























































































































































































































































































































































































































































































































































































































6. Translating hydrochemical process information to the field scale

fluctuation of ditch-water EC during the period 27-29" December 2002 (JD 361-363),
during the passage of a tidal pulse from the River Yare through the ditch network, the

event shown previously in Figure 4.13.
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Figure 6.7 The variation in ditch-water EC during the passage of a tidal pulse JD
361-363.

The rise in ditch water level corresponded with a sharp decline in ditch-water EC, from
around 1550 uS cm™ before the start of water level rise, to a minimum of 821 pS cm™
at 0900 h on JD 362. Monthly data collected by the Environment Agency from a sample
location 4.5 km upstream of Strumpshaw Fen (TG 291 062), indicate that the EC of
samples from the River Yare varied between 799 and 960 uS em™ during 2002. In the
light of these Environment Agency data, the fall in ditch-water EC during the rising
limb of the pulse may suggest a direct influence of water from the River Yare at this
point in the ditch network. However, ditch-water pH at approximately 6.70 remained
essentially unchanged during the period JD 361-363. Monthly data from the
Environment Agency indicated an average pH for the River Yare during 2002 of 8.03. If
water from the River Yare were directly influencing the ditch network during this tidal
pulse, then a rise in ditch-water pH coincident with the rise in ditch water level would
be expected. The fact that ditch-water pH remained stable suggests that water from the
River Yare did not reach as far as the monitoring point during this pulse. Instead, the

pulse may have been the result of the ‘backing up’ of water through the interconnected
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6. Translating hydrochemical process information to the field scale

Broad and ditch network at Strumpshaw Fen, as River Yare water moved into sections
of the network closer to the river. The pulse was dominated by water that was of similar
pH, but lower EC, to that present in the monitored section of the ditch during JD 361.
Surface-water samples collected from Strumpshaw Broad on JD 356 had an average pH
of 6.85 and an average EC of 716 pS cm™ (n = 10). In terms of the connection between
the River Yare, Strumpshaw Broad and the monitored section of the ditch network, the
Broad is essentially ‘downstream’ of the ditch. As a consequence, water from
Strumpshaw Broad may have been transferred to the monitored section of the ditch
network during the tidal pulse, resulting in the observed hydrochemical fluctuations in

the ditch water.

Figure 6.7 shows that the pulse in the ditch network was transferred into the fen system
over at least 5 m. Levelling surveys indicated the peat surface to be at approximately 4.1
m AAD in this area of the fen. Consequently, the flow of water from the ditch network
into the peat deposits was through sub-surface exchange. From 0800 h on JD 362, ditch
water level began to fall, and from 0930 h on the same day ditch-water EC began to
increase markedly. An initial period of relatively rapid rise in EC was sustained until
approximately 1600 h on JD 362, after which time a more gradual increase in EC
occurred reaching a maximum of approximately 1300 uS cm™' at 0600 h on JD 363. The
rapid initial rise in EC may reflect the delivery of fen pore water from zones in close
proximity to the ditch network, driven by falling ditch water level. Figure 6.7 indicates
that shallow ground water within 2 m ofthe ditch edge w as strongly coupled to the
ditch network, with changes in ditch water level being rapidly translated into changes in
fen water-table position in this zone. Water passing into and then out of the peat likely
became solute-enriched as it flowed through sediments that had been oxidised for a
considerable length of time prior to the ingress of the tidal pulse. The more gradual rise
in ditch-water EC observed after 1600 h on JD 362 is likely to be associated with the

less rapid delivery of shallow ground water from zones at greater distance away from
the ditch network.

Analysis of the hydrochemical signatures of other tidal pulses suggests that it was
possible for water from the River Yare to flow sufficiently far through the ditch network
to influence directly the chemical quality of water at the monitoring point. Figure 6.8
shows the fluctuation in ditch water level, EC, and fen water table during the passage of

a tidal pulse over the period 27-29™ October 2002 (JD 300-302). From approximately
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6. Translating hydrochemical process information to the field scale

1200 h on JD 300 to 0000 h on JD 301, the ditch network drained freely into the River
Yare. This resulted in the development of a water-table gradient supporting the flow of
shallow ground water from the fen into the ditch network and, as a consequence, ditch-
water EC rose to a maximum of 910 uS em™ at 0230 h on JD 301. The rising limb of
the tidal pulse began at 0100 h on JD 301 and, as described previously in Figure 6.7,
was associated with a sharp decrease in ditch-water EC, to a minimum of 820 pS cm™ at
0600 h on JD 301, which coincided with maximum ditch water level. In contrast to the
pulse on JD 362, observations of ditch-water pH indicated that water from the River
Yare may have reached the monitored section of the ditch network during the pulse on
JD 301. Ditch-water pH increased from a minimum of 7.18 at 0230 h on JD 301 to
reach a maximum of 7.84 at 0700 h on JD 301, offset from maximum ditch water level
by 1 hour. The maximum pH determined from monitoring of ditch water during this
period was similar to the average pH for River Yare samples in 2002 determined by the
Environment Agency (8.03). Ditch-water pH fell sharply during the falling limb of the
pulse, returning to approximately 7.30 by 1800 h on JD 302.
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Figure 6.8 Variation in ditch-water EC during the passage of a tidal pulse
delivering water directly from the River Yare, JD 300-303.

In a similar manner to the pulse shown in Figure 6.7, the pulse on JD 301 was
transferred for at least 10 m into the fen through sub-surface exchange. From 0600 h on
JD 301, water level in the ditch network began to fall. Until 1300 h on JD 301 the
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decline was rapid, as the tidal pulse drained out of the ditch network and into the River
Yare. This rapid fall in ditch water level was matched by near simultaneous falls in the
fen water table for at least 2 m from the ditch edge. From 1300 h on JD 301 until the
end of JD 302, there was a more gradual decline in ditch water level and fen water table,
with a water-table gradient driving shallow ground water flow from the fen into the
ditch network throughout this period. Coincident with the beginning of the rapid decline
in ditch water level, ditch-water EC increased significantly, likely as a result of the input
of solute-enriched pore water to the ditch network. The rise in ditch-water EC continued
after the falling limb of the pulse had passed, indicating that the water-table gradient
established between the fen and the ditch continued to result in the delivery of shallow
ground water to the ditch network. Ditch-water EC rose to reach a more stable level of
approximately 900 pS cm’! by 0700 h on JD 302, which was maintained until the end of
JD 302. The period of stable EC readings may reflect the typical EC of pore water being
delivered to the ditch network during this time.

The events shown in Figures 6.7 and 6.8 were to some extent controlled, in that a
management decision was made to allow the pulses of water from the River Yare to
pass through the control structure connecting the ditch network to the river. It is
interesting to consider the possible nature of interactions between the River Yare and
the ditch network given a free connection between these two systems. Figure 6.9 shows
the p assage o f three tidal pulses through the ditch network during the period 13-15"
December 2002 (JD 3 47-349). T he sluice c ontrol structure w as 1 eft o pen d uring this
time to begin to re-flood the fen with river water. The period is analogous to the
situation of an unmanaged system with a free connection between the ditch network and
the river channel. Figure 6.9 also shows the fluctuations in ditch-water EC during the
passage of these pulses. Due to antecedent hydrological conditions, specifically ditch
water level and near-ditch fen water table being substantially below the water table in
the fen interior, the influence of the tidal pulses was essentially confined to the zone
within 2 m of the ditch edge. Monitoring of ditch-water pH showed only minimal
fluctuations during the passage of the three tidal pulses, suggesting that the pulses were

not dominated by river water, at least in the monitored section of the ditch network.
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The patterns of change in ditch-water EC were essentially identical to those described in
Figures 6.7 and 6.8, namely a sharp decrease in EC during the rising limb of the pulse,
followed by increases in EC as shallow ground water was transferred from the fen into
the ditch network. The magnitude of EC change in the ditch network appeared to be
dependent on the magnitude of the tidal pulse. For the second pulse, peaking at 2330 h
on JD 347, the rising limb increased ditch water level by 2.2 cm with a corresponding
decrease in EC of 14 uS ecm™. The falling limb of this pulse decreased ditch water level
by 1.7 cm, with a rise in EC 0f 27.6 pS cm. This contrasts with the final pulse, peaking
at 1130 h on JD 348, with a rising limb that increased ditch water level by 4.3 cm,
leading to a decrease in EC of 65.2 uS cm’'. The falling limb of this latter pulse resulted
in a decrease in ditch water level of 3.8 cm, and a corresponding increase in EC of 69.7
uS em’'. The magnitude of the tidal pulse will determine the volume of water involved
in the rising limb of the pulse, and the magnitude of the subsequent falling limb will
influence the volume of shallow ground water that is transferred from the fen into the
ditch network. Both factors will contribute to the size of the fluctuations observed in

ditch-water EC during the passage of the tidal pulse.
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Figure 6.9 Tracing fluctuations in ditch-water EC during the passage of three tidal
pulses JD 347-348, analogous to a free connection between the ditch network and

River Yare.
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Managed discharge

The control of fen water-table position at Strumpshaw is one of the major strategies
used in the hydrological management of this floodplain wetland. The ditch network is
used to manipulate the fen water table, either by allowing the ingress of river water
through the ditch network and into the peat (Figures 6.7-6.9), or by lowering the fen
water table by rapidly draining ditch water into the River Yare. Figure 6.10 shows the
results from the monitoring of ditch water level, fen water table and ditch-water EC,
during a period of managed drawdown of the fen water table. The data cover the period
from 15-27"™ November 2002 (JD 319-331), during which time ditch water level fell
from approximately 4.10 to 3.85 m AAD.
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Figure 6.10 Using ditch-water EC to trace the delivery of fen pore water during
managed drawdown of water tables, JD 319-331.

