and irradiance respectively

(Table 31).

Because juveniles tended to grow more slowly when irradiance was lower,

and irradiance tended to be lower in the After period in SOK relative to SMK due

to SONGS' nrbid plume, it was reasonable to suPPose that the operations of

SONGS would lead to a reduction in growth rate. There is no direct suPPort for this

prediction based on a Before-After/Control-Impact evaluation of the juvenile

transplant data. In fact" in comparison with the Before period, gfowth rates were

actually higher at SOKU45 relative to SMK45 or SOKD45 during the After period,

with the comparison with SOI(D45 being significant (Table 32). We susPect that no

negative effecs occurred because the absolute values of irradiance were high in the

After period, and were probably above the level necessary for saturation of gowth

at all stations (Dean et al.1987).

4.3.3 Adult transplants

Our observations of nanral populations of adults indicated that adult

mortality rate wz6 relatively constant, and that mortality rates did not generally

increase in SOK relative to SMK during tbe After period (see Section 4'1'1)'

However, especially high mortality ocorrred iu shallow water near SONGS' diffmers

in 1984. Corsequently, kelp disappeared from this portion of the bed' This

motivated 1ls 6nnsplanting of adult kelp to this area and to a control site in sMK in

Fall 1986.

During the three

transplanted adults died.

months the experiment was monitored, only nvo of the

However, there was a significant decrease in the number
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of fronds per plant in SOKU35 relative to SMK35 (Table 33). The adults at SMK

gained an average of three fronds per plant, while those at SOK lost an average of

three fronds per kelp plant (Table 33). A continuatiotl ef this trend would lead to a

loss of the plants at SOKU35. It is possible that this difference betweeu inshore

SMK and SOKwas accennrated in 1984 under El Nino conditions.

The MRCS studies of giant kelp, tlrougb the end of 1986, showed a striking

pattern. Recnritment of immature grant kelp declined substantially in SOK relative

to SMK after SONGS Units 2 and 3 began operating. In July 1987, as in June 1986'

there was much lower recnritment of blade and juvenile kelp in SOK relative to

SMK (see Fig. 11). We were surprised, the& to see a substantial increase in density

of large (subadult or adult) kelp recorded in tle down-looking SONAR survey of

SOK in September 1987 (Fig. ?). We have no reason to believe that survival of

young giant kelp should have been much higher in SOK during 1987 than it was in

1986, and the number of young recnrits we counted during the July 1987 survey does

not seem suffrcient to account for the increase in adult and subadult density

recorded in the SONAR survey in Septembe4L987-

To help pin-point the time period that the giant kelp seen in the September

19g7 suneywere produced from gametophytes, we estimated size (and approximate

age) of plants recorded by soNAR in september 1987 by measuring the traces on

the SONAR records. In addition, in December 1987 we counted the fronds of all

plants in a 70 m2 area near the Unit 3 difhrsers in SOKU35 (a temporary quadrat set

up near "transect 1'), and in a 100 m2 area of SMK45 (in nvo temPorary quadrats'

oneT0m2andtheother30m2,bothbetween' ' t ransects14andl5 ' ' ) .Weest imated
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that in September the largest plaats near the Unit 3 difhrsers were about 8 m long,

and most plants were late juveniles or early subadults. In December essentially all

the plants in SOK were young subadults with fewer than seven fronds (Fig. 15).

Most had two or tlree frouds which did not reach the surface in 12 m of water.

We can identi$ the time period during which these sporophytes were

produced from gomstophytes, with fairty higb confidence, as being during the last

three weeks of January 1987. We can 90 this by ge6fining information on the size

of these plants, earlier SONAR and diving survey datq the ma,rimum development

rate of giaat kelp in the San Onofre area, and data on the physical environment.

First" the 8 m long plants seen in September 1987 must have been produced

from gametophytes .at least seven months earlier. This conclusion is based on

ma;cimum growth rates for each stage of giant kelp in the San Onofre area

(Schroeter et at. Lg88). Secon4 few of the plants observed in SOK by SONAR in

September 1987 could have resulted from recnritment at SOK in 1986, which was

light. Finally, it is unlikely that the plants were produced from ganetophytes during

Fall 1986 since water temperanrres were high most of the time, and it is unlikely

that there were sufficient nutrients for gametogenesis and sporophyte production-

The light and nutrient conditions required for sporophyte production were probably

not met until after the first week of January 1987 (Fig. 16). We have therefore

bracketed the production of these sporophytes between early to mid-January, when

physical conditions became favorable, and the beginning of February after wbich

even maximum growth rates would have been insufEcient for them to reach the size

they had attained by September. The January timing of sporophyte production

explains why these sporophytes did not show up in large numbers during the July

1987 bed wide survey for YoY. The sporophytes produced in January would have
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been large juveniles or small subadults by July. Our surveys of bed-wide

recnritment were trot suited for estimating the relatively low densities of large

juveniles and subadults because small areas ry61s saarnined (l-mz quadrats) in those

surveys.

The significance of the produdion of sporophytes during January 1987 is

that Unit 3, the Unit with an inshore diffirser, was not pumping water after the

beginning of January until the end of February 1987 (Fig. 16).
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5. Discussion

The results of the MRCs sfirdies on giant kelp show that SONGS has caused

reductions in the area of the San Onofre kelp forest, and of the density of giant kelp

within the forest. Results of both mechanistic and sampling shrdies indicate that the

adverse effeq-s of SONGS Units 2 and3 occur by zubstantially reducing recnritment

to the adult stage. Much of the eifect appears to have already occtrred by the time

plants reach the blade-stage.

The argument in favor of a SONGS effect is especially strong because there

are multiple, independent, lines of zupporting evidence. This evidence is

sumnarized in Table 1. It includes patterns in natural populations based on frve

separate sets of sampling data that were collected using different methods and on

different dates. Two sets of data one based on down-looking SONAR done over

the period L982 to 1989, and another based on diver counts of marked plants on

transects done over the period 1978 to 1986, showed similar declines (55 '6OVo) n

the density of adult giant kelp in the San Onofre kelp forest, relative to densities in

tle control San Mateo kelp forest. Study of the marked plants on triu$ects showed

that the decline in density was @used by a reduction in the production of adult

plants, and not an inqrease in their mortality. Two separate sanpling programs

showed tlat reduced recruitment of adulc was Preceded by a reduction in the

production of small (10 cm to 1 m) sporophytes. During an intensive snrdy of

recnritment during 1986, there was higher mortatity of small sporophytes

transplanted downcoast of the diffusers. Fewer sporophytes were produced from

gametophytes at experimental stations in SOK when those stations were exPosed to

plume water for a greater fraction of the time. Experimentally outplanted
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microscopic sporophytes also showed poorer performance during experiments when

they were exposed to more plume water. When they were more often exposed to

the plume, their mortality rate was higher and their growth rate was lower.

Information on how SONGS has changed the physical environment, and on

how giant kelp responds to the physical environment, also argue for adverse effects

of SONGS. SONGS reduced the anount of light reaching the sea-floor throughout

SOK We found an increase in vertical seston flu (settling particles) in the upcoast

portion of SOK and evidence for an increase io seston concetrtration near the

bottom throughout SOIC During our snrdies, the production of sporophytes from

gametophytes wils positively related to irradiance and negatively related to vertical

seston flux; the groufth of small sporophytes was higher when light levels were

higher; finally, the survival of small qporophytes wtts negatively associated with the

rate of vertical seston flu:c The results of other shrdies are in agreement with these

results. Sedimentation and seston flux can advenely impact microscopic stages of

giant kelp (Devinny and Volse 1978), as well as the microscopic stages of other

benthic organisms (see references in Foster and Schiel 1985). There is no question

that light level, within the range observed in kelp fores6, is an important

determinant of growth rates for the preadult sporophyte stages of giant kelp and

other laminarian algae (e.g. Luning and Neushul 1978, Luning 1980, Luning 1981'

Neushul 1981, Murray and Fain 1982, Depher 1984). Furthermore, recmitment

and growth of small sporophytes is reduced under giant kelp canoPy (e.g. Pearse and

Hines 1979, Reed and Foster 1984, Daytot et al. 1984, Dean and Jacobsen l'984,

Santileces and Ojeda 1984) and canopy of giant kelp can reduce irradiance by 90Vo

or more (e.g. Neushu|t977, Gerard 1984, Dean 1985).
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In addition, an utrexpected change in the environment that could well have

been inliuencing giant kelp populations was the appearance of fine sediments with

unusual bulk properties in SOK in 1935 (Final Technical Report B). Although the

effect of these sediments on giant kelp was not studied explicitly, it was probably

adverse. The presence of these sediments acted to reduce the densities of both

macro-invertebrates (Final Technical Reports B and F), and understory algae (Finat

Technical Report B). If aething else, kelp is untikely to successfully recnrit to areas

where the hard substrati has been buried with these sediments. As of July 1988,

these sediments covered about 30 hectares (LSVo of the cobble area underlytng

SOK). The timing of their appearance, and their concentation in the areas of SOK

closest to the diffusers suggested that SONGS may have been responsible for these

sediments; however, t5" pgsfuanisu$ responsible for the production and transport of

this material are still under investigation, and the results of these studies will be

included in the final draft of Technical Report B. It should be noted that although

these sediments could be responsible for a portion of the lost kelp in SOK the case

for SONGS effects does not rest on tlem. Much more area has been affected than

the total covered bv these sediments.

The changes in the SOK giant kelp population we have seen match, in many

regards, ,6" 6lenges that were predicted prior to the beginning of operations by

SONGS Units 2 atd3. Reductions in both density and areal extent were predicted,

and it was also predicted that this would occur because of a reduction in recnritment

of small sporophytes. Furthermore, the evidence that led to our conclusion that

SONGS adversely affected the SOK kelp forest is exactly the kind of information

that the MRC had thought would indicate an effect when the studies were planned.

For example, in the Technical Appendix to the MRC's predictions (Dean 1980) it

was stated that:
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The uDcoast marein of SOK especially in the offshore-
upcoait atea, itt-o"ld -be studiid car'efully since it is
.ios"st to tn"'AifuJei [nes and has proven-to be one of
the most persistent portions of the SOK bed' Ary
arastic ieduction in fueh Oensity frond area near the
Units-? nd t diffusei lines without obvious natural-
c"us"t t*h as nJi"y storlrls, urchin:invasions, 9r lT.i.f
substrate, or without concurent chqp-g9l -rn tne DIvrA
bid wouli indicate adverse impacts of SONGS'

And it was this portion of the SOK kelp forest tbat showed the greatest relative

decline in density, of nearlY 807o.

Two aspects of our results need further discussion. First" in contrast with the

results during the After period when the MRC did most of ia field studies (which

ended in December 1986), down-looking SONAR recorded substantial recruitment

of subadult kelp in inshore SOK in September 1987, and relatively high densities

there through 1989. On first consideration this seeuN to argue against SONGS

having effects on the giant kelp populations. However, it is important to keep in

mind tbat our evaluations of SONGS effecr come by comparing the impact area

with a control area. The resurgetrce of giant kelp seen in soK starting in 1987 was

paralleled by even gleatet recmitment of kelp in SMK during the same period'

Thus, over this period, when ketp recruited well throughout California we estimate

that there were, on average, 59,000 fewer large kelp plants in SOK and there were

80 fewer ha of moderate to high kelp density than there would have been if soNGS

were not operating. However, the effects that seemed evident througbout SOK

during the After period were restricted to the oftshore portion of the kelp forest

when the period from 1987 onward is considered. The largest increase in kelp

density inshore was in September 1987. These plants appear to have resulted from

sporophytes that were produced from gametophytes in January L987, a time when

Unit 3 (with the furthest inshore diffirser) was not pumping any water' There has

been additional recruitment of adult giant kelp in SOK especially inshore, since
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September 1987. Some of these adults may represent remaining recmits from 1987

that had not reached the canopy (perhaps due to overshading), and began growing

rapidly following a severe storm on January 17, 1988, that removed canopy.

However, production of new sporophytes did occur inshore after January L987,

especially in the dowucoast portion of SOIC This is indicated by the results of the

final survey for young of the year kelp recnrits in July 1988. One possible

explanation for this result is that the increase in the concentration of seston caused

by SONGS is greater offshore, so that effects are less severe inshore, and perhaps

are only evident during more marginal recnritment periods. There is no evidence

for such a spatial difference in physical effects, however (Appendix A). A second

possibility is that effec,ts are on average tle seme inshore as they are offshore, and

that we have simply seen a chance deviation from the long terrr average. A third

possibility is that conditions are generally better for giant kelp recruitment in the

inshore quadrants than in the offshore quadrants of SOK and as a result the same

physical effects inshore intemrpt recnritment only during some of the times that

offshore recnritment is impeded. These are possibilities that can not be

distinguished given the existing data, but may be by continued sarrpling of the San

Onofre and San Mateo populations of giant kelp by down-looking SONAR.

Secon4 it could be argued that SONGS has not adversely impacted giant

kelp because BACIP tests did not show such effects on outPlanted microscopic or

juvenile stages. We think this is a weak argument. These BACIP tests had low

statistical pourer (that is, even large effects could go undetected). In addition' the

data used in these ouiplants came from extremely localized sites, and the BACIP

results do not reflect the patterns seen in natural populations. Thus a very localized

event at these stations could strongly influence the BACIP results for the outplants.

One such localized event was a substantial increase in white sea urchin densities
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during the After period at two of the outplant stations. Finally, using the same

outplant data in an analysis different from the BACIP, we have shown that

microscopic kelp performs more poorly when exposed to more plume water.

The body of results presented in this report strongly suggests that temporal

variation in recnritment (rather than in adult mortality) was the major force driving

fluctuations in adult densities in the kelp forests near San Onofre. The resurgence

of giant kelp in inshore SOK resultirg from a burst of recrrritment during a less

than two month period when Unit 3 was shut doum, emphasizes that episodic

recmitment events are cnrcial to the population dynamiss of giant kelp. A kelp

forest can be dominated for a year or more by plants that recnrited during a period

of a month or less. These results do not mean that adult motality will never be an

important structuring force for giant kelp populatioru. For example, storm induced

mortality of adult kelp had striking effects on a kelp forest near Santa Barbar4

California (Ebeling et al.1985).

The long-term effect of SONGS on SOK will depend in part on how often

SONGS' operating schedule, or partiorlarly good conditions that mask SONGS'

effects, permit successful recnritment of giant kelp to the adult stage. A kelp forest

can reacb a nm3rdmum" adult density even after tnissinB several episodes of adult

recnritment, given that the period benreen successful adult recnritment episodes is

not so long that local extinction results. This is not unexpected glven the suong

density dependent effects of adult giant kelp on recruitment of small sporophytes

(see citations above), and the predicted consequetrces of such delayed density

dependence on population dynamics (e.g.Nisbet and Bence, 1989). Recovery from

low densities of adults depends crucially on the lengths of time between successful

recnritment events. If these time periods are too long, a local giant kelp population
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may go extinct, and once this happens it can take many years for a recovery to occur'

This was the case for SOK and SMK following a die-off in the late 1950's, and at

Barn kelp forest after a die-off in 1980.

