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Abstract Climate change is expected to affect tree leaf
phenology by extending the length of the growing season
(LGS), which will affect the productivity and nutrient
cycling of forests. Interactions between plants and mi-
crobes will mediate the ecosystem processes further
through microbe-mediated plant–soil feedback (PSF).
To investigate the possible consequences of interactions
between the extension of the growing season (GS) and
PSF under various conditions, we developed a simple
theoretical model (LGS-PSF model). The LGS-PSF
model predicts that microbe-mediated PSF will intensify
the negative effects of increasing temperature on the size
of soil carbon stock when compared with simulations
without the PSF effect. The combined effects of
increasing temperature and PSF on the size of soil car-
bon stock occurs through enhanced activity of individ-
ual microbes and increased microbial population size.
More importantly, the model also demonstrated that a
longer GS mitigates this negative effect on carbon
accumulation in soil, not through increased net primary
production, but through intensified competition for

nutrients between plants and microbes, thus suppressing
microbial population growth. Our model suggested that
the interactive effects of the LGS and PSF on carbon
and nitrogen dynamics in forests should be incorporated
into larger scale quantitative models for better fore-
casting of future forest functions under climate change.

Keywords Carbon and nitrogen cycling Æ
Decomposition Æ Growing season Æ Plant–soil
feedback Æ Temperature

Introduction

The recent increase in global air temperatures caused by
greenhouse gas emissions has increased scientific focus
on the basic responses of organisms to changes in tem-
perature because those responses relate to both function
and distribution, as well as ecosystem functions and
services (Saxe et al. 2001; Sage and Kubien 2007; Chuine
2010). Because temperature is a major factor controlling
plant productivity (Chuine and Beaubien 2001; Saxe
et al. 2001), the predicted warming by 2100 of 2–6 �C
compared with present temperatures in northern tem-
perate forest regions (Christensen et al. 2007) could have
substantial effects on forest productivity.

One effect of increasing air temperature caused by
recent climate change is the induction of changes in the
phenological timings of organisms (Fitter and Fitter
2002; Root et al. 2003; Gordo and Sanz 2005; Menzel
et al. 2006; Doi and Katano 2008). Recent global
warming has affected the phenological events of a vari-
ety of plant species (Menzel and Fabian 1999; IPCC
2007; Miller-Rushing et al. 2007; Gordo and Sanz
2009a, b), accelerating the timing of spring phenological
events (e.g., leaf budburst and flowering), as well as
delaying autumnal events (e.g., leaf coloring and fall;
Menzel et al. 2006; Doi and Katano 2008; Doi et al.
2010). Consequently, these types of leaf phenological
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shifts are extending the length of the growing season
(LGS, the days between leaf budburst and leaf fall) for
various plant species (Menzel and Fabian 1999; Mat-
sumoto et al. 2003; Gordo and Sanz 2009a, 2009b; Doi
2012). The LGS of plants has engendered substantial
interest because it may exert substantial control on the
ecosystem functions of forest and grassland ecosystems
(White et al. 1999; Churkina et al. 2005; Hu et al. 2010).
Furthermore, the recent documentation of extensions of
the LGS has led to speculation that spring and autumn
warming may enhance carbon (C) sequestration and
extend the period of net C uptake in the future
(Churkina et al. 2005). Thus, understanding changes to
the LGS and the consequent leaf phenological response
to climate change is important for producing better
predictions of future ecosystem functions especially for
deciduous forests in temperate regions. Individual
plants, as well as entire forests, affect soil conditions
through leaf fall and nutrient uptake via the root. In
turn, these changes in soil conditions alter plant pro-
ductivity through positive or negative feedback, a pro-
cess termed plant–soil feedback (PSF; Van der Putten
et al. 1993; Bever 1994; Ehrenfeld et al. 2005; Kulmatiski
et al. 2008). Soil microbes have recently been recognized
as a major driver of PSF because of changes in microbial
activity and species composition that have been docu-
mented in response to changes in plant types and leaf
quality, which in turn affect the plant performance (Miki
et al. 2010; Miki 2012). Additionally, increasing air
temperature also alters the soil conditions of forests by
inducing changes in microbial activity. The majority of
previous ecosystem models predicted that increasing air
temperature stimulates microbial decomposition, and
therefore, will decrease C stock, while increasing soil
respiration (Allison et al. 2010). However, changes in the
growing period will alter the relationship between plants
and soil microbes, which can be competitive with respect
to uptake of limited mineral nutrients, or mutualistic via
nutrient recycling, and thus may cause unexpected
changes to the decomposition rate of soil organic matter
(SOM). Recent approaches to predicting soil conditions
have only considered the direct effects of soil tempera-
ture (Allison et al. 2010). However, the microbe-medi-
ated PSF and changes in the LGS have not been
considered in predictions related to productivity and
ecosystem functions/services of forests under future cli-
mate-change scenarios.