The hydrological details of the period of drawdown have been examined in Chapter 4
(see Figure 4.16 and associated discussion). During the input of surface water to the
ditch network (approximately 0000 h JD 319 — 1900 h JD 320), ditch-water EC
increased by approximately 20 uS cm” to a maximum of approximately 712 uS em™,
confirming the findings from field samples that surface water above the peat column
had a typical EC of approximately 700 uS cm’'. That the fen water-table elevation after
1900 h on JD 320 appears to be dependent on proximity to the ditch indicates that the
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water table had fallen below the peat surface, and that sub-surface exchanges were
prevalent involving the delivery of shallow ground water into the ditch network. The
development of water-table gradients between shallow ground water in the fen and open
water in the ditch network resulted in a substantial and prolonged increase in ditch-
water EC, indicating the delivery of solute-enriched pore water to the ditch network.
During the period 1900 h on JD 320 to 0000 h on JD 331, ditch-water EC increased by
some 300 puS cm’ to reach a maximum of over 1000 puS cm™ by the end of the
monitored period. Between 1200 h on JD 328 and 0000 h on JD 331, when ditch water
level remained relatively constant, ditch-water EC continued to increase, indicating that
the water-table gradient during that period maintained the delivery of pore water into
the ditch network. Ditch-water pH fell from approximately 7.30 on JD 319 to 6.90 at the
end of JD 325. From JD 326 onwards, pH in the ditch network remained relatively
stable at approximately 7.00. Pore-water samples collected from the piezometer nests
during surface-inundated conditions in 2002 showed that pH varied between
approximately 6.4 and 6.9. These fluctuations in ditch-water EC and pH provide further
support to the hypothesis that substantial volumes of shallow ground water may be

transferred from the fen into the ditch network during managed control of the fen water
table.

6.6 Direct evidence for the delivery of MRP to receiving waters from the

sediments at Strumpshaw Fen

Chapter 4 demonstrated the potential for hydrological connectivity between the peat and
the ditch network at Strumpshaw Fen. In the core incubations reported in Chapter 5, it
was shown that high concentrations of MRP could be released from the sediments to
pore water and surface water. Analysis of field-derived samples reported in Section 6.4
of this current chapter supported the hypothesis that the sediments at Strumpshaw Fen
have the potential to act as sources for P. In Section 6.5 of this chapter it was
demonstrated, through EC tracing, that the hydrological connectivity identified in
Chapter 4 has the potential to deliver solute loads to the ditch network. To provide a
final link between these strands o f i nvestigation, t he MRP c oncentrations i n samples
from the ditch network were monitored during periods when water-table gradients
supported the d elivery o f shallow ground water from the fen into the ditch network.

Samples were collected during two separate events, the rainstorm event during JD 252-
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255 (Figure 6.5) and the tidal pulse from the River Yare during JD 300-303 (Figure
6.8).

Figure 6.11 shows the variation of MRP in ditch-water samples during the period JD
252-254 that includes the rainstorm event on JD 252. It is clear that, coincident with the
development of water-table gradients driving the delivery of pore water into the ditch
network, concentrations of MRP rose considerably. Prior to the beginning of rainfall at
0630 h on JD 252, concentrations of MRP were consistently below 0.10 mg 1" P.
Concentrations of MRP rose substantially whilst water-table gradients existed between
the fen and the ditch network. MRP concentration reached a maximum of 0.27 mg 1" P
at 0800 h on JD 253. Subsequently, MRP concentration fell gradually to a minimum of
0.19 mg I"' P at the end of the monitored period at 0000 h on JD 255.
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Figure 6.11 The delivery of MRP to the ditch network following a rainstorm event,
JD 252-254.

Figure 6.12 shows the concentration of MRP in ditch-water samples during the passage
of the tidal pulse from the River Yare during JD 301. From the beginning of the
monitored period to 1200 h on JD 300, the concentration of MRP in ditch-water
samples remained consistently below 0.10 mg I P, and averaged 0.06 mg 1 Pp.
Preceding the pulse itself, there was a period of some 12 hours, from 1200 h on JD 300
to 0000 h on JD 301, when the drainage of ditch water into the River Yare led to the

development of water-table gradients driving the delivery of fen pore water to the ditch
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network. Coincident with the development of these gradients, the concentration of MRP
in ditch-water samples increased steadily, reaching a maximum of over 0.15 mg 1" P by
0000 h on JD 301. From 0100 h to 0600 h on JD 301, ditch water level rose in response
to the input of water from the River Yare. Samples of ditch water indicated that the
concentration of MRP in the ditch network increased rapidly during this period,
reaching a maximum of 0.42 mg "' P at 0700 h on JD 301. The peak concentration of
MRP in ditch samples was similar to the average MRP concentration determined in
samples collected from the River Yare during the late summer and autumn of 2002
(0.52 mg I'' P, n = 6) and, in combination with increasing ditch-water pH during the
rising limb of the pulse (see Section 6.5), provides support to the hypothesis that water
from the River Yare reached the monitoring point in the ditch network. The peak
concentration of MRP was offset by 1 hour from the maximum ditch water level (0600
h JD 301), a pattern identical to that of ditch-water pH, suggesting that the arrival of
River Yare water at the monitoring point may have been preceded by a backing up of

water from other areas of the ditch network.
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Figure 6.12 The fluctuation in ditch-water MRP concentration during the passage
of a tidal pulse from the River Yare and pore water delivery to the ditch network,
JD 300-302.

As ditch water level fell rapidly between 0600 h and 1330 h on JD 301, the

concentration of MRP in samples collected from the ditch network also decreased
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substantially as River Yare water was flushed from the ditch network, reaching a
minimum of 0.14 mg I P at 1500 h on JD 301. As the drainage of ditch water into the
River Yare continued, water-table gradients driving the delivery of fen pore water to the
ditch network were re-established. From 1500 h on JD 301 to 0000 h on JD 303, the
concentration of MRP in ditch-water samples rose steadily, reaching 0.26 mg 1" P by

the end of the monitored period, as P-enriched pore water was delivered to the ditch
network.

6.7  Discussion
6.7.1 The stability of MRP in wetland water samples

The data provided in this chapter represent one of the few examples of an analysis of the
stability of MRP in wetland samples during storage. Gardolinski et al. (2001) state that
it is essential to design a site-specific storage protocol for nutrients prior to the
implementation of any sampling programme. Indeed, the results of the storage protocol
may determine the nature of the sampling strategy, because logistical factors such as the
length of time spent in the field, and analytical factors such as sample throughput rate
for a given method, will have to be considered in the light of the stability of the nutrient
element during storage. The chemical and biological characteristics of wetland samples
differ from many other environmental samples previously used in storage tests, such as
river water or soil leachate. Specifically, the combination of a high microorganism
content and strongly reduced solutions, presents particular problems in terms of the
storage of MRP. The current research was not designed to provide an exhaustive
comparison of each possible storage technique described in Section 6.2.2.1. Instead, a
number of possible methods, such as freezing and chemical preservation, were rejected
on the basis of evidence in the literature indicating their possible incompatibility with
wetland pore-water and surface-water samples. Remaining variables, such as
refrigeration and iodine treatment, were then tested using samples from Strumpshaw

Fen to develop a site-specific storage protocol.

