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• The DIRT Project assess how rates and
sources of plant litter inputs influence
stabilization of soil organic matter.

• SOM pools decreased in response to ex-
clusion of aboveground litter, but
responded only slightly to doubling of
litter.

• There was limited evidence that below-
ground litter contributed more to stable
SOM pools than aboveground litter.

• Partitioning of belowground contribu-
tions to soil respirationwerepredictable
based on soil C and N.

• Soil fertility was negatively related to %
root respiration but positively related
to % aboveground litter respiration.
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Ecological research networks functioning across climatic and edaphic gradients are critical for improving predic-
tive understanding of biogeochemical cycles at local through global scales. One international network, the Detri-
tal Input and Removal Treatment (DIRT) Project, was established to assess how rates and sources of plant litter
inputs influence accumulations or losses of organicmatter in forest soils. DIRT employs chronic additions and ex-
clusions of aboveground litter inputs and exclusion of root ingrowth to permanent plots at eight forested and two
shrub/grass sites to investigate how soil organic matter (SOM) dynamics are influenced by plant detrital inputs
across ecosystem and soil types.
Across the DIRT network described here, SOM pools responded only slightly, or not at all, to chronic doubling of
aboveground litter inputs. Explanations for the slow or even negative response of SOM to litter additions include
increased decomposition of new inputs and priming of old SOM. Evidence of priming includes increased soil res-
piration in litter addition plots, decreased dissolved organic carbon (DOC) output from increasedmicrobial activ-
ity, and biochemical markers in soil indicating enhanced SOM degradation. SOM pools decreased in response to
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chronic exclusion of aboveground litter, which had a greater effect on soil C than did excluding roots, providing
evidence that root-derived C is not more critical than aboveground litter C to soil C sequestration. Partitioning of
belowground contributions to total soil respiration were predictable based on site-level soil C and N as estimates
of site fertility; contributions to soil respiration from root respiration were negatively related to soil fertility and
inversely, contributions from decomposing aboveground litter in soil were positively related to site fertility. The
commonality of approaches andmanipulations across the DIRT network has provided greater insights into soil C
cycling than could have been revealed at a single site.

© 2018 Published by Elsevier B.V.
Priming
Density fractionation
Detritus
1. Introduction

Globally, soils contain more than three times more carbon than the
atmosphere, and four and a half times more carbon than the world's
biota (Lal, 2004). Despite their importance, however, soil carbon stocks
have been reduced through land use change and unsustainable forest
management practices (Lal, 2004; Vagen et al., 2005). It has been pro-
posed thatmanagement efforts to increase forest productivity can result
in increased C storagewithin living forest biomass and thereby slow the
rate of atmospheric CO2 increase (Pan et al., 2011; Post et al., 2012). For-
est fertilization studies have shown that forest growth, and hence bio-
mass carbon pools, can be increased as a result of active management
(e.g. Chen et al., 2011a; Harrington et al., 2001). Elevated plant inputs
to soils associated with higher primary productivity should lead to in-
creased C inputs to soils, which could, in turn, lead to increased C stor-
age in SOM. As such, forest managers are increasingly pressed to
manage existing forests in ways that will increase soil carbon storage
(Lal, 2005; Post et al., 2012). However, the extent to which forests can
be manipulated to enhance C sequestration in soil remains unclear
(Jandl et al., 2007; Schöning et al., 2013). Sources of carbon thatmay po-
tentially be sequestered in soils, and long-term controls of carbon stabil-
ity in soils are poorly understood (Marín-Spiotta et al., 2014; Schmidt
et al., 2011; von Lützow et al., 2006, 2008).

Many factors affect SOMcarbonaccumulation and stabilization, includ-
ing mineralogy and soil aggregation (Rasmussen et al., 2005; Torn et al.,
1997; Spielvogel et al., 2008), land use and forest harvest (Yanai et al.,
2003; Nave et al., 2010; Paul et al., 2003; Grandy and Robertson, 2007),
and climate (Craine et al., 2010; Fissore et al., 2008; Giardina et al.,
2014). Although forest type and vegetation strongly influence biomass
carbon balance, the direct role of plant litter inputs on SOM C status is
less well known and is neither linearly nor directly linked to rates of
input. Due to climate change, net primary productivity (NPP) and thus
litterfall are predicted to change in many ecosystems (Melillo et al.,
1993; King et al., 1997; Raich et al., 2006), but it is not clear whether par-
allel changes in SOMstoreswill accompany changes inNPP.Models of eco-
systemC balance generally assume a strong relationship amongNPP, litter
inputs, and soil C accumulation (Liski et al., 2002; Gottschalk et al., 2012),
but there is little direct experimental evidence for these relationships. Net
accumulation needs to consider the balance between aboveground
(litterfall, throughfall) and belowground (root turnover, exudation of or-
ganic compounds from roots) plant detrital inputs and outputs (soil respi-
ration, aqueous loss during leaching, physical loss via erosion).

