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between the years 189? and 1909* *ad under the direction
of ’'Ir John murray and awrance vullar, a bathyoetrical survey
of the Scottish froehonter loGhe was car led out. In the
first volume of remits from this survey est (191 ) gives
an account of hie comparative study of the dominant phanero-
gamic and higher cryptogarnic flora of aquatic habit in seven
lake areas of eotiand, .vork of considerable achievement
and only lately surpassed by mcnce’s (196 account of the
macrophytic vegetation of freshwater lochs, swamps and
aasoelated fens and his 176?) hypotheses outlining the
factors con oiling their distribution. hese two workers
have provided a sound basis for a number of studies concerned
with the freshwater vegetation of cotttsh lochs of which
the present thesis is one.

freshwater macrophytes include vascular slants,
bryophytes and members of the algal family ooceae. fhe
nros&nt studies have centred around the an;iom-ero: and In
particular the genua ,otamor®ton. By combining the chemes
adopted by Tansley (1% 9) and Spence (196*+), Sculthcrpe (196?)

1 'deun Afif  omy

has produced a life-form classification for freshwater

rr.acrophyter ( able 1.).



7a® life-forta classification of agquatic macrQphytee (adapted

fro® Sculthorpe, 1967?7/.

acrophyto© attached to the substratum.

1) 'msrgent e.g. Bhragmties r ., GXyceria emp..
(2) jloating leaved e.g. yapheae spp., H«phar spp.

(5) ‘'ubaerged e.g. lodea spp., bittorella app.

Free floating lacro hytes e.g. Lessna spp., rtricularia

fIHN

The itudier presented in thie thesis have been concerned with

the submerged macrophytee which are attached to the substratum,

and not at all with the emergent or free floating foras#

In so much as this thesis deals v/ith the distribution

of submerged freshwater aacrophytes, data are predated to

Ilflustrate and partly to explain both the tri? ribution of

saerophytes between different lochs and t ¢ distribution or

70n&tion of aacrophytes within the one loch.

According to Yapp (1978) productivity is a word which

has been used with some ambiguity* It is often taken as a

synonym for Production, a word which itself has two mean'ago,

being both the act of producing and that which is produced,



troductivity often suggests capabilities, abundance and
usefulness to man but, however, ic usually termed oomething
that can be measured as a mathematical rate and it is this
latter definition which is adopted in this thesis; primary
Productivity being the rate of accumulation ; organic
atter by green plants as created through photosynthesis.
‘oaciderabio effort has been directed towards prescribing a
precise meaning to productivity with reference to submerged
macrophytes and in AsaMrluf sor.e of the factors which -
influence it*

the project on which this thesis is based was form-

ulated around sever-1 -ostulatcc concerning the factors

influencing the rowth or freshwater a&crophytoss. the
justification for such a ,ject stems not only from any
intrin | but also fr m ee0 tion, under t i

growing throat of water pollution, of the uncertainty in
predicting the dynamic interactions or environmental infineness
upon aquatic plants.

Che data with which this thesis are couraraed come
partly from investigations carried out in a .erioe of lochs
which, based upon the previous surveys of est (loc.clt.)
and 3cence (loc.clt.), probably cover the spectrum of tr.\n
freshwater habitat In Scotland. hes© field lavsstigatlonn
have been suprlementod wi I laboratory studies on various

physiological &r fcots o /acrophyte ecology. he scope of






FIGURE 1

Schematic representation of the relationships between the
various aspects of macrophyte distribution and productivity

which have been investigated.
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he literature on quantitative and semi-quantltative

investigationa of r aquatic plant® is voluminous
 Em * i of this has, however™ beer* reviewed

by Ressner (1955, 1959 In German), Penfound i
asponov (1973 in tts-ulan) and ’etssel (1964a)*

ith reference to the 'cattish locks no estir/r tes of
the vegetation biomass appear to be on record, proviour
investigators, by virtue of the scope of their tasko, being
confined to producing either species list®© (s ©Ost, 191;"-) or
ad hoc cla© 1ficationa ( >e&ice, 1964)* In this present
study biomass deters: L mtions have been made ?.n several loche,
not only to obtain figures for this parameter, but to
simultaneously investigate the quantitative distribution
and sanation pattern of submerged ~acronhytow* In* the
light ox the findings of learsail (1920) those atudb.es were
also embarked upon to investigate any possible substrate
correlations with the distribution of submerged aquatic

vegetation* or this reaeon a limited se-i -nt analysis,



based on the rametors measured by -earsail (loo, ctt.).
has aliso been carried out. This latter investigation haa
conceittrated on the shallow-vrafcer, rosette species Littopella
uniflora (L) 4sherf and obelia dorfruanna le, in an t\Nam pt
to determine if the previously reported distribution of
these species (Spence, 1964) can be partly explained on the
basis of a substrate preference.

©stl&ke (1965a) emphasises the utces :-ity to distinguish
between the teres biomass and standin.- crop when sampling
aquatic Microphytes for production eatiaat.ee* tanding
cron refers generally to the itsa of above-.ground plant
material sampled at one time from a given &™* a while the
us© of biomass implies that all parts of the plants are
soi led. 'hie distinction is recognised to be an important
one- (\-etnol, 1965) and thus the root systems and storage
organs o: m.croohytes cannot be neglected* In the present

study all set! tee are of biomass unless otherwise stated*



stimaiCo of the biomaaa of subaquatic vegetation

were mad# in the following freshwater locha at varlcuu tints

in 1169 and 1970 (lap |1j)i-

moph hehtriochtan (N4 1445b?) a Highland, browa-water loch
in Glen Cot, Argyll,

Loch .roispol (HC 39?680) a cltur-w'™ ler, lire atone loch
near lurness, dtherl&nd.

nbh Loch (1M 377963) a ts&all, dark, pttJy-wattr loch near
owardennan, 3tirllagshlree

Loch .anilah (NC 335675) a cle&r-water, limestone loch
similar to, and adjoining, Loch Croispol noar urncss,
utherland.

loch evor (LO 145?715) & lowland, nutrient enriched loch
near iaroaa, inroeshire.

Loch .oppad (Sheet 53, 7th series) a large, poor-water,
lowland loch.**

och of the Lowes (Loch owes) (5f0 050440) a poor-water
loch near wunkelci, orthshire*

loch 3anaran, (>CX¥ 373070) a brown-water loch near ort
Augustus, Invernesshire’'.

1. Terminology follows -henc® (1?6/'0.

2. :0ly one snail area near Dryastn, *fcirliugshirt was

Investigated (JfH 375955).



HAP 1

Locations of lochs investigated
a Durness o Loch of the Lowes

a Loch Uanagan . m Loch Lomond
e Loch Achtriochtan O Loch Leven



Q) option Or ‘agiplc

Sample8 of the vegetation wore coll«ctod by cropping
all the plants, both above and below soil p&rt#, within a
square quadrat of side 2b o he quadrat frame wa®
constructed of brightly painted wire to ©Onaur* easy dotaction
underwater* Sampling was pseudo-random along lines at
right angles to the ohore ran lag from shallow to deep
water and generally to the depth limit of colonisation by
rooted vegetation* Hi® shallow water samples were gathered
by wading using, a:nine the quadrat, a perspax viewer,
constructed from a motor tyro inner tub®, which floated on
the water frfuc* - he deeper Magpie# were collected by
mnorkolling m& aqualung diving* reah bag® were used for
holding the s&mlod s*atoriul which were kept moist in buckets
until return to the laboratory or field station* rhe
quadrat size of 1/16 a* also proved convenient for larger
samples; these being lea mrcd merely by layin;; the quadrat
frame beside a previously cropped area lead thus reade th©
use of a large cumbersome fru.e unnecessary* In root cases
a mud cor© of size 12 x /£ gqr wac c:;l iwct&d by a small hand
coror at each sample cite and this was retained in a poly-

thene bag until return to the laboratory whor® they were .



placed la a deep freeze until required for analysis# 7he
shallower laths were recorded with a metre ru-le while the
deeper ones were measured using a diver* & depth gauge, in#
calibration of which waa periodically checked usifp, a -
marked line suspended fro::, a buoy# In one case, .och seven
where the submerged vegetation was neither obvious nor
abundant a number of trawls were carried out by dragging

a weighted, pronged grab behind a slowly moving boat for
about 200 yd# (he composition of the vegetation caught by
the grab was recorded as srecie© lists, Yo samples were

retained for biomass entima'tea and no sediment samples taken

wiat. of laat

The constituent spedos of each quadrat #Mpl# wore
separated and, where possible, Individuals of any species
counted, flashed free of mud and sand and divided Into root
and shoot portions# ach sample was first air dried and
the plant parts of each iwecies wrapped”la foil and dried
in a force draught oven at 1050’ until constant weight*

By addition of the teights for constituent speclea a figure

for the total plant biomass of ench sample was obtained.
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Jereafcy.cnt of edi:;eat "ampips

"echantc~I

Mechanical analyst# of the s.-.diawnt Into three portions: -

(1) coarse or gravel fraction -

(&> sand fraction

(3) ailt and clay fraction
was carried out.

After pH and conductivity measurements had been
coapletad' cm the wet sediment samples the total sample was 1
oven dried in a force draught oven at 10p°Q# I'he whole of
the oven dried sample was first weighed and then gently
ground in a mortar and pestle before being placed in a
Z aw sieve. "hat portion retained by the ©love was weighed
as the eoaree or gravel fraction and expres. ed as a per-
centage of the total sediment* That portion passing
through the sieve was termed fine earth and as such was -
used to determine the loss on ignition and percentage organic
carbon.

- fen grams of fine earth were weighed out into a 600 ml
tall 'beaker and 100 ml of 1H Il hydrogen peroxide added,

lie mixture was* heated gently on an electric hot plat©

until no more frotiling occurred and when the addition of

hydrogen peroxide produced no reaction it was asvuaad that



all the organic matter iuici boen oxidised* "'he suspension
was , / washed through a 0*2 nmm aieve and that retained
weighed as th* oand fraction and expressed as the percentage
of total sediment sample* "‘hat fraction pasolng through

the sieve was termed the silt and clay fraction*

her::-leal >:al™.7ia

The following chemical propartios of the sediment
samples were measured: -

(1) pH

(2) conductivity

(3) loss on ignition

(if) organic carbon
pH# An aliquot of the wot nmud sample wa© shaken with
distilled water (1*3* nud:water) in a coaio&l flask on a
mechanical shaker for one hour and the pH measured with a
PYE Dynacap pH ssetre and glass else trod® standardised against
a buffer solution,
fondue tlvi ty # eaouro ents were made on the name sample
as pH u~diig a Mallard conductivity bridge* Osuits were
e. . m a Ufjj; itho5
0oss on Ignition* Approximately one gram of oven dried
sediment was accurately weighed into a tared crucible and

ignited for three hours in a muffle furnace at u%j°C*



fhe crucible was allowed to cool in a vacuum desiccator and
rmseighnd, he loss on ignition wan expressed as % lose
on Ignition.

..r*~a~c carbon. . rganic aatter in the mud was oxidised
with potassium dichrom”™fce and the unreduced dichroraate back
titrated to give a figure for percentage oxidised carbon
following the basic method of alkley and ‘lack as given in
riper (19550)* One gram of oven d”led sediment was weighed
out into a r.I conical flask and 10 al of 1 if potrr?.s slum
iichromato added followed by 20 ml of concentrated sulphuric
acid. he flask was heated on an electric Hot plat# for
2SS Rdlnutes with occasional shaking to ensure that all the
sediment particles ware oxidised and had not adhered to

the sides of the flask. < If* after this time, black organic
material still remained further additions of dichromate and
acid were made until all the material was oxidised. The
oxidised soil sample olxture was ss&de up to 200 sal with
distilled water and IQ al B5* phosphoric acid added along
with 1 al of d 1 \euyia due indicator* three aliquots {%) ml)
ware titrated against 1 X ferrou® sulphate,

blank titration in hich the standard ferrous sulphate was
used to titrate 50 ml aliquots of a mixture consisting of
1C ml potassium dichromate, 20 ml concentrated sulphuric
acid, 17- ml distilled water, 10 ml 33 phosphoric acid

and 1 ml diphenylaaine indicator served to et ..r*rdiae the
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ic .ironate.

o&ult was calculated as follows

o”cidioed carboa * It * Vj?

ere V- is the value of the potassium dichrotate added*

the value of ferrous sulphate used in. the back titration
and f the weight of the oven dried sodlrscrnfc sa&pie and where
1 sal of 1 H notasslurs dichroaate Is equivalent to 3 »g Of
carbon. oubling the value for tno ai carbon in the

soils is recognised to be a fair estimate of the organic

matter.



ichtriochtan

' liable 1.1 presents the bloi&aori data fro© quadrat
samples t~ 'oxi la September, 1969 listed in order Of water
depth. '*he relative apeclon composition of thie biomass
oatlrjate in given in able 1.2* It will bo noted firstly,
that th® fc&oaa-- -oc? variable and s#coi Il , h relative
species composition changed with water 4epth* ubuiartydj
mi.ruatica and .ohoila lopU:,ann& < were c e ”,0r
eonstlieeats of the very shallow water tuples while
111torella uniflor-a (L) Ashora, Tnoetes xucustylo < and
finally Jnr,cur bulbocua var« ilull-an { .am*} p* R# predom-
inated in the deeper water. Colonieatiiot* by rooted

on $s J to fn) at - or.. i-'lgure 1*1,
constructed by taking laoas values for biomasa estimates
made at about tie saae water depth, illustrates, on the
basis of g dry weight plant material per square metre loch
floor, the change in biomass with increasing depth of water.
el™Mtlvely more samples were taken in the ©hallow
water of up to 100 cu than in the deeper parts of the loch,
to obtain data on the two rosette speciea <l ltopella unlfXora
and j obelts. dortmanna which, as can be seen trs able 1*2,

made up the bulk of the vegetation In thij r-ialun. er water*
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stbru p uly* ?»0U U-S nibas wiif, ~” Ury4- Mo jca were
frequent components of t-i# vegetation along with the
vgui'josuK but J.fuld-o.gufe alone was record W a~the deep®£1
coloniser* *hou ;1 the d*hulbpgus was of 5r©at bnlk and
covereo. a la area o return it constituted
an In terna of dry weight
ne aroa (fable 1*1)e
if presents cne results froi tat analyse¢ of
the sedliiont ee&pl@s. A& sight be expected the shallow
water mmplos had the large t quantities of /eeavol and sand
while the deep samples were predoruinautly alit and clay#
he values for the percentage carbon ¢ mg «%0
ui ignition provide a fairky ~UUIC figure for the orpanic
*X € th.%e deop©@vpt Carcal <
where the figure for loss on Ignition .was large and corre-
lated with a hi :h estlw to far the slit and clay fraction,
fhe variation in Organic matter content of the sediment over
the first ‘ICO cs of water depth* with its physical composition
is illustrated Xu igur© lehe loth pH and conductivity
values varied. he highest piT value was recorded in the
tlhi the lowest ell fraction an-
in the samples with high silt and clay components.
Gonciuctivity did not appear to vary directly with p * though
the two highest values were recorded In the ft *-s ¢

the two lowest pH values*



Direct correlations of plant distribution with comp-
onents oi tl i sediment an? not obvious though c»bulDom o
was confinsc to, th© finer sediments of high organic cotit©
while ~litpp~lla uni:..flora and Lobelia doyt™anna prodossina
in the eh&llow water, coaraer and Xeso organically rich

ttx mb*
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FIGUBE 1.1
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Biomass (g dry weight/m ) of submerged vegetation sampled in
Loch Achtriochtan during September 1969, plotted against depth
of water (cm).
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Shoots of Littorella uniflora (m) and Lobelia
dortmanna (e) sampled in Loch Achtriochtan during
September 1969; plotted as a percentage of plant

dry weight against sample water denth.
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Percentage gravel (e), percentage sand (a)

(7 axis x 10), and -percentage loss on ignition (m)
of sediment samples collected in Loch A.chtriochtan
during September 1969, plotted against sample

water depth.
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ach anftgaa

on the coctositloa ami biomasa of the vegetation
have been .pravion a.y :c?llacted fro® this loch (rpeace @t al*,
unpubilshed) and are presented hero {ilgure 1*5) for
refertm.ca aly* ho laveatigatlcm reported her® was an
attemp 1 ir iafo-matlo & shallo . "wmnities*
?able 1*5 presents data on the nu:..i.-;ra -of individual plaots9-
their biosl&os and relative composition computed from a
aortas of quadrat sa»plea taken between w*ter deaths of
5 am arid XJO o The two species of this shallow water
-one art? ».lttore.3,Xa..-q,ui:ioj and Lobelia fort-thaiiat the
two rosette species found in a similar niche In usch
Achtrlochtan»

As in loch Achtriooh tan there was ©ontiderabl® variation
between sampler, In tezt&e of both biomass and species
numbers* Ilhe relative specie® composition of tine samples
is illustrated In i®~ure 1*6* this shows that.h~ttorella
uniflora was the dominant plant in tenaa oi numbers iIn
nearly all the samples in whicn both 4tl<O.rella...uaiflo.ru
and ' aort anna occurred but, due to the | rger sls&e
of L'ilo uMUa iort.-ja.naa plants, i.l ,-)jcUa. aalflora plants
represented the greater part of ih® b+Ontsos# ia tern© of
dry weight* in only two awaples*,

-mixaminiuc,: the mean dry weights of : . f

HiiBIMNM L SRSV fuHhE<2H SIS-HilDH



it c&a be seen that the rclati.on©hip .be-tween the ijsean dry
eloht of individual :,ol>«Ua dorta.aaaa pianta and "AteJ&Ug
italic?ra plants Was act conntaat hut varied with a depth
cob -otjeat* /fthis varirlion w&e represented Iin both the
roots and the shoots, bs-lag more pronounced in the latter
where it waa emphasised <through the high shoot/root ratio
of the OMXy»,. ..fertasflaa plants. .He roota of the -jghgUg
dortmanna plants contributed not gigp* than 3&% to the
biomass of the plant whereas for :-11torella uni flora the
\.mm figure for rc Mtt'Mii In of |}
Vhe analytical data froa the sedir.eat tmunt¢0 1s

lin abiA: 1,6* All samplee had a -ten mifc and
clay fraction and high sand and gravel coaaponants, .be
sample with the lowest gravel component had the highest
estimate of organic content and came from'the area which
supported the second highest vegetation biomass; the sample
with tfefc highest biomass came from the area with the highest
oilt/ clay component* pn varied little, though the lowest
conductivity value tat recorded proa the sample p*iih. the

. y of the

sediment properties with depth is apparent and ly
any postulates conceiving the relationship Of tlW /OpGtfSti on

and the secHUawnt would be purely speculative.
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on the i;40;%as ' or subserfc'Cd vegetation computed from

*

ft
samples cttliCreted Iju Loch "ari&can during September 1969
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~k£-k
fAHLriv 1.6
collected frba -och Uaa&iiaa
during eptuibcr 190
, Op til it
f H  conduc- lose A
aSra:]abpés; Wa?cer P tivity on is* carbon travel sand Zclay
( cm) (umhos) Tiltion
20 30 6*9 22 5.2 A 26*0 54.1 17.1
21 ta ° 6ab6 21 i. 6 1.7 13.7 75.6 9.9
22 45 . m5 B 29 * 11.m 1.9 Xt.3 7W -
17 £0 €« 27 as- 1.5 350 55.3 3.3
e 13 70 6*5 20 6.3 2*1 36.3 455 14.6
19 0 6.5 13 | b.6 12*3 5.3 72.5 9.0
23 150 6*7 17 1*4 4.6 p. .3 42.2 2.0
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FIGURE 1.3
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2
Biomass ( g dry weight/m ) of the submerged vegetation in

Loch Uanagan, plotted against depth of water (cm). Redrawn

from Spence et al.(unpublished).



lar.TiRK 1.6

dep th

Proportion of Lillorella uniflora plants in a mixed sward of
Littorclla.uniflora and Lobelia dortmanna, sampled in Loch
Uanagan during September 1969. Represented as a percentage,
on the basis of plait numbers (-)“and total plant dry v/eight (e)

per sample and plotted against sample water death. Sample

0
size 1/16 n¥-.



FiouRR 1.7

ratio

Ratio of mean weights of Lobelia dortmanna : Littorella uniflora
in a mixed sward of these species sampled in Loch Uanagan in
September 1969* Represented as a ratio of total plant dry
weights (e), root dry weights (m) and shoot dry weights () and

plotted against sample v/ater depth. Sample size 1/16 m .
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In tfctc study a number of transects* running at right
angles to the wutnern ohorfe and oxtending from shallow
wat&r to the* epth llight of colonisation by rooted .veget-
ationt we.vc sampled. at rogtil r depth intervals# k few
randomly selected .mshallow vat*? samples were colleettfd frets
the gsore sheltered northern shore. *table 1#? 11.:tj the
biota*ae data obtainadaiflroci these ahmplea and figure 1#S
plots the eean biomass, per square astro agrttnab be*>th*

ho species which contributed to the v e station were

. MVA-r~t.saHaJdrAjat i4drsradKj~ftg,3>.» . e.. ,;aa»
yrlcUua alfeeraiflorae ata ton art.......

mUiN,, ichx., JJLti-1*.Qaga
Agardh, [t . 1] . otaaog.tWf nrff >
see*.Dandy and Jaylor. chough apeelds weights arid numbers

varied, ap did the biuaass a# a whole, m. Attorftlls a.alflox*.
was the predominant .ueabar of the shallow water areas (up
10 100 oa) both In terwa of plant numbers and plant dry
wolijiht. ft -one of I metea lacuotfl. occupied a large area
Of the 1och floor fro# about 10© 0S to 15C. @M depth of rotor
where the loch bottom began to shelve off steeply at annrox-
In&ntely zy a from the hort. vhe deeper vogetctlcu war
sparce, o.c to/~tca "erioli“tus and iOctn-- @ .ur,, dominated

e ¥ ePSjl .



¢ , . ' [
is ean in fable 1*3 and in figure 1.9 which give® the
numbers of individual. plants recorded in the simpleg taken
off the south chore between 20 cm and | 50 q- df>pth of water.
/he samples collected from the northern ©here were of a
corgpotd tion to those collected froth tht. southern
shore but tended to be of larger bioaass; one sample (1/16

» g aréa) recorded a biomaos of over 11 g dry weight plant

material and was composed of nearly 30 Individual plants.

e
while the od.lt and cl'&y component increased with sampling
depth, even though at = only XBA of the sediment
consisted of the finer particles and some 1 of gravel
still ref,aliieel; a situation to be contrasted with that in
:-och hchtriv..-cutan* sm on ignition and carbon determin-
atione provided a reasonably condistant estimate Of the
organic content of the sediment which appeared to vary very
little, though the highest estimate® coincided with high
values for slit wad clay. pH varied between<6..]| sad 7.9
though with no obvious correlations. hittie relatioashlp
between tho sediment properties measured and the vegetation

is apparent, sonm# analyses are, hov;ever, incomplete.



Motsaor* of' vegetation sampled ii hoohof the Ocwes

during "offcesJbSer, 1969. Impl&8 49 - 5 collected fr-3» the
northern sho?e# the rest frxtii tha mnth~m sh>ore {msxpXB sizo
1/ ii 2’
*RAupi© >eoth of 9*dry wMglit bior.aas., g,
number W& txr( cm) plant material dry ee>13t/un
/stopl#
42 40 X*
36 23 1.17 1,72
38 23 . .
41 23 e€X9 35.;4
hX 2.21 35.36
X 60 2.12 33.92
60 <.72 [
57 6D 2. 42.38
2% 60 1.:9 25.44
40 60 . 26,08
44 10c 18% 16.48
45 100 0.98 15.63
46 Y] : :
47 100 0.67 10.72
4f 100 : 1:.84
29 15'- 2.37 45.92
59 0.7k X1. ™A
31 2.09 -
32 1JC 2,6b 424 56
33 9.94 15.04
24 240 .4 .64
23 240 c.02 0.32
240 v 10, 24
27 240 1.0? 17.12
24's 0.55
4S 20 0,y
24 20 11.25 180.00
51 100 . 4./.-4
100 4« 66 74.56

1u : X7 -



Btth O£ twwo JL*..0 -B0teES  Oirixidjeva* others

wat©r(ara) uni fio r& dortmariaa lacu”™tri® sreeie®
28
89 £
1



30



FIGURE 1.8
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depth
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water
<=.) i ® j
200 _
240

0 10 20 30
biomass (g dry weight/m2)

Biomass ( g dry weight/m2) of submerged vegetation sampled
in Loch of the Lowes during September 1969, plotted against

depth of water (cm).



FIGURE 1.9

number of plants

depth
of
water

(cm)

Numbers of Ltttorella uni.flora (m), Lobelia dortmanna () and
| soetes lacust”™ts (a) plants, recorded as the mean of five
samples at each depth, plotted against sample depth. Samples

collected in Loch of the Lowes in September 19609.






32



33



3k



At m eh leap-cr;or point the depth was noted and at intervals
the dtp foh 11:;11 of colonisation by the .perfolia ma was
.found by sane "“lean-frog” technique. ;y these method®
tli? extent of the ~tperfoUatuq vegetation was estimated

to stretch for iv retree across the edge of the (le-p hole
while it extended to six metre® depth of water which rey-
rosented about ten metreo of &ound, and thua thearea of

the vegetation was in the region of 1 -= square metre®*

,h® slope of the substratum, which consisted of unstable
rfearl* fell away at a steep angle* a? -reaching 1 in 2*

i further 18 standing crop samples wore collected

from the .perfoliatun sdio, 'hea© were gathered to
represent the degree of variation of the stand. he samples
3re from, a yroun - rea. of |IA mp} measured by combining

2

four samples cro; red using the square 1/16 a qluadrat,
before the mapl©s vom oven dried to constant weight the
number of a.:oats in each sample was counted and their length
ronoored. nmo of the samples were chosen to compute values
fo?- the leaf area index of the stand (LAI: area of le ves
(isp) over 1 m2 of ground). All the leaves of these plants
were detached arid th«lr area3 drawn around on -nr*er. 'ho
paper outlines were cut out 7im weighed and, from a know-
ledge of the unit are? weight of th® -aper, the area of the
leaves computed. his figure gave a value of the leaf

area over 1A n 'of ground and by multi iicatioa a figure
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for the UU obtained. nee too leaves had been out-
lIned thoy returned to their oamnlss to be included
in the efetl

e®tX&ke (X96%a) re end© that, where possible,

fXTur©o fOr (D€h$ta-1din;r re or biomass of aquatic vegetation
should be :>ros«ntod in te o ash—fro® dry weight. bor

ten aliquot®© o ;hc dried riant material were
sowdered in a laOriar and pestle and too loss on 1

of O*1 g quantities deten.inad after four hours I

(0]

at b, in a muffle furnace. he reon
investi lon on the ash content of .per; situ®© are pro*
sented la .able 1*13 along with Uo s

crop, LAl and related data*

linen Oi X w Boit, unsoilulilfea
ca.ic.ium O and contained pjany gastropo
shells. M1 but the shallowest areas were rich .in organic
matter and had high ilt and clay contents. "he loch wan

stratified wlth re-h ct to twaper&tur® and oxygen during
the sactner nopadis and .1 re 1.13 presents th© results of
one such tempcnature and oxygen profile dotoOmIn©d with a

I aekereth bortable oxygon electrode and temperature probe.

KA -l 1w HV.e t K

e e B /FQISVQI
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ioaaae of euj™urgeci sampled in \och PiroieraX

. . 2
( 'ftraaeoct B) during Ouno 1971 Caaaplo size 1/16 m)e

~

- composition  plant mat-  dry weight

shore(ni) w&tor - erial/schsple plant M&t- weight/*"*
- e < . (cm) . ‘ erial
4 . 33:. Littorella 23.4C . 23-40, 373.A
uni flora (0)\
2 .. 56 iCUu'fclla 4. 62 i». 2 7.
uniflora
10 72 Ohara aapera 2.16 2.16 4.0
13 a&ra aspora 1.48 1.4 23.7
16 9C vyriophyllua 9.90 9.90 153.4
24 155 -Chara acmera 14+ 3
40 tainogeton C.13
peclin&tu® .
Ohara
paplllooua
. "P
24 150 Ootaitogoton 4
perfoliatus 31.67 5 6.7
chara
eapillosUffi
28, CI150 ’ otariCgoton «03
leotiaatus 2 . 4, 4
Chara aopera 26.34
28 150 ltricularla Cc.16
minor
ota .ogeton 0.so
pectlnatUB 5. it 94.6
Ohara aspera <.31
hara
paplllQ-ana

cont. >vtr ;age/



Lon
tamo :eto
erfoiiaU
no
lia asfiiistonce of the ionour?i otany claaE . V \ in
id ooett Of the above aan-las* to Aro*t- waily

cmnow3de(JrCd e

/sorting
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Stwndlns «ro« of mQla~rtgw.

oollfcted
gepth u&ber. of
ater(m)  shoot®/
saupXa
2*2
2.5 lif
2.5 i?
3.0
5 B

5.3 12

31
3.5 21
‘e 1?
‘t. 2
4.6 16
4.6 t%
3. 13
¢ 16.
50m 3
S* Xa
5*0 "4

rolj ma In Ueh Sroiapol

ftuguet 1970 (maple

*Q&n ahoot
3.ongth( ote)

/ mm'pl**

21.13
29.7t

16.60
35.30
52.6¢c
52. -
22.20
24. pr
1/-3m
3.40
24.40

13.1:

C q_>.r/\_

1250

15. v

clant dry
weight,
g./attaolo

]az.

2.45

>3

9.17
2.37
5.13

5
0.21

3.19
1;32

1.3-

Jdac 1/1; a ),

taacdnt; crop
of ehootp, g.
dry "MMIEdit/r>

4. 74

C.34
36. 63
3.45
2 .
13.%(43-
r..

0=

‘.76
12.

ko
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FIGURE 1.10
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biomass ( g dry weight/m2 )

Biomass ¥ g dry Weight/m2 ) of submerged vegetation sampled
in Loch Croispol during June 1970 ( Transect A ), plotted
against depth of water (cm).



FIGURE 1.11
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2
Biomass (g dry weight/m ) of submerged vegetation sampled
in Loch Croispol during June 1970 (Transect B), plotted
against depth of water (cm).



FIGURE 1.12
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600

biomass (g dry weight/m”)

Biomass (g dry weight/m ) of the submerged vegetation in Loch
Croispol, plotted against depth of water (cm). Redrawn from

Spence etal.(unpublished).
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Temperature' (°G) and oxygen (mg oxygen/1l) profile
measured, using a Kackereth oxygen probe, in Loch

Croispol on 17.7*70.



