Ecological Applications, 20(6), 2010, pp. 1733-1743
© 2010 by the Ecological Society of America
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Abstract. Remarkably little is known about the effectiveness or rates of recovery of
aquatic ecosystems from reductions in human-associated pressures at landscape scales. The
retention of anthropogenic contaminants within ecosystems can retard rates of recovery
considerably, while the trajectories of recovery processes vary with the extent of disturbance
and the resilience of biotic assemblages. The Great Irish Famine of 1845-1850 comprised one
of the most significant human disasters of the 19th century, causing the death of approximately
one million people and the emigration of a further two million from the country between 1845
and 1855. We found, through analysis of detailed historical census data combined with
paleolimnological investigation of sedimentary nutrient concentrations, stable isotope ratios,
and diatom assemblages, that the trophic level of Lough Carra, a largely shallow calcareous
lake in the west of Ireland with no urban areas or point sources of any significance in its
catchment, reduced considerably during and immediately after the Great Famine, shifting to
new equilibria within just 2-10 years. Our results demonstrate that the reduction of human
pressures from diffuse sources at landscape scales can result in the rapid and monotonic
recovery of aquatic ecosystems. Moreover, the recovery of ecosystems from diffuse pollution
need not necessarily take longer than recovery from pollution from point sources.

Key words:  depopulation; disturbance; eutrophication; lake; landscape; Lough Carra, western Ireland;
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INTRODUCTION trophic structure, or changes in landscape connectivity
and organization (Rietkerk et al. 2004, Suding et al.
2004, Reusch et al. 2005, Lotze et al. 2006). Further,
both rates and trajectories of recovery can differ
significantly from those of impact processes (Hjermann
et al. 2004, Zhao et al. 2005, Ibelings et al. 2007), which
makes our ability to predict the nature and rates of
recovery at ecosystem scales remarkably poor.
Eutrophication from nutrient enrichment comprises a
globally important anthropogenic pressure on aquatic
ecosystems (Smith et al. 2006, Smith and Schindler
2009). Increased transfer of phosphorus to water is
considered as the primary cause of eutrophication of
freshwaters, particularly in northern temperate lakes
(Schindler 1978, Schindler et al. 2008). Lake-restoration
efforts based on reducing external loading of phospho-
rus have, however, met with varied levels of success and
can be affected significantly by, for example, the relative
importance of internal nutrient loading (Marsden 1989,
Sas 1989, Sgndergaard et al. 2003, Jeppesen et al. 2005),
historical loading history (Jeppesen et al. 1991), lake
retention time (Kilinc and Moss 2002, Sgndergaard et al.
2005), and food-web structure (Jeppesen et al. 1990,
Hansson et al. 1998). The length of time required to

As the extent and intensity of human influence on the
biosphere continue to increase, there is a critical need to
manage ecosystems in ways that maximize their
integrity. Inherent in this is the ability to predict rates
and trajectories of recovery after disturbance (Peterson
et al. 2003, Lotze et al. 2006). Remarkably little is
known, however, about the effectiveness or rates of
ecosystem recovery from rapid and large-scale human
depopulation and the consequent reduction in their
associated pressures. Anthropogenic contaminants can
be retained within ecosystems for long periods (Withers
et al. 2001, Kretzschmar and Schéfer 2005, Banks et al.
2006), and can thus retard rates of recovery consider-
ably (Peterson et al. 2003, Schippers et al. 2006).
Consequently, historic land use can have persistent
effects for centuries (Knops and Tilman 2000, Fraterrigo
et al. 2005, McLauchlan et al. 2007, Matamala et al.
2008). Moreover, in some cases full recovery may never
occur owing, for example, to hysteretic shifts in
ecosystem structure, loss of native species pools and
genotypic diversity, shifts in species dominance and
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achieve discernable decreases in lake water-column total
phosphorus concentrations after reduction in point-
source nutrient loading has been shown to vary
commonly from 10 to 15 years (Jeppesen et al. 2005).
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Fic. 1. Lough Carra (in western Ireland) and its catchment,
showing the locations of (1) the north-basin and (2) the mid-
basin cores (outlined open circles).

Some lakes have, however, shown no signs of recovery
even 20 years after reduction of phosphorus input
(Jeppesen et al. 2005, Moss et al. 2005).

The great majority of, if not all, efforts to restore lakes
through the reduction of external nutrient loading has
been based primarily upon diversion, removal, or
improved treatment of point sources of nutrients (see,
for example, Marsden 1989, Sas 1989, Jeppesen et al.
2005). Owing, however, to the considerable difficulties
involved with the effective manipulation and manage-
ment of whole catchments, little is known about rates of
lake recovery from catchment-scale reductions in
anthropogenic disturbance. Rates of recovery from
diffuse pollution may be lengthened considerably
compared with those from point sources due to the
retention of nutrients and other substances within soil
matrices (e.g., Johnston and Poulton 1992, Withers et al.
2001, Kretzschmar and Schéifer 2005, Banks et al. 2006,
Bunemann et al. 2006). Lag times of the order of years
to decades might, therefore, be expected to occur
between initial reductions of agricultural intensity and
consequent decreases in rates of diffuse nutrient transfer
to drainage networks (Schippers et al. 2006).