Numerous factors contribute to non-linear relationships between
litter inputs and soil C sequestration. Soils have finite capacities to se-
quester C and eventually become saturated (Chung et al., 2008;
Stewart et al., 2009; Six et al., 2002; Mayzelle et al., 2014), effectively
decoupling litter inputs and C accumulation rates; saturation levels
might be more dependent on climate and soil mineralogy than on the
biochemical composition and quantity of C inputs. Furthermore, addi-
tions of simple and complex organic detrital substrates to soil can in-
crease turnover rates of native SOM, a process known as the ‘priming
effect’ (Kuzyakov et al., 2000). Enhanced microbial respiration in re-
sponse to additional plant litter inputs or increased rhizodeposition
could lead to destabilization of stored SOM, paradoxically decreasing
soil C sequestration.
Litter quality has often been suggested as a driver of potential accu-
mulation rates of SOM (e.g. Berg and Meentemeyer, 2002). Litter con-
stituents are structurally and functionally variable, ranging from
soluble lowmolecular weight organic compounds that decompose rap-
idly (e.g. sugars), to complex organic compounds (structural and defen-
sive compounds) that are relatively resistant to microbial processing
(Berg and McClaugherty, 2007). Hence, litter is often described by its
biochemical decomposability, and is thus quantified by a set or sets of
propertiesmeant to characterize the ease bywhich carbon and nitrogen
within SOM can be mineralized (Bosatta and Ågren, 1999; Rovira et al.,
2008; Aber et al., 1990; Talbot et al., 2012). However, such indices speak
more to the decomposability of litter, and less to the dynamics and re-
tention of C within SOM- the end product of litter and root tissue de-
composition. Increasingly it is recognized that chemical interactions
between SOM and mineral soil particles play perhaps the most signifi-
cant role in C retention; clay surfaces and aluminumand iron oxides sta-
bilize organic matter, and physical protection within soil aggregates
decreases accessibility to microbes (Sollins et al., 1996; von Lützow
et al., 2006; Marschner et al., 2008; Schmidt et al., 2011). However, in
response to altered environmental conditions, SOM quality can change
even if total SOM content does not (Feng et al., 2008; Feng et al.,
2010; Simpson and Simpson, 2012).

The Detrital Input and Removal Treatment (DIRT) Project assesses
the role of plant detritus input amounts and quality on the accumulation
and dynamics of organic matter in forest soils. DIRT uses an experimen-
tal approach of chronically adding aboveground litter, excluding litter,
and preventing root ingrowth to long-term experimental plots to assess
the importance of plant detrital sources and loading rates on SOM for-
mation and accumulation or loss. The prototype for the DIRT network
was established in 1956 by Francis Hole in the University of Wisconsin
Arboretum in two forest and two prairie sites (here referred to as
WISC), where the manipulations included doubling and removal of
aboveground litter inputs annually (Nielsen and Hole, 1963;
Nadelhoffer and Fry, 1988; Lajtha et al., 2014b) (Fig. 1). The current
DIRT network protocol includes doubled aboveground litter inputs
(Double Litter), Double Wood, root exclusion by trenching (No Root),
No (aboveground) Litter via screening, and complete litter and root ex-
clusion (No Inputs) (Table 1). The Harvard Forest, MA, site (HF) was
established in 1990 in a transition/mixed hardwood-forest dominated
by Northern red oak (Quercus borealis Michx. F.), red maple (Acer
rubrum L.), and paper birch (Betula payrifera Marsh.). The Bousson Ex-
perimental Forest, PA, site (BEF) was established in 1991 in a mixed de-
ciduous stand dominated by black cherry (Prunus serotina hrh.) and
sugar maple (Acer saccharum Marshall), with American beech (Fagus
grandifolia Ehrh.) and red oak (Quercus rubra L.) constituting most of
the remainder. The H.J. Andrews, OR, site (HJA) was established in
1997 in a mid-growth conifer forest dominated by western hemlock
(Tsuga heterophylla (Rafinesque) Sargent) and Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco). The Síkfőkút forest site in
Hungary (SIK) was established in 2000 in a dry oak forest (Fekete
et al., 2014; Kotroczó et al., 2014), and a site in Germany (SK) was
established in a beech/oak forest in 1999 (Klotzbücher et al., 2013). A
DIRT site that was crossed with an N fertilization experiment was
established at the University of Michigan Biological Station (UMBS) in
2004 in a dry deciduous forest that is dominated by bigtooth aspen