Dni-y four biomass samples were taken from .ooh .anltsh
ITie- e were col Leetod a© before -and wore taken to obtain an
$*--£bh&te of t siwe of otano/:oton wmrariou.,u] =kich
by visual inspection, rhcn swimming underwater, covered a
large area of the loch between the depths of two and four
metres* Deposits of CitSOj were obvious on both plants of
ehara species and .p.raelorurus and this was estimated at
75 by weight for the Ohara specie** and 20mby weight for
the .or&elongua using the methods previously employed to
obtain the degree of ''at v encrustation on hara soecies
from och Croispol* ale 1.1+ presents the results of
the biomaa© determinations In torn® of eaCv.? free OVEN
dry weight.

here was considerable variation among the four
biomass aanplee from och lanliah tmt, however, the aa”or
part of this was made up of variation in the -biomass of the
saprophytic ale* iiara .eemasU'lo.aia while m.:ra,<lo.-i »e
showed much less variation, though ito biomass pattern Is
illustrated as being losr in the shallower and deeper samples
and highest in the one mer.pi# taken at 5«5 & in the denth
area where, by visual e.nirumte, growth appeared to bo moat

luxuriant.

he contours of the loch IN the urea whore the sarnies
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l.och J."QKogd

L *4 vN o 1 w
J
* * 4 T V' .
0iXx samples wer® collected from a sheltered
bay In this loch* an by no moans thought to rep-

recent the production of the loch but were collected to
ilflustrate ©poci®©a relation ships within a mixed sward of
hillorel la uniflora» I roetes xacnstrlg and bpbell& dortmnna
and th investigate the possible substrate preferences of
these species* Pablo 1*15 presents this biom/ ¢ - data
along with figures for species au&ber-.,, lent mean weight©
and root/shoot ratios*

Phere was a certain degree of variation between the
sar 1*e both in terms of species rs and dry We g~

dortinanna was the least abundant of the species

and varied least ranging between zero and ten plants per
sample while 1l1t>orhlla natfldra plants numbered 236 in one
sample and zero in another* lire© of the samples contained
more than 159 hitc; rel-in uniflora plants while the other
three had lean than fit « m -moetea lacuatrie was the dominant
plant in tvrnm of dry weight in all the samples but not so-
in ntiir.b«?S» varying between 33 dt?7 s) and 102 (11.3 O0e*
I"© depth distribution of the specim indicated a grert r
biomass of Mttorella uniflora iu the thjpe® shallower sample
than in those taken in deeper water, though ' rlailar dia-

Iribution did not hold for Igoetes lacuctrir,, t e biomass



ot which appeared to vary with the organic contrat of the
aodiiaettt as i&a&-.ircd by loss eon Ignition (figure 1*1/+)*
SaapXa 6 (t«bla !« ..» vrlith the highest biomass of laootos
lacustris and by for the largeat plant aean weight, contained
no -bittorella uniflora plants and the low bioaass in b5ateplg
5 can probably be accounted ion by a large (12' ) gravel
fraction in the oedinant* The root/shoot ratios of the
plants also varlsd. J
dorfcssaaaa the roots never contributed more than 4{0Q to the
plant biomass while for Isoetee lacestris th “oois averaged
between fy(b and & \ in all cases the roots -©ontrifcuted
greatest to' the plant bioiaaas where the asdltasnt analystn

indicated a high gravel content*
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FIGtLRL 1.174
10
8 -
G dry
weigh t 6
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©
2
0 3 k

% loss on ignition

Relationship between the biomass (g dry weight/
sample) of Isoetes lacustrls and the percentage
loss on ignition of the sediment in which the

Piants were growing. Samples collected in Loch

Lomond in October 1969* Sample size 1/16 mIO
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FIGURE 1.13
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Biomass (g dry weight/m ) of submerged vegetation sampled in

Dubh Loch during October 1969, plotted against depth of water (cm)



Clravi netrie ti.tates of th# bioaiass of subaquatic

vegetation have \:&m ™ado in several north temperate lakes
. rheme studies vary in thoroughness a\d 1;
detail demanding upon the objectives of the particular
Invent! atloru Visual estimates have been unod to assess
the general abundance and distribution of macrOphytor in
some .iudies on the food of waterfowl (dier:ie,r, 19%1» 1% 3) -
el&fctve estlsatoe have also been carried out fre»i aerial
photography (fdwards and BrtSfwf 1967) and. frofls tHc changes
in the transmission of lipht through wator ( ertXc me, | ;6g).
vhougM -some workers have employed rakoo to collect ©emi—
quantitative seasples of the oafeaquatl* vegetation ’'( dwl&dal©
and Curtis, 195?) the majority of stiidias have been, carried
out -using ao»© f$rsa of grab or saupler™ operated either
nm - . . any of these stej>»

ling devices have 'been adapted from those routinely used
in the collection of bonfchic fauna and sadlttSt (?otxger
and van . ilt 1942) though irssntved (195?7» 1950) used a
©or<er la shallow water while ,or©berg (1959* 196 ) devised
a ehoaring apparatus for use in aoft sediments to cut off
plants below ground level*

food (1963) reports- on a study co:apar*n fca* merits

of an aqualung diver cropping quadrat samples an « a boat



operated grab in aaaomaming the biomass of submerged vegetation,
concluding that grab sampling can underestimate* the extent

of the vegetation by up: to one third and hence caution must
bo exercised in the interpretation of grab collected material#
"h the pre3cnt studios it has been found that it in also

oap*y to overestimate the death limit of colonisation when
using a boat operated grab, an error only revealed by diving
in lochs previously surveyed by ;rrb aa ~ling# Locli -oLille
aa Ghobhainn on tha island of .1 mores has been re-ported

(S#at, 19X0) as havine <Jea#e b#Xo of ':n.:.;.dla reties
growing at depths grerter than 12 octree, yet diving has
revealed the Halt of colonisation to be nearer atx metres
with only a few isolated plant irsgjsants growizsg beyond
".’>enee et al*« unpublished). any lochs and lakes have
very steep sides (e*g* -och "Mill# na Ghobhatan, | roispol)
and it in possible that gravity and current© carry plant
fragmenta owuwards and that in aany cases it is chose

which are retrieved by grabs and samplers* ‘catlake (in
7ollenweider, 1967?) states that grubs only provide an
alternative to the use of divers for sampling eubaquatic
vegetation in very deep water, but that no, grab method is
entirely satisfactory# Srrore Include those inherent in
sampling arall areas, re&oving the- plant roots inadequately
and wrongful Inclusion or exclusion of plant* at their edges#

irlor to the present studies *ive s *1th wet or dry
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suitn €nd Self Contained Underwater Breathing Apparatus
(SCUBA) have been used in several dot©Ominations of the
biomass of subaquatic vegetation in both the marine and
freshwater environment© <Crossett and barbua, 1)f-5> <yguard
195*3; aapopovi 1963)* 00d (1965) a&d F&ger at al*(1966)
describe sotas useful pieces of simple apparatus and give
hglpful suggestions for underwater working though so&e of
these, es oclally for writing underwater, seem unduly
complicated*

Cun®©roue attempts have been made to convert biomass
lata Into meaanr©&ent®3 of productivity by integrating
bioma®©; dry weight data on a seasonal bards (Xkustmz+ 1366;

-1 f i Alth< = coring that,
certain renervations, the method is applicable, 7Zetzo\
(1965) has found conflicting remits in comparison with
othor methods of asnes 11- rroduetivl ty* 1th re ;ard to
asseoalng productivity fi.ure© from the data obtained in
the present invasti tion, which wae one of the overall
aims of the tudy, It war. thought that the considerable
variation in the lianasa <*ztin, %en, based on apparently
uniform stand© of vegetation, In the first set of satrplee
was In ©xc«ss of the expected changes in monthly bionasa
as predicted from other studies (e,g* Ur.rima, 1966*
approximately 2C g/Za”/month) and that to overeat e this and

obtain estimates of low statistical variacitn » very large



data
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“C tarnogeton and serve

the variation in opeelea cc&oaitlon
fits ease
ilt bee; tlira'tea ay h "hrywtal
s a littar in thi. the
N« S ion has boon ted by
all 1.0s..; UB..fc own that
i-erwnx pOc-I'M contriln ta 0 il esct&tion
biomé&s ilIffsr'-ut aevtne
Llrorel.)a.unillopa la the shallow
water vegetation while ata xu the
deeper water* mAs far OonsJ-
station varies wit?, a -x; t ion©nt
In alX the blocass data merls
i 1j0 X ow 4t art
thi la generally attained wl
water whilo* after this peak,
eoicmx b&t i
plants extended varied in the
deepest in the clear* XiiLostc shallowest
in the brown wat.r locha* 1
Loch Levcn was practically at
appeared ano&olous in- having at

a depth of aix setrea and thi eat color:iser
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rrophytcs ytic alga© arc reported as &R&water
coXgnlLso rpe (1967?) wh© gives reporta of
occurreice ocladus species and -ontln&Xlo ©pMIl&o
at donitm i H«etres (Faasett, 195"i 6Gaday9 1956)
shlle .itoil as fee™n report©d to grow- ©van deep®©r

at *2 metre® In 7ai®© l&watla9 =*oan (Jinhe ot al»9 1955)
Pearsall and his co—worts:or© hav© reported depth li.vd.ts of
adionisation from, several of the XngXXsn Ufee© and theme*
are given in fable 1*1? along with oho figures ahtitined in
thepresent studyand others frcm the lito~Ntier-* * Pme
generalrestriction of the rooted vegetation to the
cO'liparalively shallow regions of lakes is considore9 to be
a function, of the panstration o-t ..light (dcuithorpo* 196?)
ad this I®dstussea spod flcal-ly ink Gegpoter 5 of thi©
thesis* eijth reference to ao®? of the lochs in the prenea
investiga chat the restriction in roeti.
sn rtf a result of an inability to
on at©ep* u )oiy
i .ut analysis carried out in
.ac btusy add lit 11 onc©f b (1934) data, and
ori< dags are In general agree coat* .0 definite aaune
tidns have been ©atabiihUod bOWiton any of the eodi
o>riles invent!gated and the h.uidnee of a Kk oart
iottlar plan ci©@9 though Fvivii .@© *en i:

erdted both -bet" een the various ©edisseh
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Green Lake
Lake Oran© Langaef
Crystal Lake
Lake Uowarda

freshwater

'‘©ferenee

:11©0on, 1937
Pearsall, 1913
Bernato?/icz,1969

Pearsall, 1918
Pearsall and ew.Itt, 1935
ennlston, 1922
Potzger and vanOngel, 1972
ero&towicz ot al.. 1968
iekett, 1921
Pearsail, 1913
in cui thorpe, 1967
f roall, 1920

, f 11, 1920
Lckett, 1921
ypaard, 193*3
cuday, 193~

Jlabo et ixl., 1955



@im between some scdlnmit properties and tar
vo, t = * ihe large hiomas of ..Ittorella usliXlora
found in tn mallow w&twr on sandy 00dimeat© stay well bo
rotated to thll& nlaat* s tolerance of wave action and not
.to any preference for substrate, and similarly the dominance
Ofvtao specie© m the d*«p wai.r on silty
;?2edicsc.ntf rich in organic matter, may act necessarily bo
a cansal relationship 'out is,.morhapa, clue to a prefor once
for still water or even low 11,git vntensity* fpence (ifj?)
criticlcoa the constantly pwpecrcited idea© of |ear$oll
(X926) that it 1© the properties of thi* nedl&e&i which
controla the distribution oi aquatic macronhytea and concludes,
aa tm&b be dot« in the present study, that there is no
evidence from any source to support the idea®© that there is
any n-pecis© correlation between on# specie© 01 aquatic plant
and a su0ez a,tun of a defined comMdsition* fhe dependence
of the mrov.*th of aquatic plants upon the nature of the
nuhstr&tuai centres around the question of function and role
of their roots. -hia problem has been investigated and
result®© arc? prevented in a lator chapter in thi: thedo*

In his review of pX at productivity feotX-akc (I1f63)
concludes that the bio&aaa of sutamer .ed aquatic plants
ranges bet*©on 0*2 and lu Kg dry w i jbt/rac# ‘'fable 1*1-3
lists the maximoE bicsaass recorded in this and other un-

published studies ob ©&ue “>XDMFEL lochs? which indicate



Maximum biomass estimates of submerge”™ aacrophytes in some

Scottish lochs*

I*och Blo®aas, g* _

dry weight/m?2
Achtriochtau 233
Crolapol 3lcl
! gral 1000
- M' 230
Lanlish 273
Lowes 130
Lomond 193
hanagan 3251

1= pence at a.L, (unpublished)
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A- ulz

JStosiaes oati&ateo of jsuTasergfcd freshwater ncrcphytes

i0'iagfl, &*dry

et?eight plant aferencofi
materla?uAa”
82 - 212 Vallisrerla Iku&iir.a, 1966
denreserralata
162 la o rul&rdwy ieraatowicz et al., 19C
170 htih* arai&k iematowicz, 1969
200 - 504 rocre 3 iartcianf 1966
228 f a-ce 'Srane ranged *2ygaar&| 1955
Eyrf(vaIqua orsharg, 196c:
verticillaturn L«
310 ?JItolla mucronnta Ig* Forsborg, | 960
Osbyojon
630 Garatophyllurs or;»b#rgt 19&

de-nermira L.

1,15 Char* fragilis Ofcsv*l orsborg. 1960

1. lalcluiK carbonate not romovod
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FIGURE 1.16
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kO J

0 1,000 2,000
biomass g/m"
Comparison of the biomass (g dry weight/ra”) of
the submerged vegetation in Loch Uanagan (U),
(Figure 1.3), with that of a Laminaria hynerborea
"forest” (L) in the sea off Cornwall. Laminaria

hynerborea data from Bellamy (unpublished).
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the calorific equivalent of biological naatorial is
frequently used in ecological production studies for ease
of comparison of data, yielding information nore meaningful
than estimates made on the basis of dry matter, ash-free dry
matter or carbon* For this reason,in the reseat study the
calorific content of a number of aquatic nacrophytec have
been estimated by means of a Ballistic Boab Calorimeter*
On the baste of organic carbon content and proximate analysis
festinke (1965b) has predicted figure© for the energy content
of most aquatic macrophytee to lie between and ».*S
cal/g organic matter. oyd (1 ? ) has measured the
calorific content of several species of aquatic macrophyte
directly by bomb caloz’imotry finding a mean energy content
Of h*I cal/g dry weight* in* and ~uycheck (1971)
provide extensive tables of calorific values for biological
material frora many different trophic levels, designed to

aid studies on ecological energetics and give average values



for aquatic angtooperms of Ncal/g ash-free dry weight

(3.9 ‘'cal/s dry weight).

Calorific analysis was carried ou -alien go
GB-37C- /ballistic Bomb Calorimeter.

A Icnonmn weight (usually about .* g) of powdered oven
dry (105 O plant material contained in a standard metal
crucible was ignited electrically and burned la an excess
of oxygen (25 ats# proa ure) in the bomb and the saxianite
temperature rise of tne top of the bomb measured with a
thermocouple and recorded from the deflection of a galvan-

ometer .. lie rise in temperature (i.e. scale
deflection on the galvanometer) was compared with that
produced from a series of combustions carried out with

* i

dif\feren"’t Iqua_n:tit'ies of ther»Qchemical grade benzoic acid
Of known calorifle conte t (iiguree 2.1,2.2) and a valu®©
obtained for the heat released fro;a the bomb and hence the
calorific content of the sa;, is. "fter Ignition the
crucible was allowed to cool in a 4nicoator and then re-

weighed to obtain th© ash content of 0 o sample. Osuits

were expressed in terms of calories per ra& of tissue dry



weight and per grata ash-free dry weight of tie me, where one
calorie in defined as th© heat required to raise the temp-
erature of 1 ; of water 1°C (©outvalent to g.I86 joules).
Care was taken to ensure that the samples were well compacted
before ignition and in the case of the bervsoic acid standards
this required cautious iicit'ag. A standard length (two
Inches) of gun cotton was u © as a fuse between the firing
wire and the maple, 'he calibration graph (liisura 2,2)
was adjusted to account for the calorific value of this by
burning a series of fuse® of increasing number and computing
the calorific content of one. Correction o&e also nad®©
for the galvanometer deflection produced when the bomb was
fired with no sample.

he plant material analysed was collected from four
lochs at several periods during the course of one summer
and urer*. chosen tc represent the ranro of submerged broad
leaved species of ntar/p ©ton typical of those localities*
eSample® of Littorolla uaiflOra* ™ bolla lortmanna« Xgoete”
la cuatria and hinr-* gpociea were also analysed. ‘evoral
specimens of each species were collected and bulked for
analysis. Generally only the photosynthetic tissues were
analysed though the calorific content of the roots and
rhiz-oaeo of emotagp&s.t.pp. “raalort*n”™ was tiMsurcd on one
occasion and of the root© of Milord e uniflora an;

empbeUa. -iortoanna on two other occasions.
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Ash content ( dry weight) and calorific values (cal/g dry
weight mid cai/g ash-free dry weight) of leave© and ©terns

or doOftelM«nc of Jrolepol,

hoch of t:ii© howes and loch Uanagas*

EAVES e SSIHVG
ash con- cal/g cal/g aail con- cal/g cal/g
Vanth tent, %. dry ash-free tent, ? dry
dry weight dry dry weight dry
weight weight weight [ |

LOCH amispol

June 5.3 u33 4366 3.3 3984 4122
Auc 7.7 4364 4730 6.1 4614 4>14
Sept 12.5 4409 5056 ia.6 3928 4462
"av 11.6 4525 5177 - 3551 4 '86
IrocH 0: r?iKk LOVIBS
June 9.6 5162 5710 - 2.4 3398 ¥98
8.0 5655 6X43
Aug 8.8 5408 5927 7.9 3972 4315
6.5 42'3 %579
IJfOCF U/toACIAN
July 8.6 . 6010 6583 2.7 4464 4539
Aug . 1*695" 5129 7.6 4434 4795

| er>t .V 6222 6311 no value



rrano- S tii iily values -och Uanagan where the.-

Is a difference of 2 DO c&l/g ash-free dry weight* 1 illarly,
within each loch sampled there Is a significant difference

in the calorific content of samples collected fro™* different
tiwg&9 this being reflected to a greater extent In the leaf
tissue rather than in the viitm tissue*

Comparing the thre* 1c ‘hr on the basis of the only
sampling period common to all three (August), the variation
in calorific content of the leaves ic within the aoeentable
.range of variation, while an apparently dLgnifie&nt
dif ference exists between the calorific content of the sterns
of specimens collected froa Loch Croioeol an-; Loch of the
lowes* (a the other hand the acan calorific Content of the
leaves of all the specimens collected from Loch Oanagan
differ® greatly (by approximately 1 QO cul/g ash-free dry
weight) from that of those collected froa the other two
lochs, hich have sisalVor r.eaa values* fhe mean calorific

content of the rteatj are similar from nil localities*

, " - [ F -
he any clear picture of a seasonal variation in calorific
content though (figure 2*3) the calorific content of the
leaves of .parfoifouua collected from Loch Carolspol arrears
to increase throughout th© season. his is not accompanied

by a corresponding increase in the calorific content of th©

stems but is paralleled by a general increase in ash content



FIGURE 2.5

ash

Kcal/ %

6 dry dry
weight

month

Seasonal variation in the ash () and calorific.content (m)
of leaves of Potamogeton perfoliatue collected from Loch

Groispol.



of both leaves and atoms* chic increase In ash content
(though ies.c than the 53*3 previously determined in Chapter
1) is most probably the result of an increase in the amount
of calcium carbonate encrustation, ~och Crolspol, as noted
in Chapter 1, is a iJUisstone loch and it is not uncommon
for calciumcarbonate to form exo-skeletons to plants growing
in these habitats ( efczel, 1>6 >e It will also be recalled
that the growing season for the shootar of l*perf(glvi.z‘i ;Lrjlst o
in this loch commences in early June which would account for
the low values of ash content In this period* In *>oth Loch
of the Lowes and Loch Lanagan it is unlikely that calcium
carbonate contributed greatly to the ash content of the
loaves which remained fairly stable, he aah contort of
the stems from these two locations, however, more than
doubled between the aarr-p.ir ‘atea and accompanied a alight
increase in the calorific value.

k otamoft rraclc.~.us was collected from two sites:
Loch banllah and och anagan* h© range in calorific
content exhibit'd by i»rraelongus leaves is kb92 cal/g ash-
free dry weight (August, Loch Lanlish) to Ghll cal/g ash-
free dry weight (August, Loch anagan) with a mean of £160
cal/; ash-free dry weight. Corresponding figures for the
stema are 5326 cal/g ash-free dry wrd ht (tJuly, Loch anagan)

>t>3 cal/g ash-free dry weight (Lay, Loch Laniloh) and
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content ( Cry weight) and calorific values (eal/g dry
weight and cal/g ash-Tree dry weight) of leaves and stems
of specimens or oinnonoton x zlali from hooh tlanagan and

of leaves of «oalUiTlfoilu.s fro® Loch of the Lowes*

nAVZs nms
ash con- cal/g cal/g ash con- cal/g cal/g
onth tent, % dry ash- free tent. dry ftsh-freo
dry weight dry dry weight ary
weight weight weight weight

LOCH UANAUAW

duly 3*6 K&9E *4971 a, 8 s*as « 5762
'ng ifco h711 %50$ %» 6 k?91 .3231
e- t 7.5 M7S 61 i? 2 3811 i*f>67

tOCH o; filKk WWER

Aug 13.6

n* 7093
Oct Se > 7213



and ey-rdtelonsu.a from th@ same location. On all three
saii“ling dates tie calorific content of the steno Ma c&g-
aificaiicly different from that of the leaves. OCo signif-
i(i;arbt difference was four_ld cnaong the c&ioriiie 5values of
the leaves collected on different sampling elate© and a aaean
Of ~69B cal/g ash-free dry weight Was recorded. a the
other hand tae calorific content of th« ate&s dropped
algalflcantly from V7&2 cal/g ash-free dry weight in July
to kOG? cal/g ash-free dry weig.it in 3e temper. ihe mean
of the three determinations was 520 cal/g ash-free dry
weight.

270 auj >Xea of .,,;~u”~foUus leavaa ooil.etei fro®
ikOch of the Lowes in August and October were also analysed
and gave tno extremely high value© of 7093 cal/g aah-free
dry wed. h* (August) and 7913 cal/g ash-free dry weight
(October)* high values for the ash content were also
recorded.

fable 2.4 smxmrinca the nean leaf calorific content
of the four erpeciaeue of . ets.aotteton. invest! jatad. fhe
exceptionally high calorific value for .Obturnfoilus is
significantly different from all the ethers as is tnat of

.De. 'ollaU.. fro. :x>cn Canaan: *.»rtfro,a 7o.o.tua fc.ll.as
which does not grow in Loch lanagan, material frosa Loch
ljanagan has the highest mean leaf calorific content for all

the species investigated, ae well a®© the night-st actual



valu
< -f
I.j# ssHen oaloripio value ™ ta.pGPOtcm
O1fUbXro -1ps» r. pQXfOIlIO .on, INVAj-tefr
(cal/g ash-free dry wslg
Bjuxx o*i.
S0t AR, w1 TLOA&tU £ ex zizil
roisool udia
anil eh km?
0t
T4

hHiuitc of th# calorific valu* determination© carried
>ut with the three xx>setto species Littorella uniflora.
jbella dortoanna and 1porteo iacurtria are reported in
lable 2. .or both -1rtoyella uniflora and pLeila
dortflanna the calorific content of the green ohoto©Onth*tic
shoot was significantly greater than that of the roots
while, from both the local!tie®, tie v e fnovt Jc
doytnanna (both ©hoot and root), wore flcantly greater

than those for Littorella up! flora.

77



Ash content ( dry weight) and calorific values (cal/g' dry
weight and c >I/g arh-fr©-'- dry weight) of sped©®©no of

JJLUPre..U.ft uiiils.re, -abeUn, darUMNa wid

from Loch Achtriochtan and i*och of th«

Jsih con- cal/g cal/g

;pecies Loch tent, dry ash-free
dry weight dry'

m  weight mi weight
dittorolls *chtriochtan (©hoots) 3.2- 5673 3793
uniflora ™ - I (roots) 3.1 5213 3285
H Lowe-6 (shoots) 4*1 4165 -  43*1
- ft « (roots) 1.9 3265 3329

Lobelia Achtrlochtan (shoots) 2.7 4396 3052
dorti£.aa&& R (roots) 2.0 *308 4394
H Lour09 (shoots) 8.1 if179 4375

f n (roots) Us 3966 4020
leoetes Achtri cdtan (whole 3*3 3763 3913

lacu®©trio plant®©)



uifi“~rcnces in tilt chlorine content of tiit pitato £pe* tilt
two locall!tie* art apfMir***-1 eaters*$ for the eheota of

Li ctofitX-If> ual 1to ‘& e©3LI*ei<*4 It lapeh #X the howee which
have a.&mO*ter Calesrifle content that .thee* fro* ©eh e
AehtrlQChtan.t "lie teaa ceabinud calorific Vtisfi for
'd.ttcrell* uaiiXor™ from <ah of th© .owe® 45335 tal/g aeh-
fro® dry weight) a”~rtM. well with the mean value for a
series of dotor&ia*tie*© oa eraale*, of whole pleat* fro*

thc' aaae loch (59?! cal/g ash*free dry weight)e utt* «&a*le

' . carried out with whole ; - -
la.cg™-tfrls Jgeve a calorific ecgaivaiofe fra©
dry WsdLghi lying between the valu©6 for uni,flora

*ni. w/xrAlg. >0f>.

Tfcre* duplicate detear*'nolion-a of the calorific
eqgaivalent ef iwo~feeita of t&e &airo*lgaX giaus 'Jhara
viere c iv¥« It fat-le 1,6*

The duplicate determinations agree veil and there a#f>ear©®
to. tie 30 jrirtsi flc™Mat differeact* between /the *fc \ . Mie
high aah content la a re”elt Of the calcium carbonate
entruetalion covering theae alga*} whll* the low e&larifix:
values are'ln 1la* with %&S™* predicted by Seetla>e (1 ?55K) e
lot™ a.:*ih the di&crepeaey in the values ©f the ash content

recorded loro and the eetl™atea of calcine e&rfcewt# rtO#rde



$ 2*6

-Aall content (f dry weight) and calorific values (cal/g dry

weight and cal/g ash-free dry weight) of specimens of Ghara

aupera aad GMra J~pilloonR from Lochs ‘roiopol and Lanlish*
ash con- cal/g c&l/g mean cal/
veciea Loch tent, > dry ash-free g ash-
P dry weigh'b dry frce dry
weight weight weight
Ohara . . 0P Hl# o 3056
aspera Groiapol "t Is) * & 102D 2524 2790
Cham : i 56%6 1137 2621 :
papillost  Croieool oo ooy 1194 (7 2%
Chara ot 56*2 1239 (Sjfy :
papiliosiun 2antlah ¢ o 1217 2726 20L3

hitile data are available on the calorific content of
submerged aquatic macrophytes to yield <Hlrect comparisons

lists

with the present Investigations#

calorific equivalents
these involved
much lower than those

which are also larger

in the present study.

oyd (loc.cit. :
for several species but for none of
IS mean value is
recorded here for Potarw:etQn species

than the "grand mean- value of 4659

cal/g uah-free dry weight for aquatic primary producers

quoted by Cummins and

.results,

uycheck (loc.cit.). "he present

especially the values for m.obtnol Col jug must

80



therefore, ;orhaps, be viewed with caution.

©etlake (1965&) finds that there la only tentative
evidence of reaaonal variation in the calorific contents of
freshwater macrophytQ*?, and he deduce© that variations in
ash content are due to increases in deposition of calcium
carbonate as has also been mggeutod here.

ior more meaningful coiiparative purposes the results
of the calorific contents have been expressed in tores of
calories per gram aeh-frea dry weight as recommended by
eotlako (1965b). ince out ecologlotr have been concerned
with convert!rig biomass da a to calorific equivalents, it la
also useful to present the data in the forra ~ost frequently
employed In the publication6 of biomass data; dry weight*
hi© allows the conversion and comparison of much of the
Information present in the literature although it wast be
otrecr.iCd that such conversions can often be misleading,
especially where species say be covered by marl encruntation
(c.f. the 507 ash content of Ihara species)e

Utilising the biomass figures of Chapter 1 a value
can be computegl(kwhjch,lxﬂbearing 1= ~iad the inherent limitations,
is an estimate of the quantity of energy bound up fey the
submerged aquatic plants in a loch* Carrying out these
computations the bed of -~otaj.o;teto \ erricila tus in Loch
Crcispol of standing cron 1 .ry wei Petti 1*13)

and mean calorific content 4.2 rcal/g dry weight (fable 2.1)
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can fee esrpccted to contain approximately 42 Kcal of energy
per square metre. TW Pjpraeloimus bed in Loch banlleh of
standing crop >’ € dry weight/m” (Table 1*14) and approximate
mean calorific content of 5&cal/g dry weight (Pablo 2*2)
has an energy equivalent clone to 250 cal nor square i&otre.
Loch H.anagan, from til© figures of Spence et al* (unpublished
and figure 1*5) has a mixed population of -ota&Qfceton sned.es
which from the data in fables 2*1, 2,2 and 2*3 must have
an energy value in the region of 200 cal/squar® metre*
The Littorella uniffors/lobella dortreanna coicmuiiitio® in
Loch Achtrlochtan and Loch of the Lowes, from the data in
fables 1.1 and 1.7, and using mean figure.* ci colorific
mcontent from Table 2.5 have energy equivalents a#a." to 600
and 120 Kcal per square metre respectively. The dense beds
of the inAcronhytic algae Qnapa ajppcra and C.r&plliocn:a
found in Loch '~oiepol (‘feblea 1*11 and 1.12) have (Table
2.6) energy equivalents of up to JOOO Kcal rer square metre
of loch floor covered.

These calorilie totals calculated above may be more
raeanin vful than biomass data for comparing th© production
Of dIffeit lochs. It ;;ust be remembered, however, that
these figures &y be the result of r-sany years of growth.
?hif§ is th© case for the Ohara beds in Loch Crolspol though,

oa th© other hand, th©® figure of 42 Kcal/j& for r¢--crfoitatus
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lonp&red tith nmserou© ©iudie© of the production rate
of rdxzm'Ti®& aquatic, ra&crophytas based upon change?-- in their
biomass and standing.crop-, there arc relatively row report©
on actual ueasuromanto of the process of 7hotoaynthetL&
under natural condici me.

e- Thoa&c (1975) and Tailing (tJ$tl} have reviewed the
literature dealing generally with photo th©si © under
natural condition® and Vcrduin {1952, XS;3>? abinowlteh
(1951) and Altaian and pttt&er (1964) have tafaul-ted. data on
the photo-eynthat!c rates of many plant gnwl#$ 03 eaa”irdd

1 - : ltrickland .i
ha© reviewed and evaluated methods useful for measuring the'
produe-feiv' ty f phytoplankton while itetnel (1965) ha®©
dlI'scu&sod tocUriiques and problems associated with the
uM-jnt.recent of the productivity of scripbyton and vascular
aquatic plants* fore rocontxy ~olleftweider (1969) dhe
©41tmi an 1If nanual on ee-thod®© of measuring primary Arod-

activity in the aquatic environment, concerned largely with



the techniques which have been evolved to rsmoure photo-
aynthesis la situ. orlion oi tilla volun© la concerned
with aquatic maorophytoa* A brief review of aethoda used
to meaauro la. situ production rates of submerged aquatic
aacrophytcs new fellow®.