The Great Irish Famine of 1845-1850 comprised one
of the most significant human disasters of the 19th
century, causing the death of approximately one million
people and the emigration of a further two million from
the country between 1845 and 1855 (Poirtéir 1995). This
altered permanently the demographic, political, and
cultural landscape not only of Ireland, but also, in
particular, of the United States and Great Britain. The
famine resulted in the dramatic depopulation of the Irish
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landscape, particularly in western regions where reduc-
tions of over 40% of the human population were
recorded between 1841 and 1861. Because lakes act as
sinks for materials from their catchments, paleolimnol-
ogy is one of the few techniques supporting quantifica-
tion of rates of ecosystem-scale change over discrete
intervals of time (Carpenter 2003, Smol 2008) and has,
therefore, the potential to provide holistic insight into
rates and trajectories of ecosystem recovery after the
Great Famine. To this end, we took sediment cores from
the two deepest and most geochemically distinct basins
(Hobbs et al. 2005) of Lough Carra, a mostly shallow
(mean depth,1.8 m; maximum depth, 19 m) calcareous
lake (surface area, 15.6 km?) located in a low-lying (mean
elevation, 30 m above sea level) agricultural landscape in
the west of Ireland (Fig. 1). The catchment of Lough
Carra (area 114 km?) has never contained urban areas or
contaminant point sources of any significance and, thus,
provides an excellent location for the examination of
rates of ecosystem recovery from human depopulation
and associated reductions in diffuse nutrient pollution at
the landscape scale. After establishing radiometric
chronologies for the cores, we quantified the structure
of historic diatom assemblages, ratios of the stable
isotopes 8'°C (for organic material only) and 5'°N, and
the concentrations and accumulation rates of particulate
organic matter and key nutrients. Further, using historic
census data with high spatial and temporal resolutions,
we were also able to estimate historic human and
livestock population densities for the Carra catchment
and use those data to estimate changes in both nutrient
loading and the primary sources of nutrients to the lake
from the period immediately following the Great Famine
through to the present day.

MATERIAL AND METHODS
Core sampling and analyses

Sediment cores were taken from the deepest points in
the northern (17 m water depth; 53°22'15.6” N,
9°15’46.8” W) and middle (19 m water depth;
53°42'50.4” N, 9°15'10.8” W) basins of Lough Carra
(Fig. 1) in July 2002 using a piston corer (Livingstone
1955) of 5 cm diameter. Core sediments were extruded
into l-cm segments immediately after collection, placed
in polygrip plastic bags and stored in darkness at 4°C.
Quantification of sedimentary total phosphorus (TP)
followed Eisenreich et al. (1975) after nitric acid
digestion in a CEM MDS-2000 microwave (CEM
Corporation, Matthews, North Carolina, USA).
Percentage organic matter was determined by loss-on-
ignition of ~2 g of dry sediment at 550°C for 3 h (Heiri et
al. 2001). Organic carbon and nitrogen were quantified
by flash combustion at 900°C in a Carlo Erba 1112 series
elemental analyzer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) after removal of inorganic carbon
with sulfurous acid. Ratios of the stable isotopes 8'°N
and 813C0rg, the latter corrected for historic 8'3C
depletion of atmospheric CO, (Schelske and Hodell
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1995), were quantified with a Thermo Deltaplus
continuous-flow isotope-ratio mass spectrometer
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA) and are reported relative to, respectively, air and
Vienna Pee Dee Belemnite.

Radiometric dating

After grinding to less than ~1-mm particle size, the
concentrations of gamma-emitting 2'°Pb, 2'“Pb, 2!*Bi,
137Cs, and *'Am were determined by placing dried
sediments in a calibrated geometry and counting in a
high-resolution, low-background, p-type germanium
well detector. Energy and efficiency calibration was
done using a mixed radionuclide standard supplied by
Cerca Framatome ANP (Pierrelatte, France; code, 7081/
4) and a separate 2'°Pb standard supplied by Amersham
International (Amersham, UK; code, S6/19/110).
“Excess” or “unsupported” *'°Pb (*'°Pbg,) activity
was calculated from the total >!°Pb activity by subtract-
ing the terrestrial (“supported”) *'°Pb component,
which was calculated as the mean activity of >'*Pb and
21Bi for the sample. Chronologies and sediment
accumulation rates were estimated using the constant
rate of supply (CRS) model (Appleby and Oldfield
1978). Application of the CRS model required the
careful determination of the unsupported 2'°Pb inven-
tory of the core. This was achieved by using the “1986”
and “1963” chronostratigraphic markers in the '*’Cs
profile to obtain the full-core inventory, as recommend-
ed for lakes with low >'°Pb surface activity concentra-
tions (Appleby 2008). Modeled CRS chronologies were
validated using dates determined independently from the
well-known pattern of nuclear fallout input from
anthropogenic >*'Am and '*’Cs. Although the applica-
bility of '°Pb dating techniques is limited by its half-life
to periods spanning ~150 years, it is in principle
possible to extend the established chronologies below
the 2!°Pb dating horizon. This extrapolation is likely to
yield accurate dates at sites where sediment accumula-
tion rates have not changed significantly over the 2'°Pb
age range (Binford 1990, Appleby 2000). As this was the
case in our study, we used the mean and variability of
the sediment accumulation rate quantified directly for
the CRS-dated portion of the core to estimate chronol-
ogies and their associated uncertainties for the lower
regions of the core where 210p, . activity was not
detectable. The core from the northern basin was dated
radiometrically with the chronological model extended
to the middle-basin core by correlation of down-core
variation in sediment properties. Chemical accumulation
rates, expressed as grm >-yr ', were calculated as the
product of chemical concentrations and dry-mass
accumulation rates.

Census data and modeling of historic TP loads

Data on historical human population densities were
obtained from the Central Statistics Office of Ireland for
the period 1841-2002, with 8 * 4.2 years (mean = SD)
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between each census (range, 2-20 years). Human
population data were available for the entire period at
the level of the District Electoral Division (DED), which
is the finest census resolution possible. The Carra
catchment encompasses 10 DEDs, each with an area
of 28.1 * 9.3 km? (mean = SD). Agricultural census
data, comprising historical land cover, livestock density
and farm holding data, were obtained for the period
1851-2002, with 8.3 = 3.1 years (mean * SD) between
each census (range, 3-15 years). These data were,
however, available at DED level only for 1851 and
1937-2002, and were recorded at the level of the Rural
District (RD) between 1861 and 1933. The Lough Carra
catchment is located within two RDs, Castlebar (588
km?; 14% in catchment) and Ballinrobe (570 km?; 6% in
catchment). Calculations of human and livestock
densities, land cover, and farm holdings in the catch-
ment were estimated by weighted averaging based on the
proportion of DEDs and, where necessary, RDs located
within the catchment. This method thus assumed a
homogenous distribution of people, livestock, and land
use within DEDs and RDs.

