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Abstract 

Estimates of standing crop, derived approximately from algal counts in surface waters, 
have been used to separate the English Lakes into three groups of low, intermediate, and 
high fertility. The fertile lakes are proportionally poorer than the infertile lakes in p-algae, 
but richer in “large algae” and Cyanophyta. The fertile lakes are richer in dissolved ions, 
especially calcium and bicarbonate, in filter-passing and particulate vitamin Bx, in sedi- 
mentary sulfur, and in sedimentary chlorophyll derivatives and carotenoids. The rela- 
tionship noted by Pearsall between lake fertility and agricultural activity is shown by a 
strong correlation between algal standing crop and the pcrccntagc of the drainage basin 
under cultivation. Sediment ratios of carbon to sulfur and of chlorophyll derivatives to 
carotenoids decline with increasing lake fertility, whereas the ratio of carbon to nitrogen 
shows little change. 

This study lends support to the use of sedimentary pigments as indicts to lake produc- 
tivity. The pigment data also indicate that much of the organic matter in sediments of 
productive lakes comes from autochthonous sources within the lakes. 

The English Lakes are among the most 
widely known in the world. In a classic 
paper Pearsall ( 1921) related phytoplank- 
ton composition and abundance to the na- 
turc of the sediments and the chemistry of 
the lake waters; additional data were pro- 
vided by Mackereth (1957) and Lund 
( 1957). This paper analyzes the relation- 
ships further by bringing together data 
gathered primarily for other purposes by 
each of us. Although less satisfactory than 
if gathered with a single aim in view, the 
data do allow some interesting relation- 
ships to be explored further than has been 
possible hitherto. Data on algal standing 
crops have been supplied by Lund, on sedi- 

’ Contribution No. 105 from the Limnological 
Research Center, University of Minnesota. This 
work was supported by National Science Founda- 
tion Grants 2448 and GB 6018 and by the Gradu- 
ate School, University of Minnesota. 

mentary pigments by Sanger, and on C, 
II, N, and S by Dean. Water chemistry 
data, more extensive than those quoted by 
Macan ( 1970)) were supplied by J. Heron. 

We are grateful to the late George 
Thompson and the laboratory staff of the 
Freshwater Biological Association for gath- 
ering samples, to J. G. Jones and K. W. 
Daisley for providing data from published 
figures, and to W. Pennington for helpful 
criticisms. 

The English Lake District has a mild, 
wet, oceanic climate. It is located in north- 
west England in an area of hard Ordo- 
vician rocks ( Borrowdale volcanics and 
Skiddaw slates ) surrounded by somewhat 
softer and more easily weathered Silurian 
slates, grits, and flags. The numerous lakes 
and tarns can be arranged in what Pearsall 
(1921) regarded as an evolutionary series 
with rocky unproductive lakes at one end 
and silted productive lakes at the other. 
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Table 1. Average standing crops of algae in the English Lakes. Data are means of differing num- 
bers of samples per lake, 21-25 in 1949-l 951, 9-l 7 in 1955-1956, and 6-9 in 1961-1963. Grasmere 
data for “large algae” in 1949-1951 exclude a sample containing a swarm of Uroglena which would 
raise the average to 3,786. The approximate total dry weight, for a lake in which one algal category 
was not counted, is estimated by assuming the rounded group mean for that category in which the 
data for other algal groups indicate it ought to belong. 

A B C 
b--lgaeml 

cells ml 
"Large alga~f" 

cells ml 
Cyanophytal Approx dry wt* 

indiv ml 
1955 1961 Mean 1949 1961 Mean 1949 1961 Mean A B C Total 
1956 1963 1951 1963 1951 1963 IJg 1-l 

vlI.“UIJ .I. 

Wastwater 713 586 650 4 2 3 0 
Thirlmere 919 454 687 19 6 13 -?- 
Buttermere 569 442 506 20 17 19 0 
Brothers Water -- -- -- 35 11 23 0 
Ennerdale Water 782 401 592 35 17 26 0 
Crummock Water 793 842 818 24 28 26 1 
Mean 
Group 2 

Hawes Water 1,056 831 944 162 56 109 Elterwater -- 284 -- 233 55 144 1;: 
Coniston Water 3,341 1,958 2,650 238 0 
Grasmere -- -- -- 

(3::) z4" 
280 1 

Rydal Water -- -- -- 75 595 335 1 
Windermere N BaS in 2,424 2,633 2,529 360 500 430 1 
Derwentwater 
Mean (rounded) 

1,947 1,608 1,778 103 1,079 

Group 3 
Loweswater 2,102 2,271 2,187 376 820 598 17 
Windermere S Basin 6,054 3,438 4,746 369 1,228 799 28 
Blelham Tarn 5,270 4,261 4,766 749 1,470 1,110 3 
Loughrigg Tarn -- -- -- 1,161 -- -- 7 
Ullswater 1,292 1,800 1,546 1,387 1,016 1,202 + 
Bassenthwaite Lake 5,966 3,238 4,602 1,010 1,658 1,334 -t- 
Esthwaite Water 3,317 
Mean (rounded) 

914 2,116 1,438 2,260 1,849 191 

0 
0 
0 
0 
0 
+ 

1 
+ 
0 
+ 
0 
3 
1 

37 
20 
12 
-- 
14 

4 
37 

0 14 
0 15 
0 11 
0 -- 
0 13 
1 18 

14 

1 21 
5 6 
0 58 
1 -- 
1 -- 

2 56 
1 39 

36 

27 48 1,800 260 2,100 
24 100 2,500 230 2,800 

8 110 3,400 76 3,600 
-- -- 3,600 66 3,700 

7 34 3,700 66 3,800 
2 100 4,100 19 4,200 

114 47 5,7001J00 6,800 
73 3,500 260 3,800 

9 0 23 
40 0 55 
59 0 70 
71 0 85 
80 0 93 
80 9 110 
57 2 73 

340 9 370 
440 47 490 
730 0 790 
860 9 910 

1,000 9 1,000 
1,300 19 1,400 
1,800 9 1,800 

920 15 970 

*Rounded to two figures. 

He pointed out that the extremely rocky 
lakes (Wastwater, Ennerdale Water) have 
only about 5% of cultivable drainage area, 
whereas the most silted lake (Esthwaite 
Water) has about 45%. The concept of the 
lake series has been dcvcloped further by 
Macan ( 1970)) whose book provides dc- 
tailed background on both the Lake Dis- 
trict and individual lakes. 

Standing crops of algae 

Data were gathered at frequent but ir- 
regular i intervals during three periods : 
1949-1951, 1955-1956, and 1961-1963. 

The 1949-1951 and in part the 1955- 
1956 samples were generaIIy coIIected by 
throwing a weighted bottle from shore. 
Although they represent littoral plankton, 
there is no reason to doubt that they were 

qualitatively characteristic of open water 
plankton. Each sampling place lay over 
deep water, the bottle being thrown from 
the most projecting and precipitous rock 
face available. Samples were also repre- 
sentative of the top few meters of the wa- 
ter because the bottle sank rapidly. Sam- 
ples from Blelham Tarn, Esthwaite Water, 
and both basins of Windermere were taken 
with a 5-m tube (Lund et al. 1958) in the 
area of greatest water depth. The 1961- 
1963 samples were collected similarly. 