. very rough approxiaation to the gross photosynth®si3
of rratrophytea in flowing streams can be gained by measuring

the diurnal oxygon curves of the water at point© aloof the

stream. This method 1ft fully uescribed by Cdua CI ;:6) and
haa been uuod by .dw&rds and Gwens (1962). .heso mthQ&c
provide, however, only &p\roxlnate values the productiv-

ity of &acrophytes and are really a m«wa*jurc- of community
cetftt'Oilixa# the oxygen technique .a* also been applied to
the ®till water© of gravel fits In an attempt to eeaifurft th©
diurnal productivity of wa«ro*-hytft« (CJoul -or, 1969, 1970)
but here again only approximate valuos can bo obtained,
diurnal changes in pH and CG"™ have also been applied in a
fovi Instances to mefAeure the productivity gi' gTachithh_ tee
(Gdu/a -uid ! ftftJ'in, 195-8; verduin, 1952) whiieg Ruitnér Cla)
has use,, ¢ . o0s In specific conductance of the water as
hie zimsure- oi jhotosyntactic activity. m for the- oxygen
studies above, such methods give a -4s€aCare of the community
votabolias rather than of the faacrophytee alone*.

evoral investigators (in otsol, 1964a; have adapted

a technique aJdlLaila-r to that employed with rhyto 'Xanuton by
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the lagu&al syr.'tesfe apparently fuactloning as a r”~sorvoir
lor netnholic gaass* These observations cast gmve doubts
u>on the validity of utilising t&e dissolved oxygen content
of water as the sole measure of macro hyt© plioto syatascls#
IS vihe present investigations an in ol au carbon - 14
technique has been developed to meagre tat productivity
of aquatic aacrophytea and to investigate, u.'Oii.li enrilch-
eat bioaaoay (Gol&nan, 19b0), if tais rate la limited by
the oupply of available phosphate, a nutrient .'’knows to bo
sport at for growth, yet only occurring in low concen-

L . S«e aho Table. 3.2~ p, 14-0
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tha bottles on a fmae anchored in the mé£b.stratus (Plate 2),
removing the foil from all but tne darfcf equilibration
bottlee. After a noted exposnr:- cioe of approximately three
hours t'H *lver retrieved bot™"lee, a e one being again
wrapped la aluminiun foil before being brought to the
surface* it the shore station the leave* .prere removed
fron each bottle in turn and gently washed in distilled
water, The washed leaves were outlined on paper and divided
an necessary, then placed on wa&a aluminium planchets (2.1
Qt diameter, type 25 2RA using a little _g.lb.lalmin as adhesive.
The material was heat-killed and washed with a little dilute

oic acid to remove any possible Inorganic carbo.n to.
ftie radioactivity of the dry planchots was aeoeurod using
a anax solid :sintillation counter and Ké&eler. 11
planeheta were counted throe tiaas to a mt count of at
least 1, ,00, count rates ware expreseed as cpm/le&f.

Two live ail aliquots of loch water from each bottle

were precipitated with excess *1 W barium hydroxide /sollut,ipn

%>

and allowed to stand for aif hours in a closed vessel. lie »

precipitates of barium carbonate were filtered under vacuum
through a uchner funnel onto previously weighed 2.1 igm
dietseter gla*&»fibre fllter papera (Whatsnan 0i/ZA) . hese
were removed from the funnel, dried, rewei™heu and their
radioactivity measured by placing them on planchets and

counting as before. he weight and area of the precipitate
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wa$ to cbrroefc fcw oountlrat© for gelt absorption of
u Ue weight > wa.j
also uaad to -calculate the total InoTpfiiH carbon costent
of tftft loch w«ter, a value which war. crep s-checkod by th«
dotormination of the tefaperatui*©, pH and alkalini ty of the
water and with reference .to the conversion table® of
Sa* oho Afpewdv* \A
- fxOv. a knowledge of the epeelfic activity of tho loch
weter, and the count rate© of the tisauo and'bariu:;; carbonate
precipitate, a figure repi©oontia6 the total ar.ount of
carbon fiznd by the loaf dating .the incubation period, was *
determined (a fpliy worked example la given in Appendix 1),
fn© area if etch leaf wan found by planimetry ov the previously
traced outline and the rutea of carbon fixation wore finally
] xm fixed er square e leaf
* hhen the plant material was collected several leaves
0 - A?)@actually renuired for the' in: ®m
0<poria©nt wore retained* fhfoe loaves :iad fchoir areas
computed by tho aofae Riothod a® the ethera, fadkin addition

they were dried for 2« hour3 at 105 >in a force draught

PpwAig tfet. loaf area and leaf dry weight the specific loaf

n

‘/Y L. -u tv . * i
area ($LAt, ija leaf area/sc leaf dry w;ictht) of the plant

material wes found. :his conversion factor permitted the

§ vew - . blr * e
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FIGURE 3.1

voltage

Voltage plateau of the solid scintillation counter



Anthracerie crystals have, however, been little used in the
detection of beta emissions, as most of the recently
developed gas-flow GM tubes have practically the same

efficiency*

avilivic > .

olatl >si on voltage across radiation det ctor ( KT)

and bé&ckrj and source (B) radiation C niotoed

aKainet

96
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.Radioactive 'c.ccay is a random process and is thus
subject to the : e>1 1 n of statistic®©. the standard
deviation o ,ny activity dntemlnaticiifca of a radiochemical

is lladt according to the e: * ssion:-

(N x T)"
where 1 is the number of counts observed r mtmce from
the radioactivity detector (proportional to. t concentration
of the radioactive substance) and Vis tu ti;~e Ar, minutes
during ‘'«<hich the counting takes place. he coefficient of

variation thus obtained may be used in Gaussian statistics

(Strick If ¥R 196') and* there 'Pre, for a L. probability
criterion r : ts can be no better than ¢ 26 when 10t000
counts are rocorcl. U.ilarly, if less counts are recorded

then the level of ev.n--tninty duo purely to the "counting
orrorMis raised accord!” ly. ;or practical purposes in
routine work it is undesirable to have counting times greater
than a few minutes (especially as in the present inve.tig-
ation all sample changing was manual) and thus a suitable
activity of isotope rsuat be used in an exrersteeat to ivo

a atatiotically adequste couut mte in a >t ao*iod of
time. All radioactive material was couite I set count

of not less than a 1X30 counts and usually ach ii htr



(101000 oounc ) though for several low-activity samples a
fixed counting -erlod of Ive minutes was employed* ..he
levels of isotope yeelin the experiment were chosen to
produce a level or radioactivity in the plant tissues which

\

was at least ten time® th or the background radiation*

&<*. 6g a tt6.rdi.Pi:

The radiochemical techniques involved in i.a.ai.iag with
C-14 are somewhat complicated by the fact t it; iso top®
emits only a very soft beta radiation (0,11 e ), i'his
subject is covered extensively by the treatise of -Salvia
et al,(i% 9). fhe main radiochemical problem which faces
users of >14 for primary productivity estimates is self
absorption; that is* th*> %e-arptlon of the weak beta
particles by tm ; tancc from which they are being
emitted, "he bet r ,e from >14 are both absorbed and
scattered, \b.sop tic*a 1 ®&mainly a function of thickness
(mass/unit area or , "ecause of a near cancellation
of several effects the final absorption pattern of the beta
particles is approximately exjtonenti&l with the thickness
o« tm aboorbor (51rickland 9 1960),

If A8 la the activity (cpm) per unit chicluies. at zero
thickness, and Ag is the observed activity ~ it thickness

uhen the thickness is g mg/cm"”, then th r , —Atp:~
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'S - 0 * - «*KIS("" X 8)

r i .. i ;"v 0 - ..
(rtricklaad* V)€ ")

holds to a nood &>-:r.v.:x ion of $ up to 10 ag/o.ii4 *? la
known an th® iself dboor tier, "~efficient and the equation
&ATMsaf th*t th© svecifie activ -y Of th© iso top* ir> the

2 e fo-all the aanplaa#

In the present investigation a bar.tus* Garbo-. .-
absorption curve was prepared (figure 3*3) ;;e “1 ' to tho
method of IVf&t) by which t > r-oiut one

emtaiitln£ ifeerMai&g aisocmte of inorganic carbon Urt tho©
«m&.© -pisuiti ty of -I** were preclpi u*tad with barlttr, aj*i:'t>Xid©
and th** resulting hartua carbon? to precipitate flit®
a Gonaian *e pre»welgb i ‘i'.tsr# dried* reeei&hed and
then counted. .e?ordi . e. cn filter should hav® thaorot*
ically the mica a t, % ty Qoa but th© we*eared activity
decree®©*:! with inore-i lag thlcfcnees* rhe plot of count
rato against weight, of- sipitat© per unit “rea was extra-
pointed to £0ro thickne© & %i.i the curve pr*rented in figure
3*3 *?%a? constructed and u sd to aOtia-.te th© true activity
of cho barJUta Chrbeaat© preoipltato.*-*

he a bovo technique, though co.= been ertticl *ed
by Hendler (1959/# orokin (1962) and n?elder (Iv69)
and, ~hllo its slight inaccuracy is K
considered acceptable for the presortt aodif-

1c >flcne advocated by other worfcern* IQUth of :."police ted



FIGURE 3.3

% of
maximum
specific

activity

Self-absorption

mg BaCO,/cm”
]

correction curve for barium carbonat



Oxextr'mentally, have resulted in little difference in thoO
©hap© of the ©elf absorption curve over the rang®© required
in the present stud;- « lie alf absorption curve was used
to calculate absolute count rates for the barium carbonate
precipitates of the loch water. Phc plant tissue was

"% Pl ~ . W\
counted at poro thickness.

-Unlike self absorption the scattering of beta particles

depends upon the nature and thickness of the material
'] . * . - .

causing the scatter. .he nature of the e rcatiering effects

and the geometry of the counting assembly nm- * noice it
impossible to &ake any gonerailcations ( trie land, 1960).
It Ik, however, usually recognised that scattering and
geometric effects are relatively constant unless ouch
extraneous solid natter is pr~sout. oth self absorption

and scatter! ig can, howeve , be elegantly overcome by adop-

ting a eae-pht-jc cou .td o - technique which is 100/ efficient.

>uch a solution m i p been adopted by %ctecl (1965)

and Hartman (1967).

Frt 1 fllfe i

W
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it tn® &nonyfc of organically bound >14 in the

tissue# is to rOpr; --at th# absolute ae inure of groo, rhoto-
the ".mi.ir. rendition# “suet be fulfilled:-
(1) he rate of aeelail tioa of -14 urtlet be the same
as > 12.
(2) No '-14 must be incar —w-mInte organic co.'spounds
except through photery;tin i-is*

(3> He >14 afeot be lost through r lL.ration*

(4) No organic Zati->-r m*t be lost W © crctioa*
It is generally accepted that non© of these coa litions are
completely fulfill*!« At high light intensity tho© hjrfcanee
or sGaf of the-; ..ay be only ©light but «any workers find it
neeMasry ; Introduce a correction term in their calculations
of carbo.,, '.x lion to cover all of the©© Inaccuracies*

one diocueaias has centred around th© problea or
I:-.otopic dlacri iina.ion bettreea >12 and lasto ©a of
carbon during photesyhlhesl# an4 in general# there ms be™n
difficulty in deciding »>, t Isotope dteerlr.i . wion facto?
should be applied to al ow ik* the fact ,. t the rete of
urttvary carboxyl*tion by the ho v»© Isotope of carbon will
theorytically be slower than the u t r 1 Drooees* /he
subject is viewed froe the rtn&dpotut of .lytoplanteton

photooynthesis by ! tee®an- ;ioloe« <1955) who advocate® what



vins Yooaulioneease ft Aurc
valid v an llsod by several woricere, in phytop
et no dlscriminatlon factors have boo

tonrinod for laacrophytes and the few

'=«rtmaiu 1967) who ha?* used ~Xk to

thelr producti'Vtty have adopt 0 eemaa<

‘Il elson (Xoc*cit.)« i xqg

discrimination factor has beeh used and the estimates of

primary productivity may therefo c be correspondingly nunll*

It is felt, however, along with Jtttv (1927), that in the

absence of what is known to dc an accurate value for a

discrimination factor none mthould be appli i and the results

viewed accordingly* this 1

Bnnly iir some coiuro«?to corr ©ction term which suppose:dy

aoc; accumulation of immeaourcable inacouracic
method is perhaps among the most

senstz ‘VCloped for the determination of photosyn

by riant®, interprotation of the result.:;

'‘a 1Sm?2 re ts some difficulties.
reatest :oncom | guestion of T1H
measures net or gro m ?>hoto value between
these two* ?he literature rublect is
large. ft&sicaJLXy the :robls nc question
of whether or not compounds < ly fixed carbon

can be quickly recycled thro? n and in general

102



ret; imtory carbon reutiiised in ohotnsynthesis*

Xu his review of primary productivity methods for
marine >hytoolanktQU Strickland (i960) concludes that in
suitably designed experiments the Oil* method gives a
120asure between gross and net photosynthesis but th,t in#
position hay vary between one opeciea and another. It is
possible that I-lg uptake values ar© nearer to net than to
gross photosynthesis but this is not established as a universal
rule for all opecies of marine ”~hyto -lankton# It any,
however, be assumed from the rfcutii**, of several workers
(in Steeman-~klelsen, 1957?) th?t >li* labelled carbon atoms
taken into algal cells are act normally ren trod or loat by
autolysis to any appreciable extent for at loaet five to
ten hour®© and therefore any short term Kk-li* uptake experiments
will give a measure of photosynthesis close to net values
while, if longer exposure times are employed (Vollenweider
and 'auw e » V D f the situation is sore complicated end
difficult to interpret#

kittle le known of the respiratory rate® of aquatic
sxacrophytea (in Spence and 'hrystal, 1971) but under good
light conditions they are recognised to be low in comparison
to photosynthesis# lew wornore have attested to measure
macrophyte respiration in sivs; ( Vet&el, 1965) end the problem
a« to whether 0*1* fixed by photosynthesis ia recycled through

respiration has not been directly invertlgated# However



It t© considers « a&fo to asfiumc that a similar situation
©.KietE far aacro”™hytes a© there does for phytoplankton and
it is r m3--.fionded (Vollenwcider, 1969) that the remits- of
short term ~lk experiments be tposted as corresponding to
approximate net rater of photosynthesis* support :t?r this
viewpoint comes from the work of Hartman and drown (1967)
who did not find any *-1* labelled carbon dioxide in the
lacun&l tissues of blodea soeeies durln short-term .-lk
productivity experliaente* In th rrsent studies the mtt©
of photosynthesis measured using t .8 -1k technique are
consicored to aporoxiima*t " t* et | I60

When plant tissues containing predominantly only one
iaotopic form of carbon. (CH12) are placed in an environment
containing a substantial amount of another carbon isotope
(C-lk) then seme physic&l exchange will occur between tic-
two inc.;to Ic fom& irrespective of that due to photoeynthcmlLk

* By diffusion and exchange, ions of

Aodium external ;o the tissue can migrate into regions ia
cells and tissues without becoming involved in eith r
metabolic processes or transport systems# Cations ouch
as carbonate are subject to these reversible exchanges with
the apparent free space (A* ' of the plant which, according
to atfeel (1965), can contribute ;0 to 1 of the plant volume*
fhie diffusion pattern obeys the lawa of diffusion kinetics

and thus occurs with equal magnitude in light or dark
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co\r)_ditionsﬁ :tric.:land (1 B)recosssends tl
exchange cannot be neglected and for this reason in all the

Oik productivity ay.”srlriwts carried out in the present

study at least ono bottle in any experimental treatseat has

been a dark equilibration, control bottle.

'he non-ehotosynthetic uptake of inorganic carbon
f~Althout actual fixation into organic compounds is also
thought (t etsel, 1965) to occur to a ssall decree by an
active process, and this is poaslbly greater in trie light
than in the dark. In the present studies it has been
impossible to differentiate between an actual dark uptake
of carbon and a physical exchange of the different isotoplc
fonis and thus the dark bottles give a combined ostiaate
of both ©bo processes. ; calculation of the C-~iq
fixed in the productivity experiments th© "dark*1l values are
assumed to account for 11 of the non-photoajfalhetic Uptake*
lartman (1967) h i0*a that, though “dark fixation” rates
of aquatic aacrophy-tos appeared to vary with water temperature,
under favourable light conditions "dark fixation” was seldom
above 11 of the measured fixa ,ion rates in the light*

This figure is in agreement with the results obtained from
the algal studies of Hteeawuft-ftieXsen (.V(ﬁ) and with w:iat
has been predicted by Strickland (1960. ubtracting tho©

dark "ecuill braticn” values of the C-lk flfced from the light

values mde?a a figure for carbon fixation icht in the

il ' liMYfearasii il
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in Vollea®lLier) believes thia a stapler than, hut inferior
feethb , ;0 fumee of hydr & aci
Another nerioue error in the radiocarbon tecfoicue
could arise if a substantial fraction of the carbon taken
from the water by plants were in the forta of carbaiino
complexes rather than aieole Inorganic carbon, as may be
the case for marine phytorOLankton (A'etivVtr et al*”~(1957)*
_»Thg %PQS‘PFHJWaQUFPQ% of such error® is unknown but could
possibly bo high in water of high organic content and in
experiments of abort duration* Xn the eriraento reported
her© it ie aa&med that all the carbon incoLRorQ}%d%?y
photosynthesis origin-tea froe simple Inorganié for&if;*
Perhaps the greatest postilbio error In the method
of estiaafing productivity ie the possible deleterious
reace of a radioactive element*
iaGn SI1JKA* have* however, rovided the auch-n*©
evidence that, in fact, the presence of radioactive era*®bon
oer sc has no short &ena adverse effect© on the .iotatollan

% ' * e Hd « ViEtHY
of plants*
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Ostiaate: >1 the primary productivity of submerged
&&LCroshytoa have beea carried out ia loch of the Lowest
Loch LO©veuf Loci .n and ia Lochs orralie, Orolsrpol
and Laaliah, the three 11 e”~tcnc lochs near Lurmeas,

utherlon . For uwfcwt AWLKAASW *«.e \ab\e. Z 20\ f i+0

och of the *~»

Oswiltc from the first experiment with otopione ton

perfolia tha aro given in Table 3«1*

ioch o 29* £+70
©an rates 001 ,n by loaves of .ota&ogeton
perfoltatue when incl with loch water and loch water
* 20 ug phosphate (ug carbon/ga xssf area/hour).
*0C och wnter ¢ phosphate
*13 1*7"3 + o.io
ator temperature lj C

standard error of the tean ley™



llie a 1 of phosphate to th® loch water significantly
increased tho &enn rate of carbon fixation of .the i.~errollu
lea 70;;,

"he result given in Cable 3*2 are fro® the second

experiment which was carried out with both V.obtusifollus

Loch of the Ivowe® | o >.7!
lcan rates of carbon fixation by leaves of >t ., or.eton
obtuol foilus and : .foliatua when incubated with loch
water and with looh water ¢ %) fig phosphate a®

’ e |
jig .:arbon/cr—te leaf area/hour)

Loch water Loch water ¢ phosphate
?.0bturi;oli;: =m 6*13 1 2*31 33*37 1 -.2
P.perfoliatuo 3*66 + 0.02 30*33 1 k.zZC

hmbcr of replicates k

Incubation depth 5 a
Water temperature 1?7Q0
1 In all instances means are taireri to be significantly

different when the addition or subtraction of their er rors

produces no overlap la these values.



Thet*e results Indicate that, firstly, the basic &ean rates
of carbon fixation or the two species were not significantly
different and that, secondly, these basic ratgo were
increased b, the addition of phog&k\lgte to the loch ;/vater*
Hie degree of enhancement wear approximately the sat-e for
both species* Tiese reunite are rresented in the forta of
a hi.tojrara in Figure 3.h*

The last of the experiments in loch of the |owes was
with .obtuolfolloa* The m€an rat< of carboa fixation of

leaves of this species is given in 'Table 3*3*

I-QCh Of th* >0W* 19.1r. ™
.pean r :te o: carbon fixation by leaves of ?otamoton
] rbon/esta2 leaf ar tr)i
2.39 1 0*"2
umber of replicates 1
Incubation depth 1+ w6

ater temperature
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30 _

2'+-

le

ug carbon/
cm /hour

12 _

Peperfoliatuc P.obtusifoliuo
Mean rates of carbon fixation by leaves of Potarnogeton obtnsifolius
and P.00Iffolia tuc. measured in Loch of the Lowes on 12.8.70,
when incubated with loch water (L) and with loch water + 20 jig
phosnhate (P) as KYIPO™ (jig carbon/cmIO leaf area/hour).

Incubation depth was three metres and water temperature 17°C.



‘“h* first of the Toch Leven experiment©&(e§.,\car_ried

V> Vzy*

out with plant ma.trrial of v.<o.btU8ifollus origin ting from

L# laboratory and allow#4 ow ia the lo< r os# month*
N NN '

-'3 3.4

Loch teven 3.7*10

Mean rate of carbon fixation by leaver of Potacogeton

QbtuRlIfollu = after an© month of growth in Loch | even

liy c e 're., ,
9.37 i 1.9C
.iuu>er of replicates 8 . '
Incubacion depth Zz a -
*'ater t'-.r;'ornturo li*°€ .

NI B
csu.it®© are given in ;*able 3** which record©® the fact that

an appreciable rate of carbon fixation ha© been me..,aur®d
from specimens of an aqu;. tic smcrophyte after rowth In a
loch characteristically poor of macror>hytic vegetation*
Having established th .t iscrophytea could photosynth-
esise in Loch Levon two more experiment© were carried out
to investigate the effect of addition jf phosphate on the

rate of carbon fixation* .hr first of tie e experiments



was carri-t-'.. Q.t with le ten'of i.obturslfollus collected on
the pr s day fron >f the Lowes* hoped to
compare specif mi& fro:, the two lochs but. no i.obiualfDllus

could be found on that occasion In Loch Leveu*

och Leven 13*3#70"
©an r&tee; of carbon fixation by leaves of .ptaao-;nton
loch of the Lowent when incubated with

water from Loch Levon and I*och of the Lowes and with the e

area/hour)e
Loch -even Lach Levan l och of the Loch of the
water water + .awes water Lowes water
phosphate + phosphate
1.90 ~ 0.30 2. 1i 1™ .06 + c.55 ,5.W ¢ 1*11
Humber of replicate. L
Tacubatlon depth 3 a
Later te*a,ore ture 17° :

'he results presented ia Table 3.3 IXlustrate th t the rates
of carbon fixation of the leaves in both Lowec and Levon
water were practically the ear. |, j

of phosph te as X"HPG" to the 25 al of bathin', pintion in

each bottle produced a significantly inc: .rued ear r-*te of
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.och Love, d-1c. 7/
aas. rat#® of oarboi Ol
@) wnen iiicu
pr * j ~a/hour;.

Loch water + phosphate
16#0} + 1.51

ileatoa
% c

-Oe addition of pho\:h to to he ioch water nrocuced a ten
fold Increase in the r- te ~f Arbors fixation of the le.: vea.
It would appear that the add: lo,n of phosphate to the loch
water somehow prowldad a mor< f mw5-able climte for photo-
oynfcheais# It is of lutere he o, th t, on the particular

d:iteoi tho arperimeat» tiiere s no pro'ilmant algal bloom
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16 _ —20 x 10

Ik _

12 r-15
ug carbon/ cpm/25mi
cm2/hour 10 filtrate

8 h10

6

k -

2 _

0

P.obtusifolius Algae

Mean rates of carbon fixation by leaves of Potamogeton obtusifoliu
measured in Loch Leven on-17.12.70, when incubated with loch
water (L) and loch water + 20 jjig phosphate (P) as KnHPO™ ( pg

2

carbon/cm® leaf area/hour). Algal carbon fixation rate in the

same incubation bottles expressed as cpm/25 ml filtrate.

Incubation depth was 0.5 metres and water temperature k%C.



In the lock. hu ;~14 -activity of the algae la the incu-
bation bottles we* estimated alter filtration onto ' h&m&n
GT/C glass fibre filtera and the rt uulto are histograaaned
with those of ".oUtusiiclt ;s in figure 3*b* :

that not only i© the primary -reductivlty of the A.c7
leaves increased upon the addition of phosphate to the loch

water but also that of the planktonic algae.

lllre© experiments were carried out 13 this loch in
July 197 to determine th© relative carbon fixation .rates
of .peri‘oliatu©® and hpr~lou/h*u *ho first experiment
was carried out between II'ljO hours and Ik O hours and the
second betoe n X3k> hours «k4 1? O hours. Both experiments

were incubated at a water depth of S.5 ta where« in this

loch, the aone of . -raolongus and h*nerfoi,iatue overlap,
being the deep iilaait :or .- ro-olon/ms and the shallow limit
for i>erfoaj:=-tux. essltr are presented ia Table 3*7.

lIvearing in .ind the errors attached to the estimates there
nAftmft little evidence to support any great variation between
the carbon fixation rates of the t#o speciea.

figure 3*6 presents the data of at. "7 in tuo fora
of a histogram and the same rates of carbon fixation

expressed on a leaf weight basis*

1k
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S _
2 . 2.
pe carbon/ jig carbon/
can /hour mg/hour
1_
A B
0 0

Kean rates of carbon fixation by leaves of Potamogeton nerfoliatus
(A) and I* nraelon.rus (B) measured in Loch Uanagan on 15.7.70
(jig carbon/cm”™ leaf area/llour and jig carbon/mg leaf dry weight/

hour). Incubation depth was 2.5 metres and water temperature



‘'mmm it*too of carbon fixation by leaves of K

«rfolia vus a/ih . =3 (pE carbon/e® “ lea ' /hour).
xperlaent A gxporlmeat B
(corning) (afternoon)
P.norfoliatun g. YV £ *%b 3.39 t $e&*
a*a*f « .35 3,31 1 0.73

b'urabor of replicates
Incubation depth Z«5 &

2at@r twaere ture 12.3°

he productivity of bath species as measured on a leaf area
basis is similar but when one takes into account tra PLf

(0.77 for .~ri,plUw8. 0.35 for .praej-.OAgus) -.:>erfoll Sue,
the deeper ranging species, lmia fact almost twice as

effective ip tncreaatng its organic matter -er. unit leaf

fhe third primary productivity experiment carried out
in l-ooh Uanagan *raewit. .. o8r/oljatug and conaiutc-d of
incubating bottles at two v-iter depths; 3. maa in the
previous experl*#Bt8f at the et- rt of the .perfpllatus beds
and ® n9 at the depth limit for tii mspecies* -Osuits are

presented In fable 3*3*



1*0ch Uanagan 16.7*70
[ ©aa rates of carbon fixation by leaves of otarncpceton

perfolia /mm lacabated at 2*5 a and 4 a depth of wat-or with

j

2 ‘m e
) . carton 'a:" 1 t o air),
t.y d”oth 4 s depth
boch water 2.32 1 0*24 1.70 4 . 7
och water 4*10 i. I* 2. bi t .v

+ phosphate
unber of replicates

ater teaperature 1 12.50

The racan ra? of carbon fixation of leave© incubated at
2*5 n was gre-,.ter than that of those Incubated in the deeper
water. In both cr ca the addition of phosphate to the

loch pater stimulit m ther rats of carbon fixation.
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*he Inrger.t series of Olh productivity etut&en was
carried out in the* three limestone lochs (Forrlaie, Croispol
and Lanlish) near Hirnnsr*, .Sutherland* Investlgati™ne
were originally concentrated on Loch Crolspol and then ext-

> il
ended to cover the other two, jeore inaccessible lochs#

In the light of the previous investigations in other
loch®, the first experlmen eh roisnol was designed to

measure and compare the extent of py Influence of addit?.on3

of different forras of phosnhatQ to the loch water upon the

rate of carbon fixation by leavec of ?f-o>foil* tuc. ~he
rates of carbon fixation of the Tt>orfo~i-. m leaves are
Avon in "able %.x udor the conditions of the e “at
the*ad :ition of phosphate to the loch water lid not f-

icaatly nj tar the mean rate of carbon fixation of the ¢

aerfo- tu,> loaves*

able ;'.!(m >rOBanto the result# from two further
mto in booh ’lroispol. eee experiments were
carried out in the mcrnlng and in the afternoon. he

mean v&te;$ of carbon fixation by the leaves in the two
exporiments are not significantly different. "he addition
of phosph to to the loch water did, however, produce ar.

increaee in the © &x.a rates.
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|.ocii Orotapol 4*3*70
reran fateo of carbon fishwion by leaven of -etios e toff
exfoilatug when incubated with loch Watér and loch water

) xhosnhate being added in three

) n/crh leaf area/Zhour)*
booh water | och water Loch water Loch water
] N\
. KH2-04 v “o 4 + NaL£ 0.,
1.90 i 0*83 2# 9 + 0.31 0*>1 X :. 95 i 1.00

leather of replicates 4

Incubation iepth 4.5 &
f ator tenrerature 15°5
»a & Soa
Loch e'rclcpol 5.3.70

lean rates of carbon fixation by leave© of b
>erfoil tun when ires tad with loch water and loch water

) , (fxé carbon/ca2 leaf area/hour)*

Expertnoat & Experiment B

:>91>124!> hours 1245*1643 hours
eLoch water 1.39 t 0,20 1.83 £ ‘.55
Loch water 6.91 1 0.36 4.19 £ >*43

4 pho&phnt©
lumbar of replica.tea 5
| acubatioa depth 4e5 a

Later tempera Cure 15
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ITPURL 5.7

ug carbon/
cm™/hour

bean rates of carbon fixativ n by leaveg oi Potamoyeton “raelo?imug
measured in Loch Jroionol on 6-8.70, when incubated with water
from Loch CroToool and water from f.och Lanlish, where the
specimens were collected (ue carbon/c:m‘(-)~ leaf areaZhour).

Incubation dcoth was L\, metres and water temperature 15°C.



fixation greater tim thorn of .uerfoliatup but this diff-
erence was non-significant in the ease of the Incubation*
in Croispol Kat”r. here is here, however, a situation
similar to that already dose-dbed in Loch Uanagan, where
the two ' ocieai hay© diffar”® values* liable 3.12
ikente the rates of carbon fixation in terns of n% carbon

ftx«d per &y leaf doy wcdght

Loch Groispol

>eon rate© of carbon fixation by leaves of >otasao”™c ton
perrol.li tus from toeh Cyoispol and ,pra”~longue from Loch
Lanliah wucrt incubated with water frona Loch Groisrol and

(ifg carbon/mg leaf dry weight/hour) »

sperfolls tua .prarlongue
'-och Groispol water 2-33 1.%
oh Lanlish water 2.01 3.73

Although# on the basis of comparison, th© leaves of

LSS il possess tnc higher rat© of carbon fixation
in anliah water, loaves of b»perfall L -in Loch rcir-ol
water are increasing their organic matter contc.-.t at a

faster rate than those of “*praolori.cus inqul- In the
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rsfur in LnuXifSh W&tOr SkB is f3U{JEOfsted by ti
i o0a aleaf area bae-is#
tree in si.tu axperlmants with P*perft?llatug were
carried out in :och Croiopol in “aptambor 197Le t&O

experimenta wore carried out in th© afternoon and one In

the mortiinj « "ne* aft© -noon experiments are re orte i In
IMabXe> 3«13*
ah Croispol 16# *7 and 17*9*7-

?eon rates of carbon fixation tyy.leaves OS otyrozetop.