Historic TP loads from the catchment of Lough Carra
to the lake were estimated using the export coefficient
model of Johnes et al. (1996) for calcareous catchments.
The application of this model to the Carra catchment
works extremely well and has been validated with actual
measurements of nutrient loading from the catchment in
addition to measurements of in-lake nutrient concen-
trations (I. Donohue, unpublished data).

Diatom analyses

Diatom remains were quantified from, respectively, 10
and 11 samples located throughout the north- and
middle-basin cores. High quality of valve preservation
was found throughout the samples, with no evidence of
valve dissolution or breakage present. Diatom slides
were prepared following Battarbee et al. (2001), with
300—-500 valves counted per slide, all of which were
identified to species level following Krammer and
Lange-Bertalot (1986—-1991). Variation in the structure
of diatom assemblages in these samples among the three
main phases of lake productivity indicated by the
biogeochemical data from the cores (i.e., pre-famine,
post-famine, and post-1960; see Results, below) was
examined with permutational multivariate analysis of
variance (PERMANOVA; Anderson 2001, McArdle
and Anderson 2001). Lake basin (random factor) and
productivity phase (fixed factor) were independent
variables in the model, which was based on a Bray-
Curtis (Bray and Curtis 1957) similarity matrix calcu-
lated from log(x + 1)-transformed proportional abun-
dance data and was done with 9999 permutations under
the reduced model as recommended by Anderson et al.
(2008). Diatom species that were contributing most to
pairwise dissimilarities between productivity phases were
identified using similarity percentages (SIMPER) anal-
yses (Clarke and Warwick 2001) with lake basin and
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FiG. 2. Activity profiles in the Lough Carra north-basin core of (a) 2'°Pbeye, (b) *’Cs, and (c) *' Am. Data are means + SD. In
panels (b) and (c) the activity profiles are shown with CRS (constant rate of supply) dates (the CRS model was used to estimate
sediment accumulation rates); 2*' Am was above detection limits in only a limited section of the core.

productivity phase incorporated as independent vari-
ables. All multivariate analyses were done with
PRIMER version 6.1 (PRIMER-E 2007).

The composition of diatom assemblages from the
north-basin core was used to infer historic water-column
TP concentrations in Lough Carra using European
Diatom Database (EDD) software for palacoenviron-
mental reconstructions (Juggins 2001). Match analogue
technique (Birks et al. 1990, Jones and Juggins 1995)
was used to identify data sets with the closest matches to
the fossil samples. Historic diatom-inferred water
column TP (DI-TP) concentrations were estimated using
locally weighted weighted averaging (Birks et al. 1990)
with inverse de-shrinking because reconstructed values
lay closer to the mean of the training-set values (Juggins
2001). Analysis of variance (ANOVA) was then used to
examine whether temporal patterns in modeled DI-TP
concentrations concurred with those of the biogeochem-
ical data from the cores by examining whether they
varied among the three lake-productivity phases de-
scribed previously. No attempt was made to model DI-
TP concentrations from the mid-basin core because
>25% of diatom species from the core were absent from
the EDD (Birks 1998).

RESULTS

210pp, . activity concentrations declined exponentially
with depth in the north-basin core (Fig. 2), consistent
with a relatively constant rate of sediment accumulation.
Application of the constant rate of supply (CRS)
radiometric-dating model yielded a sediment accumula-
tion rate of 0.137 = 0.031 grem ™ >yr~ ' (mean + SD). The
core chronology (Appendix A) is supported strongly by
the 137Cs profile (Fig. 2), which shows two relatively
well-resolved peaks corresponding to radioactive fallout
from Chernobyl (1986; CRS date, 1986 * 1 year) and
global nuclear weapons fallout (onset, 1954; peak, 1963;
CRS dates, 1954 = 3 and 1963 = 2 years, respectively).

The presence of *! Am in the layers corresponding to the
deeper peak in '3’Cs confirm its origin as weapons
fallout. Moreover, the resolution of the peaks in '*’Cs is
suggestive of little post-depositional mixing of core
sediments.

Chronologies for the highly consistent geochemical
profiles from the two sediment cores (Appendix B) show
a dramatic and monotonic decline in both sedimentary
8'°N and organic matter in the period during and
immediately following the Great Famine of 1845-1850
(Fig. 3). Considerable depletions in 3'°N of the order of
1.25%0 and 1.13%o in the northern and mid-basin cores,
respectively, were found over a two-year period (CRS
estimate 2.4 * 0.4 years; from 1852 = 18 years to 1854
+ 18 years) immediately after the famine while the
concurrent monotonic reduction in sedimentary organic
matter content took place over ~10 years (CRS estimate
9 £ 1.5 years) commencing immediately after the onset
of the famine (from 1846 = 19 to 1856 *= 18 years).
These decreases were coincident with a 39.8% reduction
in the human population recorded between 1841 and
1861 (Fig. 3). These shifts to new equilibria were also
contemporaneous with considerable reductions in con-
centrations of sedimentary phosphorus (reductions of
32.9% and 43% were recorded in the north- and mid-
basin cores, respectively, between 1846 = 19 and 1863 =
16 years; Fig. 4). Phosphorus accumulation rates
declined by 32% and 32.8% in the north- and mid-basin
cores, respectively, in the same period (Fig. 4).

Molar ratios of C,,:N and sedimentary 613Corg (Fig.
4) were highly consistent (Pearson product-moment
correlation; r=0.906, P < 0.0001, df =28) and generally
increased over a ~20-year period during and following
the famine. This pattern was, however, punctuated by a
distinct peak in both ratios (CRS date, 1854 = 18 years),
which took place immediately after the phase of
declining sedimentary 8'°N stable-isotope ratios imme-
diately after the famine. Simultaneous and consistent
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FiG. 3. (a) Estimated population densities of humans (solid squares) and cattle (open circles) in the Lough Carra catchment,

1841-2002. (b, ¢) Profiles (with CRS dates) of (b) sedimentary 8'°N and (c) organic matter in the cores taken from the north (solid
squares) and middle (open circles) basins of Lough Carra.
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Fic. 4. Profiles (with CRS dates) of (a) total phosphorus (TP) concentrations (with insets) and (b) accumulation rates of TP
together with (c) ratios of organic carbon to nitrogen and (d) 8'3C,,, in the cores taken from the north (solid squares) and middle
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Results of (a) PERMANOVA analysis of diatom assemblage structure and (b) ANOVA

analysis of diatom-inferred total P (DI-TP) concentrations during the three main phases of lake
productivity indicated by the biogeochemistry of core sediments.

