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Abstract Long-term monitoring data (1968-2008)
were used to investigate internal phosphorus (P) load-
ing following external P loading reduction in shallow
Loch Leven, Scotland. A whole-lake sediment P
inventory (upper 3 cm of sediment; 2005) suggested a
release-potential of 29.7 tonnes (t) from the release
sensitive sediment P pools. 18.5t was contained
within shallow water sediments (<4.5 m water depth)
with 7.6 t in deeper water sediments below the photic
zone (>5 m water depth). The “observed” release
(<5.11), estimated using a water column P mass
balance approach (1989-2008), was <5.1 t, indicating
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the presence of regulating mechanisms. Observed P
release declined between 1989 and 2008, with the
exception of 2003-2006. Observed P release estimates
were positively correlated with annual average water
column P concentration after 1989, highlighting the
role of internal loading in maintaining poor water
quality conditions after management intervention.
Multiple regression analysis suggested that internal
loading was driven by the wave mixed depth in spring
(positive driver), summer water temperature (positive
driver) and spring water clarity transparency (negative
driver). The potential importance of biological and
physico-chemical feedback mechanisms in the regu-
lation of benthic—pelagic coupling and water quality in
Loch Leven are discussed.

Keywords Sediment - Phosphorus - Internal
loading - Weather - Water quality - Recovery -
Eutrophication

Introduction

Elevated phosphorus (P) inputs to Loch Leven from its
catchment over many decades (May et al., 2011)
resulted in a deterioration of water quality, including
high water column total P (TP) concentrations,
increased phytoplankton biomass and, consequently,
decreased water clarity (Bailey-Watts & Kirika, 1999;
Carvalho et al., 2011), and a reduction in macrophyte
biomass (expressed as maximum growing depth; May
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& Carvalho, 2010). In an attempt to improve water
quality, external P inputs to the loch were reduced by
more than 60% between the 1970s and 1990s (Bailey-
Watts & Kirika, 1999; May et al., 2011). The lake
responded slowly and significant improvements in
water quality as a result of this management activity
have been observed only recently (D’Arcy et al,
2006). This suggests a recovery period of at least
20 years at this site (1989-2008; Fig. 1).

It is generally accepted that this prolonged recovery
is driven by re-equilibration processes (“internal
loading™), whereby sediment P that has been accu-
mulated over periods of high external loading is
released to the overlying water column during the
period of recovery in shallow lakes (Sas, 1989). The
magnitude of internal loading may diminish slowly as
aresult of P relinquishment from the system or may be
disrupted (capped) relatively quickly through the
establishment of natural buffering systems at the
sediment—water interface (e.g. macrophytes and ben-
thic algae; Scheffer, 2001; Mehner et al., 2008).

It is hypothesised that a switch in water column
nutrient source dependency from the catchment to the
sediment has occurred in Loch Leven. This

phenomenon is commonly observed in shallow lakes
following the reduction of external P loading (Sas, 1989;
Jeppesen et al., 2005; Sgndergaard et al., 2005).
However, although attempts have been made to inves-
tigate the importance of internal loading in Loch Leven,
through sediment P inventories and water column mass
balance estimates, little is known about changes in the
relative importance of internal versus external loading
across the well documented history of eutrophication
and subsequent management and recovery at this site.
Holden & Caines (1974) acknowledged the poten-
tial importance of sediment P sources in driving water
quality at Loch Leven between 1964 and 1971. They
estimated that the mass of dormant release sensitive P
(i.e. that associated with Fe and, therefore, releasable
under reducing conditions) in the upper 4 cm of
sediment was about 20 t P. Using a water column mass
balance approach they also estimated that P cycling
between the sediments and the water column
amounted to a maximum sediment uptake of
136 kg TP day_l, a maximum sediment release of
88 kg TP day~'. Advances in chemical speciation
techniques facilitated a more comprehensive assess-
ment of sediment P fractions in 1990, immediately
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after significant P loading reductions (Farmer et al.,
1994). The authors found that a large proportion
(~30%) of the 68.8 t of TP contained in the upper
4 cm of sediments within the loch was release
sensitive. A more recent study (2004-2005; i.e. during
the recovery period) found significant spatial (with
overlying water depth) and seasonal variations in P
composition and concentrations within the active layer
of surface sediment (upper 3 cm; Spears et al., 2006,
2007). This work clearly highlighted the need to
include annual and spatial averages in constructing
representative sediment P inventories.