\>erfolia tug whan incubated with loch water and with loch

j p:(POl (pg oftrbos/oauliftl area/hour)
[ I'xperImont A Experiment B
16,9*70 17.9.7

Loch a .L r 732 d. 0*62 2*71 i. C=60

S".72 + 1.r3 e .. -
+ phosphate
Lumber of replicates 6
escubation depth 7.5 a
&&t*r temperature 11 C

In both experiments th© rate- ot carbon fixa ion of th©
leaves was stimulated by the addition of phosphate to the
x flAHioocju c\\*Aa>»c coAd\Vicmi dorvv” H\e. Vu>0 \wcjoV>aV\eui

Were vaiVLj dU”et'ewVp tV\efe beivscj amjcW #jlLete iovuWnA.e ©w. [t.°\.>0

tkaM. i>. €>0.



Che one .-oming experiment ia reported in “~ble J*li**
Ph® same pattern if? s*@n her© as In the previous two exp-
erlssefcts* A ;;reAtor W$* of carbon fixation was found in
the loaves incubated la the loch water with the addition of

phosphate

-jaw.

" N . e .
och Croispol 17* Qe7

ean rates of carbon fixation by leave*? of oy. opeton
perfolia tug when incubated with loch water a loch water

¢+ 20 pg phosphate as ICHPO” (p™; carbon/c

.och water - Loch water * phosphate

|
At 6+ roj/Xlcates 6
I ncubation d*pth 5¢9&

Q
Water temperature 11 C

One exp«risent was carried out In Loch CrolapCl In
October* laot material was collected from five metres
bat the weather conditions snade it necessary to incubate
the leave, in shallow writer (0*5 as)e "e?*ulte are presented

B Again sttttulatlon of tke carbon flsatijn
rate of the leaves was induced fey the sddltioft of hosphate

to the loch wnter*
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111 ~ LIM ijiiiiit,iM nwwwbpi "IMi>ti illP friwti?rr "1 11" PU" T * v T e . fts re 4
n

nN27n4 to the. loch*water algalflciuitly influenced tne rat©

of carbon fixation of the leaver*

Lftboratory 25*3*71
Kean reten of carbon fixation by leaves of otamo*.eton
praclonffus from Loch J.&nllsh when incubated with loch v, ter

a;*d loch water + various concentrations of phor?hate an K?H0

addition of phosphate Carbon fixation fat#
to loch water )
(as A%$/1 )
"“fib .
N JVf'Ty. K 07
« 0.43 + 0.09
3.90 i .
: 0.42 « 0.08
v, Ro,.€jc . . 0.92 * i.17

ator temperatu -e lDrOO

Hie « c-coad ex-erlmen.t was with ..praglonms collected
from Loch orraiie and involved the measurement of the
carbon fixation rate of leave® of this apeclea when Incubate*!
In their natural loch water and in loch wator with additions
of phosphate, nitrate and of both the”e nutrients, la the
concentrations present in Gorhamls aiediiun tm et al.

199B, and Table 7*2 in Chanter 7).



le&n rate* of carbon fixation by leaves cf ota”ogfcton
praeio.n™ua from loch lorralie when Incubated in loch water,
loch water 4 0,496 g/1 a—K>)7, loch water 4 0,039 p/21 gi'?o

H
and loch water 4 both thea® nutrient#in these ooncenirailons

]g car ,
Loch water *10 4, t-¢04
Loch water 4 nitrate - *33 j. ' r
Loch water 4 phonphate 0*39 + 0,09
Loch water 4 nitrate and rho.. h—to | *39 + *06

Humber of replicates 4

water temperature 6 0

the nutrient b.ioanooy tre”~teent© etlMtlated primary prod-
uctivity there wae no significant difference between
the rute of carbon fixation of the leaven when In loch wates
plus oliosphate, plus nitrate and when in loch water wiU the
addition of both of these nutrients*

ffee third expert;.ent carried out in tho field station
at 9umess during Faret* 1971 was designed to investigate,
by a slight modification ot the basic technique, the
relative productivity of the difft-rent submerged sacrophytes
from Loch orralie. In order to go: are carbon fixation

rates of different species from Loch Lorratio, tho plant



tissue war qviohly hilled r*t the conclusion of the incubation
I version in cold 80/ a A, ) -r
of the plant tin.cue were made by washing thro?" time®© in
hot X ‘ ethanol over a 24 hour period* /hea®© extracts
wore up to aconstant volume, a known aliquot evaporated
to dryness oa a pl&nehet and counted far rudicaGtivity.
Ph© extracted plant tissue was oven dried and weighid*
he resuite in liable 3*13 per-it the cos-nriaoa of the

oarbon fixation rates of the ‘different <sociee of varied

morphology.

Laboratory 29.3.71

relative mean ratea of carbon fixation by .otamo#eton

amflJBffifl* IHjauUd* Joyyi“*r-a. eyrloi .lto. snleatuc aid
ViU 11a rr-vicien tto® Loch Korralie (cps x 10 /mg ethanol

extracted tissue).

ANrftsjlangu s «

eippurie 13.53t
yrlophyllua 10.93 4.27
hitella 3.97+0*30
Lumber of replicates 6

Pater temperature 6°9

; .praelon/.ua was by far the aom productive of the apedee
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suand—soluble,

mit ti BUE i~h v~

rXri* im&ry productivity
(0> v/i and consisted
P zhB and two epeeiee
ot §JQTTOIX
if!8v earperljaont waa car v 1 dlh e

Iri0 of IncutetIn”™ leave

with loch water and wit! x v/at™ enriched with
. 7 Kk md 59C mg/1 K-HPC, « ne additional series
ttlee contained leavei t&ediiua aab lophant s

mlie oarboa fixation

4VF nt% iddixion a  xnoamni
r inauced hi Asnion (at ms/1
ia VO«
>] carbon foliatu8 leaves over thfcir
ixation In

>aslc mta

culture me&iur were similar to those in the natur&l loch

water#
nd esrperi&e: was carried out in lochBorralie
08 d Ay X e i V 30X~
FfSi*0 Xt) CU Ty ~RPE X
XOCIl V& %3 *»Jtd t>X0H3 ua J)/ 1M/ X A *fir-1 X20iX y

iJffr'o. « <ne other aorien of bottle® container rxtor from

adjoining aoch -lroisipol. -onul t Ml able 3.20



ter + 390 £s/1 K2«n,, with

/3 :*&d+tur Stthout :hosuh&tO*
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.The mean ratea of carbon fi xattoa for both gpectew In Loch
Lorr&lte wore similar and the addition Of phoaph&te produced
some degree of ©ahanceaent of these rate;?* o0 addition

of both ,39 and 390 tubra [>X0< to the loch water produced
_s_iignig%z_int incireases. in the ca_&pop fixation rate of
~“merfolimtue leaves, but only the larger gmnnsity signif-
icantly Increased the carbon fixation mto of !VprneloEi:us
leaves.

The- carbon fixation rates of th© two species in Loch
i-roispol water were not significantly different frees each
other and the rates are corapar&ble with those in their
natural loch water*

Tho last of the primary productivity wypcrrisawtits
carried out in this ctady was designed to test the effect
Of incubation of leaves of both specie© in all three loch
waters and a "neutralH solution; 0*01 i: }arburg buffer

mj : 5 Xv)* Incu’; r:ied out
in Loch Croiepol. “‘he plant material and water from the
other loch© were collected on divee just prior tc the start
of the experiment* | ©suits are presented in"Table 3*21*

£ro® koch taalleh prodac*- th< significantly

higheat rate of carbon fixation in all the bathia» solutiona
and only in on© case (L.mraelo”rus from iOrrali®© in C-rcispol
water) did any other specimen approach these rates which,

among thauwwlyea, wore not significantly different. Phara was



Loch Croispol
?ean ratea of carbon fixation by leaves of
rerfoliatug fro® Lochs Borralie aad
froi? Loch® Borrails;
from Lochs Bor.ralie,

Warburg buffer Ko.ll

e serfolintus

(feorriiin).
eprsulL
(Borralie'

eperfoliatuo

Xiroispol)

eprai loiigus
(Lanliah)

Buffer

I.Xg 2. ejn
1»30 1 ¢c.1?
£ <6

Jeeumber of replicates 4

Incubation depth

?ater temperature

ok

N\NM Ny +1~

-  hw 1\ N

(ug ca

and lanli&h wi.en incubated

p

lo-.:

L. iorralle
water

1.16 1 0.21
1.28 £ 0.36

1.62 £ G.12

2«ifmE C.19

3*3 m

‘roiecol
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21.6.71
«©tarnor.oton
and P«MaelpngM
in water

CroifrpQl end Lanlish and with 0.01 k

“You 3.

L. CrotspoX
wat<r

1.50 £ 0.33

2.0n £ 0* ./

1.6b £ 0.17

2.30 £ r.:

've Lanlish
water

1.3 £ .1

1.$3>&



e 1

no species which coneistantly produced low ratos of carbon
fixation In all waters, though .pem iIs (Croispol) |
produced the lowest overall r*te (In buffer). rfollatus
(Borr&lid produced similar «<cm rates of carbon fixation

ia buffer arid :orralie wat* r and higher rates In Croispol
and Lanlish waters, ui though only the lanileh-water rate

was significantly -nr. c.praelonivua (;x>rralie) produced
mean rates of carbon fvitton In all waters whichf like
‘.rradon ® ( anliab) were not significantly difrerant
from ©ac t other. :.oerfolt<ftun (Croispol) produced sitriilor

rate of carbon fixation In all but arhurg buffer where it

was significantly the lowest producer of all.
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W C?73:110*

far as trie present inve? tigatioas have to
> LN e, . K-/ TV

measure th© natural primary produefcivliby Of aqu-itic m&cro-
phytes it is concluded that the productivity of submerged
aquatic vegetation, like all other type© ot vegetation is
variable, product!vity being largely cle pendent upon the
conditions under ' hie it measur'd.
summarises the results from tao in situ experiacr.ts carried

531 under near-natural conditions*

'be estimates of the primary productivity of at-- Qfoton

gorfol= ius range between C*49 and 7*32 ug carbon/cm™ leaf
area/;:0i , 1**8 to 5.ft? and ~btu.rtj,f<>lii:g
1.15 - 9*3~2. he standard, errors attached to such estl atefs

are, fey so”™e standard®, relatively high but they are within
the range reported froa other C-X4 Productivity studies of
aguatic macrophytea ( etzel, 1964&% 1964b). ach errors
must not only reflect Inaccuracies involved in the numerous
manipulations, operations and colcalre5 as of the method
employed but, though care was excrcir.ed in chosing plant
material, must also reflect natural variation, such as iaay
be attributable to age”and vitality, within the tis ue of
spoci&en® chosen for ex erinentatlon.

Hartnm and irown (1965)» ‘'alageanu and Tips (1967)

and .Moulder {197* ) have described intrinsic diurnal patterns

Ai*
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of photo©ynthetic activity In ®avorml 3*«ct*m :f isuatie
macronaytea* Bearing la miad the arr©rn nf?c #d to the
various nMaurma&ta required :to attfeate.hti&b* such a claim,
no ©vldeaee has ba&a obtained In th* eresent lavasfclg&tl A
ni,ca i be s&Xd to support tbif Idea#

eu*:i2v. that th# In ultu $.©aaureseats report®?! here

were carried. lidi |tions which 'reflect the broad
3pfctrkii of 1 V; In the habitat*} studied, and
th- t th# "Mas e&tligat**© recorded can b# taken
to m :9sA activity of the snaci©* lavast-
lgud**, ' _ ™S fctjr of the.??0 plant© must be In
the. re-;l »n o: ]

thls fI*"W# hold© for other ©pool©a of tub$#rgtd aacrc -mhyts
is largely unknown# ftttilii frog;, on# ex #i-17%#l e« '--bi© 3#18!

that, a1 a weight basis at Isnot, <4 e<®probably
noc th© case but that ?»p«Gi©s of >Otease; on -/ lev©O a

-i—/h rata of production relative to «Oi-% *-tb*r e:er«rod

tn hoch -ami,;an e-fo.M to# and VW,
bssa a3t*m to hay# stnli*r r» f# of cartoo: fixation when.
Pillar rss
were reported fr - CwmOHRBCais with the sues© ©?'«cl©o la
ItMhs lormils, -> 1 and hanlish. KxporimGat4> in hoch
of ttia‘Xionwss CMAXd r.~t diffarantiat# between th© productivity
of <livarfc 1 tujf and -<>oVti.*4 rollup and, fross th# proEtnt



data, it rxi&t be coneluded thnt on th© basis of carle i fixed
per unit leaf area per hour no distinction can be =ad®©
between the productivity of different Vota opeton species
in any one loch*
Votsel (1964a) reports ratee of carbon fixation of
X»lE a& d/g/hour for llodea cana.uonfeig and ' .83 mg C/g/hour
for derato3hyl s\ deraersum# faking a mean SLA of 1 for
eraecie* then chose figures of atrel are some-
what lower than the pean values reported here, ortnan
(196?) has, however, found rate© of about 3 Kg (J/g/hour for
io lea cana--le.uFi.jg which aeem more in line with the nrc”e.nt
moan i ..nr .
AUy 3. ! » M - | e
-.tract comparison of productivity estimates carried
out o.i differ t days and in different loch© can-only'be
r<d® by way of the r cor i© of incident light onergy measured
during experimental incubations (mo Chapter £)e ven
when primary productivity can be expreesed on the basis of
jig carbon fixed per calorie of incident Xi ,a.; arleons
are &111 complicated by differences Ir* variables of unknown
influence, such as temperature# r the present limited
investigations no conclusive statements regarding differences
in the p)/l;ﬂqgu,cltivitylgf freshvxf_‘a}t?r mvac‘[ophytts in differnt
lochs can .be r}1ade with a vy gr,ea"c. confidence# *tX several

experiments where sufficient light data were available the

primary productivity of the macror*hytus approximated to
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1 jitg carboa/c.o.m ..« | © mad aever&l ©th \eh O©artls i
are 4i mvtIm*& la relation to ©ho%ayntm tl© effi© laacy la
vifc&pter 5 of this theeiflu

‘.vet*©l (1f6>) conclude! that are Is little oar* on
betf Otn bigrafts determinationis and >*3U ©stl~te® or primary
product! ¥l ty* -'hi0 la fGwhmp® sot surprising aa the blames*,
of th# ve$etnlion r”~r- © te am integration of environmental
variables over ai n©h longer period of tin© than any C-li*
produeiivity ©epir NiO* In th© present stud!©a there ala®©

no ohvl'dnr corre”™a"log beteeea the blo&mms of the
vO&Ot&11Qn ia may loch aad ltle'.©arbon fix© tlon wat#e of its

I hpeoiee* This is -soot noticeable In hoeh '.©ran,
'he Sparsity of the vegetation In .this I©eh (Table 1*1.0*-
la hardly con®l:;;tant with a prodiaetivlty estimate rf tearly
I 'P-:.' - ’.-,I_- . . :T]ge

la beeh deven that, due to turbulence and ©?# ictioa,
mcrophytc® arc prevented fron rooting in the syeVise .water
which la the only depth eon© la - . can oh©tocyn theelft©*
The peh.etratioa of light In thle loch (v&mpter X, its very
10*f partly the result of almc t continuous blooms of p-lanb-
tonic elt;ee« It Is a&ftfe’ noa tb.le that, ia this lceh# th©
algae are mtceeoefully corpstin.;.; vith the *mcro$hyi©» for
the available n u tex m{Figure 3*5)e . "

k reat deal ox inforwattb® has accumulated on the -

relative r* t™e of farbon fi waiiaa of "Ptaraogetoa ©peel®©a



when incubated in different loch waters and in nutrient
enrichments of these waters* m:.ordhv r, oldman (1960)

an increased rats or pldaary <N\*$tiviiy «hoald accompany
the incubation of a aetrleitt-llsd ted phyteplaatartfta population
with that nutrient which is a t [ A aJL&llor
criterion has been ae”iad to hold Iin the ‘reseat investigation
of aquatic »&c *ophytoa when a ©ti&ulatlon of tho carbon
fixation rates of Xwsvss has feeaa_%hieved when -they were

iI* routed vith a at/-it t-SnricUed loch watpr or wit tt-r
.rcr  * tnt*r*'r- -och* Tbi# postulate aay be questioned,
however, the ground®© that the addition of nutrient®©,

onch am ro ; te, to loch water alters the pH value (Table
5*23") and thin changes the proportions of bicarbonate and
free 00” in the water and, hence, possibly r4 ean<s ore
carbon fo* fiction by photosynthesis. In. the lowland

lochs which have been dela 95 - cannot be
excluded, but is unlikely ia t* highly buffersd* liaestoae
waters (Table 3*2h)#

In the present studies, 'th* of enhance .out

of the carbon fixation r*te 'y .Leave© inuubated with add-*
111anal phosphate hna not been aonntant, but varied from

Nn o n - least !« a ten-told increase, 41though ~aay
studies havo been \rted in which the enrlabsent bioaesay
technique ha*i bncm used to assess the nutritional factors

limiting algal productivity, >0 previous -tudie© appear to



.och

'rolepol
<aolt sh

evon



iTGiw: 3.8

free Q@ HCO- 0
100 2 3 3

pH

Relationship between pH and the proportions of
free carbon dioxide,*bicarbonate and carbonate

in loch vater. Redrawn fromHem (1970).
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'‘30*t# chemical properties of tse waters of Loch Croispol, Ooch

Gaulish] Loch Levaaf Loch of the Lowes and Loch Uaaa™mn.

(.Some of this data was kindly providM by Or.A*V* olden,

roshwator Fisheries Oaboratcry,
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have been concerned with aquatic microphyte®©. Ithcut a
'knowledge of all the numerous factor®© which sirul tansously
influence primary productivityt any interpretation of the
oresent data, mut b% eju tlon ¢ It cs ly be co L °
therefore that* in the majority of enrichment bloas&ay
expeirt~cnts reported here, the productivity of aquatic eastero-
phyt*. g —~g to ;iave been limited by pho«xph . vatlu Gy. .

Lt %m unlikely that phosphate io the only nutrient
carbon £r*aViov*

, [ - O—Girl c¢ ' . : .
testifies, o- t such nutritional factor®© g te in&efM-
"ently---------—--- r envirc .tal wariebles, r temperature,
turbulence and light intensity, the A o which are,
, \ i.ir.. '

however, a great potential an an effective tool, not only

i e
also for &oaltering pollutant*,and th”ir possiblelnutritional
or toxic effect®©® on the grewth of aquatic microphytes.
;he accurate interpretation of mch studies, however, meet
be nuvdo in eoghlaoape of the other numerous factor® wuie:i ray
be simultaneously influencing growth.

he priaary productivity estliaates and enrichment

bioaajay experiments reported her© were carried out with
detachcs$ leaves, 1.x IS therefore pooLdLble thas ts
as a whole are not as nutrient limited as is .'suggested fros

these investigations. 1a© question as to whether a mi;*ply



of nutrients can be transnorted to the leaves from hther*
non-photosynthetic, meart© of the plant and whether the roots
of submerged macrophytO0 can function in nutrient absorption,
and, hence, help alleviate mch deficiencies, are discussed
in Chapter 6 of this thesis*

Che product!vi ty of leaves of different species from
the sane lochf when incubated with loon water or phosphate-
enrlcaed loch water, have eenerally boon si liar ( Cable 3*2)e
Chief coupled to the fact that specimens from different lochs

ly to different loch waters Cable 31D »
m: .c t; mmf i .t\productive capacity, inclocen .
condic > Ln their natural habitats* Xn so far as tel
ia Xinet.J to phosphate availability and the response of
specieuB fro different lochs to phosphate enrichment, the
atter is raised in -hapter 7 of this thesis, which discusses
the levels of the enzyme alkaline phouphatnse in several
species of aquatic macro Hyte In relation to their primary
productivity.

In concluding this chant; r it 1 thought worthwhile
to compare the findings from thr -r ?it tudies on the
productivity of submerged asacro Hytse with published figures
from similar studies on ot tor types of vegetation*
figure 3*9 presents mch a comparison* hil allowing for
the fact that it in difficult to aske an accurate extrapolation
from a few short-term experiments to a dally production rate?

mj 1 AP m

» o
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(opposite)

roapariaon of the primary productivity (yc carbon/cm”
tioeue areaZhour) of different riant communities
measured under near-natural conditions* -ata from

Drew (pera.coa*) aid recalculated fros Verduin (1952,

19>3) aiid All |
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iitty, att eight boyr . tar. j carbon/c

ar a/hour aa a mean figure for the primary productivity of
ob .~yctop species (Table 3*<T2) end talcing » a© a ,ossible
LM ( "able 1,13)> then the pro activity of t oo© species
Nay approach X g of carbon/_a'g I(.)ch floor/day, This figure
la similar to that "etorsined by Wetzel for th©
macrophyteo of isor <x la ze, California (82,2 ng c&rbon/rarl)v
day) but is, however, only a fraction of sorz©O of those
published for terr©®©trial eneclea and smaller than those
often re orted from freshwater yeriphyton and phytovlaakton
comnuaities* It is, thorefore, cautiously concluded th\t
tho productivity of th© submerged aacrophytes in cottish

frc ithwater lochs is relatively low.



Additional

The viewpoints of Strickland (1960) and etzwl (1964a),
as reported on pages 102* and 105, regarding the purpose of
incubating dark, control bottles in C-12* experiments des-
igned to estimate primary productivity are apparently not
accepted by all workers. he procesnes involved and hence
estimated in such incubations are thought by some to be en-
tirely active metabolic earbo: ylations and not both these
and isotopic exchange within tissue free space as stated.
Similarly, the conclusions reached by steaman-relsen (1957),
Strickland (1960) and Vollenweider and Nauwerck (1961) from
phytoplankton studies, the criterion adopted in macrowhyte
investigations by etzel (1965), supported by Partisan and
Brown (1967) and recommended in a current IBP manual by
Vollenweider (1969), and hence applied in the present in-
vestigations, that in short-term 0-12* incubations * te
of photosynthesis measured approximates to the let rates,
is not generally recognised. It is beleived by some worker'
that in such experiments O-lif will most certainly be lost
in respiration and a portion of this fixed again in photo-
synthesis.

The experimental procedure adopted to estimate the
primary productivity of ag tic macrophytes has involved the

incubation of detached leaves in glass bottles with 25 ml



of loc i water, while the enrichment bioassay exi 'riments
involved the inclusion of an additional nutrient to :Ais
volume. It is possible that firstly, due to the u.irtural
detachment of the leaves and their subsequent enclosure,

the measured response to incubation with C-lk reflects, in
part, this artificial situation and not a true rate of
primary production* Such artifacts, arising from the en-
closure of plants in bottles, have been discussed, with re-
gard to phytoplankton by Vollenweider and Nauwerck (1961)
and deemed unimportant in short-term incubations lasting
only three or four hours* It is also possible, in these
experimental incubations, that a carbon limitation for photo
synthesis may arise through the maintenance of a high rate
of fixation over an extended period of time in such a small
volume of loch water. Such an occurrence could also in-
fluence the results of the enrichment bioassay experiments
v/iiere the increased rates of photosynthesis, arisi : iron
the removal of a nutrient limitation, might well bring about
a carbon limitation.

Utilising the pertinent water chemistry data on pH and
alkalinity given in fable 3.2k (page lifO) and using the
conversion factors from the tables of Saunders et al (1962),
derived and applied as detailed in Appendix IA, the minimal
total carbon contents of the various loch waters have been

computed. 'hese are comparer , in Table 3.23, with the



maxiMai natural in situ rates of carbon fixation recorded
from each locality. It v/ill be recalled that t no r tes
of macrophyte carbon fixation were determined duri ; in-
cubations of no longer than four hours and with leaves of
no greater than four square centimetres. Inlculatin ; the
maximal carbon fixation rates and expressing the carbon
content of the loch water as yg C/25 ml, the volume used
in the incubations, the maximal ercentago of the total
carbon of the loch watfr in ai incubation bottle fixed by
an incubated leaf can be ™ ;ily determined. These data
are also given in Table 3«25*

Viewing the data in L'able 3*25 on the percentage of
carbon utilised it will be noted that in Lochs Croispol,
Lanlish and Uanagan the maximal rates of carbon fixation
recorded come well within the minimal total carbon content
of the loch water present in the incubation bottles and even
including the results from the phosnhate enrichme t a eri-
raents in these lochs only one recorded rate woul 1utilise
as much as 1*0% of the minimal carbon. This latter rate of

+ JAg C/cm” leaf area/hour (Table 3*13, page 121)
being recorded from a bioassay expert lent with Peperfoliatus
carried out in Lock "roispol on 16/9/71* It is therefore
unlikely that during the urinary eroductivity determinations

carried out in these three j jchs the incubated tissues were

carbon-limited.



'‘Cuming now in Table 3.25 to the data fro ; Lochs .evei
aid Lov/cs, a different picture of carbon utilisation ' crges,
where the maximal rates of carbon fixation would recaire
more than half of the calculated minimal carbon content of
the loch water in the incubation bottles and, in the case
of the Lowes data, nearly all of this amount. Therefore,
due to the technique employed in the experiments, a con-
sideration of a carbon limitation to the measured in -situ
rates of primary productivity by the submerged macrophytes
in these lochs cannot be entirely precluded from discussion.
The increased rates of carbon fixation detected in the
nutrient enrichment bioassay experiments in these lochs are

similarly subject to the same considerations



He maximal measured rates (jig C/cm2/hr) of in situ
carbon fixation by leaves of |l-otamoReton species

recorded in Lochs Croispol, Lanlish, Leven, Lowes and
Uanagan; the date of the determinations; the loch
water temperature (°C), pH and alkalinity (ppm CaOCL);
the computed minimal total carbon content of tho loch
water (mg/l); the total e content (jig) of the 2J G
of loch water of an incubation bottle and the percentage
of this which would be utilised by a leaf of h cm2 area
maintaining the maximal recorded carbon fixation rate

over a four hour period.
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COMPOUNDS

IZLtr2=iuctlon

The majority of workers in the field of primary
productivity are content to express their results in terms
of oxygen evolved or carbon fixed. Few are 1 targeted in
the chemical product® of photosynthesis which, from the
viewpoint of efficiency of the proces can be important.

For this rtaeon a Halted investigation into the major
alcohoi—soluble carbohydrate constituent® 6f several species
of aquatic macrophytes ha been carried out using the
technique of gas-liquid chromatography (GLC). The general
principals of GuC for the detection of soluble carbohydrates
in extracts of I1&nt tissue has recently been reviewed by
Holligan (1-971) while tfolligan and brow (1971) give much
comparable data on the separation and estimation of soluble
sugars and polyols frosr a variety of plant tissue.

mcGlure (19?7g) reviews the lite -m<ture concerning the

secondary constituents of aquatic aagioeperrae from th©



viewpoint of phytochemical phylogeny and refers to the work
of MEf (196!)), f cClure and Alston (1966), van .Beusofcoa
(1967) and rate- ith (1968) all of whoa have investigated
the occurrence of the best known branched-chain sugar, aplose

(Figure tf.l), in various species of aquatic ?ncrophytes*

Structure of the s carbon nr- ¢ ed Sugar, Apiose.

:rjo

HOVEH

i
/ \

|& st2

Vart foa the benmMaceao, according to van Beusekom
(1967), t < only aguatic specie© in which apion© occurs are
those &craberr> of the families Kydrocharitaceae, Potamoget-
onaceae axd zosteraceae which Inhabit marine or brackish-
water environment®. uff (1965) also found that, as well
ae apiose, MEhars of the ENTBORAE contained appreciable
guantities of glucose and xylose.

mry few other studies appear to have been concerned
with the carbohydrate constituents of aquatic macronhytes,
though )rew (pers.com.) is PrOgently investigating the
alcohol-soluble carbohydrates in several genera of Mmarine



'‘ethods

Plant material w& collected either from natural
locations or from laboratory culture and, following the
procedure of itolllgaa (1971), mg immediately filled by
immersion in a small volume of cold 93 ethanol. Over a
period of 24 hours extraction of the >;laat material was
completed with three additions of hot 30 ethanol* Aliquots
of this extract were then taken to prepare tho volatile
derivatives for OLC analysis. This initial study was
purely qualitative and no attempt was mad®© to determine th®©
absolute quantities of carbohydrate present in the plant

V. RgaoVU cue tu v«ioO\w® Vwvwu ou-"} e

uit"blo aliguots of the alcohol extracts were dried
at JO'Z in quickfit flask® under vacuum uing a rotary ilia
evaporator and the dried material was redissolved in 1 ml
of pyridine. The volatile derivative© of th “soluble
carbohydrates (trl&ethyl diailan&ne others™ were prepared
by the immediate ad ition to tds pyridine solution of 0.2
ml of hexamethyldlsilazane {k S' folioa©d by 0.1 ml of
triJaethylchloroailan© (iVCI). he reaction flakes were
tightly stoppered and shaken rapidly, usually oversight on

a mechanical shaker, until analysed.



n Lixn were analysed using a Pye serlee 1 4 analytics
gas .chromato,;r;'ii6-with a glass column and fla»* ionisation

disc
- coupled rt reeor *r eleatyonie in t*»

gr&tor. < kelusm packings were prepared as described by
Holligan. (1971) and all camples were analysed on a five feet
TE 52 coluam (acid washed, sllanised i alocate C ae solid
support aad methyl phenyl silicone rnm as stationary phase).
Dxygtti**free nitrogen wan employed ad the carrier gas and
flow was ralatsined at 4~ al/oir. Jennie* were injected
into the coluan with a IQ jjl syringe fitted Pith a 4*5 inch
etaitileaa steel needle. All analyse* were car led out with

a t oven temperature brbgwuaae of 140 « 2/9 C, at 4“'/sin.
Lnknown carbohydrates were identified by reference to
waspi a of known composition, prepared froa biochemical
grade r«-* -*ni8 and reacted in a similar way to the unknown;
also by tiie uae of Internal standards, and y their oharaa-

tart*tie relative retention timed with reapwet to alpha—

glucose and sucrose.
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iLC separation of soluble carbohydrates from:
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11+9
(b) xeavta3 lgegr.tris and "(%&d) Gobelin dortmanna# A ur
and h.>b -rewent the trace© obtained fror dLC analysts
of extracts of J.o-.oa canadensis and jrio; :yi U . al -florna,

while figures ~*1?c and illustrate the diverse pattern
of carbohydrates present in two species of the eiacrophytic
algal genus .:hara, Cha>m as ra and .”am, hllk§8m »

From the data presented in the figures and table it
would appear that there are relatively few r&ajor alcohol
soluble carbohydrate compounds present in aquatic angiosperras,
these being fructose, sucro? e, glucose and one other# rhie
last compound has a similar relative retention time to that
of rnannitol but it is not in fact, mannitol, alnoe co-
Chromatography with an internal standard containing rannitol
produced either two peaks, or else one peak with a pronounced
shoulder* indicating the presence of two distinct but similar
chemical fractions# ?r©» the data of Holligan and brew
(19?1) the relative r tention time of this unknown carbo-
hydrate indicates that it is probably a six-carbon sugar,
or a polyol#

"hough the composition of the carbohydrate constituents
changes little in the specimens inventigr ted, there was
some variation in the relative proportions present both
between the species, as sight be expected, and within the

tissues of the sst&e species. ills tissue difference is



150

most notlpcatole when comparing th© turlons and leaves of
Ibta iorC*>ton 7erfo llatus* large quantities of sucrose were
present in the turlons relative to glucose whereas the leaves
contained more glucose t'.&n sucrose* In this context It
Is interesting to note the findings discussed by riillman
(1961), that turion development in marns species is promoted
in both the light and the dark by the addition of sucrose
to tne medium while glucose was effective only in the light*
enrsen (1954) had previously noted tha fructose and maltose
also promoted turion develop cnt# suggesting that under
conditions of abundant rugar availability somo la channelled
into the storage OTg&tw, the turlons* A similar situation
may occur In anclwoeds where, for the specimens of
p.porfolia tjr; aualysed, sucrose was the main storage substance
|
'hough sucrose was present in all the species of

otarno/ioton lavestiga ted ( (able 5*1) and oc :urf£ inlarge
\Ww ravahow WWMAE fayar alcoVtA- VONOVAW Ggv boUsOr<x\en

atihd 1 . -t p.; .p (both roots and ri< . and
bhara asoera it was noticeably absent in samplesof Lit orella
uni flora, Tnoetes lacuptrls, Aodea can&don 2ta, $*ynophylluri
altemlIflorum and Alara r,aplllo?ua whieh ™~e?re analysed,
though all of these plants, except toetog lacustris*

contained several other carbohydrates. ?he samples of

looetec lacustris which were analysed only contained
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appreciable quantities of the unknown carbohydrate which
has a rel itive t/ tantion tl e of 1*1 and which eluted from
the GLC ",olu n at a similar time to that of maanitol.