Algae were concentrated by sedimenta- 
tion with Lugol’s solution. Species in- 
cluded in the categories “large algae” and 
Cyanophyta were counted in sedimentation 
tubes on an inverted microscope, at a mag- 
nification of about x100. The p-algae 
were counted using the chamber and tech- 



Algal biomass and luke chemistry 603 

nique described by Lund (1959, 1962; and Bassenthwaite Lake average > 2,000 
Bailey-Watts and Lund 1973). cells ml-l. 

The first category includes “large al- 
gae,” retained to some extent by a 65-,u 
net for phytoplankton. Not all such algae 
would be retained by a net, because few 
are equally wide in all directions. The 
larger nannoplankters are in this group be- 
cause they are big enough to be estimated 
at low magnification. Abundance is ex- 
pressed as cells ml-‘. The second category 
includes the Cyanophyta, expressed as in- 
dividuals ( colonies or filaments) ml-l; ac- 
curate cell counts would involve much 
work and elaboration of proven statistical 
methods. The third category comprises 
the very small algae, including the smaller 
nannoplankters (the p-algae of Rodhe 
1955) ) recorded as cells ml-l. While often 
numerous, their biomass per cell is small 
relative to that of most algae in the other 
two groups. Ususally about 100 cells ml-l 
is the least number estimated. The “large 
algae” and Cyanophyta were sampled in 
1949-1951 and 1961-1963. The p-algae 
were sampled in 1955-1956 and 1961-1963. 
Counts for the three categories of algae 
are presented in Table 1. 

Despite the arbitrary nature of these 
groupings, Wastwater, Buttermere, En- 
nerdale Water, Thirlmere, and Crummock 
Water clearly belong to a set of lakes with 
relatively few algae. No lake appears in 
the top group of each category in every 
period. IIowever, Table 1 shows that the 
six lakes with the largest numbers of algae 
are generally Esthwaite Water, Blelham 
Tarn, Windermere South Basin, Bassen- 
thwaite Lake, Loweswater, and Ullswater. 

Results in the two periods are generally 
similar for the “large algae.” In each pe- 
riod Wastwater, Thirlmere, Buttermere, 
Crummock Water, Ennerdalc Water, and 
Brothers Water average < 100 cells ml-l; 
and Bassenthwaite Lake, Ullswater, and 
Esthwaite Water average > 100 cells ml-‘. 

Since this paper was written, it has been 
discovered that what was believed to be a 
bacterium in the plankton of Buttermere 
is a blue-green alga. The cells are cylin- 
drical (mean length - 10 pm) and very 
narrow (mean diameter < 1 pm), and soli- 
tary or united into short filaments. Under 
the light microscope the cells appear color- 
less but in culture are reddish violet. The 
taxonomic position of this alga is uncer- 
tain. Commonly it is the most abundant 
alga in the phytoplankton during the first 
half of the year. In 1955-1956 and 1961- 
1963 ( Table 1) this alga was not counted. 
In 1968, though it was believed to bc a 
bacterium, counts were made as follows 
(mean of 24 samples): p-algae (Cyano- 
phyte sp. excluded) 135 cells ml-l, “large 
algae” 15 cells ml-l, and Cyanophyte sp. 
487 cells ml-l. 

Wastwater, Thirlmere, Buttermere, En- 
nerdale Water, Brothers Water, and Conis- 
ton Water contain either no Cyanophytes 
(colonies or filaments) ml-l or less than 
0.5 on the average; whereas Loweswater, 
Windermere South Basin, and Esthwaite 
Water average 10 or more individuals ml-l. 
The few individuals in Crummock Water 
undoubtedly come from the outflow of 
Loweswater. 

The p-algae group was sampled 7 years 
apart, with similar results. Buttcrmere, 
Wastwater, Ennerdale Water, Crummock 
Water, and Thirlmere average <l,OOO cells 
ml-l; whereas Loweswater, Windermere 
North and South Basins, Blelham Tarn, 

We do not know whether other pre- 
smned bacteria in these lakes are Cyanoph- 
yta, but in no other lakes does the Butter- 
mere alga form a substantial part of the 
phytoplankton-if indeed it is present. 
Nevertheless it now seems uncertain 
whether the phytoplankton of the oligo- 
trophic lakes can be said to be character- 
ized by the absence or great rarity of Cy- 
anophyta. Despite the abundance of these 
cells, they contribute little to algal biomass. 
The average cell volume is about the same 
as Chlorella A (Lund 1961)) the smallest 
alga for which a dry weight is available, 
the figure being about 3.5 PI; 1O-6 cells. 
IIence the mean number for 1968 may 
only represent some 20 pg dry matter 
liter-l ( cf. other figures in Table 1) , 
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The 1968 figures probably are biased in 
favor of the bacterial-sized Cyanophyte 
against the other p-algae, and in favor of 
p-algae against “large algae,” No estima- 
tions were made in July and August and 
only one in September. The Cyanophyte is 
more common in the first half of the year 
than in the second half. “Large algae,” 
Dinohryon excepted, usually are most com- 
mon in the second half of summer and 
early autumn when there are maxima of 
colonial green algae, desmids, and dino- 
flagellates. 

Biomass 

A combination of cell numbers and in- 
dividual (colony or filament) numbers is 
not satisfactory. More comparable values 
would be obtained by measuring chloro- 
phyll, wet or dry weight, or possibly vol- 
ume as is common in studies of primary 
production. There seems to be no suitable 
method for estimating wet weight. Wet 
weights in the literature assume a specific 
gravity of planktonic algae of about 1: on 
this assumption, volume and in turn wet 
weight arc estimated. The objections to 
this method are the difficulty of estimating 
algal cell volume accurately and the ab- 
sence of proof that cells are close to unit 
density. Dry weights are less objection- 
able because they can be estimated di- 
rectly. Ash-free dry weights would be 
equally or more valuable. Forty-eight of 
the most abundant species have been 
weighed and, on this basis, a rough ap- 
proximation of their abundance can be 
given in terms of dry weight. The rough- 
ness of this approximation lies in the rela- 
tively small number of cells counted in 
many lake samples, so that the probable 
error of such counts is high. The range 
for 14 p-algae is 3-67 PI; lo-” cells, for 27 
of the “large algae” 2640,000 pg 10dG cells, 
and for six of the Cyanophyta 2,700- 
14,000 ,ug lo-” individuals. Weights of a 
few “large algae” are less than some for 
p-algae, because the individuals of the 
“large algae” are relatively large although 
their constituent cells are small. The mean 
weights for each group arc 22, 3,080, and 

9,450 pg 1O-6 cells or individuals (Cy- 
anophyta) respectively. Using these mean 
weights, the approximate dry weights of 
the total average population (“large algae” 
+ Cyanophyta + p-algae) are shown in 
Table 1. The order for biomass is similar 
to those obtained from cell and individual 
numbers. Considering only lakes in which 
all three algal groups have been counted, 
Was twater, Thirlmere, Buttermere, Enner- 
dale Water, and Crummock Water are 
again the poorest. The richest six are again 
Esthwaite Water, Bassenthwaite Lake, 
Ullswater, Blelham Tarn, Windermere 
South Basin, and Loweswater. For pur- 
poses of comparison throughout this paper, 
these two groups of lakes have been sepa- 
rated arbitrarily as least productive (group 
1) and most productive ( group 3)) with 
an intermediate group of Hawes Water, 
Coniston Water, Windermere North Basin, 
and Derwentwater interpolated between 
them ( group 2). 

