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Abstract. Th.: n:cru,tnlcnt 01 Apirollizolllcllon [IM·aquae out of the sedimenls was me asured in th~ 
shallow. hypereutroph,c Ag.:ncy Lake. Or.:gon _ There were two main episodes of recruitment. the 
I"lter of ..... hich account~d for 8 _2% of the ..... ata column population increase during its main growth 
phase_ Phosphorus (P) content was higher in newly recruited c<!lls than in water column celi, _ 
Recruitment during onc w.:el.:ly episode constituted an internal P load rate of 3_56 mg P m -, day - '_ 
accounting for 27% of the corresponding increase in water column total phosphorus (TP)_ However . 
the majority of internal loading in the lake did not coincide with. and therefore could not be 
explained by. biotranslocation due to benthic recruitment of A_flos·aqua/!_ 

Phytoplankton productivity is most often though! to be determined primarily by 
nutrient concentrations in the mixed layers of lakes_ However, interactions with 
the sediments can play an important role in determining phytoplankton 
community size and structure, particularly in shallow, unstratified lakes. 
Resuspension of meroplanktonic algae into the water column by mixing events 
has been suspected to ?~count for shifts in community composition in a number 
of shallow lakes (Ganf. 1974; Padisak el al . , 1988; Carrick et al. , 1993) . In the 
case of the blue-green algae, the occurrence C'f specialized resting spores 
(akinetes), and the p(Jssession of gas vacuoles. provir.es mechanisms for both 
overwintering and subsequent inoculation into the water column. Benthic 
accumulations of a number of genera of blue-green algae have been found in a 
variety of shallow lakes (Kappers, 1976; Takamura et al., 1984; Gorz6, 1985). 
Large-scale recruitment of blue-greens from benthic reserves provides an 
attractive rationale for their often sudden appearance in the water column 
(Singh, 1953), and could also explain internal loading of phosphorus (P) in 
shallow lakes, where classical iron redox mechanisms would not be operative 
(Osgood, 1988) . The purpose of this study was to assess the importance of 
benthic recruitment to the development of an Aphanizomenon population in a 
shallow, unstratified lake, and to measure its role in internal loading. 

The study was conducted at Agency Lake, a large (3554 ha), shallow (i = 
2.4 m) lake located in a semi-arid region of south central Oregon. The lake has 
been classified as hypereutrophic (Johnson et aI., 1985) and experiences massive 
summer blooms of Aphanizomenon flos-aquae. Hydrologic input from July 
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through October is typically low (US Army Corps of Engineers, 1982), and it is 
assumed that algal growth during this period is maintained largely by nutrients 
contained in the bottom sediments (Johnson et 01., 1985). 

Depth-integrated samples for in-lake nutrient analysis were taken biweekly 
from a representative site near the south end of the lake . Samples for soluble 
reactive phosphorus (SRP) were filtered through pre-soaked 0.45 ~m filters; 
total phosphorus (TP) samples were digested with persulfate prior to analysis. 
All P samples were read in duplicate on a Milton Roy Co . Spectronic 1001 
spectrophotometer. with color development by t he ascorbic acid method 
(American Public Health Association, 1985). Particulate + soluble unreactive 
phosphorus (PP + SUP) was calculated as TP - SRP. 

Temperature was measured using a Hydrolab Surveyor III probe, and 
transparency was measured with a Secchi disk. Daily solar radiation values were 
obtained from Campbell and Ehinger (1993), and light intensity at depth was 
calculated with the following equations (Wetzel, 1984): 

T) = 1.7/zs<l 

where I z is light intensity at depth z, 10 is light intensity at the surface. T) is the 
extinction coefficient. z is depth and Zsd is Secchi disk transparency. 