One potential method to mitigate SONGS' effects on giant kelp would be to

schedule down-time for the January-May period, when tbe production of new giant

kelp sporophytes often occurs. Standing in the way of successful implementation of

such a plan is the highly unpredictable timing of production of new giant kelp

sporophytes. On the other hand, even if such rescheduling did not allow substantial

production of sporophytes during all potential'bindows" when physical conditions

were appropriate, it might increase the probability of successful recnritrnent.

There are of course many other potential methods to mitigate SONGS'

effects on giant kelp, and tlese are discussed at length elsewhere (Final Technical

Report H). One such method would be the construction of an artificial reef. If

located in the San Onofre area, care will be needed to locate such a reef so that the

substantial adverse effects of SONGS on giant kelp that we saw in SOK do not

occur there also. One possible location would be upcoast (northwest) of SONGS

diffusers, which now is largely a sand plane. The available population data suggest

that SONGS did not reduce the density of giant kelp on a patch of hard substrate

immediately upcoast of SONGS' difftrsers. It is possible that SONGS does not

substantially affect kelp in t}ris area because it is generally upstream of the difftrsers,

and on average only experiences a small reduction in irradiance (Appendix A)'

However, caution should be exercised in locating a kelp forest in this are4 since

potential soNcs' effects were not studied in the detail there that they were

downcoast of the diffqsers. It is possible, for example, that SONGS might increase

seston flux in this are4 leading to higher moftality rates of small plants' Such
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possibilities would need to be considered if this area were chosen as the site of an

artificial reef.

Because giant kelp is such an important component of the kelp forest

community, losses in gant kelp populations have consequences to other comPonents

of the community. Of partiorlar interest is that decreases in areas covered by giant

kelp, or the density of kelp within an iue4 can lead to declines in the abundance of

some species of fish. As it nrrns ouq over the short-tem, the effect of decleased

area covered by kelp in SOK was an increase in the density of the mid-water fish in

*1s ssuraining igea of kelp as the fish become "concentrated" into that area (Final

Technical Report J). Whether or not losses in areas with kelp lead directly to losses

of bottom fish is unclear. Over the long term, however, total numbers of fuh may

decline either if mortality rates increase, or more likely, if total recruitment of young

fish declines. Support for this speculation comes from the observation that reefs

with higher kelp densities tend to have more fish (Final Technical Report J). (Note

that the numbers of bottom fish in SOK have declined relative to SMK but this

decline was at least partly independent of changes in the density of giant kelp (see

Final Technical Report J).)

Giant kelp populations are also of importance to some invertebrates. For

example both the red sea urchin aud abalone feed primarily upon drifting fronds of

Macroqstis. It is worth noting that the red sea urchin is now one of the most

important commercial frsheries in southern California (Reed, penonal

communication). One estimate of such detrital production was made during the

Before period (December 1978), when it was estimated that 9,000 kg of drift kelp

was released by SOK per day, which is equivalent to 18 g/rfild (Dean 1980)'

Gerard (1976) studied the material dynamics of the Point Cabrillo kelp forest in

I
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Monterey Bay, California in detail. She estimated that 70Vo of the production

entered the drift kelp pathway, and that of this,40Vo was used by foragers within the

kelp forest. Clearly organi565 that live directly on giant kelp plants (e.g. fouling

organisrns) will be lost when the plants are lost. We suspect that at least some

species that are less obligatorily dependent upon giant kelp also experienced

reductions in abundance as giant kelp became less abundant in SOIC However, we

have no direct evidence for this, and in general such losses were probably not

catastrophic for large benthic invertebrates. For example, we could detect no

obvious density response of large benthic invertebrates living in Barn kelp forest

after the giant kelp population there went extinct in 1980 (Final Technical Report

F). Again, it is worth noting that we have seen declines in the density of macro-

invertebrates in SOK since SONGS began operating, but tbese losses do not seem to

be tightly linked to the declines in gant kelp (Final Technical Report F).

In summary theq following the start of operations by the new Units, SONGS

appears to have substantially reduced the production of new adult giant kelp plants

in SOIC This led to a decline of about 60Vo in density of adult kelp in SOK relative

to SMK and the loss of approximately 80 ha of moderate to high density stands of

kelp. This overall decline occurred in the face of substantial adult recnritment in

inshore SOK during fall of 1987. Our estimates of overall reductions in area and

density in SOK due to SONGS are rqNonable long-term ones. This is in view of the

fact that the oceanographic setting of the After period has spanned the range from

very good (e.g. 1986, 1988) to very bad (1983) conditions for kelp recruitment and

growth.
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Table 1

SI]MIVIARY OF EVIDENCE FOR A SONGS EFFECT ON GIANT KELP

Patterns in natural populations
' 

Adult density and areal extent declined in SOK relative to SMK
' 

Recnritment rate of adults declined in SOK relative to SMIi Decline was very
large but not significant (low power)

' 
R.*rit-"nt rate of blade-stage/juveniles declined in SOK relative to SMK

Studies of the 1986 Recruitment Episode
I

Gametophytes present in adequate uumbers
' 

Mi.ror.opic sporophytes scarce near SONGS'diffusers
!- 

Higb mortality rate of miclroscopic sporophytss Eansplanted near diffusers
' 

High mortality rate of blade-stage sporophytss 6ansplanted downcoast of
diffusers

Mechanistic studies
I- 

SONGS'plume acts to reduce irradiance and increase seston flux
' 

Mioor.opic sporophyte production lower when:
- iriadiance l^ow or seston flux high
- plume is present more

' 
Micror.opic sporophyte survival lower when:

- seiton'fluxhiller
- plume is present more

' 
Mioor.opic sporoohyte growth lower when:

- irradiance iorier 6r seston flu higher
- plume is present more

' 
All pre-adult stages grow more slowly when irradiance lower
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Table 2

Average cover (7o) of various substrates in kelp for.ests in San Diego county in
November/December 1984. Estimates werc made at a single site in each area. 40 1'm'
quadrats werc examined at SMK, SOKU, SOKD, and BIL 20 quadrats were used in the
other lrelp forcsts. SMK = San Mateo; SOKU = UPcoast San Onofic; SOKD = Dorrncoast
San Onofr.e; BK = Barn lrelp; CSB = Cardlff Sbte Beach; LEU = Leucadia; SWA =

Srraml's; CAR = Carlsba4 IJ = La Jolla. Substrate categories defined by Wentrvorth scale
(Inman 1963). Based on Table 1, Dlxon et al.1988.

l
I
I
I
I

Kg.PFOREST
SMK SOKU SOKD BK CSB LEU SWA CAR ISUBSTRATE

I
I
t

60 97 v3

0.0 0.7 L.4

22 1.8 1.5

3.4 0.0 0.4

y 0.0 43

54 65 70

L7 0.0 1.1

24 0.0 r.7

z7 0.0 0.4

L735n

0.0 0.0 0.0

uzrL2

53 32 47

11 7.7 L4

L2qn

Reef

Boulder

Cobble

Gravel

Sand

I
I

I
t
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Table 3

Average density (no./m2) of various alge in kelp fosests in San Diego county in

Novembcr/December 1984. Estimates werc made at a single site ln each area. 40 1'

m2 quadnts werc examined at SMK, SOKU, SOKD, and BIL 20 quadrats were

or"d io the other kelp forests. SMK = San Mateo; SOKU = Upcoast San Onofie;

SOKD = Dormcoast San Onofrq BK = Barn }.elp; CSB = Cardill State Beach;

LEU = Leucadia; SWA = Swami's; CAR = Carlsbad; U = La Jolla. Based on

Table 2, Dixon gLgL 19tt.

KH.PFOREST
SMK SOKU SOKD BK CSB LEU SWA CAR

M ac rocy s tis pyrifera (adult)

La,minadafulouii

Cystoseira osmundacea

Desmtestia ligulua

EWgamerciessi

Eisenia atborea

Pterygoph ora c aifomic a

0.8

0.0

03

02

0.0

0.0

0.1

>0.1

0.0

0.4

0.4

0.0

0.0

0.0

0.1

0.0

0.0

0.0

0.0

0.0

0.0

05

0.0

0.0

0.1

0.0

0.0

0.0

4.2

0.1

32

0.7

0.6

0.1

03

>0.1 >0.1

0.0 0.0

03 0.1

0.1 03

0.0 0.0

0.0 0.0

0.0 0.1

0.4 0.1

0.0 23

0.1 1:}

0.0 0.0

0.1 15

0.4 2.8

0.1 2.9I
I
I
I
I
I
t
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Table 4

Average density (no./m21 of various benthic invertebrates tn kelp forests ln San

Diego county in Nolember/December 1984. Estimates wene made at a single site in

*"f,.*. lO r-.2 quadrats werc enmineit at SMK, SOKU, SOKD' and BK. 20
quadrats werc used in the other kelp forests. SMK = San Mateo; SOKU = Upcoast

San Onofre; SOKD = Dormcoast San Onofinei BK = Barn kelp; CSB = Cardiff

State Beach; LEU = Leucadia; SlilA = Snami's; CAR = Carlsbad; IJ = Ia Jolla.
Based on Table 3, Dixon et al. 1988.

SPECTES

I(HJ FOREST

SMK SOKU SOKD BK CSB LEU SWA CAR LI

Tethva aurantia

Muicea califomica 95

Muiceafruticosa

Astaeaunbsa

Cypraea spadicea

Muwelliagenuna

Mwaiella santotosarro

Pteropttpura fe*iva

IQlletia kelletii

Mitra idoe

Cottus califomians

Lyechinus anamatu:t

0.0 0.1

93 9.8

05 3.1

0.1 0.0

0.1 0.1

0.1 0.0

0.0 0.0

0.9 02

08 02

0.7 0.0

L8 03

% 0.6

0.0 0.0

0.0 0.0

0.0 0.0

L.6 0.4

05 0.0

0.0 0.1

0.0 0.0

0.0 1.5

0.0 2.0

0.0 0.0

03 0.6

0.1 03

02 0.8

0.0 0.1

t2  03

0.0 03

0.0

2.4

0.0

0.1

03

0.4

o2

23

0.0

1.1

43

0.0

3.4

02

0.0

0.0

03

0.1

0.6

1.0

13

, , )

L1

. 
0.1

02

0.0

4.4

0.8

0.0

0.0

0.1

0.0

0.7

0.6

03

1.9

05

0.0

0.0

0.0

9.6

0.8

0.1

0.0

0.1

0.0

0.1

0.9

0.1

0.6

0.4

0.0

0.0

0.0

1.1

0.1

0.1

0.0

0.1

0.0

0.1

03

0.7

03

1.1

0.0

0.0

Stongtocantous frucbcurus 0.4

sfronglocennotusputwrztlts 05
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Table 5

Average flow volume and power production (as a percent of maximum possible) for

"Befor:" (JanuarT 1, 1978: lprif lO, 19&j) and "Allter" (May 1, 1983 . July 20' 1988)

periods. (Note tlat July 20, 1988 is the last date for which the MRC updated the

data bases containing data on SONGS operations before the closing of the Encinitas

coEput€r facilitY.)

PERIOD FIOWVOLTJME
OFUNITS2 & 3

(#ot)

7o POWERPRODUCTION
OFUNITS2 & 3

0.4

59.0

I
I
I
I
I
I
I
I
t
T
I
I

1.0 x 107

7.1x 107

Before

After

I
I
I
T
t
I
I
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Table 6

Tests of trends in deltas (Impact . SMK) of areas in meters exceeding thrcshold
lrelp densities. Data weFe not transfolued.

TYPEOFAREA
(firnrwom)

SLOPE PR2

Area with kelp
Present

-2v2 0.47 0.006

Area with kelp
density 

"*.cediog 
'?5.L 058 0'003

4/L00m'

.-ry

Area with kelp
deasity exceeding
161700m'
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Table 7

Tbends of deltas (Impac't - SMK) for kelp density estimated by downlooking

SONAR Data werne log transformed.

IMPACTAREA R2

SOK
soKU45
soKD45
soKU35
SOKD35
SOKN

4.0001
{.00(B
4.0001
-0.0001
-0.00002
-0.000tr/

0.06
0.0001
0.009
0.28
0.78
02t

08
0.78
0.48
0.11
0.01
0.14



Table 8

Estimated percentage changes of kelp area and density in SOK (rclative to SMK)
from the Before to the After period based on dorm-looking SONAR data. * indicates

results supported by trends (p < 0.1) in deltas througb time.

VARIAEI.E PERCEI.IT C:{AT.iGE

Area (>4 plants/100n2) of SOK

Densityin SOK

Density in SOKU45

Density in SOKD45

Density in SOKU35

Density in SOKD35

Densityitr SOKN

-57:

{().

-79.

-55*

+60

.1:}

4
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Table 9

Results of repeated.D€rsuF€s BACI analysis for adult kelp on transects.

Estimated perccnt changes in the SOKU4S (near impact) and SOKIXS (far impact) quadrants relative to the

values in the control tatp forest, SMK, and the rcsults of repcated measuFes analyses. Data werc log

bansformed beforc analysis.

IIERIOD X LOCATION
F(DF) P

PowER(7o) PowEn(7o)
IVIAIN PERIOD X

LocATIoN

PERIOD
F(DF) P

I
I
I
I
I
I
t
I
l
I
I
I
I
I

VoCl ' tJCe
soKU45 SOKD45

Density

Recruitment

Mortality

4.9
-&3.9

43

-55.4

-89.7

-19.0

47.6

7.7

38.8

99.9

25.8

29.0

7.es(18) 0.011

2A(B) 0.15e

0.47(17) 0502

3.64(18) 0.073

0.41(A) osv

w4(a 0565
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Table 10

BACIP tests on adult kelp on transects at SOKU3S. SMK was useil as the Control. Tbansfotmations werc

chosen to induce additivity. Power ls lfl) x the probability of detecting a 507o change at the impact site testing

at the 0.05 level. Tests of serial comelations could not be done for recnritment rate, because therc were only

thrce Before obserrations.

VanresLE

Density

Recrutiment

MEAT.IVALUES
BEFORE AFTER

CONTROL IMPACT CONIROL IMPACT
PowER Vo

(Vo) CHANGE

log(x)

log(x+0.00314)

o.tll 0.052
.  ( n=4 )

0.052 0.010
(n=3 )

0.179 0.006
(n = 14)

0.078 0.001
(n=8 )

<0.0001 32s

0.295 5.6

-915

-78.4
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Table 11

Results of repeated-measures BACI analysis for young-of'year kelp.

