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Abstract

‘The concentration of organic acid anions in water samples from Sphagnum domi-
nated bog communities is found to be far from stoicheometrical equivalence with the
H+ in these samples. Reasons are reviewed for supposing that the main source of H+
is indeed from the piants, but that the equivalent organic acid anions remain in complex
structural polymers in the plants.

Most of the members of the genus Sphagnum (bog-mosses) are only
semi-aquatic, but shallow lakes in regions of rocks resistant to weathering
may be colonised by these plants and they are, in general, abundant in
Boreal regions (S18rs 1961).

The present contribution is concerned mainly with one aspcct of the
control of their environment by Sphagnum spp., that is with the concen-
trations of cations in the water around the plants, and particularly with the
pH. It is well known that in areas dominated by Sphagnum the pH of the
water round the plants is usually below 4-5, and sometimes below 3-0
(Poore and Waiker, 1959), especially on hummocks.

The most plausible explanations of the continuing acidity of Sphaghum
dominated areas are:

1. Excretion of whole organic acids from the plants into the external
solution — an explanation most recently supported by Ramavt (1955
a and b). (“Whole organic acid” is intended to indicate stoicheometrically
equivalent amounts of H+ and organic acid anion).

2. Cation exchange for H+ on new exchange sites in the plants, formed
as a result of growth at the plant apex.

3. Activities of sulphur metabolising bacteria which are known to be
active at least in parts of the anaerobic zone of bogs (for example,
Benpa 1957, Bureerr, 1961, CLymo, 1965).

Some importance has been ascribed to interconversion of sulphur com-
pounds by Gorgam (1956), but it is difficult to assess how much they
contribute to bog acidity and they will not be considered further here.

A fourth explanation — that the low pH is mainly due to high CO2 con-
centration in the water (ViLLERET, 1951) — seems unlikely on general mass
conservation grounds. This is because where there is a net accumulation of
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organic matter (as there would be on a growing bog surface) one would
expect the CO: concentration in the immediate environment of the plants,
considered over periods of months or years, to be on average less than the
concentration found in water which is in equilibrium with air. There are
also detailed physico-chemical objections to such an explanation.

In some cases a fifth source — industrial pollutants — may be important
(for example GoraaM 1958), but this too will not be considered here.

The importance of whole organic acids excreted by the Sphagna in deter-
mining the acidity of their environment has been stressed most recently by
RaMAUT (1955 a and b). He found that Sphagnum recurvum plants con-
tained an organic acid, which, after a lengthy isolation procedure, he identi-
fied as succinic acid (or a polymer thereof). The amounts isolated seem
rather small (about 2 mg/kg of plants) but it could be argued that the plants
make organic acid(s) and then excrete them almost at once. Maas & CRAIGIE
(1964) have also examined the free organic acids in various species of
Sphagnum and comment that the amounts are small compared with higher
plants, T the excretion process were quantitatively important one would
expect to be able to detect the orgamic acids (or their anions) in the im-
mediate aquatic environments of the plants though Ramaut did not describe
any attempt to do this. Two such attempts to find organic acids are described
below; the first by ordinary chemical methods, the second by C labelling.

In the first attempt samples of water of 20 litres volume were collected
from the environment of Sphagnum plants, and the pH adjusted to 7 to
convert any free acids to the salt form. The samples were filtered, using the
technique described by Smapiro (1961) to increase efficiency, and concen-
trated in a climbing film evaporator at a temperature less than 25°C.

