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A12 empirical ntodel of Skeletonema costatum pholosynthetzc rate i s  developed and fz/ lo measurements of 
photosynthesis selected f r o ~ n  the literalzcve. Becazise the model acknou:ledges existence o f :  1) a liglft-tewzpera- 
tztre interaction (by allowing optitnum ivradiance to vnvy wifh tenzperature), 2) light inhibition, 3)  tenzperature 
inhibition, and 4 )  a sali~zity e l fec t ,  i t  accurately es t imates  phofosylzthetic rates  nzeaszlred ozler a wide range of 
temperature,  light intensity, and salinitjl. Integrtzlion of predicted instantaneous rake of plzotos?;nflzesis with 
t ime and depth yields daily net  carbon assinzilation (pg C cell-1 d a y - l )  in a mixed laller of specified depth, 
whe~z salinity, tenzperalzwe, daily ivrndiance and extinction coefficielzt are  known. The asszcrnption 0-f constant 
cnrbotz quota (pg C c e l l - l )  allous for predictiolz o f  mean specif ic growth rate (day- I ) ,  uhiclt con be used in 
nunzericnl models of Skeletonema costatum population dynamics. 

Applicntion of the model to ~zorthern Snn Francisco Bay clearly devzomtrates the linzitntion of grozctlz by lo?cl 
light azwilability, aud szlggesfs fhat large population densities of S .  costatum ohserued during summer  nzontls 
o r e  not the .~resuZt of actiue growtlz i?z the ce?ztral deep clznnnels (where ,wowth rates  m e  consistentlv predicfed 
to be 17egcxtiz~e). Bl4t predicted groztth rates in the lateral shnllous crre positioe dz~ri?zg simmer and fall, thus 
0-ffering a testable hypothesis that shoals are  the only s i tes  o f  active popz.tlatio?l gvowtl~ by S .  costatum (and 
perhaps o fher  neritic d iatoms)  in the norther?? veach o f  Saw Francisco Bay. 

INTRODUCTION 

Skeletonema costatum (Greville) Cleve i s  a cosmo- 
politan marine  diatom that often attains large  popula- 
tion densities in coastal waters  and es tuar ies .  It i s  a 
dominant component of the phytoplankton in 
Narragansett  Bay (Smayda [28]; P ra t t  [25]), Long 
Island Sound (Conover [7]), the Chesapeak Bay 
Cowles [8]), shelf waters  off southeastern Unites 
States (Marshall [21]), coastal  waters  of Brit ish 
Columbia (Stockner and Cliff [34]), and in  San 
Francisco Bay (Storrs  et  al. [35]). It is a lso  common 
in  coastal  waters  off southern California (Reid et  al. 
[26]), the Peruvian upwelling a r e a  (Blasco [3]), Tokyo 
Bay (Nakanishi and Monsi [22]), and in northern 
European waters  ((Braarud [4]). Because of i t s  ubi- 
quitous nature,  i t s  ability to  reach bloom densities, 
and i ts  importance in food chain dynamics, this 
organism has been the subject of many physiological 
and autecological investigations. To date, however, 
no one has yet integrated these independent studies 
into a unified framework. This paper describes an 
attempt to  incorporate data f rom the l i tera ture  into 
a physiologically-realistic, empirical  model of 
Skeletoue~na costatum growth rate.  The immediate 
goal of this work i s  a capability to predict nutrient- 
saturated ra t e s  of photosynthesis and growth (division) 
under defined conditions of light, temperature,  and 
salinity, and to  derive a framework that can be useful 
for studying the general behavior of nerit ic diatoms. 
Ultimately, resul ts  of this study will be incorporated 
into a numerical model of Skeletonemrr costatwrz 
population dynamics in the San Francisco Bay estuary.  

