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Abstract

Ectomycorrhizal fungi (EMF) are important components of the soil microbial
communities and EMF biomass can potentially increase carbon (C) stocks by
accumulating in the soils as necromass and producing recalcitrant structures. EMF
growth depends on the C allocated belowground by the host trees and the nutrient
limitation on tree growth is expected to influence this allocation. Therefore, studying
EMF production and understanding the factors that regulates it in natural soils is

important to understand C cycling in forests.

Ingrowth meshbags are commonly used to estimate EMF production, but these
measurements might not reflect the total EMF production since turnover rates of the
hyphae are not considered. Here we estimated fungal production and turnover in
response to P fertilization in a Norway spruce forest where nitrogen (N) deposition
has resulted in phosphorus (P) limitation of plant production by using a combination
of meshbags with different incubation periods and with Bayesian inferences. To test
how localized patches of N and P influence EMF production and turnover we

amended some bags with a nitrogen source (methylene urea) or P source (apatite).
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Additionally, the Bayesian model tested the effect of seasonality (time of meshbag

harvesting) on fungal production and turnover.

We found that turnover of EMF and was not affected by P fertilization or meshbag
amendment. P fertilization had a negative effect on EMF production in all the
meshbag amendments suggesting a reduced belowground C allocation to the
extramatrical mycelium under high P status. Apatite amendment significantly
increased EMF biomass production in comparison with the pure quartz bags in the
control plots but not in the P-fertilized plots. This indicates that P-rich patches
enhance EMF production in P limited forests, but not when P is not limiting. Urea
amendment had a general positive effect on EMF production, but this was
significantly reduced by P fertilization, suggesting that a decrease in EMF production
under high P status also will affect N foraging. Seasonality had a significant effect on
fungal production and the differences registered between the treatments were higher

during the warmer months and disappeared at the end of the growing season.

Many studies highlight the importance of N for regulating belowground C allocation
to EMF in northern coniferous forests, but here we show that the P status of the forest
can be equally important for belowground carbon allocation to EMF production in
areas with high N deposition.

Key words: Ectomycorrhizal fungi, fungal growth, fungal turnover, nitrogen
deposition, phosphorus limitation, apatite, methylene urea, Bayesian inference.
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44 1 Introduction:

45  In terrestrial ecosystems forest soils are important reservoirs for carbon (Falkowski et
46  al., 2000). Boreal forests contribute approximately 50% of the total forest carbon

47  stock from which around 85% is stored in the soil (Malhi et al., 1999). At least half of
48  the carbon stock in boreal soils originates from belowground carbon allocation

49  through roots (Clemmensen et al., 2013) and a large portion of boreal forest primary
50  production is allocated belowground by the trees (Gill & Finzi 2016). The carbon

51  dynamics in forest soils are highly dependent on the soil microbial communities that
52 either enhance C losses by degrading organic matter or increase C stocks by

53  immobilizing C (Clemmensen et al., 2013). Filamentous fungi forming mycorrhizal
54  associations for example, play an important role for C fluxes since some species have
55  the capability to degrade a great variety of organic compounds while others can

56  contribute to soil organic matter formation by releasing exudates that promote soil

57  aggregation (Rillig, 2005) or produce slowly decomposing and highly melanized

58  hydrophobic tissues (Almeida et al., 2022). The effect of EMF on soil microbial

59  communities might not be trivial since up to 20% of the net primary production is

60  allocated belowground to support the symbiosis (Hobbie, 2006). Therefore,

61  ectomycorrhizal mycelium is expected to be a significant part of the soil fungal

62  biomass and its production and turnover play an important role in forest carbon

63  cycling and organic matter formation (Ekblad et al., 2013). For that reason, the

64  development of methods that allows us to quantify EMF growth in forests natural

65  soils is of paramount importance (Fernandez, 2021)

66

67  Therefore, understanding the factors that regulate the growth rates of filamentous

68  fungi like EMF is important to understand carbon dynamics in soils. Growth rates of
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free-living fungi from natural soils has been studied in laboratory by measuring
labeled acetate incorporated in the fungal membrane component ergosterol (Sheng et
al., 2022; Rousk and Baath, 2007) or labeled water incorporated into DNA (Schwartz
et al., 2016). Quantifying growth (production) of EMF natural communities on the
other hand is more complicated since EMF are dependent on plant roots (Smith and
Read, 2008) and such measurements must be performed when the fungi is living in
symbiosis. Many studies have attempted to quantify EMF production iz situ in forests
soils by using ingrowth meshbags and fungal biomarkers like ergosterol or PLFAs
(Wallander et al., 2013). In those studies, EMF production has been estimated based
on the standing fungal biomass measured in meshbags after a specific time of
incubation in the soil (Ekblad et al., 2013; Wallander et al., 2013; Wallander et al.,
2001). However, the standing biomass does not necessary reflect growth since the
standing biomass is the result of the interaction between fungal growth and the
residence time of the fungal mycelium in the meshbag (Ekblad et al., 2016). In order
to overcome these shortcomings, some studies have estimated EMF production and
mycelium turnover by repeated harvests of mycelial meshbags, applying ergosterol as
a marker of mycelial biomass and mathematical models to estimate the production
and turnover of EMM biomass (Hagenbo et al., 2021; Hagenbo et al., 2017) or,
combined with analyses of chitin, to enable estimates of production and turnovers of
both bio- and necromass (Ekblad et al., 2016). In these studies, the standing biomass
and necromass were analyzed in bags incubated over periods varying in length,
combining several shorter periods, one after the other, with overlapping longer
periods. Common assumptions in these studies were that EMF growth occurs at a
constant rate and that biomass and necromass were lost at constant exponential rates

(Ekblad et al., 2016).
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By using this approach, Ekblad et al. (2016) tested the effect of nitrogen (N)
fertilization on EMF turnover and growth in a Pinus taeda forest. They reported that
fertilization significantly decreased both fungal standing biomass and growth but
turnover rates of biomass and necromass were not affected. It was suggested that the
decrease in fungal growth was regulated by changes in carbon allocation as a result of
an increase in soil fertility. These results are in line with evidence indicating that the
relative amount of carbon allocated to EMF is sensitive to plant nutrient status and
soil fertility (Gill & Finzi 2016). Thus, in boreal forests where N is the nutrient that
limits tree growth (Hogberg et al., 2017), high amounts of carbon are invested below
ground to support ectomycorrhizal symbiosis to facilitate N uptake (Gill & Finzi

2016).

The role of N as limiting nutrient in high latitude forested ecosystems and its effect on
EMF is well known and has been described in several studies (Binkley & Hogberg,
2016; Hedwall et al., 2013 ; Gill & Finzi, 2016) . However, it has been suggested that
anthropogenic N deposition can potentially change the forests nutrient requirements
and push the system toward phosphorus (P) limitation (Tarvainen et al., 2016; Du &
Fang, 2014; Akselsson et al., 2010; Vitousek et al., 2010). In fact, in a region with
high N deposition in southwest Sweden, Almeida et al. (2019) reported that P
fertilization had a stronger effect on tree growth than N fertilization, subverting the
expectation that N is the main nutrient regulating plant growth in northern forests. The
effect of the transition from N to P limitation on the below ground C allocation and
EMF growth has not been studied in natural soils, but P deficiency is expected to

increase EFM biomass to improve P foraging and uptake (Rosenstock et al., 2016;
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Ekblad et al. 1995; Wallander & Nylund 1992). In a field study, Rosenstock et al.,
(2016) reported an increase in root- and ECM standing biomass in a Norway spruce
(Picea alba) forest limited by P compared to forests with sufficient P. In the field
study performed by Almeida et al. (2019) however, no effect on EMF standing
biomass was found in meshbags incubated for 133 days. Yet, since only the standing
biomass was measured and the turnover rates and production were not estimated, we
cannot exclude the possibility that P fertilization had an effect on EMF production, an

effect that cannot be detected by studying the standing biomass alone.

