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Chapter 7

General Discussion
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The aim of this thesis was to investigate the effects of climate warming on peatland
organic nitrogen cycling, and to determine the extent to which measurements of mi-
crobial community composition and enzyme activities can be used to illuminate the
biological mechanisms driving these effects. In this discussion I show that the com-
bination of field and laboratory experiments using a range of techniques produced a
set of answers that are internally consistent, and that provide important new insights
into the drivers of organic nitrogen cycling in northern peatlands.

The first major result is that warming substantially increases the rate of organic N
cycling in northern peatlands. In section 7.1, I discuss a hypothesis for the mech-
anism underlying this effect, with a focus on indirect effects and the importance of
seasonal dynamics; and in section 7.2 I relate this result to the broader biogeochem-
ical context of the study by discussing the potential consequences for future peatland
carbon balance. The second primary conclusion is that the large effect of warming
on N cycling was not related to any changes in soil enzyme pools and microbial com-
munity structure. This lack of correspondence implies that the conceptual scheme of
soil N cycling introduced in Chapter 1 needs to be re-evaluated, which I do in section
7.3, leading to some recommendations for progress in soil microbial biogeochem-
istry.

7.1 Warming doubles seasonal nitrogen accumulation: an
amplified microbial loop

Experimental warming treatments led to accumulations of both organic and inorganic
nitrogen over the summer growing season which were almost double those observed
under ambient conditions (Chapter 3). This increase was of a similar magnitude to
increases in peat respiration previously observed at the same experimental site (Dor-
repaal et al., 2009), thus demonstrating that decomposition processes in general in
this peatland are highly sensitive to even modest (0.5 to 1.2 ◦C) increases in mean
summer soil temperature. Crucially, the increase is too large to be attributed to purely
kinetic effects as such an interpretation would imply a process Q10 value of approx-
imately 30 (i.e. a 30-fold increase in reaction rate with 10 ◦C increase in temperature)
This is well above the range usually observed for enzyme-catalyzed biological pro-
cesses (Chapman & Thurlow, 1998) and the small or nonexistent changes in physico-
chemical environment (soil moisture and pH, Chapter 3, (Lang et al., 2009)) are also
not a sufficient explanation. I therefore propose that there are other, indirect effects
of the warming treatment responsible for the warming-induced changes to N cycling.

126



The laboratory incubations described in Chapter 5, performed to evaluate the field
observations of Chapter 3, reinforce this idea: temperature manipulations alone had
minor, or non-existent effects on peat C and N processes compared to the effects of
additional substrate. This observation, coupled with the seasonal decline of micro-
bial biomass N pools observed in warmed plots (Chapter 3), strongly suggest that
the immobilization and turnover of nitrogen by the microbial biomass is the primary
mechanism controlling peatland N cycle responses to warming. I propose that warm-
ing leads to an “amplified microbial loop” (Figure 7.1) — increased temperatures
lead to higher availability of labile substrate relative to controls, and consequently
higher peak microbial biomass in early summer. Through some mechanism (e.g.
mortality, predation), the nitrogen is subsequently released from the microbial bio-
mass and contributes to higher accumulations of both organic and inorganic N forms
by the end of the growing season.
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Figure 7-1: Simple graphical model for the “amplified microbial loop” hypothesis as
an explanation for warming effects on peatland organic nitrogen cycling. Higher levels
of available substrate for microbial growth in warmed plots (due to increased plant litter
and/or belowground carbon input and/or subsidy from previous years’ microbial activ-
ity) leads to a higher peak biomass in early summer. This peak subsequently crashes via
e.g. starvation of microbial biomass and/or higher predation pressure. The subsequent
release of nitrogen from the microbial biomass is therefore higher in warmed versus
ambient plots, as described in Chapter 3.