Vo CHeNce ,,t / hRIoD PERIoD x LocATIoN PowER (%) Powen (7o)
soKtt# solqK F(DF) P F(DF) P I'IArN PENoDx

, LocATtoN

45' Recruitment stations

35' Recruitment stations

Both depths combined
(recruitment stations)

4f invertebrate
sampling stations

-765

-n.7

-7L.9

45

8.6

6.7

11.6

85

9.1

10.4

-724

-87.1

-8L9

328(15) o.oe

65s(15) 0.G2

458(15) 0.049

150(14) 0.24

0.04(1s) 0.84

0.87(6) 0s7

0.%(15) 03

0.77(L4) 039 6.1

I
I
I
t
I
t
I
I
T
t
I
I
I
I
t
:

t
T
I

100



Table 12

Mean densities of gametophytes and sporophytes on cobbtes during periods of peak abundance in
1986. Letters lndicate groups of means that wer.e not sigpilicantly dillerent at p < 0.05 based on
Duncan's multiple range tesL Gametophyte density is based on numbers of sporophytes produced
after culturing under optimal conditions tn the laboratory. Based on Table 17, Schroeter g! aL
(198E).

l
I
I
t
t
t

STATIONS

MEAJ.TGAMHOPT{YTE
DENsrrY (No./lm cM2)

MEAJ.ISPOROPHNE
DENstrY (No./100 cM2)

ON UNCI.JLTURTED COBBLES

,I

SMK45

soKU45

soKU35

SOKD45

SOKD35

n FEjBtggT

A €JsO

A 10,62

A 6,70L

B 1

B O

10 APR 1987

A 4 A

A 3,731

A A 3

A 552

A 6v3

08 MAY 1987

A 3 2

B O

B O

60

n

21MAY 1987

A 2 n

A 1

A O

A 1 8A

A

T
I
T
T
I
I
I
T
I
I
I
I101
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Table 13

The mean values for imadiance, seston flux, and temperature for the period 27 Feb

t6 to 8 May t6. The iradiance value for SOKU3S is from the period 31 March 86 to

8 May t6, since data prior to 31 March 86 were missing Based on Tables 18'21,

Schroeter g! at. (1988).

.d Mean Values

Sf,ATIONS IRRADIANCE SESTONFLUX TEMPERATURE
(E/u2/o) (rn't/D) ("C)

L43
14.1
133
13.8
13.9

6A
8.9
55
10.0
145

1.13
0.88
0.85
0.48
0.68

soKD35
SOKD45
SMK45
soKU45
SOKU35

B. Pairwise comparlson of stations for seston ftux, irradiancc, and bottom temperature by t'tests.

STATIONS
IRRADIANCB

N  T  P R > T

SESTONFLUX
N  T  P R > T

BOTTOM TEMPERATURE
N  T  P R > T

I
T
I
I
I
I
I
T
I
I

SOKDT5
SMK45

SOKD35
SMK45

soKU45
SMK45

soKU35
SMK45

{, -o'oe

fi -L{)

f i f f i '

f lLo,

3,*
I n.^
9n ue

'n 'zo.

7,i -4.81 <0.01

4: 
-3.1e <0.01

li 
-2.17 <0.03

3 
-72a <o.or

0.17

I
I
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Table 14

Regression of log transformed production of sporophytes from gametophytes
against log transfotned seston llul log transformed temperaturc, and a "dumm/'
variable, taking values of l where inadiance exceeded 0.4Elm"/d and 0 othenrise.
Included are all data collected before 19&t, and data from SMK after 1983 for

outplants at depths other than 0 meters.

PARAIYTSTER PARAr'mEREsm\,tATE Panrnt R2

Intercept

Slopes

log (seston flrx)

Log (temperature)

Irradiance
dummyvariable

{56

-19.81

3.D

0.0m1

0.0005

0.0001

0.0001

0.045

02r

0.09

I
I
t
I
I
t
t
I
l
T
T
t
t
l
T
I
I
t
l

.'
ToalR- = 035
P for arodcl = 0.0fi)1
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Table 15

Results of rtgrcssions of deltas (Inpact . SMK4$ for sporophyte production from
gametophytes agninst the proportion of time a station nas classifed in the plume.
After data from impact stations ia SOKU4$, SOKU3!, SOI(D4$' and SOKD3S were
use4 and station nas included as a dummy variable. Data qrcre log(x + 0.m3)
hnsfomed bcfore catculating dcttas.

Slopevs.
PROPORTIONTIME

INPLTJME

P VALI.,EFOR P VALI,JE

PnoponnoNTtrrag FoRSTATIoN
IN PLI.JME EFFECT

N

42

47

0.41

0.003

-049

-5.06

0 m

2 m

0.10

0.006

I
l'
I
t
t
I
t
I
t
I
I
I
T
t
T
I
I
t
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Table 16

One-nnay analysis of variance testing for differcnces in log-transformed densities of

sporophytes on cobbles experimentally transplanted to ditTercnt stations. Cobbles

fron att trays and depths at a station were trcated as replicates. Duncan's multiple

range tests ctere used to ercamine dilfe3ences amotrg iudividual stations. Means with

same letters are not significantly differcnt at p < 0.05. Untransformed means aFe

tabulated. The experiment ran from 15 May to (X Junc 86. From Table 26'

Schroeter et al. 19tt.

I
I
t
t
I
tTYPEM SS P R > FSOURCE

?,2810.01

121.08

131.09

5

138

L43

Station

Error

Total

MEANDENSINT

GlLcn(ji/P)

I
t
t
I
I
t
I

A

A

A

A

SMK45CL

SMK45

soKD35

soKD45

soKU35

SOKU45

B

B

B

B

105

9i

4.8

2.7

23

L6

a

24

u

u

24

24

t
I
t
I
l
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Table 17

The mean values for iradiance, seston llux, and temperaturc for the period 16 May

to 4June,1986. Based on Tables 27-29, Schroeterg!!gL (19EE).

A. Mean Values

STATIONS IRRADIANCE SESTONFLUX
(E/Mz/D) (Mr'{/D)

TEMPERATURE
("c)

15.7
L4.7
15.8
L43
t4.9

424
635
13.#
8.80
150

136
1.10
0.93
0.80
2.72

SOKD35
soKD45
soKU35
SOKU45
SMK45

t

B. Painvise comparison of stations for seston flux, irradiance, and bottom temperature by t'tests.

STATIONS
IRRADTANCE

N T PR>T

SESTONFLT.'X
N T PR>T

BoTTOM TEMPERATI.JRE
N T PR>T

SOKD45
SMK45

soKD35
SMK45

soKU45
SMK45

soKU35
SMK45

n zs2 o.o3

n L.n 026

T, 4.v <0.01

# 3-s6 <0.01

I -z.rs .o.or

I -zes o.os

1 .o o.t7

1 -r.n o2o

n r27 o.n

n -6.r:l <0.01

n 4s3 <0.01

n -3.o2 <0.01
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Table 18

Results of rtgressions of deltas (Impact . SMK4$ for microscopic sporophyte
growth and mortattty aoainst the proportion of timc a station ras dassifed in the
ptu-* After data ftim the bottom at impact statlons in soKU45, SOKU3s'
sorog, and soKD3S impact sites rrcr= usc4 and station rras induded as a

dummy variable. Data wtre log(x + 0.08) tansformed for mortality rate and

untransfomed for growth rates prior to calculation of deltas.

BIOLOGICAL
VARIABLE

Slopevs.
PRoPoRxtoN T[\,tE

IN I}LIJME

P VALI.JEFOR P VALTJE

PROPORTTONTNVfE FORSTATION

INPLI.JME EFFECT

'))

26

0.67

0.&

0.01

0.u2

139

-05)

Mortality rate

Grofih rate

T
I
I
t
I
'l

I
I
I
I
t
I
t
t
I
t
t
l
I
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Table 19

Regression of log transformed microscopic sporophyte mortality against log

trznsformed seston tlux Included arc atl data collected beforc 1983. (At SMK all

outplants during the After period rverc all on the bottom and are excluded from

analysis.)

PARAI,TETER ESTM,TAJTE

Intercept

Slope

0.065

0.015

0.0001

0.uz

R2 - 0.065

t
:l
t
I
,l

t
t
t
T
I
I
t
i
I
I
I
I
I
I
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Table 20

Sporophyte lengths at the end of the cobble transplant experiment doue during 1986.
The experiment ran foru 16 May to 04 June 85. From Table 25, Schroeter g!'

1988.

Ttvo-rvan tixed.effec{ analysis of variance testing for dilferenccs in log'transformed
lengths of sporophyts, stations, beatments (on the bottom or 20 cm above the
bottom), and among r:pllcate tays withtn each tneatment and station. The nean
square erTor for replicates (statlonrtreahent) was used as alr €rror tetm for

station, treahent, and stationtfeahent eltects.

FDF TYPEM SS P R > FSOURCE

Station

Treatment
(heigbt above bottom)

Station'Treatmcnt

Replicates
(Station*Treatnent)

18.01

1158

?939

26.90

3.7t

26.90

0.(}2

<0.01

I
t
t
,I
I

0.09

0.02

228

732

5

L7

Mean final sporophytc lengths, averaged over all cobbles as a given depth for each

stadon. I)uncan's multiple range tcsts werc used to enmine dillercnces amotrg

mcans of log transforned final lengths at lndivldual stations. Means with same

letters are not stgntlicantly dilfercnt at p < 0.05. Untransfomed means are

tabulated.

Sre:roN

BorrroM
MEAT.II.ENCrt|

(ctr) N

* 2!0 cx\,r ABovE BOTTOM ---

MEAI.II-ENCTI{
(ct"t) N

I
I
J
,t

SMK45

SMK45CL

soKD35

soKU45

SOKU35

soKD45

A 41.4

A 36.8

A 2L2

A 2t.7

B 8.6

c 2.2

2,

35

30

15

L7

5

A 4L2

A 4 0 , 2

A 4L3

A 23.8

A 233

A 35.7

24

51

7

12

6

7

I
I
t
t
t
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Table 21

Regresslon of log transforued sporophyte gforvth against log transforrned

irradiaoce and log transfolued seston tlur Included arc all data collected beforc

19t3. (At SMK alt outplants during the After period wene ou tbe bottom and ar"e

excluded from analysis.)

PenaMeTERESruUA:TE Pennet R2

Intercept

Slopes

Iog (irradiance)

Log (seston flux)

0.aD

4.017

0.0m1

0.0004

0.12

0.09

Total R2 - 05)

Pformodel .0.0d)1

t
t
I
t
I
T
t
I'
t
I
I
I
I
t
T
I
t
T
I,
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Tzble22

BACIP tests on sporophyte production from gametophyte outplants (7o female gametophytes producing

sporophytes). Transformations rverc chosen to induce additivity. Power is lfi) x the probability of detecting a

507o change at the impact site testing at the 0.05 level.

t
I
I

CoupenrsoN
(CoNrRoLvs ltvcect)

I{EIGIII
OFF TRAT.IS.

BoTToM FORM/SION

MEAT.IVALUES
BEFORE AF1IER

CONTROL IMPACT CONTROL IMPACT
P POWER Vo

(Vo) CHANGE I
SMK45 rls SOKDIS

SMK45vs SOKU45

SMK45 r's SOKDIS

SOKBISwSOKU45

0 m log(x+0.O1891)

2a loe(r)

2a log(x)

2m log(x+0.001891)

(n - 10)

0.0?o 0.s28
(a = 11)

0.f/0 0.(X5
(n - 11)

0.a76 0.023
(a=24 )

( n - l i l )

0.005 0.N2

(n = 12)

0.001 0.003

(n = 15)

0.m6 0.002

(n - 17)

5.9 5173

9.1 4.7

8.2 279.L

16.6 71.8

0.w

0.vn

039

0323

I
t
t
t
I
I
,l
t
l
T
I
t
t
l

1.11



Table 23

BACIP tests on microscopic sporophyte gronrth rates (proportion of tength per day) during microscopic

sporophyte outplants. Ttansfomations were chosen to inauce additivity. Power is 100 x the probability of

altec6ng a \Wo change at the impact site testing at the 0.05 level. Results are for 0 m depth only since

sporophyte outPlants wene not done at other depths during the After period.

ColvtPARrsoN
(Corvrnolvs IMPACT)

TRAr.rs-
FOKMA*IION

MEAI.IVALUES
BETONE ATTER

CONTROL IMPACT COTVTT'OI IMPACT
P PowER Vo

(Vo) CHAIIGE

sMK4s vs soKu4s

SMK45raSOKDIS

SOKDISSSOKU45

0.m 0.(n0
( n = 7 )

0.62 0.048
( n - 6 )

0.u9 0.008
(n = 14)

0.112 0.058
( n = 8 )

0.1u 0.110
( n = 8 )

0.1011 0.(X8
(r = 10)

0.916

0379

058

5.9 -5.9

9.7 41.0

5.3 -20.r

t
t
!
I
,t
I
I
I
!
T
I
I
I
1
I
t
l
I
I

r12



Table 24

BACIP tests on sporophyte mortality rate p€r day during microscopic sporophyte outplants.
Ttansformatio1s were chosen to induce additivity. Power is 1fi) x the probability of detecting a 507o change at

the impact site testing at the 0.05 level. Results are for the 0 m depth only since sporophyte outplants wert

not done at other depths during the After period.

t
I
I
,l

MEAIYVALUES
BEFORB AFTER

CONTROL IMPACT COT.TNOI I}CACT
Vo

CHANGE

t
COMPARISON

(Covrnol vs Iuracr)
Tnexs

FORIT,TATION

P POWER
(vo)

sMK45 VS SOKU4s

SMK45r,sSOKD|S

SOKDIS vs SOKU45

log(x)

log(x+0.G06)

log(x)

0.036 0.131
( n ' 7 )

0.03 0.069
(a  .6 )

0.052 0.65
(n = 13)

0.117 0.114
(n = 10)

0.131 0.(B1
(n = 11)

0.ra5 0.114
(n = 10)

.37.9

0.069 t

t
I
I
I
I
I
I
t
T
l
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Table 25

Mean density (numbcr/m2) of I 4gCbiuC at benthic invertebrates sampling stations

nearest the mlcroscopic sporophyte (and gametophyte) outplant stations in offshorc

soK.

soKU45
MEAT.I!sE

soKD45
MEAN!SE

Before

After

5.9 i 1.6

33 ! 1.1

2.4 + 0.6

93 + L.7

l
t

LT4



Table 26

Mortality (Vo), meztgrowth rate, ir"radiance 1f/n2/d), teplteraturc fC), and seston flux (mmd'l)

for the 1936 (1S luguit 19E6 - 11 Januarl 1987) blade stage experimenl * (p < 0.05) and t (p < 0'l)
indicate Dortality or growth rates at an impact (SOK) station that ditfercd sigrrilicantly or nearly

signiticantly from the-value at SMK. A chl-squarne test nas used to test painrise for equality of

-o"t lity ratss to each of the impact stations vs. SMK. Growth rate at each of the impact stations

nas cornpared with SMK using Duncan's multiple range test following a prcliminary one'uay ANOVA

that lndicated signifrcant 6 { O.Ofl among statlon variation in grwth rates. Physical<hemical and

nortatity data based on Tables 32134136 and 37, Schroeter et al. (1988).