In this study, we aimed to improve our understanding of EMF production and
turnover in natural soils and to test how EMF production is affected when P is
limiting tree growth. In the forest described by Almeida et al. (2019) we estimated
EMF production and turnover using the mathematical model of Ekblad et al. (2016)
with Bayesian inferences. Since EMF production is likely to follow root growth
which varies with season (Coutts & Nicoll, 1990 ; Walker et al., 1986), we performed
a more extensive incubation scheme and more frequent harvests of bags than in
Ekblad et al., (2016). This allowed us to test the model considering the treatments
effects (P fertilization and meshbags amendments) and also considering their
interactions with seasonality (time of the growing season). Because EMF growth is
subsidized by the host, in exchange for N and P, EMF production should be affected
by the nutrients found at the hyphal front. Indeed, EMF biomass in P-poor forests is
stimulated around localized patches of the P-rich mineral apatite (Rosenstock et al.,
2016; Berner et al., 2012; Hagerberg et al., 2003). Therefore, besides purely sand-

filled meshbags, we incubated meshbags amended with apatite or methylene urea
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(referred as urea throughout the manuscript) in order to simulate soil N and P nutrient

patches respectively.

Our hypotheses were:

o P fertilization will decrease the biomass production of EMF mycelia.

e Apatite amendment will increase EMF biomass production in the control plots
but not in P fertilized plots.

e Urea amendment will increase EMF biomass production in the P fertilized but

not in the control plots.

2 Materials and Methods:

2.1 Field site and fertilization treatments

This study was performed at Ténnersjoheden forestry research station (56° 41° N, 13°
6’ E, 80 m a.s.l.) with a mean annual temperature of 6.4 °C and a mean annual
precipitation of 1064 mm (Hogberg et al., 2013). Soils are podzols developed in a
glaciofluvial parent material with a pH (in H>O) of 4.05 and a C/N of 25.1 in the mor
layer (Hansson, 2011; Hogberg ef al., 2013). The forests consist of managed Norway
spruce (Picea abies) planted on former pastureland in 1979. The site is in southwest
Sweden with an N deposition of 14.5 kg N-! ha'! yr'! (Rosenqvist et al., 2007), which
is high in comparison with most other forests in the country (Akselsson, 2010;
Hogberg et al., 2013). The experiment consisted of 6 plots (30-40 m x 25 m); 3
control and 3 fertilized with 200 kg P ha'! of superphosphate (100 kg ha*!' applied

twice in September 2011 and July 2012).
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2.2 Experimental design

To estimate EMF mycelial production, ingrowth meshbags (Wallander ef al., 2001)
were incubated in the plots. The meshbags were cylindrical, 2 cm wide and 10 cm
long. They were made of 50 um nylon mesh and filled with approximately 40 g of
quartz sand. Three different amendments in the meshbags were used: pure-quartz,
apatite-amended (quartz and 2% (w/w) crushed apatite mineral with a grain size of 50
to <250 nm) and urea-amended (quartz and 0.5% (w/w) granulated methylene urea).
The mesh-bags were vertically installed into holes made with a soil corer (2 cm

diameter) with the upper end of the bag at level with the soil surface.

To calculate turnover rates and biomass production as done by Ekblad et al. (2016),
sequential meshbag incubations were performed. For a five-month period starting in
July 2015 and ending in November 2015, the meshbags were incubated for variable

periods of time (30, 60, 90, 120 or 150 days; Fig 1).

There were five different 30-day incubation periods. Four 60-day incubation periods
each overlapping with two 30-day incubation periods. Three 90-day incubation
periods each overlapping with three 30-day incubation periods. Two 120-day
incubation periods each overlapping with four 30-day incubation periods. One 150-
day incubation period overlapping with all 30-day incubation periods.

The bags incubated over 30 days were incubated sequentially and when one set of
bags was collected, a new set of bags was directly installed using the same holes as
the ones just emptied (Fig 1).

In each plot, a pure-quartz meshbag for each of the incubation periods described

above was placed along a 15 m long transect. The distance between each meshbag
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was approximately 1.5 m. The apatite-amended and urea-amended bags were placed
10 cm (perpendicular to the long transect) at each side of the quartz meshbags. Three
15 m long transects were done to have three sub-replicates (for each set of bags) that
were pooled before further analysis to give one sample from each incubation period

and amendment (quartz, apatite and urea) per plot.

Each incubation period consisted of 54 meshbags (2 treatments C/P, 3 replicated
plots, three sub-replicates, three amendments (2 x 3 x 3 x 3 =54). In total, 810

meshbags were installed and collected according to their incubation period.

July August September October November

Figure 1: Overview of the incubation design. Different color bars represent the incubation time periods:
Yellow corresponds to 30 days, Light green to 60 days, Dark green to 90 days, Purple to 120 days and
Blue to 150 days of incubation. The arrows represent the points in time when the same holes from the
previous incubation were used to incubate the next set of meshbags.

Upon harvest, the meshbags were kept in an icebox until arrival to the laboratory

where they were stored at -20°C.
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The fungal cell membrane compound ergosterol, a proxy for fungal biomass, was
extracted and measured from 5 g of the pooled samples as per Bahr et al. (2013)
using high-pressure liquid chromatography (auto sampler L2130 with UV detector
L2400 by Hitachi, Japan). The fungal biomass was then expressed as pg of ergosterol

per gram of sand in the meshbag.

2.3 Mathematical models

The turnover rates and fungal biomass production were estimated applying the
mathematical model used in Ekblad et al. (2016). In this paper however the
mathematical model was tested under two assumptions:

Fungal production was dependent on the treatments alone (Model 1), or fungal
production was depended on treatments and sampling season (Model 2), allowing to

test for the interactions between treatment and seasonal effects.

Model 1:

This model works under the assumption that EMF production occurs at a constant rate
and that biomass is lost at a constant exponential rate (see Hagenbo et al., 2017 &
Ekblad et al., 2016). Briefly, the sum of the biomass during two sequential short
incubation periods is expected to exceed the biomass in an overlapping longer
incubation period due to an on average older mycelium and hence larger turnover in

bags with a longer incubation period.

10
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The model in its differential form is defined as:

Equation 1

Where P is the production of new mycelium (in mass units), B is the mycelium
biomass (also in mass units) and u represent the mortality, the fraction dying over a

specified time-period (adimensional). This equation is solved over time as:

Equation 2

_i. — ehkt
B = (1= )

In our case we assumed that both P, and y,, are influenced by the fertilization
treatments, denoted here by k, and we therefore assigned a specific (unknown) P and

u to each treatment in the Bayesian model.
Model 2:

Equation 2 has been utilized in other publications (Hagenbo et al. 2021; Hagenbo et
al. 2017; Ekblad et al., 2016) and one of the main assumptions of this model is that
fungal production occurs at a constant rate. However, fungal production can vary

depending on the time of the year (Coutts & Nicoll, 1990 ; Walker et al., 1986) so we

11
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tested a modification of the model by introducing an additional degree of freedom
into the model represented by the term fy ;, dependent on sampling seasons ( j) and
their interactions with treatments (k) so that the calibration can apply to each
treatment a correction for seasonality (independent from the other treatments). When

the term ) ; = 1 then the model is equivalent to what described in eq. 1 and 2. We

utilized this model to decompose P in two components, defining a new term P’:

Equation 3

P’k,j = PO 'ﬁk,j

P’y ; corresponds to Py (if the distributions were perfectly symmetric the average for P

and P” should converge to the same value) but the predicted biomass production now

is the results from the interactions between sampling season and treatments.