The difficulties associated with cornparing experimen- 
ta l  resul ts  of different investigators must be s t r e s sed  
a t  the outset. Differences in clone, culture type, 
culture medium, measured units of light intensity 
and population density, and methodology for measuring 
growth r a t e  and photosynthetic r a t e  a l l  make the 
integration of individual works difficult and create  a 
source  of e r r o r  that must be accepted a s  par t  of the 
resulting model. 

MODEL DEVELOPMENT 

Photosynthetic r a t e s  of Skeletonema costatu?n have 
been measured by many investigators, with a variety 
of methods, under defined conditions of irradiance,  
temperature,  salinity, and photoperiod. In general, 
axenic batch cultures have been grown in enriched 
seawater under art if icial  illumination a t  a constant 
temperature.  Photosynthetic r a t e s  have been es t ima-  
ted by measuring changes in pH, dissolved oxygen o r  
carbon dioxide, particulate carbon, o r  r a t e s  of l4C 
assimilation. The process  of interest  here  is net 
carbon assimilation (gross  photosynthetic carbon 
fixation minus excretion of organic carbon and 
respiration),  which i s  ideally measured a s  change in 
particulate carbon. Since the r a t e  of 14C incorpora-  
tion by S. cos tafz~~tz  agrees  well with the r a t e  of 
particulate carbon increase (Eppley and Sloan [12]), 
the l4C method i s  assumed here  to  measure  net 
carbon assimilation. Photosynthetic r a t e s  measured 
over a variety of light and temperature  conditions 
were  selected f rom the l i tera ture  (sources of data 
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Table 1. Sources of measured Skeletonema costutum 
photosynthetic rates.  

Reference 
.- 

Curl and McLeod [9] 

Jorgensen [16] 

Eppley et al. [ l l ]  

Steemann Nielsen and Jorgensen [33] 

Jo r  gensen [I  51 

Nakanishi and Monsi [22] 

Eppley and Sloan [12] 

Takano [36] reported in Reference 6 

Number 

a r e  listed in Table 1); reported ra tes  were  selected 
for  analysis only if ambient light-temperature- 
salinity conditions were  specified, and only if the 
culture medium was nutrient enriched. Units of 
photosynthetic r a te  were  standardized to  pg carbon 
assimilated cell-1 h - l ,  and light intensity was 
standardized to units of ly h - l .  

Effects of Light Intensity and Temperature 

The following function (Steele, 1965) i s  commonly 
used to  describe the relationship between phnto- 
synthetic o r  growth ra te  r and light intensity I: 

I 
r(1) = r* -- exp i-i) , (1) 

=opt 

where r*  i s  the maximum ra te  and I. t i s  that light 
intensity a t  which r = r*.  Equation (17 predicts zero 
growth ra te  in the absence of light, and i s  therefore 
appropriate for  describing gross photosynthetic 
carbon fixation (Pgross) or  division ra te .  To de- 
scr ibe  the r a t e  of net photosynthesis (Pnet), 
equation (1) must be modified to account for r esp i ra-  
tory and excretory carbon losses .  One approach is 
to  assume that the r a t e  of carbon loss  (R) i s  a l inear 
function of gross carbon fixation (Tooming [37]), 
expressed respira tory loss  a s  a l inear function of 
Pgross; field studies of Smith et al. [31]), suggest 
that excretory loss  i s  directly proportional to 
Pgross):  

Then net photosynthesis i s  given by: 

Equation (3) is simplified by defining Pnet L 
(1 ---- ,3) ' P*gross: 

0 2 4 6 8 10 12 

IRRADIANCE (ly h-') 

Figure 1. Photosynthetic rates (Pnet) of Skeletonema 
costatum measured at 20" C under a uariety 
of light intensit ies;also shozwl is the least-  
squares f i t  of equation (4 ) .  Sources of data 
are  listed in  Table 1.  