Excluded from comparison so far are 
five lakes (Brothers Water, Elterwater, 
Grasmere, Rydal Water, and Loughrigg 
Tarn) not sampled in all periods, or not 
including all categories of algae. They 
have been interpolated in Table 1 by using 
data for single periods and by assuming- 
for a lake in which one algal category was 
not counted-the group mean (rounded) 
for the category in which it is placed ac- 
cording to its other algal groups. Brothers 
Water, without estimates of p-algae, clearly 
belongs to the group of lakes with a small 
biomass. Eltcrwater had the lowest num- 
ber of p-algae, but 144 cells ml-l of “large 
algae,” which would put it just after Hawes 
Water in the middle group of lakes; its five 
individuals of Cyanophyta ml-l are also 
intermediate. Rydal Water, with no csti- 
mates of p-algae, had 335 cells ml-r of 
“large algae,” which puts it in the group of 
lakes of intermediate biomass. Grasmere, 
also without data for p-algae, had 2,010 
cells of “large algae” ml-‘, which puts it in 
the intermediate group of lakes. The Gras- 
mere results for 1949-1951 and 1961-1963 
are very different: the mean number of 
“large algae” per milliliter in 1949-1951 
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was the highest of all the lakes, as a result 
of a single sample with 80,000 cells of Uro- 
glena ml-l, the largest number ever found 
in the English Lake District! The sample 
was taken from shore, and Uroglena often 
masses in certain areas a meter or so below 
the surface in quiet sunny weather, so this 
record is not characteristic. Although Gras- 
mere has been examined with a 5-m tube 
at the center of the lake for 4 further years 
(not included in this survey), so large a 
population has not been found again; 
hence, in Table 1, the mean number of 
cells shown excludes this one occasion. 
The phytoplankton of Rydal Water and 
Grasmere is very similar. For most of the 
year few algae are present but in spring 
and early summer Chrysophyta can be 
numerous (exceeding 1,000 cells ml-l). 
Their periods of abundance are usually 
short, and figures may vary considerably 
from year to year if there is not weekly 
sampling. Loughrigg Tarn, with no data 
for p-algae, is interpolated tentatively in 
the group of lakes high in biomass because 
of its high numbers of “large algae” in 
1949-1951, although in numbers of Cy- 
anophyta it is intermediate. 

Probably these data for phytoplankton 
numbers and biomass overemphasize the 
differences between lakes. The lakes 
poorer in plankton have clearer waters and 
deeper euphotic zones, so that primary pro- 
duction occurs to greater depths. This is 
true not only for planktonic but also for 
benthic algae, as confirmed by diving. 
Nevertheless, it is doubtful whether this 
makes up for the marked differences be- 
tween the richest and poorest groups. 

Although the three lake groups are dis- 
tinguished on the basis of biomass, from 
the results of Rodhe (1958) and Brylinsky 
and Mann (1973), we may infer a strong 
correlation between primary production 
and algal standing crop where such a wide 
range of trophic status is examined. 

Total biomass in seventeen of the lakes 
in Table 1 may be compared with epilim- 
netic concentrations of chlorophyll a (Jones 
1972, unpublished), which range from 0.4 
to 134 rug liter-l for individual samples, 

On average, II-12 samples were taken in 
each lake during stratification, the range 
being from 4 samples (Loughrigg Tarn 
and Crummock Water) to 25 samples 
(Blelham Tarn). The logarithmic (log,,) 
correlation coefficient r for biomass and 
chlorophyll is highly significant at 0.80.” 
The reduced major axis3 (Imbrie 1956) 
for chlorophyll and standing crop is given 
by log y = 0.55 log x - 0.83, where y = epi- 
limnetic chlorophyll a and x = total epilim- 
netic algal biomass, both in pg liter-l. The 
five unproductive lakes of group 1 are 
also the five lowest in chlorophyll concen- 
tration; and of the seven productive lakes 
of group 3, four (Windcrmcre South Basin, 
Blelham Tarn, Bassenthwaite Lake, and 
Esthwaite Water) arc in the top seven for 
chlorophyll. 

Lake morphometry and 
uater characteristics 

Table 2 records area and depth for each 
lake. Each group includes a considerable 
range of area. The unproductive lakes of 
group 1 are all relatively deep, but the 
more productive groups 2 and 3 include 
both deep and shallow lakes. 

None of the group 1 lakes exhibits ap- 
preciable hypolimnetic oxygen depletion 
during summer (Jones 1972). Depletion 
in the shallow group 2 lakes is either mod- 
erate ( Derwentwater ) or considerable 
(Grasmcre, Rydal Water). Among the 
productive group 3 lakes the deepest (Ulls- 
water) shows no hypolimnetic oxygen de- 
pletion, and depletion is only moderate 
in the other deep lake of group 3 (Winder- 
mere South Basin). Two of the shallow 
lakes (Blelham Tarn, Esthwaite Water) de- 
velop complete anoxia, and the other two 
(Loweswater, Bassenthwaite Lake) come 
close to it. It appears, therefore, that high 
primary productivity is not inevitably as- 
sociated with the development of hypo- 
limnetic anoxia, although the reverse 

‘All correlation coefficients quoted in this 
paper are significant at the 1% level. 

3 Where a dependent variable cannot be dis- 
tinguishcd, the reduced major axis (Imbrie 1956) 
has been calculated instead of a regression. 
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Table 2. Altitude, dimensions, and surface water chemistry of the English Lakes. 