Eq. 3 is then substituted into Eq. 2 by substituting P with P’. The resulting model is
equivalent to the one described by Eq. 2 for certain parameter combinations and
describes the same curve. The only difference is that now two components are used to
decompose the variance explained by the calibrated model in two separate terms: POy,
which expresses the production variable with treatments only (k); and ) jwhich

expresses the effects of seasonality and their interactions with treatments. PO, is now

equivalent to the production normalized by the seasonality effect % . By letting PO,
k.j

and By ; vary independently (therefore describing each point as a combination of &

and j) we avoid to make any strong assumption on the effect of seasonality (since we

are not imposing a parametric function of time to describe it but we let it free to vary

12
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for each time point) or on its interactions with treatments (which are still free to vary
depending on the treatment), while on the other end we maximize the information we
can extract from the data by representing the interactions between the terms in one
single model calibration. If we instead relied on fully independent calibrations within
each subset of seasons X treatments we would have had to divide the datain j X k
subsets where we would calibrate each model parameter independently, limiting each

calibration to a smaller number of samples.

2.4 The calibration:

The model was calibrated within a formal Bayesian framework, developed with the
Stan toolbox (Stan Development Team, 2021). This approach is based on a numerical
implementation of Bayesian statistics, which allows for a continuous update of the
knowledge while new data are developed, based on stochastic principles (through a
modification of the Metropolis-Hastings sampler). While we refer to relative
publications for technical details, the main assets of the method are that: a) we can
integrate and utilize previous information in the calibration, defining it as prior
probability distributions of model parameters (from now on, “priors), b) such
information is combined with the statistical information contained in the data to
determine the posterior distributions of model parameters and consequently
predictions, and such distribution is non-parametric (so not assuming any specific
shape but determined only by the available information). The methodology is
therefore extremely useful to combine multiple sources of information and very
valuable when information is scarce, and at the same time quite robust given that it

estimates detailed posterior probability distributions (which can be examined closely).

13
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In our case the methodology allows us to draw information from publications. This
information is considered probabilistically. It does add information to our final results
(our posterior distributions), but such information is combined with the information
contained in our data. The chosen statistical approach updates the old information

with new data, and old and new information can be therefore compared.

We calibrated both a model with only Eq. 2 (so considering only treatment effects;
Model 1) and one considering Eq. 2 and Eq. 3 (considering treatments X seasonality
effects; Model 2).

Priors for P, and y, were derived from the literature, both expressed as normal
distributions with deviation prudentially estimated as 25% of the mean (please note
that this does not mean that the prior was limited within this range, due to the tails of
the normal distributions).

P, was expressed as

P, ~ N(0.099,0.099 - 0.25)

While p;, as

e ~ N(0.009,0.009 - 0.25)

Both priors were based on the mean fungal biomass production and turnover for forest
of similar age as the forest in the current study estimated by Hagenbo et al. (2017)
after unit conversion. The Bayesian system was run considering one independent Py,

and p, for each treatment.

14
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When we also considered Eq. 3, priors for PO, were defined as the priors for P, while
priors for §5; were set as uniform between 0 and 5.

B ~ U(0,5)
Please note that §; = 1 means no seasonality effect, §; = 5 means a five-fold increase
of production due to seasonality, while f; = 0 means a complete halt of production

due to seasonal effect.

2.5 Statistical analysis and probability distribution comparisons

The standing biomass, data was tested for homogeneity of variances and normal
distribution using Levene’s and Shapiro Wilk tests, respectively. Analysis of the
variances (ANOVA), Tukey’s Post-hoc test and Dunn analyses were performed on the
data to check for statistical differences between the fertilization treatments and
meshbag amendments. The Levene’s and Shapiro Wilk tests, as well as ANOVA and

Dunn analyses were done by using R (R Core Team, 2014).

The stochastic approach of the Bayesian method produces Markov chains Monte
Carlo (MCMC) that represents a probability distribution with as many discrete
parameter values as iterations in the chains (in our case 10 independent chains of
10000 iterations, so a total of 100000 iterations), with a histogram that approximates a
continuous distribution (probability distribution). Thus, the predicted fungal
production and turnover for each treatment (fertilization regime and meshbag

amendment) is represented by a probability distribution.

The means of the probability distributions were calculated and the highest density

intervals of the estimated parameters were interpreted as confidence intervals at 95%

15
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and 90% (Kruschke and Liddel, 2018). To test the significance of the treatments
(fertilization regime, meshbag amendment and season), the confidence intervals of the
probability distributions were compared.

3 Results:

3.1 Mycelial standing biomass

The standing biomass of mycelia in the meshbags was significantly affected by
incubation period (time of the year) (Kruskal-Wallis, p < 0.0001, X?> = 116.4).
Biomass in one-month incubation mesh bags from July, August and September was
significantly higher than the biomass collected in October and November for both
control plots and P fertilized plots (Dunn’s test, p < 0.001, X? = 26.1) (Fig 2).
Biomass in two-months incubation mesh bags from July-August and August-
September was significantly higher than the biomass collected in September-October
and October-November for both control plots and P fertilized plots (Dunn’s test, p <
0.001, X2 = 27.7; Fig 2). Fertilization significantly affected the standing biomass in
the quartz, apatite and urea-amended meshbags (Kruskal-Wallis, p < 0.05, X% = 6.5; p
<0.0001, X>=18; p <0.0001, X2 = 15.5; respectively). Phosphorus fertilization
reduced the standing biomass in all the incubation times (numbers of incubation days)
for apatite urea and amended meshbags (Fig 3). Apatite amendment significantly
increased the standing biomass in comparison with the pure-quartz bags in the control
plots after 60 and 150 days of incubation (Dunn'’s test, p < 0.05, X2 = 18; p < 0.05, X?
= 11.2, respectively), and the effect of apatite was stronger after 150 days of
incubation where on average the biomass in the apatite bags was three-fold higher
than the biomass in the pure-quartz bags. Apatite amendment did not increase

biomass in the P-fertilized plots in any incubation time while urea amendment

16
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387  increased biomass in most of the incubation times and for both C and P fertilized plots

388  (Dunn'’s test, p < 0.05) (Fig 3).
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390  Figure 2: Boxplot of the standing fungal biomass in the meshbags incubated in the soil for 2 and 1
391 months. The boxes represent the interquartile range of the data (The central represents the median).
392 Higher and lower whiskers represent minimum and maximum range of the data (1.5 times the length of
393 the interquartile range). Lowercase letters represents statistically significant (P<0.05) differences
394 between the incubation periods according to Dunn’s test.
395
396
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403

404 3.2 Fungal production and turnover rates (Model 1)

405  The predicted fungal biomass production varied between the P-fertilized plots and the
406  control plots and between the meshbag amendments (Fig 4a). P fertilization

407  significantly decreased fungal production in all the meshbag amendments (urea and
408  apatite and quartz) (Table 1). In the P-fertilized plots the fungal production was

409  reduced to a third in the apatite and pure quartz bags in comparison with the prior

410  used to set the model (0.099 g m? day'). P fertilization caused a reduction on average
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of 43% in the quartz bags, 60% in the apatite bags and 39% in the urea bags in

comparison with the control plots.