Source of variation df SS MS F ratio P

a) PERMANOVA analysis
Lake basin, B 1 5401.4 5401.4 6.8 <0.0001
Productivity phase, P 2 4616.9 2308.4 2.67 0.033
B X P 2 1776.8 888.4 1.1 0.33
Residual 15 11944 796.3

b) ANOVA analysis
Productivity phase 2 83.3 41.7 5.3 0.039
Residual 7 54.6 7.8

T Pseudo-F ratio.

enrichment of sedimentary 8'°N, organic-matter con-
tent, and both concentrations and accumulation rates of
phosphorus were found toward the top of both cores,
from the latter half of the 20th century to the present
and particularly in the last two decades, concurrent with
declining molar organic C,,,:N ratios (Figs. 3 and 4).

Even though the structure of lake diatom assemblages
differed significantly between the two lake basins (Table
la), significant differences were also found among the
three main phases of lake productivity indicated by the
biogeochemistry of the cores (i.e., pre-famine, post-
famine [spanning diatom assemblages from 1868 = 16 to
1941 £ 5 years] and post-1960 = 3 years). A posteriori
pairwise tests found that the structure of diatom
assemblages during the post-famine phase differed
significantly from those prior to the famine (1 = 2.06,
P=0.02). SIMPER analysis (Table 2) found that the five
most important species contributing to the differences
between the pre- and post-famine diatom assemblages
comprised Mastogloia smithii, Amphora pediculus,
Fragilaria brevistriata, Denticula kiientzingii, and
Cymbella microcephala (Fig. 5). Concentrations of
historic diatom-inferred water-column total phosphorus
(DI-TP) estimated from the north-basin core (Fig. 5)
correlated highly significantly with concurrent sedimen-
tary TP (Pearson product-moment correlation; r =
0.881, P < 0.001, df = 8). Moreover, they also varied
significantly with lake productivity phase (Table 1b) and
comprised 15 £ 2.6 pg/L (mean = SD) for the period
prior to the famine, 11.8 * 2.5 pg/L for the post-famine
phase, and 18.2 = 3.1 ug/L since 1960.

TABLE 2.

In spite of the variability in the spatial resolution of
the agricultural census data used to estimate phosphorus
loading to the lake, patterns of modeled P loads (Fig. 6)
were similar to those of DI-TP (Fig. 5), sedimentary TP
(Fig. 4), and organic-matter (Fig. 3) concentrations in
that they decreased after the famine and have been
increasing consistently since the mid-20th century. The
modeled TP load for 2002 was estimated as 2078 kg/yr,
which compares remarkably well with the TP load of
2070 = 484 kg/yr (mean *= SD), measured from July
2001 to July 2003 (I. Donohue, unpublished data).
Moreover, the relative importance of the primary
sources of phosphorus to the lake (Table 3; Appendix
C) appear to have changed considerably in the last 150
years, with human effluent comprising the main source
up to 1900, whereas cattle have provided the majority of
TP loading to the lake since 1970 (Fig. 6). This increase
in the importance of cattle farming (Fig. 3a) has been
concurrent with a consistent increase in the number of
larger farms (>20 ha) in the catchment (Fig. 6) owing to
the aggregation of small farms and the associated
removal of field boundaries.

Discussion

Our results suggest strongly that the trophic level of
Lough Carra (sensu Rodhe 1969, Wetzel 2001) reduced
dramatically over <10 years during and after the rapid
and large-scale depopulation of the landscape and
reduction of associated human pressures that occurred
as a result of the Great Famine. The sedimentary
profiles of 8'°N and organic matter from the two
sediment cores indicate that considerable and monoton-

Results of SIMPER analyses identifying the five diatom species contributing most

(>3%) to the dissimilarity between pre- and post-famine periods and their associated relative

change in abundance.

Change in Contribution to Cumulative
Diatom species abundancet total dissimilarity (%) contribution (%)
Mastogloia smithii ) 9.55 9.55
Amphora pediculus i 5.61 15.16
Fragilaria brevistriata T 5.19 20.34
Denticula kiientzingii l 4.52 24.86
Cymbella microcephala l 4.29 29.15

1 Relative change in post-famine abundance compared with pre-famine abundance.
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FiG. 5. Percentage abundance of the species contributing most to the differences between pre- and post-famine diatom
assemblages (Mastogloia smithii, Amphora pediculus, Fragillaria brevistriata, Denticula kiientzingii, and Cymbella microphala); see
Table 2). Diatom-inferred concentrations of water-column total phosphorus (DI-TP) calculated from the north-basin core are also
shown. DI-TP could not be estimated from the mid-basin core. D. kiientzingii was not found in the north-basin core.
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FiG. 6. (a) Historical change in the modeled TP loading to Lough Carra, (b) the percentage of that loading that is attributable

to humans (solid squares) and cattle (open circles), and (c) the number of farms <20 ha (solid squares) and >20 ha (open circles) in
area in the lake catchment. The different symbols in panel (a) correspond to the modeled TP loads estimated using data from fine
(District Electoral Divisions; solid squares) and coarse (Rural Districts; open circles) spatial resolutions.