Algal recruitment from the sediments was measured with inverted sediment 
traps, consisting of plastic funnels (diameter = 19.5 cm) with attached sample 
bottles, mounted on support stands, which were staked into the sediments 
-20 cm from the sediment surface. To prevent lateral transport of algae into the 
traps, the sides were shielded with netting. The traps were placed in clusters of 
four at each of three sites near the southwest shore of [he lake, with the fourth 
trap providing material for cellular nutrient analysis (see below) . It was assumed 
that the traps caught algae recruited from an area of sediment equal to the 
funnel area. Trap samples were collected weekly by SCUBA diver; phyto
plankton samples we're collected at the sar.le time for cellular nutrient analysis. 
Water ~olumn sarr.ples were originally ~u be taken at the same site, bur these 
proved to be highly erratic due to biomass accumulations resulting from the 
prevailing westerly winds. The assumption was therefore made that the 
magnitude and timing of recruitment from the sediments were consistent 
between the water column and trap sites. 

Algal samples for enumeration were preserved with Lugol's iodine solution 
(Wetzel and Likens. 1991), and were counted in a Palmer-Maloney cell with a 
Whipple grid, using method 5 of Olson (1950). To facilitate comparison with 
lake algal concentration and account for changes in lake depth, areal 
recruitment was divided by the average water column depth, linearly inter
polated over the recruitment period, to arrive at a cumulative volumetric input 
of algae for each period . 

To assess the relative contribution of A.flos-aquae recruitment to the P 
nutrition of the popUlation, the nutrient content of the alga was measured 
weekly from water column samples . Sufficient material from trap samples was 
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only availahle on one occasion . Zooplankton were removed from the samples 
after narcotizing with carbonated water. Samples were then filtered through 
100 IJ..Ill netting. and the residue rinsed several times. resuspended in deionized 
water and diluted appropriately. Aliquots were analyzed for total phosphorus 
using the method outlined above. In addition. the boiling water-extractable. or 
·surplus·. phosphorus (BEP) content of the cells was assayed (Fitzgerald and 
Nelson, 19(6) . Aliquots of purified algae were digested for I h in a boiling water 
bath. and samples were filtered through \\,hatmall glass fiber filters and 
analyzed as for SRP . Although it overestimates polvphosphatc content 
(Sa kshaug c{ al . • 1983). this method provides a highly rcproducible measure of 
surplus internal P stores and. thus. nutrient status (Pettersson. I<JSO). 

The Aphallizomelloll population exhibited two pulses in early summer. 
reaching biomass levels of 12 .6 and 20.4 mill' I-I (In 1<) .Iune and 17 July. 
respectively (Figure IA). Aphanizomp.I!()1l j!os-Ol/:w(' collstituted94 and lll)% of 
the phytoplankton community on these two dates . After a period of decline, the 
population increased to a peak of 100.3 mm' lion 28 August. then quicklv 
declined again through September and October. Akillctes wcre not noted in' the 
population until October. 

Measurement of AI/os-aquae recruitment from the sediments began on III 
July. after the initial water column increase (figure 18). There wcre t\\'o 
significant episodes of recruitment, one hetween 2 and S August, and a larger 
one between 22 and 28 August. The first episode coincided with a period of 
minimal increase after the second decline phase l)f the planktonic population. 
while the second occurred as the planktonic population was experiencing its 
greatest rate of increase. Daily areal rates of recruitment during these two 
periods were 653.7 and 1077 mm} m-~ day-I, which represented 150 and ~.2% 
of the observed increases in the population, respectively . 

Temperature near the sediment surface increased steadily throughout June 
(Figure IC), reaching 20°C by 17 July. and remained >20°C until 28 August, at 
which time it had decreased to Ire. It remained at or below this value for the 
remainder of the study period . Calculated illumi:lation at the sediment increased 
dramaticalb throughout July, reaching a m'Jxirnum il'. mid-August. and the'.l 
declined. Jue in pan to attenuation by the i1lcreasing phytoplankton comlllun:ty. 

Migrating A.flos-aqllae .showed distinct morphological differences from 
planktonic algae. being composed mostlv of raft-like colonies made up of a large 
number {if short filaments. Thesl! filamenh were notably darker green than their 
planktonic counterparts, and lacked the hair cells of planktonic colonies; all 
were strongly buoyant. Planktonic colonies were comprised mostly of the 
familiar 'grass-blade' fascicles, with individual filaments being longer and much 
more staggered within the colony_ 

Microcyslis aeruginosa appeared in the lake on 28 August; however, in spite of 
being prevalent in the sediments. negligible amounts of migrating Microcyslis 
were found in trap samples. 