Characteristic water column TP peaks in late sum-
mer/early autumn, which are typically driven by internal
loading, have been recorded in Loch Leven since 1989
(Fig. 1, lower panel; Spears et al., 2006, 2008). Such
peaks are commonly observed in “recovering” shallow
lakes (Sas, 1989; Sgndergaard, 2007) at this time of year
when external nutrient inputs are low. At Loch Leven,
there is also a trough in the hydrograph at this time of
year (Smith, 1974). For these reasons, changes in water
column TP concentration over this period can be
attributed fairly reliably to internal loading.

Recent studies have highlighted strong spatial
zonation in relation to the environmental drivers of
sediment P release in Loch Leven. Dominant nutrient
cycling mechanisms are synthesised from Spears et al.
(2006, 2007, 2009), the spatial distribution of domi-
nant autotrophic groups is summarised from Spears
(2007) and Spears et al. (2009) and the substrate
composition and light attenuation are summarised
from Calvert (1974) and unpublished data
(2004-2005), respectively. In shallow, photic zones,
P release is expected to be driven by wind induced
disturbance of sediments and diffusive release across
an aerobic sediment—water interface (Fig. 2; Table 1).
In these zones, sediment oxygen concentrations are
likely maintained through a combination of wind
induced wave mixing (Spears & Jones, 2010) and
benthic primary production (Spears et al., 2008).
Sediment P release in deeper, relatively undisturbed,
aphotic sediments is likely dominated by diffusive
release across an aerobic (especially in cooler, windy
winter/spring) or anoxic (especially in warm, calm
summer/autumn) sediment—water interface (Spears
et al., 2007). Although the relative importance of
these processes is known to vary seasonally and inter-
annually, the combined effects of these drivers have
not been quantified.

In Loch Leven, wave mixing of sediments and,
therefore, the threat of disturbance driven P-release is
lowest in summer and highest in winter (Spears &
Jones, 2010). In contrast, temperature driven release,
through enhanced diffusion rates (shallow and deep
water sediments) or the onset of anoxia and resultant
release of reductant-soluble P (more likely in deep
water sediments), is more important in summer and
autumn (Spears et al., 2007, 2008). The effects of
benthic autotrophs in reducing sediment P release are
likely to be strongest during summers with high
temperatures (Spears et al., 2008) that follow an
intense spring clear water phase.

The objectives of this article are (1) to use sediment
P concentration data to create a whole loch sediment P
inventory and partition this spatially according to
overlying water depth, (2) to use water column TP
fluctuations, associated with apparent internal loading
processes, to estimate long-term variations in the
magnitude of apparent internal P loading, and (3) to
investigate the relative seasonal effects of tempera-
ture, wind induced wave mixing, and water transpar-
ency (Secchi depth) on long-term variations in internal
loading.

Methods
Study site

Loch Leven (Fig. 3) is a large (13.3 km? surface area)
shallow (mean depth 3.9 m) eutrophic loch in east
central Scotland (latitude 56°10'N, longitude 3°30'W).
The loch has a long and well documented history of
eutrophication problems, with catchment management
during 1970s-1990s resulting in a significant reduction
in external P loading (Bailey-Watts & Kirika, 1999;
D’Arcy et al., 2006; May et al., 2011). The period of
high external loading (1968—1989) was characterised
by high baseline TP concentrations apparently mask-
ing any seasonal TP trends (Fig. 1). The external TP
load was halved between 1985 (20 t TP per year) and
1995 (~ 8 t TP per year) and appears to have changed
little between 1995 and 2005 (8 t TP per year)
(May et al., 2011). About 65% of this reduction was
conducted between 1970 and 1987 the remaining 25%
occurring between 1993 and 1997 (LLAMAG, 1993).
A change in the TP signal is evident post 1989 where
autumnal internal loading peaks are observed coupled
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Fig. 2 Conceptual diagram
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Table 1 Estimated zonation of functional autrotrophs in Loch Leven based on data from 2004 to 2006; depth ranges represent zones