Lake (No. of Alti- Area Mean Max Cultivable Ca Mg Na 
samples for tude km2 depth depth as "/o total 

K Total Total HC03 Cl SO4 NO3 
cat- an- 

chemical analysis) m m m drainage ions ions 
area* ueq liter-l 

Group 1 
Wastwater (8) 61 2.91 39.7 76 5.2 109 56 156 8 329 324 51 164 99 10 
Thirlmere (9) 180 3.27 16.1 46 168 44 135 7 354 355 70 152 124 9 
Buttermere (9) 110 0.94 16.6 28.6 670 119 59 155 7 340 336 43 193 92 8 
Brothers Water (5) 173 -- -- -- -0 283 56 143 8 490 492 157 156 156 23 
Ennerdale Water (7) 120 3.00 17.8 42 5.4 120 66 166 9 361 343 53 184 97 9 
Crummock Water (7) 107 2.52 26.7 43.9 8.0 105 65 163 7 340 337 47 186 98 6 
Mean 125 2.52 23.4 47 -- 151 58 153 8 369 365 70 173 111 11 
Group 2 
Hawes Water (7) 241 3.91 23.4 56.5 7.7 239 59 131 7 436 430 154 144 122 10 
Elterwater (5) 57 -- -- -- -- 395 69 179 9 652 642 232 212 174 24 
Coniston Water (8) 50 4.91 24.1 56 21.8 291 73 187 17 568 566 170 217 161 18 
Grasmere (6) 62 0.644 7.7 21.5 -- 242 46 157 10 455 453 106 185 151 11 
Rydal Water (3) 53 -- -- -- -- 274 46 157 9 486 477 129 185 147 16 
Windermere N Basin (3) 39 8.05 25.1 64 29.4 283 51 153 13 500 508 160 184 144 20 

' Derwcntwater (9) 80 5.35 5.5 22 10.0 222 43 212 10 487 481 87 281 106 7 
Mean 83 4.57 17.2 44 -- 278 55 168 11 512 508 148 201 144 14 
Group 3 
Lowcswater (8) 122 0.643 8.4 16 -- 224 104 226 15 569 554 139 245 161 9 
Windermere S Basin (3) 39 6.72 21.3 42 29.4 309 57 165 14 545 551 184 190 159 18 
Blelham Tarn (1) 45 0.102 6.8 14.5 -- 438 131 165 21 755 755 325 190 222 18 
Loughrigg Tarn (8) 94 0.086 -- 10.4 -- 351 87 180 20 638 650 264 210 161 15 
Ullswater (9) 145 8.94 25.3 62.5 16.6 283 72 143 9 507 521 213 155 142 11 
Bassenthwaite Lake (8) 75 5.28 5.3 19 29.4 271 98 223 17 609 602 168 260 156 18 
Esthwaite Water (1) 65 1.00 6.4 15.5 45.4 412 116 200 21 749 725 305 203 204 13 
Mean 84 3.24 12.2 26 327 95 186 17 627 623 228 208 172 15 

*from Pearsall (1921). 

would seem to be true for the English 
Lakes-none of them dystrophic. 

Data for eight important ions are also 
presented in Table 2. Lakes are grouped 
as in Table 1 to facilitate examination of 
associations bctwcen algal standing crop 
and water chemistry. 

Surface samples were collected on sev- 

Table 3. AGerage vitamin Blz in surface wa- 
ters of the English Lakes. 

Filtrate Particu- Total F:P 
late 

wg ml -1 

Group 1 

Buttermere 1.43 0.55 1.98 2.6 
Crummock Water 1.45 0.33 1.78 4.4 

Group 2 

Windermere N Basin 

Derwentwater 

5.48 0.64 6.12 8.6 
2.33 0.45 2.78 5.2 

Group 3 

Lowcswater 8.55 1.09 9.64 7.8 
W.indermere S Basin 

B:Lelham Tarn 

7.11 0.83 7.94 8.6 
9.52 0.90 10.42 10.6 

Bassenthwaite Lake 5.81 0.75 6.56 7.7 
Esthwaite Water 7.74 1.08 8.82 7.2 

era1 occasions from most lakes, but there 
is relatively little seasonal variation in the 
major ions (Lund 1957). Methods arc de- 
scribed by Mackereth ( 1963). 

Table 2 shows that the group 1 lakes 
with small standing crops of algae are 
poor in dissolved ions (total cations 329- 
490 peq liter-’ ), whereas the most produc- 
tive group 3 lakes are rich (total cations 
507-755 peq liter-l). The difference is 
particularly pronounced for calcium and 
bicarbonate ions, supplied mainly by rock 
weathering (Gorham 1958a). Waters poor 
in dissolved ions occur on the hard rocks 
of the central massif of the Lake District, 
whereas the richest waters are found on 
the softer Silurian rocks at generally lower 
elevations ( Mackereth 1957). 

Two lakes, Brothers Water and Elter- 
water, have lower standing crops than 
would be expected on the basis of dissolved 
ions. The algal data are very approximate 
and less complete than for most other lakes. 
Elterwater is probably flushed out rapidly 
by the flow of the River Brathay, which 
may keep standing crops low. For Broth- 
ers Water, a small lake at fairly high alti- 
tude, the same explanation may apply. 
Both waters have silty sediments, which 
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Table 4. Biophile elements and pigments* in seclimentst of the English Lakes. 

Ignition C H N S CD EC HC CD cor- IL C C CD EC 
loss rection c i? ~izziz HC 

% dry wt units g -1 
f 

orq C 

Group 1 
Wastwater (22) 14.4 5.86 1.10 0.52 0.07 1.5 0.7 1.0 31 2.5 11 84 0.88 0.70 
Thirlmere (16) 19.5 8.84 1.29 0.65 0.24 5.5 3.5 5.5 14 2.2 14 37 0.61 0.64 
Buttermere (10) 13.2 5.73 1.11 0.43 0.08 3.2 1.6 2.8 23 2.3 13 72 0.73 0.57 
Ennerdale Water (19) 13.8 5.83 1.54 0.46 0.09 2.6 0.7 1.2 22 2.4 13 65 1.37 0.58 
Crummock Water 12.0 4.32 1.08 0.38 0.12 3.6 1.7 3.3 14 2.8 11 36 0.72 0.52 
Mean 14.6 6.12 1.22 0.49 0.12 3.3 1.6 2.6 21 2.4 12 59 0.86 0.60 

Group 2 
Hawes Water 13.0 5.65 1.12 0.40 0.30 3.7 2.1 3.9 9 2.3 14 19 0.62 0.54 
Coniston Water 13.0 5.33 0.90 0.42 0.12 7.1 2.7 5.6 11 2.4 13 44 0.86 0.48 
Rydal Water (17) 21.0 9.98 1.47 0.78 0.15 8.8 4.8 7.4 14 2.1 13 67 0.72 0.65 
Windermere N Basin (27) 19.0 8.23 1.67 0.76 0.26 10.4 7.6 11.3 18 2.3 11 32 0.55 0.67 
Derwentwater 15.2 6.29 1.40 0.51 0.14 3.9 1.4 2.7 12 2.4 12 45 0.95 0.52 
Mean 16.2 7.10 1.31 0.57 0.19 6.8 3.7 6.2 13 2.3 13 41 0.74 0.57 