I
I

I
I

l
I

STATION

- MoRI'ALTTY--
VoTHET INTNAL

DTED N

- GRO\I[H-
Gnownr N

RATE
IRRADI.

AI{CE

TEMPER- SESTON

ATURE FLUX

0.6

L2.8

10.1

5.0

05

163

163

16.9

L6.7

16.0

r.L1

0.93

L.2,

139

1.08

42

6

30

t7

55

0.0067

0.0090

0.mdl

0.0062

0.0095

99

51

I

n

98

58

61

70

82.

44*

SMK

soKU45

soKU35

soKD35

I.sOKN35
(north bed) I

I
,l
I
I
I
I
n
I
t
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Table2T

Analyses of variance and Duncan's multiple range tests of dilferences in growth
rates among stations during juvenile transplant experiments at inshorc (-10 m
depth) stations in 1986. Means with the same letter beside them arc not
sigpilicantly dilfercnl From Table 39, Schrocter glgL 1988.

P R > F

24 JTJNE 86TO 5 AUGUST 86

ss

I
I
t
,l
t
t
I
t
f;

Statiou
Error
Total

0.008
0.m6
0.014

2
51
53

y.46

GROV/THRATE
(d'1)

<0.01

SMK35
soKD35
soKU35

2L
m
l:}

A
B
c

0.048
0.035
0.017

I
I
t,
t

7 AUGUST 86 To 18 SEPTEMBER 85 --....._---

D F  S S  F  P R > F

<0.010.006
0.@5
0.(B1

,
47
19

Station
Error
Total

GROWTI{RATE
(d-1)

]

t
l
I
I
I

SMK35
SOKD35
SOKU35

L4
2L
15

A 0$n
A 0.022
B 0.0L5
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Table 28

Analyses of variance and Duncan's multiple range tests of differences io growth
raGs among stations during juvenile transplant experiments at offshore (-li] m
depth) stations in 1985. Means with the same letter beside them are not
sipilicantly dilferent. From Table 40, Schroeter et al.l9tt.

l
I
I
t

24 JTJNE 86 TO 5 AUGUST86

ss P R > F

Station
Error
Total

0.m14
0.m60
0.0074

2
49
51

5.94

GRoWTH RATE
(d-1)

I
t
I
I

16
18
18

A 0.031
BA 0.U24
B 0.018

SMK45
soKU45
soKD45

il
I
I
,l

SoURG

7 AUGUsf,S6To 18 SEFTEIIIBERSS .._-

D F  S S  F  P R > F

0.740.0000
0.0038
0.0039

2
€
50

Station
Error
Total

GROWTIIRATE
(d-r)

I
I
t
I
I
t
I

19
L4
18

A 0.019
A 0.019
A 0.017

SOKU45
soKD45
SMK45

177
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Table 29

Results of paircd t-test of dilfercnces in daily irradiance (E/m2/itay) and daily temperature (oC)' 2 m

off bottom at statious in SOK vs SMK for periods from 24 June to 05 August and from 07 August to

18 September 1986. Atl tests corrccted for serial corrclations (see Methods). From Tables 41 and 42'

Schroeter gbl 1988.

I 24 JI.JNETO 05 AUGUST
IRRADIANCE TEMPERATURE

N MEAT.T T PR > TSTATIONS P R > T

SOKD35
SMI35

soKU35
SMI35

soKD45
SMK45

SOKU45
SMK45

10
10

10
10

38
38

38
38

0.9't

L3.6
13.6

73.9
73J

1:}.8
r'.6
13.6
13.6

0.n

225
1.1.0

1.15
1.10

3.15
3n
2.y
3n

-133

-0.04

0.43

2.0L

0,2,

0.67

<0.05

11
11

4
4

39
39

39
39

-0.19

-156

-131

0.04

0.85
t
I
I
I
I
t
I
3

STATIONS

(}7 Aucusrro 18 Serreilrsen
IRRADI,ANCE

P R > T
TEMPERATURE

N MEAI.I T PR > T

soKD35
SMK35

sor(u35
SMK35

soKD45
SMK45

SOKU45
SMK45

t7
31

37
v
43
43

n.

433

-2"81

-139

L4.4
145

145
145

153
15.6

13.9
t42

L87
1.40

224
1.40

25
L15

130
L.94

<0.01

<0.01

0.78

0.18

L3
1:}

l:l
13

43
43

B
a

051

L.71 0.09

<0.01I
t
I
1
I
I
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Table 30

Mean percent cover by fouting or3anisms on blades of transplanted juveniles during
the two 1986 transplants. From Table €, Schroeter ClgL 19E8.

I
I
I

24 JUNETo 05 AUGUST86

MEAI.I N

O7 AUGUSiTTO 18 SEPTEMBER 85

MEAI.I N

OFFSHORE SITES

soKU45

soKD45

SMK45

INSHORE SITES

soKU35

soKD35

SMI<35

19

t3

18

15

2A

L4
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Table 31

Regrcssion of log tmnsforted juvenile growth rate against log transformed

temperaturc and tog transfomed irradiance. Included are all data collected before

19&l and data ftom SMK iu the After period. (All iuvenile transplants were on

raclcs raised offthe bottom.)

PARAIYTSTERESTM,TATE PenrterR2

Iltercept

Slopes

Log (temperature)

I-og (irradiance)

4.W2

0.008?

0.0001

0.0002

0.49

027

J
I
l
I
T
I
T
I
I
l
I
I
t
I

Total R2 . 056

Pformodcl - 0.0001
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Table 32

BACIP tests on juvenile growth rates from juvenile transplants. Tbansformations were chosen to induce
additivity. Power is 1il) x the probability of detecting a 507o change at the impact site testing at the 0.05 level.
All transplants wer€ on racks approximately 1 m olf the bottom.

I
I
I
0

ColvtPARtsoN
(Covrnol vs Il,rPAcr)

TRANS.
FORNIAIION

MEAT.IVALIJES
BEFORE AFTER

CONTROL IMPACT CONTROL IMPACT
P POWER Vo

(Vo) Crnr*cn I
sMK45 vS SOKU45

SMK45 vs SOKDIIS

SOKD|S vs SOKU45

nonc

log(x+0.015)

lotrc

0.018 0.013
( n - 4 )

0.017 0.016
( n - a )

0.922 0.016
( n ' 8 )

0.015 0.014
( n = 8 )

0.013 0.014
( n - 8 )

0.01116 0.013E
( n = 8 )

I
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74.6 435

86.8 5.1

93.4 51.4
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Table 33

Results of 19t6 adult transplant experimenL Mean numbers of fronds per plant'

mean net change in fronds per plan! and results of a nested ANovA testing for

dilference in net change 
"-oog 

kelp fortsts and rcplicate stations within kelp

forests. Comparisou is between inshore SMK and the area of upcoast inshore SOK

near Thansect ljl" (ISOKU3STRff]) wherc higb mortality uas obselved in 1984'

From Table 11, Dixon et a|.1988.

KEI.P
FoREST

REFUCATE
S'AlvrPuNG
STAI1ON

MEAN#
FRONDS
05 SEF86

MEAN #
FtrOI{DS
21 JAN 87

MEAJ.INET
C}IANGE

PERPIAT.IT
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SMI35

SOKU35
(rsoKU35TR13)

1

2

3

Overall mean

4

5

6

Overall mean

195

L9.6

4"2

2L.O

18.2

18.2

!&3

182

z).8

n3

DA

24.L

9.7

2,.6

lt!

15.8

+ 1.4

+L7

+5.4

+32

-85

+4.4

-&

-25

AI.IOVA

Kelp Forest

Replicate Station
(IGlp Forest)

Error

Total

1

2

104

L07

857.1

L57.6

8039.1

9053.9

11.09

L.02

<0.01
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8. FIGURES



Figure 1: A diagrammatic representation of the Macrocystis

pyrifera life cycte. The names of each life-stage ancl

approximate stze ranges are given- On adult and

subadult plants, the various structures of the plant are

labeled as follows: (a) holdfast composed of haptera'

(b) primary dichotomy, (c) sporophyll, (d) apical

meristem, or "scimitar btade", (€) frond, composed of :

(f) stipe, and (g) blade. The blade is made up ol (h)

lamina, ancl (i) Pneumatocyst.
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Figure 2: Ketp forests near the san onofre Nuclear Generating

Station.
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Figure 3: San Onofre kelp forest (SOK). The area of hard

substrate is outlined in the upper figure, and the depth

contours (m) are shown in the lower figure. SOKU3s'

SOKD3s, SOKU4s and SOKD S refer to four quadrats of

the main SOK kelp bed. SOKN refers to an area of kelp

immediately upcoast (northwest) of the diffusers.
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Figure 4: san Mateo (sMK) kelp forest. The area of hard substrate

is outlined In the upper flgure, and the depth contoqrs

(m) are shown in the lower figure. SMK45 and SMK35

refer to the inshore and offshore halves of the kelp

forest.
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Figure 5: Barn (BK) kelp forest. The area of hard substrate is

outtined in the upper figure, and the depth contours (m)

are shown in the lower figure.
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Figure 6: Area of kelp at SOK and SMK (upper graphs) delineated

by densities of plants ( > o plants / 1OOm2, > 4 plants /

100m2, and > 16 plants / 100m2 1, based on down-

looking sonar ot hard substrate. Deltas (lower graphs)

are differences in area of kelp between SOK and SMK'
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Figure 7: Densities of kelp based on down'looking sonar (upper

graphs): at SMK and the two quadrants within SoK at the

45' depth; SMK and the two quadrants at 35' depth in

SOK; and SMK and SOKN. Deltas (lower graphs) are

dlfferences in the log'transtormed values for the

respective comParisons.
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Figure 8: Mean densities (ptants / ^21ot adult kelp plants from

transects within the SOK and SMK kelp beds (upper

graphs) .De| tas( lowergraphs)ared i f fe rences in the

log-transformed vatues for the respective station

comparisons. Vertical tine separates Before and After

periods.
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Figure 9: Mean recruitment rates (individuals / transedt / day) of

adult kelp plants into transects within the SOK and SMK

kelp beds (upper graphs). Deltas (lower graphs) are

dlfferences in the vatues tor the respective station

comparisons. Vertical line separates Before and After

periods.
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Figure 10: Mean mortality rates of adult kelp plants in transects

within the SOK and SMK kelp beds (upper graphs)'

De| tas( |owergraphs)aredi f |erences inthevalues|or

the respective station comparisons. vertical line

separates Before and After periods.
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Figure 11: Denslties ot young'of-the'year kelp plants from kelp

lorest-wide recruitment stations within the soK and sMK

kelp beds (upper graphs). Deltas (lower graphs) are

differences in the log-transformed values for the

respestive station comparisons. Vertical line separates

Before and After Periods.
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Figure 12: Density of young-of-the-year kelp plants from stations

used to sampte kelp torest invertebrates within the SOK

and SMK ketp beds (upper graphs). Deltas (lower

graphs) are differences In the log-transformed values for

the respestive station comparisons. vertical line

separates Belore and After periods.
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Figure 13: Mean densities of (A) female gametophytes (as

estlmated from sporophytes produced after cutturing)

and (B) newly recruited microscopic sporophytes In

1986. Values are means trom stations at SOKU3S,

SOKU4S, SOKD45, and SMK45.
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Figure 14: Survivorship of Macrocystis blades transplanted to

stations in SMK, SOK, and SOKN from 18 August 1986 to

11 January 1987. From Schroeter et al. 1988.
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Figure 15: Size distribution of subadult and adult giant kelp plants

near Transects 14 and 16 in the San Mateo, and Transect

1 in the San Onolre kelP lorests.
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Figure 16: Discharge volume of Unit 3, bottom irradiance in the San

Mateo kelp torest, and bottom temperature in the San

onofre kelp forest in 1986-87. There were no irradiance

meters at San Onolre during this period.

Probability of recruitment is low when irradiance values

are below tower dotted horizontal line, moderate when

they are between horizontal lines, and high when they

are above upper dotted horizontal line in Panel 2'

Probability of recruitment is low when temperature

values are above upper dotted horizontal line, moderate

when they are between horizontal lines, and high when

they are below lower dotted line on Panel 3.
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Appendix A. Effects of SONGS on the physical environment

The effects of SONGS Unirc 2 arid 3 on the physical environment are

considered in detail in Finat Technical Report L Here we briefly summarize those

results and present some additional results especially pertinent to giant kelp

populations in SOIC We concentrate on phpical factors that might influence giant

kelp; in particular irradiance, seston flu,r and concentration, and the sediments with

unusual bulk characteristics that appeared unexpectedly in SOK during 1985.

Of special interest is the effect of SONGS on irradiance on the bottom. The

turbid plume from Unis 2 and 3 was predicted to cause substantial reductions in

irradiance, thereby having negative effects on giant kelp in SOK" When the current

is moving to the southeast, toward the main SOK kelp forest, the plume from

SONGS Units 2 and 3 causes an average reduction in irradiance of about 0.46

E/mz/d (26Vo) throughout SOK (Final Technical Report L). The reduction in

irradiance was approximately as large in downcoast SOK as in uPcoast SOK

perhaps larger (Final Technical Report L). When currents move to the northwest

there is no statistically significant effect in SOK which lies to the southeast of the

diffgsers, but there is a nonsiguificant increase in average irradiance within SOK on

the order of.0.26E/mz/d. (The downstream effect is based on data from meters on

the bottom when the currents went downcoast 5 out of 9 daylight hours. The

upstrerm effect is the average of results when the current went upcoast 5 out of 9

daylight hours (approximately 0) and when it went upcoast 9 out of 9 daylight hours

(about equal magnitude to the downstream effect).) An increase in irradiance

within SOK when currents move to the northwest might result because clearer water
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from offshore is drawn in to makeup for water pushed offshore and upcoast by

SONGS' discharge.

The current moves to the soutleast (downcoast) about 60Vo of. the time, so

tle overall average decrease (ignoring a possible positive effect on the upstream

side) is about 0.27 E/mzfd,or L6Vo of. the average irradiance in SOK If we take

into account the possible positive effect on the 40Vo of. the days the current goes to

the northwest" the decline becomes about 0.2E/mz/d, or about L2Vo of. the average

irradiance in SOIC

Seston flur was predicted to increase after Units 2 atd 3 began operations,

and this was predicted to have negative effects on small stages of giant kelp. Seston

flux was measured by the accumulation of seston in tubes, and this measures the

vertical flux or settling rate. Measured in this way, the predicted increase in seston

flux has ocorrred in upcoast SOK We have relatively little Before data from SI\4IL

and a much longer time series from the upcoast (SOKU45) and downcoast

(SOKD45) stations in SOK The BACIP result for the comparison of SOKU45 with

SMKwas not quite significant but suggests an increase in seston flux in upcoast SOK

(Table A1). The statistically more powerful BACIP comparison between upcoast

and downcoast SOK demonstrated a significant increase @5Vo) in seston flr.r,r in

upcoirst SOK (Tabke A2).