With respect to MRP, time was the most significant factor affecting sample degradation.
No sample treatment used in this study was able to prevent significant degradation in
MRP concentration beyond 72 hours of storage. Therefore, sampling and analytical
protocols for Strumpshaw Fen were designed to ensure MRP analysis was conducted
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within 3 days of sample collection. However, beyond 72 hours of storage it was shown
that both refrigeration at 4 °C, and iodine pre-treatment of bottles, had a positive effect
on sample preservation. Consequently, these treatments were applied to sample bottles
to guard against changes to MRP concentration in the time between collection and
analysis. Other cation and anion elements were found to be more stable than MRP, and

the analytical sequence used in this research was designed to reflect these findings.
6.7.2 The phosphorus status of Strumpshaw Fen at the field scale

Samples collected from Strumpshaw Fen indicated that under surface-inundated
conditions phosphorus may be released from the sediments into pore water and surface
water. Concentrations of MRP were indicative of exceeding thresholds at which
hypereutrophic conditions might be anticipated in receiving waters, reaching almost 5
mg 1" P in pore water and over 0.25 mg I P in surface water. Only a limited number of
other studies have investigated the concentrations of MRP present in wetland pore water
and surface water under field conditions. Soto-Jimenez er al. (2003) extracted pore
water by centrifugation from sediment cores collected from an intertidal marsh flat in
the Chiricahueto marsh in Mexico. The system had been affected by nutrient loading
through runoff from adjacent agricultural land and pore water was P-enriched,
containing a maximum of 15 mg 1 P in 0.8 pm filtrates from a depth of approximately
8 cm below the sediment surface. Surface-water samples from the Chiricahueto Marsh
contained an average of 0.17 mg I'' P as orthophosphate. Mayer et al. (1999) used in-
situ pore-water samplers to examine profiles of P in the interstitial water below a
shallow pond system in the Point Pelee Marsh, Canada. They found concentrations of
MRP in 0.45 pm filtrates up to 4 mg I'' P at 10 cm depth, ascribing the high P
concentrations to the release of phosphorus during organic matter decomposition.
Concentrations of total phosphorus in surface-water samples reported by Mayer et al.
were approximately 0.23 mg I P. Chambers and Odum (1990) used suction samplers to
collect pore water from tidal freshwater marshes along the Chickahominy River in the
USA. In 0.45 pm filtered pore-water solutions they found concentrations of MRP over 5
mg I'' P, whilst in surface-water samples concentrations were generally below 0.1 mg 1!
P. The results from analyses of samples collected from Strumpshaw Fen are in
agreement with findings from previous research indicating a tendency for
concentrations of MRP in pore water to be substantially above that in surface waters,

suggesting that release from the sediments is the major source of MRP in this system.
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6.7.2.1 Colloidal-P and free orthophosphate in pore-water samples

Sequential filtration elucidated the speciation of P in pore-water samples from
Strumpshaw Fen. Considering all samples from 25" June 2002 that were 0.02 um
filtered on return to the laboratory, over 92 % of the MRP concentration in 0.45 pm
filtrates remained after filtration through 0.02 pm filter papers. Hens and Merckx (2002)
provided evidence that free orthophosphate was the only MRP species present in 0.02
pum filtrates of grassland, arable, and forest soil solutions. Direct evidence that free
orthophosphate was the only MRP species present in 0.02 pm filtrates of pore water
from Strumpshaw Fen was beyond the scope of this study. However, speculating that
the findings of Hens and Merckx are applicable to samples of wetland pore water, the
data indicate that less than 8 % of the MRP present in 0.45 pm filtered solutions was
colloidal. The analysis of 0.45 pm filtered samples that were spiked with free
orthophosphate indicated that > 95 % of added P was transferred through the 0.02 pm
filter paper. However, in only 5 of the 21 samples analysed was 100 % recovery of the
spiked orthophosphate observed. This suggests that either added P was rapidly bound to
the colloidal size fraction and subsequently retained on the 0.02 pum filter paper, or that
filter papers became clogged and did not allow free orthophosphate to pass through.
Despite k eeping filter p aper 1 oadings 1ow in an attempt to minimise ¢ logging, visual
observation indicated that a green-grey gel-like material was retained on the 0.02 pm
papers. If this gel clogged pores in the filter paper and prevented the transfer of free
orthophosphate, then a proportion of the difference in MRP concentration between 0.45
um and 0.02 pm filtrates may be attributed to filter paper clogging, rather than to the
presence of colloidal-P. Consequently, the maximum figure of 8 % given above may be
an over-estimation of the true colloidal-P content of pore-water samples from

Strumpshaw Fen. However, without further analysis of the gel this conclusion remains

speculative.

The finding that the vast majority of MRP in pore-water samples from Strumpshaw Fen
may have been present as free orthophosphate, suggests a source of immediately
bioavailable P. Although colloidal phosphorus may represent P that is potentially
available to microorganisms over longer timescales (Shaw et al., 2000; Jones et al.,
1993), only orthophosphate is considered to be directly available and rapidly consumed
by bacteria and algae (Zhang and Oldham, 2001; Robards et al., 1994).
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The data reported in this chapter represent one of the first attempts in wetland science to
examine the speciation of the fraction of total phosphorus termed ‘dissolved’ P, and
specifically to attempt to partition the MRP concentration in 0.45 um filtered solutions
into colloidal-P and free orthophosphate. The major finding, that colloidal-P may
represent only a small proportion of MRP in 0.45 pm filtered pore-water samples,
contrasts with a number of other studies conducted in different environments. Hens and
Merckx (2002) found thatas much as 58 % of the MRP in 0.45 pm filtrates o fsoil
solution from a grassland soil in Belgium was attached to colloidal-sized material
between 0.45 and 0.025 um in size. Baldwin (1998) determined that < 20 % of reactive
P in 0.1 pm filtered samples from a eutrophic shallow lake in Australia was free
orthophosphate, the remaining 80 % being the result of the hydrolysis of organic P or P
attached to inorganic and organic colloids during analysis. Zhang and Oldham (2001)
found that a significant proportion of the reactive P determined on 0.50 pum filtered
solutions collected from a series o f shallow 1akes in A ustralia was in fact associated
with the acid hydrolysis of colloidal-P.

Various authors have discussed the formation of colloidal-sized humic substance (HS)-
metal-P associations (e.g. Hens and Merckx, 2002; Shaw et al., 2000; Jones et al.,
1993). Colloidal-P may also take the form of P sorbed to Fe- or Al-oxides, in the matrix
of suspended solids, or present in microorganisms (Hens and Merckx, 2002; Buffle and
Leppard, 1995). The analytical conditions of the MRP assay may lead to the release of P
from the colloidal fraction. The hydrolysis of organic- and condensed-P bonds driven by
acid or transition metal concentrations, alongside the dissolution of metal-P bonds under
the acidic c onditions associated w ith MRP analysis, m ay release free o rthophosphate
into solution, thereby leading to an overestimation of the true orthophosphate

concentration in the sample (Hens and Merckx, 2002; Baldwin, 1998).

No evidence was found to support the over-estimation of orthophosphate concentration
during the analysis of pore-water samples from Strumpshaw Fen, indicating that either
colloidal forms of P were largely absent from the samples, or that the conditions
associated with the MRP assay did not lead to the release of orthophosphate into
solution from colloidal-P. No direct attempt was made to determine the HS content of
the pore water collected from Strumpshaw Fen, although visual inspection indicated a
number of the samples were coloured. Given the high concentration of iron in many of
the pore-water samples, it was surprising to find evidence suggesting that HS-Fe-P
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associations were not abundant in the samples from Strumpshaw Fen. Hens and Merckx
(2002) and Jones et al. (1993) suggest that as sample pH decreases, so does the
predominance of colloidal-P. This was attributed to increased competition for binding
sites between H' and Fe or Al, thereby preventing the establishment of HS-metal-P
complexes, or to the instability of these complexes under low-pH conditions. However,
the range of pH in the pore-water samples collected from Strumphsaw Fen during 2002
(6.75-6.44), means that low pH is unlikely to explain the apparent lack of a large
colloidal-P component in the samples. None of the research described previously in the
literature has dealt with the formation of HS-metal-P associations in reduced samples,
such as those extracted from the piezometers at Strumpshaw Fen. The findings reported
in Chapter 5, and those discussed below relating to Fe-P correlations in field-derived
samples, suggest that reductive-dissolution was the major process leading to the release
of MRP to pore water at Strumpshaw Fen. It is possible that reductive-dissolution of Fe-
P complexes in the field maintained the majority of MRP in the form of free
orthophosphate in pore-water samples. Stewart and Wetzel (1981), cited in Jones ef al.
(1993), suggested that high concentrations of dissolved calcium could inhibit the
formation of HS-metal-P associations. This was attributed to the selective loss of greater
molecular size dissolved humic substances, to which iron preferentially binds, with
increasing c alcium concentration. Dissolved calcium concentrations in the pore-water
samples collected from Strumpshaw Fen on 25™ June 2002 were high, varying between
69 and 248 mg 1" in the 21 samples collected, suggesting that Ca** concentrations may
have been a factor inhibiting the formation of HS-metal-P colloids in pore-water

samples from Strumpshaw.