Since the relationship between algal growth processes 
and light intensity is temperatur @-dep@ndent (e.g. 
Smayda [29]; Cloern [5]),phosynthetic r a t e s  measured 
at each of s ix  temperatures (5", lo0,  15", 18", 20°, and 
30°C) were fit separately (e.g., Fig. 1) to equation (4). 
The basal respiration rake a was Cimt e~timatcdfrem. 
the linear least  squares fit to photosynthetic ra tes  
measured a t  low light intensities (Jassby and Platt [14]) 
and then P:,! and Iopt were estimated with normal 
equations. Fitted curves f o r  photosynthetic ra tes  
measured at all six temperatures  (Fig. 2) show the 

0 2 4 6 8 10 12 14 

IRRADIANCE (ly h- I )  

Figure 2. Fitted curves (equation 4 )  showing the 
relationship between S .  costatum net 
photosynthetic rate (PRet) and light 
intensity at s i x  temperatures.  
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Table 2. Estimated parameters  describing 
Skeletonemu costatum net photosynthesis vs. light 
intensity a t  s ix  temperatures.  

Temp P:et Iopt ff 

(C) (pg C cel l - I  h - l )  (ly h - I )  (pg C cel l - I  h - l )  na 

a number of data points used for each leas t- squares  
fit. 

general response of Skeletonema costatzm to changing 
light intensity and temperature.  These curves  suggest 
that both maximum net photosynthetic ra te  ( P i e t )  and 
optimum irradiance (Io t )  increase  with temperature  
up to 20°C, and that botRparameters  a r e  depressed at 
30°C. Least- squares  es t imates  of P i e t  and Iopt (see 
Table 2) confirm these t rends .  

The apparent temperature  response of pket and Iopt 
is consistent with the general behavior of biochemical 
reactions and biological processes  that a r e  charac- 
ter ised by increasing ra te s  up to  some optimum 
temperature,  above which ra te s  degenerate rapidly. 
Logan et al. [I91 derived a function to  describe this 
temperature response,  and estimated values of P*net 
and Iopt were  fit (Powell, [24]) to their  function, 
givlng: 

(31.33 - T)  
exp (0.140 T)  - exp 4.386 - - 

3.448 

(30.43 - T) 
exp (0. 1114 . T )  - exp 2.39 - 

3.846 

where P t e t  has units pg carbon ce l l - l  h - l ,  I. t is 
ly h-I  photosynthetically available radiation ~ A R ) ,  
and T is degrees centrigrade (these functions a r e  
sensit ive to  smal l  variations in temperature  near  
To t ,  hence the need for  four significant digits). 
~ s e m a t e d  values of the parameter  ff were  fit t o  an 
exponential function of temperature:  

a(T) - 0.0048 exp (0.117 . T).  (7)  

Plots of equations (5), (6), and (7) along with the para-  
meter  values estimated a t  each temperature  (Fig. 3) 
show that P*net and Iopt increase  exponentially with 
temperature  up to  an optimum (-26°C) and then de- 
cline rapidly a s  temperature  exceeds this optimum. 
The maximum temperature  for S. costatum photo- 
synthesis i s  apparently between 30-32°C. 

0 5 10 15 20 25 30 
TEMPERATURE ( O C )  

Figure 3. Fitted functions showing temperature 
response of three parameters (in equalion 
4) describing S .  costatum net photosynthesis 
us. light intensity. 

Figure 4. Predicted photosynthetic rate o f  Skeleto- 
nema costatum (Pnet from equations 4-7) 
us. measured net photosynthetic rate under 
a variety of light-temperature combinations. 
The dashed line represents an exact fit 
between predicted and measured photo- 
synthetic rates. 
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Equations (4)-(7) constitute an empirical  model that 
predicts net photosynthetic r a te  of Skeletonema 
costatum at  any defined combination of temperature 
and light intensity. The model's ability to describe 
photosynthetic r a tes  measured over a wide range of 
conditions (Fig. 4) l ies  in i t s  acknowledgement of 
light inhibition (Fig. 2) and temperature inhibition 
(Fig. 3), both of which a r e  well documented (e.g. 
Ryther [27]); Eppley [lo]). 