Cellular P content of the planktonic A.flos-aqlloe varied over the course of the 
season from 1.60 to 2.34 f.l.g P mm-3 • averaging 1.93 f.Lg P mm- 3 (Table I) , BEP 
ranged from 0.21 to 0.54 f.l.g P mm- 3

• averaging O.2R f.Lg P mm- 3 Sufficient 
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Fig. l. (A) Aphanizoml!non biovolume; (8) weekly input from recruitment (note log scale) ; (C) 
maximum daily irradiance (----) and temperature (--) at bottom; (D) phosphorus concentration 
of Aphanizomenon and weekly inputs from recruitment; (E) depth· integrated water column samples 
of total ( ). particulate + soluble unreactive (- - - - -) and soluble reactive ( .. ..... ) 
phosphorus . 

biomass for similar determinations on trap samples was available only once, 
when total cellular P and BEP were 3.31 and 0.62 fLg P mm- 3

, respectively. 
These values were 2 and 2.5 times the planktonic values for total cellular P and 
BEP, respectively, on the same date. Using this biomass P measure (3.31 f-Lg P 
mm -3), the two periods of recruitment were responsible for a rate of P 
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Tabl~ I. Total cellular and boiling water-extractable phosphorus content of planktonic and ncwly 
recruited (trap) samples of A.flos-aquae 

Date Cellular P BEP 
< .... g mm - .l) < .... g mm-.l) 

Plank/ollie 
2 August 1.87 0.21 
8 August 1.62 0.25 

15 August 1.84 0.23 
22 August 1.60 0 .21 
29 August 2.14 0.26 
5 September 2.12 0 .54 

12 September 1.92 0.34 
21 September 2.19 0.37 
3 October 2.34 0.35 

10 October 1.86 0.33 

Trap 
8 August 3.31 0.()2 

Table II. Changes in the magnitude of various phosphorus compartments over time 

Period Aplumizomenon Depth-intcgrated water samples 

From To Planktonic Trap TP PP + SUP SRP 
( .... g P 1-') < .... g P 1-') < .... g P 1-') < .... g P 1-') ( .... g P 1- ') 

5 June 19 jUlie 20.27 7.6 i 7.8 -0.2 
19 June I July -18.36 12.8 : -8.1 20.9 

I July 17 July 31.82 234 .6 : 93.3 141.3 
17 July I Aug. -34.93 1.20 13.0 i -59.0 72.0 

I Aug. 14 Aug. 2.82 10.03 - 39.5 I 4.0 -43.5 
14 Aug. 28 Aug. 222.84 28.32 103.5 : 142.0 -38.5 
2S Aug. 11 Sept. -215 .30 0.79 20.0 I -129 .3 149.3 
11 Sept. 26 Sept. -3.15 0.36 -90.0 : 26.1 -116.1 
26 Sept. 10 Oct. -6.85 -207.0 I -61.4 -145.7 

;=J 
translocation of 2.16 and 3.56 mg P m -2 day-I. Durin5 the period of maximum 
planktonic increa~.;, recruitment from the sediment r accounted for 12.7% of the 
increase in the P content of the population (Figure ID) . 

Total P concentrations in the lake showed two substantial increases during the 
course of the summer (Figure IE). An increase of 234 .6 ~g I-I in early July. 
mostly in the form of SRP, was succeeded by an increase of 103.5 ~g 1- 1 in mid
August, apparently composed entirely of PP + SUP (Table II) . This coincided 
with the major episode of A.flos-aquae recruitment from the sediments, which 
could account for 27.4 % of that increase. 

