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Abstract

The Arctic is currently undergoing widespread shifts in both the
quality and distribution of vegetation, including the expansion of
boreal forest and shrub-land at the expense of tundra. This trend,
dubbed “Arctic Greening”, is likely to significantly affect the amount
of organic matter entering lakes and in turn carbon cycling in the
Arctic. The extent of future shifts in climate and vegetation are
presently unknown, however, a vast amount of paleo-proxy data and
paleo-modelling enables one to reasonably approximate past
conditions. To examine the effects of vegetation cover and climate
change on arctic lake carbon cycling, output from the dynamic
vegetation model LPJ-GUESS and the HadleyCM3 global circulation
model have been linked to a 2-dimenstional lake model in order to
simulate CO, efflux and sedimentation occurring back through the
Holocene. This lake model, dubbed Paleo-Arctic Lake Model (PALM),
had been developed for this thesis and is heavily derived from work
done by Hanson et al. (2004) and Cardille et al. (2007).

To demonstrate that PALM provides realistic approximations of arctic
lakes, the model was run over a range of in situ data for phosphorus,
alkalinity, and incoming DOC and POC obtained from the Long Term
Ecological Research (LTER) project. Modelled efflux and
sedimentation fell within a reasonable range. A sensitivity analysis
was also performed which revealed that the efflux was most sensitive
to changes in the volume and concentration of DOC entering the lake,
lake temperature, and the respiration rate of producers.
Sedimentation was most affected by the average particle diameter,
the amount of aerial carbon input, and the respiration rate of
producers.

Once the model was validated it was applied to two lakes, Lake AT1
in Greenland, and Ruppert Lake in Alaska. The lakes were simulated
during time periods where paleo-data indicated that their catchments
were dominated by differing vegetation types, specifically 2,000,
6,000, 7,000, 9,000, 11,000, and 14,000 years before present. PALM
simulated significantly different (P<0.05) sedimentation and efflux in
a number of this time slices. Finally, the sedimentation output from
Ruppert Lake was compared to a lake core extracted from the site.
While the carbon sedimentation rate was underestimated by an order
of magnitude, the coupled modelling approach does appear to
reproduce the pattern of sedimentation change observed in Ruppert
Lake.
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Introduction

1.1 Lakes and the Global Carbon Cycle

Lakes and other inland freshwaters are recognized as major
components of the global carbon cycle (Cole et al., 2007, Tranvik et
al., 2009, Romankevich and Vetrov, 2013). It is estimated that 1.9
Pg of carbon enter lake systems annually (Cole et al., 2007). This
carbon is then either exported via rivers and streams, enters lake
sediment, or is emitted as the greenhouse gases carbon dioxide
(CO,) and methane (CH,4). The amount of CO, efflux from terrestrial
freshwaters is similar in magnitude to oceanic CO, uptake (Tranvik et
al., 2009), with the CO,; resultant from manmade reservoirs alone
accounting for 4% of anthropogenic CO, emissions (St Louis et al.,
2000). While carbon efflux from lakes increase the earth’s potential
for global warming, lake sediments act as a primary long term carbon
sink. The amount of organic carbon entering lake sediments outpaces
the rate of burial in the ocean by a factor of three (Tranvik et al.,
2009). Though lakes cover around 3% of the continental land surface
(Downing et al., 2006), it is estimated that their sediments contain
820 Pg of carbon (Cole et al., 2007). The balance in lakes between
carbon sedimentation and efflux is influenced by many factors such
as pH, ion/nutrient composition, temperature, and the concentration
of organic matter (Sommer et al., 2012). In the wake of climate
change and anthropogenic landscape transformation, lakes will likely
experience significant changes in their catchments possibly resulting
in shifts in their carbon balance (Lurling and Domis, 2013, Cardille et
al., 2009, Domis et al., 2013). As scientists set forth to predict
environmental change it is imperative to have a more complete
understanding of the global carbon cycle, the role lakes play therein,
and how that role may change in the future.

1.2 Arctic Lakes and Climate Change

Understanding lake carbon cycling is of critical importance in the
Arctic not only because it is a lake rich region, but also because the
Arctic is disproportionately affected by global warming, showing
increases of mean annual temperature occurring at twice the rate of
the global average (Achberger et al., 2011). About one fourth of
earth’s lakes are located in the Arctic (Jones, 2013). Lakes comprise
on average 5% of total regional surface cover (Paltan Lopez, 2013),
with certain regions, such as the coastal area north of the Brooks
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range in Alaska, showing upwards of 50% lake cover (Kling et al.,
1992). These lakes are highly significant to regional carbon cycling.
Average CO, evasion from lakes in Finland, estimated at 1.4 Tg C,
was equivalent to 20% of the average C accumulation rate in Finnish
forest in both biomass and soils (Kortelainen et al., 2006). Algesten
et al. (2004) observed 21 Scandinavian catchments and found that
in-lake mineralization accounted for 30% to 80% of terrestrial carbon
loss.

Factors influencing lake carbon cycling, such as temperature,
precipitation, fire frequency and the amount of catchment carbon are
predicted to significantly change in the Arctic during the upcoming
decades (Thorsteinsson and Pundsack, 2010, McGuire et al., 2009).
Increases in temperature should generally boost carbon sequestration
as it will enable higher rates of primary production within lakes via
longer grow periods (Domis et al., 2013). However, increases in
precipitation and catchment carbon concentrations will likely increase
carbon loading into lakes (Thorsteinsson and Pundsack, 2010, Benoy
et al., 2007). This influx of catchment carbon would lead to higher
rate of carbon efflux (Cardille et al., 2009) and a complex set of
interactions with the planktonic primary producers within the lake
(Brett et al., 2012, Hessen et al., 2004, Roiha et al., 2012).

Vegetation cover has expressly been implicated to affect lake organic
carbon concentrations (Sobek et al., 2007, Klimaszyk and Rzymski,
2013). Significant shifts in vegetation cover, and thus catchment
carbon content, are already being observed in the Arctic. For
example, McManus et al. (2012) showed an average increase in Leaf
Area Index (LAI) with a value of 0.2 between 1986 and 2010, with
shrub-tundra LAI increasing from 20-80%. In a review of 22 papers
Epstein et al. (2013) summarises the main trends observed, namely,
increased evidence for greening based on Normalized Differential
Vegetation Index (NDVI), changes in plant community composition,
changing phenology, an increase in tall shrubs in low artic
ecosystems, and browning occurring mostly in arctic boreal forest.
The observed changes in vegetation cover and quality are likely
included in local and landscape scale feedback loops, involving
surface energy, carbon fluxes, water balance, and plant-herbivore
interactions. Furthermore, terrestrial vegetation models indicate that
these trends are likely to continue (Epstein et al., 2013). Results from
modelling exercises show an NDVI increase and the northward
advancement of shrub and boreal forest boundary into tundra
dominate areas (Zhang et al., 2013b, Miller and Smith, 2012,
Pearson et al., 2013).
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1.3 Current Project

1.3.1 Lakes and the Arctic Carbon Cycle
(LAC)

One approach to deriving the key regulators of the lake carbon cycle
and lake systems in general is the analysis of information stored in
lake sediments. This branch of study is called paleolimnology. Lake
cores contain an abundance of information, to name but a few, past
plant cover can be deduced from macro fossils and pollen data
(Brubaker et al., 2009, Higuera et al., 2009), plant cover can in turn
be used to approximate ancient climate conditions (Garreta et al.,
2012), charcoal fragments can be used to reconstruct fire regimes
(Higuera et al., 2011), chironomids can be used to construct a record
of past lake eutrophication (Luoto and Ojala, 2014), sediments may
even reveal past dissolved organic matter concentrations (Rouillard et
al., 2011). With the wealth of available information from sediment
cores, a paleolimnological study focused on Arctic lakes, with a known
history of vegetation cover change, would seem to be a good place to
start understanding how current vegetation cover change might affect
Arctic carbon cycling in the future. That in fact is the goal of the
Lakes and the Arctic Carbon Cycle (LAC) project. The LAC projected
has currently cored lakes in a variety of locations spread across the
Arctic. LAC members are analysing these cores in order to determine:

1. The role past catchment vegetation cover, as defined by plant
functional types (PFTs), played in the concentration of organic
matter in lakes.

2. The extent to which past carbon dynamics are a function of
the biotic components of lakes.

3. If changes in catchment composition cause are key drivers of
lake’s ecological state and carbon dynamics.

The LAC project will examine lake cores containing records going
back to slightly before the beginning of the Holocene epoch, which
corresponds to shortly after de-glaciation from the last glacial
maximum.
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1.3.2 Scope

This modelling exercise fits into the broader LAC project by allowing
comparison between observed paleo-data and simulated results, for
which all assumption are known. I have set forth to create a
modelling system that integrates land-cover and climate change into
a lake carbon cycling model.

Aim: To simulate carbon sedimentation and CO, efflux through the
Holocene and validate modelled results through comparison to the
actual sediment record.

Research Objectives:

1.

Identify time periods in the modelled lake’s history during
which distinct vegetation types were dominate.

Develop a lake carbon cycling model applicable in the Arctic,
referred to hence forth as the Paleo Arctic Lake Model (PALM).

Model catchment carbon via a terrestrial vegetation model
(Arctic version of LPJ-GUESS).

Approximate paleoenvironmental conditions for the catchment
to use as input data for LPJ-GUESS and PALM.

Link PALM to LPJ-GUESS to simulate land cover effects on
carbon sedimentation and efflux.

Research Questions:

1.

2.

Does PALM simulate reasonable carbon fluxes?

Can LPJ-GUESS model modern and paleo-vegetation in a
realistic manner?

Is the output from LPJ-GUESS a suitable input for PALM?

Does vegetation cover change and do shifts in climate affect
lake carbon cycling?

Can the coupled lake carbon cycling models simulate historic
carbon sedimentation?
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1.4 The Lacustrine Carbon Cycle

Lake carbon cycling is comprised of a myriad of acid-base and redox
chemical reactions which in turn are affected by multiple factors such
as organic carbon runoff, plankton, aquatic plants, the benthic
community, nitrogen and phosphorus fertilization, calcium carbonate
and other mineral runoff, precipitation mediated carbon deposition,
lake morphology, fish, turbidity, heterotrophic and anaerobic
bacteria, lake temperature, and piston velocity. The goal of any
modelling exercise is to reduce a system’s complexity. This is done by
capturing the driving forces behind a process, while not including
details which don't significantly increase the model’s predictive
power. With a system as complex as the lacustrine carbon cycle it is
important to single out its most important components.

1.4.1 Aqueous Carbon Chemistry and
Stratification

In oxygenated water, where aerobic conditions exist, the cycling of
dissolved inorganic carbon (DIC) is regulated by the acid base
reactions of the CO,-Bicarbonate-Carbonate system (Figure 1). Of
these three compounds only aqueous CO, is in equilibrium with the
atmosphere, while the other compounds remain in solution.
Depending on the pH and acid neutralising capacity (ANC), the
equilibrium between these compounds will shift allowing differing
levels of DIC to stay within solution (Baird and Cann, 2005). Aerobic
conditions do not, however, always exist within lakes. During the
warmer months of the year a lake will often become stratified or split
into distinct thermal layers. This is due to the fact that water has its
maximum density at 4° C. The only way for stratification to be
avoided is for perturbing forces, such as mixing caused by wind, to
physically mix the warmer less dense water with the colder denser
water trapped below. Through this mechanism the mixing layer, or
epilimnion, is continuously exposed to atmospheric oxygen and thus
remains oxygenated. However, the bottom layer, hypolimnion, slowly
becomes depleted of oxygen leading to anaerobic conditions under
which CH, is produced. The horizontal plane separating the two lake
layers during stratification is called the thermocline. Thermocline
depth has been shown to play a significant role in lake carbon cycling
(Weyhenmeyer et al., 2012, Fortino et al., 2014). One of the main
reasons why the balance between aerobic and anaerobic conditions
affects lake carbon cycling is its control over the aerobic respiration of
CO, and anaerobic respiration of CH4 by the biotic component of the
lake. To constrain its scope, this project elected to focus on
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aerobically produced efflux. Therefore, CH, production is not explicitly
considered.
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Figure 1. Inorganic carbon exists in various dissolved forms, the ratio of
which is control in part by the pH of the water in question. To know the
amount of CO, being emitted from body of water information about pH or a
related index like alkalinity must be known. Figure reproduced from Baird and
Cann (2005).

1.4.2 Biotic Component, Phosphorus, and
Trophic State

Gross primary production (GPP) is the net conversion of light energy
into chemical energy, typically in the form of fixed carbon, by a biotic
community. The amount of GPP occurring within a lake is integral to
its carbon fluxes because it uses the DIC pool within the lake as a
carbon source. If gross primary productivity is high enough the
depletion of the DIC pool may be so great that CO, no longer effluxes
into the atmosphere but rather draws down into the lake (Pacheco et
al., 2013). This lake state only occurs when the nutrient availability
within a lake is high enough. The productivity within a lake is limited
by a number of factors but the most important one is nutrient
availability. In fact, a lakes’ biotic state can be classified by the
concentration of nutrients they have. High productivity lakes are
titled eutrophic, medium as mesotrophic, and low productivity lakes
as oligotrophic. Though aquatic systems can be limited by nitrogen
(Kortelainen et al., 2013), phosphorus is almost without exception
the limiting nutrient within lakes (Grimm et al., 2003). Furthermore,
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80 % of DIC consumed by primary producers, i.e. autotrophs, is
metabolized and respired back into the DIC during the course of a
day (Hanson et al., 2004). The lakes biotic component also contains
an abundance of heterotrophic organisms. Heterotrophic organisms
gain their energy by breaking down and respiring the carbon fixed by
producers as well as other organic material that enters the lake
system.