This model for peatland organic N cycling immediately leads to two main questions:
what is the source of substrate that facilitates the higher peak microbial biomass?
And how can we explain the subsequent crash over the growing season? With re-
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gards to the source of the substrate, a plausible explanation is that warming increases
litter production and/or rhizodeposition and root exudation. Such a positive effect of
warming on litter production has been observed across the tundra biome (Press et al.,
1998; Walker et al., 2006), but warming effects on belowground carbon and nutri-
ent inputs are harder to quantify. This increased input would then stimulate growth
of the microbial biomass following the spring thaw. This “substrate subsidy” could
have happened once upon the imposition of climate treatments, or could be due to
a small increase every year which nonetheless persists and accumulates over time in
the internal nutrient cycle. Thus, a small yearly increase in litter production and/or
rhizodeposition may cumulatively lead to the effects observed. A similar effect could
also occur purely due to the increase in the length of the frost-free period in the soil,
allowing the microbial biomass to build up to a higher level than under ambient con-
ditions. Such a growing season effect is supported by studies of warming effects on
flowering phenology in the Abisko OTC experiment (Aerts et al., 2004). If these
effects are repeated over many years then a positive feedback could be established
whereby increased substrate input leads to increased microbial N turnover which fur-
ther stimulates plant production and substrate input for the following season, thus
amplifying the microbial loop. Experiments extending the types of measurements
made in Chapter 3 to estimates of substrate input (especially below-ground), and in-
corporating monitoring over multiple years and in times outside the summer season
are required to further test this hypothesis.

The cause of the seasonal decline in microbial biomass N is harder to explain. There
were no drastic changes in either peat moisture content or pH in the warmed plots
over the course of the summer season, nor was there any evidence of a selective mor-
tality of particular microbial groups (Chapter 3). Indeed the microbial community
composition in this environment seems to be very resistant to the applied climate
change treatments, a consistent result of this thesis regardless of whether the com-
munity was profiled with quantitative PCR and DGGE (Chapters 3 and 5), or with
a more sophisticated sequencing-based approach (Chapter 6). One possible explana-
tion is that warming stimulated microbial predation by bacteriovores such as amoebae
and other protists. Studies at the same site have shown warming effects on the com-
munity structure of testate amoebae (Tsyganov et al., 2012), and it is possible that
these changes translate to differential rates of bacterial predation. Another explana-
tion, is that the supply of substrate producing the higher peak biomass is either ex-
hausted (in the case of the primary source being labile material from previous grow-
ing seasons), or sharply decreases (if the substrate is derived from living plants),
leading to a starvation and mortality of the microbial biomass. Such an interpretation
is partially supported by the strong seasonal shift in enzyme pools, which suggest a
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shift from less labile to more recalcitrant carbon substrate availability (Chapter 4),
and by the general observation of a shift in carbon and nutrient allocation to differ-
ent organs by plants over the growing season (Saggar & Hedley, 2001; Olsrud &
Christensen, 2004). Whatever the cause of the turnover, this result emphasizes the
central importance of considering microbial physiology and population dynamics in
order to explain soil nutrient cycling (Schimel et al., 2007), and that conceptualiz-
ing soil decomposition and nutrient dynamics as simple first-order decay processes
driven by temperature (Parton et al., 1987) ignores difficult to measure, but poten-
tially important indirect effects and feedbacks (Todd-Brown et al., 2012).

The foregoing discussion leads to two important conclusions of this thesis. Firstly, in-
direct effects of warming are mostly likely more important in controlling soil nutrient
cycling than direct temperature effects on process rates; and secondly, these indirect
effects seem primarily driven by an amplified seasonal dynamics of the microbial
biomass.

7.2 Potential consequences amplified nitrogen cycling for
peatland nitrogen and carbon budgets

The consequences of this increased rate of organic N cycling for the peatland system
as a whole clearly depend on the ultimate fate of the extra N in the plant-soil system.
Thus it is important to ask: does the amplified microbial loop translate to a higher
availability of N for production or decomposition or both? The studies in this thesis
did not directly track the fate of the extra N, but based on other results from the
literature, and on other studies conducted in the same system it is possible to discuss
the potential effects of an increased rate of N cycling. Here I propose three scenarios,
which are not mutually exclusive.