To estimate future forest productivity and functions
under climate change, we propose that both the shift in
the LGS in plants and interactions with microbes should
be integrated into predictive methods. To date, however,
predictions of forest productivity in response to CO2 and
air-temperature increases have been performed with lit-
tle regard to these effects (Cramer et al. 2001). Here we
address this insufficiency through the introduction of a
simple mechanistic model that accounts for both shifts
in the LGS and PSF effects on plant productivity and
nutrient cycling in a forest ecosystem in response to
increasing temperature. Using the name length of the

growing season-explicit plant–soil feedback model,
(LGS-PSF model) we employed a set of ordinary dif-
ferential equations, consists of C and nitrogen (N) com-
partments for growth and storage parts of plant
standing biomass, soil microbial biomass, and soil or-
ganic matter, and soil inorganic N pool. Plants supply
organic substrates for soil microbes as litter production,
and soil microbes remineralize litter into inorganic N.
They also compete for inorganic N, the strength of
which depends on the C/N demand of soil microbes. The
magnitude and seasonal variations in these processes are
affected directly by air-temperature warming and indi-
rectly by shifted plant leaf phenologies. Although the
LGS-PSL model is not intended for quantitative fore-
casting or projection, the model provides new insights
into how the interactive effects of a shift in the LGS and
population dynamics of soil microbes can potentially
determine the plant–soil co-development process in a
temperate forest. In particular, its qualitative predictions
demonstrate that longer GS enhances the size of C stock
in soil, not through increased net primary production
(NPP) and litter production, but through intensified
competition for nutrients by soil microbes, thus sup-
pressing microbial decomposition.

Methods

Model formulation

General framework of the LGS-PSF model

The variables used in the model plant–microbe–soil
system consists of (1) C and N accumulated during
growth by individual plants (CG and NG, respectively),
(2) those stored in plants that are available for reallo-
cation (CR and NR, respectively), (3) microbial C and N
(CM and NM), (4) soil organic C and N (SOC; CS, and
SON; NS), and (5) mineral N in soil (NI; Fig. 1a). All of
these variables have values per unit area, but not per
unit individual of plants (see Table S1). The target
ecosystem is a deciduous forest in a temperate region
and the spatial scale of the model is relatively small
enough so that any effects on spatial heterogeneity in
plant stands and soil environment on forest dynamics
can be neglected. Therefore, the LGS-PSF model uses a
set of ordinary differential equations and is categorized
as a process-based stand model (Medlyn et al. 2011). In
the model, we defined six phases of the year along with
plant and microbe phenology (Fig. 1b, Phase 1–6). Our
model parameterizes the six major processes involved in
ecological cycling of C and N in plant–microbe–soil
systems as follows. (1) Atmospheric deposition supplies
mineral N at a constant rate and a specific rate of loss
occurs constantly by leaching throughout the year. (2)
Photosynthesis only occurs in the plant canopy during
the GS (Phase 3 in Fig. 1b) and its rate changes sea-
sonally with the availability of light and mineral N in
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soil. (3) Plant respiration in growth and storage tissues
occurs throughout the year but is affected by daily
temperature. (4) The supply of organic matter to soil
through litter fall occurs through constant herbivory (in
Phase 3), and by the death and decay of plant matter,
especially by leaves falling during autumn (for FL days
in Phase 5). Organic C is also supplied by root excretion
in the GS (in Phase 3). (5) A part of the photosynthetic
product (CG, NG) is reallocated before autumn litter fall
(occurring for SL days in Phase 4) into the plant’s
storage tissues (CR, NR); this is then reused for foliation
in the following year (occurring for SRG days in Phase 2).