Fig. 1. Location of sites within the Detritus Input and Removal Treatments (DIRT) project.
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(Populus grandidentata Michx.), and secondarily by red maple (Acer
rubrum L.), red oak (Quercus rubra L.), paper birch (Betula paperifera
Marsh.), eastern white pine (Pinus strobus L.), sugar maple (Acer
saccharumMarsh.), American beech (Fagus grandifolia Ehrh.), and trem-
bling aspen (Populus tremuloides Michx.). More recently, DIRT sites
were established in grassland/shrub systems in the Santa Rita Experi-
mental Range and Wildlife Area, AZ (SRER) and in the Reynolds Creek
Experimental Watershed, ID (RCEW), both in 2013.

Here we synthesize research in the international DIRT network and
show how the DIRT network has contributed to understanding of the
role of both above- and belowground plant inputs to soil carbon stabili-
zation and destabilization, aswell as the likelihood of increased produc-
tivity in mature forests contributing to enhanced soil C sequestration.
Table 1
Description of litter treatments at the DIRT Plots.

Treatment Description

Control Natural above and belowground litter inputs are allowed. Coarse
woody debris N1 cm dia is excluded. Seedlings and herbaceous
material are removed.

Double
Litter

Above ground leaf or needle inputs are doubled by adding litter
removed annually and allocated proportionately from the No Litter
plots.

Double
Wood

Above ground wood inputs are increased by adding chipped wood in
an amount such that total C additions are approximately equal to the
Double Litter treatments. This treatment occurs only at Sikfokut and
Andrews.

No Litter Aboveground inputs are removed from plots during autumn
senescence and periodically throughout the year.

No Roots Roots are excluded with trenching that extends from the soil surface
to 140 cm depth.

No Inputs Aboveground inputs are excluded as in No Litter plots; belowground
inputs are prevented as in No Roots plots.

OA-less ~Top 30 cm of soil (O and A Horizons) was replaced with mineral soil.
Responses of total soil C and density fractions to detrital manipula-
tion: SOM resilience.

Soil carbon content is expected to change in response to detrital ma-
nipulation only gradually with time, thus our collections were timed at
5 and 10 year intervals,withmajor sampling effortsmade at decadal an-
niversaries. Density fractionation (Sollins et al., 2009) to identify free
particulate, labile vs. mineral-associated SOM pools has also been mea-
sured at decadal intervals.

Becausemostmodels of soil organicmatter composition assume a
direct relationship between litter inputs and soil C accumulation
(Gottschalk et al., 2012), we initially predicted that treatments
with litter additions (Double Litter and Double Wood) would show
relatively rapid increases in surface soil C content and that treat-
ments with litter removals (No Litter, No Roots, No Inputs) would
show similar decreases in surface soil C content. Indeed, the trajec-
tory of C concentration from the original DIRT site in Wisconsin
clearly exhibited this pattern, although the first analyses of soils
were not done until 28 years after the experiment began (Lajtha
et al., 2014b; Fig. 2). However, analyses from the other forested
DIRT sites that were sampled within the first 20 years showed little
response to Doubled Litter inputs, and in fact showed remarkably
similar trends of slight, but not significant decreases in both C con-
centration and total profile C content (Fig. 3). We were surprised
that even after 20 years, density fractionation data also showed little
to no increase in free light fraction material with litter additions
(Lajtha et al., 2014a, 2014b; Klotzbücher et al., 2013). However, all
sites showed significant decreases in surface soil C concentration
with litter removals. In contrast to reports suggesting that root-
derived C is preferentially stabilized over aboveground inputs
(Rasse et al., 2005; Bird et al., 2008), aboveground litter exclusion
had an effect on C levels similar to that of root exclusion, thus we
did not see evidence that root-derived C is more critical to soil C