Part of the concentrate was passed through a cation exchange resin
(Zeocarb 225 in the H+ form) to convert organic acids to the free acid
form. The exchanger was put through 20 cycles before use and no appreci-
able contamination could be attributed to it in a control with added sugars.
The column effluent was subsequently titrated with Ba(OH)z in 95% ethanol
through which N2 was bubbled (to remove any CO: and HCOs) and pH
changes were measured. With known mixtures of sulphuric and acetic acids
the pK values are sufficiently different to separate the equivalence points of
each (fig. 1). For bog water concentrates when change of pH is plotted
against amount of Ba(OH)= (first derivative plot) the curve also shows two
distinct equivalence points. The first corresponds fairly closely to the total
strong acid salts determined by the method of MACKERETH (1963), and the
second may be due to weak organic acids. There are some organic acids
(for example oxalic acid pKi = 1-23) which could confuse this simple
picture. Attempts to isolate organic acids either by organic solvent extraction
(SHAPIRO, 1957) or directly by paper chromatography have not been success-
ful,

The infrared spectrum of vacuum freeze-dried material moulded with
KBr does show a small peak at about 1715 cm™! in acid conditions which
is reduced in alkaline conditions. At the same time there is an increase
in absorption at 1600 cm~t (fig. 2), though the complete spectrum is highly
complex and probably due to a mixture of compounds. This shift is
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Fig.l. First derivative pH titration curves of a known mixture, and of a concentrate
of hog water after passage over a cation exchange resin in the HY form to ensure
that acids are present in the free acid form. Arrows on the known mixiure curve show
expected equivalence points; on the bog water curve they show positions taken as
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Fig. 2. Infrared spectra of vacuumn freeze-dried bog water concentrate, initially
in acid or alkaline solution. Only those parts of the acid spectrum between 850 and
1800 cm™t are shown.

characteristic of carboxylic acids (BELLaMY 1958). A very crude estimate
of > C=0 concentration can also be obtained by comparing the extinction
at 1715 cm~t with that of standards as is dome with spectrophotometric
methods used on solutions. Very little reliance can be placed on this estimate
(because the extinction coefficient of all organic acids is not the same), and
it is only of interest as it leads to comparable results with the titrimetric

method (table 1).
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Ultimate recovery of organic acids added to the original bog water
samples ranged from 58% to 82%. The data in table 1 do not, unfortu-
nately, provide an unequivocal indication that free organic acids excreted
by Sphagna are, or are not, responsible for a major part of the observed
acidity. On the one hand there could be some strong organic acid present;
on the other hand the infrared spectrum does not correspond at all closely
with that of any of the common strong organic acids (for example oxalate,
even in a migture in amounts sufficient to give the observed 1610 cm™
peak in alkaline conditions would also produce a discernible peak at about
1300 cm™). It is also at least possible that the organic acid(s) observed
arise in breakdown processes (or are released from the plants after break-
down) with equivalent amounts of cations other than H* and would not,
therefore, contribute to bog acidity. On the simplest interpretation of the
data in table 1, without allowing for any ionisation effects, it appears that
in four cases more than 70% of the H+ is not accounted for by simple
organic acid anions. This conclusion is supported by the results of experi-
ments in which live Sphagnum papillosum plants were sprayed with a
solution approximating to rainwater in composition, in which the CO; and
HCOg~ were labelled with #C. The amounts of ¥C in various parts of the
system were measured by methods essentially the same as those used by
WaTT (1966), applied to the 70% alcohol extract as well as the solution.
14C* in the alcohol insoluble fraction was determined as BaCOs after wet
combustion. Results are shown in table 2. Over 24 hours the ratio of 14C

TABLE 2
Distribution of MC in and around plants of S. papillosum 24 hours after first
spraying with an artificiel rain in which the CO: and HCOs~ were present partly as
uC0, and HHCO:~, Units are 105 cpam.

Extracellular solution Particulate.
(removed on 0.5 p Millipore filter)
Anion + neutral Cation (pH)

0.96 0.05 (4.6) 0.37
Alecohol soluble in plant. Alcohol insoluble in plant.
Anion + neutral  Cation

693 88 543

incorporated into the alcohol insoluble fraction of the plaats to that appearing
in the aquatic environment was 521:1. If the new molecules are of the
same average composition (about 20% uronic acids) as those in the rest of
the plant, the ratio of C incorporated into —COOH in the insoluble fraction
to C appearing in organic form outside the plants is about 13: 1.