(6) Microbial decomposition of soil organic matter,
microbial growth, and net mineralization (or immobi-
lization) of N occur throughout the year but are also
temperature dependent.

Core processes: photosynthesis and microbial decomposi-
tion

This section provides additional details regarding the
formulations for core processes in our model (Processes
2 and 6). ESM 1 describes detailed formulations for
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Fig. 1 a Flow diagram of the length of the growing season-explicit
plant–soil feedback model. The plant effects consist of four parts,
C and N accumulated during growth by individual plants (CG and
NG, respectively), and those stored in plants that are available for
reallocation (CR and NR, respectively). There are two microbial
components (CM and NM), two soil components, organic C and N
(CS, and NS, respectively), and mineral N in soil (NI). b Phenology
of the plant. Phase 1 (and Phase 6) correspond to winter, when the
carbon and nitrogen biomass accumulated in plant growth tissues
is zero (CG = NG = 0). Phase 2 is a short period in early spring

(SRG = 5 days), during which translocation from storage (CS and
NS) to the growth tissues of the plant occurs. Phase 3 corresponds
to the growing season, which extends from spring to the end of
summer. During this period, photosynthesis, continuous litter fall
by herbivory (0.001/day of plant growth tissues), and carbon
excretion from the root (10 % of daily photosynthesis) occur.
Phase 4 is a short period in early autumn (SL = 14 days), during
which translocation from plant growth tissues to storage occurs
prior to the litter fall period (Phase 5: FL = 14 days)
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other processes. For Process 2, we use a simple formula
for total canopy photosynthesis [GPP (lg C m�2 s�1)]
that is a function of canopy N (assumed to be half of the
NG), canopy C (assumed to be half of the CG) converted
to LAI (leaf area index, L), and absorbed photosyn-
thetically active radiation (Ia) as follows (Franklin 2007):

GPP ¼ h
2h

uIa þ að0:5NG � NminLÞð Þ

� h
2h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uIa þ að0:5NG � NminLÞð Þ2�4uhIað0:5NG � NminLÞ
q

;

ð1Þ

with

Ia ¼ I0ð1� e�kLÞ; ð2Þ

and

L ¼ 2� ðCanopy CÞ � LAR ¼ CG � LAR: ð3Þ

In Eq. 1, h, /, and h represent day length, quan-
tum efficiency, and a curvature parameter of leaf light
response, respectively. Equation 2 represents the light
extinction by self-shading with coefficient (k) from
the radiation level above the canopy (I0). Equation 3
represents the relationship between canopy C and the
LAI (Poorter and Remkes 1990). Table S1 shows the
definitions, units, and default values of all parame-
ters. To focus on the effects of climate change on
phonological shifts, the direct effects of elevated CO2

and temperature on GPP are not considered in our
model.

For Process 6, we consider the activities of microbial
decomposers limited by C or N, as determined by the
availability of organic C and N, as well as mineral N,
following the standard framework that assumes a fixed
C:N ratio of microbial biomass (C:N)M (Manzoni and
Porporato 2007, 2009). We assume that the decompo-
sition rate of SOM itself is not limited by the availability
of mineral N (C overflow hypothesis, Manzoni and
Porporato 2007); thus, the decomposition rate of SOC
(DECC) and that of SON (DECN) is given as:

DECC ¼ kLðTBÞ � CM � CS; and DECN

¼ kLðTBÞ � CM � NS; ð4Þ

respectively, where the decomposition coefficient kL de-
pends on the belowground temperature TB. The amount
of C and N assimilated by microbes depends on the
potential assimilation rate of C pASIMC ¼ eM �
DECC ðeM \ 1:0Þ and that of N pASIMN ¼
eM �DECN þ kI � CM � NI where kI represents the maxi-
mum affinity for mineral nutrient uptake in soil. Note
that the fraction (1 � eM) of SOC and SON is respired
as CO2 and released as mineral N (gross mineralization),
respectively. When pASIMC[ðC:N)M � pASIMN, the
excess Cð¼ pASIMC � ðC:N)M � pASIMN) is respired
as CO2 and realized assimilation of C is ðC:N)M �
pASIMN to maintain the fixed C:N ratio of microbes.
When this condition is not met, C availability limits

microbial growth, and the uptake of mineral N from the
soil ð¼ pASIMC=ðC:N)M � eM �DECNÞ is less than the
capacity kI � CM � NI . Note that the uptake rate is likely
to be positive because the C:N ratio of SOM (=[SOC]/
[SON]) is much larger than that of microbes.