Fig. 2. Soil Organic Carbon (SOC) concentrations in the top 10 cm (AHorizon) for NoeWoods (A) andWingraWoods (B) in theWISC Detrital Input and Removal Treatments plots in 1984,
1997 and 2006 (Lajtha et al., 2014b). Values are means± 1 standard error (n=4). Significant differences in values among treatments within a site in 2006 (yr 50) are shown in Table 2.
When SE bars are not shown it is because the SE was smaller than the symbol.
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sequestration. Across sites, in fact, aboveground litter exclusion had
a slightly greater negative effect, although not significantly so at any
site, than root exclusion.

2. Soil respiration

Soil respiration, or CO2 released from soil into the atmosphere, in-
cludes CO2 released duringmicrobial decomposition of soil organicmat-
ter, and CO2 respired by live roots and soil fauna. Over the last two
decades, important insights have been gained in understanding both bi-
otic and abiotic factors that control soil respiration, which is a critical
controller of SOM stocks, given that the rate of SOM accumulation de-
pends on a balance between inputs and outputs. Recognizing that soil
respiration is themain output of C from soil, the DIRT network provides
first-hand evidence of the effects of increased OM inputs on soil C out-
puts, nuances on effects of soil moisture on respiration, and the role of
site fertility in controlling sources that contribute to total soil
respiration.

The Double Litter treatment enables us to examine the response of
increased litterfall in response to accelerated rates of forest productivity.
Certainly, doubling of aboveground litterfall is not likely to occur across
most existingmature forests. Nonetheless, it was surprising that we de-
tected limited changes in total soil C in response to doubled litter inputs.
Fig. 3. Surface soil (0–10 cm) C concentration in (A) BEF (B) HF (C) HJA and (D)WISCDIRT sites
after 20 years of treatment; data for HJA (Crow et al., 2009b) are after 10 years; data for WISC
At four of five sites (Fig. 4), we found that annual soil respiration in-
creased in the double litter plots. Our work does not yet allow us to
identify the sources – root respiration or SOM decomposition - of CO2

contributing to the elevated soil respiration following increased litter
additions. We do know that at Bousson (Bowden et al., 2014) and the
Harvard Forest (Lajtha et al., 2014a), roots did not increase in theDouble
Litter plots (Fig. 5), and preliminary results from theUMBS site also sug-
gest that the root masses in the Control and DL treatments are also sim-
ilar. Although we cannot rule out the possibility that root activity was
enhanced, or that root turnover was also increased, it seemsmost likely
that decomposition of the additional aboveground litter caused the in-
crease in soil respiration. This enhanced decomposition, then, contrib-
utes to the lack of C accretion in the Double Litter plots - the microbial
community responded to the additional inputs, either in enhanced ac-
tivity of the existing microbial population, or in an increased microbial
population. The SIK and WI plots did display an increase in C, but this
was detectable only in the surface soils, and in the case of WI, only
after 50 years.

These results, then, speak directly to ecological processes that will
influence management efforts to increase forest productivity as a
means to increase C storage in SOM pools. Enhancing productivity
may well increase litter inputs from leaves, bark, branches and repro-
ductive tissues, but the microbial community responds rapidly to
. Error bars denote 1 SE. Data for BEF (Bowden et al., 2014) andHF (Lajtha et al., 2014a) are
(Lajtha et al., 2014b) are after 50 years.
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these additional inputs, respiring away these C inputs that could have
been potentially stored in soil. Certainly, over time, small amounts of
C are added each year to the pool of SOM, but any such inputs are
small and incremental, and are not easily detectable given the variabil-
ity of soils.