The meshbags amended with urea had the highest predicted biomass production in
both control and P-fertilized plots (Fig 4). Relative to the quartz bags, the urea
amendment doubled the production in both fertilizer treatments. The apatite
amendment, in contrast, gave no significant change in production relative to the
quartz bags in the P-fertilized plots while a 35% increase was found relative to the

quartz bags in the Control plots (Table 1).

According to the mathematical modeling, the biomass turnover rates were not affected

by P fertilization or meshbag amendment (Fig 4 b).
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432 Table 1. Mean of the fungal production in different treatments (Px) estimated by Model 1. The Highest

433 Density Intervals (HDI, Kurshke and Liddel, 2018) represent the boundaries of each estimate at

434 different degrees of confidence.
Fertilization and Mean fungal HDI low HDI high HDI low HDI high
amendment production (g m? day™) | (95%) (95%) (90%) (90%)
control/apatite 0.094 0.072 0.117 0.075 0.113
control/urea 0.129 0.103 0.156 0.107 0.152
control/quartz 0.061 0.045 0.079 0.047 0.076
phosphorous/apatite 0.038 0.028 0.05 0.029 0.048
phosphorous/urea 0.079 0.059 0.1 0.062 0.096
phosphorous/quartz 0.035 0.026 0.045 0.027 0.043

435

436

437 3.3 Seasonal effect (Model 2)

438  The effect of seasonality as described by (3 had a positive effect on the predicted

439  fungal production and this effect was highest in July and decreased over time.

440  Moreover, the effect of B on fungal production differed depending on the fertilization

441  and on the meshbag amendment (Fig 5).

442

443 For example, in July the model suggests a seasonal effect increasing the predicted

444 fungal production by up to 5 times in the quartz meshbags from the P-fertilized plots

445  and up to 2.5 times in the urea meshbags in the control plots in comparison with the

446  apatite bags from the P-fertilized plots where season had no effect on fungal

447  production. The positive effect of sampling season on the fungal production, as

448  identified by the model, decreased in general with time and at the end of the growing

449  season (October and November) 8 had the same effect on all the samples

450  independently from the treatment (fertilization and meshbag amendment).

21




https://doi.org/10.5194/bg-2022-165 . )
Preprint. Discussion started: 20 September 2022 B|OgeOSC|enceS
(© Author(s) 2022. CC BY 4.0 License. Discussions

(c0 ®)

BY

EGU

$$900y uadQ

451  Even though the § probability distributions of the different treatments were not

452  significantly different, the effect of the season on biomass production was important
453  and when we decompose fungal production by seasonality (P'x), the differences in
454  fungal production between P fertilized and control plots and between the meshbag
455  amendments are present only early in the season (July, August) and disappear in

456  September October and November (Fig 6).
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458 Figure 5: Seasonality effect on biomass production expressed by the § parameter for the different
459  months of the growing season.
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4 Discussion:

4.1 Effect of P fertilization on fungal biomass production and turnover

In support of our first hypothesis, fungal biomass production declined in response to P
fertilization in all meshbag amendments (Fig 4a). These results contrast with those of
Almeida et al. (2018) who tested the effect of P fertilization on the fungal standing
biomass in the same plots as in the present study. This contrast is not depending on
variation in turnover rates between control and P fertilized plots since mortality was
not significantly affected by fertilization as shown in the current results. In the present
study, P had a negative effect on the fungal standing biomass in most of the
incubation periods (Fig 3). The fact that more incubation periods and a larger number
of bags were used makes the present study more reliable. Thus, the standing biomass
of one given incubation time might not truly reflect the effect of fertilization on fungal
growth. The use of the sequential incubation method and the mathematical model
allowed us to have a more robust estimate of the effect of P fertilization on the
extramatrical mycelium in this forest. P as a nutrient regulating fungal growth in

boreal forest was not reported before.

Fertilization experiments have been largely used to evaluate the effect of soil fertility
and nutrient status of the trees on carbon allocation and EMF production (Bahr et al.,
2015; Ekblad et al., 2013). However, studies on the effect of nutrient additions on
EMF in boreal forests have predominantly focused on N fertilization (Leppalammi-
Kujansu et al., 2013) probably because N is the most common limiting nutrient in
boreal forests (Hogberg et al., 2017). Therefore, the effects of P additions alone on

boreal forests have not been widely tested. Due to the steep increase in anthropogenic
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C and N inputs relative to P inputs, plant nutrient stoichiometry can be altered and
lead to unbalanced nutrition and lead to P limitation (Jonard et al., 2015; Pefiuelas et
al., 2013). Indeed, P fertilization enhanced tree growth in the forest where this study
was performed as reported by Almeida et al. (2019).

Belowground carbon allocation is expected to be reduced by P fertilization when the
system is P limited (Gower & Vitousek 1989; Keith et al. 1997) leading to a decrease
in EMM production (Treseder, 2004). We propose that the decreased fungal
production in the P-fertilized plots in our study is a result of a decrease in
belowground C allocation due to alleviated P limitation that reduced tree dependency

on EMF for P foraging and acquisition.

This reduction in fungal production was not trivial and P fertilization decreased the
predicted fungal production to a third in comparison with the fungal production of a
forest of similar age estimated by Hagenbo et al. (2017) (0.099 g m? day!). More
studies on the effect of P fertilization alone in northern forested ecosystems receiving
high levels of N deposition should be performed to test if P-limitation is widespread

in these ecosystems as reported in this single forest.

A decrease in EMF production caused by fertilization might reflect a change in the
fungal communities. When there is a decrease in belowground C allocation, some
EMF species that require less C for growth and produce lower biomass relative to
other members of the community might be selected. In the previous study in the same
research forest (Almeida et al., 2019), EMF fungal communities from soil and
meshbag samples significantly changed after P fertilization and P + N fertilization

respectively. In particular, the most abundant EMF species Tylospora asterophora
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increased when the plots were fertilized with P or P + N. Tylospora asterophora, a
short exploration type (Agerer & Raidl, 2004), is expected to produce less biomass
than species with long exploration mycelia. Therefore, it is possible than an increase
of this species relative abundance in the meshbags of the present study might be
related to the lower growth detected in the P fertilized plots. It is also expected that
turnover rates vary depending on the species traits of the EMF community (Ekblad et
al., 2016). For example, certain traits like rhizomorphs are expected to have longer
life span in comparison with smooth and short exploration type mycelium (Pritchard
et al., 2008; Ekblad et al., 2016). The significant increase of T. asterophora after P
fertilization could increase the overall mycelial turnover rate in these. However, there
was not a detectable effect on the turnover rates between control and P fertilized plots.
In a tree age chronosequence study in a boreal forest in central Sweden, Hagenbo et
al. (2018) reported no clear pattern in exploration types despite a significant shift in
fungal community composition and turnover with forest age. This suggests that
factors other than exploration types are also important to explain turnover rates.
Species-specific traits like mycelial life span, the degree of internal autolysis and the
amount of melanin in cell walls could potentially affect biomass turnover in EMF

communities (Hagenbo et al., 2018; Fernandez et al., 2013).