Seasonality in day length, temperature, and timing
of phonological shifts in plants

In this section, we describe major formulas that are
necessary to simulate the seasonal dynamics of the
plant–microbe–soil model system. First, the day length
(h) at latitude L (45�N) at the day of the year (J) is
approximated by the CBM day length model (Forsythe
et al. 1995):

day length(JÞ ¼ 24� 24

p
cos�1 sin Lp

180 sin bðJÞ
cos Lp

180 cosbðJÞ

" #

; ð5Þ

where bðJÞ¼sin�1 0:39795cosaðJÞ½ � and aðJÞ¼0:2163108
þ2tan�1 0:9671396tan 0:00860� J�186ð Þð Þ½ �.

Second, the daily aboveground temperature (TA) is
approximated by a sine curve:

TAðJÞ ¼ 273:0þ average temp ð�CÞ + 100

� sin 2pðJ � 80Þ
365

� �

: ð6Þ

Third, the daily belowground temperature (TB: soil
temperature) is determined by the aboveground tem-
perature and LAI (Zheng et al. 1993), which is given by:

TBðJÞ � TBðJ � 1Þ

¼

TAðJÞ � TBðJ � 1Þ½ � � 0:25 � e�0:5L

if TAðJÞ[TBðJ � 1Þ
TAðJÞ � TBðJ � 1Þ½ � � 0:25
else

8

>

>

>

<

>

>

>

:

ð7Þ

Fourth, we incorporate the linkage between the an-
nual average aboveground temperature and the plant
phonological timing into the model system. More
specifically, we assume that the first day of foliation
[(DB + 1)th day of year] occurs earlier with increased
annual average temperature. It is given by:

DBðaverage temp ð
�
C)Þ ¼ 100� s � ðaverage temp� 18Þ;

ð8Þ

where s represents the sensitivity coefficient [ 0 � s � 10
(day �C-1)]. We assume that the first day of foliation
occurs in mid-April at 18 �C average temperature with
regard to foliation phenology of Japanese template trees
from 1953 to 2005 (Doi and Katano 2008). Also, we
assume that the timing of leaf fall in autumn is not af-
fected by temperature, given that LGS becomes longer
with elevated annual average temperature with referred
to Menzel et al. (2006).
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Temperature-dependent processes

We assume microbial activity (kL: see Eq. 4) and mass-
specific respiration of plants (rP) can be expressed using
the Arrhenius equation. That is, kL and
rP / exp �Ea=RTð Þ where Ea is the activation energy
(assumed as 50 kJ mol�1), R is the gas constant
(8.3124 J K�1 mol�1), and T (TB or TA for microbial
activity or plant respiration, respectively) is the tem-
perature in degrees Kelvin. With these parameters, the
Q10 value for microbial activity and plant respiration,
which is defined as the factor by which the reaction rate
increases with a 10 �C rise in temperature, is about 2.0
between 0 and 30 �C (Davidson and Janssens 2006).
Although GPP was assumed to be independent from
temperature, plant respiration caused NPP to be tem-
perature dependent.