of dominance based on spatial assessments of biomass

Zone Dominant autotrophic Dominant Depth  Loch surface Incident light reaching Nutrient cycling
group substratum (m) area (%) sediment surface (%) mechanism
1 Microalgae/emergent  Sand/stones <1.0 21 100.0-16.1 Aerated, diffuse,
vegetation disturbance
2 Macrophytes Sand/mud 1.0-3.5 37 16.0-1.4 Aerated, diffuse,
disturbance
3 Microalgae Mud 3.6-55 23 1.3-0.1 Aerated diffuse,
undisturbed
4 Detritus Mud >5.5 19 0.1-0.0 Aerated/anoxic,

undisturbed

with a drop in baseline TP. The magnitude of this peak
is observed to fluctuate and is lowest during 2000-2003
and 2007-2008.

The substrate of Loch Leven is mainly sand and is
dominated mainly by cobbles at depths of less than
2 m, and by silt and organic mud at depths of greater
than 2 m (Calvert, 1974; Spears et al., 2006).

Estimating the sediment P inventory

Sediment P concentrations across a gradient of
1.5-22.5 m overlying water depth (Reed Bower site
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also sampled; 3.5 m water depth) were reported by
Spears et al. (2007). Surface sediments were sampled
using a Jenkin surface sediment sampler. Sediment P
pools were quantified using the modified Psenner
extraction scheme (Farmer et al., 1994). Annual
average concentrations of sediment P pools (labile,
reductant-soluble and total sediment P) were calcu-
lated for the upper 3 cm of surface sediments, using
monthly concentrations between April 2004 and April
2005, and extrapolated over a range of water depths
(Table 2). Labile and reductant-soluble P were com-
bined as release sensitive sediment P. These annual
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Table 2 Estimates of sediment surface area, TP content of upper 3 cm of sediment, and release sensitive (labile and reductant-
soluble sediment P pools) P for given depth ranges in Loch Leven 2005

Depth range (m) Sediment area TP content Release sensitive P
(kmz) (% lake area) (tonnes) (% Total) (tonnes) (% Total)

2044 5.44 39.6 62.5 67.9 18.6 20.1
4.5-6.9 1.87 13.6 18.8 20.4 7.0 7.6
7.0-9.4 0.37 2.7 33 34 14 1.5
9.5-11.9 0.23 1.7 2.1 2.3 0.8 0.9
12.0-14.4 0.16 1.1 14 L5 0.5 0.5
14.5-16.9 0.17 1.2 1.5 1.6 0.5 0.6
17.0-19.4 0.11 0.8 0.9 1.0 04 0.4
19.5-21.9 0.09 0.7 0.8 0.9 0.3 0.3
22.0-25.0 0.07 0.5 0.5 0.6 0.2 0.2
Total 8.49 61.9 92.0 29.7 323

average concentrations were converted to mass of P
(tonnes) by correcting for the annual average dry
weight of sediment and the surface area of the loch bed
for each depth class (Kirby, 1971).

Estimating long-term variations in internal loading

Water samples for TP analysis were collected at a two-
week interval from the Reed Bower sample site
(Fig. 3) using an integrated water column sampler
deployed to about 25 cm above the sediment surface.

Only values for 1989-2008 were used in the analyses
that follow. When open water sampling was deemed to
be impractical (e.g. due to ice cover), surface water
samples were collected from the outflow. The method
used for TP analysis was as described by Wetzel &
Likens (2000), with an added acidification step
(0.1 ml of 30% H,SO, was added to the samples
before addition of persulfate).

Internal loading was estimated using a water
column mass balance approach. The magnitude of
the May—September internal loading peak (I-Loady;_s;
Fig. 1, lower panel; Spears et al., 2006, 2008) was
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corrected for loch volume to estimate the mass of P
release (tonnes) required to effect the observed change
in water column TP concentration. This was con-
ducted for each year during the recovery period
(1989-2008). The troughs (generally May—June) and
peaks (generally August—September) were manually
selected from the raw TP concentration data to
represent the lowest and highest values, respectively,
corresponding to the peak in each year. These peaks
occur in the summer, during periods of low external
loading and, as such, this method represents an
estimate of [-Loady,_g (Carvalho et al., 1995).