Although the DIRT experiment was not designed explicitly to quan-
tify factors that control soil respiration, it has provided insights into soil
respiration responses to conditions of the soil environment. The US sites
are located in mesic environments where soil moisture is not usually
limiting, where temperature is the dominant controller of soil respira-
tion (Chen et al., 2000; Davidson and Janssens, 2006; Knorr et al.,
2005; Kotroczó et al., 2008; Bond-Lamberty and Thomson, 2010;
Smith and Fang, 2010) and where moisture effects are limited
(Bowden et al., 1998). This is important because theNoRoots andNo In-
puts treatments reduce living roots, thus reducing water uptake by tree
roots. Nonetheless, we have observed at best small changes in soil mois-
ture between control and either No Roots or No Inputs treatments. The
Sikfokut site, however, is located in a moderate continental climate,
where average annual precipitation is 553 mm (Fekete et al., 2014),
compared to the US sites, which range from 817 mm at UMBS to
2200 mm at HJA. Here, removal of roots significantly increased soil
0 300 600 900 1200 1500

45-60

30-45

15-30

FF+0-15

Fine Roots (g m-2)

UMBS

HF

BEF

Fig. 5. Fine root content from control plots at the UMBS (unpublished data), HF (Lajtha
et al., 2014a), and BEF (Bowden et al., 2014) DIRT sites. Mean ± SE.
moisture such that during drier periods, when soil moisture content in
control plots was b16% (v/v), soil CO2 emissions in No Roots and No In-
puts plotswere significantly greater than the rates in control plots, even
in the absence of root respiration. During wetter periods, however,
when the soil moisture content in control plots was N16% (v/v), emis-
sion rates were not significantly different among treatments. In
moisture-stressed forest environments, therefore, soil respiration is un-
likely to increase even when soil temperature and nutrient supply are
favorable for microbial processing of soil organic matter (Sardans and
Peñuelas, 2005; Fekete et al., 2012), and will lead to retention of soil C.
Our data support this finding – at the SIK site, soil respiration rates in
the DL and Control plots did not differ (Fig. 4), and after eight years, sur-
face SOM concentrations increased in the DL plots (Fekete et al., 2014).

The DIRT experiment has been instrumental in assessing the relative
contribution of autotrophic and heterotrophic respiration to total soil
respiration. Accurate estimates of these contributions are important to
understanding C budgets and to modelling forest C dynamics. Previous
work has shown that the total allocation of carbon to roots is driven
by abovegroundproductivity (Raich andNadelhoffer, 1989), but the rel-
ative contributions of autotrophic and heterotrophic respiration to total
soil respiration in temperate forests vary considerably (Bond-Lamberty
et al., 2004; Ryan and Law, 2005; Chen et al., 2011b). Furthermore, the
causes of this variability are notwell known.One factor thatmay control
the partitioning of soil respiration between autotrophic and heterotro-
phic sources is soil nitrogen availability, which is often a resource limi-
tation in temperate ecosystems. It has been postulated that as soil
nitrogen increases, increased ecosystem productivity will result in in-
creased rates of aboveground litter production, reduced fine root bio-
mass, and faster fine root turnover, subsequently resulting in greater
inputs of root litter to the SOM pool (Nadelhoffer et al., 1985;
Hendricks et al., 1993). Conversely, in a forest ecosystem of lower pro-
ductivity, relative aboveground litter production is lower, fine root bio-
mass is increased due to the need by trees to explore soil for limited
stores of nitrogen, and fine root turnover is reduced. Because we have
a range of soil N content and relative availability across our sites, the
DIRT treatments allow us to test the hypothesis that the relative contri-
butions to total soil respiration from aboveground litter will be propor-
tional to soil nutrient status, but that relative contributions from root
respiration will be inversely proportional to soil nutrient status.

Contributions to total soil respiration by aboveground litter, below-
ground litter, and root respiration were assessed by assuming that on
an annual basis, soil C stores are at steady state, and that annual above-
ground litter inputs at steady state are equal to total respiration losses
due to decomposition of newly deposited and previously deposited
leaf litter. We acknowledge that total SOM may show interannual vari-
ation, but such changes will be small in comparison the autotropic and
heterotrophic respiration. Autotrophic and heterotrophic contributions
to total soil respirationwere thus estimated using the following calcula-
tions (Bowden et al., 1993):

Total Soil Respiration ¼ Annual flux from Control Plots

Aboveground Litter Respiration ¼ Aboveground AGð Þ Litterfall C

Root Respiration ¼ Control Plot–No Roots

Belowground BGð Þ Litter Respiration
¼ Control Plot–No Roots−AG Litterfall

Site-level soil C and N, and calculated site-level soil CN ratios, which
serve as strong indicators of nitrogen availability (e.g. Taylor et al.,
1989), were used as estimators of site fertility.