It has often been stated that populations of A.flos-aquae originate in lake 
sedi~ents (Rose, 1934; Sirenko el al., 1968; Lynch,· 1980; Trimbee and Harris , 
1984; Osgood, 1988; Varis, 1993), although there had previously been no direct 
evidence in the literature of this. Instead, this suggestion was based upon the 
occurrence of filaments . and/or akinetes in the sediments, particularly during 
periods of absence from the water column (Rose, 1934; Wildman et at., 1975; 
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Kappers, 1976; Gorz6, 1985). Results from the present study indicate that a 
substantial proportion (8.2%) of the increase in A·flos-aquae biovolume during 
its main growth period can be accounted for by direct inoculation from the 
sediments. In a previous study of blue-gree~ recruitment on Green Lake, 
Washington, Barbiero and Welch (1992) found much lower rates of benthic 
recruitment for A .flos-aquae. both in absolute terms (25 mm.l m -2 day -\) and in 
relation to water column population size « I %). The higher recruitment rates in 
the present study are surprising given the high nutrient content of Agency Lake, 
where one might expect a greater percentage of growth to occur in the water 
column. 

The initial episode of recruitment in Agency Lake was immediately preceded 
by increases in both temperature and light. Temperature then decreased, while 
light continued to increase until the larger recruitment episode . This suggests 
that light might be more important in determir.ing the timing and magnitude of 
rccruitment, provided that temperature is ahovc some threshold . The import· 
ance of an increase in light in initiating recruitment has been suggested by 
previous authors for Gloeolrichia echillula{(l (Roelofs. 1967 ; Pieterse, 1974: 
Barbiero, 1993) and Anabaella circinalis (Reynolds, 1(72). In addition to its 
probable role in initiating akinete germination (Singh and Sunita. 1974 : Reddy el 
al .. 1975; Yamamoto, 1976; Rai and Pandey. 1981), the dependence of 
recruitment on a period of high light also suggests an initial period of growth on 
the sediments, as appears to be the case with G .cchinlliata (Barbiero. 1993) . 

An initial period of growth on the sediments prior to recruitment into the ' 
water column would lead to two potential adaptive advantages. First. attaining 
larger size prior to entering the plankton could reduce grazing losses due to 
herbivory, as hypothesized by Lynch (1980). Second, it would allow for uptake 
and storage of P while the cells are in contact with the P reserve in interstitial 
pore water. Elevated cellular P content was indeed noted in this study. as in a 
previous study for trap samples of both A.flos-aqllae and G.echinlliata (Barbiero 
and Welch, 1992). However. in contrast to the latter species . in which 
benthically deriv.:d P reserves seem to almost entirely obviate P uptake from the 
water column ~Barbiero and Welch, 1992: Istv?novic~ et al . . 1(93), A ·flos-aqllae 
appears to (JCCUr, a less extreme position on (he s~Ject~um of storage adaptati(.!l 
(d. Sommer, 1984). Also in contrast to G .echinulata. episodes of A ·flos-aquae 
recruitment were relatively short lived. being < I week in both cases . It seems . 
'.hen, that benthic recruitment m~ght playa more important role in init:ating a 
popUlation, rather than in maintaining one. as is the case with G.echinulata 
(Barbiero and Welch, 1992: Istvanovics el al., 1(93). It is interesting to note that 
akinete formation was not observed until the end of the season . Therefore, if 
benthic recruitment proceeded from akinetes, they would have been deposited 
during the previous season. 

It has been suggested that benthic recruitment of P-Iaden A .flos·aquae could 
account for internal loading of P in shallow lakes where redox-controlled iron
phosphorus interactions do not operate (Osgood, 1988) . Phosphorus biotrans
location in the present study reached a high of 3.56 mg P m -2 day-I during one 
weekly episode, accounting for 27% of the corresponding increase in water 
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column TP. Surface inflows, and presumably external loading, during this period 
were minimal. However, over the course of the summer P increased by -330 fJ.g 
I-I, which was equivalent to an areal loading rate of -3.8 mg P m- 2 day-t over 
72 days. Most of this increase (234.6 fJ.g I-I) occurred during the first 2 weeks of 
July and corresponded to a relatively small (31.8 fJ.g I-t) increase in the P 
content of the Aphanizomenon population (Table II). So in spite of short 
periods of intense algal-mediated P input, most of the internal loading in Agency 
Lake during this study was probably not due to biotranslocation . 
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