Firstly, the increased rate of N cycling could lead to higher availability of N for plant
growth. Increased N availability would stimulate plant productivity and therefore C
uptake (Aerts et al., 1992), and potentially over the long term lead to alteration in the
species composition of the plant community (Shaver et al., 2001; Aerts et al., 2006b).
However, ten years of vegetation measurements have not detected any warming ef-
fects on the plant species composition in the Abisko OTC experiment (Keuper et al.,
2011), but there was increased growth of the vegetation, particularly the dominant
Sphagnum mosses (Dorrepaal et al., 2004; Keuper et al., 2011). There were also
variable, species-specific effects of warming on leaf tissue nutrient content, but on
the whole no large effect (Aerts et al., 2009). It therefore seems that warming leads
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to an increase in plant productivity (particularly of the dominant bryophytes) but no
consistent change in the nutrient status of the plants. This biomass increase without
change in nutrient content implies that vegetation takes up at least some of the nitro-
gen made available by the warming effect on N cycling. Based on the estimate of the
warming effect on Sphagnum productivity (Keuper, 2012), combined with the meas-
ured N content of Sphagnum capitulae (Aerts et al., 2009), it is possible to calculate
an estimated warming-induced N sink of 1.6 g N m-2 yr-1 . By way of comparison,
this is roughly equivalent to the organic N accumulation observed in warmed plots
from June to August (1.44 g N m-2, calculated using data from Chapter 3, assum-
ing 30 cm deep active layer). These calculations are very approximate but should
be accurate to within an order of magnitude, and thus demonstrate that a substantial
proportion of the warming-related increase in N cycling may have supported higher
plant available N and therefore an increase in productivity, in particular of the dom-
inant bryophytes. This increase in plant productivity could in turn contribute to the
amplified microbial loop described in section 7.1.

Secondly, the warming-related increase in N transformations may stimulate peat de-
composition rates. This scenario could occur through two (potentially parallel) mech-
anisms: 1) microbes remain a strong sink for nitrogen relative to plant uptake leading
to overall higher microbial biomass and heterotrophic decomposition, and 2) there
is a form of positive feedback whereby the stimulation of plant productivity dis-
cussed above stimulates decomposition of organic matter via positive priming effects
(Kuzyakov, 2010). Evidence from the Abisko OTC experiment suggest that, in the
litter layer at least, microbial immobilization is a very strong sink for additional nitro-
gen (Aerts et al., 2006a), a common observation in low N (sub-) arctic environments
in general (Jonasson et al., 1999; Schmidt et al., 1999; Jonasson et al., 2004, 2006;
Rinnan et al., 2007b; Sorensen et al., 2008). Moreover, there was a strong warm-
ing effect on peat carbon respiration, including an apparent stimulation of respiration
from older peat material (Dorrepaal et al., 2009). This suggests that there may be
some form of positive priming of the peat microbial community, whether this is dir-
ectly related to the amplified microbial loop described in this thesis represents an
intriguing question for further research.

Thirdly, the increased cycling of N may stimulate loss of N via the nitrification /
denitrification pathway. Autotrophic nitrification is generally considered to be very
slow in the waterlogged, low pH conditions that prevail in ombrotrophic peatlands
(Rosswall & Granhall, 1980; Limpens et al., 2006), with the consequence that emis-
sions of nitrous oxide are generally absent or very low (Martikainen et al., 1993),
unless vegetation cover is disrupted by e.g. permafrost degradation (Marushchak et
al., 2011). Therefore, it is unlikely that the warming effects on nitrogen cycling will
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lead to losses of N via this pathway, but nevertheless, our observation of nitrate ac-
cumulation at similar levels as observed for ammonia (Chapter 3) deserves closer
attention, as this may indicate a higher importance of nitrification in ombrotrophic
peatlands than is usually assumed.