For a given level of surface irradiance, the irradiance reaching the bottom

should be a function of suspended material in the water. Reitzel (1980) showed that

extinction is tightly correlated with both cross-sectional area of seston in the water

column (rz=0.81) and seston weight (rz=0.77). We use both irradiance and seston

flgx (the amount of sediment accumulating in a tube per day) to explain variation in

A-2



the success of giant kelp. If irradiance and seston flu:r were very tightly correlated it

would be difficult to disentangle the effects of these two factors. However, despite

the tight relationship demonstrated by Reitzel, irradiance at the bottom is only

weakly correlated with seston flux at the bottom, as estimated with seston tubes

(rz=0.15). This amlysis used data on irradiance and seston flux collected as part of

the microscopic sporophyte ouiplants. Although tle r2 is not as large as we might

expecr based on the earlier worh it is statistically significant (Tabl" A3), and strong

enough that it should be kept in mind as the biological results are interpreted.

There was also a weak but significant negative correlation of irradiance and seston

flu,x for the gametophyte oulplants (Table A3). These results are presented for

completeness, but we note that they are not independent of the previous results

because some of the seston and irradiance data collected as part of the gametophyte

oulplants overlap with data collected with the microscopic sporophyte outplants.

There are at least three reasons why irradiance and seston flu:r are only

weakly correlated: (1) some of the seston collected in the tubes comes from

movement of sediments along the bottom, ild this material is coarse and causes

relatively little extinction, (2) measurements of vertical flux of seston near the

bottom may not reflect total seston concentration throughout the water column, and

(3) irradiance on the bottom responds to variations in surface irradiance as well as

to seston concentration.

The tight correlation betvreen seston concentration and extinction by Reitzel

(1980) suggests that extinction near the bottom could be used as an indirect measure

of seston concentration there. The horizontal movement of such seston might have

deieterious effects on small kelp, but this flux would not be detected by the seston

tubes. We have therefore tested whether SONGS causes an increase in extinction
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between 2 m off the bottom and the bottom in SOIC To do this we calculated the

difference between the extinction observed in SOK and extinction observed at the

stations northwest of the diffusers for each day from 1984 through the end of 1986.

We then compared extinction on days when the current was going over SOK (on

nine of nine daylight hours), and days when it was going toward the northwest, away

from SOIC The stations northwest of SONGS were P-N and PI-N (see Final

Technical Report L), and the stations used in SOK were at SOKU45, SOKD45, and

SOKD35. For both the upcoast and SOK stations, irradiance was first averaged

over the stations at eacb depth for each hour, extinction was estimated for each

hour, and then averaged for the nine daylight hours.

We model the effect of current direction on the difference betrpeen the

southeast and northwest stations in extinction (D) as:

D= X  +  IB  +  e ,

where X is the expected difference in extinction when the current is going upcoast,

and I is a dummy variable set to 0 if the current goes upcozlst, and to L if the current

goes downcoast. Since both the upcoast and SOK stations can be impacted by

SONGS, and we assume these effects are symmetrical, we take B as equaling twice

the effect on extinction in SOK when the current drives the plume towards SOK

(For disorssion of 4 5imilu model, see the presentation of the plume model in Final

Technical Report L). e is the error temr, and is assumed to follow an AR(3)

process. The paranreter B is tested to determine whether it differs from zero using a

t-test, after adjusting for serial correlations (see Methods).

SONGS causes extinction near the bottom in SOK to increase significantly.

The parameter B in Table 44 is 0.09, so when a station is downstream extinction is

increased on the order of 0.045 m-r.

A4



We tested for differences in extinction near the bottom within SOK. To do

this we repeated the above analysis now using as our data the differences in

extinction between two stations within SOIC First we compared SOKD45 and

SOKU45, which are both at the same depth, but different distances from the

diffusers. Then we compared SOKD45 and SOKD35 which are the snme distance

from the diffusers, but at different depths. In tlese pairings, we would exPect a

more heavily impacted station to show a relative increase in extinction when the

current moved toward the southeast,'and over these stations. The results in Table

A4 provide no evidence for differential effects within SOK on extinction. B in both

tests was small and not significantly different from 0-

An unexpected change in the environment that could well be influencing

giant kelp populations is the apPearance of fine sediments with unusual bulk

properties (Final Technical Report B). These sediments appeared in October 1985

in upcoast SOK and have increased in area since that time. As of July 1988 they

covered about 30 hectares (15 percent of the cobble area underlying SOK)' They

have been shown to reduce cover of understory algae and cause reductions in the

dersity of benthic invertebrates (Final Technical Reports B and F)' The timing of

their appearance, and their concentration in the areas of SOK nearest the diffgsers

suggest that SONGS may responsible. Mechaniuns responsible for the production

of these sediments are Still under investigation as this report is being prepared, and

will be discussed in Final Technical Report B.

I
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Table A1

BACIP tests on vertical setson llux Oottom data collected during gametophyte outPlants), comparing

the near (SOIru4$ and far (SOKIXS) impact sites with SMIL P-values arc underestimated because

station diflercnces wer€ tenporally controiled. Time series models werc not fit because of the limited

Beforc data. Daily sestoD lltx values rvere log (x + 053) hansforued.

COMPARISON
(Covrnolvs IlvPAcr)

MEAT.TVALUES
BEFORE AFTER

CoNrRoL ItvfAcr CoNTRoL Il,fAcr
PowER 7o CHei.tcs

(vo)

Ly3 11.16
(n = 21)

2.v3 7.47
(n = 21)

93.LSMK45 vs SOKU45

SMK45 w SOKD45

(n = 14)

(n = 14)

-20.37.%

T
I
I
t
I
I
I
I
I
I
I
t
I
t
I
I
I
I
I

A-6



Table A2

BACIP tests on seston tlux (bottom data collected during gmetophyte outplants) using an AR(l)

time series model to cortect for serial corrcIations (Preliminary analysis with an AR(3) model

produced similar results and indicated that higber order corelations werc not present). Only the

SOfUIS (Impact) versus SOKIXS (Control) comparison is tested using a time series model, because

too ferv data nrcr.e available to use this method with comparisons with SMK- Daily seston flux was

log (x + 053) transforued to induce additivity. Porver to detect a 507o change at the impact sites uas

estimated assuming uncorrelated errors and this is somerhat inllated-

I
I
I
I
I

MEAI.IVALUES I
t

BEFoRE
CoI.frROL IMPACT
(soKD) (soKU)

AFTER
CoNTROL IN(PACT
(soKD) (soKtl)

POWER
(vo)

% CHANGE

7.47 11.16
(n = 21)

0.001 -l00Vo 45.87.62 7.65
(n = 31)
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Table A3

Regressions of seston llux versus irradiance. Data come from the bottom and were

log transformed. Separate rcgressions wene done on data collected as part of the
microscopic sporophyte and gametophyte data setsl note that irradiance and seston
Oux data overlap between these sets.

DareSn

Microscopic sporophyte
outplans

Garnetophyte outplants

tJ6

-035 0.12

<0.0001

<0.0001
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Table A4

Etrect of curr€nt direction on the dilferencc in extinction of ilradiance near the

bottom (2 m to 0 m) for specilied pairs of stations. Analyses used an AR(3) model
to account for serially comelated €rnonr.

SraroNPern
EFFECTOF
CTJRRENT

DrREcrIoN(B)
d.f.P

Upcoast of diffusers vs. SOK

SOKD45 vs. SOKU45

SOKD35 vs. SOKD45

0.09

-0.03

-0.01

0.003

039

0.62

302

'LJ

376
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Appendix B

Table of Station Locations for Field Studies of Giant Kelp

[. ftancagts Used to Estimate Abuadance of Adult, Subadult, and Juveaile Kelp

STATIONNAME
INDATAAASE

MRC CooRDbTATE (M)
XY

DEXTH
(M)

GENERAL
AREA

TRANSl
TRANS2
TRA}IS3

TRANS4
TRANSs
TRANS6

TRANST
TRANSS

TRAI{Sg
TRANS1O

TRAI.ISI1
TRAI{SI2

TRANS13

TRANS14
TRANS15
TRAllsl6
TRANSlT

TRAIYSlS
TRANS19

TRA}IgO
TRA}IS21
TRANS22
TRANS23

TRAI.ISz/4

TRAI\TS5
TRAI.IS26

817
7!2
763

735
844

1(x)5

1589
1751

8/O
880

1595
tfis

7n

4m
4590
ffi
-{4{5

fin
tgzz

1496
1718
t74S
1818

1486

0

54

€6lt
-1120
-tu3

-t717
-1855
-1947

-t1EA-
-tu3

-tn4
-$a

-1686
-L709

-M2

-1m
-950
-n4
:752

-901

{84

-\El
-tM
-1182
-1135

-ltr1

-14o7
-1375

soKU3:t
soKU35
soKU45

soKU45
soKU45
soKU45

soKDr5
soKDrs

soKU45
soKU45

soKDrrs
soKDrs

soKU45

SMK
SMK
SMK
SMK

soKU35
soKU35

soKD3s
soKD35
soKD35
soKD35

soKDts

SOKN
SOKN

115
1lJ
13J

14.0
145
l4J

L3.7
L45

13.7
t3.7

t3.7
13.7

L6.7

145
LzS
tLs
11.0

11.0
11.0

11J
tzo
12"0
115

13.0

r35
13.0
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B. Stations Used to p5tirn3ts the Recruitment of Kelp YOY and the Abunddnce of Sea Urchins

STATONNEUE
INDATABASE

MRC CooRDn{ATE (M)
X Y

DEPTH
(M)

GENERAL
AREA

lr

I

I
I

I
I
I
I
I
I
t
I
I
I
t
I
I

uscl1l
usclu
uscr13
uscul
uscrtz
uscr23

uscl24
usc125
usc126

uscl31
usc132
uscr,3

usc134
uscl3s
uscl36

usc141
uscl42
uscr43

USCl,l4
uscl45
USCf,|6

uscls1
usc152
uscr53

TRAt.ISzrc

TRANS28C

TRANS3OC

TRANS31C

TRANS32C

TRANS33C

gaz
xr7

llm
7A
952

tog)

ulilo
tfi2
lnx

7&t
96

1105

u}06
15$
1698

7t1
896

1101

t2gl
15(B
l7(x

N2
899

11$

16v3

881

14a7

828

1891

tw2

{98
{91

ar2
-1246

-tzn
-ral

-rus
-tzu
-L215

-1571
-1555
-tl6,g

-1495
-1495
-1560

-1891
-1905
-1905

-1898
-1896
-1899

.M
-?iJ}'g

-M3

-t4v2

-1599

-l2m

a74

-1691

.LgB

soKU35
soKUlt
soKU35
soKU35
soKU3:t
soKU35

soKD15
soKD35
soKDxt

soKU45
soKU45
soKU45

soKDls
soKDts
soKDrs

soKU45
soKU45
soKU45

soKD4s
soKD|S
soKDls

soKU45
soKU45
soKU45

soKDts

soKU45

soKD3s

soKU35

soKD45

soKU45

11.0

11.0
11.0
11.0

11.0
11.0

11.0
11.0
11.0

11.0
11.0
11.0

11.0
11.0
11.0

14.0
14.0
14.0

14.0
14.0
14.0

14.0
14.0

14.0

14.0

14.0

14.0

14.0

14.0

14.0
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B. Stations Used to Estimate the Recruitment of Kelp YOY and the Abundance of Sea lJlshins
(continued)

S:TATIONNAI,IE
INDAIABASE

MRC CooRDTNATE(M)
X Y

DEPTI{
(M)

GENERAL
AREA

TRAI.ISSSK

TRANS36K

uscNml
usclN@

usc2U
usc212
usc221
usc231
usc232
usc233
usc241
usc251
usc252

uscz53
usc254
TRANS29C
TRANS34C
TRAT.JSY'I(

1030

-7

15

.4it91

4t3
1116

4800
4593
44M
452,
-5100

4n4

4596
43y2
4%S
-5(n0
4%

-1814

-11:16
-twl

-28
-185
-553
:lfi
-734
:752
{45

-1000
-1000

-1037
-1000
:742
€66
:ns

14.0

12.5
uzs

.L48rT soKDrs

9J
95

115
115
115
105
105
1,:t5
155

165
135
145
xr5
il,5

soKU4s

SOKN
SOKN

SMK
SMK
SMK
SMK
SMK
SMK
SMK
SMK
SMK

SMK
SMK
SMK
SMK
SMK

C. Stations Used to Estimate the Recruitment of Kelp YOY and the Abuadance of Large Kelp Forest
Invertebrates

STATIoNNAME
INDATABASE

MRC COORDN.IATE (M)
XY

DEXTTT
(t't)

GEI{ERAL
AREA

usc01
usc02
us@3
us@4

45{X
71t

1689
l(E38

-9(B
-1193
-17X
-3(x5

11J
145
r45
15.0

SMK
SOKU45
soKDts
BK
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D. Stations Used for Gametophyte aad Sporophyte Outplatrts

Sf,ATToNNAI\,IE
NDATABASE

MRC CoonobIATE(M)
X Y

DEPTH
(M)

GENERAL
AREA

I
I
I
I
I
I
I
I

soKU55
soKU45

soKDss
soKDrS

SOKUS

soKD35

SMK45
SMKCAN
SM1(55

BK4J

BK55

8m
E50

16d)
$m

vI1

t4v3

493
ffi
-5m

1(EE9
lgx)

-2m
-16{n

-ffi
-ffm

4&l

-tffi

-738
-1010
-10m

-?8;16
.N

155
13.7

15J
t3.7

t0.7

10.7

t3.7
L3J
16.8

13J
16.8

soKU45
soKU45

soKDts
soKD|S

soKu35

soKD3s

SMK
SMK
SMK

BK
BK

E Stations Used for Cobble Transplans in 1986

STATIONNAN{E
INDATABASE

MRC CooRDtr{ATE (M)
X Y

DEPTIT
(M)

GENER/\L
AREA

t
I
I
T
I
I
t
I
I
I
t

soKU45

soKU35

soKDIS

soKD35

TRAI{S17
SMK4SCL
SMK45

tso

9t7

$m

t493

#
-fi27
494:3

-16m

{82

-l:t(n

-tzJ|J

-7C2
4d]
-?38

l3J

u5

725

11J

11.0
145
135

soKU4s

soKU35

soKDr5

soKD35

SMK
SMK
SMK
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F. Stations Used to Monitor Gametophyte Standing Stock and Settlement(*)

STATIoNNAME
INDATAAASE

MRC CooRDrr{ATE(M)
X Y

DEPTH
(M)