1.4.3 Organic Carbon

Dissolved and particulate organic carbon are key factors controlling
freshwater chemistry and ecology. They, in many cases, determine
whether the lake’s planktonic community is primarily heterotrophic or
autotrophic (Hessen et al., 2004, Cardille et al., 2007, Lottig et al.,
2011). Due to its absorptive nature, the pigmentation in dissolved
organic carbon (DOC) hinders photosynthesis through the entrapment
of photons (Steinberg et al., 2006, Hessen et al., 2004). Particulate
carbon also reduces light penetration within the water column
(Hanson et al., 2011). Organic carbon (OC) also acts as a substrate
for heterotrophs. Heterotrophs break down OC, mineralizing it into
DIC, a significant fraction of which is CO, that is then degassed back
into the atmosphere (Hanson et al., 2011, Hanson et al., 2004,
Algesten et al., 2004). Studies have derived an approximate
threshold value for DOC, 5 mg L, after which lakes tend toward
heterotrophy (Jansson et al., 2000, Prairie et al., 2002). DOC also
affects the mixing layer or thermocline depth of lakes (Fee et al.,
1996, Hanson et al., 2004, Cardille et al., 2007). As DOC absorbs
light it increases water temperature in close proximity, thus
stimulating circulation and increasing mixing layer depth. Though an
oversimplification of the interactions between OC and the planktonic
community, this illustrates the mechanisms by which OC
concentration affects a lake’s carbon balance, shifting it from being
productive and autotrophic to a heterotrophic CO, source.

1.5 Modelling Lake Carbon Cycling

1.5.1 Existing Models

Many different types of models seek to simulate at least some
components of the lake carbon cycle. These models range from
complex dynamic ecosystem models, such as PCLake which
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incorporates a myriad of components that can be seen in Figure 2
(Mooij et al., 2010), and hyper focused models like PEG that deal
with the dynamics between plankton species (Sommer et al., 2012).
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Figure 2. Representation of the lake ecosystems model PClake. Figure taken
from (Mooij et al., 2010).

Other lake models, which may not model carbon dynamics, simulate
aspects of the lake, like temperature, that greatly influence carbon
cycling. For example, Perroud and Goyette (2012) assessed four one
dimensional lake temperature models to assess their ability to
accurately model thermocline depth and the respective temperatures
of the epilimnion and hypolimnion. Another example would be the
work done by Deng et al. (2013) that models how the physics of wind
perturbation influences carbon efflux. However, of the multitude of
existing lake models few incorporate both the modelling of lake
ecosystems and the modelling of DOC, POC, DIC, carbon efflux and
sedimentation. Even with all the complexity modelled in PClake it
does not expressly model DIC or its flux to the atmosphere (Mooij et
al., 2010). Some models that do incorporate these components are
the coupled CE-QUAL-W2 (Cole and Buchak, 1995), CAEDYM-DYRESM
model (Gal et al., 2009), Delft3D-ECO (Los, 2009), and LUWI
(Cardille et al., 2007). The Delft3D model contains representations of
DOC, POC, DIC and CO, efflux and was developed to model the effect
of sediment transport and lake morphology on carbon cycling. It has
since been adapted into the Delft3D-ECO model to include biotic
components and the carbon stocks (Los, 2009). CE-QUAL-W2, a 2-
water quality model, models nitrogen (N), various forms of OC,
phosphorus (P), dissolved gases such as oxygen and CO,,
chlorophyll-a content, and with an optional biotic add-on can model
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plankton dynamics as well as aquatic vegetation (Cole and Buchak,
1995, Mooij et al., 2010). The Computation Aquatic Ecosystem
Dynamic Model (CAEDYM) coupled with the Dynamic REServoir
simulation model (DYRESM) is capable of modelling POC, sediment
fluxes, lake nutrients including N, P, and silicon, 8 different plankton
types, fish, benthic communities and it has been widely used for
modelling long term carbon dynamics including sedimentation and
efflux (Gal et al., 2009, Makler-Pick et al., 2011, Parparov and Gal,
2012). All of these models have been applied to model water quality
in numerous studies to great effect. However, this is generally done
in areas where much is already known about the water bodies in
question and the models can be calibrated to the specific system. As
input data is limited, due to the remote nature of our study sites as
well as the time span over which the model should be applied, a less
complex lake carbon cycling model was chosen which had been
applied to lakes with limited accessible input data. The Lake
Uplands/Wetlands Integrator (LUWI) model was developed to model
the hydrological and carbon dynamic of over 7000 lakes in a lake rich
region in northern Michigan (Cardille et al., 2007). It is much more
generalized than the previously mentioned models and estimates the
GPP of the lakes biotic component based mostly on total phosphorous
concentration. LUWTI is also capable of modelling carbon
sedimentation and efflux, but it does not distinguish between
incoming DOC and POC. However, previous work done on the same
lake area included POC and DOC cycling and could be used to adjust
LUWI (Hanson et al., 2004).

1.5.2 Application of Aquatic Models in
the Arctic

No lake models, applied specifically in the Arctic, modelled lake POC
and DOC concentrations, the efflux of CO,, and sediment formation
were discovered in the literature. However, models were found that
modelled aspects of the freshwater carbon cycle. For example, Dillon
and Molot (1997) successfully applied a simple mass-balance model
to simulate DOC concentrations in lakes in Ontario Canada. Futter et
al. (2007) developed the Integrated Catchments Model for Carbon
(INCA-C) family of models which simulate carbon fluxes from
catchments into streams. While the literature review was not
exhaustive and a suitable lake carbon model tailored to the Arctic
may exist, the lack of a model explicitly built for modelling carbon
dynamics in the Arctic led to our adaptation of the temperate lake
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carbon models (Cardille et al., 2007, Hanson et al., 2004) for
application in the Arctic.

1.6 Modelling Catchment Carbon

As this exercise aims to model the effects of vegetation cover change
on catchment carbon the focus of research has been on vegetation
models that simulate catchment carbon stocks. There are other
widely used approaches to modelling catchment carbon stocks that
disregard the expressed modelling of vegetation (Shao et al., 2013)
but they fall beyond the scope of this project.

1.6.1 A Review of Arctic Vegetation
Modelling

There have been a number of modelling approaches used to simulate
vegetation cover and terrestrial carbon cycling in the Arctic. A review
by Kittel et al. (2000) summarizes three of the major types of models
utilized to simulate the Arctic’s response to possible climate forcing.
Equilibrium Biogeographic Models function by modelling the
vegetation distribution at equilibrium with a given set of climatic
conditions. Examples of these models include BIOME3 (Haxeltine and
Prentice, 1996), MAPSS (Neilson, 1995), and DOLY (Melillo et al.,
1995). These models focus heavily on modelling physiological
responses, given a set of rules and processes, with the aim of
maximizing a parameter, such as: leaf area index, MAPSS, net
primary productivity, or BIOME3. Equilibrium models are accurate at
modelling plant responses and have been widely used, however, they
are unsuitable for this study as they do not simulate time dependent
responses. Frame-based transient ecosystem models focus on the
likelihood of a given cell to transition between one vegetation type to
another. Starfield and Chapin (1996) applied the transient model
ALFRESCO to simulate vegetation shifts in the Arctic due to warming.
This type of model proved highly effective at modelling vegetation
transitions, but it does not model plant interactions within a grid-cell
and does not incorporate detailed biogeochemical cycling. Another
type of model, that merges the equilibrium and transient models, is
the Dynamic Global Vegetation Model (DGVM). DGVMs are able to
model time-step dependent transition and include detailed
biogeochemical processes. Some DGVMs that have been applied to
the Arctic include HYBRID (White et al., 2000), IBIS (Foley et al.,
1996), LPJ (Sitch et al., 2003), and MC1 (Daly et al., 2000). While
there was some observed variation between the results they shared a
number of general trends. All of the DGVMs showed a marked
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decrease in tundra under arctic warming scenarios, due to the
expansion of shrub-land and the pole-ward migration of boreal forest.
Of the models reviewed, subsequent iteration of the LPJ model were
tailored to function on a local scale and adapted with a focus on
modelling the Arctic (see LPJ-GUESS, Benjamin Smith 2001).
Modification to the LPJ model included the addition of permafrost
dynamics (Wania et al., 2009) and arctic specific vegetation types
(Miller and Smith, 2012). The specification and a more thorough
description of this model can be found in section 3.4 of the methods.

1.6.2 The Versatility and Validation of
LPJ-GUESS

LPJ-GUESS is widely used, modified, and evaluated in a
multitude of studies addressing various topic from the impacts of
climate change (Zhang et al., 2013b), the effects of fire on vegetation
(Pfeiffer et al., 2013), to whether or not the vegetation post last
glacial maximum could support mega-fauna in Europe (Allen et al.,
2010). Projects utilizing LPJ-GUESS that are relevant to this study,
either because of their validation of the model or due to their addition
of a potentially useful module, are seen in Table 1.

Table 1. A subset of studies is shown which are relevant to this project’s use
of LPJ-GUESS, either for developing novel functionality or validating the
model.

Author Importance

(Sitch et al., 2003) Evaluated LPJs performance on a global
scale.

(Miller et al., 2008) Modelled sites in the Scandanavian Arctic
back through the Holocene.

(Wania et al., 2009) Incorporated permafrost and improved soil

hydrology.
(Ahlstrom et al., Investigated how LPJ-GEUSS responded to
2012) climate inputs from forcing from almost 20

different climate models.

(Huntley et al., 2013) | Explored the interation of LPJ-GUESS with the
global circulation model HadCM3 through the
last glacial maximum.

(Zhang et al., 2013b, | Modelling results predicting future PFT shifts
Pearson et al., 2013) | in the Arctic.

(Tang et al., 2013) Incorporated topography into the model to
improve modelled hydrology.

11




Introduction

1.7 Coupling Catchment and Lake Carbon
Dynamics

Carbon found in lakes is either a product of the biotic element of the
aquatic system, called autochthonous carbon, or is transported to the
lake from terrestrial sources, called allochthonous carbon. The
quantification of allochthonous carbon loading into lakes has long
been a source of error in lake carbon cycling models (Cardille et al.,
2007). Therefore, much effort has been put into quantifying DOC and
POC export from catchments into lakes.

1.7.1 Quantification of Catchment-Lake
Interactions

Linking the terrestrial carbon pool to freshwater carbon cycling, to a
large degree, has only been done fairly recently (McDowell, 2003).
This is primarily due to knowledge gaps concerning decomposition
and the factors effecting carbon transport. Various attempts were
made to quantify the fluxes of carbon and link them to specific
factors. Previously the amount of DOC and POC entering a given lake
was thought to depend on the catchment’s geography, the upland
and wetland flow paths, soil type, and vegetative land cover (Neff
and Asner, 2001, Hanson et al., 2004, McDowell, 2003). Sobek et al.
(2007) analysed 7,514 lakes spread over 6 continents to derive a
multiple linear regression explaining 40% of observed DOC
variability. Sobek’s regression incorporates mean annual runoff,
altitude, and soil carbon density. Buffam et al. (2011), based on the
work of previous researchers in the NHLD, created a complete carbon
budget showing the flow of carbon between the atmospheric,
terrestrial, and aquatic portions of their study area. Their results
confirmed the importance of lakes as carbon storage, as lakes, along
with peat-containing wetlands, housed more than 80% of the total
carbon pool while only covering 13% and 20% of their study area
respectively. The paper asserted that approximately 5% of total NEE
entered into the NHLD’s lakes where about 1/3 of the carbon became
sediment while the rest effluxed into the atmosphere. There have
also been many studies focused on specific cover types and their DOC
production. Aitkenhead-Peterson et al. (2003) examined over 70
different studies spanning the globe from the tropics to the polar
region which examined DOC production in different cover types. The
deposition of POC has also been quantified in studies in a variety of
regions, from the Great Lakes in the US to remote Arctic Lakes in

12
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Siberia (Eisenreich et al., 1981, Dickens et al., 2011, Teodoru et al.,
2013).