4.2 Effect of nutrient amendment on biomass production and turnover

Both nutrient amendments (urea and apatite) increased EMF production in
comparison with the quartz-only meshbags in the control plots. This is consistent with
mesocosm experiments that have shown that when organic (Wallander & Pallon,
2005; Leake et al., 2001; Bending & Read 1995 ) and mineral nutrient patches (Smits

etal., 2012 & Leake et al., 2008) are colonized by EMF, mycelial branching and
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proliferation increase to explore the nutrient patch. In support of our hypothesis,
apatite amendment increased EMF production in comparison with the pure quartz
bags but only in the control plots. Our results are consistent with the view that trees in
the control plots are P limited, and that they allocate more resources to the EMF when
exploring a P source like apatite. When P limitation is alleviated by fertilization
however, there is probably a decrease in C allocation to the root symbionts which
could cause the reduced EMF colonization in the apatite bags. This is supported by
other studies reporting that apatite amendment increases EMF standing biomass in
meshbags under P-poor conditions (Rosenstock et al., 2016; Berner et al., 2012; Hedh
et al., 2008; Hagerberg et al., 2003). In a fertilization study in nearby plots in the same
forest, Bahr et al., (2015) showed that apatite addition stimulated EMF standing
biomass in mesh bags, in control and in N-fertilized plots, but when N was added in
combination with P, on the other hand, no significant differences were found between
apatite amended and pure-quartz bags. All together these results provide evidence that
EMF growth is responsive to P nutrient patches, but this response is depended on the

P demand of the host.

From the two nutrient amendments, urea had the highest effect on fungal growth and
both in the control and P-fertilized plots. From a phytocentric point of view it could
be expected that EMF growing on a P rich source like apatite are rewarded with more
C from the P limited trees than EMF colonizing N bags. The stronger response of
EMF growth to the N nutrient patches than to P nutrient patches in the P-limited
control plots suggests that even though the forest is limited by P, N still has an

important effect on the growth of EMM.
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It is possible that P limitation results in a general increase in C allocation to the root
symbionts and the C invested by the tree is delivered indiscriminately among its
fungal symbionts, independently of the nutrient patch they are colonizing.

Probably this is not surprising since N is needed by fungus and plant alike and in
order to produce biomass to forage for P and enzymes to mineralize it, EMF requires
N. Thus, N uptake can improve the P nutrition of the mycorrhizal system and positive

feedback between plant and fungus might happen.

Despite the strong effect of N patches on fungal growth, P fertilization decreased
growth in all meshbags independent of the amendment. EMF communities in forests
are diverse and composed of species with different abilities to mineralize the different
nutrients present in the soils (Lilleskov et al., 2011). By amending the meshbags with
different nutrient types, fungal communities are selected depending on the nutrient
added (Almeida ef al., 2019; Rosenstock et al., 2016). The consistent effect of P
fertilization on both nutrient patches and even in the barren quartz-only bags suggests
that P fertilization affects growth of different EMF communities alike and reduces
nutrient foraging for both N and P. This is consistent with the idea that alleviated P
limitation results in a general decrease of C delivered to the roots and the mycorrhizal

symbionts.

Previous studies on EMF growth have focused on fungal biomass collected from
meshbags filled with acid washed sand (see Hagenbo et al. 2021; Hagenbo et al. 2017,
Ekblad et al 2016). However, since the pure quartz mesh bags are devoid of nutrients
(except probably for dissolved organic material entering the bags during incubation),

they might underestimate EMF production in soils. Moreover, in soils most of N and
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P are heterogeneously distributed in nutrient patches (Hodge, 2006). For this reason,
amending the meshbags made possible to imitate the soil nutrient conditions that
influence EMF growth in forests and to understand how the nutrient regimes (both as
inorganic nutrient fertilization and as nutrient patches) affect EMF production. In fact,
the EMF growth in this study was influenced both by the nutrient at the hyphal front
(N and P amendment) and by the C provided by the roots (as shown by the effect of P

fertilization).

There were not differences in mycelium turnover between the different meshbag
amendments. This contrast with previous studies showing that the nature of a nutrient
patch could also affect hyphal turnover (Ekblad et al., 2013; Jansa et al., 2011).
Mineral substrates like feldspar have been shown to maintain fungal growth for up to
15 weeks (Rosling et al., 2004), while organic nutrient patches have been shown to
sustain fungal growth for around 5 weeks (Bending & Read 1995). Therefore, organic
substrates like urea are expected to be quickly depleted in soils. As a result, the EMF
hyphae is expected to autolyse and transfer the nutrients to other locations of the
exploring mycelium faster than during the slow weathering of mineral substrates like
apatite (Ekblad et al., 2013 ; Jansa et al., 2011). Therefore, it should be expected that
the apatite bags show lower turnover rates than the urea bags. In the present study
however, we could not detect differences between the two nutrient patches. The
material used to amend the urea meshbags in this study is methyleneurea which is a
slow N release molecule. Thus, methylene urea is hydrolyzed to ammonium at a
slower rate than the urea molecules (Hogberg et al., 2020). Therefore, even if there is

evidence that some EMF species can directly consume urea (Morel et al., 2008;
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Yamanaka, 1999), these slow releasing nutrient sources might require a more

persistent mycelium than other organic sources.

Additionally, previous mesocosm experiments have shown that when EMF mycelium
grows on sand, longevity is enhanced in comparison with EMF growing on nutrient
patches (Wallander & Pallon 2005). Nutrient patches enhance growth and metabolic
activity of EMF, which may enhance turnover rates. For example, Bidartondo et al.
(2001) tested ectomycorrhizal growth response to apatite and ammonium in growth
chambers with EMF colonized Pinus muricata seedlings. It was found that apatite
and ammonium addition increased the respiration rates of EMF, which could be taken
as an indication of higher metabolic activity and probably higher mortality. Thus, it
can be expected that EMF growing on the quartz bags have lower turnover than the
mycelium colonizing the nutrient amendments, but this was not the case in this study.
These discrepancies relating EMF turnover rates between the current and previous
studies might be caused by shortcomings on the sequential incubation method used
for the model in this paper. This method relies on the premise that the sum of the
biomass from meshbags incubated for short continuous periods should exceed the
biomass from meshbags incubated from a long incubation time. However, in a
number of cases the mycelial biomass from a long incubation period was greater than
the sum of the consecutive shorter intervals. This could be caused by a delay or a lag
phase in fungal colonization inside the bags. It is possible that when a meshbag was
collected and the same hole was used to replace a new bag (Fig 2) there was a lag
phase before the hyphae could colonize the newly placed meshbag (Wallander et al.,
2013). Thus, those data points could have created noise in the data making the

turnover estimates less robust. In any case, if turnover in the EMF communities
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colonizing the nutrient amended bags is higher (as suggested by previous studies), and
was underestimated in the current study, then the high standing biomass measured in
the urea and apatite bags can only be explained by even higher EMF production than

the predicted in these results.

4.3 Seasonal effects on fungal growth

The general assumption of Model 1 is that fungal growth occurs at a constant rate.
However, this approximation has some limitations, since seasonality usually affects
the amount of C allocated to the roots (Coutts & Nicoll, 1990) and consequently EMF
root colonization (Walker et al., 1986). Indeed, the standing fungal biomass in the
mesh bags peaked in July and decreased over autumn (Fig 2). In this paper Model 2
allowed the predicted fungal growth to vary both with seasonality and with the
treatments (P fertilization and meshbag amendment). The introduction of these
different dependencies in the model allowed us to test for the interactions between
treatment and seasonal effects. It must be noted that the predicted fungal growth
resulting from Model 1 is not incorrect and truly reflects the fungal growth
differences between the treatments. However, by including seasonality in Model 2, we
could detect that those differences predicted earlier were highly dependent on the
season. Indeed, fungal growth not only increased early in the season, but the
magnitude of this increase depended on the treatments (Fig 5). Therefore, the
differences in biomass production between the fertilization regime and meshbag

amendments were significant only early in the season (Fig 6).