Vigorouely ~rwi.v. cpecimens of ~otamogeton species,
collected either fro?' the field or from stock cultures,
iv\ rtfaWowv VWew  \Md>A aVc™UoN - to\ubh cavbeWMdwht
contained” 1abl® amounts of sucrose in their leaves*
Specimens which were losjj vigorous, and producing turlons
or veget tive organs for overwin taring, possessed leaves
with relatively little sucrose while the overwintering

v\ veloWv«

.nmcot himda;it ;-ncrC".c # \.r .r mc
that the variation in carbohydrate composttioa detected in
the present study can, In part, be explained y & seasonal
imbalance of the carbohydrates in these plants, brought
about by different stage®© in their growth cycle* ny
critical study on the carbohydrate chemistry of aquatic
macrophytea should therefore ta'.e into account this possible
variation in relative carbohydrate composition of different
plant tissues which rfay be due solely to the stages in their
life cycle. At resent the regular collection of specimens
of several species to being undertaken from several lochs

and it is hoped that a quantitative carbohydrate analysis

will be performed at some later date*






of four hours while raaintalned at a temperature of 20°C in
a constant-temperature water-bath* After the period of
illumination the spool.non was removed from the container
and ser”arated into three portions* (1) roots and rhizomes
(never in contact with C-li*)t (2) stems and (J>) leaves*
Bach portion was immediately killed by Immersion in hot 95£
ethanol and alcohol extracts ad© from each portion as
described for 3LC analysis*

ach alcohol extract was concentrated to a o»rail

n 0 -
vacuum at kO C in a rotary film

voIJme by evapora.ltion ulnc;er
evaporator and spotted on a paper chromatogram ( hatman Mo*l)
following the standard procedures (Feinburg an mith* 1962).
A marker spot of sucrose and C-14 labelled glucose was used
to aid identification of the unknown substances in the
tiaeue extracts#

A descending chromatogram was run ovomight at room
temperature using a solvent system of iso-propanol:a-butanol:
water (U*:2:3*), ( biith, 1962)* The chromatogram was then
removed and allowed to dry* before being placed in contact
with a pieco of kodak crystallex X-ray film in a light-
tight packet and left for Ik lays* The chromatogram was
then reroved and the film developed in 1) 19 developer*
following the procedure described in Chapter 6.

The paper chromatogram was cut into strips parallel

to the direction of solvent flow and Centred on the ori?;inal



spots. heoe strips were scanned in turn for the presence
of radioactivity using a Nuclear Chicago Actigraph, “Odel I1I
coupled to an Integrating chart recorder* i?iaally the
carbohydrates on the chromatograms were developed chemically
by dipping in a ablation of silver nitrate in aceton®©# drying
In air and then spraying with alcoholic sodium hydroxide
(frevlyan, “yoctor and Harrison, 1950), v.hich produced brown
spots on a pale background* h;e spots were rsade permanent,
and the background was removed, by quickly dipping the naper
la concentrated ammonia, then washing with tap water for

30 minutes*

esuits and iseusJdlcn

. Lgure L.& presents the autoradiogram of the ehrost-
atogro”e, indicating the presence of the sawe siagl© 0*14
labelled substance In all three extracts (root, stem and
leaves)* Nils mibstance la not glucose as it runs slightly
slower than the marker 0-14 glucose on the paper chromatogras*
rhie finding is confimod from the scans of tho actigraph
(figure 4*7) where the single peaks again indicate the
presence of only one radioactive substance in the alcohol
extracts* Using the known marker repots and by comparing
the developed paper chromatograma (>i pure 4*8) with the

autoradiograph and with the actigraph scans, this sub”taace

X . * iti-. i _V/‘;-:m‘ﬂﬂﬁé"}_ ol I, » X

15k



Ficure 4.6

Autoradiograph of a paper chromatogram spotted with an ethanol,
extract of C-14 labelled photosynthesate of Potamogeton

perfoliatus. 1, glucose marker; 2, root extract; 3, stem

extract; 4. leaf extract.



as;.-" kn

(opposite)

Actigraph traces of a paper chromatogram spotted with
an ethanol extract of >14 labelled photosyothesate of
motaiaojsetoa p.erfoilatuo, i, glucose marker; 2, leaf

extract; 38 ste.* o tmctj 4, root extract*






FI “rr; .8

O

diagrammatic representation of a paper chromatogram spotted
vo-th an ethanol extract of GHj- labelled photosynthesate of
'‘Qd™Qd~ton porfoliabus. 1, leaf extract; 2, stem extract;

/, root extract. S, sucrose; G, glucose.
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Is confirmed as sucrose which has travelled exactly the
same distance along the marker chromatogram as have the
O»tk labelled anot® In the plant extracts* ?hua, under
the conditions and duration of the ©Oxperijssnt* the only

major alcohol—-soluble ej'oduct of photosynthesis of 1»x>orf-

oliatue ru rose# his was foundiin the leaves# stem®*
roots and rhisoaea and thu® wuot also* it same reason!;.
oud d
X - #

As mentioned previously (in discus ion of QJ'- results)
there are generally other carboayurates proaent in the leaves
of '»nerioi.ivttu0 besides sucrose* ibis ft thing 1b also
substantiated from the paper chromatogxM®* 1-ure ke3t
which indicate the presence of glucose and several other
cok rounds besides oucross* As these were all ualabelled
with "4k they must have beun synthesised prior to the
expert senve

In an endeavour to discover the rate at which these
other carbohydrate fractions are formed* the previous
experiment was repeated* his time* however* only detached
leaves were us&d as in the primary productivity
experiments* and the incubation period was 36 hours instead
of If* paper chromatogram of an ethanol extract of leaf
tissue was spotted and run as befor® autoradiograph sjae
-mrepared and the chromatogram was chemically developed#

Ko actigraph trace was made but an aliquot of the .ethanol



' 1%

extract iffté analyst& by OhC u&tng Lhe method previously

described, 'he autoradiograph indicated that as- ttt only

on© fraction cfttstalned 0*14 label (suci'Ose), though the
ae of

picture was so*k d due to heavy loading ofj~the

s ul consequent streaking of the chroseatogr«&e
dhe resulting trace frois the HXC analysis of an aliquot
from the M f sample Indicated that only two alcohol-soluble
carbohydrates were present in large amounts in the tissue,
namely sucrose and the unidentified carbohydrate with a
retention time similar to taannitol* bur, even after 36
hours, sucrose ia the only alcohol soluble carbohydrate
which can be clearly detected as being a product of photo-
r.yrithssis oif£a\j.tm; l«;;ves. taring she j,a, ,a&&
experiments that have been carried out, it is therefore

likely that for »>O. follatus at least, sucrose is th© only

storage substance synthesised, iurtber, mine© appreciable
*.Vavinc VoU cVUr oAcallaU voMubta, aoN\SRAMIdIvaJtt
qua ,ti cm . e ecrooej™oc : La nil o? ,1 ot ,.

investigated by OM the same substance o&y well to the
initial product of oh©to synthesis in this genus. ucroae
Say also be the main storage carbohydrate though further

laves is of this topic aro required*
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16 sxtfsc®!u» i r rolease algal colls of phoio*
asalallated eo&] ottado ae dl&calved organic c&rboa (;XC) has
la r*cont year® received constderstola atientioa* WCtsei
(196 ya, 19f>9b) appears to he the only worker to investigate

this .\i%ao$i%tion in aquatie »acrophytea *Ith hie sot* on

Bp'fcci®Oj though tsaeh essesett*,-a bu ©s-te M|> T
aettt & ojNM'ftiilesat pcrtion of £j0GG phsi©©ynt**C'jl wWaX |

. Excreted organic compounds fro% ii&ck \y igU *
well bo utilised by epiphytic bacterial* alpa omula tlons*

' Otzel (1969b) amassed &ta to deaonstrnte the in Factions

n *c0 *yathesis and qgac-re OC. tMeal
scrojsby t® 1nh&bliia ¥ ~arl I$tkss« lion
X© «an.s dubliahcd 3* va reEar

sio2tilo® wort,>cit wxs Ov  ich excreted organic products*
t.d here ao &ea&t*re o* rate or
4 w ©1 ~>Q-oxX w W°BVic aacrouaytes en

AVVONSW2Y &Jt th QFtwx Ot 7d'~V A been made to Wii ¥ / ao”e

a1 IR TYERVIIN
M &vdBRIRAT Fiia Wimai ™Hh x>
” C la Vater was developed by = acearc S*U

3 s B IS......
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inorganic carbon: the released 00™ nan .ing through an infra-
red gas analyser enabling quantitative measurement to be
made, etsal <1 ;69&) determined the photosynthetic rates
of carbon fixation of macropbytes by the uptake and incorp-
oration of C-lb labelled bicarbonate of known radioaaaay.
fe monitored the excreted OG by combining the technique®©
for the analysis of total DOC, with radioanalysis for the
C-1h in the gar phase, Thcso techniques permitted the
measurement of the rate of excretion of DOC to be i budied
under varying environmental parameters, Mone of the
apparatus asod by Faisal (1969a) was available for the

present study,

Methods

In the present investigations whole shoots of F«parf-
oliatuQ were collected from stock cultures and washed free
of obvious algal contaminants, Gut ends of the shoots wore
sealed by immersion In molten eicoaane wax, and a number of
shoots were incubated for six hours at 20 C under three Qro-
lux lamps in a solution of 0.01 Warburg buffer labelled
with :-1t sodium bicarbonate, At the end of the incubation
period the plant material was removed and quickly billed in

5 ethanol. Aliquots of the bathing solution were

removed from the incubation flasks and evaporated to dryness

*’).



at ’\O©r. ©nder. vacuum in a rotary film evaporator, and then
taken up in a oaall volume of 80/ ethanol. An aliguot of
this alcohol extract was evaporated to dryness as above,
taken up in 1 ral of pyridine and an&lyaed for carboitycrates
by_J? 40?(n_ f/jievscribed previously. Another allquo/ of t:-e
ethanol extract was spotted on hetman No*1 chromatography
paper and a descending paper chromatogras was run, following
the methods previously used. An autoradiograph Of this
chromatogras was prepared as before. n alcohol extract
of the plant material was also c*ade and this ran on a paper

chromatogram with the oxtract of the bathing ‘'volution.

'hi© plant extract wa.s also analysed for carbohydrates by QLC.
fc iU a:d mea0B310f}

An in previous experiments on the carbohydrate products
of photosynthesis of .perfolia tus. the only labelled sugar
ofctj*ned from the paper chromatography of the ethanol *
extract was sucrose while the QLC analysis (Ukure k.9a)
indicated that only two r,aJor carbohydrates were present
in the experimental plant Material: sucrose and the
unidentified carb(i':py.dtrvvate‘ro/\o/vith a relative retention time

of i.l. herefore if any ethax ©hydrates

were excreted during photosynthesis they were probably

t m - MW i Y *m in 1 |
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producis In axaalc cultures of g.ias flexilic. lhus* the

extracellular release of sucroae byperfoila la
plausible lii the 11 <kt of the findings from other invest-
igations* hi®, however* by no mean® ex.. seiMHty

of the excretion of such substances aa glycolic acid and
other aralno acid© not eetoeted by the preseat methods*
little 1© known of the qualitative and quantitative
significance of the excreted *XXC of aouatic macrophytea to
the surrounding bacterial* planktonic or even aacrophytic
populations and its role in ecosystem metabolism* though m
distinct functional role has be,n postulated ( ©Otsel* 19690)*
The literature on substrate assimilation and hetero-
troVuy in the algae reviewed by Smforth (1962) indicates
a wide range of organic substances which can be utilised by
phytoplankton* among the® sucrose. The use of sucrose as -«
a source of organic carbon for phytoplankten growth has
been demonstrated by *ogg and Belcher (1961) for rribo.rkaf
and by .and .yer©®© ( for dcenedegnus:
and though heterotrophy hab not been directly demonstrated
for aquatic nacrophytes certain species of '/Gsam are able
to grow in darkness in the presence of sucrose (Tillman*
1961)* and in general sucrose* glucose an fructose promote
the growth of .©&aa under a sub-o ilri&l light condition and
thus a functional role for the dissolved organic matter

excreted by aquatic macropkytes cannot be precluded; yet
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The stud; of !Udhl in freshwater8 has beoa undertaken
as a joint reject by refem-m ih.Ulo Spence, vrs. .H#
Campbell and myself and full remits will be published
shortly in the Journal of Freshwater iology* m ly those
parts of this work specifically related to the re-, rit study
are reported here.
Observations on the light climate of m .mrped fresh-
water -Hacropbytes have been undertaken for two purmves:-
(1) To determine during the 1. nltu primary prod-
uctivity experiments the quantity of light energy
available for photo ynthesis*
(2) £o gather lafoi :&tion on the quantitative and
gualitative change® in the passage of light
throu . frt shwater and its possible influence

on the submerged vegetation.






at 15 emte intervals throu ghout the cours© of anexperiment.

Underwater records were v-iade by attaching to the
instrument a two metre fibre- t ¢ cable terminating in a
teflon diffusing Frro”; « Phis screen ensured that the
directional raspo"-\ec of the instrument was proportional to

e cosine o cident light, except when near
horizontal. his approxi:* f© oonformance to Lambert's
Cosine aw eliminated any need for precise aiming of the
detector and is important because natural incident 1llprt is
utilised for photosynthesis regardless of its direction of
propagation# taring all observations the teflon |lift using
headwas held facing upward®© on a horizontal ' e.

Che electronics of the instrument provide an extremely
narrow electrical nois© bandwidth and hence a stable meter
responoi' to the incoming 11 ht lea . "he light beam la
interrupted before it reaches the light sensing planar
photodiode by an electromechanical chopper* lhe mono-
chromator is an int<rference wedge and the wavelength is
varied by lengthwise ovemeat of this filter between the
light entrance Lit and the ensuring photocell. -he
bandwidth of the instrument Is 15 nm over the range
?So - 750 ns.

the spectroradiometer was calibrated at two monthly
intervals against a standard light source at a conctant

current in an |1 SCO calibrator. 'he call bra"f standard



wa*3 a ribbon filament tungsten larip ( hype 18A/fIC/2 -6V)
which in turn was (standardised against a Canadian Research
Council calibrated colon - are and luminous intensity
lamp (1 SCO No0.125). allbration charts were prepared by
determining at successive wavelengths the ratios of actual
spectral intensity to measured spectral intensity* i'he
correction of observation® taken at any wavelength was made
*» multiplying the observed values by the calibration factor
of that particular wavelength.

I'hne instrument reads directly in uwatts/cnp/sva and

the chart recorder plots the percentage full seals deflection

of this reading against wavelength. Accuracy of the
instrument Is 3) ~ but inaccuracy IS reduced to 8 - 10#
by the calibration described above. ater part of

this remaining error la due to uncertainty in the calibration
standard itself.

fhe area under eacu recorder plot (Figure % 1) was
integrated for each 25 am waveband* th© appropriate correction
factor applied and the fi urea summed to give a value for
the total irrvdlance Up.c - 75c nm). All records obtained
during the course of any one experiment wore pooled and an
average value for the spectral intensity measured throughout
the Incubation period computed.

Hie majority of the in situ experiment© wore car led

out at depths in excess of two metres. tie to the limited
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length of the underwater probe no records of underwater
light could be obtained at the e depth** Estimates of the
light energy received by tne plants during these deep
incubated experiments were mad®© by applying an attenuation
coefficient (V-'estlnke, 1965c) to records of spectral intensity
made in shallow water (usually at a depth, of $0 cm).
This method was thought preferable to measuring the incoming
radiation above water and then Applying some correction
factor to allow for water surface reflection and refraction
(Bauberer, 1962; Vestlake, 1964) the values of which are
uncertain (Vollenweider, 1969)e

easurecentB of attenuation coefficients were made
with the opectroraflometer and recorder placed on a oxion
platfom standing in at least 1.25 tn depth of water with
the detector held horizontally, facing upwards, under water.
“nuor ‘am weather co-. - -ions ar >0ficible. scana of
the underwater visible aoectrum (400 - 750 aaO were made
at 10 om depth intervals down to the li&it of reach of the
glass-fibre, optic robe and sensor head. The recorder
scans were processed as Ascribed previously and values
calculated for the spectral intensity recorded at each deuth.
These values were then plotted oeml-logarithirdcally against
depth and only those plots that were sensibly linear retained.
on-linearity of the clot arose through changing overhead

light conditions during the time of the exreri .anfcal
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evidence from measuregents isade V/ifch selenium photocells
(Spence et al.. in press) to suggest that such observations
hold good, in soste lochs at least, down to a depth of eight
metres. In the praeent study this observation is aaaumed
valid for all the lochs investigated. Attenuation coeffic-
ients calculated by the itthods outlined above are presented
in Jable 5*1 while they are graphically illustrated in
Figure 5.2. The variation in the values of these coeflic-

ients are discussed In a later section of this chapter.

Attenuation of light in Loch Croispol, och ;even and loch

of the Lowes, each measured on three sc arnte dates during

Attenuation

Loch ate ©efficient (2e)
19/6/70 0.56
Croiaool 4/8/70 C.55
16/9/70 c.57
4/5/70
Leven 2/7/70
14/8/7:
30A/?0 0.76
Lowea 14/5/7C 1.20

13/8/70 1.3C



FIGURE 5.2
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Attenuation of diffuse down-welling irradiance (jiw/cm") over

the range ifO00 - 750 run, in relation to depth of water,

computed as lines of best fit and expressed as percentages

of subsurface (0 cm) irradiance.

© Loch Uanagan 15.7-70 O Loch of the Lowes 30.Zf.70

b Loch Leven 2.7-70 O Loch Croispol Zf.8.70



The percentage of light transmitted to the incubation
depth of the plant tissue in a productivity experiment was
calculated by applying the attenuation coefficients derived
as above. the value of the light energy was found with
reference to the chart records of underwater spectral
intensity by simple proportionality and thus the carbon
fixed by the leaves per unit area, per unit time was related
to tho li> it energy.

The topics of terminology and units for use in the
measurement of light underwater have been reviewed by
Strickland (1953) and by Westlake (1965c). The spectre-
radiometer used in the present studies records in units of
jiW/cmp'/mi or pw/cmzlwaveband. One watt is equivalent to
one joule per second and thus the light energy can be easily
expressed in terms of joules as is advocated by estlake
(loc.cit.). The use of the joule or ilojoule would also,
strictly, require the adoption of the square metre as the
unit of area but it is felt that the results of primary
productivity experiments based on units of square metres
of leaf arc ; would be difficult to interpret* he calorie
has been adopted (1 cal = 186 joules). By transforming
j . 2 to cal/cmZ/hour (by multiplying by 3.60if) the units
of light end*gy and units of primary productivity (ug 0/cm?/
hour) are then compatible and hence carbon fixation can be

expressed in terms of jig C/cal. Appropriate conversions



can, however, be used to transform these units Into those
which ..ay b© more acceptable though, perhaps, In this study,

lees meaningful.
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‘he underwater li“ht field is characterised by two
vectore (Vollsawelder, 1969)?-
(1) A vertical gradient (attenuation or extinction)-

a quailtitative change.

qualitative chans®*

iheee photic conditions underwater are a combination of the
cfieeta of the incident irradiance, the absorption of this
by the water and its scattering by the suspended matter of
the water. A guantitative change with depth brought about
by such parameters is tamed vertical attenuation and ia
merely a diminution of light with depth. he measurement
of thio diminution has boon dolt with in the first part of
this chapter. Current terminology favours avoiding the
term extinction and replacing it with attenuation though
for all practical purposes they are syaonomous (Westlake,
1965c¢)* The influence of intensity and spectral composition
of light oi the distribution of aqualt;i;:V v-leAert'zJ;lEcion has been

discuafjed previously by Shirley (1955# 1975) and Ges nor

(1955).
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She effect of light intensity upon submerged aquatic
vegetation are two fold:-
(a) The induction in several species of a degree
of morphological adaption.
(b) The effect of light intensity upon photosynthesis,
both these points can be related to the natural distribution

of the species concerned.

m et <4 on griorpholo.gy

Spence end Chryetal h«vo shown that the ability
of several botamogeton species to produce "mm" and "shade"
ada ted leaves under laboratory conditions of varying light
intensity was directly related to their natural zonation
with depth of water, so that habitually deep growing species
were easily induced to produce "shade*1lleaves while shallow
plants produced "sun* loaves. ‘hese workers also compared
the photosynthetic response of these sun and shade adapted
leaves, concluding that the photosynthesis of shade species,
from deep water, could be limited at higher irradiancec by
an inability to alter their leaf morphology and hence
increase their capacity to absorb 11 t. ‘hey were able

to photosynthesise in deep water, at low light Intensities



due to a lowered respiration rate per leaf area* which could
in part result frost a lower ratio of leaf weight to loaf
area, itself an adaption to absorb more light per unit leaf
weight#
In a recent joint study, not reported here in full,
pence, Chryst&l and Campbell (1)71, in press) hat© invest-
igated the leaf morphology of several species of .otanogetoru
In Scottish lochs, throughout a period of nearly two year®,
finding that measurements Of specific leaf area (SLA: com~
leaf areaZag leaf dry weight) corroborate the laboratory
findings of Ipencs and Chryatml (loc,ett#)» that light is
important in controlling the distribution oi submerged
freshwater Msrophytea* Igur®©® 5*3 showu tm t with no
overlap in rooted depth there was no overlap In SLA for
two species in one loch and in another loch inclusive range
in rooted h for two specids was accompanied by inclusive..
specific leaf areas* Wwo further observations can be iade
from the SbA d&t&s-
(1) It would appeor that, regardless of species,
the relations)!lip of SLA and depth 1® similar
. for any loch*
(11) r*oerfollatu&In three lochs ha® mutually
exclusive ranges in SLA*
Tho eOEputod regression lines of MbA upon depth for

mXx %iail and "*perfoll&tus in Loch llanmg&a arc rmctlically
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specific leaf area

0.2 0.1+ 0.6 0.8 1.0 1.2 11+ 1.6 1.

“lie lines of a least squares analysis of specific leaf area
(cm" leaf area/mg leaf dry weight) upon depth of water (cm)

for; Potamogeton crisous and p.nerfoliatus .in Loch Bailie na
Ghobhainn (O0); P.x zizii and P.perfoliatus in Loch Uanagan (m);
P.perfoliatus in Loch of the Lowes (o). The least and
greatest error mean square are indicated and rooting depths

denoted (©).
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confcimxous implying a fixed r<invloi*>.1ly between depth ana
SLA regardless of species. .his implication 1© further
strengthened by the data frora Loch Faille aa Vaobhainn.

PHO regresslo . i/ for . *erfoliatus i e Lowes
iIs practically parallel to the boah banag&a line for the
name species. "has# lochs have similar light attenuations
( able 5*1) while Loch Bailie na Ohobhalim is a clear water
loch similar to Loch GrOispol. It is suggested that the
rate of Increase in 3LA is inversely related to tho sean
light attenuation while absolute values nay be influenced
by other parameters*

The range© in SLA exhibited by r."orfollatua are
interesting in tens®© of zonation and limits of colonisation*
| .Dorfoltatua can achieve a lower SLA than it does in Loch
Uanagan where *x siail and elon-.;us occupy the shallower
water where its theoretical ’'LA should permit it to grow.

Thia restriction In rooting range could arise from compet-

ition or perhaps substrate factors. In Loch aille na
r.hob'ruvinn - not grow a-? 'a mas itc teat Lai
rtA should peratt. ere the limiting factor could be that

the very stoop and unotable marl slope is preventing rooting
or that the opacity of tho &eeolimnion is drastically

reducing the penetration of light ( '‘pence, 1971)*
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"her© are a number of reports on laboratory studies
of th©® photosynthesis of submerged aquatic macrophytea
carried out under varying light conditions (Spence and
Krystal, 1 ) >ut few field studies, e.yor ot al.(1943)
studied the relative rates yf apparent photosynthesis in
several soecies of aquatic maerophytes at depths ranging to
ton metres, well in excess of their natural depth limit.

In all specie® tested the rate of apparent photosynthesi©
decreased less rapidly with depth of immersion than did

the light intensity, imilar results have been reported

by wuttner (1965) frory even greater depths and in the present
studies primary productivity experiments carried out at
different depths have been reported and discussed in Chapter
3» ith regard to photosynthesis and water depth, many
limnol©gists have shown that the depth of penetration of
light into Y/Zater can vary greatly with the time of year
(Sculthorp®©, 1967) and it Is thus possible that at come
periods photosynthesis is pcsolble under a great depth of
water yet, on other occasions, is not, uch a seasonal
variation in the attenuation of light bas*h<*en recorded

in Table 5#1* Over the ncriod of ht*Umre®eats, Loch
Crolspol had the lowest attenuation (i.e. the deepest

penetration of light) and this varied least. Loch of the
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Lowes*had a low attenuation in March but thin rose during
the sua&er as did that of Loch Levon, though the highest
value recorded In Loch of the owes corresponded with the
lowest value fro& Loch leven. *heae differences in the
attenuation of light, especially In Loch Leven, are, most
probably, a direct reflection upon the variations In the
phytoplankton populations of the lochs and upon the quantity
of colloidal and particulate natter. ocha ailie n&
Ghobhainn, orralie and Lanlieh are phytoplankton-poor,
lineston® lochs with clear water like Loch ‘roiapol while
Lochs Achtrlocht&n and Uanagan aro comparable to Loch of
the Lowes. Li&ilar attenuation values were recorded in
loch Lanagan as are reported for -och of the Lowea.

he primary productivity of microphytes is ultimately
dependent upon light, thus as light is attenuated in water
there 1(3 a theoretical depth at which photosynthesis cannot

L ] - .
As noted in Chapter 1, .feulthorpe (1967) concludes that it
is this limited penetration of light In freshunters which

confines the rooted, vascular plants of

raost ten metros OF leao* Regarding the depth 1imits of
cow. isation recorded for cottish able -.17) and
the estimates of light attenuation given in liable 5.1 a

Similar relation ship sec as apparent, da* ent colonisation

being recorded in tho elear-watey, calcareous lochs,
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in loch Crolspoi* 'hum a iru-e co”ipairl™a 1#
dirn«uit n™4] poHt&ro, not vtilil fro** the litited d&ta
available, If even possible at all*

"he ovemI|l1l 1mmortance of Ught quan4liy in UiO
aquatic habit®t t&orviore cannot be neglected# jet at the
.mm* tlao fro*& t&e prosent rtudloo with «ilMirg«ti aacrophyteo,

com# of its effeets.are difflaull to jutlgo*

Hie effect of char*soa ia
11&%4r I bation mud productlfi ty i Pn @#d aaere* hy t#0 ha
been discussed ta tho first pa f this Chapter« 4
secoad x ®re oj the 11' i Properties of freshwater lochs
which cay reflect Units aiu upon distribution and prod™*
uctirifcy la the tfcsrinfciop ,n light quality between different
water bodies, brought. a*s< ; by the Hfferextilal truaiafcieelon
atd sb”crptloa- of light < alffAfront wavelengths a&c
oxyr~ecerd gdallt&tivtly la th® vrtor colour* _Theee water
coloefrs extend from tho clear, utrial blue~gr#e» wotOf®
of" the llfteespM. loche ihrou&h dark™ e*at anrf.chef, , !

outgop&Lc water® to darH”brown, peaty**
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known ©f the? extent to which variations In 11 ht quality
affects J™acrophy.t© photosynth' sia and hence limits of down-
ward colonisation*

lie tjtaiori®y of /mrk published on the qualitative
changes in andwrwtf** aooctral intensity have been carded
out using SfStokm$ oeleniurh photocells and a serien of
coloured, broad~b&nd filters (vie~tlake, 1965c), few results
have go far been, published of underwater spectral I1?it?>Rsltv
men33rod dir©tly by a 7%)cfitt*or*<lit.ort7lor nuch as has t'CQii
employed in studies reported hero* he majority o.f data
stcrs from th© marine environment and has be n w”Ill re-
viewed by Tyler (1965)* Naiag a Scrimpl® submersible
spectrOradiometer described by Tyler and "faith (1966) these
authors have published accounts of the optical properties
of Crater ‘'«ak«t Oregon, IT*3#A. (Tyler, 1965* Tyler and
jf&ith, 1967), while in this country Tailing (1970) using
an instrument similar to that employed in the present study
has reported briefly on observations made In Blelhasn arn*

& with all the studies reported here observations
have been mad® in a number of lochs which, based upon a
previous purvey (Spence, 196?”, probably approach th©®

extremes Of the optical conditions found in Scotland*



ethoda

Utilising the asm®© observations on U|]3kt intensity
and depth used previously to calculate attenuation coeff-
icients (Table 3*1), attenuation coefficients were calculated
for every 23 tm waveband of the visible ©pectrua (100 - 730 an]
by the sarao methods as applied to the whole apectruts. 22or
oach depth record the percentage composition of the spectrusi
(kOO - 73c rua) was calculated in 23 at* wavebands so that
changes in spectral composition with depth could be easily

recognised.

“H Jin.kka

I&ure 3*h presents data on the diffuse dovvavvelllng
Irradiance (jiw/ca ) in relation to wavelel. FoAe-
at subsurface (0 m) an at 1 a depth of water, derived fram
who calculated lines of beat fit of IQ8girradianc”/23 a@a
UpON depth, and serve to Illustrate the changes in spectral
intensity with depth in Lod© Croispol* Levon ani Lanagaa.
Data is also presented for a depth of 6 a in Loch Croiaaol,
e depth 1im it of all but spare® colonisation by rooted
macrouhytes, and for 2 Min Loch I®ven which probably
represents the Madmum colonised depth in that loch.

ir© 3*3 presents data on the xto&e competition of
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irradiance
(uw/ cml)

wavelength (nm)

Oiffuae down-welliny irradiance in Loch Croispol (jv.w/cm ) in
relation to wavelength (h-oo - 730 ™M) at subsurface (o m ©)
at one metre (m) and at six metres '(a), the depth Ilimit of
colonisation by rooted nacrophytes. Computed joom lines of
best fit of log™ irradiance nor 23 nmmwaveband upon water

depth, measured over one metre depth on h.8.70.