1.7.2 Integrating Catchment Carbon in
Modelled Lake Systems

In 2009 Mckay et al. cited the need for a fully integrated atmosphere-
catchment-lake model for the purpose of constraining the
contribution of lakes to global warming. Cardille et al. (2007) was
among the first studies to couple the carbon stocks of a terrestrial
vegetation model to a lake model. However, this model does not
expressly simulate soil DOC production and its export to aquatic
systems. Very recently such models, capable of modelling DOC
production and sorption, have been developed. For example, Zhang
et al. (2013a) developed an extension to the forest hydrology model
ForHyM2 that was able to model the concentration of DOC in a
coniferous and deciduous site in Canada. Wu et al. (2013) developed
the TRIPLEX-DOC, which proved highly effective in temperate pine
forests, and is calibrated to function with 11 other species/genera of
trees. The model developed by Wu et al. (2013) went one step
further and coupled the DOC export model to a 2-dimenstional lake
model, developed based off the CO, efflux model crated by Cole et al.
(2010). Wu's coupled lake model would be ideal for this work;
however, it only models forest cover, neglecting other vegetation
types such as shrubs or herb tundra, and it does not model
sedimentation since it is focused on DOC and CO, dynamics. Recent
work has also coupled the CE-QUAL-W2 model with the hydrology
model SWAT (Debele et al., 2008). The Soil Water Assessment Tool
(SWAT) is a hydrological model that models the export of nutrients,
pollutants, metals and carbon from on the drainage basin scale of
lakes, rivers and streams. This model was developed by the US
Department of Agriculture for modelling the impacts of agriculture on
surrounding water systems and has been fully linked to ArcGIS
(http://swat.tamu.edu/). SWAT outputs have proven to be
compatible with CE-QUAL-W2 and capable of modelling lake volume
with a high degree of success, R>>0.8, with slightly less success in
modelling other variables like oxygen and chlorophyll concentration.
SWAT, like CE-QUAL-W2, is a model that requires a relatively large
amount of input data to run. Furthermore, Debele et al. (2008) did
not evaluate the coupled models capability to model sedimentation,
carbon efflux, or even DIC concentration. LPJ-GUESS models some
decay processes, such as fine root formation and decomposition and
the heterotrophic respiration of differing litter pools with their own
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decay rates (Wania et al., 2010). Similar methods of modelling soil
decomposition were used by Zhang et al. (2013a) and by Wu et al.
(2013). As LPJ-GUESS can model Arctic PFTs it was deemed a good
candidate for coupling to a lake carbon model.
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Materials and Methods

2.1 Study Sites

Lake coring sites for the LAC project were selected to show pan-Arctic
variability. These sites exhibit a range of current vegetation cover
that span from boreal forest, a biome rich very carbon, to steppe
tundra whose catchments have extremely low carbon stocks. Based
on data availability two of the LAC sites, namely Ruppert Lake in
Alaska and Lake AT1 in Greenland, were chosen for this modelling
exercise (Figure 3).

LAC Research Lakes ? 500 1,0|00 2.0|00
1 1 1 1 1 1

X study Sites Kilometers
+ Other Lakes :

,

Coordinate System: North Pole Lambert Azimuthal Equal Area
Projection: Lambert Azimuthal Equal Area
Datum: WGS 1984

Figure 3. LAC research lakes, shown as blue crosses, are distributed
throughout the Arctic. This study focuses on two of the lakes, shown via the
red x symbols, Lake Ruppert in Alaska and Lake AT1 on the southwest coast

of Greenland.
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2.1.1 Ruppert Lake

Ruppert Lake is a relatively shallow small, nutrient poor lake located
at the Southern base of the Brooks Mountain Range in central Alaska
(Figure 4, Table 2). This inland site has average summer
temperatures of about 15° C and winter temperatures around -25°C,
though minimum recorded temperatures can drop to nearly -40° C.
The lake is a postglacial non-thermokarst lake situated in an array of
glacial moraines. Lake formation likely occurred between 16,000 and
17,000 calibrated years before present (cal yrBP)!. The lake is fed by
a small stream in the north of the catchment which is surrounded by
upland forests and shrub-land. An outflow stream in southwest end
drains Ruppert into the larger adjacent Walker Lake. Forests in the
catchment are comprised of Picea glauca, Betula papyrifera and
Populus tremuloides which share the uplands with shrub-lands
consisting of Alnus spp., Salix spp., and Betula glandulosa. The upper
portions of the moraines are vegetated with Vaccinium spp., Dryas
sp., lichen spp., and moss cover. Low lying permanent wetlands
surround the lake and exist along the inflow and outflow streams.
These areas are dominated by Carex spp. and Sphagnum spp.
(Edwards, 2013).

2.1.2 Lake AT1

Lake AT1 is, like Ruppert, also a small shallow nutrient poor lake,
though it is larger and does have a higher phosphorus concentration
in comparison to Ruppert (Figure 4, Table 2). The DOC concentration
at the site, is however, significantly lower than at Ruppert. The lower
DOC concentration is likely due to the fact that AT1's catchment is
sparsely vegetated with large areas of exposed bedrock (Liversidge,
2012). Vegetation cover is dominated by prostrate dwarf shrubs,
namely Salix gluauca and herbacea, with a smattering of heathland
exhibiting Empetrum spp. and Ericaceae. Lake AT1 is in a coastal
area and exhibits much milder climate conditions than Ruppert. The
average temperature range at the site is between -12° and 7° C
(Anderson et al., 2012). Lake formation occurred between 11,000
and 10,000 cal yrBP (Anderson et al., 2012).

1 1t should be noted that calibrated years BP refers to calibrated carbon-14 (**C) radio
carbon years, where 1950 is designated as present at it is the advent of radio carbon
dating. Calibrated years BP, yrBP, should more or less correspond to their calendar
counterpart given the addition of 1,950 to account for the shift between the year 1950
BCE and 0 BCE.
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Table 2. Location as well as relevant lake and catchment properties for
Ruppert Lake and Lake AT1.

Lake Latitude Longitude Catchmentarea Lake area Mean Depth TP DOC ANC
(ha) (ha) (m) (ug/L) (mg/L)  (meq/L)

Ruppert 67.071461 -154.244039 39.34 3.74 2.1 3.46 8.39 1.25

ATl 66.967517 -53.401583 150 11 8.25 13.9 1.27 0.5

Ruppert Lake Lake AT1

-

Figure 4. Ruppert Lake and Lake AT1.

2.2 Input Data

2.2.1 Paleolimnological Data: Pollen,
Age-Depth Model, Itrax, Carbon
Sedimentation Rate

As the aim of this project is to simulate the response of carbon fluxes
to changes in catchment vegetation cover as well as climate, the first
objective was to identify time periods in which the study lakes were
dominated by distinctly different plant functional types (PFTs).
Because the LAC project is ongoing, and lake cores taken from
Ruppert and AT1 are still undergoing analysis, LAC data was
combined with previous paleolimological studies performed at
Ruppert and AT1 to meet data needs.

2.2.1.1 Paleolimnological Data from Ruppert
Lake

Pervious work performed at Ruppert lake indicated that the site had
undergone a number of major shifts in vegetation cover (Higuera et
al., 2009, Brubaker et al., 2009). Post deglaciation, the area was

dominated by herb tundra until around 13 kyrBP? at which point the
area experienced an influx of shrub cover, this dominant cover type

2 kyrBP stands for ‘kilo years before present’ and indicates thousands
of calibrated radio carbon years before 1950.
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was followed by a succession of deciduous woodland, ~10.5 kyrBP, a
mixed forest-tundra dominate period, 8.5 kyrBP, with the final
transition to boreal forest, the vegetation cover type observed today,
occurring at 5.5 kyrBP. To avoid the complications of modelling
transition periods, it was decided that this project should focus on
modelling the catchment and lake during periods at which the system
was in equilibrium. These time periods were selected by examining
the pollen record produced by Higuera et al. (2009). Figure 5 shows
the pollen record produced by Higuera et al. along with the time
slices selected for this study, appearing in red rectangles, namely 2
kyrBP, 6 kyrBP, 7 kyrBP, 9 kyrBP, 11 kyrBP, and 14 kyrBP. The 14
kyrBP time slice is not represented in Higuera et al.’s lake core.
However, a radio carbon data taken from the base of Ruppert Core B,
cored by the LAC project, dates the sediment at 16.7 kyrBP. The
composition of herb tundra can be assumed to remain relatively
constant and thus the pollen data from 13.5 to 14 kyrBP could be
used to approximate its composition.

To calculate the percent PFT cover for the time slices of interest, the
pollen counts published in Higuera et al. (2009) were digitized from
Figure 5 with the use of the Image] software package. After the
pollen counts were measured they were adjusted to account for
differences in pollen productivity according to the method prescribed
by Binney et al. (2011). Raw pollen counts were divided by the
adjustment factors which are displayed in Table 3. The predicted
percent cover, based on the pollen counts would be compared with
modern percent cover based on remotely sensed data as well as
paleo-percent cover modelled by LPJ-GUESS.
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Table 3. Pollen productivity adjustment factors proscribed by Binney et al.
(2011) for the genera found in Ruppert. These adjustment factors were
calculated for these species in North America, other studies have estimated
the adjustment factor for Europe as the species found in the respective
regions differ significantly.

Pollen Productivity

Genera Adjustment Factor PFT
Picea 1 BNE
Betula 2 IBS
Betula 2 HSS
Alnus 2 HSS
Salix 0.5 HSS
Populus 0.5 IBS
Artemisia 0.5 GFT
Cyperceae 0.5 WetGRS
Poaceae 0.5 GFT
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Figure 5. The pollen percentages for Ruppert Lake reproduced from Higuera
et al. (2009). Time periods used in this study are highlighted with the red

boxes.
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Two other types of paleo-data, namely carbon sedimentation rate and
phosphorus count, were used during the course of this study. Both of
these properties were derived from a lake core, Ruppert Lake Core B,
taken by Kim Davis from Ruppert during the LAC summer field
campaign of 2013. Core B has a total length of 385 cm covering
approximately 17,000 years of sediment deposition. Currently two
reliable C radio carbon dates have been processed for Ruppert Core
B. The carbon dates were sent into the NERC Radiocarbon Facility-
East Kilbride where they were prepared to graphite and subsequently
passed on to the SUERC AMS Laboratory for *C analysis. The
resulting dates were converted from radio carbon years BP to
calibrated years BP with software Calib (2 sigma). This processes
resulted in the calibrated age of 6,582 £85 yrBP at a depth of 165.5
cm and a base age of 16,742 £254 yrBP at 384.5 cm. As two radio
carbon dates are insufficient to create an age-depth model for the
core, the age-depth model from Higuera et al. (2009), seen in Figure
6, was applied to Core B. An age-depth model is a representation of
the relation between a sediments age and its depth below the
sediment water interface. Such a model is necessary because the rate
of sedimentation is not constant through time.

To apply Higuera’s model the sedimentation rate was extracted from
a figure published in Higuera et al. (2009), shown in Figure 6, via the
Digitizelt software package. An age-depth model was then derived by
the LAC core from Ruppert, core B, by assuming the temporal
changes in sedimentation rate were relatively the same. The total
length of Higuera’s core, 480 cm, is greater than that of Core B.
However, at the depth of 165.5 cm, where we have a radio carbon
date of 6582 cal yrBP in Core B, Higuera’s age depth model dates
that depth at 7250 cal yrBP. Thus, for the depths below 165.5 the
sedimentation rate digitized from Higuera was divided by a factor of
1.105, while for depths after 165.5 the sedimentation rate was
divided by a factor of 0.546. The sedimentation rate was then applied
over time to get the expected age of sediments for given depths. For
visualization of the resulting age-depth model the adjustment factors
were applied to the radio carbon dates of Higuera et al. (2009)
(Figure 7).
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Figure 6. Age-depth model and sedimentation rate for Ruppert Lake
reproduced from Higuera et al. (2009).
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Figure 7. Adjusted age-depth model with points showing the adjusted radio
carbon dates from Higuera et al. (2009). Visualization was done in this
manner to show the effect of the Higuera radio carbon dates on the model.
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Once the age-depth model was constructed, Loss On Ignition (LOI)
data was used to calculate the carbon sedimentation rate. LOI refers
to the weight lost from a sample of sediment after it has been
combusted. For Ruppert Core B, LOI was measured by taking 1 cm?
of sediment every 2 cm of the core. The sediment was dried
overnight in a drying oven, and then combusted at 550° C. The
resulting LOI data were provided to us by members of the LAC
project. To calculate carbon sedimentation from LOI equation 1 was
used. The weight lost from a cm® sample was divided by 2, to account
for the weight of hydrogen and oxygen lost during combustion. It was
then multiplied by the sedimentation rate for that particular cm? to
get carbon sedimentation rate per cm?. As the lake model output is
given in grams carbon entering sediment per square meter per year
(gCyr~'m™2) the core sedimentation rate was converted accordingly to
enable comparison.

gCyr~im= = (%) /2) x &5 x 10* (1)

Paleo-phosphorus data was derived by applying the age depth model
to phosphorus counts derived from the Itrax analysis of Core B
(Figure 8). The Itrax core scanner is an optical scanning instrument
that combines the use of x-ray fluorescence and x-radiography to
derive the elemental profiles of sediment cores (Jarvis, 2012). It
functions by exposing a continuous sample of the core to x-rays and
measuring the radiation the sample reflects. Because different
elements reflect unique signals upon exposure to x-rays the Itrax can
determine the distribution of an element within the core to sub-
millimetre accuracy. The amount of an element is reported in the
number of signals corresponding to that element over the total
number of signals received called kcps. To determine the
concentration of phosphorous, P, within Ruppert for the 1000 year
time slices of interest, the average count of each time period,
expressed in the units P/kcps, was compared to that occurring in the
first 15 cm of the core. According to the age-depth model the first 15
cm correspond to the last 500 years. It was assumed that the
accumulation of P within the lake was relatively constant during that
time and that changes in P/kcps are proportional to changes in the P
concentration within the lake. Because P is a light element and the
observed values of P/kcps are barely above the detection limit for the
equipment (Jarvis, 2012), zeroes in the data were interpreted as null
values and not included in the analysis.
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Figure 8. The measured phosphorus counts for Ruppert Core B by the Itrax
optical scanner. This data was used to estimate the paleo concentrations of
phosphorous within Ruppert Lake.