I-Loady,.s was plotted against annual average water
column TP concentration for each year, the covariance
between the two being quantified using correlation
analysis (n = 19; o = 0.05) following normality
criteria testing using the Anderson—Darling test
(P > 0.05; Townend, 2004). All statistical analyses
were conducted using Minitab version 15.

Identifying the long-term drivers of internal
loading

The effects of water clarity (Secchi depth), wind
induced wave mixed depth, and temperature on the
magnitude of I-Loady,.s were assessed between 1989
and 2007, excluding 2000-2002 due to lack of wind
data (n = 16). Secchi depth was recorded at the Reed
Bower sampling site (Fig. 3) at roughly two-weekly
intervals. Monthly mean temperatures were calculated
from daily measurements recorded at a weather station
on the shore by Kinross Estates. Average daily
temperatures were calculated as the arithmetic mean
of the maximum and minimum daily temperatures
recorded. Gaps in the on-shore weather data were
filled using a regression equation that related 30 years
of air temperature records from Loch Leven (71 cyen) to
those recorded at Leuchars (T}cuchars), @ Wweather
station situated about 44 km north-east of the loch
(http://www.metoffice.gov.uk/climate/uk/stationdata/).
This was as follows:

Tieven = 1.023 X Tiouchars — 0.9938(+2 = 0.9885)

Daily average wind speed and direction for Loch
Leven was provided by Kinross Estates. Daily wave
mixed depths, averaged over six sampling locations
across the loch (see Spears & Jones, 2010) were
estimated as a function of effective fetch, and wind
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speed and direction, using simple wave theory (Smith,
1974; Douglas & Rippey, 2000).

All data were averaged, first by month and then by
season (winter: December to February; spring: March
to May; summer: June to August; autumn: September
to November).

The normality of each data population was assessed
using an Anderson—Darling test and assumed normal
given P > 0.05 (Townend, 2004). The combined
effects of temperature, Secchi depth, and depth of
the wave mixed layer on I-Loady,.s were investigated
using stepwise multiple regression analysis that
included seasonal and annual averages of each of the
three drivers. Planned multiple regression was con-
ducted using the output of the stepwise multiple
regression and the resultant model was validated
against estimates of I-Loady;.s.

Results
Sediment P inventory

The depth range of sediment studied (2.0-25.0 m)
represents about 62% of the surface area of the loch
(Table 2). Depth range 2.0-4.4 m (40% loch surface
area) had the highest surface sediment TP (62.5 t; 68%
of whole loch sediment TP estimate) and release
sensitive P mass (18.6 t; 20% of whole loch sediment
TP estimate). This was followed by the 4.5-6.9 m
depth range which contained 19 t of sediment TP (20%
whole loch sediment TP) and 7 t of release sensitive P
(8% whole loch sediment TP). Only 11 t sediment TP
(11% whole loch sediment TP) and 4 trelease sensitive
P (4% whole loch sediment TP) was contained within
the depth range 7.0-25.0 m (9% loch surface area).

Long-term variation in internal loading

During the recovery period, internal loading (I-Loady,.
s) was highest (5.0 t TP) in 1991 and lowest in 2002
(1.1t TP) (Fig. 4). However, overall, there was a
steadily declining trend in I-Loady;g from 1989 to
2002. This was followed by a temporary increase in
values between 2003 and 2006, followed by a large
decrease observed in 2007 to a value that was
sustained in 2008. Annual average water column TP
concentrations were significantly and positively cor-
related with I-Loady.g  (correlation  coeffi-
cient = 0.794; P = < 0.001).
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Identifying the drivers of internal P loading

The effects of temperature, Secchi depth, and wave
mixing on internal loading were first assessed using
stepwise multiple regression analysis. A significant
result was returned in which the spring wave mixed
depth had the largest effect, followed by summer air
temperature and then by spring Secchi depth
(Table 3). Standard multiple regression analysis was
then used to construct the following I-Loady;.s model:

I-Loady_s(t TP) = —5.86 + 2.03Zc + 0.53T
~0.75 SD

where I-Loady,._g is the Internal P load (t TP), Zc is the
wave mixed depth (m), T is the summer air temper-
ature (°C), SD is the Secchi depth (m).

The fit of the modelled data to the measured data is
shown (Fig. 5). There was a significant correlation
(correlation coefficient = 0.84; P < 0.001) between
modelled and “observed” I-Loady;_s.