These three scenarios illustrate that - although the research in this thesis present
strong evidence for a warming related increase in the rates of cycling of organic N in
northern peatlands, the consequences of this increase for the broader biogeochemical
functioning of peatlands, and above all, their continuing status as a C sink, can not
be definitively decided. I have presented results focussing on the soil N cycle, which
is only part of the complex network of interacting elemental cycles. Robust predic-
tions about the system-wide effects of warming on nutrient cycles and carbon balance
still require a full ecosystem balance of the relevant elements, covering all important
stocks and flows. In practice, such balances are difficult to combine with replic-
ated experiments, so perhaps a promising direction for future research is to combine
the use of constructed balances (Roulet et al., 2007), with experimental approaches
such as that detailed in this thesis, and combine data from both into a mechanistic
model of peatland biogeochemistry that allows projections under different climate
scenarios.

7.3 Changes to N transformations are not related to
microbial identity or enzymes

One of the main themes of this thesis was the use of measurements at different levels
of organization (N pools, enzymes, microbes) in an attempt to illuminate the biotic
mechanisms driving N cycle responses to climate change. In this section I will dis-
cuss the conclusions that can be drawn as a result of this multi-level approach. The
warming effect on organic N cycling was not correlated with changes in the poten-
tial activities or temperature sensitivities of soil enzymes (Chapters 3 and 4), nor the
phylogenetic community composition of soil microbes over the summer (Chapter 3)
or the spring/summer transition (Chapter 6). This observation of small or non-effects
of experimental warming soil community structure and function is emerging in the
literature as a common result, both for soil enzymes (reviewed in Henry, 2012), and
for soil microbial communities (Allison et al., 2010a; Lamb et al., 2011; Kuffner et
al., 2012), although there are also recorded examples of significant warming-induced
effects (Yergeau et al., 2012). In contrast to the lack of warming effects, there were
clear seasonal dynamics in both the enzyme and microbial community measurements
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(Chapters 4 and 6). Such seasonal patterns have also been observed in other sys-
tems (Bonnett et al., 2006; Bell et al., 2010; Kuffner et al., 2012) and supports the
interpretation discussed in section 7.1 (above), that warming effects on organic N
cycling (and possibly other biogeochemical processes) will mostly act through al-
teration of the temporal dynamics of nutrient availability and microbial population
turnover.

An important consequence of these results is that there was no empirical support
for the hierarchy of regulation from microbial community composition, to enzyme
pools, to transformation rates (Figure 1-2). In the studies of this thesis there was
an observation of strong warming-induced changes in the downstream component
of this hierarchy, without detectable changes in the putative regulatory components
upstream. This is not only interesting for its implications for understanding the
biotic regulation of soil processes in the particular study system, but also because
such a hierarchy of control is generally assumed in the newer generation of microbe-
centric soil biogeochemical cycling models (Schimel & Weintraub, 2003; Moorhead
& Sinsabaugh, 2006; Allison et al., 2010b; Todd-Brown et al., 2012; Allison, 2012;
Moorhead et al., 2012). Indeed this assumption is commonly invoked to justify the
use of molecular microbial ecology and enzymatic techniques to understand the re-
sponse of microbially-mediated soil processes to climate change (Chapter 2; Schimel
& Gulledge, 1998; Allison & Martiny, 2008; Bardgett et al., 2008). The results
from this thesis suggest that this assumption may be problematic, for two main reas-
ons:

Firstly, the empirical basis for the proposed link between potential enzyme activit-
ies or microbial community structure and ecosystem function is the observation of
patterns in enzyme activities or kinetics (Sinsabaugh et al., 2008; Sinsabaugh et al.,
2009; German et al., 2012) and microbial communities (Fierer et al., 2007; Lauber et
al., 2009; Caporaso et al., 2011), at continental or global scales. These studies provide
valuable insight into large-scale patterns of soil enzymes and microbial diversity, and
are extremely useful for e.g. defining universal constraints on enzyme stoichiometry
(Sinsabaugh et al., 2009), or the degree to which biogeographic processes versus local
assembly rules determine microbial assemblages (Nemergut et al., 2011; Hanson et
al., 2012). However, it is still not clear to what extent such large scale relationships
between enzymes, microbes and ecosystem processes can be scaled-down to explain
variation within a single ecosystem. It could be that large-scale patterns are formed
by unmeasured covariates that simultaneously drive both structure and function, and
at a local scale, where these covariates are effectively fixed, no such patterns are
apparent. As discussed in Chapters 2 & 6 the sensitivity and relevance of these tech-
niques for explaining local-scale variation in biogeochemical cycling and responses
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to perturbation still needs to be demonstrated.