Paleo-data was also used to derive estimates for lake levels during
the specific periods of interest. This was done through the
assumption that as these lakes are primarily precipitation fed their
levels would vary proportionally in accordance with changes in
precipitation reported in Edwards et al. (2001).

2.2.1.2 Paleolimnological Date from Lake AT1

The LAC core for Lake AT1 was taken during fieldwork in April of
2014, thus no radio carbon dating, pollen data, or Itrax data for this
core have currently been produced. However, because the carbon
sedimentation had already been calculated and published in Anderson
et al. (2012) these values could be compared directly to the coupled
LPJ-GUESS/PALM sedimentation values.
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Figure 9. Carbon sedimentation rate calculated for lake AT1 by

Anderson et al. (2012). Figure reproduced from Anderson et al.
(2012).

2.2.2 Present Lake and Catchment
Characteristics

For this study a number of lake and catchment characteristics are
needed including the average depth, catchment area, surface area,
and the lakes’ ANC and phosphorus content. To calculate Ruppert’s
mean depth a bathymetry, or topography of the lake floor, was
created. Bathymetric measurements and corresponding GPS
coordinates were taken by Kim Davis using a Hondex™ Digital Depth
Sounder and Garmin GPS in July of 2013 (data used with
permission). The collected points were loaded into ArcGIS 10.1 to
create a representative TIN for the lake. Two erroneous points were
deleted from the bathymetry dataset, point 47 and 73, as they were
significantly shallower then the surrounding points and likely created
from the sounder detecting aquatic vegetation. From this the average
lake depth was calculated for use as input data in the lake model. No
bathymetry was created for AT1 instead a reported value for
maximum depth and surface was used (Anderson et al., 2012), along
with simple geometric assumptions, to calculate mean depth.

Basin area for both lakes was derived from the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) global digital
elevation model (GDEM) which is freely available from the Unites
States Geological Survey webportal (http://www.usgs.gov/pubprod/
aerial.html#satellite). The ASTER GDEM has a 30 m? spatial
resolution and is created from stereo-images captured buy the ASTER
instrument on the Terra satellite. The ASTER GDEM tends to have
anomalies in inland water bodies (Guth, 2010). This is a result of the
algorithm being used to create the DEM which does not interoperate
the lakes reflectance values as flat surfaces and no post-processing,
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such as adding lake surfaces to the GDEM from an inland water-body
database, has been done (Guth, 2010). Thus, both lakes were
manually added through digitizing their surface area and mosaicking
the created shapefiles to the ASTER DEM as a flat surface of lower
elevation than the surrounding points. The surface area was digitized
from images available from Google™ earth specifically a GINA image,
acquired 9/13/2008, and a Landsat 8 image, acquired 7/22/2013, for
Ruppert Lake and AT1 respectively. The drainage basin, or catchment
area, was then derived using a standard function in ArcGIS 10.1.

To derive present day vegetation cover a SPOT 5 image, acquired in
July of 2013 and provided by request from the University of Alaska in
Fairbanks (http://www.gina.alaska.edu/), was classified into 25
classes the Iso-data unsupervised classification function of ENVI.
These classes were then manually reclassified by comparison to aerial
photos taken during the 2013 field campaign as well as consultation
with a botanist familiar with the site (Edwards, 2013). No SPOT
image could be acquired for the AT1 site. Because no aerial
photographs were available for AT1, spatial resolution of the satellite
images were lower, and the cover types exhibited less distinct
spectral profiles Iso-data unsupervised classification was not used on
this site. Instead, the NDVI was calculated from a Landsat 7 image,
taken during August of 2002. The NDVI values were used to
determine the portion of catchment covered by vegetation. The
proportions of each PFT were derived from the LPJ-GUESS output.

2.2.3 Climatic Data

Monthly averages for surface temperature, cloud cover, and
precipitation, were obtained from the British Atmosphereic Data
Center, specifically the Climate Research Unit (CRU) TS 3.21 dataset
(http://www.cru.uea.ac.uk/data), which is a 0.5° by 0.5° globally
gridded data set covering the period from 1901 to 2012. The CRU
dataset proved to be unsuitable for the Alaskan study site due to
their proximity to the Brooks mountain range. As Ruppert lies directly
at the base of the mountain range, the corresponding CRU grid cell
covers areas with higher elevations leading to an underestimation of
temperature for the grid cell. For this reason climate data from the
nearby Bettles Airport weather station was obtained from the NOAA
website (http://www.ncdc.noaa.gov/cdo-web/). CRU cloud cover data
were still used for the site as they were not available from the Bettles
Airport station.
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Figure 10. Location of Ruppert Lake in relation to the Brooks Mountain
Range and the weather station at Bettles Airport with the CRU, smaller blue
rectangle, and HadCM3, larger red rectangle, grid cells. Image taken from
Google Earth.

Paleoclimate data was obtained from the Bristol Research Initiative
for the Dynamic Global Environment (BRIDGE) research group at the
University of Bristol (http://www.bridge.bris.ac.uk/resources/
simulations). This research group specializes in testing climate
models used to predict global warming by transposing their temporal
axis and having them simulate past climate change. The results of
these experiments can then be compared to paleo-proxy data in
order to evaluate a model’s performance. BRIDGE has compiled the
results of their work in a database which is accessible upon request.

For this project the climate data produced by Singarayer and Valdes
(2010) were used. Singarayer and Valdes used the Hadley Centre
climate model (HadCM3), a widely respected global circulation model
(GCM) produced by the British Met Office that has been assessed and
used by the IPCC (Vavrus et al., 2009), to simulate ‘snap-shots’ of
the average climate for every 1000 years back through 120 kyrBP.
Their modelling exercise incorporated climate forcing pressures from
changes in orbit, greenhouse gasses, and ice sheet extent. The data
is represented as a global grid with spatial resolution of 2.5° latitude
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by 3.75° longitude over the terrestrial environment. The ‘snap-shots’
produced by HadCM3 represent the average of modelled 30 year
averages for every 1000 year time period. Thus the output is one
year of climate data containing monthly averages for precipitation,
cloud cover, and temperature that is suitable input for LPJ-GUESS
and PALM. This data was downloaded in the form of NetCDFs and the
variables of interest were extracted for the study sites with the use of
a simple script written in R studio.

The output from HadCM3 was then used to calculate climate
anomalies for the 1000 year time periods, or time slices, of interest.
Anomalies for precipitation, temperature, and percent cloud cover
were derived by taking the difference between the HadCM3 output for
the preindustrial era, or 0 kyrBP, and the period of interest for each
variable respectively. The climate anomalies were then applied to the
modern climate data covering the years from 1952-2012 in order to
account for inter-annual climate variation. These adjusted values
could then be used as input for PALM and LPJ-GUESS.

2.4 LPJ-GUESS

The Lund-Potsdam-Jena (LPJ)-GUESS is a process based ‘gap’ model
for terrestrial vegetation in which CO, and water are exchanged
within a modular framework (Smith et al., 2001). LPJ-GUESS uses
identical biophysical processes as the DGVM version of LPJ, these
principles being derived from the widely known BIOME models
(Haxeltine and Prentice, 1996). As a ‘gap’, or forest dynamic model, a
grid cell is divided into non-overlapping patches, with each patch in
theory corresponding to the realm of influence of one fully grown
individual (Smith, 2001). Generally, a grid cell for LPJ-GUESS is 10 ha
comprising of 100 patches, each 0.1 ha in size. The LPJ family of
models utilize the plant functional type (PFT) approach to model
vegetation. In this approach an “average individual” represents the
mean behaviour of a given PFT population, thereby discarding the
differences between individual plants and sometimes species to
reduce model complexity to a manageable level (Woodward, 1987).
Each of these PFTs are defined by their physiology, morphology,
phenology, bioclimatic and fire response attributes. The PFTs compete
with one another for resources within a grid-cell and each grid-cell is
represented by the percent coverage of present PFTs. Grid cells are
modelled independently and are scaled to an appropriate size for a
given research area. The model begins with bare grid-cells and runs
through an initial spin-up phase that allows the vegetation cover to
come to equilibrium. Spin-up phases are generally based on a few
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years of measured data and typically last for 1000 model years. After
spin-up, measured historical data is applied to model current ground

cover, after which one can apply a scenario phase in which vegetation
distribution in the desired climatic scenarios can be modelled (Smith,
2001).

To run LPJ-GUESS one requires monthly average temperature,
precipitation, and radiation, the concentration of atmospheric CO,,
and the soil type of the modeled area. With this information the
model can produce a variety of output variable including the masses
of carbon in the soil and plant material, the net ecosystem exchange
(NEE) of carbon, the amount of heterotrophic respiration within the
soil, soil moisture, the leaf area index (LAI) of each PFT, and the
amount of surface runoff. The basic processes LPJ-GUESS goes
through to derive these results are depicted in Figure 11.
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Figure 11. The basic processes undertaken by LPJ-GUESS. Replicated from
(Smith, 2001).

28



Chapter 2

2.4.1 Modifications to LPJ-GUESS

The iteration of LPJ-GUESS used for this project is the Miller and
Smith (2012) version. This version of LPJ-GUESS uses Arctic specific
PFTs, as well as, the modified permafrost and wetland dynamics
developed by Wania et al. (2009). The subset of PFTs used in this
study can be seen in Table 4. The only adjustments made to the
defining characteristics of the PFTs was to remove a bioclimatic limit,
namely a growing degree day limit called zero_max, from the CLM,
PDS, and GFT functional types. The source code for LPJ-GUESS,
written in the programing language C++, was provided by Paul Miller.
To alter the code CMake was used to build the project while the code
was altered and compiled with the use of Microsoft Visual C++
Express 2010.

Table 4. PFTs used in this study.

PFT Designation Example Genera
BNE Boreal Shade Tolerant Needle Leaved Evergreens Picea
HSS Tall Summergreen Shrub Betula, Alnus, Salix
I1BS Boreal Shade Intolerant Broadleaved Summergreen Trees Populus, Betula
GFT Graminoid and Forb Tundra Artemisia, Poaceae
CLM Cushion forbs, Lichen, and Moss tundra Saxifarage, Dryas, Sphagunum
WetGRS Inundation tolerant Grasses Carex
PDS Prostrate dwarf shrubs Salix
C3G C3 Grasses Poaceae

2.5 PALM Development

The Paleo-Arctic Lake Model, PALM, was created with the use of
MATLAB 2013a. PALM was heavily derived from models produced by
Hanson et al. (2004) and Cardille et al. (2007) that were developed
to examine carbon dynamics in temperate lakes. These models were
merged and modified based on the available input data and desired
outputs.

2.5.1 Hanson et al. 2004 and LUWI

In 2004, Hanson et al. created a carbon cycling model to examine
how carbon loading affects the balance between autotrophy and
heterotrophy within lakes. The model was developed for the Northern
Highland Lake District (NHLD) in Michigan. In this model carbon
exists in three states: dissolved organic carbon (DOC), particulate
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organic carbon (POC), and dissolved inorganic carbon (DIC). The
export of carbon from the catchment was not explicitly modelled.
Loading of carbon into the lake was set to a set of daily values based
on the range of DOC observed in the NHLD. Once in the lake, carbon
would cycle between its three forms until it is either effluxed,
discharged by the outflow, or enters lake sediment. Besides carbon
content, the only other water quality variables included in the model
are the acid neutralizing capacity (ANC) and the total phosphorus
(TP) concentration. From the phosphorus concentration the gross
primary production (GPP) within the lake was calculated. While the
alkalinity served to determine the fraction of DIC existing as aqueous
CO,. Lake stratification was also included in the Hanson et al. (2004)
model, with thermocline depth being dependent on the amount of
organic matter within the lake (Equation 31).