Effect of Salinity 

Estuaries (including the northern San Francisco Bay 
estuary) a r e  typically characterised by a longitudinal 
salinity gradient, and often by a vertical salinity 
gradient. Realistic prediction of S. costatsrm growth 
in estuaries is then dependent upon realist ic t reat-  
ment of the salinity effect on growth (or photosyn- 
thetic) ra te .  Curl and McLeod [9], Nakanishi and 
Monsi [22], and Takano [36] measured relative photo- 
synthetic (or growth) ra tes  of S. costatum at different 
salinities. Their measured relative photosynthetic 
r a tes  were fit to a modified form of equation ( I ) ,  
giving: 

where f(S) i s  a reduction factor (fraction of maximum 
photosynthetic r a te )  resulting from nonoptimum 
salinity S ( q b , ) .  This empirical  function (Fig. 5) p re-  
dicts zero photosynthesis at some finite low salinity 
(3. 82%,), above which photosynthetic r a te  increases  
rapidly up to  an optimum (19. 5%,). A gradual decline 
in photosynthetic r a t e  accompanies further increases  
in salinity beyond this optimum. Assuming that this 
salinity response i s  temperature-  and light-indepen- 
dent (e.g. Smayda, [29]; Ignatiades and Smayda [13]), 
equations (4)-(8) predict net photosynthetic r a te  of 
S. costatum a s  a function of temperature,  light inten- 
sity, and salinity, when nutrients a r e  not limiting. 

SALINITY (%,) 

Figure 5. Relative photosynthetic (or division) rate 
of S, costatum measured under a variety 
of sa1inities;also shown i s  the least- 
squares fi t  of equation 8. Sources of dula 
are listed in Table 1. 

UTILITY O F  THE MODEL 

The model presented above i s  simply a fitting of 
measured laboratory photosynthetic ra tes  to empir i-  
cal functions, but i t s  judicious utilization can add 
insight into mechanisms which regulate population 
dynamics and autotrophic productivity of Skeletonema 
costatum (and perhaps other neritic diatoms) in 
natural systems. The empirical framework was 
specifically chosen to be more realist ic than models 
which ignore either temperature inhibition, light 
inhibition, salinity effects or  the temperature depen- 
dence of Iopt (e.g., Kremer  and Nixon [18], Kelly [17], 
Di Toro e t  al. [6]). Because these physiological 
phenomena a r e  acknowledged, the resulting model 
can be used with some confidence a s  an autecological 
tool. 

Photic Depth 

Equations (4)-(8) predict instantaneous ra te  of 
carbon assimilation a t  depth z (m) and time t ,  when 
salinity (S), temperature (T), and solar irradiance (I) 
a r e  specified: 

----*__^----l- ---- - " -_l-lllll. -_ 
Figure 6. Map of the San Francisco Bay systenz 

showing location of Suisun Bay's deep 
channels and the lateral shallows of 
Grizzly Bay (stippled areas have MLT 
depth less  than 2 m) .  
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Figure 7. Photic depth (z  ) of S. costatum 11s. 
extinction coe#icient ( k )  /or typical 
summer condifions (20°C; Is - 

m a  x 
35 ly h-1 PAR). 

This relation can be used to estimate photic depth in 
turbid, eutrophic systems like the San Francisco Bay 
estuary,  where light limitation is more important 
than nutrient limitation (Peterson e f  01. [23]). Instan- 
taneous light intensity a t  depth z i s  given by: 

I(z, t )  = Is(t) - exp (--k ' z) , (10) 

where Is i s  surface irradiance (ly h-1) and k is extinc- 
tion coefficient (m-I).  Substitution of (10) into (9) 
predicts r a te  of photosynthesis a t  depth z ;  if we define 
photic depth (zp) a s  that depth where Pnet = 0,then 
equation (9) can be solved (by Newton's method) for  
photic depth a s  a function of extinction coefficient. 
This was done for  typical summer conditions in 
Suisun Bay, that portion of the San Francisco Bay 
estuary (Fig. 6) that typically has maximum standing 
stocks of phytoplankton. Utilization of (9) to  estimate 
z dramatically confirms the shallow photic depths OF northern San Francisco Bay, where extinction 
coefficients commonly exceed 5 m - I  (Fig. 7). 