At the hardwood sites (we excluded H.J. Andrews, which is an old-
growth conifer stand, and Wisconsin for which we had neither have
soil respiration nor site-level soil C and N data) we found that the pro-
portion of total soil respiration from root respiration ranged from 8%



0

30

60

90

120

150

UMBS HF BEF SIK

So
il 

C 
 (M

g 
 h

a-1
)

0

3000

6000

9000

12000

UMBS HF BEF SIK

So
il 

N
  (

kg
 h

a-1
)

Fig. 6. Soil C andN inupper 60 cmat hardwoodDIRT sites.Mean±SE. Data source are:HF:
(Lajtha et al., 2014a); BEF: (Bowden et al., 2014); SIK (Fekete et al., 2014); data for UMBS
are unpublished.

1117K. Lajtha et al. / Science of the Total Environment 640–641 (2018) 1112–1120
at Sikfokut to 38% at UMBS (Table 2) and the proportion of soil respira-
tion derived from AG litter ranged from 15 to 46%. We found that con-
tributions from root respiration were negatively related to soil C and
N (Fig. 6) and site-level soil CN (UMBS: 25.7, HF: 18.4, BEF: 13.8,
SIK:13.3) and that contributions from AG litter are positively related
to site fertility. These relationships are consistent with our hypothesis.
Hence, in the sites with the lowest fertility, forests invest a very high
proportion of annual production into root biomass and rhizospheric res-
piration due to the need for soil nutrient exploration and uptake. Inter-
estingly, we found that the UMBS site had the lowest root mass (Fig. 5),
yet the highest rates of soil respiration. We also know that at this site,
nearly half of annual net primary production is used to grow roots
(Gough et al., 2008). The roots support most of the hyphal production
at UMBS, andmycorrhizae are responsible for much of the uptake of ni-
trogen, thus hyphal production may rival litterfall C inputs (Nave et al.,
2013). Ectomycorrhizae also comprise over a third of soil fungi at UMBS
(Castillo, unpublished data), with nearly all roots infected with either
ectomycorrhizal or arbuscularmycorrhizal fungi. Thus, the combination
of root and microbial respiration within the rhizosphere may be con-
tributing to the high rates of total soil respiration at this site.

Soil fertility exerts a strong control over the sources of soil CO2, and
this relationship is likely to be dynamic as anthropogenic alterations,
such as climate warming and nitrogen deposition (Hicks Pries et al.,
2017; Janssens et al., 2010), continue to alter soil fertility – soil respira-
tion relationships. With soil respiration comprising such a large compo-
nent of ecosystem and global C fluxes, models of ecosystem or global C
budgets must account for differences in the relative contributions of
aboveground and belowground sources of soil respiration to best quan-
tify how potential changes in soil respiration may be driven by hetero-
trophic respiration of SOM that can lead to transfer of C from soil to
atmospheric pools.

3. Priming: the DIRT perspective

Soil priming, defined as the accelerated decomposition of existing
SOM in response to increased litter inputs, is an interaction between
the live and dead components of the soil ecosystem, specifically the liv-
ing soil microbial community and dead soil organic matter (SOM)
(Kuzyakov, 2010; Cheng et al., 2014). Generally, priming is a sequence
of soil processes initiated by elevated litter inputs that result in in-
creased microbial biomass, higher respiration, and greater extracellular
enzyme production, andwhich, over time, alters soil microbial commu-
nity structure (Kuzyakov, 2011) and increases SOM decomposition,
thus decreasing soil C stocks. Importantly, even if drivers of primary
productivity such as temperature, atmospheric CO2, and rainfall to-
gether stimulate ecosystem productivity, and in doing so increase litter
and root organic matter inputs to soils, the net effect of primingmay be
that soil C stores are unchanged or even diminished.

The components of DIRT that we hypothesize to induce aspects of a
priming effect include 1) pulse additions of aboveground litter follow-
ing field maintenance days when litter transfers were made from the
No Litter to Double Litter plots, 2) continuous effects of the additional
litter decay over time (both of which induce litter-derived priming,
Table 2
Proportion of total soil respiration due to root respiration and decomposition of above-
ground and belowground litter. Data sources are: SIK (Fekete et al., 2014); HF: (Bowden
et al., 1993); HJA: (Sulzman et al., 2005). Data from BEF and UMBS are unpublished.