In 2007, Cardille expanded the work done by Hanson et al. (2004) by
creating the Lake Uplands/Wetlands Integrator (LUWI) model.
(Cardille et al., 2007). The model simulates carbon stocks in the lake
catchments, aerial carbon inputs, sedimentation, and atmospheric
exchange of carbon, as well as, inter-lake, groundwater, and wetland
carbon flows. LUWI derives many of its equations from Hanson et
al.’s work including those governing GPP and mixing layer depth. One
major change LUWI made was not differentiating between the organic
carbon stocks within the lake. Instead LUWI combines DOC and POC
and represents it all as one carbon stock called simply organic
carbon. The major improvements this mode exhibited was the
modelling of connections between lakes and the modelling of carbon
export from the lakes catchments. LUWI uses a dynamic vegetation
model, the Integrated Biosphere Simulator (IBIS), to simulate carbon
stocks in the catchment and surface runoff. Another addition made in
LUWI was the process of carbon flocculation. Flocculation is the
process whereby molecules in a suspension form non-physically
bound aggregates and fall out of suspension. This process occurs
naturally when the concentration of organic carbon reaches above 40
g m>. Improvements that the author cited that could be made to
LUWTI included simulating ice cover, substrate differences along the
flow paths, and modelling anaerobic sedimentation. Furthermore,
though methane production is indeed an important component of lake
carbon cycling it modelled by neither Hanson et al. (2004) or LUWI.
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2.5.2 Modification and Combination of
the Hanson et al. and LUWI Models

To create PALM the processes form the two previous models were
combined with some omissions and a few added functions. PALM, like
Hanson et al. (2004), simulates three carbon pools, DOC, POC and
DIC. The equations used to simulated the flow of carbon between
these carbon pools are essentially identical to those found in Hanson
et al. (2004), the only difference being the absence of carbon leaving
the lake through outflows and evaporation. PALM also integrates
carbon flocculation within the lake from LUWI. The variables and
equations governing these flows can be seen in Table 5 and Table 6.
Another process that PALM has in common with LUWI is the way in
which it simulates runoff from the catchment. Though the vegetation
models used are different, the coupled version of PALM also
calculates runoff as being the residual of occurring precipitation after
evaporation and plant water demand have been deducted. However,
PALM does not model changes in lake volume based on the influx of
runoff, groundwater, or precipitation. Lake volume is fixed and can
only be adjusted manually at the beginning of a run. This means that
the model does not model evaporation and outflows, instead for PALM
water inflow act as a conveyor of carbon but the water itself does not
get added to the lake. PALM also did not incorporate the inter-lake
connections from LUWI, but neither of the study lakes had connecting
lakes.

The additions to PALM include a more realistic method of representing
seasonality, some beneath ice carbon processing, and distinguishing
the origin of lake sediment between being derivative of the catchment
or being produced within the lake. Both Cardille and Hanson set a
fixed number of ice-free days that were split into seasons of a fixed
length. PALM took a different approach, allowing the ice free period to
vary according to the different temperatures observed each year. In
the previous models temperatures within the lake were also fixed for
a given season. PALM improved upon this by allowing lake
temperatures to vary on a monthly basis, though these monthly
values were fixed. To ensure that the lake temperature values
corresponded to reasonable values observed within the Arctic, lake
temperature datasets were obtained from Toolik Lake, a lake in close
proximity to the Ruppert study site, for 1998, 1999, and 2009
(MacIntyre, 2000, Shaver, 2000, Shaver et al., 2011). The average
monthly temperature for the combination of these three datasets was
written into a file read by PALM. The 1998 data set measured not
only changes in surface temperature in Toolik but also measured
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temperatures throughout the water coulomb. By examining this
dataset it evidence for lake stratification was seen when surface
temperatures reached 7° C. Therefore, PALM begins to model a
stratified lake (Figure 12, C) when its temperature reaches that
threshold. Beneath ice processing was represented in PALM in a very
simplistic manner by allowing respiration of sediment and deposition
of POC to continue during the winter (Figure 12, A).

2.6 PALM Description

After ice break up the lake begins exchanging CO, with the
atmosphere while receiving carbon from the catchment via runoff,
aerial deposition, precipitation and groundwater inflow (Figure 12, B).
DIC enters the lake via precipitation, DIC,, and via ground water. The
proportion of DIC in the ground water has been modelled as
corresponding to 30 % of incoming catchment DOC (Table 5Table 5).
DIC is also produced in the lake through the respiration of the various
different carbon pools. DOC enters the lake via catchment runoff,
DOC;,, and rain water, DOC,. Once in the lake DOC is slowly respired
by heterotrophs (Equations 21-22). As noted previously, during
stratification DOC concentration functions to determine mixing layer
depth (Equation 31). As the POC enters the lake it slowly settles to
the bottom at a rate determined by its average particle size
represented by the variable, pd, particle diameter (Table 5, Equations
26-29). As the particles settle they are broken down and respired by
heterotrophs. This process is expressed in the variable Ry,c
(Equations 23-24). The POC produced by primary production, the
allochthonous carbon pool in the lake, is also modelled as planktonic
biomass resulting from GPP (Equation 33). This living POC, POCg, and
POCy,, dies at a fixed rate and joins the same POC pool as the
allochthonous POC. The rate of death rate of the biotic element is
higher in the hypolimnion, hd, as they are assumed to be intolerant
of anaerobic conditions (Table 5). Once in the sediment the organic
matter is respired at a low rate for a time (Equation 25) until it is
finally sequestered into the sediment permanently.
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Figure 12, The lake carbon cycle according to PALM. The three lake states
are shown along with the major flows of carbon occurring during each period.
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Table 5. Variables used in the PALM model, alongside their units, values, and

source.
Variable Varlal_)le_ Units Value Source
description
Drivers
Acid-
ANC neutralizing pEq L LAC Field Data
capacity
ca Watershed m? ASTER DEM
area
d Mean depth m Iv/la
DIC loading 0.3
DIC; from gm3 ’
DOG;,
groundwater
DIC loading 3 Willey et al.
DIC, precipitation 9™ 1xpP 2000y
DOC loading
DOC; from surface gm3 I(_?glgléJg)Table
water
DOC 3 .
DOG, precipitation gm 2xp Willey (2000)
‘ Aerial POC 2 Look Up Table
POCair  |vading gm (Table 8)
POC loading
POC; from surface gm? I(_ggglelz.l[:é)Table
water
la Lake surface ., LAC Field Data
area
Iv Lake volume m?> LAC Field Data
-2
RU Surface runoff Q"a”;.lm LPJ-GUESS
p Precipitation mm day™! NOAA/CRU
Total 1 LAC Field
P Phosphorus HglL Data/CRU
Constants
GPP that .
a becomes Proportion 0.030 EBllcgi)ga;;da & Benner
exudate
Death of algae )
ed rate constant  day™ 0.030 ?f;;%”y & Coffin
(epi)
Conversion of 1
ef POC to DIC day 0.050 Hanson (2004)
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(epi)
Conversion of
eg DOC to DIC day™ 0.005 Houser (2001)
(epi)
ay” . anson
hd ?hefsz)Of algae 4, 1 0.900 H (2004)
Conversion of
hf POC to DIC day™ 0.050 Hanson (2004)
(hypo)
Conversion of
hg DOC to DIC day 0.005 Hanson (2004)
(hypo)
kCO, Elfgt‘g; c\’/fefo(zizty mday!  0.500 Cole et al. (2002)
pd E;E‘i“c‘f;‘;r of  um 5.000 Wetzel (2001)
. Quay et al.
ra Sepsp it:;?jt Is Proportion  0.800  (1986); Cole et al.
P (2002)
Lake state variables
Dissolved
DIC inorganic gCm3 Output
carbon
DOC Dissolved gCm3 Output
organic carbon
-3
efflux Respiration gaCy_En Output
GPP Gross primary gCm’ Hanson et al.
production 3day™ (2003)
POCp Dead POC gCm3 Output
POC, Living POC gCm3 Output
Sed Sediments gCm3 Output
Zmix Thermocline m Snucins & Gunn
depth (2000)

35



Materials and Methods

Table 6. Equations governing Carbon cycling in PALM.

Carbon transport to the lake:

_ RUxcaDOCxca

DOC;, = - (2)
POC;, = (POCqirxla)+ E;wxaaPOCXca) (3)
DIC, = (1 X p) (4)
DOC, = (2 xp) (5)
Carbon Dynamics Epilimnion:

DOCg = DOCy, + DOC, + GPPyy — Ryoce (6)
POCy, = GPP — RA — GPP,, — Sedy, — Deathy, (7)
POCgp, = POCiy, + Deathg;, — Ryoce — Sedgp (8)
DICy = 0.3 X DOCy, + RA+ Ryoce + Ruoce + RS — GPP — ef flux (9)
Sedimentation and Efflux:

Sed = Sedg, + Sedgp + Crioc — Rs (Non-stratified) (10)
Sed = Sedy;, + Sedyp + Croc — Rs (Stratified) (11)
ef flux = KCO, X (cozaq - cozm) (12)
Carbon dynamics in the Hypolimnium:

DOCy = DOCyy, — Raocn (13)
DICy = 0.3DOC;, + R, (14)
POCy, = Sedg, — Deathy, — Sedy, (15)
POCyp = POCyy, + Sedgp + Deathy;, — Sedyp — Rpoch (16)
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Intermediate equations:

Cozafm - (8.205><10‘5xtTair+273.15)) X ([colzgﬁxlz) (17)
€O, = 12 % ((2 x DICE) — ANC) x (W + 1) (18)
RA=GPP Xra (19)
GPP,, = GPP x a (20)
Raoce = DOCg X eg (21)
Raocn = DOCg X hg (22)
Ryoce = POCgp X ef (23)
Ryocn = POCyp X hf (24)
R, = Sed X sf (25)
Sedy, = POCg;, % 0.0188 x ( ) (26)
Sedy;, = POCy;, X 0.0188 x ( ) (27)
Sedgp = POCgp % 0.0188 x ( ) (28)
I’_
Sedyp = POCyp % 0.0188 x ( ) (29)
Deathp, = POCg; X ed (30)
Deathy, = POCy;, X hd (31)
In(zmix) = —0.739 x In([0C]) + 2.698 (32)
GPP = 0.012 x exp(0.883In(TP)) (33)
If [0C] > 40: Cpoe = [0C] — 40 (Zofgc]) (34)
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2.6.1 Sensitivity Analysis and Model
Validation

To determine which components of PALM made the greatest impact
on carbon sedimentation and efflux a sensitivity analysis was
performed. This was performed by increasing each variable in PALM
by 10% and comparing the resulting annual sedimentation and efflux
to a baseline value. This baseline value for sedimentation and efflux
was obtained by running PALM for Ruppert Lake with averages
calculated from the 1952-2013 NOAA precipitation and temperature
data and the average runoff modelled by LPJ-GUESS for the present
time period. The average value of total phosphorus, alkalinity, and
DOC were taken from a dataset extracted from the Long Term
Ecological Research Network (LTER) to serve as baseline values for
the sensitivity analysis. This particular dataset contains
biogeochemical information collected during the period between 1988
and 2010 for ground water, streams, and lakes located in the lake
rich area north of the Brooks Mountain Range (Kling, 2013). There
are over 2000 measurements of ground water and streams in this
data set and over 600 lake measurements. Not all of these
measurements contain values for POC, DOC, phosphorus, and ANC,
but the dataset is extensive and gives a good idea of the range of
values occurring within the region. Two other variable ranges, namely
that of piston velocity, KCO,, and aerial particulate deposition, POC,;,
were added to the model validation utilizing ranges reported in the
literature. The average annual sedimentation and efflux were taken
from the 21 year of each run, after the model had reached
equilibrium. Validation of the model was done by forcing it to run
under the most extreme conditions observed in the LTER dataset and
cited by the literature and assessing if the output remained
reasonable.

Table 7. Baseline for the sensitivity analysis is shown alongside the
maximum and minimum values found in the cited sources.

TP (ug/L) | ANC(meg/L) | DOC (mg/L) [caPOC (mg/L)| KCO, (k600) POC,, (g m?day™)
Baseline 15.91 1.325 16.13 0.34 0.5 0.0385
Max. 135.05 3.286 40 8.695 0.75 0.056
Min. 0.93 0.16 2.04 0 0.35 0.021
Source LTER LTER LTER LTER (Cole et al. 2010)| (Carpter et al. 2005)
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2.7 Coupling PALM to LPJ-GUESS
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Figure 13. Methodology used during the course of this work showing input
databases and data sources, the needed input data for the models, and the
resulting outputs.

Once both models were functional and the input data was collected,
the experiments examining the impact of vegetation cover and
climate change were carried out. To derive the necessary runoff data
for PALM, LPJ-GUESS was run on the modern and paleo climate data.
As the project aims to simulate the catchment/lake system at
equilibrium LPJ-GUESS was set up so that for each period it would
use detrended data, i.e. the order of input climate data was
randomized, for each time slice, namely present day, 2 kyrBP, 6
kyrBP, 7 kyrBP, 9 kyrBP, 11 kyrBP and 14 kyrBP, to spin-up for 1000
years and then apply the trended data as the experimental run. Only
57 of the 60 years of input data were used for Ruppert Lake as the
climate data collected from Bettels weather station had missing
values for the period between 2001 and 2003. These years were also
removed from the climate data corresponding to site AT1 in order to
achieve consistency throughout the runs. Outliers were not removed
from the climate data as they represented natural variation which
was desirable. The output files contained the last 57 years of the
detrended spin-up period and the 57 years of trended data. Though
all standard outputs for LPJ-GUESS were produced, the variables of
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interest for this experiment were the yearly output of carbon stocks,
variable name cpools, monthly runoff, mrunoff, and the LAI, /ai.
Monthly runoff, while not increasing the volume of the lake, did
determine the amount of DOC and POC entering the lake. The cpool
data was used to approximante the concentration of POC in the
monthly runoff. Finally, LAI was used to quantify the percent
catchment cover of each PFT. LAI was converted to catchment cover
with the standard equation (35) developed by (Sitch et al., 2003)
where FPC, or fractional percent cover, is expressed in values from 0
to 1.