Baldwin (1998) demonstrated that both commercially-available organic P compounds,
and organic P in environmental samples, may be prone to hydrolysis and release of
orthophosphate during MRP analysis. The data from Strumpshaw Fen, showing no
significant differences between the concentrations of MRP in 0.45 um and 0.02 pm
filtrates, suggest that the hydrolysis of organic P during the analysis of pore-water
samples was negligible, and are, in this respect, in agreement with the findings of
Ivanoff et al. (1998). It is possible that the short reaction time used in the automated
FIA methodology (< 10 seconds during which sample and reagents are mixed prior to

measurement of sample absorbance) minimised the potential for hydrolysis of organic P

during the MRP assay.
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6.7.2.2 Translating laboratory mesocosm studies to the field scale

One of the aims of this current chapter was to determine if the findings from the
laboratory mesocosm studies reported in Chapter 5 translated to the field scale.
Specifically the availability of phosphorus, and the relationship between MRP and Fe**
in pore-water and surface-water samples collected from the field was investigated, and
qualitatively compared with data from the laboratory core incubations. The analysis of
field-derived samples confirmed that substantial concentrations of MRP were released
to, and maintained in, solution under flooded conditions at Strumpshaw Fen. By
installing piezometers in the field at depths that corresponded with those used in the
mesocosm work, it was possible to establish that the pattern of MRP concentration with
depth in the surface 50 cm of peat that was identified during laboratory core incubations
was also present at the field scale (see Table 6.2). Encouragingly, both the spatial
pattern of Fe** concentration in the surface 50 cm of peat, and the strong correlation
between Fe** and MRP observed during core incubations, were confirmed in field-

derived samples (see Section 6.4 and Figure 6.4).

Despite this level of agreement, a number of differences were identified between
samples collected at the two different spatial scales. Firstly, in the vast majority of
samples, MRP and Fe** concentrations from laboratory core incubations were
considerably lower than in corresponding samples collected from the field. With respect
to samples from Experiment A, this likely reflects the lack of phosphorus in the solution
used to flood the cores in the laboratory. This contrasts with the situation at the field
scale where flooding usually involves the input of P-enriched water from the River Yare
(see Section 4.4.1.2). In samples from Experiment B, the difference may reflect the fact
that the presence of NOs-N in the flooding solution delayed the onset of the reductive-
dissolution of Fe-P complexes. As a consequence, insufficient time had elapsed by the
end of the core incubations for P concentrations to reach the levels determined in field-

derived samples collected from sediments that had been submerged for several months.

Secondly, concentrations of MRP in surface-water samples from the core incubations
(0.64 to 0.80 mg 1" P) were greater than observed in surface water collected from the
field (0.20 to 0.38 mg 1" P). This may reflect the fact that surface water became more
strongly reduced during the core incubations than typically occurs under field

conditions, thereby supporting increased concentrations of MRP in solution. Ahn and
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Mitsch (2002) found lower dissolved oxygen concentrations and redox potential in the
surface water of mesocosm wetlands (surface area 1 m®) compared to the field scale (10
000 m?), and suggest that this may be associated with the absence of surface turbulence,
and therefore oxygen diffusion, in the surface water of their mesocosms. In the light of
these findings, the concentrations of MRP reported in surface water during the core
incubations (see Sections 5.3.3.1 and 5.3.4.1) may be maximum estimates, which may
occur given strongly reduced conditions in surface water at the field scale. These
findings highlight the importance of considering the reduced system complexity
inherent in small-scale laboratory studies when attempting to translate findings to the
field scale. The data reported in Chapter 5 do provide an invaluable qualitative
assessment of the P status of Strumpshaw Fen at the field scale, but in absolute terms

appear to have limited accuracy.

The availability of MRP in deeper pore water (below 50 cm) provides an indication of
the implications of high MRP concentration in the near-surface zone. At sample sites
relatively close to the ditch network (2 and 10 m), concentrations of pore-water MRP
and Fe®* at depths below 50 cm were much lower than in the upper 50 cm of peat
(usually by at least an order of magnitude). Concentrations of MRP decreased between
samples collected at 102.5 and 202.5 cm depth, and again between 202.5 and 402.5 cm,
reaching less than 0.1 mg I'' P towards the base of the peat profile compared with over 4
mg I P in pore water from 17.5 cm depth. These findings indicate that, compared with
the upper 50 cm of peat, that at greater depth is unlikely to contain a store of P in a form
that is released to, and maintained in, solution. Despite this, concentrations of MRP over
0.2 mg I P were still observed in samples from 202.5 cm depth in piezometer nests at 2
and 10 m from the ditch edge. T hese relatively high concentrations of MRP at such
depth in the peat profile may reflect ground-water flow from the near-surface deposits
into deeper peat, in response to downward-acting vertical hydraulic gradients. Although
Section 4.4.2 provides little evidence to support the large-scale recharge of deeper
ground water in the Yare Valley Formation with fen pore water, downward-acting
vertical gradients through the peat profile were observed immediately following rainfall
at the site. These gradients may have supported the movement of P-enriched near-
surface pore water to greater depth in the peat profile. Alternatively, diffusion of

phosphorus from the near-surface zone towards deeper peat may have resulted in P-

enrichment of pore water below 1 m.
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Samples collected from 102.5, 202.5 and 402.5 cm depth in the fen interior (100 m from
ditch edge), contained considerably higher concentrations of MRP and Fe** than
samples from corresponding depths at 2 and 10 m from the ditch edge. It is unlikely that
peat at 402.5 cm depth, towards the base of the peat profile, contained a sufficiently
large store of phosphorus or iron to generate MRP concentrations in pore water over 1
mg I'' P and Fe?* concentrations over 3 mg I'", by direct release into solution. Further,
pore-water samples extracted from piezometers in the surface 50 cm of peat did not
indicate that MRP or Fe** concentrations at 100 m from the ditch edge were higher than
at 2 or 10 m. Therefore, if near-surface pore water is the source of the enrichment of
deep pore water in the fen interior, a greater volume of water may move into the deeper
peat at 100 m from the ditch edge compared to 2 or 10 m. This may be explained by the
radial pattern of ground-water flow that is likely to be generated during the lateral
delivery of shallow ground water to the ditch network. A radial flow pattern would
produce a stronger downward-acting vertical component in the fen interior compared to
the near-ditch zone (e.g. Beckwith et al., 2003b; Fetter, 2001). Although the vertical
flow component would remain relatively small in absolute terms, over a long time scale
it would have the potential to increase the c oncentrations of MRP and Fe** found in
deeper pore water. Alternatively, the long-term diffusion of MRP and Fe** from the
near-surface may explain the elevated concentrations of these elements in deeper pore
water. The vertical diffusive flux would be reduced in the near-ditch zone where lateral
advection into the ditch network predominates. However, further data is needed to

evaluate these hypotheses linking the concentrations of P in solution with ground-water

flow patterns and diffusive fluxes.

6.7.3 Hydrochemical evidence for exchanges between the fen and the ditch

network

Four principal types of water exchange between shallow ground water in the fen and
open-water in the ditch network were identified on the basis of water-table gradients in
Chapter 4. Firstly, rainfall rapidly generated large water-table gradients driving the
delivery of fen pore water to the ditch network. Secondly, tidal pulses of water from the
River Yare drove two-way exchanges of water between the fen and the ditch network.
On the rising limb of the pulse, water was transferred from the ditch network into the
fen, followed by the drainage of pore water into the ditch as the tidal pulse moved back
into the River Yare. Tidal pulses were semi-managed events at Strumpshaw Fen, in that
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the ditch network had a controlled connection to the river. However, periods analogous
to free connection between the river channel and the ditch network could be identified
in the data collected (see for example Figure 6.9). Thirdly, the management of fen
water-table position through manipulation of ditch water level supported the prolonged
delivery of fen surface water and pore water to the ditch network. Finally, water-table

gradients indicating sub-irrigation of the peat by ditch water during summer drawdown

conditions were observed.