The fungal biomass seasonal peak reported in the current paper contrasts with

previous studies that have reported that the standing biomass in meshbags collected
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from a Pinus sylvestris (Hagenbo et al., 2021; Wallander et al., 2001), Pinus pinaster
(Hagenbo et al., 2021) and Picea albies (Wallander et al., 2001) forests was higher
during the autumn season. However, in a study performed in the same experimental
area as the present study, Wallander et al. (2013) found that the standing biomass in
September-October incubations was lower than the standing biomass in July-August
incubations. It has been reported that different EMF species have different seasonal
peaks (Castano et al., 2017; Iotti et al., 2014; De la Varga et al., 2013) which could
explain the differences in fungal growth between previous studies and the current
experiment. Our results are also consistent with those from Coutts & Nicoll (1990)
who found that the mycelium extension of Laccaria proxima and Telephora terrestris
inoculated in Picea sitchensis peaked during July and decreased in autumn. The
mycelial extension was associated with soil temperature, which peaked early in the

growing season.

It could be also possible that non-mycorrhizal fungi had an important contribution to
the fungal growth detected in the current study. The meshbag system favors the
growth of EMF over non-mycorrhizal fungi as it has been shown in some studies
(Almeida et al., 2018; Rosenstock et al., 2016; Berner et al., 2012) which might
suggest that fungal growth in this study is influenced mostly by EMF. However, it has
been shown that the shorter the time period a meshbag remains underground the
higher the proportion of non-mycorrhizal fungi inside the bags (as measured by the
proportion of non-mycorrhizal DNA in Hagenbo et al., 2018). Non-mycorrhizal fungi
growth has been reported to respond positively to temperature (Pietikdinen et al.,
2005) which might imply that during the warmer months of July and August

filamentous non-mycorrhizal fungi growth was promoted and there was a higher
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colonization of this fungal guild inside the meshbags. Even so, the effects of the P
fertilization and meshbag amendment on fungal growth were higher early in the
season which might imply that the seasonal effect seen in the current study is

explained mostly by EMF as it was discussed previously.

In conclusion, EMF production was strongly reduced when P was added to the
forests, suggesting a decline in belowground C allocated by the trees when the P
limitation was alleviated. This decline affected not only the foraging for P (apatite)
but also foraging for N (urea). The strong negative effect of P fertilization on EMF
production suggests a central role of P in regulating EMF biomass production in N
rich forests. Moreover, the effect of the reduced belowground C allocation and the
nutrient patches on EMF growth was significant only in the warmest months of the
growing season suggesting an important effect of seasonality on EMF growth

dynamics and nutrient uptake.

References:

Agerer, R. A. and Aidl, S. R.: Distance-related semi-quantitative estimation of the
extramatrical ectomycorrhizal mycelia of Cortinarius obtusus and Tylospora
asterophora. Mycological Progress, 3, 5764, https://doi.org/10.1007/s11557-006-
0077-9, 2004.

Akselsson, C., Belyazid, S., Hellsten, S., Klarqvist, M., Pihl-Karlsson, G., Karlsson,
P. E., and Lundin, L.: Assessing the risk of N leaching from forest soils across a steep
N deposition gradient in Sweden, Environ. Pollut., 158, 3588-3595,
https://doi.org/10.1016/j.envpol.2010.08.012, 2010.

Almeida, J. P., Rosenstock, N. P., Forsmark, B., Bergh, J., and Wallander, H.:
Ectomycorrhizal community composition and function in a spruce forest transitioning
between nitrogen and phosphorus limitation, Fungal Ecol., 40, 20-31,
https://doi.org/10.1016/j.funeco.2018.05.008, 2019.

33



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

Almeida, J. P., Rosenstock, N., Woche, S., Guggenberger, G., and Wallander, H. :
Nitrophobic ectomycorrhizal fungi are associated with enhanced hydrophobicity of

soil organic matter in a Norway spruce forest, Biogeosciences Discussions, 1-31,
https://doi.org/10.5194/bg-2022-83, 2022.

Bahr, A., Ellstrom, M., Bergh, J., and Wallander, H.: Nitrogen leaching and
ectomycorrhizal nitrogen retention capacity in a Norway spruce forest fertilized with
nitrogen and phosphorus, Plant Soil, 390, 323-335, https://doi.org/10.1007/s11104-
015-2408-6, 2015.

Bending, G. D. and Read, D. J.: The structure and function of the vegetative
mycelium of ectomycorrhizal plants: V. Foraging behaviour and translocation of
nutrients from exploited litter, New Phytol., 130, 401409,
https://doi.org/10.1111/j.1469-8137.1995.tb01834.x, 1995.

Berner, C.: Berner C, Johansson T , Wallander H .. Long- term effect of apatite on
ectomycorrhizal growth and community structure ... Long-term effect of apatite on
ectomycorrhizal growth and community structure, https://doi.org/10.1007/s00572-
012-0438-y, 2012.

Bidartondo, M. 1., Ek, H., Wallander, H., and Soderstrom, B.: Do nutrient additions
alter carbon sink strength of ectomycorrhizal fungi?, New Phytol., 151, 543-550,
https://doi.org/10.1046/j.1469-8137.2001.00180.x, 2001.

Castafo, C., Alday, J. G., Parladé, J., Pera, J., Martinez de Aragon, J., and Bonet, J.
A.: Seasonal dynamics of the ectomycorrhizal fungus Lactarius vinosus are altered by

changes in soil moisture and temperature, Soil Biol. Biochem., 115, 253-260,
https://doi.org/10.1016/].s0ilbi0.2017.08.021, 2017.

Clemmensen, K. E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad, A., Wallander,
H., Stenlid, J., Finlay, R. D., Wardle, D. A., and Lindahl, B. D.: Roots and associated
fungi drive long-term carbon sequestration in boreal forest, Science (80-. )., 340,
1615-1618, https://doi.org/10.1126/science.1231923, 2013.

Coutts, M. P. and Nicoll, B. C.: Growth and survival of shoots, roots, and mycorrhizal
mycelium in clonal Sitka spruce during the first growing season after planting, Can. J.
For. Res., 20, 861-868, https://doi.org/10.1139/x90-115, 1990.

De la Varga, H., Agueda, B, Agreda, T., Martinez-Pefia, F., Parladé, J., and Pera, J.:
Seasonal dynamics of Boletus edulis and Lactarius deliciosus extraradical mycelium
in pine forests of central Spain, Mycorrhiza, 23, 391402,
https://doi.org/10.1007/s00572-013-0481-3, 2013.

Du, E. and Fang, J.: Weak growth response to nitrogen deposition in an old-growth
boreal forest, 5, https://doi.org/10.1890/ES14-00109.1, 2014.