FPC,.. =1—exp(-0.5LAl ) (35)

To run PALM with the monthly output values from LPJ-GUESS the
amount of monthly runoff was simply divided by the number of days
in each month. To set up the experimental run PALM was run for 20
years on then averaged climate and runoff input values for each time
slice. The model was the allowed to run for 57 years of available
input data. Depending on the run different sources were used as
input data.

The quantity of DOC and POC coming off of the catchment was
derived by equations 2 and 3. The concentration of DOC produced in
runoff by each PFT type was taken from the literature (Table 8). The
concentration of POC in the runoff was made to be proportional to the
average amount of each PFT entering leaf litter as simulated by LPJ]-
GUESS. The highest contributor to the leaf litter, BNE, was set to
have a POC concentration of 1 g m>for its runoff, this value is based
the range of dissolved POC concentrations observed in the LTER
(Kling, 2013) dataset. Precipitation input was also formatted as a
monthly average, thus the DOC and DIC derived from that source
was added at a corresponding constant rate for each month based on
concentrations reported in Willey et al. (2000). Aerial POC input is
wholly based on the proportion of PFTs present in a time slice and is
added at a daily rate during the ice free period. The amount of aerial
POC input was derived by combining the range of aerial deposition
reported in Buffam et al. (2011), namely 0.0560-0.0210 g m™ of lake
surface area, with information on the pollen productivity of each PFT
(Table 3).
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Table 8. Look-up table used to determine the concentration of DOC within
upland runoff contributed by each PFT type. Here N represents the number of
observations the value is based on and o the standard deviation.

Covertype DOC(gm?®) N o Sources
BNE 36.9 41 23.0 Aitkenhead-Peterson et al. (2002)
CLM 1 1 NA Koprivnjak & Moore (1992)
HSS, PDS 31.0 3 245 Neffetal.(2002); Koprivnjak & Moore (1992)
IBS 27.4 14 10.2 Aitkenhead-Peterson et al. (2002)
WetGRS 37.7 4 115 Aitkenhead-Peterson et al. (2002)
GFT, C3 grass 7.2 2 2.9 Aitkenhead-Peterson et al. (2002)

Table 9. Look-up table used to calculate concentration of POC contributed by
each PFT.

PFT caPOC (g m?) POCair (g m™)
BNE 1.0000 0.0385
CLM 0.9116 0.0210
GFT, C3G 0.7821 0.0210
IBS 0.8287 0.0560
HSS, PDS 0.7646 0.0560
WetGRS 0.8287 0.0210
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Results and Analysis
3.1 PALM: Sensitivity and Validation

Table 10 reveals the effects of the different variables in PALM on
carbon sedimentation and efflux. The maximum increase of
sedimentation, 9.75 %, is shown when lake temperature is increased
by 10 %. This can be attributed to longer growing periods for the
primary producers, a longer ice free period where POC deposition
occurs, and increased lake stratification which decreases the amount
of POC respired by bacteria before it enters the sediment. Increasing
particle diameter, pd, increased sedimentation by 9.4 %. This
increase is likely caused by the reduction of time spent in the water
column and the resulting decrease in respiration. Aerial input of POC
also seems to be a large contributor to sedimentation as increases in
airPOC and lake surface area, /a, also both showed a 6.09 % positive
increase in sedimentation. Increases in caPOC, catchment area, and
the volume of runoff also had a small positive effect on sedimentation
but they were minor, only 2.87 %, in comparison. Increasing lake
volume had the greatest negative effect on sediment deposition.
Increasing lake volume and lake depth both increase the time POC
spends in the water column and were shown to have a relatively large
negative effect on sedimentation. Increasing the respiration rate of
POC and GPP also had a notable negative effect. Lake temperature
followed by the respiration rate of GPP had the greatest positive
effect on CO, efflux. Lake temperature is likely so influential because
it directly impacts the proportion of aqueous CO, (Table 6, Equation
17).Though these effects are not simulated in PALM, in reality the
temperature of the water would also prolong the ice free period and
the amount respiration occurring in the lake. The amount of DOC
loading from the catchment was also shown to be a very influential in
affecting carbon efflux. This is evidenced by the substantial increase
of around 10 % in efflux due to increases in caDOC, catchment area,
and runoff, RU. The dilution of the lake caused the most significant
drop in efflux, ~11 %, seen in the effect of increasing lv, lake
volume. The fixing of DIC through GPP also lessened efflux, but only
by ~ 3 %. A small negative effect, -1.68 %, was also seen by
increasing particle diameter, which indicates that the respiration of
POC does contribute slightly to CO, efflux.



Results and Analysis

Table 10. PALM variables were increased by 10% to determine their effect
on the amount of carbon efflux and sedimentation. The percent change in
annual sedimentation and efflux resulting from the 10% increase in each
variable is shown in columns 3 and 4 of this table.

Variable | Sedimentation (%A) Efflux (%A) Variable discription
a -0.18 0.56 GPP to DOC conversion rate
ANC 0 0 Alkalinity
ca ! 2.87 = 11.30 Catchment area
caboOC 0 10.63 Concentration of DOC runoff
caPOC ! 2.87 0.67 Concentration of POC runoff
co2 0 -0.00228 [Atmospheric CO2 concentration
d [ -4.58 0.85 Average lake depth
ed ; 0.44 0.04 Death rate of algae (ep)
ef l -3.27 0.92 POC to respiration rate (ep)
eg 0 -0.01 DOC to respiration rate (ep)
GPP 1.04 l -3.15 Gross primary production
hd -0.0033 0.00023 |Death rate of algae (hyp)
hf -1.30 -0.08 POC to respiration rate (hyp)
hg 0 -0.15 DOC to respiration rate (hyp)
kCO2 0 -0.00182 |Piston velocity at k600
la ! 6.09 1.32 Lake surface area
Iv ‘ -8.15 -11.48  [Lake volume
pd . 9.40 -1.68 Average particle diameter
POCair | 6.09 132 |Aerial input of POC
POCin - 8.96 1.99 Combine aerial and runoff POC
precip 0 0.52 Precipitation on lake surface
ra l -4.87 14.81 Respiration rate of GPP
RU ! 2.87 11.30 Runoff from catchment
sf E -0.63 0.16 Sediment to DIC conversion rate
T 0 -0.00205 |Air temperature
temp . 9.75 17.13 Lake temperature
TP i 0.80 E -2.42 Total phosphorus
zZmix 0 i 0 Thermocline depth

The results of the sensitivity analysis were used to test if PALM would
respond realistically to extreme conditions. This was performed by
running the model with the set of conditions found in Table 7 that
would either maximize or minimize sedimentation or efflux. The
subsequent sedimentation and efflux values are seen in Table 11. The
resulting sedimentation and efflux rates fall within the range of values
reported for boreal lakes in the literature (Table 12).
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Table 11. Efflux and sedimentation resulting from PALM being run with the
baseline input data as well as the most extreme values it can produce for
Ruppert Lake given the range of cited literature data in

Efflux (gm?2yr?) | Sed. (gm?yr?)
Baseline 14.3 2.3
Max. 40.3 7.0
Min. -11.1 11

Table 12. A selection of reported literature values for sedimentation and
efflux from studies done in the Arctic.

Literature Values (g m™ yr™)
Efflux Sedimentation Reference
25-39 14-39 (Buffam et al. 2011)
2 2.3 (Christensen et al. 2007)
4.5 0 (Jonsson et al. 2007)
-84 NA (Pacheco et al. 2013)

To further solidify the assertion that modelled carbon fluxes in
Ruppert Lake are realistic the model’s output for a number of years
for the “present day” time slice are shown herein (Figure 14). These
years were selected because they are sequential and show a large
degree of variability, which will served to demonstrate the model’s
response to changing conditions. The fluxes not only follow a
reasonably realistic pattern but the measured DOC concentration
observed in Ruppert during the 2013 field campaign, namely 8.39 g
m3, falls within the 1-17 g m™ range of concentrations observed
during these years.
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Modeled Average Rate of Monthly Efflux for Ruppert
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Figure 14. Carbon fluxes modelled for Ruppert Lake by the linked version of
PALM and LPJ-GUESS for the years 1996 to 2000. Climate input data used for
these runs are from Bettles Airport, Alaska, and P and ANC taken from field
data collected in 2013.
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3.2 Catchment PFT Cover

The method used to derive catchment area in this study did not
account for inflowing streams in either study cite. In essence,
because the lake model was not constructed so that it could account
for stream inflows and outflows for the purposes of this study the AT1
and Ruppert were modelled as seepage, lakes with no streams
entering or exiting, and not drainage lakes. Therefore, their
catchment area is underestimated which can be seen from the fact
that the catchment area for AT1, derived using ArcGIS 10.1, was
much smaller than the value reported by the literature. This issue
was not rectified because the extent and path of the incoming stream
was unknown. Therefore, for the coupled runs of PALM, the
catchment area delineated by ArcGIS 10.1 was used. The catchment
area measured in this study for Ruppert was ~ 40 ha while that of
AT1 was ~ 50 ha. AT1’s reported catchment size in the literature is
150 ha (Anderson et al., 2012).

Legend

Ruppert Catchment A

Cover Type

- Water
M s:
[ ]cm
[ err
[] Hss
B s
B wetGRs

I vveicRs, BNE

Coordinate System: GCS_WGS_84
Projected Coordinate System:
WGS_1984_UTM_Zone_1N
Projection: Transverse Mercator

1Kilometers
0 025 05 1

Figure 15. (A) SPOT 5 image used for the unsupervised classification is
displayed as a standard false colour composite with the catchment being
calculated in ArcGIS displayed as a white polygon. (B) The PFT classification
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derived from the SPOT image. (C) A close-up of the classified catchment with
corresponding scale bar.

To determine the validity of modelled LPJ-GUESS percent PFT cover a
comparison dataset was constructed using satellite image
classification, and a classification based on the pollen record in
Ruppert Lake. The percent PFTs in Figure 15 do not correspond
directly to the calculated pollen percent results. One modification was
made to the pollen percent results, namely the addition of 12 % of
the CLM PFT for each paleo time slice, i.e. 2 kyrBP to 14 kyrBP. This
was done based on the 12 % CLM vegetation cover observed in the
SPOT classification. The species in the CLM cover type either do not
produce pollen or do not produce it in a manner that would contribute
to a pollen record found in lake sediment. Because this cover type
occupies the exposed moraine tops this area is likely to have been
occupied by the CLM cover type since lake formation. This is
evidenced by the lack of top soil withessed in these areas during field
work. For, these reasons the CLM percent cover was added to the
rest of the pollen predicted percent covers in order to make the cross
validation with LPJ-GUESS, which models CLM, to be more realistic.
Furthermore, the percent cover of Sphagnum is displayed separately
from the other cover types as its spore counts cannot quantified in
the same manner as the other pollen counts. It is shown because it
can be used as a relative indicator of moisture within the catchment
(Edwards, 2013).

The results of the satellite image classification produce percent PFT
covers typical for a boreal forest (Figure 15, A), which corresponds
well to the PFT covers produced from the pollen data for both the 0
kyrBP and 2 kyrBP time slice (Figure 15, B). The small
underrepresentation of BNE, which are exemplified in Ruppert’s
catchment by Picea spp., can be attributed to the fact that the forest
is still in the process of regrowth due to a fire in the area in 1991
(http://fire.ak.blm.gov/predsvcs /maps.php).

The modelled results from LPJ-GUESS do not correspond well to
either the satellite observed percent PFTs or the results derived from
the pollen data. As can be seen in Figure 16, C, the BNE PFT is overly
dominate when present, 0 kyrBP to 7 kyrBP, and in general LPJ-
GUESS fails to display the reasonable proportions of PFTs, always
allowing one PFT to dominate the catchment. Moreover, the results
displayed in Figure 16, B, were achieved only by including the PFTs
that were expected for a given time period to be present for that run.
This was done by manually editing the program code to exclude the
other PFTs modelled by LPJ-GUESS from the runs. When LPJ-GUESS
was run with all PFTs represented PFTs such as BSN, or boreal
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summer-green needle leaved trees exemplified by the genera Larix,
were modelled in the catchment. The LPJ-GUESS run with all PFTs
included did, however, show some catchment vegetation cover trends
that matched with observations in the pollen data. For example, the
BNE PFT did become less prevalent after 9 kyrBP. However, on a
whole this method of applying LPJ-GUESS on the Ruppert catchment
failed to give realistic PFT cover, necessitating the approach that led
to the results shown in Figure 16. Because the land cover
classification based on the pollen data was deemed more realistic,
these predicted percent covers along with the values reported in
Table 8 and Table 9 were used to calculate the expected
concentration of POC and DOC in catchment runoff, as well as the
expected aerial input of POC, for each time period of interest. The
resulting concentrations are displayed in Table 13 and were used to
run PALM during the time periods of interest.