Group 3 
Loweswater 11.7 4.95 1.26 0.43 0.25 5.9 5.4 8.7 9 2.4 12 20 0.42 0.62 
Windermere S Basin (24) 17.4 8.10 1.35 0.76 0.22 11.4 6.5 10.3 17 2.2 11 37 0.68 0.63 
Blelham Tarn (16) 26.5 12.98 1.61 0.97 0.64 10.8 9.6 14.1 11 2.0 13 20 0.46 0.68 
Ullswater (14) 10.2 4.02 1.06 0.43 0.44 22.4 9.1 19.1 15 2.5 9 9 0.79 0.48 
Bassenthwaite Lake (12) 11.9 4.59 1.15 0.37 0.22 10.9 7.0 12.7 11 2.6 12 21 0.55 0.55 
Esthwaite Water (12) 24.0 11.87 1.52 0.95 0.56 10.5 14.5 17.2 11 2.0 13 21 0.33 0.84 
Mean 17.0 7.75 1.33 0.65 0.39 12.0 8.7 13.7 12 2.3 12 21 0.54 0.63 

*CD = chlorophyll derivatives, EC = epiphasic and HC = hypophasic carotenoids. 
t Figures in brackets after lake names indicate depth of penetration of Jenkin corer 

in centimeters. 
$ Percent of original absorbance. 

suggests rapid flushing and loss to out- 
flow of clay-sized mineral matter from the 
drainage basin (W. Tutin personal com- 
munication) . Brothers Water has consider- 
able macrophytic vegetation which, with 
its associated epiphytic and entangled al- 
gae, will compete with phytoplankton for 
nutrients. 

Vitamin B, a 

Bioassays for filter-passing and gross 
particulate vitamin B12 in nine surface 
waters have been made by Daisley (1969); 
Table 3 presents average values for the 
lake groups already established. Both vita- 
min fractions increase markedly in passing 
from Buttermere and Crummock Water, 
with low standing crops, to those lakes 
with abundant algae. Total vitamin B12 
increases from about 2 ,u,ug ml-l to 6-10 

ppg ml-l. The filter-passing fraction is 
about 34 times the particulate fraction in 
the unproductive lakes, and about 7-11 
times greater in the productive lakes. 

Sediment chemistry 

Data on biophile elements (total C, H, 
N S) and fossil pigments (chlorophyll de- 
rivatives and carotenoids ) are presented 
in Table 4. Again the lake groups are as 
ordered for algal standing crops. 

Three sediment cores were taken with a 
Jenkin sampler (Mortimer 1942) near the 
deepest part of each lake, to whatever 
depth the sampler penetrated ( lo-27 cm in 
the eleven lakes for which records were 
kept). The top 5 cm of sediment were re- 
moved, to avoid sediments subjected to re- 
cent pollution and to eliminate the oxidized 
microzone at the sediment surface; studies 
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CHLOROPHYLL DERIVATIVES (UNITS G-‘CARBON) 
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Fig. 1. Chlorophyll derivative profiles in short 
cores of surface sediments from Enncrdale Water, 
Esthwaitc Water, and Priest Pot. 

with a specially slotted Jenkin sampler had 
revealed very high concentrations of chloro- 
phyll derivatives in the organic matter 
within that zone in Esthwaite Water and 
Priest Pot (a small and highly productive 
pond not included in this study). Figure 
1 shows that in Esthwaitc Water pigment 
concentrations are very high ( 58 units g-l 
org C ) near the surface of the mud, almost 
as high as in sediment caught in traps, and 
as high as in many algae and higher aquatic 
plants ( Gorham and Sanger unpublished). 
Below the oxidized microzone pigment con- 
centrations are much lower ( lo-14 units) 
and continue at about the same concentra- 
tion to about 3-m depth (Gorham 1961). 
In our interpretation, somewhat at variance 
with that of Fogg and Bclchcr ( 1961)) the 
oxidized microzone is a region in which 
turbulent stirring and molecular diffusion 
of oxygen ( Gorham 195877) lead to contin- 
ued diagenesis of pigments until further 
sedimentation places them finally in an an- 
aerobic environment. Recent studies (Stock- 
ner and Lund 1970) indicate a rapid de- 
cline in the proportion of diatom cells con- 
taining intact chloroplasts (from 50% at the 
mud surface to only 10% at 2.5-cm depth) 
and strongly support this conclusion. 

The thickness of sediment sampled is 
rather variable because all mud in the 
Jenkin sampler below the O&cm level was 

included. This was not our original inten- 
tion, but resulted from a failure in com- 
munication. Even if our original intent of 
sampling the 5-lo-cm depth range had 
been followed, such samples would not be 
uniform in age because of differences in 
sedimentation rate, compaction, etc. All 
that can be said is that the samples rcpre- 
sent periods varying in length, but exclud- 
ing the last few years to several decades. 
According to calculations based on cesium- 
137 fallout in sediments (Pennington et al. 
1973), 5 cm of surface sediment represent 
about 5-10 years of deposition in Esthwaite 
Water and Blelham Tarn, lo-17 years in 
Windermere South Basin, 11-26 years in 
Enncrdale Water, and 20-81 years in Wast- 
water. Calculations based on diatom ratios 
(Stockner and Lund 1970) suggest that the 
uppermost 5 cm of sediment represent 
about 26 years of deposition in both Esth- 
Waite Water and Windermere South Basin. 
The two Esthwaite calculations disagree, 
so perhaps local differences in sedimenta- 
tion at the profmldal sampling site are in- 
volved. 

Polyethylene containers were packed 
full of sediment, frozen in Dry Ice, and 
shipped by air to Minneapolis. One set 
which thawed just before receipt showed 
no oxidation or other damage: pigment 
lcvcls were no lower than for similar lakes 
in the other set shipped at a different time, 
and levels of chlorophyll derivatives were 
similar to those observed earlier (Gorham 
1960n). 

Ignition loss was measured at 500-550°C. 
Carbon, hydrogen, and nitrogen in these 
noncalcarcous sediments were measured 
with a CHN analyzer. Sulfur was analyzed 
following Mackereth (1966). Data are 
given as percent oven-dry weight at lOO- 
110°C. 

Pigments were measured by techniques 
described earlier ( Gorham and Sanger 
1964, 1967; Sanger and Gorham 1972) and 
are given in arbitrary units ( cf. Vallentyne 
1955) : one unit is equivalent to an absor- 
bance of 1.0 in a lo-cm cell when dissolved 
in 100 ml of solvent. All pigment data are 
expressed (except where stated otherwise) 
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ORGANIC CARBON (% DRY WT) 

Fig. 2. The regression of ignition loss on or- 
ganic carbon in sediments from the English Lakes. 

per gram organic carbon, in order to re- 
flect the degree of pigment preservation 
relative to that of the total organic matrix. 

Certain earlier pigment data have also 
been expressed per gram organic matter as 
measured by ignition loss, the correlation 
between organic carbon and ignition loss 
being extremely close (r = 0.99) in noncal- 
careous sediments (Fig. 2). The ignition 
loss : C ratio (dotted line in Fig. 2) varies, 
however, from 2.5-2.8 in sediments with 
C < 5% dry weight to about 2.0 in sedi- 
ments with C > 10% dry weight. Ignition 
loss overestimates organic content seri- 
ously in inorganic soils whcrc water asso- 
ciated with clay minerals is an important 
component (cf. Mackereth 1966). Extrapo- 
lating to zero carbon, this component ap- 
pears to be about 3.5% according to the re- 
gression equation in Fig. 2. 