ic declines in the transfer of nutrients and particulate
organic matter from the catchment and associated
reductions in lake productivity took place over ~2 and
10 years, respectively, concurrent with a 40% decline in
human population density. The depletion in sedimentary
3" N during this period likely reflects both reduced input
of diffuse N from the catchment and associated
decreased utilization of nitrate by algae in the lake.
Diffuse nitrogen loading has been shown previously to
be a key driver of 8'°N signatures in lake sediments (e.g.,
Bunting et al. 2007). Although abandonment of
agriculture and the associated tightening of the N cycle
has also been found to reduce 3'°N in upper soil layers
(Compton et al. 2007), it is unlikely that decreases of the
magnitude observed here could be accounted for by this
mechanism over such a short time scale as two years.
These shifts to new equilibria were also concurrent with
considerable reductions (of the order of approximately
one third) in both concentrations and accumulation
rates of sedimentary phosphorus, which further supports
the premise that nutrient losses from the catchment to
the lake declined as a result of reductions in human
population pressure and associated agricultural intensi-
ty. The possibility of post-depositional mobilization of
phosphorus upon sediment deposition is considered to
be low in Lough Carra owing to the low likelihood of
historical changes in redox states in the lake (Hobbs et
al. 2005). Moreover, the highly significant correlations
between concentrations of DI-TP (diatom-inferred
water-column total phosphorus) and sedimentary TP
in the north-basin core and the strong similarity between
the sedimentary TP profiles and those of both organic
matter and 8'°N in both cores support this strongly.
The remarkable similarity and consistency between
the two cores, which were taken from the two most
geochemically distinct basins in the lake (Hobbs et al.
2005), demonstrate that the patterns found here
occurred throughout the lake system. The C,,4:N ratios
from both cores suggest strongly that the organic matter
deposited in Lough Carra comprised significant contri-
butions from both allochthonous (produced in the

catchment) and autochthonous (produced in the lake)
sources. Profiles of both C,.,:N and 813C0rg indicate that
the relative contributions of these sources have varied
considerably over the last 200 years and particularly
during and after the Great Famine. Increasing ratios of
both C,,s:N and 513C0rg during this period indicate
reduced contribution of lacustrine productivity to
sedimentary organic matter and increased dominance
of terrestrial organic matter, for which C,,:N ratios
vary typically between 20 and 100 (Jasper and Gagosian
1989). This is consistent with reduced nutrient losses
from the catchment during and after the famine
resulting in decreased in-lake productivity. These
gradual increases in both C,.,:N and 613C0rg were
punctuated by a dramatic peak in both ratios in both
cores at the end of the period of decreasing lake
concentrations of sedimentary nutrients and organic
matter after the famine, which is highly indicative of a
pulse of terrestrial organic matter into the lake.
Historical records (Board of Public Works 1853) suggest
strongly that this pulse is attributable to drainage works
that took place in the lake catchment in the summer of
1852 and later flooding that obliterated those works
later that winter, two years after the famine. The fact
that the CRS date for this event, at 1854 * 18 years, is
so close to this date supports strongly this assertion and,
equally, supports the quality of the chronological model
for the region of the core where 219pp, . was not
detectable. That this pulse was not discernable in the

TaBLE 3. Contributions of the primary sources of phosphorus
to the total modeled annual catchment TP loading to Lough
Carra for the period 1851-2002 (n = 19).

Source of P Contribution (%)t Range of contribution (%)
Cattle 33.8 = 14.3 14.1-59.8
Humans 29.1 £ 11.8 15.1-52.3

Tillage 134 £ 69 0.6-25.5
Grassland 10.5 = 5.4 0-17

Sheep 9.5+33 4.5-14.8

Pigs 3.8 1.2 0-5.4

T Mean £ SD.
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profiles of organic matter, 8'°N, or sedimentary
phosphorus from either core suggests, however, that
the event had a limited effect on overall sedimentation
patterns in the lake system.

Results from our biogeochemical indicators of histor-
ical catchment conditions and inferred shifts in ecosys-
tem equilibria are supported strongly by the fact that the
structure of diatom assemblages varied significantly
among the three phases of lake productivity indicated
by the geochemistry of the cores. Further, diatom-
inferred water column TP concentrations also varied
significantly among the lake productivity phases and,
similar to sedimentary TP concentrations and modeled
TP loads to the lake, were lowest in the period following
the famine and highest in the most recently deposited
sediments. Mastogloia smithii, the diatom species that
contributed most to the difference between pre- and
post-famine diatom assemblages, is considered to be
very sensitive to pollution (Van Dam et al. 1994). In
both sediment cores, the relative abundance of M.
smithii increased during the post-famine phase only to
decline again in the most recently deposited sediments.
Similar patterns were found for Fragilaria brevistriata, a
species that has been associated previously with reduced
nutrient conditions (Finney et al. 2000). Patterns of
relative abundance of both Denticula kiientzingii and
Cymbella microcephala were, however, opposite to this,
being highest prior to the famine and in the most
recently deposited sediments in both cores. Species of
the genus Denticula have been shown to be robust
indicators of nutrient enrichment in Irish lakes (Chen et
al. 2008), and both Denticula kiientzingii and Cymbella
microcephala have been associated previously with
mesotrophic conditions (Van Dam et al. 1994,
DeNicola et al. 2004). Results from the analyses of
diatom assemblages in the cores therefore support the
assertion that biological change occurred in the lake
coincident with the biogeochemical shifts to new
equilibria that occurred after the Great Famine. Even
though our present study suffers from the constraints
associated normally with uncontrolled observational
studies, the fact that such consistent results were
obtained from the analysis of a number of independent
proxies provides strong support for our conclusions.