49



Results and Analysis

dEI FT dEMMTT d90MM 6 d90MM L d9IAM G dEIMM T 43D

wnubpydsuadiad

% gy

ST

dg4iy |ea £

dgihy|ed g

SHDdaM
sHI= E E
S5H %E
“ . %/,

INgm HE wiT WY
dg4Ay |es pT dgihy jea 11
wt %z
.« w%L
%15
WIE
%
dgihyeaz dgihy e2 0

ndINQO SSINO-IdT

d90 5T d2I TT d8IMM 6 d9IMM L d9iMM g Jgild T diMyO

Syoiemm E
saim
e %ST
0 %ET
%Iy
L %2l _

” %I _
wnubpyds uadiad ngw dg4M) |ed pT n_m.;v_ |ev 1T
%L
wEY
T %01
%0T E wBLL
%TT — %zl
v
dgihy jea g dg4hy _mu 9 dg4hAy e N dgihy e o

e1e(Q UD||0d UO paseg JOAODI-pueT

WET

=

%T g %I

dg4hy |es g

&=
@

%HET

%1 s b1

dgihy |ed g

%0T

3

%S
wIT

®IT _ %07
Jussald

uopeoylsse|d 10ds

Figure 16. PFT percent cover derived from various sources for Ruppert

Lake’s catchment.
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The same method of only allowing expected PFTs used in Ruppert
was applied for lake AT1 resulting in the percent PFT covers for the
time slices of interest shown in Figure 17. LPJ-GUESS did simulate
herb dominated tundra in 9 kyrBP and significant amounts of
prostrate dwarf shrubs for the 2 kyrBP and present day time slice.

However, this was only accomplished by again manually excluding
other competing PFTs.

Present AT12 kyrBP  AT19 kyrBP

1% 143 6% 295 1% Sy 2%
mC3G
22% 1%
1% cLm
GFT
76% 73%
= PDS

Figure 17. PFT cover modelled for the catchment of AT1 by LPJ-GEUSS.
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Figure 18. Images of Lake AT1 and the surrounding area, with catchment
calculated by ArcGIS displayed as a white outline. (A) Landsat 7 shown as a
standard false colour composite. (B) Classified NDVI image of the area where
classes are thought to correspond to moderately dense vegetation, 0.2-0.3 ,
light vegetation, 0.1-0.2, exposed soil, 0.1-0, and wet areas, below 0. (C)
NDVI image, calculated from the Landsat 7 image, which was classified.

Due to a lack of images with sufficient resolution and lack of
knowledge regarding current ground cover, no attempt was made to
classify PFTs cover percent with satellite data. Instead the proportion
of PFTs in AT1 was based on the proportions of PFTs calculated by
LPJ-GUESS (Figure 17). However, as the catchment is known to
contain large areas of exposed bedrock (Liversidge, 2012), NDVI was
calculated to determine the area within the catchment that is
vegetated. Within AT1’s catchment 46% of the area had an NDVI of
more than 0.1 and was deemed to be vegetated (Figure 18). Exposed
bedrock was assumed not to contribute to runoff POC or DOC. Based
on the PFT percent covers calculated by LPJ-GUESS the concentration
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of POC and DOC coming off of the catchment via runoff was
calculated for each time slice and used as input parameters for PALM.
These calculated concentrations can be seen in Table 13.

Table 13. Concentrations of incoming carbon calculated for the different time
periods for Ruppert Lake and Lake AT1.

Ruppert Lake
Time caDOC (g/m?) caPOC (g/m®) POCair (g/m?)
Present 25.03 0.852 0.039
2 kyrBP 26.93 0.878 0.040
6 kyrBP 24.92 0.832 0.041
7 kyrBP 24.75 0.823 0.036
9 kyrBP 22.86 0.813 0.040
11 kyrBP 24.93 0.821 0.038
14 kyrBP 23.11 0.820 0.028
Lake AT1
Present 6.93 0.891 0.029
2 kyrBP 5.39 0.890 0.026
9 kyrBP 7.48 0.786 0.022
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3.3 Paleo-conditions in Ruppert

Analysis of the Itrax data showed significantly different phosphorus
counts for the time periods of interest (Figure 19, A) despite the fact
that all the values had overlapping standard deviations (Figure 19,

B). As previously noted, the variation observed in sediment counts
was assumed to be proportional to variation between the time periods
of TP concentration in the lake. These predicted TP values along with
the calculated values for changes in lake surface area, /a, and lake
volume, v, can be seen in Table 14.

A Itrax: Phosphours 95% cofidence interval B ftrax: Phosphorous Standard Deviation
0.0016 4 . 1 v v . .
0.0024 H . . . . +
0.0015 : T :
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00014 deeeiennetemcninsemieratorastoenatonead 0 et gt el
0.0013 - 0.0018+
S 0.0012 £ 000154
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00010 000004 e e e
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0.0008 0.0003 4
0.0007 — I R S N S N
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Figure 19. The mean and 95% confidence intervals from the Itrax
phosphorus count data (A) alongside the standard deviation observed within
the said data (B) for the time period of interest.

Table 14. Percent change in precipitation assumed by this study, based on
reported literature values (Edwards et al., 2001) that were used to adjust
volume and surface area for Ruppert Lake. The resulting volumes and surface
areas, along with the TP values which are based on the Itrax counts, are
shown.

Time Precip. (A%) v (m®) sa (m?) TP (ug/L)

Present 0 78500 37400 3.46
2 kyrBP 10 86350 41140 4.52
6 kyrBP 0 78500 37400 6.28
7 kyrBP 0 78500 37400 5.33
9 kyrBP -5 74575 35530 4.61
11 kyrBP -20 62800 29920 6.28
14 kyrBP -40 47100 22440 5.09
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3.4 Modelled vs. Measured Sedimentation
Rates

3.4.1 Ruppert Lake

The organic matter sedimentation rate observed in Ruppert Core B
shows a significant amount of variation through time (Figure 20). The
variation observed for the time periods of interest are seen in Figure
21, A. When compared to the modelled output seen in Figure 21, B,
though the magnitude of sedimentation is underestimated by an
order of magnitude for all but the 14 kyrBP time slice, the pattern of
variation is strikingly similar. In cases, 9 kyrBP and 14 kyrBP shows
means significantly different from almost all of the other time periods
(Table 15) with 9 kyrBP having the highest mean and 14 kyrBP the
lowest.

Ruppert Core B: Carbon Sedimentation Rate

Sedimentaion Rate (g/m”2 yvr)

1 1 1 1 1 1 1 1
0 2000 4000 G000 8000 10000 12000 14000 16000
Cal w BP

Figure 20. Organic matter sedimentation observed in Ruppert Lake, Core B.
The red line is a LEOSS smoothing spline applied with a smoothing factor of
0.3, while the flanking blue lines showing the 95% confidence interval.
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- Ruppert Core B: Carbon Sedimentation Rate
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Figure 21. Sedimentation observed in Ruppert Core B is compared to the
coupled output of LPJ-GUESS and PALM run under different conditions. Grey
dimonds show the distribution of annual sediment accumulation, while the
black boxes indicated the mean and the bars show the 95% confidence
derived from a non-paired students T-Test. (A) The sedimentation observed
within Ruppert Core B. (B) Experimental run of the coupled PALM model
where lake volume, runoff, incoming carbon concentrations, and phosphorus
were varied.
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Table 15. Results of an unpaired students T-test, preformed in the R
statistical package, comparing the mean sedimentation rates observed from
the coupled PALM output. Significant differences are highlighted in red while
marginally significant differences are highlighted in yellow.

Modelled Sedimentation Ruppert
P-values | Present | 2 kyrBP ‘ 6 kyrBP ‘ 7 kyrBP ‘ 9 kyrBP ‘ 11 kyrBP
2kyrBP | 0.072

6 kyrBP 0.001 0.079

7 kyrBP 0.000 0.000 0.054

9 kyrBP 0.000 0.000 0.000 0.000

11 kyrBP 0.000 0.000 0.008 0.180 0.000
14 kyrBP 0.072 0.000 0.000 0.000 0.000 0.000

Another set of experiments was run with the coupled version of PALM
to parse out the drivers behind the differences in observed
sedimentation rate. Four more model runs for each time slice were
carried out, where all variables, except for the variable of interest,
was kept at present day values. Lake volume, phosphorus, runoff,
and carbon concentration were all independently varied. The results
of this experiment, seen in Figure 22 and Figure 23, seem to indicate
that variation in runoff and carbon concentration are the major
contributors to the observed trend in Figure 21, B.

To determine whether allochthonous or autochthonous carbon was
the major carbon source entering sediment the average ratio of
allochthonous to autochthonous sediments, AL:AU, was calculated for
Ruppert Lake. In all time slices autochthonous heavily dominated in
its contribution to sedimentation (Table 16).

Table 16. Ratios of allochthonous or autochthonous in Ruppert Lake during
the time slices of interest.

Time Present | 2kyrBP | 6kyrBP | 7kyrBP | 9kyrBP | 11 kyrBP | 14 kyrBP
AL:AU | 0.0268 | 0.0284 | 0.0300 | 0.0265 | 0.0238 | 0.0282 | 0.0298
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Sedimentation (g/m?/yr)

Sedimentation (g/m?/yr)

Figure 22. Modelled rate of carbon sedimentation by the coupled version of
PALM. The second experimental run set all model inputs to the present time
except for a variable of interest. (A) The resulting sedimentation rates from
varying catchment lake volume and surface area. (B) The resulting
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sedimentation rates from varying concentration of phosphours.
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Sedimentation (g/m?/yr)

Sedimentation (g/m?yr)
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Figure 23. Modelled rate of carbon sedimentation by the coupled version of
PALM. The second experimental run set all model inputs to the present time
except for a variable of interest. (A) The resulting sedimentation rates from
varying catchment runoff. (B) The resulting sedimentation rates from varying
concentrations of carbon in runoff and rate of aerial deposition.

59



Results and Analysis

The efflux for the coupled model was also analysed to observe how
efflux from Ruppert Lake might vary between the time slices (Figure
24). The observed values for efflux were of a reasonable magnitude;
however, there are no paleolimnological estimates with which to
compare them. Moreover, the modelled effluxes showed less
significant differences than the sedimentation rates (Table 17). For
the second experiment, the observed changes in efflux seemed to be
most driven by lake level change and differences in runoff (Figure 25
and Figure 26).

Modelled Efflux: Ruppert Lake
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Figure 24. Modelled rate of CO, efflux by the coupled version of PALM for
the time slices of interest.

Table 17. Results of an unpaired students T-test, preformed in the R
statistical package, comparing the mean efflux rates observed from the
coupled PALM output. Significant differences are highlighted in red while
marginally significant differences are highlighted in yellow

Modelled Efflux Ruppert Lake
P-values | Present | 2 kyrBP ‘ 6 kyrBP ‘ 7 kyrBP | 9 kyrBP | 11 kyrBP
2 kyrBP 0.055
6 kyrBP 0.840 0.089
7 kyrBP 0.302 0.344 0.415
9 kyrBP 0.877 0.065 0.954 0.357
11 kyrBP | 0.018 0.616 0.031 0.151 0.021
14 kyrBP | 0.001 0.114 0.003 0.016 0.002 0.261
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Figure 25. Modelled rate of CO, efflux by the coupled version of PALM for
the second experimental run in which all inputs were set to model the
present time except for a variable of interest. (A) The resulting efflux rates
from varying phosphours. (B) The resulting efflux rates from varying and

surface area.
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Figure 26. Modelled rate of CO, efflux by the coupled version of PALM for
the second experimental run in which all inputs were set to model the
present time except for a variable of interest. (A) The resulting efflux rates
from varying catchment runoff. (B) The resulting efflux rates from varying
concentrations of carbon in runoff and rate of aerial deposition.

3.4.2 Lake AT1

The results from Lake AT1 have some interesting facets. For one, the
sedimentation rate is again an order of magnitude less than the
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observed rate in the sediment core. However, for Lake AT1 the

pattern of modelled sedimentation is the reverse of paleolimnological
observations. Furthermore, sedimentation for the present day is also
significantly different from that in 2 kyrBP, a pattern again not

observed in the lake core (Figure 27). The modelled effluxes are also
of interest as they show much higher modern rates of CO, efflux and
that in some years for both 2 kyrBP and 9 kyrBP. Moreover, the lake
is shown to be a net carbon sink for some years for both 2kyrBP and
9kyrBP (Figure 28).
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Figure 27. (A) Carbon sedimentation rate calculated for lake AT1 by
Anderson et al. (2012). Figure reproduced from Anderson et al. (2012). Note
that Anderson’s temporal axis is reversed in comparison to the figures shown
in this project. (B) Modelling results from the coupled version of PALM
showing sedimentation rate in AT1 for the time slices of interest.
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Figure 28. Modelling results from the coupled version of PALM showing the
rate of CO, efflux in AT1 for the time slices of interest.

Table 18. Ratios of allochthonous or autochthonous in Lake AT1 during the
time slices of interest.