Site Vegetation
type

Soil respiration component

Root
respiration

AG
litter

BG
litter

Total
belowground

SIK Hardwood 8 46 46 54
BEF Hardwood 15 30 55 70
HF Hardwood 33 29 37 70
UMBS Hardwood 38 15 48 86
HJA Conifer 22 19 59 81
without rhizosphere priming effects associated with increased NPP),
3) continuous effects of doublewood addition, thatmay induce a strong
C:N-derived competition betweenmicrobes and trees andmay result in
long-term C losses, and 4) a pulse of belowground inputswith the death
of roots following trenching.

A compelling example of priming occurred in the coniferous H.J. An-
drews DIRT site after nine years of treatments: litter-induced priming
occurred in response to the Double Litter treatment, and was detected
because total soil respiration rates where well in excess of rates that
could be expected from the freshly added, additional litter (Sulzman
et al., 2005). Here, because aboveground NPP of this treatment was
not different from the Control, we can distinguish litter-induced prim-
ing from rhizosphere priming (Sulzman et al., 2005; Crow et al.,
2009a, 2009b). Doubling needle input at H.J. Andrews stimulated min-
eralization of in situ SOM, accounting for 11.5–21.6% of annual CO2

flux, leaving less labile, more degraded soil (Crow et al., 2009a). Evi-
dence for priming included 1) lower DOC outputs from the mineral
soil in Double Litter than Control plots and 2) DOC in Double Litter
plots having higher concentrations of compounds associated with mi-
crobial degradation, and3) high root and fungal activity in the Ohorizon
(Crow et al., 2009b), whichmay serve as a biotic link tomineral soil and
priming (Brant et al., 2006). Evidence of accelerated decomposition in
the organic horizon of the double litter plots was also detected - DOM
in O horizon became more degraded with added litter.

Whereas the HJA site showed demonstrable evidence of priming,
other forestsmay have differences in climate, nutrient status, and forest
type thatmay influencewhether or not additional organicmatter inputs
promote priming. For example, the first eight years of DIRT at Sikfokut
Double Litter showed no increase in soil respiration, but an increase in
C content at 0–5 cm (Fekete et al., 2014). In this case, low precipitation
and high temperature during summer likely inhibited decomposition,
thus promoting soil C increases (Fekete et al., 2014). Furthermore, at-
mospheric nitrogen deposition, which is high at Sikfokut
(15 kg N ha−1 yr−1) (Holland et al., 2004) may have further inhibited
decomposition at the Hungary site (Frey et al., 2014). Similarly, the SK
site, after eight years of treatment, showed an increase in soil C, but
no increase in indicators of enhanced lignin degradation (Klotzbücher
et al., 2013).
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More subtle evidence for priming and its transitory nature was
found at the Bousson site (Bowden et al., 2014; Mayzelle et al., 2014),
and the Harvard Forest (Lajtha et al., 2014a). As evidence, we found
that after 20 years at Bousson, coarse particulate organic matter within
small mineral soil macroaggregates (N250 μm) had decreased in the
Double Litter treatment (Mayzelle et al., 2014), rather than increased,
as had been expected. Further evidence is derived from recent
molecular-level assessments. At Bousson, we observed evidence of ac-
celerated degradation of SOM and lignin in the Double Litter plots
(Wang et al., 2017), providing evidence of enhanced decomposition.
At the Harvard Forest, the amount of solvent-extractable and lignin-
derived compounds did not change significantly with doubled litter in-
puts (Pisani et al., 2016). Likewise, this is evidence priming because two
decades of enhanced inputs should have increased these compounds; a
lack of increase is consistent with accelerated decomposition. Further-
more, even after 20 years of doubled litter inputs, cutin-derived bio-
markers did not increase significantly at either Bousson or the
Harvard Forest, aswould have been expected fromdoubled leaf litter in-
puts; this suggests strongly that these compounds were indeed de-
graded. During laboratory incubations of the Bousson soils, there was
no change in total carbon content or cumulative CO2-C respired, but
the Double Litter soils were proportionally enriched with lipids
(58.3%) versus ambient soils (19.5%) and these lipids were preferen-
tially lost (49.9%) during incubation (Reynolds et al., 2018). The propor-
tional increase in lipids under Double Litter may be the result of
turnover in the heavy, older fraction due to priming followed by the in-
corporation of younger, less degraded carbon, as indicated by the rela-
tive mineralizability of these lipids during laboratory incubation.