GENERAL
AREA

soKU45
SOKU,I5CL
soKU45Cr.r
TRAI\S4
TRAi.IS9

soKU35

soKD|S
soKDrscL
soKDrscN
soKDctv2
TRANSU
TRAI.Ig4

soKD35

TRANSlT
SMK45
SMK4SCL
SMK4SCX{
SMKOV2

BKGSIS

E50
gr2

1(B0
ru
840

917

ffim
19(B
lu7
1930
1595
1486

1493

#
4%3
-fitl

4%
-5060

i0600

-l6m
-1840

-1841
-rw
-tn4

€&l

-13fl)
-t6v2
-L4ffl
-1690
-1586
-ltt1

-tm

-752
-73B
€.It
-7|.5
460

-29&

soKU4s
soKU45
soKU45
soKU45
soKU45

soKU3s

soKDfs
soKDfS
soKDr5
soKDfS
soKD/IS
soKDts

soKDst

SMK
SMK
SMK
SMK
SMK

BK

t3.7
13J

135
14.0
13i

10.7

t3J
14J
t25
14.0
r3J
ljl.0

10.7

11.0
t3J
ut5
133
135

16.8

G. Stations for 1986 Blade Transplant Experimens

STAIIONNAME
INDATABASE

lvfR,C CooRDu.rATE(M)
X Y

DEFTIT
(M)

GENERAL
AREA

TPUS'
TRANSls
TPD3!'
TPDIS
TPNs'
SMI(35
SMK,lO
SMK40CAN

917
fin
L4v3
1800

0
44{B
-4591
43

{8:Z
-nl

-ul/J,J
-uno
-tt7s
-906
-925
{!t2

10.7
r0.7
10.7
13J
r2S
TN
tz:z
r22

soKU35
soKUst
soKD35
soKDIS
SOKN
SMK
SMK
SMK
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I
I
I H. Stations Used to Monitor the Growth ollpncplanted Juvenile Kelp

I
STATIONNAIUE
tr\IDATABASE

MRC COORDII.IATE(M)
XY

DEPTTI
(M)

GENERAL
AREA

SOKU4J
SOKU{AI{
soKDrs
soKD{Ar.i
SOKU35
SOKD35
SMK45
sMK-CAlr
SMI(3'

850
7{

ffim
1800
917

t4v3
4%3
&
4tll)

-1600
-1050
-u100
-15m
*82

-ilm
-28

-1010
-480

soKU45
soKU45
soKDfs
soKDrs
soKU35
soKD15
SI\,TK
SMK
SMK

135
115
LzS
IE
115
115
135
t4s
11J

I. Stations Used to Monitor Survivorship of Juvenile Kelp

StarroxNeue
INDATABASE

MRC COORDIT.IATE (M)
XY

DEPTH
(t"t)

GENERAL
AREA

9?6
9&t

tr0B
t72,
t768
1?95

JS1
J9
JS3
JS4

JSs
JS6

I
I
I
t
I
t
I

JS'
JSE
JS9

JS10
JS1I,
JSl2

JSU!
JS14
JS15
ts16

SOKUJT

1656
t7g7
17:15

1101
1fiIl
tttl

1657
n4
fm
tffi

850

-18!i0
- t : I
-18r:,
-t501
-15?4
-1568

-1171
-lL't)
-1198

-tffi
-t68
-1664

-1520
-16r0
-1639
-t210

-1550

soKU45
soKU45
soKU45
soKDrs
soKDrs
soKDrs

soKD3s
soKD35
soKD3s

soKU45
soKU45
SOKU4s

soKDrs
soKDts
soKDrs
soKDr5

soKU45

ls2
152
152
131
13.7
L3J

9.0
9.0
9.0

t3?
t3.7
13.7

13.7
L3.7
t3J
9

L3.7

I
I
I
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J. Stations Used to Monitor the Survival of Transplanted Adult Kelp

STATIONNEVE
INDATABASE

MRC CooRDtNATE (M)
XY

DEPT}I
(M)

GEI.IERAL
AREA

SOI(ATPT
SOIUfi?2
SOKATT!}

SMKATPl
SMKATHZ
SMI(ATP:I

817
7n

LVZ2

{65
.1120
4

-u8
-358
#

soKUSt
SOKU35
soKU35

SMK
SMK
SMK

4709
-4388
-39?O

11.0
725
11.0

10J
10J
1:L0

I( Stations Used in Physical and Chemical Studies of the Unit 2 and3 plrrmg5

STATIONNAME
INDATABASE

MRC CooRDu{ArE(M)
X Y

DEPTTI
(M)

PLR.N
PMR.N
PI.N
Pt-45
P.N
D.ON
P-s
PMR.S
PLR.S

4W
-2fi
-945
-m
#
8
cI6

gtg

5AA

-705
-2lg
-tod/.
-tffi
-997
-230
€43

-aB
-1789

13.7
L6.7
135
15.0
tLo
9.0

10.7
16J
14.0

L. Stations Used in Nutrient Addition Experimeuts

STATIONNAME
INDATABASE

MRC CooRDtNATE (M)
XY

DEITTI
(M)

GENERAL
AREA

-738 13J SMKSMK45

B-7
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Appendix C: Documentation of software

Any new progrems used to analyze data from MRC data bases (i.e. data

bases documented in the MRCs Data Standards Document) and leading to the

creation of the Figures and Tables in this report" are documented h this Appendix

in the following set of flow charts. Permanent copies of all these programs have

been saved, &d will be kept on a read-only space of the mainfrnme computer we

are using while we continue to analpe dat4 after which they will be written to taPe.

Tables and Figures that are not documented in these flow charts were taken

from Final Reports to the MRC, and they are documented in the flow charts of

those reports.
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Flow char-ts of the program togic for the tables and figUrcs rcquiring nerv analyses'

Table 10
Table 11

Table 1.5 ..................

c-3
C4
c4
c4
c-5
c-5
c-6
c-7

c-7, c-9
c-8, c-9

c-8
c-8
c-7
c-8
c-8

c-10
c-11
c-12
c-L2
c-15
c-15

c-8, c-15
c-16
c-L1
c4
C4

c-13
c-13
c-13
G6
c-6

c-14

Table 19...............-..

Table 22
Table 23 ..............

Table 42 ....................
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Table 5.

Analysis of SONGS' operating histotl.

DBSONGS.YruO(
Iv

OPHISTSAS
Iv

Table 5
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T
I
I
I
I
I
I
I

DBSONDFNSUruO( 9BANNO.SOKSUB)O(
l l

DLKDENS2SAS <-
Iv

DBKLP.DENS
Iv

SAS2RAW E)(EC
Iv

DENSKLP
Iv

Figue 7
(generated on PC
rsing SignaPlot)

Analysis of dorru-looking SONAR data.

Table6, Table 7, Table t,.Figurc 6, Figure 7.

MRC DATA BASE

DBKDENMN.SUROII5 DBKAREA.SUROII5 DBKAREA2.SURO115

l l - l
Iv

KCI{AREASAS
Iv

number of hectares lost
Table 8

Digitized Ecosystem
Substrate maps

I
v

SMKSUB)C(DATA
SOKSUB)O(DATA

I
v

ANNOSUBS SAS
I
v

DBAT.INO. SMKSUB)O(

KDENREG3 SAS DBKAREASURO115 ->

DBKDENMNSAS <-

I
v

DBKDENMN.SUROl15
I
V

Iv
Table 7

Iv
KCI{ANGE SAS

I
V

number of plants lost
Table 8

I
DBKDENS SAS

I
v

DBKDENS.SOKSUruO(
DBKDENSSMI$UR)O(

I
v

DBKAREtr} SA,S
I

Iv
DBKARFA4SAS

Iv
IGREARG3

Iv
Table 6

DLKDENS SAS
Iv

DBKLPAREA

Iv
AREA KLP

Iv
Figure 6
(generated on PC
using SigmaPlot)

t ll i v
DBIGREA2SURO115 SAS2RAW E>(EC
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Programs and data bases used in analyses of adult lrelp transect density, rccnritment, and mortality.

Table 9, Table 10.

DBTM.TRO1.DBTM.TR26
Iv

ICTDBMKR SAS
Iv

DBKE.TLIFHIS
Iv

KltsACPRSAS
l lvv

Table 10 <- BACITEST SAS KTREPMS3 SAS

KTPOW SAS Table 9
Iv

Table 9
Table 10

Iv
Iv
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Programs and data bases used in analyses of kelp young-of-year rccruitmenL

Table 11, Figure 11, Figurc 12.

DBURCNT.SUko(
DBMACCNT.SUR:o(

I
v

DBN{ACMN4SAS
l " - i' :--Y "\./

Figure 11 <-...' DBI{ACBED.SURV0U8 tJ

l : 'v ----
Table 11 <- IVIACYOYTM SAS' l

v
IVIACYO\1\,I1 SAS

I
I

v
N,IACPOWSAS

Iv

Table 11

DBBENT.SUR:o(
I
I
v

DBBENTMNSAS
Iv

DBBENTMN.SURV0Z -> Figure 12

Iv
MBSYORM SAS -> Table 11

Iv
MBSYOY'[,{1SAS

Iv
MBSPOWSAS

Iv
Table 11
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Programs and data bases used in productivity of sporophytes'

Table 14, Table 15, Table22.

DBTLOG.YR:ooor
DBtr-OG.YR:omr

t
I
T
I
IDBGI.EXhq

DBGD.E}(hrx

+
GMBEG SAS

+
DBG.PROD DBG.LIGI{T

DBILOG.YRm DBTLOG.Y?:m DBPROFIL.E'n
DBIINT.YRx DBTRYA|I.YRn DBWATER.YRcT

+++
GMLIGIITSAS GMTEMPSAS GMNUTSAS

+++

DBSED.n:q
I+

GMSED SAS

+
DBG.SEDDAY

PLUMEAGE.YR8486 (see Page C-9)
Iv

KLPPLUMESAS
Iv

DBPLUME-PCTDAY
Iv

>PLMGPROD SAS
Iv

DBOUTPLM.GAMPROD
Iv

PLUMEGAI\4 SAS

I
I
I

SRECSMKSAS <.

+
Table 14

DBG.TEMPTR DBGNIIRO

GMEND SAS

+
DBGPROD+
GMSPru SAS

+
DBG.PROD

{
MBACIPRPSAS

Iv
DBG.GAI{2SPOR

I

t
BACIPROD SAS ->

+
Table2, Table 15

I
I
I
t
t
I
T
T
I
I
t

++
PRODPOWSAS PRODMNSSAS

++
TableZ TzbleZ,
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kograms and data bases used in sporophyte mortality and groutth'

Table 1E, Tabte 19, Table 21, Table 2ii, Table 24, and Table A3 (h part).

DBTLOG.YRnooT
DBILOG.YRtooot

DBSD-EXPlq
DBSL.EXhS

Iv
SPBEG SAS

DBILOG.Y?M
DBIINT.LRTq

Iv
SPLTGIIT SAS

Iv

DBTLOG.YxmT
DBTRYAI.I.I'Rx

Iv
SPTEMPSAS

Iv
DBS.TEMPTR

DBPROFIL.YR:o(
DBWATER.YRTS

Iv
SPNUTSAS

Iv
DBSNIIRO

DBSED.Y&n
I+

SPSED SAS

+
DBS.SEDDAY

+
MNSD

+
MN.SL DBSITGIIT

SPGROSURSAS <-
Iv

Table 19
Table 21

SPEI{D SAS

+
DBS.GROSURV

+

PLUMEAGE.YR8486
I (see page C-9)
v

KLPPLUME SAS
Iv

DBPLUME-PCTDAY
Iv
PLUMOUTP SAS
Iv

DBOUT?LM.SPGROMRT
Iv

PLUMESPR SAS
Iv

Table 18

GMSPru SAS

+ I
DBS.GROSURV+

->P[{YSPLT SAS

+
Table.{3MBACTPRPSAS

MBACI SAS
Iv

TTBACI SAS
I
v

POWBACTSAS
Iv

Table 23
Table24
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Flow chart for cr.eating PLUMEAGE.YRE4S6

Used in flow charts ofTables 15 and 18.

DBSONGS.Y?84
DBSONGS.LR&5
DBSONGS.YR85

Iv
MPOW8585 SAS

I
v

DBUVTAVG.\'R84HR1
DBUVTAVG.1'R85HR1
DBUVTAVG.YRS6HRl

Iv
MV8486Z SAS

I
v

PLUME SASM
Iv

PLUMEAGE.l'R84{16

c-9



Analysis of white sea urchia densities near KEP SOKU45 and SOKD4S stations.

Table 25.

DBURCI.ITSUROI to .SURO7
DBil{ACCNT.SUROI to .SUR11

Iv
DBil4ACMN4SAS

Iv
DBTIACSTASURVOllS

Iv
URI,IACTAB SAS

I
v

Table 25

c-  10



kograms and data bases used in auallses of 1985 blade transplant experimenl

Table 26.

BI.ADETP DATA
(Rawfile with

blade transplant data)
Iv

BLTPDB SES
Iv

DBBI.ADTP.SUROlO5
Iv

DBBTPTRSAS
Iv

TableZi
growth results

I
I
I
t
I

Comparison of mortality
of blades in SN,IIq SOKN
and SOIC

Numbcrs surviving and
dyinghaldinput from
Table 26

Iv
BLTP)CSAS

I
v

Chi-square valuc for tcff

Regressions of blade Eortality
and growth against irradiance,
tenlrerahre and seston flu:c

Data hand input from
Table 26

I
v

BLDPCRG SAS
Iv

t2 *loet for te*

I
I
I
I
I
I
t
I
I
I
I
I
t
I
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Programs and data bases used inJuvenile growtb.

Table 31, Table 32.

DBTLOG.YR:oox
DBILOG.YR:oocx

DBJTP-EXhor
DBXTINT-El(P:q

Iv
IUBEG SAS

t lvv
MNJTP MNJTINT

DBILOG.YT:os
DBIINT.YRN

Iv
JULIGIITSAS

I
V

DBJ.LIGI{T

DBTLOG.YT,m
DBTRYAI.I.YRS

+
ruTEMP SAS

+
DBJ.TEMPTR

DBPROFIL.Y&cr
DBWATER.YT'rq

Iv
JUNUTSAS

Iv
DBJNTIRO

DBSED.YRx
I+

ruSED SAS

+
DBJ.SEDDAY

I

I
t
I
I
I
I
I
I
I
I
t

JRGROSMKSAS <.

+
Table 31

JUENDSAS+
DBJ.GROWTH+
GMSPru SAS

+
DBJ.GROWTI{+
MBACIPRPSAS+
DBJJUVGRO+

+
TTBACISAS+
POWBACISAS+
Table 32

c- t2



hograms and data bases used in producing plots of adult kelp transect density'
rccnritment and mortality data.

Figrre 8, Figure 9, Figure 10.

DBTM.TROI. DBTM.TR26
Iv

KIDBMKR SAS
Iv

DBKETLIFHIS

Iv
I'TDENPLTSAS

Iv
DENRAWASC
DEI{DELASC

Iv
Fryure8

Iv
KTRECPLTSAS

Iv
RECRAWASC
RECDELASC

Iv
Figue 9

Iv
KTMORPLT SAS

Iv
MORRAWASC
MORDEL ASC

Iv
Figure 10
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kograms used to prepare Figure 16 depicting discharge volume at Unit 3 and

iradiance and temperature values near SONGS.

Figre 16.