In estimating chlorophyll derivatives a 
baseline correction of the absorption spec- 
trum is necessary (Orr and Grady 1957) to 
remove effects of impurities. A baseline 
curve was drawn freehand with the aid of 
French curves between 520 or 540 and 750 
nm, and the baseline absorbance beneath 
the red peak is rcportcd as a percentage of 
the original absorbance in Table 4. It gen- 
erally amounts to a little over lo%, but in 
three unproductive lakes the correction ex- 
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Fig. 3. The relationship between total sedi- 

, . 

mentary sulfur and dissolved sulfate in surface 
waters of the English Lakes. Dashed line is re- 
duccd major axis, solid line is regression of sul- 
fur on sulfate. 

ceeds 20%. Several woodland humus layers 
in the English Lake District (Gorham 1959j 
required corrections of 17-25%. 

Table 4 indicates that the relationship 
between algal standing crop and sedimen- 
tary organic matter is not as close as had 
been thought ( Gorham 196Oa, b ) , although 
on average the sediments of productive 
lakes arc slightly higher in carbon, hydro- 
gen, and nitrogen than those of unproduc- 
tivc lakes. The sediments of productive 
group 3 lakes do, however, average dis- 
tinctly higher in sulfur, 0.2-0.6% dry weight 
as compared to O.l-0.2% in the least pro- 
ductive group 1 lakes. Sedimentary sulfur 
is clearly correlated (r = 0.79) with dis- 
solved sulfate, as shown in Fig. 3. As dis- 
solved sulfate increases, sedimentary sulfur 
increases much more rapidly, so that the 
C : S ratios are high (36-84) in the unpro- 
ductive lakes and low (9-37) in the most 
productive lakes. Presumably productive 
lakes, besides being relatively rich in sul- 
fate, develop reducing conditions in their 
sediments which favor both preservation of 
organic sulfur compounds and the reduc- 
tion and precipitation of sulfate from over- 
lying water ( Gorham 1960b). Hence there 
is a strong correlation (r = 0.76) between 
sedimentary sulfur and algal standing crop 
(Fig. 4). 
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Fig. 4. The relationship between total sedi- 
mentary sulfur and algal standing crop in the 
English Lakes. Curve fitted as reduced major 
axis. 
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Fig. 5. The relationship between nitrogen and 
organic carbon (A) and between elemental hy- 
drogen and organic carbon ( B ) in sediments from 
the English Lakes. Curve fitted as reduced major 

CHLOROPHYLL DERIVATIVES (UNITS G-’ ORGANIC CARBON) 
I 

Fig. 6. The relationship between total carot- 
enoids and chlorophyll dcrivativcs in sediments 
from the English Lakes. Curve fitted as reduced 
major axis. 

Nitrogen and organic carbon are very 
closely correlated (r = 0.97) in these sedi- 
ments ( Fig. 5A). However, as Mackereth 
(1966) has noted in studies of sediment 
cores, the nitrogen is not all associated with 
organic matter, some probably occurring 
as ammonium ions bound to clay. Mack- 
ereth observed that glacial clays in the area 
contain about 0.2% nitrogen. Extrapolation 
of the curve in Fig. 3 to zero carbon sug- 
gcsts only about 0.04% nitrogen in the min- 
eral fraction of modern sediments. The 
C : N ratio of the total sediment averages 
12, and differs little between productive 
and unproductive lakes. 

Elemental hydrogen is less closely cor- 
related (log 10 r = 0.89) with organic car- 
bon ( Fig. 5B) and, like ignition loss, is 
strongly influenced in the less organic sedi- 
ments by water bound to clay ( cf. Mack- 
ereth 1966). Because of this the C : H 
ratio drops from about 8 at 12% carbon to 
about 4 at 4% carbon. 

Sedimentary pigments, as units per gram 
of sedimentary organic carbon, increase 
markedly from unproductive group 1 lakes 
to productive group 3 lakes-chlorophyll 
derivatives about fourfold and carotenoids 
between fivefold and sixfold. Because 
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Fig. 7. The relationship between cpiphasic 
and hypophasic carotenoids in sediments from the 
English Lakes. Curve fitted as reduced major axis. 

chlorophyll derivatives increase less than 
both categories of carotenoids, the ratio 
chlorophyll derivatives : total carotenoids 
declines from 0.86 to 0.54. Figure 6 shows 
that the two ,categories of pigment are 
strongly correlated ( loglo r = 0.93). Esth- 
Waite Water exhibits the lowest ratio (0.33). 
Figure 7 shows that epiphasic and hypo- 
phasic carotenoids are even more strongly 
correlated (r = 0.98)) and the epiphase : 
hypophase ratio remains approximately 
constant at 0.6 in passing from unproductive 
to productive lakes. Esthwaite Water, with 
an abundance of Cyanophyta, shows the 
highest ratio (0.84). High ratios (1.1-5.3) 
are shown by living blooms of blue-green 
algae (Gorham and Sanger unpublished) 
but not by aquatic macrophytes (0.4-0.9) 
or upland and swamp plants (0.5-0.7). 

Discussion 

This investigation has revealed that al- 
gal standing crops vary significantly with a 
number of environmental properties which 
themselves are interrelated. For example, 
the sediments of productive lakes are much 
higher in both sulfur and sedimentary ca- 
rotenoids than the sediments of unproduc- 
tive lakes. Preservation of both sulfur 
compounds and carotenoids is favored by 
anaerobic and strongly reducing conditions 
in bottom waters and sediments, so that one 
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The relationship between total sulfur 
and total carotenoids in the sediments of the 
English Lakes. Curve fitted as reduced major 
axis. 

might expect their observed high correla- 
tion, with r = 0.85 (Fig. 8). An even higher 
correlation exists between total sedimen- 
tary carotenoids and dissolved calcium, 
with r = 0.93 (Fig. 9), despite the sedi- 
ments being considerably older than the 
waters analyzed. 

The grouping of lakes according to algal 
standing crop reveals not only relationships 
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Fig. 9. The relationship between total sedi- 
mentary carotenoids and dissolved calcium in the 
English Lakes. Curve fitted as reduced major 
axis. 



612 Gorham et al. 

Table 5. Approximate percentage contTibu- 
tions of three categories of algae to standing crops 
of phytoplankton in the English Lakes. 