. wavelength (nrn)

Diffuse down-v:elling irradiance in Loch Leven (jiw/cmp) in
relation to wavelength (i-00 - 750 nm) at subsurface (0 m = ),
at one metre (m) and at two metres (a) the depth limit of
colonisation by rooted macrophytes. Computed from lines of

best fit of 1°u”™qg irradiance per 25 nm waceband upon water depth,
measured over one metre depth on 2.7.70.
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wavelength (nm)
Diffuse down-welling irradiance in Loch Uanagan (jiw/cmp) in
relation to wavelength (/.GO - 750 nm) at subsurface (0 m e« )
and at one metre (a). Commuted from lines of best fit of
10&8LC inradiance per 25 nm waveband upon water depth, measured
over one metre depth on 15.7.70.



wavelength (nm)

Percentage composition of spectral intensity (fOO - 750 nm),
iIn 25 MM wavebands, at one metre depth of water (m) and at

subsurface (0 m ). Measured in Loch Croispol on if.s.70.



FIGURE 5.5

3

"0

composition

wavelength (nrn)

Percentage composition of spectral intensity (4.00 - 750 nm
in 25 M wavebands, at one metre depth of water (m) and at

subsurface (O m o). Measured in Loch Leven on 2.7.70.
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C

composition

wavelength (nm)

Percentage composition of spectral intensity (00 - 750 nm),
iIn 25 "M wavebands at one metre depth of water (o) and at

subsurface (0 m ©). Llrensured in Loch Uanagan on 15.7.70.
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A A A A A A A
0

1+00 500 600 700

wavelength (nm)

Difference in spectral composition (LOO - 750 nm), in 25 M .
wavebands, between one metre depth of water and subsurface

(0O m). Values for Loch Croiepol (©) on /f.8.70 and Loch

Uanagan (m) on 15.7.70. Positive percentage figures indicate

a greater proportion of a particular waveband at one metre

than at subsurface.
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the spectral Intensity in 23 wevfebteda la thee®© thrcs®
lochs at 1 rma ae compared with that at tit# subsurface* both

calculated from extrapolation of the ap,reprint© attenuation

coefficients* Figaro 3*6 illustrates the difference in
theoo copposition g in Loch Croispol ai .0h u&nas&n*
-1™MaAy-v,

The ©pectrol composition diagrams Illustrate clearly
the proportional lacrease in short-wave radiation in ch©
bQLUO-groen* limestone roch Croiepol at 1 k compared with
the relative iacroaoe in long—wave radiation over the ean®©
depth rouge in tne brown coloured Loca Oaaaf, nf *hichf
since wst™r of tiULO qualify is iixc ccViiOneGt in Icottish
lochs (Spence, 1964)* represents qualitatively the moat
typical pattern in Scottish lochs. iq fibres for the

..low™-green Loch Leveu fall between these two extremes*

fltisaaloly, photosynthesis le a quantum rwvetien;
the total . energy nniRiporteu. . .
true of other photochemical reactions duo to the fact t tat
11 ' , lift other chemical reactants, participate
in the reaction atoichiometrically (~&C'i&rd xm9 1964)
According to In&einlS law of photochemical equivalence,

in chfviiccil reactions re julting directly froia the abacration
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of light, -no quantum oflight activates one molecule of a
substance* . The wnorsy (Ef) in one quantum of radiation

of frequency (v) is given by Ef » hv erg® ( -.insteinf$ law)

. 7
where h * jaakf© oanstaat (6.56 Xx 10_2') and 1-. the ;uount
of energy absorbed ;,er molecole* Tho energy (K) absorbed
per mole is therefore Nhv where is iv&gadro’ o timber, the

e W, e N px. C .
number of molecules per stole O 6*02 x 1C )t 1* is termed

one elsetoln of radiation:-

1* civ Crg®

* ergs
A
where vA* ¢ * the velocity of light (*5 x| **e),
A« «n . Thu® the energy per mole may be calculated

by subr,ti to t1n? in the above equation;-

IFfhua the energy contained per sole or quanta of light at
any wavelength can be calculated and Cable 5#2 shows that
an ainstein or quantum of due light (4rl - 491 n») has a
greater energy content than an elnetein of rad light (621 -
7Z nm) and hence photosynthesis, ~Ince It is a quantum
r-action pro©* eus more Ofiiel'w: tly i=i .3 . toUJ. *nergy

at tne rad end of the light spectrum than at the blue end*



/Alues of the ©instein for visible radiation

avel <mgih (uri) E ( 'oal/einateln>
400 71*45
500 ,
600 47*%65
700 4 *34

Bearing in rind to quantum nature of photosynthesis
and the differential attenuation of the light spectra® in
freshwaters it can be concluded that if the m&jor portion
of the transmitted light energy is at the blue end of the
$pc*etrua9 where ono quantum has a high energy content, then
less quanta will he available for photosynthesis were an
equivalent light energy transmitted at the red end of the
spectrum, hence the rate of photosynthesis may bO© light
limited in a light spectrum which is predominantly blue*
Calculating figures for the average energy content of light
quanta at the depth limits of colonisation in och Croispol
and loch Uanagan fro® th© irradiance data .in figure 5*5
and fro® the equations given above* figures of 55*64 Kcal
(230*6 <joule)/einotein and 46*23 cai (196*0 joule)/
elnetein are obtained, reflecting little difference in the

number of quanta which would be available from the' same
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Therefore- the theoretical -quantum requirement is 3 C'ichari-
mon8 \pc.cit,>
Bxptrlimenial determinations on th e nt\m requiresant
for photosynthesis have given varying results ranging between
1 and la, do-end;In., upon the conditions of th© determination*
and the value la now thought to Il© between 8 and 12 and
, )* btd &is tS0jG three
to. four tir.ee tho theoretical value and results from the
fact that though the light energy ie absorbed and Is essential
K>tosynthesis, it does not appear final produeto
but la loot amheat and thus only one quartor to one third
of th© light absorbed 11 eventually Mtored « as carbohydrate.
1th s quantum requirement of 10 the theoretical aaxlaea
efficiency in white light of equal irradiance ie <1 ; with
a quantum requirement of 8f it is 35/;v/Ith , 70% and with 3,
/m it is Interesting to note that th© figures reported
froa deteminatione carried out under natural conditions
are seldon agjovc 3 (' 1chapd@on9 loc. cite)
Il hotosyntheti'cally noeful light is generally held
to extend fro® gxk. - 710 nnt but irradiance records taken
during the in &dtn incubations of gotaaoffeton specie®©
loaves were aeesured over - 750 nis. and, as no data
are available on the action spectra of leaves or on th©
proportion of radiation which was actually absorbed, then

any determinations of photosynthetic cfricioncy are
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fctavt:  vYticINvj, calorific. cowtaulr fi.cy\"™U cioaH \gr ovhUj U904

wo oiuoVic ioovK \w dowa o.r all.
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A controversy still realna concoming the role of
root® in the biol >'y of mt>>er£ed4d aquatic macropbyteo*
'bo t-v4-a started in the textbook®, which give outa
cursory .ouit of aquatic an&losperaa, ia that &I3 subnorsofi
plan to aof£or.> their nutrients via their leave®, their rooto
bein# iaaignifica&t and fuactle&leae, except for anchor*- e
tMeea, X9$$)» '£hi$ idea ia based upon the seany valid,
experimental 4MOnatMtiona that there ic a relatively free
o/ o* o | -ita and
their bathing saediua ( Inter, 1X1)* nee experl&ents
have, however, not shown th-st the roo** of subserved plants
are Incapable of nutrient absor ti w

In view of the peea'lbl* nutrient liditatlone upon the
productivity of . er®e." u&cropkytes, and hence the isaper-
tance of root abesorption and tran®©location, the idea of a
wholly foliar nt absorption pattern has been reviewed*
Data arc -free* uted fros per&on&l obaervativnc-, from an

exa ilnati ; *f the literature and fro& a aeries of field



and labor tory exporloente

smvknexts /urn m '?ir ;r.n tv > u”rvtTusy

| ornhology and -;tont of lin.derfirousd r,:,"na

In his recent text on the biology of aquatic vascular
plants, *roe (1967?7) summarises the range in sorpfeolo y
exhibit': «y idergrOtmd organs. In general, hydrophytes
possess a rtoifytag, rhizomatous root systen often aecorp anted
by the development of adventitious roots which help to bind
and stabilise soil particles, especially in tho shallow water

sediments subj ct tc periodic wind and wavo action and

subsequently erosion* v®cio- with oo#rldeveloped root
systems are generally found only ii the .deeper or sheltered
water, less subject to wind and wave action* 'he delicate

nature of the slender rhizomes of mever&i coeci©s such as =
rptaao-ietpji aa.rfft3-4?-Ma. =K.

species is overcome by b tundancy to form extensive ants

by repeated branching of the rhlasOme and' the production of

co lone fibrous roots at the nodal regions. | cCully ar.il
Pale (1961) report rhiasor-je growth to be ayapodlal in -j~iuris
vulft?, :d: this seen® also to be the general case

(Soult or.©] lac*clt*), though in the present studies



rhi*one» of *Pi*aglon ed a notable wfcjiop®dia| Q’GNU’I*
onotto species such a and
elia do paoaOM O it 1« deader and
soft while species of AllMa exhibit a bulbous and succulent
root stock* Jaoetoc laou,, trls has a root stock which is
hard and cons llka* *d iti.m ai anchorage la -this latter

genus is provided by adv *ctiitona root® arising froa furrows

o' ''m Ui ,w ! , em} ;.o lu -o,jt ro.'-.otte :-t-cct-~s
the;" uriie fro:; tholeaf toosea. fxteaetv* awards of rosetie

..i'wiod by the production of rtthnOro a colons
which ro. -t their node;?* his 1® eopooially true of

ttc*:-oi.:rv.u,il. flcra and has also besn reported for to.bella
flortr~ana { iculthor*>ef 1967?)*theae two rasait© arpeciec
along *ith such ae B>*cieo, ..xCKkL.NMJjL. apMI*a
and *o&e eota.--;0™otoa species produce twisting *pirolo of
corkscrew roots, a feoruhologlo&l feature wt'tck adsf aid
firm anchorage ia the mifcstratu;™* of ‘'ammgylu.g
which colonise swiftly flowing r*In* s Anchor themselves
In shallow substrata with profuse Gluoters of fine roots
arising frons the stats oodoa*

Weetlmke (196%$b) calculated bftteaos figure* for the
roots of several ©r.orgoni taocronhyt© o->eci®sf concluding
thatr they foror an IsrvOriaat contribution to the standing
crop of the vegetation and cannot be naglveted In production

ootia&toc* ittie info'matton is available in the



llt&rature on the biomass of tie roots of .uhmereed plants,
as in many production studios th-y hayr been completely
neglected (Fdwarda and Owens, 1960]| oreberg, 196¢)e
'one species e.g. .~er”bliL)JJUr mj V.N"EH3gu3A
vulgaris certainly have no roots and lorutskil (1950) has
estimated that only 2*G of the weight of -lokfcs...ca™aaenMs
I  root, yet specie s ouch as ‘itfcorrlia uniflora can have
morft than 50K o0f their biomass as roots as has been reported
.rkhdlder et al.(1959) have estimated thet

for the mee angiospera ?hafascia te. tudjmur. between

?5 - a the biomass jaay be underground. -ostlake fV'bpb)-

suggests that for any submerged species the contribution

of the roots to the biomass is less than 10b

rodnction /: oQt /n

Supporters of the view of wholly foliar nutrient
absorption by submerged aquatic, .Xante seldom present data
on the occurrence of root hai.ro. It i© frequently argued
that submerged plants do not require to increase their root
surface area for absorption in this way. baeil (17 9) and
acc-ougal (191*1} Bt&te that no root hairs are produced
unices ti' roots are underground, while Goebel (1391) states
that ssoar* eoc$ea posseso long hairs on roots which do not

enter the substratum.

195
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Shannon (1953) lav© actgatad 209 epeodte from 54 families
of plants which grow naturally rooted in ud silt or sand
at the bottom of shallow water. He fount . t 93*3
the onecl©s examined produced root hair© n\A only 2%

3 glabrous roots. foots of cnorgant and flo

niemt© produce pro m root hairs ( lculthorr.c

tloch (1.943) ti £ the prospective hair-
producing c* peciea by their high anthocyanin
content, ii©$ root hair® have beon
detected in ., ta OmaetoR, specie®©.

?ho al lairs in several submerged species,
such as bIn-!oa canaderii,-.i..n '/hen grown in water culture, is

&ppareally due to the cuticularioation of the root enidermis
(Irber, 1920). oofc hairs arc, howc iro due €?
Kpecibs in the dark in either water c
ii./il, in v/teij if chloro/.tiyil formet
latter resulting in the production oi /In cuticle,
easily penetrated by the root hairs (
AA  lairs are produced readily in lolea c&n
darkness and in the light if high carbon dlojd.de concentrations
can be maintained, preventing the oxidation of untesturated
fatty acids as a fils of cuticle on th© epidermis (rale,

* Lck, (194 % |1>62) bslslves that it is u ©ly that
1ie O tfiloae of substrates are sufficient to

perrsit the fc on of a true cuticle and thus root hairs



arc allowed to develop. An unresolved, anoa&loua situation
occurs la several fr#e*.floating rosett® species which, in
the Sight and In noraal carbon dioxide concentrations,

, ¥ R "G
produce profuse root hairs although tho roots hang freely

* or . is la
fact widely usedexperimentally Tor the ftudy of root growth
and protoplasmic oti“asgtxigg (dculthorpe, 1967).

ilie widespread occurrence of root hairs in submerged
plants a a unlikely to be a non-functional attribute,
though th Ir absoxsee would not per ce Indicate the inability

of tho roots to absorb nutrients.

a...cular m.jogy

?h& vascular anatoray of m Merged angiospersjs, as a
wholv, differs from that of the typical land plant In being
reduced ( >culthorpe, 1967). f'fht ports, however, closely
resemble the.e of land plants and exhibit the least vascular
reduction though a wide ran o of differentially developed
Systems occurs. Potato nton natang (floa tin.; -lcjaved specie®)
has a pentarch ey&t& of bundles In the <central root atele
where all orients, including vessels, a
thickenc ' ( r er, 192C4 while in .pectinntus (aobaerged)
the five ir 'toxylea elements are absent at maturity and this

stele Is couponed merely of an axial spirally thickened



vos .el* lallltriche species, have a siaol©® root stele of
two protoxylem bundles each comprising of only a single
Jrﬁfh;eiq’. separated by a netaxylem element 5 with a eiagle
sieve tub© anti companion cell* Vallt®*nerla species have
only a central channel surrounded by a ring Of three stove
tubes and companion cello while in a”as species the phloem
ie more conspicuous than tho ~viea*

The ©V*-® of the tssrahuerge4 specie© have a condensed
vascular system reuroseated by a single strand devoid of

secondary thick©nip and In which individual'bundles cannot

be readily di tliujulstied* .h© centralisation of the

Yy y

rom oty A
b© an adaption to the pulling forces encountered in the
aquatic :sedltta (Seale -am |, 1 . . The reduce
elsneats are poorly lilgnlifled and the ’'piral or aim;iter
vessels which are present in the apex nay n destroyed during
growth and persist only at the nodes, as in atv.so. Mrton
I"M UM a»<* while lu cq ua.-,a;“Mifi
the tracheidal thickening does not persist at all ; fter
In teraode elongation, leavlng xyim lacunae (dheadlcs, 1 5"2)*
Ao i-, roots uko mwvibe ma . 1 res = t me
exhibit a ran ee of vascular reduction in their stems,
showing differing degrees of concentration of the conponents

of tho central vascular cylinder (Arber, 197M0)* .ailitriche

specloo have a eriiag of xvlem surrounded by phloem but no
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cambium, while Hit?purls uci'or- have an external phloem
and internal xyleei of true ?t}&colrt fc rorlag, in the centre
of the old stems, pith-like structures of nature xyien
parenchyma* These are compose?! of canllre elements similar
to tho reduced zyiem of kyrio,-onHus. species ( truer, 192k).
3eratophallus: species represent the extreme stage in stem
uliln t dicotyledons, with a central ~ st

eur oun ed by cellule a®©-thickened walia and a broad zone
of phloem. "He phloem is generally bettor developed than
the xylor.. s often has the advanced characteristics of
aievf tuHon ane oblique walls (1sau, 1973) e Lrtsz (19>:)
maintains that iabr”anic lona as well as organic conuoundm
could bo transported through this syetcm*

he presence of an ondodomie in both root ani shoot
of many species of aquatic .i**2cro ;hyl© counied with the
knowledge that this structure is involved in regelating
the transfer of water and nutrients to md from the stele
In the roots of terrestrial srrei©&, eun, orts the idea of

a functional role for the vascular syeters (kculthorpe, 1967)*

latea 2A and 2B la Appendix IX Illlustrate the vascular

anatomy oi kotamo.geton perfolia tua*
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similar conclusions though unfo %u®*fcely from equally spars®
observationo. ipenco 1967) 1* ore cautious in the
interpretation of his findings from a survey of cOttieli
lochs, concluding th .t * )] the ©baphic factors
controlling aonation 1© feasible out admitting that no specie”®
even in a oififEl© lake, has been ehotrn to be causally
correlated with one particular substrate type. A similar
- && reached from the tuc&es r -
te plant-sul ociation may

Qizlst it in rs ible, aa 3p®nce (19&+) has rightly stated,
that the situ.atJ.Dtt may aria© *hm nutrients in th® water
can bo depleted and ion absorption from the substratum by
the roots through contact exchange, as described by ontsale*
and Jenny (1958), may be an important function. As roots
are able to gxev deep in anaerobic auds the respiratory
energy for this process would ap e-r o0 be available. The
network of aerenchyma which runs th-ou hout all submerged
species of anjiosperts© (Scuithospe, 1967?) rrosunabiy retains
sufficient oxygen tensions lor root growth and metabolism
de™p la the substrate though, as has recently fc®&m decson»-
trated by Martman and Krow® (1966, 1967), the con o ition
of the gases in the internal atmosphere of several hydro-
phyte© is «rtly &ethane.

levers 1 worker® have attempted to demonstrate a flow

of water and nutrients from the roots of submerged species



to their sheets. rosfc of the early experl&ents described
by brbor (192%$) who Icnda support to the /hile culthorpe
*

(1)67?}, havling critically reviewed am& later accounts*
regains unconvinced. A transpiration current relying on
an waiorating surface, as in terrestrial vegetation, dearly
caaitot exist in *ubm©OE£Od epecies. on upward etrea* could,
however, v-e powered by exudation pressures such as have
been 4ge p ') ant (1932 , &ad
roverrent Ox co an dye in . *n
1o toi?;Qi;$ton *Iccioe has been demonstrated by biell (1903)
while bond (1905) fellow ed, the soveaeni of lithium uitrate

-wtuunck . ilooa (1%7) points out that water
could be exuded from ate&e, due, not only to its tramp ort
from the root.«# but also through a re'.stance*, made neceneary
by the chang*** in such gas preMure flows aa could a *lae
1n photooyntheaise * '-0 drmon*trate4 a *lrgct t'.latioiinhip
between rates of water uptake by shoots of bn,irA*ploo fluttans
and the ionic concentration of the bathiij a %nk, while
noting- that the whole process could be InlIxihlted in the
presence of cyanide.

through tae precise rxLgiiiflcance of .11non*s (1947)

findings Is not clear and moet experiments have so far been
carried out u*s4ag cut stcus and not intact plants* Stocking
(19%) conclude** that a slowly moving stream of water does

exiat in subtier&od plants* its conclusion depends upon

e it fRI1kaiE t+7-* - "  _li-v  m'mmr-i e £ S ki* ev mM till WWeIrr * hHAAf LY
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bottle sealed with ed.llcons grease "bile th© ahoote extended
xR i "1 - - .- . &
into the cylinder# I-eiu*. the t: chai<;V*e of grouo auto-

radiography they found not only that tho erecimens exposed
to the labelled herbicide for one. weak had accumulated
activityt when either shoot or root had be*a exposed, but
also tha |In the caoe ox the aietazine treated plants, a
I1?si tod amount of herbicide aovosiient to the untreated part,
be th shoot to rOot and root to shoot# had occurred, rank
and llo&iso: -V)G”?) reported an elegant and effective method
" .1,/; roote and shooto, "hey used a low selling
po5.nl wax ad a barrier in the neck of a filter funnel
in a bottle supporting the funnel, 'ron their fitodirtgs
it appmre that Za.te.jP~tc., "LSUtojBIB <*» absorb the
herbicide fennac through either its roots or shoots and
accumulate activity in the nodal regions, ?iey reported
little or no basinetal translocation of the herbicide and
liraited aero eta! movement, ih f being reduced by the
removal of the root tubers Mpr to herbid s - lie&tioa#
.rank* Hodgson and ’'omeo (I19&3) inveeti®nteA the
effectiveness of herbicide applied to the noil for control

of weeds in irrigation canals and found that 21 out of 91

N . . . luymjto a decree whore deleterious

effects could be observed. mtton and Ungham (1)67)

201f
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l.p.troduj.tj.&a

[*he experimental invests.nations reported in this
sve tlon worft carried out pr&pp to the publication ct the
papers by | e&qy and Baradste (197") and rietow ana
*Hi tc0:ibo (19721~ «
Uae nutrient known to be of great Importance in plant
NOtrtboli-r, .yet occurring la many inland water* la only
itioks* la phosphorus Cdm$ 1971)* In view k
of the possible imrlicationa of the shortage upon the
productivity of aquatic macrordiytcu as Illlustrated in
chapter 5 the uptake anl translocation pattorna of this
element have been investigated :i;.ing the Kutlo&mClide i-32*
Mio plant specimens used in ~hes® studies were collected
from th©field ami cultivatedin the laboratory until
required for experim@mtation* oot stock* and rhlromea
sand and loam at the bottom of glass tanka and thlr> covered
>ith a layer of washed. sand. ‘ater was carefully introduced
into the tanks using ,a sheet of polythene to prevent the
di .turbance of the substrate and the tanks filled to the
top with tap water. The layer of sand was used to prevent

undue ox&iant.® of nutrients between the water and the garden
i~ J, A

X

V'
2
=
<



; -ika were .pirtcd slther ta ft ylaaahouo# or la
OFem - merit & whore tho air tcrctparatura
was maintained at 20 : and the diyx&n£th regulatad at 16
houra* A bank of Syivautia bra-lux wide sptotract laspa
providud the light la thoao gi'owtli ehaabers* '
readily produced yountf shoota which could bo c\:;opped vand

- * 4 m % .
used for axparlients* "hcla plantft ot "1;]_’I.taralla uni_flo ra
ano lobelia dort :<nria were planted ae above and maintained

til r- gair.d for experiments*

A technique idsliar to that employed by xrank and
iodgcon (19&*) mb used to separate the roots and shoots
of planta and hence pe.mit the Investigation of the uutriant
absorption capacity of both shoots and roots* "he specimenc
to be investigated were removed iroia their culture tanks
and any adhering algae or and carefull. .
plant was gently threaded through a flsos tube inserted lap
a rubber stopper (ho* 25) ©0 that ni.y th-' roots remained
on one side* Using a Pasteur Mrotic, aliguots of nolion
clcosane wax were gently d? J into the glass tube enclosing
the plant stera while a Msger blocked thoxfttcto* \ft the
surface of the wax hardened the stopper was plunged into
cold wat*r for several minutes mvi& f the plug to solidify,

lately sealing the ©tea of the specimen in the ate

ttie etop .rr and plant were then inserted into a glass tube

so that the shoots wore enclosed in the tube and the roots
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HFIGURE 6.1

Ipparatus used to study nutrient absorption and translocation

in submerged aquatic macrophytes.
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anax ©olid scintillation conntar* lacb 09mnlo was counted
at lea>>t three tiiaes and each tc a net count of at least
iIC3€ . Activity wae expressed as count© ce= .inut-e tOr gg

ry height (Tables 6*2 and 6.3".

radioacti/ity (cpa/mg tiaane) in extracts of shoot-treated
- % t - M *Ke , )
plants and r ‘lo of net! .ty In treated j non-traatad parts.

11 ;ou---3 corrected for hackground.

liocte 00ts Incorporation
ratio S/H
623 2£ 2.3
3%7 11% 7<%
-1- N
Radioactivity (oyn/mg tie w.) in extracts -oot*treated

elants and ratio of activity in treated : act:-treated --arts.

All counts corrected for background.

Shoots Hoots Incorporation
ratio f/3
122 X 101 5bi.
2r3 75 x 10" 360
393 70 x 10-- m 175

211



Bofore the plants wore relieved from thoir containers, three
samples each of 0*1 a! were taken from each root- and shoct-
batiling solution] placed on a planch©fc aad tfte radioactivity

was measured a© above k) *

JEjl&

Radioactivity (emresnoJ ae ct>b») of solutions whore th© (a)

ton compart H/t (shoots) had been treated with P-32 and

(b) bottom cor.o i crt irooto) had been treated with ?-32#
(a) <b)
shoot solution root solution
treated with 1-32 treated with 1-32
shoot root shoot root
solution solution solution solution
337 k2 31 3,170
us \Yid 4.2%3
639 39 3& 3,379
background «

Similar aliquots from tne solutions with no giants were
also assayed for the presence of radioactive phosphorus

dd leaked through the me able 6*3)*
radiation waa estimated from /.1 ml aliquots of the itock
nutrient solution*

/he data presented in /able 6*5 indicates that during
the couroo of the exroriciont no leakage of radioactivity

through the eicooane was iy to occur* Uata in
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-25

—20
shoot/
-15
roo t+ rhi zome dry weight
weight ratio (mQ)
2 _ -10
1 5
0 0

0 5 10 15
cpm/mg/shoots : cpm/mg/roots + rhizome

?atio of radioactivity (cpm/iug tissue dry weight) in shoots
radioactivity in roots + rhizomes of specimens of Potajnogeton
per Toliatns, kept for hours with their root systems in P-32,
plotted against; a, shoot dry weight (n); b, shoot :@ root +

rhizome dry weight ratio (©); c, dry weight of roots + rhizomes

(*)-

msi
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.ho r-ethoan amployes in th# st-troy were aa

4 WwtCI & Wl jFt OB b#2 & . .
plant .parte 3#pamt®d ant waskwd b#f&r#tth#  iUwv
was prepared for &utoradios rsr-hy* (drafts and Mma

(1967, 1964) recommend frcexe-drying undervacuus to ill
«<a pl< fit hefor# autoradiography but no apparatus wa? .available
to carry thio f>réc#dur# out and no the laboiled specimen
pa» tr™?'tod 'as a normal herbarium &pec;lss© and dried b#twR#n
Ifeb™fif. 0.i. >9<& la '®& ai&ii't uresa and' then, ~ouanted on stiff

. .. t of I'oct&k frjatollex (©star ba##), X*r&y. fiXss
»ai5 placed ovor th# Bpeciiioa and th© asner.feiy r<-.-turned to
the riant r.-r#O#* .arewas i&sen not to tighten the ,psg
to the de&r## where the ©sects*on might produce p.”euclo&uto**
raitio”rama caused merely hy the crosiiift h;: the plant on

. C

Opacer#, «ad# froa cardboard covered riVi almlinltac foil,

wo?# used to aeparat# them and wevent ro-diGttl.on frop otic

was allowed to in contact with the spedhen for a few -
dciySj tho tine varyinr unon th# int#n-slty of label Ling as
©atld-afc-. | hand .by a O€t$#rHttXiOr ter*

hi# fi «* ujsod was of two &LM# and -of two passage
typos* «® fijdses were 4 x 1:' laches (11*2 * 25*4 co) an'

» . % (]
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roots of both upoclGG

2sb&X <&l

uHIn tU& shoots#

rclr.*3v&ly 7?r.or© &#©

uo tOgI'X-i

%8S 'tot#CtG
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moots
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jority of to* prl&ar
itMpt&r 5 were c&rrl
fitid 'it WaSHtilo Car>X) IYQS
OI$@ which was ahows
af tmnolocattl on ©f
was t ttod in of tho spec3

Liogr&nh tecljriiou®© to*

B Claal < » aejrloa of
olato
thenls 1 stuclv
nut
Vol B ,0S wa
1 was QCtoe
#3CTtCMted  tO JQGO- XG
ifwi  fft j'&r ivortiodc
in gor*cOmt i ®v. jmtisiocation fr<

rhlwoaoar mnd fro® #oots to nliXxzOmoB and shoots was record'
betj as «itn JitAN;, G52 tfiie " 'u* ;rocvas *
mfa vino scioc- t**t vOi 3pCCiwWiis no XaboX wao ©voi
dotweted in th# ac.tual roots but actively"accu”™uXateu in
th© aoditfa o.f both i*hison*®s and stoms# ho shoot>*to—rhiso?
tran'slocation was detected in less than 4* hours oxposure

although the prase.-:4 ;r- for IUrujl.a u-.Ig>Q%. *aa
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the nodal r*,,ions.

mPhud It Ha© been shown t al several species of aguatic
macro -byto have the capacity to ebsorb nutrient ions through
thftlr shoots and through their rootg and that, under certain
conditions, tran&location from one to U oth r c i occurr*
his transloco.'.ion 1% however, slow, with ., p teo-t» tending
to accumulate in the nodal, regions and In t, actively
.-rowing areas of the rhizoseo and stems which suggeolc
prefaroatial demand. This low rate of tranalocatlon could
be the recult of sorae degree ot nutritional independence
for both tcoots and roots, no was postulated for Littorella
tt.-U.qora. Xxron the rn- it results it Is questionable
whether luxuriant growth could be maintained on th© quanti-
ties of phe-n hr\o ilch are translocated from the roots

if those in 1v water wc - unduly depleted*

Jeffrey (196k) noted a low tranr.: ,c tlon rate of
phosphate fro® the roots to tope of MftbpxUi i an
Australian heath plant which grows succeoKfkl-y in an
environment which is low in soil pho<r hems* <arlier
inveutigaHone (in Jeffrey, 1964) on the sarae specie©
indicate” an apparently *sea©nn.l rhythm in tHr fern of

phoephorun ' ithin the plant# In the growing season much

22i+



of the plant phosphorus was extractable in cold trichloro-
acetic acid (TCA) hut tot tno remainder of i c year ICA~
insoluble fraction pr* ;o..infeted. Jeffrey (19&ip 1967*
196"-) «aa able to correlate previous findings and extlain
his am observations on low rates of tranalocatlon by dr -
onstrati = wvi t the components of the largo TCA-Insoluble
fraction )" -hocphorus in the roots of lanV.of& oma,ta and
In several heata species exhibited several features which
| c.leated that lon. -chain polyphosphates were prere-.it.
He postulated that this Phenomenon of lona-chain jolyphosph&te
formation may be of ecological importance in a low phosphorus
environment. olyphoephntoo r.r. knownn . exist in micro-
organisms (Harold, 1966) but apart foom the work of Jeffrey
(196~, 1967, 1969) there have been few reports of their
occurrence in higher plants ' Urdin, IVHi; iyachi, 1961)
though they may easily c. t ‘rat have esca < Section*

lie role generally attributed to these lon.-chain
compounds is one of ntorags (Harold, loc*citf*) but vhia is
by .0 :eaaa certain* Harold (loc* clt*) pointed out t at
the avao,o: - phorphate content of natural environments is
low due ir ly to the insolubility of calcium phosphate
(uott the low It vela of phosphate present in limestone “ch
'roi.spol) and that it would appear reasonable thet
organ* mo should have, evolved a means to accumul ze a phosph-

orus reserve* 'he low r-' of tm siocatlon recorded la



Viis 3r"v. ou# ex-.erlafcnts cowl thus be due to th© build up
of long chain poly$hoaphat# asolecuXea as describe” above,

an initial step ia investigating the r-os ihllLty t w
folio*lug experiment wus carried out*

four r*ciattta ot jcr; ,.. m>s vore m»T (4

fron their taok and washed clean of adhcri --IX narticlee
and obvious epiphytes* and partittOttei i * the sjsfttratua
Prevr. e demcribedj so thst e - Ik muJ ->nooi< i m r-
bathed I/i different solutions* he plants were left in