Settings for simulations

We chose climate-specific parameters (e.g. phenology)
from published data on temperate forests and tempera-
ture-specific physiological parameters from review arti-
cles and modeling studies (Table S1). We first simulated
the dynamics of a plant–microbe–soil system for
1000 years, using a fourth order Runge–Kutta method
with a fixed interval of 0.01 day with default parameter
settings (e.g., the average annual aboveground tempera-
ture was set at 18 �C). Although the time interval
(0.01 day) for the integration of equations was less than 1
day, we did not consider variations of temperature within
a day (see Eqs. 6, 7). The 1000-year simulation period is
sufficient for themodel system to achieve a stable seasonal
cycle. Following the 1000-year simulation, these param-
eters were again set to the initial conditions of the model
for further simulations to examine parameter sensitivity
by running the model again for 1000 years and the re-
sponses of the model system to climate change by running
the model for 100 years). We assumed that the annual
average temperature increased linearly from 18 �C,with a
0–6 �C increase per 100 years. To model responses to
climate change, we prepared two distinct scenarios for
understanding the role of plant–microbe interactionswith
changing plant phonological timing inC andN cycling. In
themicrobe-explicit scenario withmicrobe-mediated PSF
(Scenario 1), microbial activity dynamically changes with
changing climatic conditions via altered microbial bio-
mass and their C andNdemands, as well as with the direct
effects of increasing temperature, which follows the
Arrhenius equation. In the microbe-implicit scenario
without microbe-mediated PSF (Scenario 2), microbial
activities are not dynamic. In Scenario 2, prior to the
simulated climate change, we assume that daily changes in
the mass-specific decomposition rate of SOC and mass-
specific net mineralization from SON follow an identical
pattern of seasonality as in Scenario 1, such that theC and
N cycling in Scenario 2 are almost identical to that of
Scenario 1. However, following climate change, daily

mass-specific rates are affected only by an increase in
temperature, following the Arrhenius equation. The
comparison of these two scenarios elucidates the role of
population dynamics of microbes and interactions with
plants in C and N cycling.

Results

Our model reproduces realistic stock distribution and
fluxes of C and N at an annual scale in temperate forests;
the simulated values range from 21 (N biomass of growth
part of plants) to 144 % (LAI) of published data (Fig. 2,
see alsoTableS2).The sensitivity analysis indicates that the
microbial parameters [C:N ratio (CNRatio_M), specific
decomposition rate (Decomp_293), growth efficiency
based on N (GrowthEffN_M), and mortality (Mortal-
ity_M)] have larger effects on ecosystem processes than
plant-related parameters [specific uptake rate of mineral N
(UPtakeN_P), daily litter production (frac_Litter0), C
excretion from root (frac_rootC), and reallocation effi-
ciency based on C (ReAlloC) and N (ReallocN); Fig. 3]. If
we focus on soil standing stocks of C and N [(SOC@end
Ph4), (SOC@endPh5), (SON@endPh4), and (SON@end
Ph5)] only, daily litter production, C:N ratio of microbes,
and microbial growth efficiency based on N are the most
important parameters. Interestingly, the sensitivity of SOC
and SON to changes in N deposition and leaching was
smaller than that of other variables (e.g., LAI, representing
the standing stock of aboveground plant biomass). Fig-
ure S1 shows a more detailed sensitivity analysis of all
parameter values simultaneously.

We then elucidated the effects of increased tempera-
ture on biomass accumulation (Fig. 4) and elemental
fluxes (Fig. 5) by focusing on the results that did not
show change in plant phenology (i.e., sensitivity coeffi-
cient s = 0). Our model prediction is straightforward in
that LAI increases with increased temperature (Fig. 4a,
e), whereas standing stocks of SOC and SON decrease
(Fig. 4b, c, f, g), regardless of whether or not the sce-
nario included microbial population dynamics. The de-
gree of enhanced decomposition that may result in a
decreased accumulation of SOC and SON (indicated by
annual net mineralization rate; Fig. 5a, e) is much larger
than that of the increase in NPP (Fig. 5b, f) and litter
production (Fig. 5c, d, g, h), which may result in in-
creased accumulation of SOC and SON. This is why the
net effect of increased temperature on soil organic
matter is negative, resulting in the reduction of SOC and
SON standing stocks (Fig. 4b, c, f, g). The difference
between microbe-explicit and microbe-implicit scenarios
is that the reduction of SOC and SON is much larger in
the microbe-explicit scenario (Fig. 4). This probably
occurs because microbe-mediated PSF enhances the
process of decomposition, not only through the direct
positive effects of increased temperature on decomposi-
tion per individual microbe [kL (TB) in Eq. 4], but also
by the increasing size of microbial populations (Fig. 4d).
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Fig. 3 Summary matrix of sensitivity analysis. The sensitivity of
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NPP
688.5 (442.7)