The current chapter provides evidence of the hydrochemical tracing of a number of
these exchanges. Different hydrochemical signatures appear to be associated with
individual rainfall events, indicating the delivery of either dilute or solute-enriched
shallow ground water to the ditch network. An explanation for this is not immediately
obvious. It may be that the different EC signatures reflect varying volumes of pore
water-dominated (solute-enriched) versus rainfall-dominated (dilute) water delivered to
the ditch network in response to the water-table gradient. Alternatively, the EC patterns
may reflect the history of water-table fluctuation prior to the individual rainfall event.
The rainfall on JD 355 and 356 (Figure 6.6) was the first substantial input of water to
the peat surface following prolonged artificial water-table drawdown over JD 319-331,
which lowered the fen water tablebyup to 25 cm (see Figure 4.16). This period of
drawdown may have contributed to the delivery of an initial pulse of solute-enriched
water to the ditch network following rainfall. A number of authors have suggested that
the drying of soils and sediments may lead to a large nutrient pulse being released to
solution on re-wetting (e.g. Turner and Haygarth, 2001; Baldwin and Mitchell, 2000;
Qui and McComb, 1995; Haynes and Swift, 1989; Salema et al., 1982). In contrast, the
rainfall event in Figure 6.5 followed a period of stable water-table position, where the
fen water table fluctuated by no more than 1.5 cm over the 8 days prior to rainfall.
However, more research is needed to examine the release of solutes to rainwater

percolating through drained peat.

Hydrochemical tracing of tidal pulses from the River Yare suggested that, at a given
point in the ditch network, a pulse may be dominated by river water or by water from
the interconnected ditch/Broad system that was transferred through the ditch network
due to the ingress of river water into near-channel sections of the fen. In terms of the
delivery of water to the wetland complex, the data suggest that the River Yare has a
more dynamic role to play than simply over-bank flooding events. Indeed, under a
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situation of free connection between the river and the ditch network, it would be
possible for river water to be input to the peat twice a day through sub-surface exchange
with open w ater in the ditch, driven by fluctuations o f w ater 1evel in the tidal River
Yare. Given the location of the monitored section of the ditch network in this study,
near the upland margin of the floodplain (see Figure 2.2), the findings in the current
chapter demonstrate that frequent interactions between different elements of the
catchment (channel system and floodplain system) can occur over a wide spatial scale,
facilitated by the ditch network. Consequently, the chemical quality of the River Yare,
specifically the high P concentration (see Figure 2.5), remains an important factor

influencing the chemical status of Strumpshaw Fen.

Hydrological management at Strumpshaw Fen can generate substantial water-table
gradients driving the delivery of surface water and pore water into the ditch network
(Figure 6.10). During such m anaged p eriods o f drawdown, ditch water is discharged
directly into the River Yare. Consequently, the chemical status of the ditch water, as
influenced by the delivery of shallow ground water from the fen system, will have a
direct impact on the chemical status of the River Yare. Combined with the findings
described above regarding the m ovement o f tidal pulses into the riparian zone, these
data illustrate the two-way nature of the interaction between the channel and floodplain
systems. More specifically, the floodplain should not simply be seen as a sink area
receiving inputs of water, sediment and nutrients from the channel system. Instead, the
floodplain has the potential to act as a source area for the channel system, through a
single point-source connection in the case of the managed Strumpshaw Fen, but through
a more dispersed series of inputs under non-managed conditions. Clearly, the impact of
the floodplain on the channel system will be dependent on the volume of water
delivered from the floodplain relative to the volume carried by the channel system. In
the case of Strumpshaw Fen, the managed connection between the ditch network and
the River Yare means that the volume of water input to the river from the fen is likely to
be relatively small compared with the volume of water carried by the river. Given this,
the chemical and ecological effects of solutes exported from the peat are likely to be

confined to the ditch network. However, this may not be the case for the floodplains of

smaller rivers.
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6.7.4 Direct evidence for the delivery of MRP to receiving waters

Evidence from the laboratory core incubations in Chapter 5, and from the analysis of
field-derived pore-water and surface-water samples reported in the current chapter,
suggests that the sediments at Strumpshaw Fen represent a source for P. Hydrological
and hydrochemical monitoring has suggested that two-way transfers of water occur
between shallow ground water in the fen and open water in the ditch network. The
current chapter also investigated whether these source and transport factors combine to

result in the delivery of MRP to the ditch network.

Figures 6.11 and 6.12 both show that significant concentrations of MRP can be
delivered to the ditch network from pore water in the fen. During the rainstorm event
(Figure 6.11), the MRP concentration of ditch-water samples reached a m aximum of
0.27 mg I"' P, reflecting the delivery of P-enriched pore water to the ditch network in
response to the water-table gradients developed during rainfall. The ditch network was
allowed to drain freely into the River Yare during the period shown in Figure 6.11. As a
consequence, MRP in the ditch network had the potential to be delivered to the River
Yare. Given that the concentration of MRP in ditch-water samples exceeded the interim
standard for ‘eutrophic’ rivers of 0.2 mg 1" P (Environment Agency, 2000), and that
critical concentrations for eutrophication control of surface waters are between 10 and
20 pg I P (Heathwaite and Dils, 2000), the delivery of ditch water to the Yare may
influence the chemical and, therefore, ecological quality of the river water, although this
is clearly dependent on the volume of water delivered (see above). These findings
challenge the classical view of wetlands in general, and floodplain fens in particular, as
buffer zones protecting the chemical and biological quality of receiving waters, and
suggest that the role of floodplain fens in River Basin Management Plans, such as those

associated with the EU Water Framework Directive, may need to be reviewed.

Figure 6.12 shows that tidal pulses from the River Yare can deliver high concentrations
of MRP to the ditch network, which may subsequently be transferred by sub-surface
exchange into the peat (see Figure 6.8). Management of Strumpshaw Fen currently
focuses on over-bank flood events as the major input of River Yare water to the
wetland, through embankment of the fen to isolate the system from the channel.
Although this may be justified with respect to the volume of water exchanged, the

present study suggests that sub-surface exchange between open water in the ditch
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network and shallow ground water in the fen may continue to deliver high
concentrations of MRP to the near-surface peat, the rooting zone for emergent
macrophyte species at the site. Both prior to and subsequent to the passage of the tidal
pulse in Figure 6.12, MRP was delivered to the ditch network from fen pore water. It is
likely that this water was strongly reduced, and that MRP in solution was the result of
the reductive-dissolution of Fe-P phases in the sediment (see Chapter 5). It is perhaps
surprising that the delivery of pore water rich in Fe and P to the oxidised ditch
environment did not result in the oxidation of Fe** to Fe**, and subsequent removal of P
from solution through scavenging by precipitating ferric iron. High c oncentrations of
total P (~ 1200 mg kg™') and total Fe (~24 g kg')in samples of sediment collected from
the bottom of the ditch network, suggest that the precipitation of these two elements
from ditch water may occur. However, the delivery of pore water rich in HS, Fe and P
to the ditch network may have resulted in the formation o f HS-Fe-P c olloids, w hich
inhibit the co-precipitation of P with ferric iron, thereby maintaining P in solution
(Shaw, 1994). Although no conclusive evidence was found to support the formation of
such colloids in pore-water samples (see Section 6.4), these analyses were conducted on
strongly reduced samples in which iron was present as Fe?*. On delivery to the ditch
network, Fe’* may oxidise to Fe*', thereby promoting the formation of HS-Fe-P
colloids. However, the fate of MRP following delivery to the ditch network was beyond
the scope of this research, but would form the logical next step in work designed to
determine the catchment-scale significance of phosphorus release to solution within

floodplain fens such as that at Strumpshaw.
6.8 Concluding comments

The current chapter has shown that laboratory mesocosm work does provide an
invaluable description of the MRP status of Strumpshaw Fen at the field scale. Spatial
patterns of MRP concentration, and the correlation between MRP and Fe?* release,
initially identified in Chapter 5 have been reaffirmed in samples collected from the
field. Speciation of MRP in 0.45 pm-filtered samples has shown that the majority of P
in these filtrates may be present as free orthophosphate, rather than in colloidal
fractions, indicating a source of P that is readily bioavailable. Direct evidence has been
provided for the combination of source and transport factors with respect to P at
Strumpshaw Fen, resulting in the delivery of MRP to the receiving ditch network. This
work highlights the importance of considering both hydrological and hydrochemical
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process information when attempting to determine the wider-scale implications of
findings from small-scale mesocosm work. These data have achieved the second part of

Research Objective 4, and all of Research Objective 5 identified in Section 1.2.

The final chapter in this study provides a summary of the major findings reported in this
thesis, and attempts to conceptualise the hydrological and hydrochemical processes

involved in the transfers of P at Strumpshaw Fen.
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7. SUMMARY AND SUGGESTIONS FOR FURTHER
RESEARCH

7.1 Introduction

This chapter presents the major findings of this study into the controls on phosphorus
release from riparian wetland sediments, and the hydrological connectivity between
different elements of Strumpshaw Fen, a typical managed floodplain fen complex.
Section 7.2 identifies the advancements made in the understanding of the hydraulic
properties of fen peat and horizontal and vertical exchanges of water within
Strumpshaw Fen. Section 7.2 also looks at the biogeochemical controls on P release to
wetland pore water and surface water, and the delivery of P to receiving waters through
the combination of P availability and hydrological connectivity. Section 7.3 brings
together the hydrological and hydrochemical strands from this thesis to produce a
conceptual model describing the phosphorus transfers at Strumpshaw Fen. Finally,
Section 7.4 highlights the potential importance of this study with respect to the
management of this and similar riparian wetlands and identifies several areas for further

research.