Discussion

Distribution of sediment P in relation
to the regulation of release

The difference between the mass of release sensitive P
in the sediments (total 29.7 t P) and the mass of P
required to raise the water column P concentration
during the internal loading peak in Loch Leven in 2005
(~4t TP) is large. This suggests that only a small

Table 3 Results of the multiple linear regression analysis of drivers of internal load at Loch Leven

Predictor Coefficient SE coefficient T P
Constant —5.86 33 -1.8 0.11
Spring wave mixed depth 2.03 0.7 2.9 0.02
Summer air temperature 0.52 0.2 2.8 0.02
Spring Secchi depth —-0.75 0.5 —-1.6 0.15
Analysis of variance DF SS MS F P
Regression 3 6.3 2.1 8.39 0.006
Residual error 9 2.2 0.2
Total 12 8.5

S =049 R*=0.74 R? (adj.) = 0.65

SE standard error, DF degrees of freedom, SS sum of squares, MS mean square

@ Springer



Hydrobiologia (2012) 681:23-33

w S (9]
L L L

Modelled internal loading (t TP )
N

1 2 3 4 5 6
Measured internal loading (t TP )

Fig. 5 Relationship between modelled internal load and
measured internal load for Loch Leven, 1989-2008
(”* = 0.84; P < 0.001)

amount of the sediment P pool is responsible for the
observed changes in water column TP during internal
loading events at this site. This situation is often
observed in shallow lakes and can be explained by
considering spatial variation in lake bed characteristics
in relation to the available P stock (Bostrom et al.,
1988).

The spatial distribution of sediment P pools in Loch
Leven was assessed in 2004/2005 (Spears et al., 2007,
2008). These studies highlighted co-variation between
reductant-soluble sediment P concentrations, bottom
water dissolved oxygen concentrations and benthic
algal biomass, patterns that are consistent with obser-
vations from other lakes (van Luijn et al., 1995; Jin
et al., 2006). Macrophytes have also been reported to
reduce sediment P release through similar mecha-
nisms in lakes (Granéli & Solander, 1998), although
this has not been directly quantified in Loch Leven. In
2005, sediment P release may have been buffered by
benthic autotrophs in sediments at a depth of between
1.0 and 5.5 m in Loch Leven; the lower boundary
being regulated by light attenuation. It follows that
sediment P release will have been unimpeded by
benthic autotrophs in regions of the loch bed that lie
more than 5.5 m below the water surface. Further,
deeper water sediments in Loch Leven were suscep-
tible to net-heterotrophy resulting in reduced dis-
solved oxygen concentrations in bottom waters and
the reduction of redox-sensitive P complexes associ-
ated with an increase in sediment P release (Spears
et al., 2007). This was significantly enhanced in the
warmer summer months (Spears et al., 2007).
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In 2005, 7 t of release sensitive P was estimated to
be contained within surface sediments in the aphotic
zone (i.e. >5.5 m overlying water depth). This com-
pares with some 23 t of release sensitive P in the photic
zone (i.e. <5.5 m overlying water depth). Due to
strong concentration gradients in dissolved P across
the sediment water interface (Spears et al., 2007), it is
unlikely that diffusive P release from aerobic sedi-
ments in the photic zone is negligible (Jiang et al.,
2006; Spears et al., 2008). However, release mecha-
nisms such as wind induced wave disturbance
(Sgndergaard et al., 1992) and bioturbation (Anders-
son et al., 1988) are also likely to be important in these
well aerated zones. In contrast, the dominant release
mechanisms in the aphotic zone are more likely to be
driven by temperature related microbial deoxygen-
ation of surface sediments and the associated release
of redox-sensitive P complexes (Bostrom et al., 1988;
Spears et al., 2007).