DBSONGS.Y'R86
DBSONGS.YRST

DBILC'G.N,86Q3
DBILOG.YR86Q4
XDBIKIP.YR&Q1
XDBIKIP.YR&Q2

DBTI,OG.YR86Q3
DBTLOG.NS6Q4
DBTLOG.}'R87Q1
DBTLOG.N87Q2
DBTLOG.YR87Q3

Iv
KIJFIOEN SAS

Iv
I,NIT3ASC
IRRADASC
TEMP ASC

Iv
Figue 16
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Programs and data bases used in productivity of sporophytes, and analysis of seston llux.

B. Table A1, Table A2, Table.{3 (in part).

DBTLOG.YRpoTx
DBILOG.YR:ooor

I
T
I
t
t
I
I
I
I
I
t
I
T
I
I
I
I
I
I

DBGIEXhTx
DBGD.EXhTx

Iv
GMBEG SAS

Iv
DBG.PROD

DBILOG.IlR:rm
DBIINT.YTx

I
V

GMLTGHT SAS
Iv

DBGIIGIIT

DBTLOG.YT:ors
DBlRYAf.l.YR:*

Iv
GMTEMP SAS

Iv
DBG.TEMPTR

DBPROFIL.YRo(
DBWATER.YRTo(

+
GMNUT SAS

+
DBGNITRO

DBSED.YRx
I+

GMSED SAS

+
DBG.SEDDAY

GMEND SAS
Iv

DBGPROD
I.v

GMSPru SAS
Iv

DBG}ROD -> PT{YSPLTSAS ->
Iv

SEDDATASAS

v
DBG.SESFLI'(

tvv
BACFTEST SAS TTSESFIJ SAS BACISEST SAS

Table A3 (q part)

+
Table A1

+
POWRTTSTSAS+
Table A1
TableA2

+
BACSEST2SAS+
TableA2

c-15



Programs and data bases used in analyses of extinction.

Table A4.

YR84Q1-Y?86Q4

SASM

DBILOG
Iv

DBIRRD
Iv

IRR.YRS

DBUUTAVG.N,S4HR 1.N.86HR 1

I
v

SIGN8486 SAS
I
v
N.V8486

I
PLUIII2EUD SAS

Iv
TableA4
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Table Dl.

Programs and data bases used in analysis of side-scan SONAR lalp data.

SSCANKLPDATA
@igitized fron
side-scan maps)

+
DBSSCNSAS

+ 
-> DBSSCAI{SURALL

DBSSCA}{.TRAI{+
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Appendix D. Analysis of side-scan SONAR data.

Side-scan SONAR was done over a fixed area in both SMK and SOK on 25

surveys from 1978 througb 1989. The a^rea surveyed in SOK is referred to as SOK-3

on the side-scan maps and is a somewhat smaller area than was surveyed by doia'

looking SONAR. It extended from the MRC X coordinates 0 to 2000, and from the

Y coordinates -500 to -2000. Other areux that might be included as part of SOK

were suweyed at times, but are not included in this alalysis because they were not

mapped on all sun'eys. The area of SMK is called either SMK-2 or SMK on side-

scan maps and extends from tle MRC X coordinates -3500 to -5500 and from Y

coordinates of 0 to -1500.

For each survey, areas with some kelp greater than one meter tall, moderate

to high kelp density greater than one meter tall, and high kelp density greater than

one meter tall, were demarcated on maps (Reiuel et ol.1987 b). We digitized these

are:Is.

In our analysis we brea.k tle data into Before and After surveys, with surveys

with midpoints on or after May 1, 1983 being classified as in the After period. We

then calculated the difference between the log transformed SOK (impact) and SMK

(control) itreas. We used log transfonnatioru because untronsforured data were not

additive. We then applied the BACIP t-test after veriffing that assumptions of the

test were not violated.

The results show that the area with kelp in SOK experienced a substantial

and statistically significant reduction" relative to the area with kelp in SMIC This is
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true whether we consider tle area with some kelp, moderate to higb density kelp, or

just high density stands (Table D1). The percentage losses range from about 50 to

T}Votiththe largest loss being estimated for the highest density category.
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Table D1

Results of BACIP tests on arcas with dilferent kclp densities based on side'scan SONAR
data. AII data rrcre log (x + 1) transforoed bccause untansfomed data were not additive.
Means are baclctransfomed" and percnt change ts based on a multiplicative model.

t
I
t
I
I
I
tCATEGORY

MEANVALTJES
BEFoRE AFIER

CohrTRoL IIVIPACT CONTROL IMPACT Vo &lAt'tcE

High Density

Moderate to
High Density

Kelp present at
non-negligible
density

326,685

5/.3,9tj2

559,6n

%?3lv2

341"9X

534,101

1lg7,?8

433335

0.0001

0.0001

-68.0 t

i -54.1 '

47.41"171"000 76t5L9

I
I
t
I")'H 

", i;*to I
I
I
I
t
I
I
I
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ADDMONAL TECHMCAL INFORMATION
AND RESPONSES TO QUERIES REGARDING KELP

L.0 Introduction

A number of issues have been raised during the drafting of the MRCs

summary of the effects of SONGS on kelp that need to be addressed. Our purpose

here is to review the available evidence in an attempt to ar$wer these questions.

There appears to be general agreement that SONGS has reduced ligbt levels on the

bottom and increased seston flux in SOK and that this has affected giant kelp.

Concerns center onwhether one can estimate the size of SONGS' effects based on a

comparison of the dynamia of SOK with SlvIIq and this is the subject emphasized

here.

We believe that the use of SMK iN a control forest was reasonable, that the

evidence that SMK and SOK tracked one another well in the Before period is

convincing, and that the relationship between SMK and SOK changed after SONGS

Units 2 and 3 began operations. Of course, a variety of natural factors have

localized effects, and this adds uncenainty to estimates of the magnitude of the

losses due to SONGS. Nanral variability in the relationship between SOK and

SMK is perhaps the major potential source of error in the estimated losses due to

SONGS, being even more important than sanipling variability. However, the results

of the MRCs studies need to be acted on, and such actions require a single best

estimate of losses. Althougb we have provided such estimates, we caution that the

actual long-term losses could easily be larger or smaller than our estimates.

Furthermore, the errors are probably asymmetrical. We have no way of estimating

the magnitude of the error, but suspect that our estimates of losses may be 50Vo
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lower, but they probably can be tro more tban 10Vo higher. This is Partly because

the upper bound of potential increase in SOK is limited by the availability of

substrate, especially during good years for kelp, as have occurred recently.

Nonetleless, the estimates are reasonable ones, mechanisms for the proposed

SONGS effects have been identifie4 and alternative factors carnot account for the

bulk of the estimated losses.

2.0 Concerns Regarding KeIP

2.1 Substrate availability

One possibility raised by reviewers was that there was insuffrcient substrate

at SOK to support a ketp bed L50Vo larger than existed in the After period (the bed

size predicted if there were no effect of SONGS). The argument suggests that the

available substrate at SOK would be sanrrated with kelp well before the predicted

Ievels were achieved. Discussion in the main text" along with additional information

grven below suggest that this is not the case.

A lack of "saturation" of available substrate at SOK in the After period was

indicated by SONAR data that show that the average area occuPied by moderate to

high density kelp during the After period (starting in May 1983) was substantially

lower than the maximum values seen over the ten year period these data were

collected (Figure E-1). When the area occupied in SOK is plotted against tle area

occupied in SIVIIL it is clear that for areas of moderate to high density, SOK

generally tracked SMK both in the Before period and in the After period (Figure E-

Z). That is, sgrveys with higher values at SOK also yielded higher values at SMIC

E-4



However, less area was occupied in SOK relative to Slvtr( during the After period

than in the Before period. This indicates that substrate which supported kelp in the

Before period in SOKwas not ocorpied in the After period.

A lack of satuation is also suggested by the spatial pattems observed in the

After period, as indicated by both SONAR maps and aerial photos. Most of the

upco.lst offshore portion of SOK which had substantial kelp populations throughout

the Before period, had little or no kelp in the After period. Furthermore, the area

occupied h SOK tracked tbe area ocorpied in SMK rather than approaching an

asymPtote.

It is possible that an asymptote in the area ocorpied by moderate to higb

density kelp (greater than 4/L00 m2) would be reached somewhere benveen the

present area and the predicted are4 if there were no SONGS effect. Assuming that

there would be no increase in substrate, an increase in area of dense kelp at SOK

that was equivalent to the observed increase in SMK in the After period would

require that about 80Vo of.the available substrate at SOK be covered with kelp' in

densities in excess of 4/100 mz. We have no reason to suspect tbat 80Vo coverage

could not be achieved. However, it is conceivable that sanration occurs below the

80Vo level, and we have no way of precisely estimating the saturation level for kelp.

We do know that at SMK in the After period, an average of.63Vo of the available

substrate was occupied by densities of kelp greater that 4/100 m2, and that there was

no indication of saturation If we use this 63Vo value as a conservative estimate of

the maximum level of substrate coverage achievable at SOK then the relative losses

of kelp at SOK can still be estimated at about 50Vo. This is well within what we feel

are the prescribed margins of error for our'best" estimate of' 60Vo losses.
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There were also some questions raised about the possible effects of shifting

sand on substrate availability in SOK Sand patches in SOK unquestionably shift

from time to time, and there is little doubt that sand can kill adult kelp and prevent

kelp recnritment. Some anecdotal evidence also suggests that there may be more

sand movemetrt in SOK than SMK However, there is no evidence that the

incidence of burial by sand increased in SOKin the After period.

22 Competitors and grazers

It was also suggested that although there may be suffrcient hard subsuate

available at SOK that much of it may be unsuitable for kelp recruitment and

survival because of the presence of high densities of competitors (understory kelp

species) or grazeni (urchins). While the potential importance of these factors is

clear, there is little evidence to suggest that either is responsible for other than a

small fraction of the relative decline in kelp observed at SOIC

We have data from 1988 that indicate that there was in fact an increase in

understory algal abundance at SOK and a decrease in abundance at SMIC

Densities of. Pterygophora averaged almost 6/mz in SOK and were as high as 30/mz

in the inshore, doumcoast portion of SOtrC Cystoseira densities increased to an

average of almost 4/mz inSOK and were also higbest in the inshore, downcoast part

of the bed. However, it is unclear whetler this was a cause or an effect of the

disappearance of kelp in SOK The lack of an overlying canoPy at SOK may have

promoted the recruitment of these "lesser" kelps.

E-6



Whatever the cause of the increase in understory at SOK it is probable that

these algae had little impact on the recnritment of giant kelp, especially in the

upco:lst offshore portion of the bed where giant kelp losses were heaviest. While

the negative effects of dense stands of understory algae have been documented in

other kelp forests (Reed and Foster 1984; Dayton et aL.1984), our data indicate no

negative effects of tlese algae on kelp recnritment in SOK or SMK in the past.

Analyses of transect and kelp recruitment data from 1978 through 1986 (Schroeter

et al.1988) indicate that there were no significant negative correlations between the

abundance of understory algae and kelp recnritrnent.

Also, densities of understory algae in upcoast offshore SOK during 1988 were

not partiorlarly highz 2.8/mz for Pterygophora and less than 1/m2 for large

Cystoseira. The combined density of these two understory algae was lower than that

observed in this part of the bed in the late 1970's for Pterygophora (Dean 1980)

when we were unable to demonstrate an effect of these algae ot Macroqstis

recnritment, and extremely low relative to other kelp forests where interspecific

competition has been demonstrated.

Even if we accept that there may have been an adverse effect of understory

algae on kelp at SOK in 1988, increased understory during the After period still

qurnot explain the decline in SOK relative to SMK from 1983 througb 1986. The

higher densities of understory algae did not become evident until after the 1986

recnritment.

There is also no doubt that sea urchins can influence both the survival of

adult kelp plants and the recnritment and survival of small plants. Work by MRC
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researchers established an effect of white sea urchins on the recluitment of small

kelp plana, ild showed that red sea urchins generally influence the mortality of

kelp when the sea urchins form moving fronts (Dean et al.1984). In that work, done

from 1978-1981, it was shown that a feeding front of red sea urchins caused

mortality within SOK and that white sea urchins, located along the offshore margin

of the kelp forest acted to inhibit the recnritment of giant kelp in some parts of that

area of SOK

Sampling at fi:<ed quadrats indicated that the density of red sea urchins was

generally much higher in SMK than in SOK both in the Before and during the After

period, and that the densities of red sea urchins were about the seme in upcoast

SOK and substantially lower in downcoast SOK during the After period in

comparison with the Before period (Technical Report F). Observations of red sea

urchins indicated that they formed fserling fronts within SMK during 1986-1987, but

notwithin SOK (Dixotet aL.1988).

Sampling at these srme stations indicated that the deruity of white sea

urchins substantially increased both in offshore SOK and offshore SMIC The

increase was small in upcoast SOK and much larger at the sanpling stations in

downcoast SOK and in SMK (Technical Report F, Figure 4r). Similar observations

were made by Elliot (19SS). The above provide no evidence that sea urchin

populations had a larger effect in SOK than in SMK during the After period.
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23 Density estimates from SONAR and transect counts.

Patterns in density seen in these two data sets are somewhat different. This

is expected given the differences in methodolory. There are several reasons why

such differences occurred: 1) The SONAR data cover a much larger portion of the

area and ttrerefore provide better estimates of density. This is especially true for

SIvIIq since there were only four transects within SMK lslalling 1200 m2 compared

to some 2.6 x 1S m2 of SONAR tracks. 2) the transects were not located randomly,

but were placed on hard substrate are:ls, with some at the edges of the kelp forests

to be sensitive indicators of recnritment to new areas. 3) Dourn-looking SONAR

can detect plants only once tbey have approximately 6-8 fronds and exceed two

meters in heighf After a recnritment when many smaller plants are Present, divers

on trzmsects count many of the small adults that are undetected by SONAR.

An examination of the Down-looking SONAR records indicates that the

recnritment event that caused adult density to peak on u'ansects in SMK in 1985

(due to recnritment of smaller plants in 1984) also occurred in the SONAR dat4 but

to a much reduced extent and was somewhat delayed. This is what we exPect for a

technique that estimates the density of larger plants, after self-thinning has

occurred. It is reassuring that these two methods show interpretable trends that

supPort one another.

2.4 Estimates of SONGS effects based on frond or biomass density.

Clearly the number of plans in a given area does not incorporate all the

ecologically important information that could be collected. One very large plant

I
I
I
I
t
I
I
I
I
t
I
I
t
I
I
I
I
t
I

E-9



I
I
I
I
I
t
I
I
t
I
I
I
I
I
I
I
I
I
I

pr;bably cotrtributes more (however we care to define contribute) than a single

small plant. However, density is clearly an important variable, and it is the variable

that tle MRC predicted would be impacted by the power plant (via iutemrption of

the production of new plants). Studies of kelp forest fish have shown that water

column fish densities are indeed associated with the number of plants in a given

area Perhaps this could be improved by also including biomass in some way, but it

is not obvious that bioma-ss alone would be a better predictor of kelp forest fish

densities or m4ny other papmeters of interest. As is true for plant density, it is

clear that frond density or biomass does not encomPass all the information one

might desire. 4 5ing{e large plant is not the equivalent of many smaller ones, and a

kelp forest made up of a few large adult plants is likely more Prone to disturbances

than a kelp forest of many smaller adult plants.