7.2  Major hydrological and hydrochemical findings

7.2.1 The hydraulic properties of riparian wetland sediments

This study has advanced our ability to assess a fundamental property of wetland
sediments, namely the hydraulic conductivity (X). It has improved the understanding of
how a commonly-used field method for the determination of X, the piezometer slug test,
can be applied reliably to peat deposits. Several aspects of the piezometer test and data
analysis procedures require more careful attention than has been given in many previous

studies of wetland sediments. For example, pore blocking during insertion tests has
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been identified in the current research as a possible explanation for the common finding
that piezometer slug tests in peat apparently underestimate ‘true’ K. Furthermore,
‘anomalous’, strongly non log-linear behaviour during some test recoveries has been
described, a feature that may be associated with the action of gas bubbles within the
peat matrix. That near log-linear recoveries can be gained from piezometer slug tests in
peat was encouraging, given that many previous studies have highlighted compressible
soil behaviour as a potential barrier to the application of these tests in wetland
sediments. In addition, a novel laboratory method for K determination has, for the first
time, been applied successfully to fen peat. The method provides a simple yet robust
determination of both the vertical and horizontal K, which is particularly useful in peat
deposits where the magnitude of anisotropy is often large (e.g. Beckwith et al., 2003a;
Schlotzhauer and Price, 1999).

The dual application of the piezometer slug test and the modified cube method to the
peat at Strumpshaw Fen has provided one of the first reliable comparisons between
field- and laboratory-based K determinations in peat deposits. Particularly encouraging
was the remarkable consistency between K values determined by both techniques,
providing further support to the conclusion that both are robust methods that provide
accurate data. This work, reported in Chapters 3 and 4, contributed to achieving
Research Objective 1 identified in Section 1.2 (to characterise accurately the hydraulic

properties of near-surface peat deposits).

Tests conducted at both Sutton Fen and Strumpshaw Fen have identified deposits with
K values towards the top end of the range of values determined for wetland sediments in
general, up to 10?% cm s™'. These findings support the contention made in previous work
that the presence of root and rhizome material may lead to high X (e.g. Mann and
Wetzel, 2000; Chason and Siegel, 1986). That X is high in the peat at Strumpshaw
indicates that, given suitable hydraulic gradients, water may flow readily through the
deposits and exchange with other elements of the wetland complex. The anisotropy of X
in the deposits at Strumpshaw Fen was found to be far less than often associated with
bog peat, and may also be related to the orientation of roots, rhizomes and relict root
channels. This study also highlights the potential for X to vary over relatively small
spatial scales, reinforcing the need for greater attention to be paid to the characterisation
of the hydraulic properties of wetland sediments prior to the interpretation of other
hydraulic data including gradients of hydraulic head. This work completed the
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achievement of Research Objective 1, and was the fundamental basis to addressing
Research Objective 2 (to examine the exchange of water between near-surface wetland
sediments and deeper ground water and open water). Without the advances made in this
research, features such as insufficient instrument development to remove smeared peat
from around the piezometer intake, or pore blocking during insertion tests, may have
generated K values that were substantially lower than those reported in Chapter 4. Such
low K estimates may have supported the conclusion that there was only a small
potential for water exchange through the peat at Strumpshaw Fen, and that consequently
shallow ground-water flow was unimportant in this system. Clearly, reliable K estimates
are a fundamental requirement in the investigation of water, and therefore solute,

movement in wetland sediments.
7.2.2 [Exchanges of water through the peat deposits at Strumpshaw Fen

Chapter 4 examined the potential for both vertical and horizontal exchanges of water
through the peat at Strumpshaw Fen. Concern has been raised previously regarding the
impact of ground-water abstraction on the hydrology of Strumpshaw Fen, a concern
common to many wetland systems in which ground water is perceived to be an
important water source. This study has found that the direction of vertical hydraulic
gradients appears to support the conclusion that abstraction from the Chalk aquifer
underlying Strumpshaw Fen has generated a cone of depression in the vicinity of the
wetland, resulting in ground-water recharge from surface water and near-surface pore
water in the wetland. However, the distribution of hydraulic head within the peat profile
was found to be relatively uniform, suggesting that although hydraulic gradients exist
between the peat and the underlying mineral aquifer these are not translated into
substantial volumes of ground-water flow. It is concluded that a deposit of sufficiently
low K exists to minimise the flow of water between the two aquifer units. The location
of this deposit is uncertain, but is likely to be either towards the base of the peat profile
or at the interface between the peat and the underlying Yare Valley Formation. As a
consequence, the peat should be perceived as a perched aquifer, essentially
hydrologically disconnected from deeper ground-water formations in terms of the
exchange of large volumes of water. In addition, it was found that during summer
drawdown conditions in the fen, when evapotranspiration demand was at a maximum,
hydraulic head in the underlying mineral aquifer could exceed that in the peat deposits.

Again there was little evidence of ground-water flow in response to these gradients
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because the distribution of head remained essentially uniform within the peat aquifer.
However, it highlights the fact that the impact o f ground-water a bstraction at similar
sites, where the stratigraphy may not include layers of sufficiently low K to preclude
substantial ground-water flow, may be temporally more complex than simply the loss of

water from the wetland due to ground-water recharge.

This analysis of the vertical distribution of hydraulic head suggested that the movement
of water at Strumpshaw Fen was likely to be dominated by lateral exchanges. This was
confirmed by an investigation of the variation in water-table position and the horizontal
distribution of hydraulic head. The current study found that the ditch network at
Strumpshaw Fen, a feature common to many riparian wetlands, was an important driver
of the flow o f shallow ground water in the fen. W ater-table gradients supporting the
delivery of surface water and pore water from the fen to the ditch network were
generated during rainfall events, the falling limb of tidal pulses from the River Yare,
and by managed drawdown of ditch water level. Conversely, during the rising limb of
tidal pulses or during evapotranspiration-driven drawdown of the fen water table,
evidence exists that indicates the transfer of open water from the ditch network to the
peat deposits. Importantly, despite management efforts to isolate the fen from the river,
this study has shown that both through the ditch network and through over-bank flood
events, the River Yare remains an important water source at Strumpshaw, both in terms
of the hydrological and hydrochemical functioning of the fen. This work, reported in
Chapter 4, achieved Research Objective 2 in Section 1.2 (to examine the exchange of
water between near-surface wetland sediments and deeper ground water and open

water).

Through combining information regarding water-table gradients with reliable estimates
of the hydraulic conductivity of the deposits at Strumpshaw Fen, this study has shown
that substantial volumes of water may be exchanged between the shallow ground water
in the fen and adjacent open-water systems, up to several thousand litres per day under
certain conditions. As a consequence, the chemical quality of fen pore water and surface
water has the potential to influence the chemical and ecological quality of the ditch

environment.
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7.2.3 Factors controlling the release of phosphorus from riparian wetland

sediments
Sediment-bound phosphorus

This study has identified the peat deposits at Strumpshaw Fen as containing a
substantial store of sediment-bound P (up to 1400 mg kg TP), likely as a result of
historical nutrient loading from adjacent channel systems. In agreement with many
previous studies of wetland deposits, sequential extraction of P from the peat at
Strumpshaw Fen has shown that the majority of the TP store is present in organic form.
However, a substantial proportion (up to 30 %) is stored as inorganic P, and in
particular the role of iron-bound phosphorus has been highlighted. This contrasts with
much p revious w ork conducted in w etlands t hat s uggests the 1 ow mineral content o f
many peats means that the role of iron in P cycling may be negligible. The importance
of iron at Strumpshaw Fen is a consequence of hydrological connectivity between the
wetland and the adjacent river channel which carries a high particulate iron load. This
work addressed the first part of Research Objective 4 in Section 1.2 (to characterise the

forms of phosphorus present in a typical riparian wetland sediment).
P release from riparian wetland sediments

Chapter 5 provides some o fthe first time series o f p hosphorus release from riparian
wetland sediments to pore water and surface water, and addresses directly Research
Objective 3 (to investigate the processes involved in sediment — pore water — surface
water P dynamics). Core incubations using deionised water as a flooding medium
showed that P was rapidly released to both pore water and surface water, reaching over
0.6 mg I'' P in surface water and over 2 mg I'' P in pore water by the end of 28 days of
sediment submergence. These findings indicate that, given hydrological connectivity,
pore water as well as surface water may pose a threat to the chemical, and therefore
ecological quality of receiving waters. Phosphorus was released concomitantly with
iron, providing evidence of an interaction between the cycles of these two elements in

the sediments at Strumpshaw.