Ekblad, A., Mikusinska, A., Agren, G. 1., Menichetti, L., Wallander, H., Vilgalys, R.,
Bahr, A., and Eriksson, U.: Production and turnover of ectomycorrhizal extramatrical

mycelial biomass and necromass under elevated co2 and nitrogen fertilization, New
Phytol., 211, 874885, https://doi.org/10.1111/nph.13961, 2016

34



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

Ekblad, A., Wallander, H., Carlsson, R., and Huss-danell, k.: Fungal biomass in roots
and extramatrical mycelium in relation to macronutrients and plant biomass of
ectomycorrhizal Pinus sylvestris and Alnus incana, New Phytol., 131, 443451,
https://doi.org/10.1111/j.1469-8137.1995.tb03081.x, 1995.

Ekblad, A., Wallander, H., and Godbold, D. L.: The production and turnover of
extramatrical mycelium of ectomycorrhizal fungi in forest soils : role in carbon
cycling, 1-27, https://doi.org/10.1007/s11104-013-1630-3, 2013.

Falkowski, P., Scholes, R. J., Boyle, E., Canadell, J., Canfield, D., Elser, J., Gruber,
N., Hibbard, K., Hogberg, P., Linder, S., Mackenzie, F. T., Moore, B., Pedersen, T.,
Rosental, Y., Seitzinger, S., Smetacek, V., and Steffen, W.: The global carbon cycle:
A test of our knowledge of earth as a system, Science (80-. )., 290, 291-296,
https://doi.org/10.1126/science.290.5490.291, 2000.

Fernandez, C. W., McCormack, M. L., Hill, J. M., Pritchard, S. G., and Koide, R. T.:
On the persistence of Cenococcum geophilum ectomycorrhizas and its implications
for forest carbon and nutrient cycles, Soil Biol. Biochem., 65, 141-143,
https://doi.org/10.1016/j.s0ilbi0.2013.05.022, 2013.

Fernandez, C. W.: The advancing mycelial frontier of ectomycorrhizal fungi, New
Phytol., 230, 1296-1299, https://doi.org/10.1111/nph.17281, 2021.

Gill, A. L. and Finzi, A. C.: Belowground carbon flux links biogeochemical cycles
and resource-use efficiency at the global scale, Ecol. Lett., 19, 1419-1428,
https://doi.org/10.1111/ele.12690, 2016.

Gower, S. T. and Vitousek, P. M.: International Association for Ecology Effects of
Nutrient Amendments on Fine Root Biomass in a Primary Successional Forest in
Hawai ’ i Published by : Springer in cooperation with International Association for
Ecology Stable URL : http://www.jstor.org/sta, Ecology, 81, 566-568, 2010.

Hagenbo, A., Clemmensen, K. E., Finlay, R. D., Kyaschenko, J., Lindahl, B. D.,
Fransson, P., and Ekblad, A.: Changes in turnover rather than production regulate
biomass of ectomycorrhizal fungal mycelium across a Pinus sylvestris
chronosequence, New Phytol., 214, 424-431, https://doi.org/10.1111/nph.14379,
2017.

Hagenbo, A., Kyaschenko, J., Clemmensen, K. E., Lindahl, B. D., and Fransson, P.:
Fungal community shifts underpin declining mycelial production and turnover across
a Pinus sylvestris chronosequence, J. Ecol., 106, 490-501,
https://doi.org/10.1111/1365-2745.12917, 2018.

Hagenbo, A., Pifluela, Y., Castafio, C., Martinez de Aragon, J., de-Miguel, S., Alday,
J. G., and Bonet, J. A.: Production and turnover of mycorrhizal soil mycelium relate
to variation in drought conditions in Mediterranean Pinus pinaster, Pinus sylvestris
and Quercus ilex forests, New Phytol., 230, 1609—-1622,
https://doi.org/10.1111/nph.17012, 2021.

35



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880

Hagerberg, D., Thelin, G., and Wallander, H.: The production of ectomycorrhizal
mycelium in forests: Relation between forest nutrient status and local mineral sources,
Plant Soil, 252, 279-290, https://doi.org/10.1023/A:1024719607740, 2003.

Hansson, K.: Impact of tree species on carbon in forest soils, PhD thesis, Swedish
University of Agricultural sciences, Uppsala, Sweden.1-56 pp., 2011.

Hedh, J., Wallander, H., and Erland, S.: Ectomycorrhizal mycelial species
composition in apatite amended and non-amended mesh bags buried in a phosphorus-
poor spruce forest, Mycol. Res., 112, 681-688,
https://doi.org/10.1016/j.mycres.2007.11.008, 2008.

Hobbie, S. E.: Plant species effects on nutrient cycling: revisiting litter feedbacks,
Trends Ecol. Evol., 30, 357-363, https://doi.org/10.1016/j.tree.2015.03.015, 2015.

Hogberg, M. N., Hogberg, P., Wallander, H., and Nilsson, L. O.: Carbon—nitrogen
relations of ectomycorrhizal mycelium across a natural nitrogen supply gradient in
boreal forest, New Phytol., 232, 1839-1848, https://doi.org/10.1111/nph.17701, 2021.

Hogberg, M. N., Hogberg, P., and Myrold, D. D.: Is microbial community
composition in boreal forest soils determined by pH, C-to-N ratio, the trees, or all
three?, Oecologia, 150, 590-601, https://doi.org/10.1007/s00442-006-0562-5, 2007.

Hogberg, M. N., Hogbom, L., and Kleja, D. B.: Soil microbial community indices as
predictors of soil solution chemistry and N leaching in Picea abies (L.) Karst. forests
in S. Sweden, Plant Soil, 372, 507-522, https://doi.org/10.1007/s11104-013-1742-9,
2013.

Hogberg, P., Ndsholm, T., Franklin, O., and Hogberg, M. N.: Tamm Review: On the
nature of the nitrogen limitation to plant growth in Fennoscandian boreal forests, For.
Ecol. Manage., 403, 161-185, https://doi.org/10.1016/j.foreco.2017.04.045, 2017.

Hodge, A.: Plastic plants and patchy soils, J. Exp. Bot., 57, 401-411,
https://doi.org/10.1093/jxb/eri280, 2006.

Keith, H., Raison, R. J., and Jacobsen, K. L.: Allocation of carbon in a mature
eucalypt forest and some effects of soil phosphorus availability, Plant Soil, 196, 81—
99, https://doi.org/10.1023/A:1004286030345, 1997.

Kruschke, J. K. and Liddell, T. M.: The Bayesian New Statistics: Hypothesis testing,
estimation, meta-analysis, and power analysis from a Bayesian perspective, Psychon.
Bull. Rev., 25, 178-206, https://doi.org/10.3758/s13423-016-1221-4, 2018.

ITotti, M., Leonardi, M., Lancellotti, E., Salerni, E., Oddis, M., Leonardi, P., Perini, C.,
Pacioni, G., and Zambonelli, A.: Spatio-temporal dynamic of tuber magnatum

mycelium in natural truffle grounds, PLoS One, 9, 1-18,
https://doi.org/10.1371/journal.pone.0115921, 2014.

36



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930

Jansa, J., Finlay, R., Wallander, H., Smith, F. A., & Smith, S. E. (2011). Role of
mycorrhizal symbioses in phosphorus cycling. In Phosphorus in action (pp. 137-168).
Nannipieri, P., Giagnoni, L., Landi, L., and Renella, G.: Phosphorus in Action, 215-
243 pp., https://doi.org/10.1007/978-3-642-15271-9, 2011.

Springer, Berlin, Heidelberg.

Nannipieri, P., Giagnoni, L., Landi, L., and Renella, G.: Phosphorus in Action, 215-
243 pp., https://doi.org/10.1007/978-3-642-15271-9, 2011.