The above said, there is no evidence that the decline in density at SOK

relative to SMK in the After period was compensated for by an increase in the

average size of an adult plant in SOK Some data on frond density is supplied by

SCE. In most cases, these data appear sufEcient to estimate the mean number of

fronds per plant in SOK and SMK (exceptions are in SMK in 1986 when there were

no plants measured and in both ketp beds in December 1988 when only 10 or fewer

plants were observed). Estimates of plant density on the otler hand, do not apPear

to be representative, especially at SMK where only 240 m2 was sampled. This is

equivalent to less than one of our transects, and we are reluctant to use density data

from four transects to estimate absolute values of deruity in SMIC Because the SCE

estimates of number of fronds per m2 are a product of plant density and number of

fronds per plalt" the estimates of frond density also were Poor estimates of bedwide

frond density.
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We can, however, use SCE estimates of the number of fronds per plant,

along with our estimates of plant density, to give rough estimates of frond density at

SOK and SMIC The SCE data set involves counts of the number of fronds per plant

for plants greater than 2 m in height These include counts of many newly recnrited

plans. As one might expect, the average number of fronds per plant decreased in

SMK relative to SOK in 1983 and 1986, when there was more recnritment at SMIC

It is not possible to examine the frequency distribution of sizes, but we suspect that

the mean number was lower at SMK because of the addition of small plants.

The biggest difference in average number of fronds per plant between the

two beds occurred in late 1986. During this time (omitting the Sept. 1986 0 reading

from SMK), the largest difference in number of fronds per plant was in November

or December, at which time the plants at SOK had, on average, trvice as many

fronds per plant. At the same time, there were a large number of newly recruited

plans in both beds that were mostly 2 m or greater in height. Most of the plants

present were young of the year (greater than about 10 to 1., young of the year to

established adults). Densities at SMK at this time were about three times higher

than in SOK (Main Text Figures 7 and 11, pages 136-139 and 1'52-154). Thus, even

with selection of data that ma,ximized differences in frond density, the increases in

p1ilt density more than compensated for decreases in number of fronds per plant.

It is still somewhat interesting to speculate whether an increase in plant size

could compensate for decre:tses in density at SOIC There is some evidence that

such compensation occurs in sheltered kelp beds to the north in Santa Barbara and

along the Big Sur coast. Also, the qmopy in the offshore Portions of Barn kelp,
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prior to the die off in 1980, was forrred by low densities of large plana. However, it

seems unlikely that such a circumstance could occur at SOIC

An increase in plant size can result from three possible mechanisms 1) a

decrease in the rate of frond loss 2) an increase in the frond initiation rate, or 3) a

desrease in the mortality rate of adult plants. The only available evidence on frond

mortality/initiation rates suggests that the net rate of frond addition may be lower at

SOK compared to SMIC In 1986-87, adults transplanted to SOK lost fronds while

those at SMK gained fronds (Main Text: Table 33, page L22). The difference in net

change among the beds was sigrrificant. Also, there are no data indicating that

mortality rates were lower in SOK than SMIC In fact, the tendency is for the

opposite to.be tnre.

Even if there is some funre decrease in adult mortality rate at SOK it is

unlikely that the increase would be large enough to compensate for a decrease in

plant density. Unlike kelp beds in sheltered areas to the north" or Presumably in

offshore Barn kelp, mortality rates of adula in SOK are higb, with the average adult

sun'iving for less than 2 years. This probably results from the exposed nature of the

bed (relative to sheltered sites in Santa Barbara and Big Sur), and the unstable

cobble bottom. It is extremely unlikely that a substantial bed could form at SOK

that was largely composed of plans more than 4 or so years of age.

25 Reduced recnritment of small plants

It has been argued that our estimated reduction in recruitment of young

plants in SOK was due to a combination of factors including 1) a reduction in

I
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recruitment inshore at SOK; 2) a depth specific El Nino effect which caused a lack

of recnritment inshore, and; 3) an improper comparison of shallow areas within

SOKwith a combination of shallow and deeper sites in SMK The evidence strongly

argues against this ialelpletation.

There is little question that the reduction in the density of adult plants in

SOK is largely due to ttre reduction in the production of smaller plants, and not to a

substantial increase in mortality. (One or both of these factors must be

responsible.) One can argue about individual results and comparisons, but the

overall patten is striking. There was a substantial decrease in the recruitment of

blades and juveniles in SOK relative to SMIC There was also a similar reduction in

the production of adult plants. We did not see such changes in the mortality of

adults, with the exception of inshore upco:Nt SOK It has been shown that SONGS

increases the concentration and flux of seston near the bottom in SOK and that this

leads to a reduction in irradiance reachitg the bottom- These environmental

changes have been tied to kelp biolory. The production and success of small plants

is positively related to light levels and negatively related to seston flux. Finally, we

have shown that the production and success of small sporophytes are lower during

times when they are more often exposed to plume waters.

The conclusion that the reduction in density of giaat kelp stems from a

reduction in the production of small plants comes from a variety of independent sets

of freld and laboratory data Although the offshore reductions in rectuitment of

blades, juveniles and adults were not statistically significant alone, the estimated

reductions were substantial, and the lack of significance could easily have stemmed

from low statistical power. Failure of recruitment offshore was also indicated by
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examination of small life stages on cobbles and by transplant experiments. Tbe

reductions in rectuitment offshore ceftainlv contributed to the overall reduction in

recnritment estimated for SOIC

Reductions in recruitrnent in SOK were not depth related. The sizes of the

reductions in recnritment in SOK were approximately equal inshore and offshore.

Inshore effects were significant while offshore effects were either nearly sigrrifisanl

or uot signifrcant. We did not test for differences between inshore and offshore, but

given the nearly identical size of the reductions in the nvo areas (see Main Text:

Table 11, page 100) it is obvious that no statistically significant difference exists.

The lack of a depth related effect was also observed at SMIC rn Preliminary

anallnes, we distinguished inshore and offshore SMK Because this reduced

samples sizes in SMK (where there were fewer stations to start with), and because

pooling the stations did not substantially inlluence the results, this procedure was

not folowed in later analyses (Schroeter et al. L988).

The tailure of recnritment at SOK (both inshore and offshore) appeared to

be unrelated to the El Nino. We saw lower recnritment of young plants in SOK

than in SMK throughout most of the After period, including 1986 and 1987 (see

Main Text: Figures 11 and 12, pages L52-L57). It is unlikely that factors related to

the 1982-1984 El Nino could be inhibiting recnritment of young giant kelp at these

times.
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2.6 Potential Positive effects of SONGS'Plume

Arguments have been advanced that the long-term effects of SONGS'

diffnsers may be less than that suggested by the observed reductions in light and

increases in sestotr flu.r and concentration associated with the plume. The theory is

that the negative effects are more than compensated for by artificial upwelling

created by the diffusers, which move bottom water toward the surface and by

moving offshore water inshore. In fact, the MRC predicted that such upwelling

would occur (Murdoch et al. L980).

The available physicat evidence ilrgues that such artificial upwelling is much

smaller than was originally predicted and only has a measurable effect near the

surface, and not on the bottom (also see Main Text: 5. DiscussioD, Pages 68'76).

Nutrient concentrations and water temperature were negatively correlated, and the

relationship was largely independent of depth (Technical Report K). Analyses of

bottom temperature found no sigrrificant BACI effects suggesting that any effect of

upwelling is likely to be small (less than a few tenths of a degree C). Analyses of

surface teEperature suggest that effecS there are small also. There is some

indication that the nearest station to the diffusers (about 600 m from the diffusers)

has lower temperatues dgring the winter when it is classifred as being in the plume.

(These analpes were done by H. Elwany for S. Swarbrick as part of the compliance

snrdy.) This effect during winter months is less than 0.5 degrees, and over all

months the effect is negligible.

There is no evidence the clearer makeup water is colder and richer in

nutrients. The plume analyses described above in fact indicate that it is slightly
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warmer than downcoast water during the winter. However, the possibility that the

temperature-nutrient relationship is different in the plume has not been explored.

The possibility of an increase in water clarity upcurrent of the difftrsers was

addressed in some detail in Technical Report K There is, in fact" evidence that

such an effect exists. However, the data are unavailable to make sound quantitative

estimates of this effect. Our best estimate is that the increase in irradiance

upqurent of the plume is about half of the desrease in irradiance downcurrent of

the plume.

It has been argued that the appearance of giant kelp inshore and about one

lm upcoast of the diffusers during the past few years may be due to the action of the

diffusers. We do not think that it is reasonable to conclude that SONGS is

responsible for the recruitment of this kelp, or that we can assume that a kelp forest

in this area will become a pennanenr fixture of the local environmetrt- Analyses of

the physical environment indicate that the SONGS plume does influence areas this

far from the diffusers. However, our estimates of the effects on irradiance suggest

that the overall change in irradiance is likely to be small. The available evidence

suggesb that any small artificial upwelling effect that does exist is unlikely to occttr

at this distance from the diffisers (see above). Analyses of the density of giant kelp

on hard substrate just upcoast of the diffrsers provided no evidence for an increase

in the kelp population there. Tbus, it seems unreasonable to expect positive effects

further from the diffrrsers. Finally, giant kelp existed in the rather extensive stands

in the inshore area upcoast of diffusers in 1950 (Deysher 1978)' Most of this

apparently disappeared during the 1957-58 El Nino. Kelp has reappeared in many

shallow areas throughout Southern California during the past few years. Thus it
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seems most likely that the appearance of giant kelp in this relatively shallow water

north of San Onofre during the 1987-1989 period is a response to large-scale

changes. The evidence discussed above suggests that giant kelp populations in this

shallower area is even more dpamic than the kelp populations in SMK and the

main part of SOK and its appearance should not be regarded as good evidence for

a positive effect of the power plant.

2.7 Vatidity of SMK as a Control

It is known that nearby kelp forests c:rn display qualitatively different

dpamics and it was a concern about the possibility of such "time by location

interactions" that caused the MRC to emphasize a mechanistic approach in its kelp

sudies. Nevertheless, evidence that SOK and SMK tracked each other well in the

Before period definitely stretrgthens any inferences based on comparing their

dpamics in the After period. Above we noted that side-scan data demonstrate that

area with moderate to high kelp density tracked well in both the Before and After

periods. Other concerns are addressed below.

It has been argued that the long term dynamics at SOK and SIr{IL as

evidenced by aerial photos, argue ageinsl sMK representing a good control for

SOK The areas covered by kelp canopies as seen in these photos has been digitized

(see North 19SS) and plotted througb time in Figure E-3. We are somewhat

hesitant to use these data as either evidence for or against a SONGS effect. Canopy

coverage as observed from an aerial photograph is much more variable and dynamic

than counts based on SONAR or diver surveys. Significant variation can occtu

because of seasonal growth and die back offronds. The detected canopy coverage
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catr depend upon short-term weather conditions. As a result, the areas grven

probably have sienificant eror. Some of these errors have been compensated for by

selecting photos that represent miudmal coverage in a given year. However, this

creates a somewhat different problen- Comparisons of SOK and SMK in some

cases use surveys seParated by 6 months or more. Thus, temporal Pattems are

confounded with spatial Pattems of canopy.

These potential sonrces of error aside, we feel that the aerial photo data

provide information on canopy cover and probably reflect well the broad scale

patterns in canopy cover over time. General trends in kelp abundance as seen in

the SONAR and transect data are generally seen in the canopy plots: SMK and

SOK track each other relatively well over time, peals in canopy generally occured

coincident with or shortly after peals in density, and tbere was generally higher

abundance at SOK in the Before period and at SMK in the After period. Also, the

aerial photos clearly show a loss of kelp in the upcoast-offshore portion of SOK that

occgrred during a period when kelp populations elsewhere were flourishing-

While these general patterns are the s"me for canoPy and density data' there

is uo reason to expect that there should be a strong correspondence between density

and canopy cover in a given survey. These are quite different parameters that

reflect different characteristics of the kelp population As a graphic example, we

noted an almost total disappearance of kelp canoPy in SOK and SMK in late

summer 1983 (Schroeter and Dixon 1984, Figurc 44). At the same time, we did not

notice a large increase in plant mortality nor a decrease in plant density'

E -18



The aerial photo data provide some evidence for a time by location

interaction with regard to canopy cover in the Before period. There was a larger

canopy cover at SOK from 1974 to 1977 and larger cover at SMK from late 1977

througb early 1981. This could be the result of sampling error, or could be real.

However, even if real this does not indicate that there was a similar interaction with

regard to plant density. In fact, evidence from side scan SONAR records indicate

that from 1978 through 1981, the area covered by high density of kelp was always

greater at SOK than SMK

2.E El Nino effects

If during events such as El Nino, the change in the physical environment was

substantially different at SOK than that at SlvIIq the latter would be a poor control

area Some evidence arguing against a differential effect of the El Nino at SOK and

SMKwas given ln2.4 above. Additional evidence is reviewed below.

Reviewers have zuggested that the apparent effects of SONGS were due to

adult mortality resulting from exposure to wamo, nutrient poor water during the El

Nino. The argument suggests that the effects were worse at SOK because there was

less upwelling there. Neither the physical nor biological data support this

hlpothesis. The records indicate that temperanres in the nro kelp forests sfianged

in the sane manner from the Before period, througb the EI Nino, and throughout

the remaining part of the After period. Temperature and nutrient concenffatiors

were highly correlated throughout.
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Adult mortality rates were higher at inshore SOK than in SMK during the El

Nino. However, there was no indication of higher temperatures at SOK and the

higber mortality can best be ascribed to either an effect of SONGS or an interactive

effect of El Nino and SONGS.

No differences in mortality were observed in ofBhore portions of SOK and

SMK during the El Nino or later in tle After period. Therefore, the loss of kelp in

the upcoast oflshore portion of SOK.which account for most of the 60Vo relatle

decline in kelp at SOK in the After period, cannot be associated with losses during

the El Nino.

The effects of storms on the two kelp forests also appear to be similar. There

was approximately equal rates of mortality of adult kelp at the two kelp beds during

&e ortreme storrns of 1983.
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APPENDX E. FIGURES



Figure E-1: Area covered by moderate to high density giant kelp as

detected by side-scan soNAR at san onofre kelp bed

(lndicated by A) and San Mateo kelp bed (indicted by a)'
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Figure E-2: Area occupied by moderate to high denslty giant kelp in SOK

plotted against the area occupied by moderate to high

density giant kelP in SMK.
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Figure E-3: Area covered by a surface canopy of giant kelp in SOK and

SMIC Based on digitized aerial photo data reported in North

(1s88).
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