Plant NG

0–13.27 (77.0)

Plant CG

0–8653 (5700)

( )

LAI
0-8.653 (0.2–7.1)

SOC
2148–2578 (2056*)
SON
54.74–60.95 (75.54*)

Inorganic N
0.001535–0.3883 (-)

Microbial C
2.335–14.73 (23.85)
Microbial C:N
8.00 (6.0)

Model (Observation)

CO2

Microbial
respiration
687.6 (744.7*)

Net mineralization
8.732 (-)

Leaching
0.3617 (-)

N deposition
0.3650 (1.0)

Litter C
557.4 (360)
Litter N
8.762 (14.4)
Root C
132.8 (-)

Reallocation
C 432.6 (-)
N 6.604 (-)

Plant N uptake
8.729 (-)

Fig. 2 Default model output and comparison with observed
values from Harvard forest (42.5�N, 72�W, the data in ESM2).
Values inside boxes are seasonal minimums and maximums of
standing stock (g m�2) and values with arrows represent fluxes

(g m�2 y�1). Asterisk indicates the data are from the other forest.
(�) means no data are available. Table S1 shows parameter values
and details
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Next, we elucidated the effect of extension of the GS
caused by increased temperature by focusing on the re-
sults of simulations with a fixed level of increased tem-
perature (Figs. 4, 5). In the microbe-explicit scenario,
LAI at the end of GS (LAI@end Ph3) and annual NPP
are smaller, with higher sensitivity of the budding day,

despite the longer growth period (Figs. 4a, 5b). In con-
trast, the microbe-implicit scenario predicts that LAI
and NPP increase, with higher sensitivity of plant phe-
nology and a longer growth period (Figs. 4e, 5f). The
same trends are observed in annual production of litter
C and N (Fig. 5c, d vs. g, h); litter production decreases
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plicit scenario. C carbon, LAI leaf area index, SOC soil organic
carbon, SON soil organic nitrogen
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with a longer growth period in the microbe-explicit
scenario, but increases in the microbe-implicit scenario.

These contrasting results can be understood by com-
paring simulations with or without a plant phenological
shift. In the microbe-explicit scenario in which a pheno-
logical shift occurs with increased temperatures, the
plants start to grow earlier (Fig. 6a) and consume more
mineral N than in the simulation without a phenological
shift. The phenological shift in the first scenario therefore
leads to lower availability of mineral N (Fig. 6b) and
then a lower growth rate of microbes (Fig. 6c), which
results in a lower decomposition rate of SOC (Fig. 6d).
In contrast, in the microbe-implicit scenario, an earlier
commencement of plant growth (Fig. 6e) and lower
availability of mineral N (Fig. 6f) do not severely affect
the decomposition rate of SOC (Fig. 6g).

Finally, for the comparison with other models (see
‘‘Discussion’’), we evaluated the responses of the model
ecosystem under a typical scenario with +3.0 �C/
100 year and a 10 day extension of the GS/�C (Fig. 7).

Discussion

Overview: effects of microbial population dynamics
and interactions with LGS shift

Our results from the model showed that a longer GS
resulted in an increase in NPP and tree litter production
without microbe-mediated PSF, but also resulted in
decreased NPP and litter production with microbe-me-

diated PSF. Regarding the shift in the LGS and PSF
effects on forest productivity and material cycling, we
found that the both the shift in the LGS and PSF
strongly affected forest dynamics. An extension of the
LGS altered forest productivity and material cycling, as
well as the plant–soil feedback.