Radioautograms of concentrates of the aquatic environment showed that
the major part of the #C was in sugars (glucose and some fructose) rather
than in organic acids. The possible importance of long term breakdown of
plant constituents to give free acids which are then released is still being
examined.

At present then, it does not seem that there is much evidence that release

277




of whole organic acids is an important source of acidity in the aquatic
environment of the Sphagna.

The last possible source to be considered here of contipuing high H*
concentrations in Sphagnum bogs is H+ on —COOH freshly produced in
new growth of the plants and then exchanged for some of the cations in
rain or groundwater which flows over the plants. ‘

There is a good deal of evidence to show that in cominon with many plant
materials Sphagnum spp. can behave as cation exchangers, even when dead
(AnscruTz and GessNER 1954, THEANDER 1954, PUUSTIARVI 1955, RAMAUT
1955 a and b, Kwnmenr, Crooke and Inxson 1961, and others) and
that these exchange properties are owed to long chain polymers containing
unesterified uronic acids, which are similar to sugars but with C-6 part of a
carboxyl group (THEANDER 1954, CLyMO 1963, CRAIGIE and Maas 1966).
These long chain molecules may be mixed molecules containing both sugars
and uronic acids (THEANDER 1954). The Sphagna are unusual among non-
marine plants in the large amounts of these molecules which they contain.
Up to about 30% of the dry weight of the plants may be present as uromic
acid residues (Craicie and Maas 1966), though about 20% seems more
usual (CLymo 1963, CraiGie and Maas, 1966).

In order to predict the effects which the plants may have on their
chemical environment some sort of model must be used. The simplest is to
treat the plant and environment as a closed system in which a Donnan
equilibrium is set up between the plant (which contains indiffusible carboxyl
groups) and the aquatic environment. Using this model it has been shown
(CLymo 1963) that the exchange sites in live or dead Sphagnum papillosum
behave chemically as if they were at an average concentration of about 1.0
equiv./l. (This is not the same as the average concentration by volume of
plant, which is about 1.6 equiv./L) Part of the reason for this difference is
presumably that the exchange sites are not uniformly distributed through
the whole volume of the plant. The maximum exchange ability when most
of the carboxyl groups are dissociated into the anionmic form is about 1.0
meq/g dry weight — about a tenth to a third that of synthetic carboxylic
cation exchangers.

If a solution containing cations (other than H+) is allowed to flow past a
Sphagnum plant, in which most of the exchange sites are in the —COOH
form, the pH at first drops sharply in the course of a few minutes but
subsequently rises slowly (fig. 3). The precise timing depends on flow rate,
plant size, previous history, solution composition, and temperature, amongst
other variables but the general features are constant. (That the pH of the
outflow is eventually higher than that of the inflow is probably due to
removal of CO: by the plants). Similar results have been found by RaMAUT
(1955a) using a batch technmique, and it seems clear that the process is
equivalent to the gradual exhaustion of synthetic ion exchange resins
(HELFFERICH 1962). A familiar practical case of this is in water softening
devices, which need regeneration after some use. In natural conditions
exhaustion of the H* supply would occur due to leaching by rain or ground-
water. In the case of Sphagnum there is at present no clear evidence that
the existing exchange sites are actively regenerated. If such a process does
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Fig. 3. pH of solution flowing past plants of S. recurvum in fluorescent light
{about 0.05 cal/cm®min), at about 1 ml/min.

occur it would only be possible on a continuing basis if the plants were
able to “generate” hydrogen ioms (as they cannot produce any other cation
as far as is known).

New exchange sites are however being continually produced by growth
at the apex of the plant. Assuming that these originate in the H form (and
general considerations of charge equality would seem to support such an
assumption taken over a long period) it is possible to calculate the eventual
. distribution of cations between plant and environment. The same simple
model as before is used: one part — the new growth — containing the
indiffusible carboxyl ions reaching equilibrium with another part — the rain
or groundwater which forms the aquatic envitonment of the plants.