Sources of phosphorus to the lake appear to have
changed dramatically since the famine, driven initially
directly by reductions in human populations in the
catchment. The majority of recent inputs of phosphorus
to the lake was, however, derived directly from
intensification of catchment use associated with cattle
farming, and demonstrates a dramatic change in
catchment land use and sources of nutrients over the
last 150 years. Further, the size of farms has also
increased considerably, in particular since the 1950s.
These factors, coupled with the associated removal of
field boundaries, suggest that the process of recovery
from current anthropogenic pressures would likely differ
from, and could be considerably more difficult and
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lengthy than, that which occurred as a result of the
Great Famine. Further, there is evidence that the surface
lakebed sediments in Lough Carra have approached
their maximum sorption capacity for phosphorus
(Hobbs et al. 2005). Beyond this point, there is a strong
possibility that the lake could switch rapidly from its
current state of relatively clear water with extensive
macrophyte growth to an alternative stable state with a
highly turbid water column (Scheffer et al. 2001).
Recovery from the latter state would be expected to
take considerably longer than was required after the
Great Famine and would necessitate much management
effort, potentially incurring substantial financial cost.
The fact that Lough Carra is largely shallow with,
therefore, a relatively important contribution of benthic
processes to lake ecology, would have been expected to
retard recovery of the lake significantly (Moss et al.
1996). The rapid establishment of new ecosystem
equilibria within 2-10 years after the Great Famine is,
however, comparable with the most expeditious re-
sponse of lakes whose nutrient loading from point
sources have been reduced using modern engineering
solutions (Jeppesen et al. 2005). This is in spite of the
fact that nutrients and other substances can be retained
by soil matrices for long periods, potentially delaying
recovery from landscape-scale anthropogenic distur-
bance significantly (Schippers et al. 2006). The legacy
of historic anthropogenic disturbance can potentially
last for centuries, even after rapid human depopulation
has taken place (Webb and Newman 1982, Paul 1991,
Knapp 1992, Brown 2000). Our results demonstrate,
however, that the swift reduction of human-associated
pressures from diffuse sources at landscape scales can, in
some circumstances, result in the rapid and monotonic
recovery of lake ecosystems. Therefore, recovery of
ecosystems from diffuse pollution need not necessarily
take longer than from pollution from point sources.

ACKNOWLEDGMENTS

We are grateful to two anonymous reviewers for their
comments, which helped to improve the quality of this
manuscript. We thank Mark Kavanagh, Louise Scally, David
Styles, and Valerie McCarthy for help with laboratory and field
work and the Central Statistics Office of Ireland and Office of
Public Works, in particular, Siobhan Savage and Valerie
Ingram, for helping to source historical records. We thank
sincerely the Roberts Family of Partry for supporting
fieldwork.

LiTERATURE CITED

Anderson, M. J. 2001. A new method for non-parametric
multivariate analysis of variance. Austral Ecology 26:32-46.

Anderson, M. J., R. N. Gorley, and K. R. Clarke. 2008.
PERMANOVA+ for PRIMER: guide to software and
statistical methods. PRIMER-E, Plymouth, UK.

Appleby, P. G. 2000. Radiometric dating of sediment records in
European mountain lakes. Journal of Limnology 59:1-14.
Appleby, P. G. 2008. Three decades of dating recent sediments
by fallout radionuclides: a review. The Holocene 18:83-93.
Appleby, P. G., and F. Oldfield. 1978. The calculation of lead-
210 dates assuming a constant rate of supply of unsupported

219pp to the sediment. Catena 5:1-8.



1742

Banks, M. K., A. P. Schwab, and C. Henderson. 2006.
Leaching and reduction of chromium in soil as affected by
soil organic content and plants. Chemosphere 62:255-264.

Battarbee, R. W., V. J. Jones, R. J. Flower, N. G. Cameron,
H. B. Bennion, L. Carvalho, and S. Juggins. 2001. Diatoms.
Pages 155-202 in J. P. Smol, H. J. B. Birks, and W. M. Last,
editors. Tracking environmental change using lake sediments.
Volume 3. Terrestrial, algal, and siliceous indicators. Kluwer
Academic Publishers, Dordrecht, The Netherlands.

Binford, M. W. 1990. Calculation and uncertainty analysis of
219pp dates for PIRLA project lake sediment cores. Journal
of Paleolimnology 3:253-267.

Birks, H. J. B. 1998. Numerical tools in paleolimnology:
progress, potentialities, and problems. Journal of Paleolim-
nology 20:307-332.

Birks, H. J. B., J. M. Line, S. Juggins, A. C. Stevenson, and
C. J. F. Ter Braak. 1990. Diatoms and pH reconstruction.
Philosophical Transactions of the Royal Society of London B
327:263-278.

Board of Public Works. 1853. 21st annual report. Alexander
Thom & Sons, Dublin, Ireland.

Bray, J. R., and J. T. Curtis. 1957. An ordination of the upland
forest communities of southern Wisconsin. Ecological
Monographs 27:325-349.

Brown, K. 2000. Ecosystem recovery: ghost towns tell tales of
ecological boom and bust. Science 290:35-37.

Bunemann, E. K., D. P. Heenan, P. Marschner, and A. M.
McNeill. 2006. Long-term effects of crop rotation, stubble
management, and tillage on soil phosphorus dynamics.
Australian Journal of Soil Research 44:611-618.

Bunting, L., P. R. Leavitt, C. E. Gibson, E. J. McGee, and
V. A. Hall. 2007. Degradation of water quality in Lough
Neagh, Northern Ireland, by diffuse nitrogen flux from a
phosphorus-rich catchment. Limnology and Oceanography
52:354-369.

Carpenter, S. R. 2003. Regime shifts in lake ecosystems: pattern
and variation. Ecology Institute, Oldendorf/Luhe, Germany.

Chen, G., C. Dalton, M. Leira, and D. Taylor. 2008. Diatom-
based total phosphorus (TP) and pH transfer functions for
the Irish Ecoregion. Journal of Paleolimnology 40:143-163.

Clarke, K. R., and R. M. Warwick. 2001. Change in marine
communities: an approach to statistical analysis and inter-
pretation. Second edition. Primer-E, Plymouth, UK.

Compton, J. E., T. D. Hooker, and S. S. Perakis. 2007.
Ecosystem N distribution and 3'°N during a century of forest
regrowth after agricultural abandonment. Ecosystems 10:
1197-1208.

DeNicola, D. M., E. de Eyto, A. Wemdere, and K. Irvine. 2004.
Using epilithic algal communities to assess trophic status in
Irish lakes. Journal of Phycology 40:481-495.