Considering the microbial population explicitly in the
model resulted in a reduction of soil organic matter by
warming, which was larger than in the scenario with a
fixed microbial population size (i.e., microbe-implicit
scenario; Fig. 4). However, the effects of microbial
population dynamics on C and N cycling become much
more profound when PSF and interactions with shifts in
the LGS are considered. The shift in the LGS to a longer
growing season is generally believed to buffer the nega-
tive effects of warming on C sequestration in soil via
enhancing NPP and litter production (Piao et al. 2007).
Our simulation also showed SOC and SON are larger
with higher sensitivity of plant phenology to increased
temperature (Fig. 4b, c vs. f, g), regardless of whether or
not the scenario included microbial population dynam-
ics. However, this mechanism is effective only when
interactions with microbe-mediated PSF are neglected
(i.e., scenario without microbial population dynamics)
where the longer growth period enhances NPP (Fig. 5f).
In contrast, we found a new potential mechanism for
this type of a buffering effect of the shift in the LGS;
earlier plant growth leads to intensified competition
between plants and microbes for N (Fig. 6b), resulting in
a suppression of microbial population size (Fig. 4d) and
thus the litter decomposition rate (Fig. 6d), resulting in a
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larger accumulation of SOM. Although evidence is
lacking in temperate forests, not a few grassland studies
in colder climate regions demonstrate seasonal shifts
exist in the competitive outcome between plants and
microbes for N (Xu et al. 2011; Kuzyakov and Xu 2013)
and in the seasonal partitioning of N between microbes
and plants (Bardgett et al. 2005). These lines of evidence
indicate the importance of seasonality in interactions
between plants and microbes (Bardgett et al. 2005) and
imply that the proposed effects of an extended GS on
nutrient cycling through seasonally dynamic plant–mi-
crobe interactions should be considered in these types of
alpine or tundra ecosystems.

Important factors related to C and N cycling

From the sensitivity analyses, we can determine which
factors are more important in the control leaf pheno-
logical effects on plant and soil functions. The parame-
ters related to microbial activity, such as specific
decomposition rate, growth efficiency for N, and mor-
tality, have larger effects on ecosystem outcomes (e.g.,
annual values of NPP and SON). These analyses clearly
gives us ideas on how to improve the model, implying
the importance of the incorporation of (1) variable (non-
homeostatic) C:N for microbial demand leading to
variable decomposition rates and growth efficiency for N
and (2) the need to include microbial food web com-
plexity into soil components of plant–soil interaction
models when determining microbial mortality. These
lines of reality will be explored as important determi-
nants on ecosystem dynamics. Microbe growth efficiency
for N affected most of the variables in the model, but the
efficiency for C only affected certain variables. N depo-
sition and leasing also primarily affected annual C and N
cycling in the forest. These results also suggest that with
the default parameters, this model forest system is gen-
erally limited by N, rather than by C. This is in contrast
to the DAYCENT model (Frey et al. 2013), which
predicts high sensitivity of SOC accumulation to
microbial C growth efficiency. This discrepancy might
imply that further study of coupled C and N dynamics
and their affects to microbe-mediated soil processes is
needed; this may also be a potential limitation of the
model because of its simplicity.

Bridging from conceptual model to process-based
ecosystem model and implications for empirical studies

Our modeling study aimed to bridge the gap among
conceptual models of phenological shift (e.g., Kramer
1994; Kramer et al. 2000; Nakazawa and Doi 2012) and
plant–soil feedback (Miki and Kondoh 2002; Ushio
et al. 2013; Miki et al. 2010; Miki 2012; Ke et al. 2015)
and process-based forest models [e.g., CENTURY
(Parton et al. 2009) and ecosystem models (Grant et al.
2001)]. Phenological shift models have demonstrated the

importance of a phenological shift as a determinant of
inter-specific interactions such as trophic interactions
between phytoplankton and zooplankton (Winder and
Schindler 2004) and plant–pollinator interactions (Doi
et al. 2008). Meanwhile, plant–soil feedback models
have demonstrated the importance of plant–microbial
interactions as a determinant of plant growth, repro-
duction, and nutrient cycling. Our LGS-PSF model
represents the first attempt to incorporate these two
features into a single framework with relatively realistic
but simple parameterization of C and N standing stock
and fluxes in a forest. We here summarized the pros and
cons of our model. In addition, the structure of the
LGS-PSF model is more complex than typical concep-
tual models in mathematical ecology, which prevents the
mathematical analysis on model behavior but it is nec-
essary to formulate C–N coupling to gain a better
understanding of the dynamic interactions between
plants and microbial decomposers. Furthermore, it is
much simpler than typical process-based forest models
in the field of ecosystem modeling. In particular, (1) the
effects of increasing atmospheric CO2 and temperature
on the photosynthesis rate (GPP) and C:N of plants and
(2) the roles of soil water availability in plant and
microbial activities are not considered. This simplicity
prevents a direct comparison with other process-based
models as well as observed data and results in quanti-
tative uncertainty of its behavior, but enables us to
elucidate possible outcomes of the interactions between
LGS and PSF in a very clear way. For better compar-
ison with previous process-based forest models (Sitch
et al. 2003; Matala et al., 2005) one should consider
common processes, e.g. dynamic allocation of C and
nutrients into aboveground and belowground parts of
plants and temperature dependence of GPP. In addition,
seasonality of N deposition is also an important factor
for providing a good description of the seasonal
dependence of plant–microbial interactions.