Continueu 1:ht for Zk h ms while both roots and shoo to

were bathed in -ttstillf - ter* After that protreatment
the solv 6 » e ed. . roote af two "~peeiwue
reeelwe*s : 'Msodium or* idigAitf *>hile their
shoota had ~ e distilled wuter replaced. he treatment
was rev{‘,,,4 for tine other , - *<*ai:nencf the shoot® teiny
bathe 3 In V-O *1 of the pho«*'h«te dolutlosu he root

-'" I'-n « wore ‘Xven a t | .. [ | -

)

were left for *8 hour*™ in continuous light Had by a

bank, of three ~ro-lux tubes and kept at ™ 3 1 < water bath*
fter tnat period the plants were , washed *n‘ air
drileie iresb wetghtawere recorsc e

iIso 0*5 »1 aliquotf] were ta<ea from each solatia*

placed on to a planchet and evaporated* Badloactivity

trae counted aa -*ef#frec he count rates ascertained isiat
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no lefchctge of isotore i ix.puh tho ee&l Sad. eeCHrred, 'ho
olant jtatorio&X was, >=.'ed into fcmr portions?-
(X) le 3" m'm, *heot- treated JtHeefeienn*
{E)]m mocCif ojf /.shoot*treated apecis&ena*
hopto of root-treatod O©Opeci&ene#
crvta of root-treated gp#w.l&ejis»
Each portion was then ground up is a chilled »0.rjutr end
©ntle with a volume of 10% IXA and left to extract in tut*
refrigerator at 3 C for 6 minutes* he material was

filtered through fine miallnf washed with tc - A and the

extracts M4* up to a gt&ndar ? volume .j1 kp rX# “He re-
mainder of the plant &Xtorial e t\vn digeeted by a nitric
*et<t/hydrochloric acid Mixture* n ~trl EEm -de
up to a standard volume of 1»

mose each extract veree 0*5 tl sanple-c *ere pipetted
onto plancheta* eveno ted to dryneiia on ». hot vXe=0 and
counted to 1 -0O counts* Counta were expreeled a«. i waa com/
awe e (mble txeo}#

"ho cpoiiltis indicate thvt firstly, under the expert-
ssone&l cor- :» 'toaa and the octreetlon procedures used, not-al*
the phosphorus taken up by the planto in the *& hour e -iod
wen readily eeltthie in TC4 and secondlyy that the eoeeuel
of phosphorus from'ehoot* to roots &&d ?00t&-$0 -theo-te waa
slight, only '- of th tal ndloeet-li in the extracts

being found in. the roots of shoot—dre”~te- slant* and only



tie of TBdiOac4lvc p h o 1 O «2ttractei froai
‘ofcancxsrtpn i>erfoll-;r faus planta &fter 48 hours exposure to

-32 (baood on 0,5 si aliguota of 25 nl extracts)*

2lstribetlon of radioactivi'
1) hoots treated with -32

reoh weight gesa in cp® in
Of tiS'TUC #CA extract acid 6’'tract
thoota 376.5 4#1 1.6
00 tS 3% *m . (D/fl
(2) @Qte t with -32
dboots 200Q.2 P>1 18J3.2
QOt© 939*1 1092106
(b) Relative distribution of m il ;otwoen> extract©
cpa in  CA Oxtr in acid extract
mhoota treated 17/
«S'tE T-52
ooto treated 2,3
with r-32

elaiive distribution of radioactivity between

Qfi in mootb ‘% cot in
3A acid TCA
extra«i extré&ct extract SttjPSfcfi*
"hootn tr 3 97.8 92.3 2.4
With ;-57
roots trr;,t .5

with 1-32
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mlh  1b tfice .-shoot© of in% .**oi~treated 'X~/.ts*

I t would he pr~fii-,i-. i fro# tho result*? of one exper*-
Ineat, to postalsto th tmittm | occurrence of eeolyhhcsphat**
iI;i npktic natrw-'f, t*a« HCt the ©videac*, ho##v*?9 of
low <€ j-t*~ alnblllty in MA and tho fact that ©evi?r-i
rhiso-ie . O too ©p«ole$ have toon shown to stala
with taXuiclae blue, the pMMUo* °f polyphosphate say
perhaps he sing ooied to ancount for tho low translocate on
rote of abcorbod n hots la *M# species* 'ne of the
postulated use* of nolyptonphat# (‘Harold, 19661 is a shoephate
©tore for growth initiation* «$ the tori - eof *r-eriollisfcuo ,
and *tany other epeelee of rgt: - Ifinite fros* the
rhi&oas, the phosphate afciaorbcd in *n@ roots sXgtlt well be
channelled Into polyphosphate for carlcasf or .for the
Initiation of fresit growth the- rhi: S. hile
further inve-stigntlona on i,hir- topie ere r*C'-;trt-d* seek, a
Nroeees would certain'! > account for the low rat©”®8 of phosphate

tra.unlccation recc... da in the present studies* *

Note: in this section on polyphosphates "roots” signifies

the entire root/rhizome system.



“4-ant iVxTptjon u,.-u-- atural onaiUone ,

Jwo experiincmts were carried out to examine the
poo tbllity of root uptake of nutrient lari'- under natural
conditions#
A perspex tube one metre long aac 1 on Inside diameter
vised to collect a plant specimen fron its natural habitat.

Using ™fM diving equipment the tube waa lowered ove-r a
specimen of otanor,cton erfoliatuo and thi tube pressed
down firs ly Into the aB.ibr;iti™~*tua to a depth of about 30 cn#
A Ne# 93 rtibher stopper wee then inserted in the top of
the tube and presofcd home# he tube now acted aa a
pipette and it wan possible to withdraw the tube from the
..mud along stth tne inta Il rut and its immediate habitat.
The tube was brought ashore and. none of the mud removed
from luslde the bottom of the tube to ai™ov? another stopper
to be inserted, and thus secure the sample* In this
way a portion of the loch waa transported back to tho
laboratory#

Uhe perspex tub© had been previously drilled with fine
holes along its length, to allow the passage of a o0., 10
hypederate noodle, and these hoi®©' w*r© sealed with oelotape.
it was thus possible to inject through one of the.-© holes
into the substratum surrounding the plant roots. balLug

this technique, on two ocoaaious approximately ac jiCi of



hi“h specific activity r-3& orthophosphate was injected into
the substratum surrounding tu< e eciraenc of ,perfolia tus
collected from Loch of the -owes, After Zk hours the nl&nt&
were removed and autoradios mma prepared by the method
already described. On one occasion no tracer isotope was
&nvarent in the plant and on the other oecr don a slight
fog;diag on the autoradiograph indicated rone‘isotop®
accumulation in a nodal region of a rhizome*

o toot If any leakage or exchange of tracer occur red

through the raud/water interface, ©maple© of the water above

the ?nud wore taken after rise hours. 'hese were plancheted
out* ©tnpora sonnted 33 before* ,he count rates
Indicated that no i niflcaat radioactivity was present in

the water above :.0 nus* N sample of fir.e said was also
removed fro: - ©t the m rume-ei o4es and counted as above.
Ills gave a considerable count rate indicating the presence
of t o tracer phosphate in the raid, just below the water
surface.

The lack of heavy label in the riant tissue could be
explained by the fact that no root absorption ccurs in
natural conditions or If so at a rate whlc v > hardly
detectable by th® technique© used in the experlmes
Another explanation, however, is th-t the tracer nutrient
never reached *the surrounding a-ea of the roots but was

bound up by the soil particles and rendered unavailable for

"oy [ iR "AN

— 1 v & Xt&ak*. sir. iMa&K: %id*i. W--veAfc3fca*afci&in'~>AI'Wi'iiP i ifrA * i ffiiti
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Marker and loughman (1967) have compared the uptake
of phosphorus by tho roots of barley plants (:lg.r nyu valaare
var> favia Ladder)ktown under sterile and nun-rtoriXe
conditions, concluding that if special precautions ar< not
taken to exclude micro-organisms their activity in or on
plant roots can greatly modify the absorption pattern,
especially at I\?;g\J]/'\fl e>*<1ternal concentrations* fhese workers
have shown that when the octernal concentration of phosphorus
Is limiting, phOsphorne is accumulated by micro-organioas
at the expon e of the plant* 'his la reflected in a
reduced transi -cation rate to the* shoots of non-Sterile
plants* t 13 not; generally accepted that results from
nutrient m trike ewperiaents carried out under non-sterile
conditions must be viewed with caution. It therefore se ns
advisable in the present investlgati.aa, declined to clarify
the role of the roots of aquatic plants in nutrier. uptake,
to compare thesesalt* of experiments cap; - rj, under
sterile and non-sterile conditions* It alro so ;e necessary,
In the light of the findings of arbor- a.,d ou&h r.i (lre*cit.)
to ensure that the observed acctnmlatlon of phosphoruo by
the roots* of aquatic macrophytes its, in fact, due to nutrient
uptake and iOt due to It<; absorption by epiphytic organisms,

hough ,uch experimental work has been carried out
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with .emna specie© (Hillman, 1*761) an- the free—floating
-7 e& species (Allsop-.;, 1955), in
few accounts report th© sufeC't&dtal maintainanco of rooted
submerged m.acrophytes in avealc conditions. .orsberg (196",
1966) describe® a technique by Mich he successfully gen*
lasted seed® of .several species of rooted aquatics ; 1,orile
culture, rtzS|1 and McGregor (1968) wore unable to gem-
inate seeds in uterile conditions employing the methods of
provion werisers (including FCrsberg) but did, however,
shooe d, though no. without some difficulty, in obta; Lag
axeuic cultures of 7a;ao Tiaxilla I.

In the present study a combination of the methods
that have been utilised In previous inwe..fcigations have
been used In an attempt to obtain starllo cultures of
potamo,.eton species, 'yrl3'b;yllu,- species and g¢.”elja
do™amia.

eeds of th© following species were collected in tho
la to summer of X u 197 * b;.
(from sroch 1chtriochtan .and Loch Uanagan;, Potarnok© tqg

i.r , B mmtii->Cceean and och ,.m Cr

r. T [ ", . .,0ly, -aifolius (from - 8iC**
chtan in* och varff) and .rraelon-ius (from Loch Lanllta,
och nrff and :<och Uanagan). furioas of .oerfoll yUL

a*d eobtusifoliu; were collected from glasshouse grown

material as were propagttles of Lyrloohylluz c >lcatug and
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s e were stored until required in
the dark in a cool cupboard *a waro the turloaa* whil* ihe
propagules were selected juet prior to treatment.

Fleshy t'eede were first shaken wita £and and water to
remove the fl©ehy parts and then the sand removed by passing
the h a soil sieve.
surface sterilised by shaking for 15 atnutos with BO
ethanol followed by 1CO sodiwa -hypochlorite for one hour#
Followiap the method of mcraters (1765) aoae of the seeds
were tafce Jicui in test trie, containing C* agar9 with the
addition of 0.5 Dbeef «r tract, 0.11 peptone and 0.1 c/1

£7?2XS buffer, while others were placed directly in test tube®

of tapwatcr# ther embryos wore exposed by dissection
- "1 ci - -}t
i*ore; or ,l;i a last tube t-\ trr. Approximately
20 seeds were placed in each tube. ill tubes had cotton

lug© in their mouth and foil covers# All glassware, siedla
and instruments were autoclaved at 15 Ib/15 minutes before

use and all operations wore carried out In a culturing room

IWhich had been previously spray.ed with |  tiyj 1 in
ethanol. Cultures were placed in an :ncubutor pr viously
sprayed with Ii thymol in 80% ethanol and programmed at
25°C . S hour 4 [

-Erwrwiaatlon rates were poop for at”™y”~oj” species

under all conlitions and in uc case exceeded 101 after 20



days, while io bejLla dort-sanga se<,ds geminated well under all
conditions* Viability teste with totraEolium (2.3 S °?
2*2, 3~triPh<myl~2R totrasolium chloride per litre and 21
hours in tho dark), which reacts with rec ;imtory hydrofoil
to fora a deep rod stain, were applied to eeeda and Indicated
that the low rates of gerrdLn&tion were not due to detrimental
Ofleets of tho sterility treatment but were inlh.ere'nt' I:’:? the
seed copulation or its protreatment.

COruinated seedling® were transfered Individually to
100 ml conical flacks containing hornamla medium (Hughes
ut al.. Ip3i) and allowed to develop.
contaulnitlon had, however, not been completely eliminated
by the skethodd employed and proved difficult to control by
.pubculture and no plants , raw under completely axealc
conditions to a slae suitable for experiaenta.tlon*

roya rule* of turtoae of
»« erfolia tug were washed in SC ethanol for five ai&vtea,
shaken with 31 sodium hypochlorite tqy 3- | then
tranefered to 230 nl autoclaved culture fir <. containing
10 ml Oorh&a's medium. All cultures v w-.il Ut ler the

incubation conditions (as above) and turioas g«riin ted In

r *

about two days*
no pretreatment v/aa necessary, probably because tho present
exportontn were e&rri-d oil in the spring, which Is their

natural geminnting ctxae* nforinnately, again, it proved

)
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hhe potaaolure dichronate wa;i dissolved in the water
and th© sulphuric aC|d added Clonly with constant
ettr}f/\ﬁ?]g Y
(2) f©acio treated slides were then weged In
running water and dipped in tho following T
..., at about 20°C
elotin 50 g
CtajJbae aluss
"ator to nake 1006 Nl
+ and Without furtitor treMawit they were placed in
racks to dry.
Is "subbing™procedure (coati: - it . .:
> wet-alfeesi>n ; t b

:ho freah cut sections were counted ca the dry, subbed
slides and a piece of flue i1ons tio sue rl&nad oa too.
this tissue aot only prevesittd tho section. fro* floating
off but also served ae mi Inert layer between o Section
and .... and thus cut doan chances of peeudoautoradiographs
being produced.

'Yo : odak ABC stripping file plate wan used as tho
automdiarr phic emulsion and pieces sufficient to cover
the slides wore cut frola tho she€to and floated, emuision
side connwafodG in a dish of a 10# solution of the following
reagents at 20C:-

9 A



"-ncrom

otanaSmm hroalcia A

i&tillad wai»>r bo 3aka lupVv mi
he ftla waa Allowed bo -Moat for two to thr#a Lufc< My
has a slide of i?iasiaan‘section© wam introduced und .m®oth
it, an ransi-. i"6a Ut solution at an aa&i© Of acout 37
flW» | ei.ovirental, ao th«t th# avulsion dr&r#4 itsolf ovor
th# oi u . I8 solution drained away, "N s&ulolon was
f r {*od wriniklaa by g«atly brushing with a dasp annal ;\ir
for &\, vil ul with their actions and e tli
soncine, war®© dried in a sir of nold air

drier and placad about i & -

axpoaura, m lom et axposmv ted by #pGsing
a series of alid#o for varyij two dayi,
fwaaty days closure usually #

odak D 19 davaXdpsr i- ©ruloloiw

'svaloplag tin# waa five
effery  iiuv vo, vtere tnen rinsa?

for two riAutas and fixed in a solution
Kodajt ©to:d8. * owdar for ter* minutes at 20 ™0, again
gaiitX# iE4t Is vOry ;.inu t«* rh# preparadon wis &
for five :InW eo in gently running water and dried in
dust-fres al-s era# t wart frosa olid# prapsratlon ;

P2c¢otiea cutti e, taa proc#dam was carried out in a
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plants were' vaiateiaed at 2C°C In a water bath under a bank
of three ;ro-lux lamps programmed on a 16 hour day*
3, 6 and 22 hours, two epeei.a©ns were removed, divided into
leave-? teas and roots and rhizones- and killed in 8Ch

The e.podtn&n removed after 22 hours had ™ ed
14 hours of light while th© oihc?rs had been in continuous
lights i.thanol extracts of th© plant tist-dc mrare uade

.following the method previously described in Chapter 5*

rhe radioactivity In three 1 &l aliquots of c&ch 25 tai extract

was a aayed for radioactivity as before, bet using a ’uclear
ehicaga ges-flaw detecl » : &.. . It- ea:;
counted for* thro* ten nirwute periods and results expressed
as epm/ag extracted- .= Coen

the relative percontag®© distribution of the total count

rate between the different elont tissues*

241

orcentage distribution of ©thiuiol-soluble carbohydrate aroducts

of photosynthesis of 9p%mQmtgn.mjrj:oM>~U based on the

relative distribution of epm/*ig tis< tie#

length of % activity cate/mg

eac.sure to "-14 leaves ste, ¥ b rhizome®©
. 9649 . 0 #6

95.6 5.4 #

6 95.2 4.5 0*5

95.4 4.2 #3

22 "el 5.7 0.2

94.6 5.3 0.1



It is apparent that i&uch activity haa accumulated in the
leaves and that only r latively little of thl has been
transported to the rion-phctosynthetic tissues* veu after
a period of eight hour® darkness <fa&% of the ale ol-soluble
carbohydrate producto of photosynthesis & till regained In
f}_lrﬂ(e_ I’eeca_v"e”s -‘hife in tiono of the samples lid there appear to
be mor® than 1 of this photosynthosate in the roots and
rhizomes. ihur, although a movement of photonynthetic
metabolltee did occur froa the leave®© of the npoci: sas
under investigation> thin was only small and comparable

to that reported froo so©© of the nutrient transport studies

reported earlier In th&e, chapter*
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iar trou being in ;lealfieant it would appear that in
nany caaee. the:roots o* submerged aquatic macrophytot form
a eonaidorabio -.ortlon of their biomass* Q
function. in oathorafc© and are often highly adapted for .this
purpose tat wueh dispute over their possible rel®© in nutrient
absorption 'stij = ......
%9 fact.thrc root hairs are generally preject Is
often ovorlooitod and though the vaocular cyatem ie ein”liflad
the uptake of nutrients should not be e:leated, ae this
process is not directly roiutvd to the reaction In the

extent, of the xylen. lai-nr-iy t , tram; ort of nutrients

should not bo unduly hampered sinee, assuming that water and
diaeolved nutrients art? carried through their cavities, the
functional efficiency f xylem ©lenient© per*
tional to their degree of lirulficaUon, "he presence of %
an eadodonis In bath the roots and the shoots of tany specie8#
coupled with, the knowledge- that this Structure la, involved
In regul tJng the transfer of water and nutrients to and
frO*r tho .tcio la the roots of terrestrial species, provides
ng

vascular system,

f-vidance free; the incorporation of hcrllcide®™ xnto ~

both shoot and root lends support to th* idea of nutrient



absorption fey both or'nne here is
fron Vie saait©® sources a®© degree
t*

ave recently, and independently, dome
f a nutrient lon by th© roots of a
ubscnuent transport throughout the pi
I?xr©rivtental investigations can
he present studies have confined the

©veral species of aque tic zaAcrophyt*;

Zkk

contrasting evidence
of movement capable
Srrtdd the uptake

cerred plant and its

Uv

u.triontr lian boon shown to acc Ul&t© in t roc

¥ upward trai >crt via the

hosphorus xe bera shown

tO aCCuU4uUl is of both the ©hoots and

the 702 tranoloeotlon of phosphorus

sutiul tlon of polyphosph-tea

as a the initiation of new growth.

transport
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characteristic . . aquatic .nerophyteiu

fhi fact that the roots of .cubsserged plants have been
ehovm to ho capable of nutrient absorption re-opens the
question of correlations between the distribution of these
plants and the nutritional status of the subBtratunu hile
there is otill no direct evidence oi a causal correlation
between tho distribution of any species m the nutrients
i thembstrmtef the ability of the rootc to absorb nutrients
does ox? lain the numerous reports of luxuriant macrophyto
grew h on rich &ud an opposed to nutrient-poor sand*

It it? noazlblG that in cayes of chronic li&ltation
Ci nr.c-v. - . ; U, [ ,
way provide an alt native supply* It is doubtful, from
th© evidence of transiocatien raise reported hero, whether
the rate CJ supply jf cue ; nutrients would be sufficient to
meet the demands- of growth, if other conditions were optical.
Such uvay be the case in nOch ‘roispol where the clear waters

ti r-ideal light conditlon:}yi

activity of appear., to be limited
by the low quantity of Crus available in the water*
he primary productivity experiments were, however, car led
out with detached leaves and it is possible .hat their
potential productivity has been reduced due to the severing
Of tho Connection from their nutrient supply*

of this thesis deals with other measurements of the nutrient



1th resrect to tnc \-vestigationc rc -orted in this
chapter, it must be pointed out that the interpretation of
the results of experiments invol.vino, the use of radioactive
tracers to -gauge the rate of nutrient traislocation is some-
what complicated by the fact that the rate of translocation
nay not be given by the an arent movement of the radioactive
ion where losses or solas into storage may occur and where
the source concentrations, as in the present studies, are
low. this situation is further complicated in the use of
autorn >y to gauge such movement, where the exposure
times r- ¢ /. to produce suitable autoradiographs of the
absorbing zone are generally not sufficient to record the

-resonco of the tracer ion in the receiving and translocating
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Ifltioeviction

In siany investigation a concerning the distribution
and abundance of maorophytee in lake-3and streams, it has
been a "utiae task to measure tho concentration© of several
chemical co -onents of the. vegetation and the lake wate-r.

"he full potential of this information is often not realised,
erhar© the two meet useful measures are those of phosphorus
and nitrogen, two Cleraeata which are generally recognised

to be critical for plant growth.

BoNld et al. CI$6C') review the technique of leaf
analysis* a method by ehiehjjautriticnal 3tatu ot crop rlants
can be assessed by measuring the ecnoantration of certain
elements in thair leaf tissue and comparing this with the
range of nutrient levels over which plant growth has been
found, experimentally, to be dependent. 7vidence indicates
that when other growth requiresante are sufficient, lanto

with different nutrient levels give similar yields so long

Tpr* -/ €& L. it A {74 t N =&
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as th© j© nutrient levels are woll above the, so-callorl,
critical level, It®sue contents below the critical conc-
entrations are associated with'ldeficiencies and result in
poor yields* "issue contents above the critical level
have no effect on . on nr K *

O assumption on which the critical levels of nutrients
are determined is that only one nut'dLont is limiting growth
at any one time* ‘his May not b© so and it Is nosnibl©
that an interaction of nutrient factor© controls th© growth
of aquatic macropbytes, ao that the critical coacentration
of one nutrient varies with the abundance of another.
fhiu it., ho* ever, difficult both to ©establish and to aaaiyne
and so far aa the present studies are concerned, tho critical
levels idea, as 'ro-csed by Jould ©t al. (loc.cit*), is
comaidered to hoid.

11Caue analysis appears adaptable for evalurting the
availability of nutrient for aquatic plants in lakes and
river© and form© an alternative approach to that of relating
the nutrient concentrations of the water to plant growth,
as reviewed by Fogg (196b) for aigno. derloff and Skoog
(1997* 1957) have successfully used the tissue analysis
technique to evaluate tho nutrient statu© of icrooystis
aeruginosa. a bloom producing blue-green alga, while lerloff
and WrotEhhols (1966) have adapted the technique for us© with

R A o pAe b S
o I A et | e

aquatic macrophytes and were eucc©saful in establishing- the



2k9



~xc.inra 7.1

2.0

dry 1.5
wci eht
1.0
(e)

0.5

0 1 2 3

H N in tissue

2.5
2.0

dry 1.5 -
/eight
1.0

(9) -
0.5 -

0 0.2 O.if 0.6 0.8
% P in tissue .
Relationship between dry weight of Vallisneria americana and
tissue (A) nitrogen content and (B), phosphorus content (% dry
weight), when cultured in nutrient media containing various
concentrations of these nutrients (from Gerloff and Krombholz,



to levels of p&Q horuB and altro In aguatic macro iytem
reported In then literals re, in an attempt to gala aa ldea
of the general availability oi the30 nutrients for ihe

growth of amglompMa aquatic plants*

' ®thoda
""hole plants of various species were* cellojt d by
wading la shallow water or by aqualung living In deeper
water, washed fra* of adhering algae and sediments, divided
, ThlITommz and shoots, and oven dried,
wore mired not only free of soil particles and epiphytic
organl'ajs xt also free of any inert surface deposits which
might contain unavailable resources of phosphorus and none*
eewtidttm of tissue content,

ach sample to be analysed generally consisted of
more than one individual hiant which were first ground in a
mortar and pestle. Approximately *lg of dried, powdered
plant material was accurately weighed Into a 5-" ml Micro-
S3eldahl flaak, 3 al of concentr* o- milphuric acid were
added followed by 3 ™1 of nitric acid* 'he flask was
heated on an electric mantle and allowed to boll until all
the brown fumes were evolved, no plant material reraainod
and the dige t was clear* Tihen the reaction was finished

trie flask was co >le4 and the content© poured into a 23 ml



conical flask* The digestion flask was washed out with

' ad water a .Owas s tran’sfwred to the conical
flack. ashing continued until the conical flask held
appro3dj»*tOly 5® &1 °£ solution. A filter funnel was then

placed in the neck of the flask and the flask placed on a
hot plate and allowed to boil for about 15 ainutos* This
procodur<v allowed conversion of any pyro- and aeta- phocphate
to orthOT/hs r, h te. ‘h« digeet was cooled, a drop of
phenolphthalein added « id tae solution neutralised with dilute
nodiuu hydroxide* ilte contents of th© conical flank were
then poured into a ICG jal volumetric flelate, the conical
flask washed out several times with distilled water and the
washing® transferee to th© volumetric flask whloh was made
up to volume with distilled water* MQOo; herns waer mea®r#d
by the new six-aecond method of Chasberlairt and hapiro
(1969), a method baaed on the fact th? t the rat# of formation
of molybdenum blue by the reduction of molybdophcsnhoric
acid is dependent upon acidity.

mOagentO!- lasic a r.onlum raclybdate - 22 g of
u..u \ixm elj *ante were dissolved in 900 al of distilled-
water,.the pi. adjusted to 8 with concentrated ammonium
hydroxide solution and the solution made up to one litre
with distilled water. Acid stannous chloride - 125 of
wwrt dissolved in 100 ml * sulphuric

st
ANV -
r - . i;. we? i conwentratsd aci



533 of distills® water*

Procedure:- 50 -1 of neutral plant extract and 2 ml
of basic ammonium aolybdate wore mixed In a 25L ml conical
flask. A 250 *1 beaker containing a magnetic stirring bar
and 2 ml of acid stannous chloride was placed on a magnetic
stirrer and rapid stirring started. *t a noted ti*.e the
prepared sampl# was poured into the beaker and, after six
seconds, 9 ml of £9 K sulphuric acid were ad od fro- a
blow-out pipette. me optical density of the B&mpl* was
read at 810 nm after approximately five minutes using a 1 canm
cell in an i ' 68 spectrophotornetore The phoephorae v alues
were rohd from a calibration graph prepared from, standard
solutionand analysed by th© same procedures as above.

48'L

-tLuzxtb w.i. jflasm”~ga

able 7*1 lists the coneentratlon of *ho ghorus

measured in the tissues of species collected from Toch of

the T<owei$ in the spring ef 197 * The values for .vrlo.>hyllua

ai,tf.nni/1.Pjr.y> compare well with tno. e found by Sainsc (1965)
for this species in a similar loch, Loch Ihoin, and are in
the region of the critical concentration of lierloff and
rosibhols (1/66). Values for ijttorolla uni flor~- are
slightly lower than those- of Caiuos (loc.cit.) and tr?o roots

(Sean - v) were found to contain or® phosphorus than

252
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2*1
i'efcal eoneeihtrntions ( > &mweight) of slants
c;ol.! i in Loch of the T.-owe© in A.”rli and :*yt 197?73.
hoot Loot 9hole plant

itto* Ila uuiriom

N r.2*> 0.ff>
tjf * 0.19
. } 0,9
(M3. .21 0.18
l.obelift dor t.-fthna
0.16 0.13 0.13
v*lk 0.12 as
0.17 0.12 (.15

vyrio-hyllnm altami flo rm;

0.10 0.11 0.11
oy r.H 3.16 0*15

| otasaogeton obtusifolius

eaves ‘note
A
.61 0.71 {. » 65
a. 93 0.36 1.03 0.96

~Notes In this context "roote* signifioo the entire root/
o -
rhizome system.

1111. . hhil e
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opecles (as in .able ?*1) are apparently supplied with
adequate nutricnte v/hile other© are not*

b&rper and Daniel (1954) preheat data fro.« ponds and
lalios near itillwater, Oklahdcsa* giving ftjurea ranging
between 1*4b and 2*5 lor the aitro on concentrations of
several species of iptan,pfeton &ndf 1*1 to 9*0,.” for phosphorus*
"hey explain n variation in the phosphorus content of a
single species in ter&s of luxury eonsetnp tlon of this element
by plants growing in fertile sites* Foraberg (1966) quotea

. ana
IISAAU”. to -U &rowing in <abyajon, «*««:,
while U:ite *1)C?) gifts average figures of 2.6* nitrogen

in .ot& m vpeciss growing in contral sssdstu

Bsrnatowies (1)69) eroduced data on the nitrogen and phosphorus
content of several specie© of aquatic jnacrophyt© from °'ake
".amiah (Poland)* ic aitrogsa content of the plant.
analysed varied froas I*if to 2.B2 while the phosphorus
conteat varisd little, Corato*.hyllupi demtwra#Lhaviag 0*6la
phosphonisland Klodea canadensis 59  hosphorus*

ulligan and BuronovsHi (1969), in carrying out glasshouse
«yxieri“ente to determine the oxtlftRI-lewXs of nitrogen and
phosphorus for the growth of aquatic plants, obtained

%o L * o; phosphorus (In

caaadwaalg) ami 3.U nitrogen (la lotoao”™toa cr,.

von at low levels cl nutrients in the bathing a©Pi* no



aitrogcn or p'.os 1 [ e plant tieeu®©# approaeh®©d
tho critical ic-velc of. Carloff sr . . lag, ait, )
Kolden (1994) gives data Iron- iavertifatiom carried out
la 900© >@tfci*h ail.t. lochs indicet! r.a. hoaphonia

e 9V > AN
coacentrationc of &.sut .,4 1: the tils.-sueeof M Ttttl

-3.lgg.aa> :°ft specie« wfc . IB yrto. -, - mJOSHUA*.

$&* literature offor® little infernoflua on the
r.oamortal variatiea of ~latr4 nutrient® la higher aquatic
plant** though the problem ha6 been touched upon by <wen*
ani TMur-r.- <Wi>2), Ameeo (1944) and ..celling and ruceroa
C1965), «rlcff and trocibhols iXoc.oii.) provide eo”e
lafor-viiloa £4/ a few specie* la e«v«ral leeoztals xo e~.