Further core incubations used simulated River Yare water as the flooding medium. The
P load carried in this simulated river water was rapidly removed from solution upon
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contact with the peat. The timing of the subsequent release of P to pore water and
surface water during these core incubations was delayed when compared to
corresponding samples from the ‘control’ cores flooded with deionised water. Further,
during incubations with simulated river water the timing of P release to pore water was
dependent on depth in the core, with release near to the sediment-water interface
delayed compared to samples from greater depth. This produced a concentration
gradient that supported the diffusion of P into the surface water. However, the existence
of a concentration gradient did not result in the immediate delivery of P to surface
water, suggesting a physicochemical control on phosphorus cycling within the
sediments. When P release did occur, concentrations reached up to 0.8 mg I'' P in
surface water and over 4 mg "' P in pore water. Phosphorus was again concomitantly
released with iron, and at a consistent P:Fe molar ratio in the pore water of

approximately 0.46.

Evidence of a store of iron-bound P under oxidised conditions in the sediments at
Strumpshaw Fen, alongside the concomitant release of iron and phosphorus to pore
water and surface water at a consistent molar ratio following sediment submergence, led
to the preliminary conclusion that P release was controlled by the reductive-dissolution
of iron-phosphorus complexes. The dominant P:Fe molar ratio of approximately 0.46
indicates that P surface complexed to ferric hydroxide is involved. The importance of
iron within the system may also explain the removal of external loads of P from solution
upon initial flooding with simulated river water, because ferric iron likely scavenged P
from solution during the early stages of the incubations. Consequently, the continued
input of eutrophic water from the River Yare to Strumpshaw Fen has the potential to

maintain a supply of P that is retained within the peat matrix.

Evidence presented in this study highlights interactions between the cycles of
phosphorus, iron and nitrogen in these riparian sediments, a feature rarely elucidated in
previous w etlands r esearch. T he high c oncentration o f nitrate-nitrogen carried by the
River Yare has the potential to poise the redox potential of the sediments at levels above
those necessary for iron reduction. Consequently, compared to incubations using
deionised water, P release to pore water and surface water was delayed when flooding
solutions carried high concentrations of NO;-N, because all nitrate had to be consumed,
likely through denitrification, prior to the onset of iron reduction and associated P
release. The delayed timing of P release to pore water close to the sediment-water
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interface compared to that at greater depth was due to surface water acting as a
prolonged source of NO3-N which diffused into the near-surface sediments, thereby
poising redox potential at a higher level for a longer time than experienced in peat at

greater depth.
Direct evidence from sediment analysis for the controls on P release

This study presents direct evidence using the sequential extraction of sediments from
Strumpshaw Fen to support the hypothesis that reductive-dissolution of Fe-P complexes
controls the release of phosphorus to pore water and surface water. Comparison of the
NaOH-P; content of drained and flooded sediment cores, assumed to represent iron-
bound P, confirmed that flooding resulted in a statistically significant decrease in the
amount of P stored in this fraction. The magnitude of the decline in NaOH-P; was
correlated with the concentrations of P in pore-water samples at the end of the
incubations. In addition, other fractions of the sediment-P pool that may contribute to
the release of phosphorus to solution appeared to be relatively stable. In particular,
contrasting with some previous studies of wetland sediments, there was no evidence
from the deposits at Strumpshaw Fen that flooding resulted in P release from microbial
communities. This suggests that the microbial community at Strumpshaw may have
been selected to withstand periodic fluctuations between flooded and drained
conditions, as a consequence of the ‘natural’ seasonal water-table range under field

conditions in this riparian system.

7.2.4 Combining source and transport factors to investigate solute delivery to

receiving waters

Chapter 6 provides evidence showing that the eutrophic conditions established in pore
water and surface water during core incubations is representative of the P status at the
field scale. Analysis of samples collected from the field indicated that spatial patterns of
P concentration in pore water matched those determined from laboratory mesocosm
studies reported in Chapter 5. A strong correlation was also established between
concentrations of iron and phosphorus in samples from Strumpshaw Fen, with dominant
P:Fe molar ratios in these samples of approximately 0.41. These findings correspond

well with those described previously from core incubations, and provide further support
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to the conclusion that reductive-dissolution of P complexed at the surface of ferric

hydroxides is responsible for P release into solution at Strumpshaw Fen.

This study provides some of the first data that attempt to speciate phosphorus in 0.45
um solutions between ‘dissolved’ and ‘colloidal’ fractions. It was found that the
majority of molybdate reactive P in samples collected from Strumpshaw Fen was < 0.02
um, and may be composed of free orthophosphate. This finding is important with
respect to the potential ecological consequences of P concentrations in pore water,
because P associated with colloidal size fractions is not as readily bioavailable as the
orthophosphate ion (Zhang and Oldham, 2001; Shaw et al., 2000). The findings of this
study contrast with much other work examining solutions rich in humic substances, iron
and phosphorus, which suggests that colloidal-P may dominate. However, factors such
as the strongly reduced nature of wetland pore-water samples, and the high calcium
concentration in these solutions, may inhibit the formation of colloidal-P. In
combination with the analysis of MRP and Fe** concentrations in field-derived samples,
this work achieves the second part of Research Objective 4 (to examine the field-scale

availability of P within a riparian wetland).

Chapters 3 and 4 demonstrated that the peat hydraulic conductivity and the water-table
gradients developed at Strumpshaw Fen are conducive to the exchange between shallow
ground water in the fen and open water in the ditch network. Chapter 6 reports attempts
made in this study to provide direct evidence of the hydrochemical consequences of
these exchanges, particularly in the light of findings from field and laboratory work on
P release to pore water and surface water. Hydrochemical tracing using electrical
conductivity signals showed that the water-table gradients generated by rainfall, tidal
pulses and managed drawdown, all resulted in the delivery of shallow ground water to
the ditch network that could be traced through changes in ditch-water EC. Further, on
the basis of combined EC and pH tracing, it was shown that tidal pulses passing through
the ditch network could take two forms, dominated either by open-water already present
in the ditch/Broad prior to the pulse, or by water from the River Yare. Importantly, this
finding demonstrates that the interaction between the fen and the river channel is more
dynamic than just large-magnitude, low-frequency over-bank flood events, and that the
chemical quality of the River Yare may continue to directly influence the fen across the

entire width of the floodplain, via the ditch network.
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Demonstrating the links between the hydrological and hydrochemical threads in this
study, ditch-water samples were collected during periods when water-table gradients
suggested the exchange of water between the fen and the ditch network was likely.
These samples were analysed for P to determine if source and transport factors
combined at Strumpshaw Fen to deliver phosphorus to receiving waters. It was found
that the transfer of shallow ground water from the fen into the ditch network could
result in substantial increases in the MRP concentration of ditch-water samples. Rainfall
events and drawdown of the ditch network into the River Yare generated water-table
gradients that, combined with P-enriched pore water, delivered sufficient quantities of
phosphorus to the ditch network that final concentrations could exceed the interim
Environment Agency guidelines for eutrophic waters (Environment Agency, 2000).
Clearly, source and transport factors can combine at Strumpshaw Fen to export P from
the peat matrix at sufficiently high concentrations to threaten the chemical and
ecological quality o freceiving w aters. T racing o f the fluctuations in d itch-water EC,
and direct analysis of MRP delivery to the ditch network, achieved Research Objective
5 identified in Section 1.2 (to combine chemical process information on P availability in
wetland pore water and surface water with hydrological ¢ onnectivity, to examine the

delivery of P to receiving waters).

7.3 A conceptual model describing the interaction of source and tramsport

factors at Strumpshaw Fen

This study aimed to conduct an integrated hydrological and hydrochemical investigation
examining the factors controlling phosphorus exchange between sediment and solution
phases at Strumpshaw Fen, and the potential for transport of phosphorus from the peat
matrix to receiving waters. Figure 7.1 attempts to combine hydrological and
hydrochemical process information in a conceptualised fen-ditch system. Hydrological
events supporting the exchange of water between the fen and the ditch network are
summarised in blue. On the basis of the hydrological monitoring conducted at
Strumpshaw Fen, the direction of exchange is indicated by black arrows in Figure 7.1.
No attempt is made to describe the volumes of water involved in the different
exchanges. More work is needed before these volumes can be accurately quantified, for
example the magnitude of over-bank flooding will vary substantially between individual
flood events. Information contained in red describes the likely phosphorus status of
water either input to the peat, or transported from the peat to the ditch network. Finally,
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biogeochemical process information regarding the factors controlling the concentration

of phosphorus in fen pore water, surface water, or in the ditch network is provided in

green.