Time Present | 2kyrBP | 9kyrBP
AL:AU | 0.0668 | 0.0598 | 0.0587
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Discussion
4.1 Implications of Results

The realistic integration of lake and catchment carbon dynamics has
only occurred in the past few years. Thus, the first outcome of this
project is the knowledge that modelling paleo lake carbon cycling is
indeed possible given the present lake, terrestrial, and climate
models. PALM was able to model reasonable carbon fluxes across a
wide range of values observed in the Arctic, as well as, two different
coupled lake-catchment systems when forced with paleoclimatic data.
LPJ-GUESS was not able to model PFT percent cover for Ruppert Lake
that corresponded well with either the satellite based classification or
the predicted PFT percent covers which were based on the paleo
pollen data. Some of this may be attributed to uncertainties in the
input data, however, it also partially appears to be a systemic
problem linked to the way LPJ-GUESS limits vegetation growth.
Nevertheless, forcing LPJ-GUESS to model a moderately reasonable
approximation of the catchment is relatively straightforward.
Moreover, the vegetation was responsive to change within climatic
conditions within a given time period. LPJ-GUESS was linked to PALM
and with some modification and a suitable data set for calibration a
potential exists to link the two models without utilizing a look-up
table. While time constraints prevented PALM from being fleshed out
and the approximations for terrestrial input would benefit from some
adjustments, this works gives proof of concept and a solid base that
can be expanded upon.

The preliminary results analysed in this document corroborate the
assertions of many lake and climate scientist that Arctic warming will
lead to more carbon sequestration in lakes (Adrian et al., 2009,
Benoy et al., 2007, Cardille et al., 2009). However, results from Lake
AT1 and the sensitivity analysis also indicate that with increases in
catchment carbon and increased temperature, lake carbon efflux can
also be expected to rise. The modelled effluxes from Ruppert Lake,
further complicates matters as it shows much greater intre-annual
variation than variation between the time slices of interest.
Furthermore, because uncertainties surround the magnitude of
modelled sedimentation and efflux, no conclusions on the climate
forcing potential of lakes in the future or past can currently be drawn.
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4.2 Effects of Modelling Assumptions

4.2.1 LPJ-GUESS
4.2.1.1 Topography

LPJ-GUESS models an area by simulating a flat surface. Although LPJ-
GUESS does show different PFTs in mountainous areas this is due to
lower surface temperatures occurring at higher elevations. Slope and
aspect of an area are key determining factors in plant distribution and
they affect illumination, hydrology, and soil perturbation. The
exclusion of slope and aspect from LPJ-GUESS create a fundamental
flaw in the model when trying to predict vegetation cover on the
catchment scale. Recent work done by Tang et al. (2013) has begun
to rectify this problem. In their work Tang et al. (2013) greatly
improve the modelled quantity and timing of runoff events in three
Swedish catchments increasing the R? value from 0.4 to 0.8 by
modifying LPJ-GUESS to incorporate topography. This updated
version of LPJ-GEUSS was not applied in this study because it was
developed only recently and it presents a tendency to overestimate
the amount of incoming runoff. The difference in runoff between the
older version of LPJ-GUESS used in this study and the observed data
was between 0 and 20 mm per month or at most around 2 mm per
day. Thus, the old version was deemed more suited for this exercise,
however, the underestimation of runoff caused by this is a likely
contributor to the very low observed sedimentation rates and low
AL:AU ratio for carbon entering the sediment. Nevertheless, even
with the improvements in modelling hydrology the Tang et al.
version of simulating topography still falls short of the ideal as it is
not used to update LPJ-GUESS’ bioclimatic limits.

4.2.1.2 Bioclimatic Limits

The way LPJ-GUESS limits vegetation growth is thought to be one of
the main sources of error with regards to the unrealistic percent PFT
covers modelled for the paleo periods in this study. At Ruppert Lake
the CLM cover type is severely underestimated. This is likely because
the presence of this cover type is caused by changes in topography
and resulting exposure to harsh conditions. The current iteration of
LPJ-GUESS is unable to take such conditions into account. One of the
assumptions made during the course of this project was that the
bioclimatic limit zero_max should be removed from the PDS, CLM,
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and GFT plant functional types. This was done because these PFTs
were known to occur in our study areas and were exhibiting a LAI of
0 even with all other PFTs switched off. Effectively, even without any
competition for resources these PFTs would not grow with the given
input. A growing degree day is defined as day in which the average
daily temperature is above a threshold value, in the case of LPJ-
GUESS 0° C, above which plant growth can occur. The variable,
zero_max, which was altered during the course of this work, caps the
maximum amount of growing degrees for a PFT. In terms of plant
physiology, a cap on the number of growing degree days does not
make sense. Why would growth be limited by a high number of days
exhibiting suitable growing conditions? One could argue that
zero_max functions in order to account for drought stress or
temperature stress, however, both of these bioclimatic limits are
already included in the model as separate limits. The bioclimatic limit
zero_max is, in fact, not applied to any of the other PFTs. Wolf et al.
(2008), who added this limit to the model, state that is was done
specifically to limit the prevalence of these PFTs because were
outcompeting grass in a manner that did not represent what was
observed in their study area. This is an example of LPJ-GUESS being
tailored to show the expected PFTs not by actual plant physiology or
completion but by the desire to represent PFTs in the distribution
they are observed in. With the limit removed the PFTs did not
become overly abundant showing that their growth was sufficiently
limited by the other bioclimatic limits.

4.2.1.3 PALM

The current iteration of PALM contains numerous assumptions that
may be introducing error into the model’s output. The models on
which PALM was based also contained their own sets of assumptions
that could act as sources of error. In Cardille et al.’s 2007 study,
three of the lakes were monitored intensively for validation. The
amount of inorganic carbon within the lakes was modelled to a high
degree of accuracy but there was a bit more discrepancy where
organic carbon was concerned. Though the model was able to
accurately gage the mean annual amount of dissolved organic carbon
(DOC), the monthly totals of DOC varied in almost an inverse pattern
to the observed values. This is concerning as it may indicate that the
model does not have the correct underlying principles. Furthermore,
variables, like the rates of decomposition, taken from Hanson et al.
(2004) may not be universally applicable and could be causing
systematic errors. The modifications made to PALM may also cause
some issues. The modelling of the lakes as seepage lakes is a major
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assumption whose validity cannot realistically be tested. Retention
time of carbon in lakes is one of the major factors controlling its
cycling. The assumption that no outflows to the lakes exist is a major
assumption that undermines the validity of the PALM model.
Furthermore, PALM does not currently model water flows. While this
assumption simplifies the model its effect on the accuracy of the
modelled carbon cycling is unknown, and may be very significant as
lake volume and surface are have been shown to significantly impact
the modelled carbon dynamics. Also, PALM only currently models one
biotic component of the lake system. There is evidence that Ruppert
Lake has had aquatic vegetation since around 10 kyrBP (Van
Hardenbroek, 2014) and there is speculation that this lake is
dominated by benthic production (Anderson, 2014). Any further work
done with PALM will need to address these issues.

4.3 Possible Sources of Sedimentation
Underestimation

The low rate of sediment accumulation is in all probability due to the
underestimation of allochthonous carbon input. However, whether it
is the POC loading from aerial deposition or the POC derived from
catchment runoff that is being underestimated remains unclear. The
concentration of POC in runoff coming from the catchment was set to
a very high concentration, around 1 g m, considering the average
POC concentration for stream water in the Kling (2013). Within the
LTER dataset the mean concentration was 0.307 g m™. While the
concentration of POC in the runoff may be high the volume of runoff
used for this experiment is known to be underestimated. Additionally,
as mentioned previously, the catchment areas used for this study
were also underestimated. A contour map of the Ruppert Lake was
digitized to produce the lake’s catchment area for comparison.
Standard methods of drainage basin delineation produced a
catchment of ~ 400 ha. This size for the catchment was clearly an
overestimate, as it included a number of other lake catchments, and
likely due to the scale of the map. However, a realistic estimate of
the true drainage basin of Ruppert lake probably falls between the
value used for this study, ~ 40 ha, and the 400 ha estimated from
the topographic map. When one combines the underestimation of
runoff due to catchment area and that due to LPJ-GUESS'’
underestimation of runoff, it seems very likely that the volume of
runoff is the main source of error in the underestimation of
sedimentation.
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4.4 Proposed Improvements

4.4.1 Additional Modules for PALM

Many features, such as modelling light absorption by organic matter
or methane production, could be added to PALM. But prior to these
additions, two process have been identified that would greatly
improve the stock that can be placed in PALMs modelled output.

Dynamic process based models for simulating lake temperature are
common and have been shown to function to a high degree of
accuracy (Gudasz et al., 2010, Piccolroaz et al., 2013, Gal et al.,
2009, Wu et al., 2013). As lake temperature is such an important
factor in determining carbon dynamics for PALM, evidenced by the
sensitivity analysis (Table 10), it is imperative that any future work
done with PALM should incorporate such a module. The input data
required to run these modules are already available, even for the
paleo time slices. The only inputs required are surface air
temperature and incoming solar radiation (Piccolroaz et al., 2013).

Another necessary modification to PALM is the modelling of water
fluxes. Although fixing the lake volume during the PALM runs did
eliminate a variable and made identifying the model’s driving forces
simpler, as the sensitivity analysis showed (Table 10) lake volume
and surface area play a significant role in the modelled outputs. It
would be interesting to see how a dynamic model capable of
modelling monthly variation of these factors would affect the results.
Modelling water dynamics is standard fare in lake modelling and
equations from other models, such as the one described in Wu et al.
(2013), could be incorporated in a subsequent version of PALM.

4.4.2 Directly Modelling DOC and POC
from LPJ-GUESS

LPJ-GUESS has three carbon pools that represent soil carbon. The
first pool, denoted as ‘litter’, is created by leaf/needle fall and the
plant mortality. It is from this pool that POC was assumed to stem
from. The other two pools, denoted as ‘soil fast’ and ‘soil slow’ are the
sources of DOC. ‘'Soil fast’ indicates carbon that has a faster decay
rate, such as dead fine root matter. Soil temperature and water
content are cited as being the major environmental factors affecting
decomposition and the production of DOC within soils (Zhang et al.,
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2013a, Wu et al., 2013). The rate of heterotrophic respiration, which
is given as a monthly output, takes both soil moisture and
temperature into account. Thus, it was assumed that heterotrophic
respiration could be linked to the amount of available DOC for
transport. If this is accomplished successfully, PALM could be applied
in any environment, given that LPJ-GEUSS can be applied for any
region of the globe.

4.4.3 Incorporation of Remote Sensing

For this study most of the lakes’ water quality characteristics were
derived from samples collected in the field. For remote areas such as
the Arctic this is non-ideal, as a vast number of lakes exist in the
region and the majority of them are inaccessible. Remote sensing of
the lakes’ water quality and physical characteristics would enable
PALM’s application in remote regions and on a large spatial scale.
Deriving bathymetric measurements via remote sensing is well
established and can be done to the same, if not a higher, degree of
accuracy than ground based methods of measurement (Legleiter and
Roberts, 2009, Hamilton et al., 1993, Mueller, Crétaux and Birkett,
2006). Moreover, remote sensing has been used to model particulate
matter in the form of lake turbidity to a high degree of accuracy
(Binding et al., 2008, McCullough et al., 2012). Remote sensing has
even been used to map submerged aquatic vegetation (Wolter et al.,
2005, Heblinski et al., 2011). One issue that remote senescing has a
bit more difficulty with is DOC. Techniques have been derived to
accurately model DOC, however, their accuracy is limited by the
spatial resolution of the available satellite data and the existing
models tend to be specific for particular lakes or regions (Kutser,
2012, Jacobsson, 2014, Brezonik et al., 2005). This is in large part
due to the fact that not all DOC is coloured and the ratio of coloured
to transparent DOC varies between catchments . Moreover, this ratio
may also vary temporally within a catchment. For example, Olefeldt
et al. (2013) found that the proportion of pigmented DOC dropped
after the catchment experienced a fire. They ascribed this to increase
exposure of the soil to UV-light, as pigmented molecules are very
absorptive and tend to be degraded with prolonged exposure. Despite
this possible complication, the integration of PALM with remotely
sensed data remains promising.
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The novel approach taken by this study, despite its limitations, shows
a strong potential for the modelling of carbon cycling in Arctic lakes.
The coupling of LPJ-GUESS with PALM was able to shed some light on
the observed changes in carbon sedimentation rate within Ruppert
Lake and Lake AT1. Despite the many possible sources of error, when
forced with the paleo-climatic data, the integrated models simulated
a very similar pattern of sedimentation to what is observed in
Ruppert Core B. While the pattern in sedimentation observed in AT1
did not fit with the lake core data, it did indicate that the change in
PFTs had a very pronounced effect on the lake’s carbon cycling. The
results from AT1 also indicate that a lake’s trophic state is not fixed
during the course of its ontogeny.

Significant improvements to PALM and its integration with catchment
carbon export must be made before any quantitative results from this
model can be drawn. There is a great necessity for further model
validation and calibration on observed lake systems. However, many
improvements could be made with relative ease. These additions
were beyond the scope of this research and were not incorporated in
this study in order to avoid a model with too many interrelated
driving components.

The results of this project will potentially aid the LAC project in the
interpretation of paleolimnological data obtained from their study
cites.
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