.balnea (19 5) gives an account of theextent of the
normal seasonal fluctuation® lathe phosphorus cor*e* t * of
aquatic plants in a erthshire loch, ats well A% detailed
Investigation© la to phosphorus distribution ia the tissues
.and the effects of fertilisation. "is resuita demonstrate
a seasonal cycle la the concentrs.tV'r of phosphorus pigment
la = = *»<! "y?a03.U.y.Uua «lt«ralfXoraa.
the tv-0 species whteh he investigated* ihe phosphorus
content in the, greeinK tips of «”raelQn,..s varied between
| (September;. to *1 :ley) and ia the erhlso&e Settee*
0,1 (lay) and ;' (r.cveeber)« --ediitne of lyrlv.. iylXya
eityai . jvvyu*. though generally having a tissue concentration

OS *
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ranging between Q»$'9£ and 0*1*/ pho©] honun
-m ewr <sd'/*3i and ranged betw< . end * phoer;horus«
<rois the majority of the data quoted above it would
appear th?t the levels of nitrogen and phosphorus In aquatlc
plentfi lie above the critical level© ascerts&ned by (k*rloff
and Kiombhola (loe.ett*) ¢ here analytical data has been
eobtained fron t»© r;rcc1 . tips of plants, concentrations of
nitrogen and y.ho&>horu*s were generally much greater than the
proposer] critical values* ~n few data quoted her©, and
elsewhere, have the levels of nitrogen in the tissues of
aguatic sacrophyteo been recorded below the critical levol
of 1*3 , though low level© of phosphorus have frequently
beea recorded here and elsewhere (Stake, 196%), which fall
well below the proposed critical levol of *15 * It can
thus be tentatively suggested that pho© >hdruo i%a bo a more
important nutrient than nitrogen in 11?,1ting th© roductivity
oi aquatic macropnytea* ih© result®© of Oerloff and hr© bholz
(loc*clt*) also Indicated thrt, in all but one of the lakes
they Investigated, phosphorus was more likely to li&lt the
growth of higher plants than was nitrogen.

Ibis idea ie in complete contrast to the findings of
Gerloff and Pkoog (1953 1957) who concluded that the nltrggen
supply the moot likely limiting factor for the growth
of the bXuo-gMeti alga ..UrocyctU .atw”~"ROw. In the

mm* context, i'orsberg has reported that high



inhibitory to tho growth of several 'toobora of th© Cliaraceae
and proposes phosphome to bo a sm&afam factor limiting and
restricting* their growth. Xt la thus possible that tho
balance befeweon the growth of algae and aquatic macroehytes
may rely upon the available concentrations of nitrogen and
phosphorus in the water and the differing critical levels
of thee® nu . Us required for successful growth*
iltzrerald (1969W has reported, a study of some factors
influencing the competition between algae and aquatic
nacrophytea* he found, from nutritional studies in tho
laboratory, that cultures of *aacrophytea remained relatively
free of epiphytes and competing phytoplaukton when the
cultures were nitrogen*limited* 1© pro? ©;* . tv .t the
aguatic macropaytea can prevent the growth of contaminating
algo© by successful competition for the It...1ted nitrcrr.n
ccfeipounds available. A simpler solution would appear to
be that of a gzmllmr demand required to satisfy thecritical
level. o studies appear to have been published dealing
with the relative- ohcnT-horuo demands of alga© and aquatic
oacropbyteju and taa*y fruitful studies could well be centred
around this topic.

Ah©so speculations about )omslibl% controlling influence
on the co'rbeti tlon of algae and aquatic microphytes are,

however, baaed only upon the deter- frictions, by one group
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Iltsgerald and Melcon (1966) have adopted a different
approach to the problem of asrjes/'&ng the nutrition of aquatic
plants* "hoy have described a technique by which they
were able to assess tae changes in the phosphate status of

,extractive procedure to detect
surplus, uxury-consumed vna and an easymic bi
for conditions of phosphorus limitations. Limiting or
surplus nitrogen was detected by measuring the rate of HH
nitrogen absorption in the dark.

As pointed out by Carloff and romlh *i:: (1966), tissue
analysis can be used to assess none of the factor® involved
in the nutrition of planto, but tests wnieh are based on an
analysis of particular chemical fractions, or an&yiliic
reactions which reflect limiting or surplus conditions of
a aufcriont are lore mean! uL than whole plant analysi
It is on.“this poiat that the work of Fitzgerald and his co-
worker*© differs fro that of Gerloff and his group. dhough
Bch of Fit&gerald*® work has been concerned with algae
v~both plank tonic and attached) the methods hold good for
the higher aquatic plants and he has presented some limited

data on ..miyi-lu... specxoa, GijLIm






<ther phosphatases r’>\ys® dlestere of phosphoric acid,
pyrophosphates or met&pho-isphatee, lrovasol' 11968) tut®
reviewed the data on algal pho,x>h&tasbes ahieh permit many
species of algae to obtain phosphoric from or-tera in order
to mistain growth in the absence of orthophosphate.
Kuenzler and lerras (196%) found that .nany speciea of marine
algae produce alkaline pho -phatan© when they become phos-
phorus deficient, ?his enzyme was shown to hydrolyse
dissolved phosphate ester® on cell walls and in the tls*m®©
betiling solution; the coll then absorbed the phosphate
ion, lervin the organic moiety in the &Odiunt

In tin preee&t study a series of enzymic analyses for
li&itivK.-: and surplus phosphate In aquatic macrophytes has
fcoe:;; carried out, following the techniques of I'ttage”&Xd

and Kelson (1966)- L



«

.de baste of the .method relics upon the fact that the

compound p**»1t.rooften©X ‘ph©ephate is colourless but* upon

hydrolysis of the pls&gj&Jiatte group* the yellow salt of

jmultropheaol

fttucr the fub-cirate

in 11h- « . d (absorption uajdUmi. <* W wm .

la it self an indicator of its utilisation

and hence la a measure' of the phosphatase activity aa given

in

iigure ?

Chemical

«

reaction of alkaline oho

*m t:e hmz X pl*©»j.;iiu u;

4 deo o 'we ;o/"o .~

k (colourl ©sei)

" phoanhatasc

p-*nitraphouoi 4 H2PO.A

(colcmrlcd v;h©n alkaline)

mt unit of alkaline phosphatase is defined as th© aaounl of
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Calibration graph for determining alkaline phosphatase activity.
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Pboapk&tas* ensyme activities in culture8 of |I1"torella
flora and Iflbel >m . («p aolea p-nitrophenol/ag

ti ©sue dry wei#ht/hour)

Aittorel.ta uniflora obelia dortasanna
Acid Alkaline Acid Alkaline
hoots
oo ta 10.5 la.i 11*.3 51.1
11. 12.5 13.9 51.3

soawe.inlur :aii

-poolaana of d.gchwolsj~rtfrli were removed rror the

Using the apparatus and .nethodo described previously, for
studying tma®©location in- oguutic plant®, Br-“cdUenG wore
placed m container®© ao that ta© root; shoot© were kept
in different solutions. ge rcotri of one not of planta
were kept in full Gortaa* © medinjD while these of another
8ftnefe were ke$t in Gorhamlo- . odium without the dine >homo©

ent. The liootu of all specimens wer®© kept in orhrn*

maintained at <0 C In the above condition© for hours: in



coriii.auout? -UMht as mppXi&d toy Viraa eyrlv*~a”*v-liix

°. . W, The $lants were re&oved, washed la .1 ,*13led water,
anti; the activity of the plioaphata** enzyn© *&& fikMicHGLf*ft in
various plant parts* ro>ta, rhl«o*es-t bao&l leaver an4
apical leave* « The cm&r*o mtee fcere aatOjrr.ilned as before
and co&parvu ('y*nXQ 7*W: with those of dL”iX r fl*ueodkMM

at the atari ef U*e orparinant, The rat© cf carhca fixation
of the le&itas f«# 4*terained by the jgfl&tiM* set out

in Chapter 5. \ -

levele of *iV:&line phesototaee activity in o*m

268

(op r.oloa pWaitroph™aoX/' * tv u# dry weight/hour)e

lent ?art \rm t&eat tit
kt&OiSQ original . 2.
- IKi; ™8 hour 13.~
4 VCN 48 hour
original . * 24 f o~
- 0™ ko hour Uu.5 i 2%
4 pON Hour 4*2 3-9
[ ] g \V/
Boe&X Xeavee .. ari&tnel ) 11,1
root - ~0, . 12.9 13.7
V&Ot 4 =53 a " A.5
Apical le&veu . ori$ti*al 25.1
r-ct - “DOD° 33.3 36,MN
root o» 17.< 16,6
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Phosphatase activity >f leaves of s0tamoKeton schweinfurthii
after one week of culture in Gorham*s medium with varying
phosphate concentrations (911 -nltro phenol /rig tissue

dry weight/hour)e

Level of phosphato rete
(mg KgHPO./1) (i) (2)

original material 25.2 .
3.375 1jQ0.0 .-
13.600 27.1 26 .3
26.600 97.1 10~.s
39.000 59.7 6Z.k

TABLE 2*6

Phosphatase activity of leaves of Potaso/<eton perfoliatco
after culturing for* 4 hours in Gorhaml* medium with a
range of phosphate concentrations (sgp. mole p-nitrophenol/

sg tissue dry weight/hour).

Level of fjhosnhate 7ate
(mg KgHMCL/I). (1) . (2) Ci.
original naterial 56.5 31.8 .
3.375 135.6 122.5
13.600 107.3 100.0
26.600 if6.2 5 .7

39.000 38.7 'Me
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of similar leaves ccirricd out at the »tart of the culture
period. able 7.7 j-e eatp tie original lively :f the

enfcyne measured under acid and Alkaline conditions*

R yN -

?ef , ffila"L« tt&Ja&.-tJtegg

By aqualung living, 'job were collected from *the
apices of healthy growing plants In all three, lochs and,
after washing then free of adhering matter, the activi ty of
the alkaline plio$$hatas© enzyme was measured as before.
\VVeasurer.: on or the carbon fixation rate of stallnr plants
carried out >arallel with the Phosphatase determination
have bees presented in Chapter 3 (tables %19» 3*2 , J* 219e
able 7.8 give* levels of alkaline phosphatase activity,
recorded while igure /.4 represents these data graphically
and Berves to illustrate tie steady rate of ensyae reaction

measured over a 9% minute pa led.



Level® of acid and | it h&taee activity I: mEc”or\toa
22£12ii*M from laboratory cultures imp mole p—nltro henol/

mg tissue dry Wolght/howr).

date ,
Acid | Ikallne A $
leave® 97*6 29*8
71.3 e ..
76.3 31*3
97*1
Stems d.5 S 3n
3.0 6.8

Natural level.® of phoaph&tase In apical leaves of ftofct™oretaa

imp acle p*atxovbm&i/m& tissue

dry weight/hour)»

10cality Feperfoiiatu j epreelcm&ue
Loch Crolspol 162 2. 6 106 2. L
Loch forr lie 83 i k n 11 61 3 66 5
TiOch L&rltsh 29 £2 36+1.5

ach value represents the nean rat© deter.-'ined on on© of two
separate occasiona in June, 1771* P» ¥Or folie tiro doe® not
occur in lochLaillish and »pr&elona;ng loer not occur In

Loch dtolnnol.



i'TGU TR 7 .w

time (rnin.)

Levels of alkaline phosphatase, as measured on 21.6.71, in
leaves of potanogeton rerfoliatus from Loch Groispol (o) and
Loch Borralie (0) and in leaves of P.”raclonpns from Loch

Borralie (») and Loch Lanlish (O). (mu moles p-nitrophenol/

leaf dry v/ciplit/BO minutes) .
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(opposite)
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Ndative increase In the alkaline phosohatase

* ql-
act v:ty of roots, rhizones, basal and apical M n
iw e of , when kept
in phomhate-free solution for hqurs.

| . -_ ) ’ I
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ifference in the carbon fixation rate of phosphate-
starved leaves of Vwvc,w infurthii. when the roots

were kept in a phosphate-rich solution for 48 hours.:

W .
) W - - 4,
elatlve decrease in the pho phat&ae activity of

phoophate-starved ¥0to. rhizomes. ba-al and

apical leaves of «>« roots

were kept in a phosphate-rich eolation for k& hours.



A .

Hoots
Rhizomes
Basal leaves

Apical leaves

C

Hoots
Hhi zomes
Basal leaves

Apical loaves

figtih;

20




mIQURI 7.6

fig carbon/cmq'/hour

Relationship, as measured on 21.6.71, between carbon fixation
rate (pg carbon/cm’ leaf area/hour) and alkaline phosnhatase
activity (mji mole p-nitrophenol/mg leaf dry weight/hour) of
leaves of dotamogoton porfoliatus from Loch Borralie () and
Jjoch  ~roispol (o) and P.praelongus from Loch Borralie (m) and
Loch Lanlish (O). Carbon fixation rates were determined by
incubating leaves with 0.01 K Warburg buffer Nb.11 at a depth
of 3.3 metros in Loch (Jroicpol.
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hie thesis has attempted to dascribe some of the

distribution patterns of submerged aquatic aaerophyt©® in
‘ecottish lochs* "Itort has been directed towards rescribing
a precise moaning to productivity with respect to these plants,
to Itc aeasur”ant, and to investigating poc 1lhie influencing
factors* ”

* Using aqualung diving techniques, biomass estimates
have been mads la several lochs* "hes© recult© have been

viewed in two ways, (a) qualitatively and (b) quantitatively*

It has boon shown that, in any one loch, there is a
zonation or secies with X th of water. Generally,
'mAt%0zS'\-I\. U3™Elp.r<cA<>beUa - .t .gjaa cosnuniti*s wore
do'Imnt in the shallower water (up to one metre), while

JtnaQf:etoa species occupied the deeper areas (up to -:>even
aetres)e Of the substrate variables Inv©O tljated, no
parameters have been shown to be causally oorr* L*ted with
the distribution of any particular specie”, although, the
interpretation of such factors was complicated by a high
degree of variance in the biomass estimates of vegetation
on fairly uniform mibstratea*

Distribution patterns of species between lochs have



&1 m& beoa noted. /he members of the Characeae were only

found in the limestone lochs of high pH and alkalinity, v.blle

hobelie »>t :anna and laoetes lacustrls were confined to the
more baao-poor waters. Mttorella uniflora was found in all
the lochs studied. Only two species of broad-leaved, eub»

gorged pondweed®© were found In the limestone locho but, while
those were not restricted to ouch habitats, other species of
the genus otaraogeton wore, do one factor has boon shown
to underlie this distribution pattern though, in the case of
the Characeae, it would appear that the high alkalinity of
the water is related to the prodo ilnarvce of some members of
this family in the limestone lochs, whero they can produce
their calcium carbonate exoskeletons. It 1© also posiible
that the low concentration of phosphorus in the limestone
atore, shown by others to be a maximum factor in the growth
of the :haraceae, is also important, while the general low
nutrient ;oicontratione may exclude other species from the, o

areas.

naatita Live

1 ‘& 2! L5
fhe biomass of the submerged vegetation in all lochs
was shown to vary with depth. tfo one depth in all lochs

has been found to support the largest biomass, though this
was generally attained within the first two metres of water,
but in all cases there was, after this peak, a general

reduction in the biomass with increasing water depth. Fhe
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Mxiaup depth at which rooted vegetation was recorded was
seven metres (In Loch Crolopol).

he interpretation of biomass data has been shmra to
- be complicated by mftay factors, and such measures, as
pr«sently ganged, may serve only to indicate t>e production
of a loch in a very approximate manner. Vifc-v>u ;h bearing
such limitations in mind, it is concluded that the hLemftsa
of oacrophytic, submerged, freshwater vogetatlbft is mall
when conpared to similar measures from marine and terrestrial
pnviroomdntse

‘he calorific values of several m&crophyte. species
were determined by bomb calorimetry. | sing biomasa estimates
and these aeaour”™c calorific equivalents, computations
produced figulres of 3’r >; Keel/®9 for the energy stored in
the Jb&ra le'3 of 1loch ,roi.,eoJ.. The energy bound in
N tigroid n;jitlor*P~.beAj..a *nn.a swards mss.d b»tw.tm
12C arl 600 ,calZuj™ loch floor for dtfforant lochs, while
three stands of ataaiOKcton species were calcul&Ujd to be
equivalent to fy2, Z 0 and B80 Kcal/m#%.

An in situ >1lq technique, developed to t timate the
carbon fixation rate of leaves of submerged ..uerc-ghytea, haa
been described and discussed* The tech .ique han born used
to estimate the primary productivity of three Hfifttanogeton
species in several lochs. o distinction could be : aue

between the 'rimary productivity of different

- . - v
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specie© in any one loch, whtn <eamji*@d oi.rultaneously #

although the productivity of species of thin ';,onao of aquatic
. K-acrophyla le poodhiy greater than those of covc-ml others*
Xnsufficient data were available for accurate Inters cclfic
compari**me on a seasonal basis* bittie correlation has
been eeto 1'.shad between th* biomass of the vegetation in a
loch and its prisaary productivity as laeasurod in. short-'tetan
axizaHjbext a*

ros e€o. eri:.;€ats carried out in near-natural conditions

the aaaa productivity of subaorged* broad-leaved cia -o0”etoa

. s
) »
. J
mua —-———- 11,/ rom V.e . Mi/p loco floor
*talore¢aws.
____________ £ - 14®

were relatively low when compare® to productivity estimates
of other vegetation as given in the literature#
he carbohydrate storage compounds oi several species

of aquatic ssacrophyte have been investigated by gun-liquid

chrot.ic. togranhy# ructose, giucose and sucrose have been
— ———--** et
coastline <- of all otaao”™eton species examined, though
one MajQ e cor ound remains unidentified# Ib gluaOfie/.mcrc po

ratio in the leaves of otaisogeton species was found to
change with the development of turione, which stored large

quantities of sucrose in relation to any other ethanol-

soluble carbohydrate* aper chromatography and autoradiography



of c-lif labelx«d ethanol-™ Xue.e ohotosynthesc*te of 'otaao”etoa
perfoil -ug indicated that* even after 36 hour*: of ?ctive

n& to synthosl & suci one was the only lgotopically labelled

carbohydrate present In detects .. ,iee* . ;ucrooe has
proVs\VEW
e v | .11; o\ > toansport Ufax hi thlo
———————————— c-e-; Ce , ,Lcmto ./t .es.ix»

eaanjuMfcsenta have been made of diffuse attenuation
coefficients of light (1*) In water and of underwater
t octral intensity (él ‘O - 7pC am), in several I.ocras..,
ranged from 0*55 la toah Jroi&pol to 2*9 In loch even.
&t& on spectral in?énsity (jJaw/c: I
depth relative to ewb»urface; shoved a orooortioaal Increase
in short wave radiation In trie -Ine-preen Lech >r©iBpol]|
the converse applied to Loch Uann”iu 11 has boon calculated
that the colour range in de.ois colonisabla by macrophytos
ie equivalent to 4-3*2 to 33.6 cai/elnotein. he devth
donation of several Pot-a-no/teton species was shown to bo
linked with their ability to adapt their leaf nomhoiorj to
the sunl arid -bhado*1 condition® of shallow and deop wat r
while the- a th lIlimits of colonisation were related to trie
overall .ie ,ration of light; deepest colonisation being
recorded in the clearest water*

Comparing toch Oroispol and Loch Levon there Waw nearly
a six-fold difference ia the depth of water which received

the mme total irradiance, whereas there was only some slight
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difference in the depth which received the sanao number of
quanta/oeé/cm5 due s.‘o.l’elvy to differences in théﬂ*svi)éctral
Lght# Any effects of vfcria i

quality upon tno distribution and productivity of aquatic

WAbog\V& Vo,
Alm ;r-. vl -—a..,.m.m 11, it w.\ e 1 to the
mvorail leaportan ,t intOnelty* .

Intrinsic low efficiencies could result it tn# observed
low rates of primary productivlty, however# in :ne experiment
*4VH o mn.-'.-e , ;bu,.;irallus la <ooh | even ail tifficieney of

Energy fixation of .11 , or 5- of tilte posaltie leasd-aus, was

recorded. Calculations .fr.on- d&tft collected in other expor-
inonia vitii  «,.orfOilati:-.. and ~..jaolQn”~ua gave fibres of
between 6 and 9 bro# a knowJLe&je of other values of

efficiency of energy fixation it is concluded that fresh-
water isacrorlytoo arc not munduly inefficient producers of
r.!'2i o . t fir , rat — tia.tte | ir,, thvir
productivity by low, underwater, light intensities and by

the availability of nutrients* .-

‘'nrichaient bioassay expnrl&cmte have indicate 1 that

t-.0 Mvalla Ity of pho ruhate i.i watore i  --—--—--- iv. icing
iacrcrphyt© production la several lochs, ¥t U thought
unlikely that hate is the only nutrient factor limiting

growth and that such nutritional factors operate Independently
oi‘ each other, Or of other environtentax variables*

v'sind iso topic tracers O1 phosphate and sulphate and an

L a T oE V.o CARRY AT .._9,4_][ ;’*V >_‘1_,-..-_. . mMy!l:w:ﬁp .,w Frev u %

o*  1mK

ilVW.
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n ®m ,c and .roc . V.
ecies of submerged ~acrophyte have been shown to be capable
uAd.r An AN oK Weeni
«  Hifk n
nutrient transport was observed no labelled jsuit-rlcat absorbed
by the choote appeared In the roots* It la postulated that
_______________ K

extent* tielf—* 1Lant with regard to their nutritional re- v
eqttiressesto.* although It has boon ahown* la one experiment,
that pnoeph*te absorbed by the roots can stimlinit# carbon

fixation in pho nh at.starved leaves. ranaloeatod phoephate

aceusul ted in the nodes of both rhizomes and shoots and In

all actively growing areas. he rate ©f tranaloeatloa was
all bransport processess wit. . ®ese plants* fhe low
aouNdabo

transport rate of - — , .
a:tlon of polyohoaphate®©,
echniquos for asceasing the nutritional status of
aquatic plants have been discussed, isaue analysis of
al specimens coal that p. e . —e
limiting productivity, while the hypothesis was suggested
that t.ie ba-Lunc® of growth between algae and macrophytes
might lie 1th the availability of nitrogen and phosphorus
la tho water, and the diffcrGitlal critical levels of th©.ro
rfUtriciite required for growth. Algae are thought to be

primarily limited by nitrogen*, while macrophytes are Mpobebly



'‘ore puoce tlhle to nho.-r horns initatione

of the activity of the ©Onsyrae alkaline
ph©sphataln several laboratory cultures have confirmed
that this In a eAnple, yet useful, netbod for aGf#sednf the
phO'.r-hate nutrition of aquatic plants, ©Osuits kr.ve con-
fljwied the lde& of the trando cation of nutri*..: ts from the
roc13 of aquatic pianta, and illu atrated the @.i'act fiat
the nutritional status of the roots **y have on ptrkvary
productivity# \ easurteentn of c ‘Mvtty I out
ir conjunction with in tu primary productivity eattm”fcei:
and enrichment bloaesay e:<p®©..agents, have given support to
fchehypotheais that the observed low productivity of aquatic
.laacrophy.tea aayt in part, be attributable to a shortage of

available nutrients, arone th«* phosphorus.

The investigations on which thl& thesis la based have
succeeded In accua.uls tir*gf what sstlake (19©b) termc,
"basic d-~taM concerning agquatic mé&crophyteo and cow® of the
conditions of their natural habitats. Although several

, based on these data, have been ward to
partly ex-plain eome of the detofodnad distribution patterns
and measured productivity values, the clarification of these
pootill tec awaits further, carefully Integrated field and

laboratory studies.
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x p t taiento

. the -14 tracer experiments, calculations of the
carbon fi ration rat© by detached leaves require® a knowledge
of thr®e factors*

(1) Tre uptake of radioactive carbon by the le*E*
(H Tre total available radioactive carbon,
(3) TM total available Inorganic carbon in the loch

water*

f “ SJIL&

where F * primary product! V |
c e gmin leaf tissue*

g « r>lzx addmi.

C* amin the loch water*
- »ratio of >1”™ to inorganic carbon in the locb

water.
In a1© «>erikK*nt « loaf of .otaaogoton ora- lonKue of area
3*52 2 dan absolute count rate of 2f2 1*~ qm after
incubation with G14 for 3*3 hours, while a 3 nl aliquot of



the loch water precipitated with ~ gave a count rate
- X >, rh« weight of the precipitate vm . . eg

i w

aid the am 2* cm e

/, with reference to the self-absorption eurv* {eigure 3*3)

this count rate is 94*3 of the true actlv id as the

total volume of loch wat r was 24«; ml i *n the total count

rate of the loch wetort*

As the V -vme had a t)tal count rate of 2f? 1/* tnen

the total radioactivity prep”™nt:*
« , /

v o, ; LV : .. t Vee =
carbon content of the loch w&tar was -*.$* ,©gt then the ratio

of *12 : 014 * 1,296*669 time the dfcrbou fixed by t-e leaf
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e 726».£&»& *
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The method of calculation of the total carbon in the
loch water is as described on a; e 93.

It has been brought to my attention that the method of
calculation have adapted from Strickland (1960, p.83) and
Vcllenv/eider (1Q69, r.72) may be open to a degree of inest-
imable potential cr or* e method as used does not account
for the fact that there is also some unlabelled, carrier
carbon in the isotope samples as supplied from Areersham, this
however, is snail and does not directly affect the present
considerations. The ratio of 0-12 to 0-1Z+ is, however, larg
and it is possible that the application of Amersham spec-
ifications in such cases, and where the samples of 012+
are diluted with what is probably slightly ac'dic distilled
water, may be ill advised. Recalculation, of the iven ex-
a ole by the alternative method of utUsing the specific
activity of the loch water as directly estimated from the
corrected count rate of the barium carbonate precipitate
(2p,2A51 c j calculating the carbon fixed

by the leaf by simple proportions (350 x 2,201) yields an

23,51
answer of 2.2+6 pg .or, a figure within 1C of that
previously obtained, Rearing in mind the other errors in-

herent in the use of C12+ to estimate primary productivity
it is felt that this discrepancy, though it may vary, is un-

li =ely to influence the resulls to a sirnificant dogrOl for



them to be dismissed out i* hand, but rather viewed with

the caution already advocated.



APPENDIX LA

The rationale for the table of conversion f iCtoi-B
devised by launders et al (1962) to derive values of the
total concentration of dissolved inorganic carbon in lake
water from a knowledge of pH, alkalinity and temperature is
as follows:-

The CO™ dissolved in water is in equilibrium accord-

ing to the equation:

V/hen a total alkalinity titration is made to the methyl
orange end point (pH A-.6) the carbonates and bicarbonates

are converted to carbonic acid and free -X ; as below:

+ H+r—*2HgCO, (2)

It thus requires two acid equivalents for each ole of
carbonate and one for each mole of bicarbonate. erefore
if ¢ = the molar concentration of the carbonates and P -» the
molar concentration of the bicarbonates, it thus requires

b + 2c molar equivalents of acid to reach the methyl orange
end point when titrating one litre of solution. Standard
alkalinity titrations are, however, generally ca.rried out
with 100 ml water samples and . 2 A sulphuric acid. I f

t ml of acid are used in . cl a titration then:
0.02t - 100(b + 2c)

t « 3000(b + 2c) (3)



In the standard calculations the total alkalinity, expressed

as ppm CaCoO,,, is numerically determined by multi L 1 the
acid titre by 10. If f * the total alkalinity t -on:
T * 10t
« 50,000(b + 2c) Of)

If a = the combined molar concentration of carbonic acid
and free QO? and b and c are as defined previously then,
from equation (1), the total molar concentration of carbon
atoms = (a + b + c), since each radical has lust one carbon
atom per molecule. Thus if >~ tho total carbon present
in the water sarnie titrated, expressed as mg/l, then, as
there are 12,000 ng of carbon in one mole:

C« 12,000(a +b + ¢ (5)
The total alkalinity can now be related to the carbon con-
tent by dividing equation (5) by equation Of) so that:

2 “ 12.0Q0(a *b 4 c)
T 50,000(b +2c)

or »* 0.24T(a i bi c)
(b + 2c)

Assuming in equation (1) that for fresh waters the activity
coefficients are unity then the ionisation constant (K#)
for the dissociation:

H_00. HCQ," +
~oOp P

can be written as:



while that (ICp) for the dissociation:

« —- “F
11GO QO - + H
3 3
can similarIIIIIe Wrgten as:
[4an
3

where, in both cases [i+] is the hydrogen ion concentration

of the water.

The terns a, b and ¢ can thus be substituted in

equation (6) as:

-ll " b Lo b} ez

%

L\] + b + b.teo

| J

thus C = C.2/+P~~ .

2b,K + b
[ h+]

or - ( ,bitf J. . \ t
0.2bkl.lh+] + 0,i& /

where the expres ion in brackets in known as the “conversion
factor”.

Since the equilibri mistants ~ and K are torn er-
ature dependent (Table \) tie appropriate constants were

substituted in equation (9) in co ilinf the values of the



conver ion ' ctors given in 'able P.

In using this table the appropriate conversio factor
for the pH and temperature of the water sample is read off
and this multiplied by the total alkalinity value as ppm
OaGCj’\ (« 5° x meg/l1'-(Spence. 1967)) to obtain the value for
the total carbon content expressed as mg/l.

Example. Let pH « 7*7> temperature « 13°C and total
alkalinity * 68 ppm GaOON then from Table B the conversion
factor =0.23 and hence the carbon content of the water

« 0.23 x 68 * 17 rag/1.



remperature dependence of the first (K”~) and second 0)

ionisation constants of carbonic acid. pK * -log.

Temperature °C 0 5 10 13 20 25
6.3 > 6. 32 6*if6 6.N2 633 6*55

10.63 10.56 1c.ifo 10.if3 10.38 1c.33

from Oolterman, II.L. (1970), Fethods for Chemical \nalvsts

of Freshwaters. IHP, London.



/actors for the conversion of total

CaC kto angC/l 1d

Oo

6. 0.33
6.9 0.35
7.0 0.33
7.1 0.31
7.2 0.30
7.3 0.29
7. if (.23
7.5 .27
7.6 0.27
7.7 0.26
7.8 0.25
7.9 0.25
3.0 0.25
il 0.25
©.2 0.2/f
3 0.2/*
8.if 0.2/f
3.5 0.2/f
3.6 0.2/*
3.7 0.2/f
8.8 0.2/f

From Saunders et al

; data on pH and tamperatura

gO

0.37

.32
-y
29
.23
27

.26
.26
.26
.25
.25

cNoNoNoNe) oNeolole

0.2/f
0.2/f
0.2/f

0.2/f
0.2/f1
0.2/f
0.2/f

(1962)

.10°

C.35
C.33

31
0.29
0.23
Cc.27
0.27

0.26
0.26
0.25
0.25
c.25

0.25
0.2/f
0.2/f
0.2/1f
0.2/f

0.2/f
0.2/f
0.2/f
0.2/

alkalinity

0
Temperature d

(n

20°

0.33
0.31

0.30

C.29
0.28

0.27
0.26

(.26
C.25

0.25
0.25

0.2k

0.2k
0.2k

0.23
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