Although induction of apparent priming is real and informative in
the DIRT experiments, from an ecosystemperspective our experimental
litter-doubling manipulations do not and were not meant to mimic
long-term changes in forest productivity. Instead, “real” priming effects
in forests may be delayed by days, weeks, or months, depending upon
the timing and rate of extra litter inputs (Fontaine et al., 2004;
Blagodatsky et al., 2010). For example, natural short-term, high input
pulsesmay comeduring fall senescence in temperate deciduous and bo-
real forests or senescence in dry subtropical regions, or in bursts associ-
ated with storm events or other disturbances. These stochastic pulses of
OM inputs could lead to priming that occurs immediately following
litterfall inputs, as long as decomposition conditions are suitable, and
which then declines as energetic gains from those inputs are depleted.
Fig. 7. Conceptual model of factors and processes infl
Efforts to enhance forest productivity could also lead to greater pulses
of aboveground OM inputs, and enhanced rhizospheric priming may
also occur if increases in productivity also increase rhizodeposition of
exudates and cell wall sloughage (Dijkstra et al., 2013). Quantifying
the timing of priming remains elusive. The HJA site showed that we
could quantify priming on an annual basis (Sulzman et al., 2005), as
the HF and BEF sites showed evidence of priming over longer time
frames through intensive characterization of physical and biochemical
characteristics. Detecting short-term pulses of priming, however, re-
mains challenging.

Taken together, The DIRT experiment has used examination of soil
respiration measurements, soil aggregate analysis, soil biochemistry
characterizations, and laboratory incubations to collectively suggest
that soil OM degradation was indeed primed via stimulation of micro-
bial activity. It is important to note that despite clear evidence of prim-
ing at HJA, Bousson, and the Harvard Forest, none of these sites showed
reductions in total SOM. Although priming negated potential increases
in SOM due to added inputs, accelerated SOM losses were balanced by
two decades of additional litter inputs that had apparently been stabi-
lized. Clearly, forest production produces both the aboveground and be-
lowground OM that leads ultimately to SOM. However, to understand
linkages between productivity and carbon cycling, and to model
changes in biomass pools and SOMpools, above and belowground com-
ponents of the priming effect need to be considered (Kuzyakov, 2011).
Our ability to accurately predict terrestrial carbon cycle responses to
changing productivity will be limited by not including priming effects
on SOM storage (Cheng et al., 2014).

4. Conclusions and the Future of DIRT

Numerous factors influence the quantity and quality of SOM inputs,
outputs, and storage (Fig. 7), thus soil carbon pools in forests may not
respond linearly or immediately to aboveground or belowground litter
inputs. Aboveground and belowground inputs have different biochem-
ical characteristics, and can operate at different time scales.Multiple fac-
tors influence both the rates and quality, aswell as relative proportion of
inputs, as well. On the output side, SOM losses can be gaseous, physical,
or hydrological, and can be driven by biological and physical factors, as
well as chronic or stochastic events. For decades, SOM storage was
thought to be driven primarily by the sources and inherent biochemis-
try of OM inputs; in recent years, however, we have learned that soil
uencing soil organic matter quantity and quality.
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mineralogy exerts important controls through protection of SOM, in-
cluding pools considered to be both recalcitrant and labile. Recent un-
derstanding of priming also indicates our growing appreciation of
microbial biology, and how this process can produce non-linear rela-
tionships between inputs and SOM sequestration and stability.

Efforts to sequester carbon bymanaging productivity and associated
litter inputs will not likely result in increased carbon storage over short
time frames. Conversely, SOM is sensitive to litter additions, thus man-
agement activities or environmental changes that may reduce OM in-
puts may also threaten SOM storage. Our work at DIRT sites also
underscores the importance of collaboration atmultiple sites, especially
for processes that cannot be understood within short study periods. Fu-
ture goals are to expand the DIRT network to more sites to understand
the generalizability and drivers of variability among sites, and to in-
crease molecular- and microbial-level understanding that will help to
better understand factors of SOM stabilization and destabilization.
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