Leake, J. R., Donnelly, D. P., Saunders, E. M., Boddy, L., and Read, D. J.: Rates and
quantities of carbon flux to ectomycorrhizal mycelium following 14C pulse labeling
of Pinus sylvestris seedlings: Effects of litter patches and interaction a wood-
decomposer fungus, Tree Physiol., 21, 71-82, https://doi.org/10.1093/treephys/21.2-
3.71, 2001.

Leppédlammi-Kujansuu, J., Ostonen, 1., Strdmgren, M., Nilsson, L. O., Kleja, D. B.,
Sah, S. P., and Helmisaari, H. S.: Effects of long-term temperature and nutrient
manipulation on Norway spruce fine roots and mycelia production, Plant Soil, 366,
287-303, https://doi.org/10.1007/s11104-012-1431-0, 2013.

Malhi, Y., Baldocchi, D. D., and Jarvis, P. G.: The carbon balance of tropical,
temperate and boreal forests, Plant, Cell Environ., 22, 715-740,
https://doi.org/10.1046/j.1365-3040.1999.00453.x, 1999.

Morel, M., Jacob, C., Fitz, M., Wipf, D., Chalot, M., and Brun, A.: Characterization
and regulation of PiDur3, a permease involved in the acquisition of urea by the

ectomycorrhizal fungus Paxillus involutus, Fungal Genet. Biol., 45, 912-921,
https://doi.org/10.1016/j.fgb.2008.01.002, 2008.

Pampolina, N. M., Dell, B., and Malajczuk, N.: Dynamics of ectomycorrhizal fungi in
an Eucalyptus globulus plantation: Effect of phosphorus fertilization, For. Ecol.
Manage., 158, 291-304, https://doi.org/10.1016/S0378-1127(00)00721-0, 2002.

Potila, H., Wallander, H., and Sarjala, T.: Growth of ectomycorrhizal fungi in drained
peatland forests with variable P and K availability, Plant Soil, 316, 139-150,
https://doi.org/10.1007/s11104-008-9766-2, 2009.

Pietikdinen, J., Pettersson, M., and Baath, E.: Comparison of temperature effects on
soil respiration and bacterial and fungal growth rates, FEMS Microbiol. Ecol., 52, 49—
58, https://doi.org/10.1016/j.femsec.2004.10.002, 2005.

Pritchard, S. G., Strand, A. E., Mccormack, M. L., Davis, M. A., and Oren, R.:
Mycorrhizal and rhizomorph dynamics in a loblolly pine forest during 5 years of free-
air-CO2-enrichment, Glob. Chang. Biol., 14, 1252-1264,
https://doi.org/10.1111/j.1365-2486.2008.01567.x, 2008.

Read, D. J. and Perez-Moreno, J.: Mycorrhizas and nutrient cycling in ecosystems - A

journey towards relevance?, New Phytol., 157, 475492,
https://doi.org/10.1046/j.1469-8137.2003.00704.x, 2003.

37



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980

Rosenstock, N. P., Berner, C., Smits, M. M., Kram, P., and Wallander, H.: The role of
phosphorus, magnesium and potassium availability in soil fungal exploration of

mineral nutrient sources in Norway spruce forests, New Phytol., 211, 542-553,
https://doi.org/10.1111/nph.13928, 2016.

Rosling, A., Lindahl, B. D., and Finlay, R. D.: Carbon allocation to ectomycorrhizal
roots and mycelium colonising different mineral substrates, New Phytol., 162, 795—
802, https://doi.org/10.1111/j.1469-8137.2004.01080.x, 2004.

Rousk, J. and Baath, E.: Fungal biomass production and turnover in soil estimated
using the acetate-in-ergosterol technique, Soil Biol. Biochem., 39, 2173-2177,
https://doi.org/10.1016/j.s0i1bi0.2007.03.023, 2007.

Tarvainen, L., Lutz, M., Réntfors, M., Ndsholm, T., and Wallin, G.: Increased needle
nitrogen contents did not improve shoot photosynthetic performance of mature
nitrogen-poor scots pine trees, Front. Plant Sci., 7,
https://doi.org/10.3389/fpls.2016.01051, 2016.

Treseder, K. K. and Treseder, K. K.: A meta-analysis of mycorrhizal responses to
nitrogen , phosphorus , and atmospheric CO 2 in field studies, 2002.

Vitousek, P. M., Porder, S., Houlton, B. Z., Chadwick, O. A., and Houlton, Z.:
Ecological Society of America Terrestrial phosphorus limitation : mechanisms ,
implications , and nitrogen — phosphorus interactions Linked references are available
on JSTOR for this article : Terrestrial phosphorus limitation : mechanisms ,
implications, 20, 515, 2010.

Wallander, H. and Nylund, J. -E: Effects of excess nitrogen and phosphorus starvation
on the extramatrical mycelium of ectomycorrhizas of Pinus sylvestris L., New
Phytol., 120, 495-503, https://doi.org/10.1111/j.1469-8137.1992.tb01798.x, 1992.

Wallander, H., Nilsson, L. O., Hagerberg, D., Baath, E.: Estimation of the biomass
and seasonal growth of external the mycelium Ectomycorrhizal Fungi, New Phytol.,
151, 753-760, 1987, https://doi.org/10.1046/j.0028-646x.2001.00199.x

Wallander, H. and Pallon, J.: Temporal changes in the elemental composition of
Rhizopogon rhizomorphs during colonization of patches with fresh organic matter or
acid-washed sand, Mycologia, 97, 295-303,
https://doi.org/10.1080/15572536.2006.11832804, 2005.

Wallander, H., Ekblad, A., and Bergh, J.: Growth and carbon sequestration by
ectomycorrhizal fungi in intensively fertilized Norway spruce forests, For. Ecol.
Manage., 262, 999-1007, https://doi.org/10.1016/j.foreco.2011.05.035, 2011.

Wallander, H., Ekblad, A., Godbold, D. L., Johnson, D., Bahr, A., Baldrian, P., Bjork,
R. G., Kieliszewska-Rokicka, B., Kjeller, R., Kraigher, H., Plassard, C., and
Rudawska, M.: Evaluation of methods to estimate production, biomass and turnover
of ectomycorrhizal mycelium in forests soils - A review, Soil Biol. Biochem., 57,
10341047, https://doi.org/10.1016/j.s0i1bi0.2012.08.027, 2013.

38



https://doi.org/10.5194/bg-2022-165
Preprint. Discussion started: 20 September 2022
(© Author(s) 2022. CC BY 4.0 License.

981
982
983
984
985
986
987
988
989
990
991
992
993
994
995

Yamanaka, T.: Utilization of inorganic and organic nitrogen in pure cultures by
saprotrophic and ectomycorrhizal fungi producing sporophores on urea-treated forest
floor, Mycol. Res., 103, 811-816, https://doi.org/10.1017/S0953756298007801, 1999.

Yuan, Z. Y. and Chen, H. Y. H.: Fine root biomass, production, turnover rates, and
nutrient contents in boreal forest ecosystems in relation to species, climate, fertility,
and stand age: Literature review and meta-analyses, CRC. Crit. Rev. Plant Sci., 29,
204-221, https://doi.org/10.1080/07352689.2010.483579, 2010.

Zheng, H., Vesterdal, L., Schmidt, I. K., and Rousk, J.: Ecoenzymatic stoichiometry

can reflect microbial resource limitation, substrate quality, or both in forest soils, Soil
Biol. Biochem., 167, 108613, https://doi.org/10.1016/j.s0ilbi0.2022.108613, 2022.

39