Understanding the long-term regulation of internal
loading

Under the present external P loading regime and
photic depth, the magnitude of internal P loading in
Loch Leven is driven mainly by variations in weather.
Specifically, internal loading appears to increase as a
result of high wind and turbidity in spring and high
temperature in summer. The direct relationship
between internal loading and summer temperature is
well documented and results from direct increase in
solute mobility across concentration gradients coupled
with the metabolic scrubbing of dissolved oxygen by
benthic heterotrophs and associated reduction of
redox-sensitive sediment P complexes (Sgndergaard,
1989; Jenson & Andersen, 1992; Spears et al., 2008).
The spring Secchi depth reflects the light conditions at
the sediment surface during the period of benthic
autotroph establishment and is probably a good proxy
for summer benthic autotrophic biomass (Canfield
et al., 1985). Phillips et al. (2005) linked improve-
ments in spring water clarity with increased summer
benthic algal biomass and reduced summer internal
loading. The mechanisms behind spring wave mixing
with respect to the regulation of the magnitude of
internal load are less easily explained. Wave mixing in
spring may result in sediment disturbance which can
enhance sediment nutrient release (Sgndergaard et al.,
1992) and inhibit the establishment of benthic
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autotrophs (macrophytes: Jupp & Spence, 1977,
Doyle, 2001; microalgae: Cyr, 1998a). The negative
effects of wave action on the biomass of the macro-
phytes Potamogeton filiformus and P. Pectinatus in
Loch Leven have been well documented, with up to
80% of the biomass reduction in these species being
attributed to wave action and the associated deterio-
ration of substrate towards a coarser nutrient poor
material (Jupp & Spence, 1977). This suggests that the
buffering capacity of benthic autotrophs may be
reduced under high wind conditions in Loch Leven.
Additionally, high wave induced mixing has been
linked to the focusing of sediments from shallow
waters to deeper waters (Hilton, 1985; Cyr, 1998b)
and may represent the relocation of P from the photic
to the aphotic zone, thus increasing overall sediment P
release.

Other studies have highlighted the important role of
benthic autotrophs, macrophytes in particular, as
drivers of both positive and negative feedbacks
through which “recovering” shallow lakes can alter-
nate between clear water macrophyte and turbid
phytoplankton-dominated states (Rip et al., 2005;
van Nes et al., 2007). The switch between positive and
negative feedback mechanisms has also been linked to
climate change (i.e. the North Atlantic Oscillation).
These effects are many and are linked mainly through
direct relationships between indices of the NAO
(calculated by comparing sea level atmospheric pres-
sures in the northern (Southwest Iceland) and southern
(Gibraltar) reach of the northern hemisphere (Jones
et al., 1997)) and precipitation, wind and temperature
(Straile et al., 2003). Effects can include variations in
nutrient loading from the catchment as a result of high
precipitation (Monteith et al., 2000; Rip, 2007),
variations in the wave mixed zone and potential
sediment disturbance (Loch Leven: Spears & Jones,
2010), and variations in zooplankton grazing rates
associated with the intensity of the spring clear water
phase (Scheffer et al., 2001).

The low internal loading events of 2007 and 2008 in
Loch Leven were characterised by low spring wind
speeds, low summer temperatures and high Secchi
depths (i.e. high NAO winter index years;
http://www.cru.uea.ac.uk/ ~ timo/projpages/
nao_update.htm). In addition, a thorough assessment
of macrophyte colonisation conducted in 2008
returned a maximum macrophyte colonisation depth
similar to that observed before eutrophication (4.6 m:

May & Carvalho, 2010), presumably resulting in
higher P uptake by both macrophytes and epiphytes
(Carpenter & Lodge, 1986). However, these years
were also years of high rainfall and presumably, higher
flushing rates (Carvalho et al., 2011). Although the
results of this study highlight the importance of cli-
mate change as a driver of internal loading, it should
be noted that interactions between climate and land
use drivers may override the observed relationships.
Further work is required to quantify the interactions
between climate change, catchment pressures and
biological control of internal nutrient processes in
Loch Leven.

Conclusions

Improvements in water column TP concentration
during the recovery period appear to have resulted
from two different processes. First, a gradual decline
in TP was observed over the 20 year period (Carvalho
et al., 2011). Second, a more instantaneous decline in
TP was observed in 2007. Correlation analysis
suggests that one important driver of this variation in
Loch Leven between 1989 and 2008 was the magni-
tude of internal loading. Variability in the magnitude
of internal loading during the recovery period
appeared to be regulated mainly by climate change
variables (i.e. wind and temperature) and, to a lesser
extent, indicators of water clarity (i.e. Secchi depth),
rather than TP concentrations in the sediment.
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