Secondly, it may be the case that clear relationships between soil community struc-
ture and functional potential (as revealed by molecular and enzymatic approaches,
respectively) and ecosystem processes of interest are only demonstrable in the case
of well defined, and specialized ecosystem functions such as ammonia oxidation
(Kowalchuk et al., 1997), methane oxidation (Shrestha et al., 2012), or denitrifica-
tion (Morales et al., 2010; Palmer et al., 2012). In this thesis there was a focus on
what could be described as a very generalist ecosystem function, organic nitrogen
cycling. Given that a large and diverse group of heterotrophic organisms contrib-
ute to this function, the chance of detecting a meaningful signal relating community
composition to organic N transformation rates may be vanishingly small (Prosser,
2012). Moreover, due to this functional redundancy, such a signal may not even exist
regardless of the sensitivity and sophistication of the molecular techniques that are
employed to look for it. A recent meta-transcriptomic study by Tveit et al. (2013)
found no difference in the population of functional gene transcripts related to plant
material degradation, in terms of both composition and relative abundance, between
deep peat layers from the high arctic and temperate grassland soils. This strongly
suggests that, for an ecosystem function as universal as plant organic matter decom-
position, high diversity and functional redundancy mean that the information content
in molecular and –omics data may be relatively low compared to more specific eco-
logical functions. More complete and wide-ranging metagenomic datasets such as
those generated in the Earth Microbiome Project (Gilbert et al., 2010), will no doubt
help to refine our understanding of links between microbial community structure and
function However, from the perspective of understanding local biogeochemical pro-
cesses, and soil decomposition and nutrient cycling in particular, such datasets will
always need to be supported by accurate quantification of elemental stocks and flows
at the spatial and temporal scales relevant to the process in question.

7.4 Conclusions and future perspectives

In summary, the work presented in this thesis shows that climate warming leads to
large increases in the rate of organic nitrogen cycling in northern peatlands, with
potentially important consequences for the future status of this globally important
carbon sink. The most important drivers of the warming-related effects appear to
be indirect, via amplification of the seasonal dynamics of patterns of microbial ni-
trogen uptake and mobilization. Importantly, these effects of warming could not be
related to changes in the composition of the soil microbial community or the pools
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of soil enzymes they produce. This lack of correspondence is most probably due to
a combination of resistance of the microbial community to small magnitude changes
in temperature, and a large amount of functional redundancy with regards to organic
matter decomposition and nutrient cycling. These results are summarized in Figure
7-2, which revisits the conceptual scheme presented in Chapter 1 and highlights the
most important processes for explaining warming effects on peatland organic nitro-
gen cycling.
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Figure 7-2: Conceptual scheme of the causal relationships between components of the
soil organic nitrogen cycle, updated from Chapter 1 showing the importance of different
components and processes as revealed by the research in Chapters 2- 6. Thicker lines
and box borders indicate higher relative importance based on the results of this thesis.
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Future research should focus on the seasonal dynamics of substrate supply from
plants into the soil system, the factors controlling microbial growth and mortality
over the summer growing season, and the degree to which increased N transforma-
tion rates translate into higher rates of plant productivity and/or respiration of peat
organic matter. Moreover, the general question of the relationship between enzyme
measurements and soil microbial community profile on the one hand, and biogeo-
chemical fluxes that are important for global biogeochemical cycles on the other,
should be more rigorously explored by integrative approaches that combine molecu-
lar, soil chemistry and enzymatic methods at scales closely matched to the question
and processes of interest. The results of this thesis strongly suggest that attempts to
model soil functions solely with reference to molecular microbiology data , or from
measurements of soil enzyme activities, will not be adequate to predict the current
and future effects of climate change on peatland nitrogen cycling.
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