Group 1 

p-algae "Large Cyanophyta 
alqae" 

Wastwater 6l. 0 
Thirlmere 27 0 

Buttermere Ennerdale Water :: 84 : 
Crummock Water 17 YE 
Mean 27 71 

Group 2 

Hawes Water 6 92 
Elterwater 1 89 
Corbiston Water 7 93 0 
Windermere N Basin 4 95 1 
Derwentwater 2 97 0.5 
Mean 4 93 3 

Group 3 

Loweswater 85 12 
Windermere S Basin 88 8 
Blelham Tarn 3 95 2 
Ullswater 1 97 2 
Bassenthwaite Lake 2 97 0.5 
Esthwaite Water 1 83 16 
Mean 2 91 7 

to environmental properties but also strik- 
ing differences in algal composition (Table 
5). The p-algae are much more important 
in the unproductive lakes of group 1 (aver- 
age 27%, Wastwater 61%)) than they are 
in the more productive lakes of group 2 
(4%) and group 3 (2%). Because of this 
difference, “large algae” make up a smaller 
(though major) proportion of standing crop 
in lakes of group 1 ( average 71%) than in 
the more productive lakes of group 2 (93%) 
and group 3 (91%). Cyanophyta show a 
different pattern, being scarce in lakes of 
group 1 (average 2% ) and group 2 (3%) 
and somewhat more abundant in group 3 
( 7%)) with Esthwaite Water reaching the 
highest value ( 16%). 

Differences in phytoplankton composi- 
tion are also reflected in the algal ratios 
sometimes used as trophic indicators. Brook 
(1965) has recorded Nygaard’s compound 
quotient ( Myxophyceae + Chlorococcales 
+ Centrales + Euglenineae : Desmidiaceae) 
for 10 of the English Lakes, and the quo- 
tients correlate at the 5% level with log10 
values for algal standing crop (r = 0.74). 
Stockner ( 1972) provided diatom ratios 

DISSOLVED CALCIUM ( j.~ EQ LITER-‘) 

Fig. 10. The relationship between algal stand- 
ing crop and dissolved calcium in the waters of 
the English Lakes. Curve fitted as reduced major 
axis. Triangles represent lakes with no data on 
sediment chemistry. 

(Araphidineae : Centrales) for 15 lakes, 
and the ratios correlate at the 1% level with 
log,, values for algal standing crop (r = 
0.67 ) . 

The lake groups also differ in the content 
of chlorophyll a in epilimnetic phytoplank- 
ton. Because the two measurements were 
made at different times the results can only 
be very approximate. Nevertheless, the 
differences between the three lake groups 
are too striking to be accidental, with chlo- 
rophyll a averaging about 3.5% dry weight 
in the lakes of group 1, 0.8% in the lakes 
of group 2, and 0.4% in the lakes of group 
3. Such percentages are within the normal 
range for algae (Rabinowitch 1945), but 
the differences between groups remain to 
be explained. They do not result from dif- 
ferences in lake depth. Although one might 
expect the amount of time spent by the al- 
gae in shady conditions, which normally in- - 
crease chlorophyll concentrations, to be 
greater in the deeper lakes, both the lowest 
and the highest percentages of chlorophyll 
in epilimnetic algae are in lakes over 60 m 
deep (Ullswater and Windermere North 
Basin). Perhaps differences in phytoplank- 
ton composition or nutrition are involved. 
One possibility is that very small Cyanoph- 
yta, of the Buttermere type hitherto pre- 
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Fig. li. The relationship between algal stand- 
ing crop and sedimentary chlorophyll derivatives 
(A) and bctwecn algal standing crop and total 
sedimentary carotenoids ( B ) in the English Lakes. 
Dashed curve fitted as reduced major axis, solid 
curve as regression. 

sumed to be bacteria, may be contributing 
appreciable amounts of chlorophyll to 
group 1 lakes. Another is that in the un- 
productive lakes an appreciable fraction of 
the pigment measured as chlorophyll a 
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Fig. 12. The relationship between sedimcn- 
tary chlorophyll derivatives and epilimnetic chlo- 
rophyll a in the English Lakes. Solid curve fitted 
as reduced major axis excluding Priest Pot, dashed 
curve includes Priest Pot. 

may in fact be pheophytin a from alloch- 
thonous detrital organic matter (see below). 

The correlation of algal standing crop 
with dissolved calcium in surface waters is 
high, log10 r = 0.78 ( Fig. 10). Calcium is 
not in short supply as an algal nutrient in 
any of the lakes (Lund 1957)) but its abun- 
dance varies directly with at least some of 
the factors, such as available carbon diox- 
ide, which are important in controlling al- 
gal abundance. The correlation of algal 
standing crop with total sedimentary sulfur, 
much of which is undoubtedly biogenic, is 
about the same (r = 0.76: Fig. 4). 

A bit higher correlation, logI r = 0.83, 
is recorded for algal standing crop and sedi- 
mentary chlorophyll derivatives (Fig. HA). 
The correlation between sedimentary chlo- 
rophyll derivatives and epilimnetic chloro- 
phyll a concentrations (Jones 1972, unpub- 
lished) is also high (log,, r = 0.74). A 
much higher correlation, r =: 0.90, occurs 
between algal standing crop and sedimen 
tary carotenoids (Fig. 11B). 
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The relationship between chlorophyll a 
and sedimentary chlorophyll derivatives 
also extends into more productive sites. 
Six analyses of chlorophyll a from Priest 
Pot, a small pond about 4 m deep at the 
north end of Esthwaite Water, average 188 
pg liter-l and sedimentary chlorophyll de- 
rivatives amount to 30 units g-l org C. The 
correlation when Priest Pot is included with 
the 16 lakes is even higher than noted 
above, log,, r = 0.81. The relationships are 
shown in Fig. 12. 

Hitherto sedimentary pigment concentra- 
tions have been calculated per unit of or- 
ganic carbon and hence measure the degree 
of pigment preservation vis a vis the pres- 
ervation of the total organic matrix of the 
sediment. In this way the extraneous in- 
fluence of differences in rate of mineral 
sedimentation in the several lakes has been 
avoided. IIowever, calculations of pig- 
ments per unit dry weight of sediment also 
reveal strong correlations with epilimnetic 
standing crops of algae and chlorophyll a, 
because the balance between organic mat- 
ter and mineral matter differs little among 
the three lake groups, which differ greatly 
in standing crop. In fact, sedimentary or- 
ganic matter per unit dry weight is slightly 
higher on average in the more productive 
lakes (Table 4)) which tends to strengthen 
the above-mentioned correlations on a dry 
weight basis. 

The correlation coefficient for sedimen- 
tary chlorophyll derivatives ( y, as units g-l 
dry wt ) and epilimnetic chlorophyll a ( x, 
as pug liter-l) is log,, r = 0.86 excluding 
Priest Pot and 0.92 with Priest Pot included. 
The reduced major axes are, respectively, 
log y = 0.83 log x - 0.98 and log y = 0.79 
log x - 0.96. The correlation coefficient for 
sedimentary chlorophyll derivatives ( y, as 
units g-l dry wt) and algal standing crop 
(x, as pg dry wt liter-l) is log,, r = 0.78, 
with the reduced major axis given by log y 
- 0.47 log x - 1.71. The correlation coef- 
ficient for sedimentary carotenoids ( y, as 
units g-l dry wt) and algal standing crop 
(x, as PI; dry wt liter-l) is r = 0.81, with 
the reduced major axis given by y = 
0.00053x + 0.046. 