Eisenreich, S. J., R. T. Bannerman, and D. E. Armstrong. 1975.
A simplified phosphorus technique. Environmental Letters 9:
43-53.

Finney, B. P., I. Gregory-Eaves, J. Sweetman, M. S. V.
Douglas, and J. P. Smol. 2000. Impacts of climatic change
and fishing on Pacific salmon abundance over the past 300
years. Science 290:795-799.

Fraterrigo, J. M., M. G. Turner, S. M. Pearson, and P. Dixon.
2005. Effects of past land use on spatial heterogeneity of soil
nutrients in southern Appalachian forests. Ecological Mono-
graphs 75:215-230.

Hansson, L. A., H. Annadotter, E. Bergman, S. F. Hamrin, E.
Jeppesen, T. Kairesalo, E. Luokkanen, P. A. Nilsson, M.
Sgndergaard, and J. Strand. 1998. Biomanipulation as an
application of food-chain theory: constraints, synthesis, and
recommendations for temperate lakes. Ecosystems 1:558-
574.

Heiri, O., A. F. Lotter, and G. Lemcke. 2001. Loss on ignition
as a method for estimating organic and carbonate content in
sediments: reproducibility and comparability of results.
Journal of Paleolimnology 25:101-110.

IAN DONOHUE ET AL.

Ecological Applications
Vol. 20, No. 6

Hjermann, D. O., G. Ottersen, and N. C. Stenseth. 2004.
Competition among fishermen and fish causes the collapse of
Barents Sea capelin. Proceedings of the National Academy of
Sciences USA 101:11679-11684.

Hobbs, W., K. Irvine, and 1. Donohue. 2005. Using sediments
to assess the resistance of a calcareous lake to diffuse nutrient
loading. Archiv fiir Hydrobiologie 164:109-125.

Ibelings, B. W., R. Portielje, E. Lammens, R. Noordhuis, M. S.
van den Berg, W. Joosse, and M. L. Meijer. 2007. Resilience
of alternative stable states during the recovery of shallow
lakes from eutrophication: Lake Veluwe as a case study.
Ecosystems 10:4—16.

Jasper, J. P., and R. B. Gagosian. 1989. Glacial-intergacial
climatically forced 8'*C variations in sedimentary organic
matter. Nature 342:60—62.

Jeppesen, E., J. P. Jensen, P. Kristensen, M. Sondergaard, E.
Mortensen, O. Sortkjaer, and K. Olrik. 1990. Fish manipu-
lation as a lake restoration tool in shallow, eutrophic,
temperate lakes. 2. Threshold levels, long-term stability and
conclusions. Hydrobiologia 200:219-227.

Jeppesen, E., P. Kristensen, J. P. Jensen, M. Sgndergaard, E.
Mortensen, and T. Lauridsen. 1991. Recovery resilience
following a reduction in external phosphorus loading of
shallow, eutrophic Danish lakes: duration, regulating factors,
and methods for overcoming resilience. Memorie dell’Insti-
tuto Italiano di Idrobiologia 48:127-148.

Jeppesen, E., et al. 2005. Lake responses to reduced nutrient
loading—an analysis of contemporary long-term data from
35 case studies. Freshwater Biology 50:1747-1771.

Johnes, P., B. Moss, and G. Phillips. 1996. The determination
of total nitrogen and total phosphorus concentrations in
freshwaters from land use, stock headage and population
data: testing of a model for use in conservation and water
quality management. Freshwater Biology 36:451-473.

Johnston, A. E., and P. R. Poulton. 1992. The role of
phosphorus in crop production and soil fertility: 150 years
of field experiment. Pages 45-64 in J. J. Scultz, editor.
Phosphatic fertilizers and the environment. International
Fertilizer Development Centre, Muscle Shoals, Alabama,
USA.

Jones, V. J., and S. Juggins. 1995. The construction of a
diatom-based chlorophyll a transfer function and its appli-
cation at three lakes on Signy Island (maritime Arctic)
subject to differing degrees of nutrient enrichment. Freshwa-
ter Biology 34:433-445.

Juggins, S. 2001. The European diatom database. User guide.
Version 1.0. Department of Geography, University of New-
castle, Newcastle upon Tyne, UK.

Kilinc, S., and B. Moss. 2002. Whitemere, a lake that defies
some conventions about nutrients. Freshwater Biology 47:
207-218.

Knapp, P. A. 1992. Secondary plant succession and vegetation
recovery in two western Great Basin Desert ghost towns.
Biological Conservation 60:81-89.

Knops, J. M. H., and D. Tilman. 2000. Dynamics of soil
nitrogen and carbon accumulation for 61 years after
agricultural abandonment. Ecology 81:88-98.

Krammer, K., and H. Lange-Bertalot. 1986—-1991. Bacillario-
phyceae, Parts 1-4. Page 2485 in H. Ettl, J. Gerlof, H.
Heynig, and D. Mollenhauer, editors. Stiwasserflora von
Mitteleuropa. Volume 2. Gustav Fischer Verlag, Stuttgart,
Germany.

Kretzschmar, R., and T. Schéfer. 2005. Metal retention and
transport on colloidal particles in the environment. Elements
1:205-210.

Livingstone, D. A. 1955. A lightweight piston sampler for lake
deposits. Ecology 36:137-139.

Lotze, H. K., H. S. Lenihan, B. J. Bourque, R. H. Bradbury,
R. G. Cooke, M. C. Kay, S. M. Kidwell, M. X. Kirby, C. H.
Peterson, and J. B. C. Jackson. 2006. Depletion, degradation,



September 2010

and recovery potential of estuaries and coastal seas. Science
312:1806-1809.

Marsden, M. W. 1989. Lake restoration by reducing external
phosphorus loading: the influence of sediment phosphorus
release. Freshwater Biology 21:139-162.

Matamala, R., J. D. Jastrow, R. M. Miller, and C. T. Garten.
2008. Temporal changes in C and N stocks of restored
prairie: implications for C sequestration strategies. Ecological
Applications 18:1470—1488.

McArdle, B. H., and M. J. Anderson. 2001. Fitting multivariate
models to community data: a comment on distance-based
redundancy analysis. Ecology 82:290-297.