Depth-Integrated Daily Photosynthetic Rate 

An important question in light-limited systems asks  
whether a vertically-mixed water column can sup- 
port positive net carbon assimilation. Integration of 
(9)) over a mixed layer of depth H, gives mean instan- 
taneous ra te  of carbon assimilation PH(t): 

And, i f  diurnal variation in surface irradiance (I,) is 
specified, then (11) can be integrated with respect to 
t ime to estimlile mean daily ra te  of carbon assimila-  
tion (P)  over the water column. Vollenweider [39] 
proposed the function: 

where Is is surface irradiance a t  noon and A is 
m a x  

photoperiod. Substitution of (12) into (11) allows for  
computation of mean daily carbon fixation over the 
water column: 

Although this integral does not have an analytic solu- 
tion, i t  does have a convergent se r i es  solution that is 
easily computed (see  Appendix). If ca*rbon quota 
qc (pg C cellm1) of Skeletonewza costatwz is specified, 
then mean specific growth ra te  p (day-1) is given by: 

Utility in San Francisco Bay 

Equation (14) is being used to compute growth ra tes  
in a numerical simulation model of S. costatum popu- 
lation dynamics in the San Francisco Bay estuary, 
with the assumption that qc = 20 pg C cell-I 
(McAllister et  01. [20]; Eppley and Sloan [12]; 
Jorgensen [15]). It also has become useful in itself 
to  offer insights concerning environmental factors 
that limit growth r a t e  of S. costatz~m in northern San 
Francisco Bay. Equations (13) and (14) were  solved 
for  conditions typical of Suisun Bay during the four 
seasons (Table 3) a t  two mixed depths: H = 1 m, 
which is representative of the shallow Grizzly Bay 
(Fig. 6) la tera l  to Suisun Bay; and H = 10 m, which is 

Table 3. Representative values of temperature,  
salinity, maximum surface irradiance, extinction 
coefficient and photoperiod, in the vicinity of Suisun 
Bay during four t imes of the year. 
- - . - -- - - - -- - - - 

Julian Day 
0 90 180 270 

Temperature (Cja 9. 5 12. 0 21. 0 18. 0 

Salinity ( O I ~ , ) ~  2.0 1.0 12. 5 10.0 

I, (ly h-I  PAR) 13. 5 35.0 45.0 35.0 
max 

Extinction Coefficient 5. 5 6. 5 4. 5 4.8 
(m-l)b  

Photoperiod (h) 9. 5 12. 5 14.6 12.0 
A - - - -  -- - - 

a Representative values f r o m  Smith et al. [30] 

b Representative values computed from data of U.S. 
Bureau of Reclamation [38] 
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Figure 8 .  Predicled daily poiath raie of S .  costaturn 
iw the deep chan?~els of Szlisuvr Bay (El - 
10 nz) and the shoals of Grizzly Bav 
(11 1 nz), d ~ i n g  four limes o f  /he yew .  

representative of the  centra l  main channels of 
northern San Francisco Bay. Predicted mean growth 
r a t e s  ~ g .  (11 w e r e  negative both m the  deep channels 
and in the  shoals of Grizzly Bay for typical winter 
and spring conditions. Winter and spring months a r e  
characterised by a high r a t e  of freshwater inflow 
f rom the Sacramento-San Joaquin Delta, and the  r e -  
sulting combination of highly turbid waters ,  low 
salinit ies and relatively low temperatures  i s  respon-  
sible for negative growth ra tes .  As runoff decreases  
in the summer,  salinity and temperature  increase ,  
suspended sediment load decreases  and total daily 
i r radiance increases.  Predicted mean growth r a t e s  
during summer  and fall w e r e  st i l l  negative in the 
channels because turbidit ies a r e  such that respiration 
exceeds carbon assimilation in a well-mixed 1 0 - n ~  
water  colun~n.  However, conditions do allow for 
positive growth ra te s  in wa te r s  overlying Grizzly 
Bay during summer  and fall  (Fig. 8). These  resul ts  
suggest that shoals la tera l  t o  Suisun Bay may be  the  
significant s i t e s  of active population growth during 
summer  months, and that l a rge  standing stocks ob- 
served in the channels may be  a consequence of 
dispersion f rom these  shoals. This speculation has  
motivated our field studies to begin routine measure-  
ment of phytoplankton standing stocks in the shoals, 
with the  hope of better understanding the importance 
of shallows to  total autotrophic productivity in the  
estuary.  