Both phenological shift in plants and interactions
with microbes (i.e., microbe-mediated PSF) have been
largely ignored in existing models that predict produc-
tivity and element cycling in forest ecosystems in re-
sponse to increasing levels of CO2 and air temperature.
However, Peng et al. (2009) recently suggested that
global modeling should consider the microbe and phe-
nological shifts that occur under climate change. Our
model demonstrates how the roles of microbe and phe-
nological shift can be considered in a global model to
predict future C and nutrients fluxes from temperate
forests. Our model and simulations focused on temper-
ate forests, because the prominence of deciduous tree
species causes extensions of the GS to primarily occur in
these forest ecosystems. Furthermore, Pan et al. (2011)
recently determined that approximately 30 % of the
global forest C sink occurred in temperate forests (0.72
Pg C per year). Thus, the inclusion of an extension of the
GS in a global C-cycling model would substantially
improve model predictions. By considering both the
extension of the GS and microbe-mediated PSF effects
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on plant productivity and element cycling in a forest,
global models of forest production and C cycling can
better predict the effects of rising temperatures than the
models lacking these drivers.

Our estimated NPP changes (+9 %) under a typical
temperature change scenario (+3 �C), but excluding a
shift in phenology and microbial activity (Fig. 7), are
comparable to other model predictions (�7 to +24 %,
Ollinger et al. 2008; Peng et al. 2009; Kirschbaum et al.
2012). Interestingly, the inclusion ofmicrobial population
dynamics results in higher predicted NPP (around

+30 %; Fig. 7). Similarly, the changes in SOC in our
model (3–28 % reduction) are comparable to othermodel
predictions (�9 to +3 %, Ollinger et al. 2008; Kirsch-
baum et al. 2012), but also highly depend on the presence/
absence of the PSF effects (Fig. 7). This also implies that a
better understanding of microbial components in theo-
retical studies and experiments will revise and improve
our understanding of the forest response to warming.

In conclusion, we performed simple theoretical mod-
eling to estimate the effects of leaf phenology on C and N
dynamics in temporal forests under future climate change.
To predict forest productivity and functions under future
climate-change conditions, both the shift in the LGS in
plants and microbe-mediated PSF should be considered.
Further experimental and observational studies are nee-
ded to fill current knowledge gaps related to climate
change and forest ecosystem dynamics. In particular, the
following factors should be considered. First, some sim-
ulation studies have indicated that enhanced levels of CO2

driven by climate change always result in an increase in
NPP (Ollinger et al. 2008; Peng et al. 2009; Kirschbaum
et al. 2012); however, the interactive effects among CO2

fertilization, plants, and microbes should also be consid-
ered. Second, water and N availability for forest ecosys-
temswill be affected by climate change caused by expected
changes in precipitation and N deposition (IPCC 2007).
Because our simulations show the importance of N limi-
tation as well as competition between plants and soil mi-
crobes for the N in response to temperature increase, the
change in N supply may be also important in determining
the relationship between plants and microbes. Addition-
ally, microbial communities may suffer from water defi-
ciency caused by asymmetric competition with plants;
therefore, future experimental and observational studies
as well as simulation models should estimate the interac-
tive effects of both water andN availability for plants and
microbes. Finally, decomposer (microbe and fungi)
diversity may buffer competition between plants and mi-
crobes (Miki and Kondoh 2002; Miki et al. 2010; Miki
2012; Ushio et al. 2013). Our simulations indicated the
importance of competition for N between plants and
microbes, so the buffering effect of decomposer diversity
would change the degree of competition among these
communities.
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