McLauchlan, K. K., J. M. Craine, W. W. Oswald, P. R.
Leavitt, and G. E. Likens. 2007. Changes in nitrogen cycling
during the past century in a northern hardwood forest.
Proceedings of the National Academy of Sciences USA 104:
7466-7470.

Moss, B., T. Barker, D. Stephen, A. E. Williams, D. J. Balayla,
M. Beklioglu, and L. Carvalho. 2005. Consequences of
reduced nutrient loading on a lake system in a lowland
catchment: Deviations from the norm? Freshwater Biology
50:1687-1705.

Moss, B., J. Madgwick, and G. Phillips. 1996. A guide to the
restoration of nutrient-enriched shallow lakes. Environment
Agency, Broads Authority and European Union Life
Programme, Norwich, UK.

Paul, A. K. 1991. Long-term soil and vegetation recovery in five
semiarid Montana ghost towns. The Professional Geogra-
pher 43:486—-499.

Peterson, C. H., S. D. Rice, J. W. Short, D. Esler, J. L. Bodkin,
B. E. Ballachey, and D. B. Irons. 2003. Long-term ecosystem
response to the Exxon Valdez oil spill. Science 302:2082—
2086.

Poirtéir, C., editor. 1995. The Great Irish Famine. Mercier
Press, Cork, Ireland.

PRIMER-E. 2007. PRIMER, version 6.1. PRIMER-E, Ply-
mouth, UK.

Reusch, T. B. H., A. Ehlers, A. Hammerli, and B. Worm. 2005.
Ecosystem recovery after climatic extremes enhanced by
genotypic diversity. Proceedings of the National Academy of
Sciences USA 102:2826-2831.

Rictkerk, M., S. C. Dekker, P. C. de Ruiter, and J. van de
Koppel. 2004. Self-organized patchiness and catastrophic
shifts in ecosystems. Science 305:1926-1929.

Rodhe, W. 1969. Crystallization of eutrophication concepts in
Northern Europe. Pages 50—-64 in Eutrophication: causes,
consequences, correctives. National Academies Press, Wash-
ington, D.C., USA.

Sas, H., editor. 1989. Lake restoration by reduction of nutrient
loading: expectation, experiences, extrapolation. Academia
Verlag Richarz, St. Augustin, Germany.

Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B.
Walker. 2001. Catastrophic shifts in ecosystems. Nature 413:
591-596.

RAPID RECOVERY FROM DIFFUSE POLLUTION

1743

Schelske, C. L., and D. A. Hodell. 1995. Using carbon isotopes
of bulk sedimentary organic matter to reconstruct the history
of nutrient loading and eutrophication in Lake Erie.
Limnology and Oceanography 40:918-929.

Schindler, D. W. 1978. Factors regulating phytoplankton
production and standing crop in the world’s freshwaters.
Limnology and Oceanography 23:478-486.

Schindler, D. W., R. E. Hecky, D. L. Findlay, M. P. Stainton,
B. R. Parker, M. J. Paterson, K. G. Beaty, M. Lyng, and
S. E. M. Kasian. 2008. Eutrophication of lakes cannot be
controlled by reducing nitrogen input: results of a 37-year
whole-ecosystem experiment. Proceedings of the National
Academy of Sciences USA 105:11254-11258.

Schippers, P., H. van de Weerd, J. de Klein, B. de Jong, and M.
Scheffer. 2006. Impacts of agricultural phosphorus use in
catchments on shallow lake water quality: About buffers,
time delays and equilibria. Science of the Total Environment
369:280-294.

Smith, V. H., S. B. Joye, and R. W. Howarth. 2006.
Eutrophication of freshwater and marine ecosystems. Lim-
nology and Oceanography 51:351-355.

Smith, V. H., and D. W. Schindler. 2009. Eutrophication
science: Where do we go from here? Trends in Ecology and
Evolution 24:201-207.

Smol, J. P. 2008. Pollution of lakes and rivers: a paleoenviron-
mental perspective. Second edition. Blackwell Publishing,
Malden, Massachusetts, USA.

Sendergaard, M., J. P. Jensen, and E. Jeppesen. 2003. Role of
sediment and internal loading of phosphorus in shallow
lakes. Hydrobiologia 506:135-145.

Sendergaard, M., J. P. Jensen, and E. Jeppesen. 2005. Seasonal
response of nutrients to reduced phosphorus loading in 12
Danish lakes. Freshwater Biology 50:1605-1615.

Suding, K. N., K. L. Gross, and G. R. Houseman. 2004.
Alternative states and positive feedbacks in restoration
ecology. Trends in Ecology and Evolution 19:46-53.

Van Dam, H., A. Mertens, and J. Sinkeldam. 1994. A coded
checklist and ecological indicator values of freshwater
diatoms from the Netherlands. Netherlands Journal of
Aquatic Ecology 28:117-133.

Webb, R. H., and E. B. Newman. 1982. Recovery of soil and
vegetation in ghost towns in the Mojave Desert, southwestern
United States. Environmental Conservation 9:245-248.

Wetzel, R. G. 2001. Limnology: lake and river ecosystems.
Third edition. Academic Press, London, UK.

Withers, P. J. A., A. C. Edwards, and R. H. Foy. 2001.
Phosphorus cycling in UK agriculture and implications for
phosphorus loss from soil. Soil Use and Management 17:
139-149.

Zhao, W. Z., H. L. Xiao, Z. M. Liu, and J. Li. 2005. Soil
degradation and restoration as affected by land use change in
the semiarid Bashang area, northern China. Catena 59:173—
186.

APPENDIX A
CRS dates estimated for each sample from the north-basin core (Ecological Archives A020-063-A1).

APPENDIX B
Geochemical data from the north- and mid-basin cores (Ecological Archives A020-063-A2).

APPENDIX C
Modeled total phosphorus loads to Lough Carra (1851-2002) and the percentage contribution of the primary sources of the

loading (Ecological Archives A020-063-A3).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