It can be shown that the eventual pH around the plants = — logie (h) is
given by the solution of

(1)  p—h+a[l-1/(1+PRY]+A{1—1/(1+PRE)] +y[1—1/(1 +PR3)]=0
where

(2) R={(y—h—PKa)+ [(n —h—PKa)?-+ 4PKa(PUmax +7 —h)]0-5}/2hP
and

(3 P=DZ[176 Unax V

Where D = g dry wt of new growth on an area,
Z, = proportion of this as uronic acid (residual equiv.wt. == 176)
V = volume (1) of (precipitation or groundwater — evaporation)
Unsxz = chemical concentration of exchange sites when fully dissociated
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Ka = dissociation coefficient of exchanges sites

m o, B, y = initial concentrations of respectively hydrogen ions, other
monovalent cations, divalent cations and trivalent cations

b, a, b, ¢, = final concentration of these cations

Tt is perhaps worth emphasizing that this apparently complicated expres-
sion arises from the simple premises already outlined. It is in general alien to
the ecologist to trust himself to the frail raft of physical chemistry but one
argument in favour of this trust is that it allows ope to make quantitative
predictions which can in principle be checked by observation.

There are so many variables in these equations that it is difficult to present
the solutions in a manner which is easily followed. There is one simplifi-
cation — growth and rainfall always appear together in the equations as the
ratio D/V, although the biological relations of these two quantities are much
more complex. This is most vsefully expressed as logw (growth in metric
tonnes/ha/yr) / (net water supply in cm/yr). Thus if growth were 5 t/ha/yr,
and precipitation-evaporation) were 50 ¢cm/yr, log D/V would be —1.

Some predictions are shown in fig. 4, with ions of different valency sepa-
rated. In Southern England for example, taking the growth rate as 10 t/ha/yr,
effective (precipitation-evaporation) as 20 cm/yr, and rain after evaporation
losses containing 0.2 meg/l of cations one would expect from fig. 4 an
average pH of about 4.0-4.2 to be maintained in bog systems. Locally in
time and space — for example during summer (when growth is at maximum)
and on hummocks of S. acutifolium (which has a polyuronic acid content of
about 24% — CrymMo, 1963), one might expect lower values. Much of the
rain probably runs down the plants rapidly before equilibrium is reached
so that the removal of H+ from the upper parts of the plants is less important
than might be expected. Later, evaporation concentrates the remaining
water, and it is at least plausible that pH values lower than 3.5 may result.
It is indeed generally found that huminocks are the most acid parts of bogs (for
example, CLYMo 1963). When one leaves the equilibrium state, however,
and attempts to deal with the kinetic state the whole matter becomes very
much more complicated. No reliable information is at present available
concerning the movement of water about Sphagnum plants in natural con-
ditions. .

There is a final consequence of the cation exchange properties which is
perhaps worth a brief mention, This is the buffering effect on external cation
concentrations.

The simplest way of showing this effect is to examine the equilibrium
states reached for different concentrations of the same solution. These can
be found from equations (1), (2) and (3). An example with 4 concentrations
of the same mixture of cations is shown in table 3. It is apparent that in
likely real situations the amount of cations held exchangeably in the plants
is equal to or considerably greater than that in their aquatic environment
and that a tenfold change in the concentration of a cation supplied to the
plants results finally in a much smaller change in the environment. This
effect is more marked as the valence of the ion increases.
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Fig. 4. Predicted pH values in relation to cation type, cation conceniration, and
ratio of growth to net precipitation (see text). The filled circles define a plane of pHd,
The data refer to plants with 20% uwronic acid content, Ka = 1.0 X 104, mazimum

exchange site concentration (000 m.eq./l.
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Conclusion

Much of the acidity of the aquatic environment of Sphagna could be
explained by cation exchange, though other sources may also be of some
importance.
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DISCUSSION

Name of guestioner: J. Shapiro
Question: Is it possible to regeneraie the exchange sites with dilute acid?
Answer: Yes. ‘
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