The close correlations between algal 
standing crop, epilimnetic chlorophyll, and 
sedimentary pigments strongly support the 
use of sedimentary pigments as empirical 
indices to present lake fertility. They also 
support indirectly the stratigraphic use of 
sedimentary pigments as indices to past 
productivity (Gorham 1961; Fogg and 
Belcher 1961; Belcher and Fogg 1964; 
Wetzel 1970; Sanger and Gorham 1972; see 
also Brown 1969). Indeed, sedimentary 
pigments may well be more accurate indices 
to changes in productivity within a lake 
basin than to differences in present produc- 
tivity between basins. First, the variability 
owing to differences between basins in mor- 
phometry and geological substrate is re- 
moved. Second, fossil pigments in a sedi- 
ment core provide estimates of productivity 
at the time each sedimentary stratum was 
deposited, and not some years or decades 
later as is the case when pigments in surface 
sediments are used as indices to present 
productivity in different lake basins. 

For Figs. 11A and B it might seem rea- 
sonable to treat sedimentary pigments as 
variables dependent on the standing crop 
of algae, despite the difference in time pe- 
riods. Therefore the appropriate regres- 
sions arc shown as solid lines and the re- 
duced major axes as dashed lines. 

Algal standing crops are correlated not 
only with concentrations of pigments in 
sedimentary organic matter, but also with 
pigment ratios, as shown in Table 4. 
Belcher and Fogg (1964) suggested that 
the ratio of chlorophyll derivatives to epi- 
phasic carotenoids may be a more sensitive 
index to lake fertility than pigment concen- 
trations per unit of organic matter. Our 
study does not support this suggestion, for 
the ratio decreases by only a third in pass- 
ing from unproductive group 1 lakes to pro- 
ductive group 3 lakes, whereas the concen- 
tration of chlorophyll derivatives increases 
nearly fourfold and the concentration of 
both epiphasic and hypophasic carotenoids 
over fivefold. 

The few data available on pigment di- 
versity (Sanger and Gorham 1970) suggest 
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that it is not a very sensitive index to lake 
productivity. 

Long ago Pearsall ( 1921) suggested a 
relationship between lake fertility and the 
degree of agricultural activity in the drain- 
age basin. The correlation between algal 
standing crop in 11 lakes and percentage of 
drainage area under cultivation is high, r = 
0.90 (Fig. 13). Presumably those environ- 
mental factors favoring agricultural pro- 
ductivity also lead to high aquatic produc- 
tivity. 

Standing crops of algae do not seem 
highly correlated with morphomctric pa- 
rameters even within this narrowly circum- 
scribed region. Lake area varies greatly in 
all three groups of lakes (Table 2)) and al- 
though mean and maximum depth are both 
distinctly lower on average in the produc- 
tive group 3 lakes than in the less produc- 
tive lakes of groups 1 and 2, group 3 does 
include the large, deep lakes Windermere 
South Basin and Ullswater. Group 2 also 
includes both deep and shallow lakes. 

A subsidiary point of interest concerns 
the balance between autochthonous and al- 
lochthonous sources of sedimentary organic 
matter. Mackereth (1966, p. 167-168; see 
also Lund et al. 1963) suggested that al- 
lochthonous sources in the drainage basin 
are paramount, autochthonous sources 
within the lake being of only minor impor- 
tance. The work of Atherton et al. (1967) 
and of Tutin (1969; see a&o Pennington 
and Lishman 1971; Pennington et al. 1972) 
supports this viewpoint for the unproduc- 
tive lakes they studied. Studies of the ab- 
sorption spectra of acetone extracts of 
sediments ( Gorham 196Oa), and of the 
preservation of sedimentary pigments (Gor- 
ham and Sanger 1967), agree on the impor- 
tance of allochthonous sources for unpro- 
ductive lakes, although pigment diversity 
is too high to be accounted for solely by 
terrestrial inputs ( Sanger and Gorham 
1970). The pigment data suggest, however, 
a considerably greater importance for 
autochthonous sources in productive lakes. 
Our study provides further evidence for 
this view. As already noted, Fig. 1 shows 
concentrations of chlorophyll derivatives 

I y= 0.172x- 0.98 
r = 0.90 

CULTIVABLE DRAINAGE AREA (%I 

Fig. 13. The relationship between algal stand- 
ing crop and percentage of cultivable drainage 
area in the English Lakes. Curve fitted as reduced 
major axis. 

in the organic matter of the uppermost 
sediments of Esthwaite Water to be as 
high as concentrations of chlorophyll in 
many aquatic plants, and much higher than 
those observed in the organic matter of 
tree litter or in the humus of woodland or 
wetland soils (Gorham 1959; Gorham and 
Sanger 1967; Sanger and Gorham 1973). 
It seems highly unlikely that well oxidized 
tree litter or terrestrial humus poor in pig- 
ments could-on being washed into a 
lake-decompose so as to preserve pig- 
mcnts in a highly preferential manner and 
enrich them severalfold over their initial 
concentration. Moreover, analysis of tree 
leaves dredged from lake sediments does 
not show such enrichment (Sanger unpub- 
lishcd). On the other hand, it seems reason- 
able to ascribe high levels of pigment in 
sedimentary organic matter to the burial 
of aquatic plant detritus rich in pigments 
in anaerobic sediments, as suggested for 
Esthwaite Water by Fig. 1. The data of 
Pennington et al. ( 1973) indicate that 
burial is much more rapid in the productive 
lakes than in the unproductive. 

Data for carotenoids may be adduced to 
support the same viewpoint. In freshly 
fallen tree litter epiphasic and hypophasic 
carotenoids amount to about 1.0 and 3.2 



616 Gorham et al. 

units g-l org C respectively (Gorham and value in distinguishing phases of swamp in- 
Sanger 1967; doubling pigment values to vasion, and consequent allochthonous in- 
convert from ignition loss to carbon), puts to sedimentary organic matter, from 
whereas in older litter and in woodland the more normal pmbases of lake evolution 
humus layers the concentrations are usu- ( Sanger and Gorhim 1972). 
ally not more than 1 unit g-l org C and are 
often very much less (see also Sanger and 
Gorham 1973). In the unproductive lakes 
of group 1 the average sediment concentra- 
tion of epiphasic carotenoids is 1.6 units 
g-l org C and of hypophasic carotenoids 
2.6 units. In both cases the levels are simi- 
lar to those of freshly fallen tree leaves. 
Spectra of acetone extracts of sediments 
from Wastwater and Ennerdale Water 
(Gorham 196Oa) resemble those of wood- 
land humus iayers and thus suggest mainly 
allochthonous sources for the sedimentary 
organic matter. Some sediments from un- 
productive lakes also require substantial 
baseline correction factors for sedimentary 
chlorophyll derivatives, as do woodland 
humus layers. In group 2 lakes, however, 
carotenoid concentrations average consid- 
erably above those of terrestrial source 
materials; while in group 3 lakes the aver- 
age concentration of epiphasic carotenoids 
is about 8 times and of hypopbasic carot- 
enoids about 4 times that in freshly fallen 
tree litter. The ratios would be much higher 
if older material from the forest floor were 
also included in the allochthonous input. 
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