7.4  Guidance of riparian wetland management and suggestions for further

research
Riparian wetland management

The findings from this research may be of interest to the managers of this and similar
riparian wetlands. Despite the management approaches outlined in Section 2.4.2, the
River Yare remains an important influence on the wetland complex at Strumpshaw.
Inputs of water to the system occur at a large spatial scale and in an uncontrolled
manner during over-bank flooding events, and at a smaller spatial scale but potentially
more frequently during tidal pulses that pass through the ditch network. As a
consequence, the nutrient status of the river may continue to influence that of the
wetland complex, and improvements in the chemical quality of the River Yare would

certainly reduce external nutrient loadings to the fen.

However, the findings reported in this study regarding the processes controlling P
release from the peat sediments, indicate that internal processes may maintain eutrophic
conditions within the fen, even in the absence of external nutrient loads. The release of
P from the store already present within the peat, a legacy of historical hydrological
connectivity between the fen and the highly nutrient-enriched River Yare, has the
potential to maintain eutrophic conditions in pore water within the rooting zone of
emergent macrophyte species at the site. Consequently, c omplete isolation of the fen
from the River Yare, or decreases in the nutrient loads carried by the river, may not
result in immediate improvements in the nutrient status of Strumpshaw Fen. This may
be one factor that explains the apparent lack of large-scale changes in the vegetation
community present at the site (see Section 2.5.1), despite the reduced input of nutrient-
enriched water from the River Yare since management began. However, this is not to
say that improvements in the chemical quality of the River Yare are not desirable, not
least because given a reduction in the nutrient loads carried by this river, the return ofa
free connection between the wetland complex at Strumpshaw and the River Yare would

allow a more ‘natural’ hydrological regime to be re-established in the wetland.
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Hydrological connectivity between the ditch network and P-enriched fen pore water
means that delivery of nutrient-enriched water to the ditch network from the fen is
possible at Strumpshaw. Consequently, fen pore water has the potential to influence the
chemical and, therefore, the ecological quality of the ditch environment. Management
techniques, such as the use of the ditch network to drive the drawdown of the fen water
table, may result in the delivery of substantial volumes of eutrophic pore water to the
ditch network. In addition, drainage of water from the ditch network into the River Yare
has the potential to deliver P-enriched water to the river, although the impact of such
delivery will be dependent upon the volume of water exported from the wetland, and is
unlikely to be sufficient to influence the chemical quality of the River Yare, given that
volumes of water exchanged between the fen and the river are minimised by

management of Strumpshaw Fen.

This study has also indicated that there may be no ‘natural’ connection between the peat
aquifer and deeper ground-water formations at Strumpshaw Fen, most probably because
of a low K deposit either towards the base of the peat profile, or between the peat and
the underlying mineral aquifer, which minimises the actual flow of water. Despite the
existence o f ¢ lear differences in h ydraulic head b etween the p eat and t he underlying
Yare Valley Formation, there is negligible evidence in this study to support the vertical
exchange of water in response to these hydraulic gradients. This has important
implications for assessing the impact of ground-water abstraction for public water
supply on the hydrological functioning of Strumpshaw Fen. Using water abstracted
from the Marsh Support Borehole from the underlying Chalk aquifer to compensate for
the apparent ‘loss’ of water from the wetland due to ground-water abstraction (see
Section 2.4.1), may in fact be introducing a source of water that was not input to
Strumpshaw Fen prior to PWS abstractions. It is however recognised that the potential
for water exchange with the underlying mineral aquifer may vary spatially across the
entire site. T he c urrent study w as based in one relatively small area o f the total 2 00
hectare fen, because time and equipment restraints did not allow a wider-scale survey to
be conducted. It is possible that the stratigraphy in the area investigated in this thesis
may not be spatially continuous. For example, layers of low K that preclude the
exchange of large volumes of water between the peat and the Yare Valley Formation
may exist in some areas of the wetland complex but be absent in others. Further work
would be needed to establish whether the entire wetland complex at Strumpshaw is
apparently hydrologically disconnected from deeper ground water.
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Suggestions for future research

The combined hydrological and hydrochemical investigation reported in this study has
highlighted a number of areas that may provide future research interest. In terms of
wetland hydrology, the anomalous behaviour of several piezometer slug tests in the
deposits at both Sutton Fen and Strumpshaw Fen has been tentatively ascribed to the
action of gas bubbles below the water table in these peat deposits. Very little is known
about the influence of these biogenic gas bubbles on water flow in fen peat. Similar gas
bubbles have been identified in bog peat (e.g. Kellner et al., 2003; Rosenberry et al.,
2003) and preliminary work has shown that they have the potential to block water-
conducting pores, thereby affecting the flow of water through bog deposits (Baird and
Waldron 2003; Beckwith and Baird, 2001). Although ebullition of gas bubbles has been
observed at Strumpshaw Fen when walking across the surface of the inundated site,
little is known about how these gas bubbles affect the exchange of water through fen
peat.

Despite the importance of hydrological processes in many of the nutrient cycles
occurring in riparian wetlands, only a limited number of studies have identified the
hydrological pathways operating in riparian wetlands or provided details of water-table
fluctuations within floodplains (Burt et al., 2002). The current study has shown that
even under managed conditions, the channel system may continue to play an important
role in the input of water, nutrients and sediment to the riparian zone. Given that future
climate change is expected to alter the flow regime of many regulated and unregulated
rivers (Gregory et al., 1997; Pierce, 1996), increasing our understanding of the
hydrological links between the channel and the riparian zone is fundamentally important
if we are to predict the consequence of future changes in channel flow regime on
nutrient cycling within riparian systems. Further work should also consider unmanaged
systems where exchanges between the channel and the riparian zone are likely to be
more dynamic than at Strumpshaw Fen, associated for example with twice-daily inputs

of channel water to the riparian zone in tidal rivers.

In terms of the processes controlling P availability in floodplain fens, it has been shown
that historically high nutrient loading can produce a situation in which the riparian zone
is a source for P to the surrounding landscape. In this study, the release of P to wetland

pore water and surface water, alongside the delivery of P to the ditch network, has been
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demonstrated. However, the fate of P following delivery to the ditch network was
beyond the scope of the current research. Future research in this area would form the
logical next step in determining the wider-scale consequences of P release from wetland
sediments. For example, delivery of a reduced solution containing high concentrations
of humic substances, iron and phosphorus to an oxidised environment, may result in the
precipitation of Fe-P or the formation of colloidal complexes involving the association
of humic substances, iron and phosphorus. Both processes will have important
implications for the bioavailability of phosphorus, and for the potential for P to be

exported from the ditch network.

Preliminary analysis of the speciation of P in 0.45 um filtrates has suggested a minimal
role for colloidal phosphorus in pore-water samples from Strumpshaw Fen. This
contrasts with much other work examining the speciation of P in samples from a range
of different environments. However, the majority of previous work has been conducted
using oxidised solutions. Clearly, future research in this area should expand the range of
reduced solutions within which P speciation is conducted. Particularly important
research questions include the mechanism apparently inhibiting the formation of
colloidal-P in such samples, and the implications for the bioavailability and

transportation of P within wetland pore water.

Future research should also consider how the findings reported in this study translate to
the wider spatial scale. Because of time and equipment constraints, the research reported
in this thesis was focused on one relatively small area of the 200 hectares of
Strumpshaw Fen. This allowed the research to make significant advances in our
understanding of hydrological and hydrochemical processes in riparian wetlands.
However, there is a requirement to test the findings from this research in other areas of
Strumpshaw Fen, and in other similar riparian wetlands. For example, the degree of
hydrological connectivity between the peat and the underlying mineral aquifer, and the
magnitude of phosphorus release to pore water and surface water, may vary across the
site, particularly with proximity to the river channel. Replication of the research
reported in this study at a greater number of locations within Strumpshaw Fen would
elucidate the wider-scale applicability of the process findings reported in this thesis.

To begin to address the requirement in catchment science for both improved process

knowledge and greater understanding of the wider-scale implications of this process
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knowledge, this study provides an example of an integrated ‘source-plus-transport’
approach to environmental investigation. The implications of P release from riparian
wetland sediments for the ditch environment have been assessed by combining
hydrochemical process information with data regarding the hydraulic properties of the
weltand sediments and the hydraulic gradients acting within them. To move from the
floodplain to the catchment scale requires research in the areas described above,
examining the fate of P upon delivery to the ditch network and the importance of
connectivity between the ditch network and the river channel. This form of multi-scale
approach will become increasingly important in future catchment research, which will
be driven, in part, by the European Union Water Framework Directive, the fundamental

basis of which is connectivity between different elements of the catchment.
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