SUMMARY 

The model presented h e r e  admittedly has deficiencies. 
It is based upon a highly variable se t  of photosynthe- 
t i c  r a t e s  measured in the laboratory by a vsriety of 
investigators. In i t s  present state,  the model ignores 
nutrient limitation. It a s sumes  that carbon quota is 
constant when, in fact, qc var ies  with growth ra te .  
And, because it is based upon laboratory r a t e s  of 
photosynthesis under constant conditions, it ignores 
adaptations to light that occur in nature. However, 
the empirical  framework allows for  more  real is t ic  
physiological behavior than other fornlulations com- 
monly used. It offers a simple formula for  computinp 
daily productivity over a water column and obviates 
the need fo r  numerical  integration. And it has  a l-  

ready proved useful fo r  stimulating hypotheses and 
directing field work designed to  fur ther  our under- 
standing of phytoplankton population dynamics in 
San Francisco Bay. 

APPENDIX. 

Mean daily photosynthetic r a t e ,  integrated over mixed- 
depth H, is: 

For  simplicity, define Pmax = f(S) ' P*net (T) ' 
exp ( l ) / ( ~  ' k), and make the variable transformation 
8 = 271 (t 12)/h. Then, 

Is (1 + cos 8) 

exp ( )Id0 2 4 -  a ( T ) .  
2 ' Iopt (T) 

Define a Is /(2 . Iopt (T)), and the  above equation 
max 

simplifies to: 

i a .  cos 8. exp(  H. k)) dB 

exp(  a). enp ( a. cosB)dO] 2 4 .  @ ( T ) .  
0 

The definite integrals above do not have analytic 
solutions, but the  following identity (Abramowitz and 
Stegun, 111) allows for a s e r i e s  solution: 

where I, (x) i s  the modified Bessel  function, 
approximated by: 
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" i a N o w  let  b = a exp ( H - k), and mean daily carbon 
assimilation (pg C cel l - I  day- l )  i s  computed a s  

[ exp ( b) . I. (b) exp ( -a) . I. (a)] - 24 . a (T). 
i-. 

F o r  typical values of a and b, the s e r i e s  approxima- 
tions to  I, (a)  and I. (b) converge after about five 
t e r m s .  Note that in a totally absorbing layer 

14. Jassby. A. D. and T. Plati: Mathenlatical formu- 
lation of the relationship between photosynthesis 
and light for  phytoplankton. Lirnnol. Oceanogr. 
21, 540-547 (1976). 

15. Jorgensen, E. G.: Photosynthetic activity during 
the life cycle of synchronous Skeletonemu cells. 
Physiol. Plant 19,789-799 (1966). 

16. - The adaptation of plankton algae. 11. Aspects 
of the temperature  adaptation of Skeletonema 
costaturn. Physiol. Plant 21,423-427 (1968). 

17. Relley, R. A.: Conceptual ecological model of the 
Delaware Estuary. In: Systems analysis and 
simulation in ecology, pp. 3-45. Ed. by B. C. -. - -  
Patten. New York: Academic P r e s s  1976. 

- ' 1 - exp ( a) ' '0 (a) 1 24 ' a ( T ) .  18. Kremer ,  J, N. and S. W. Nixon: An ecological 
L 
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