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 Final frontier in ecolo =
& AS5CO, J RIEB(ER) M ER(1E)
e E Z+M (soil N cycle processes are complex): l iHtL/ RiEfG
[

» Multiple transformations, feedbacks, and N : N;,'prg
interactions with other biogeochemical elements IR SR ] l ,
[plant-soil-microbe feedbacks]. 1221143 l l : 'l

' I
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* To monitor and quantify many specific N cycling l l :
processes. I

« Controls on N cycling are uncertain, especially HEEHESOM i e
how it responds to global change factors Nitt&

(climate change, elevated atmospheric CO,, N

deposition, etc.). Coupled C-N cycling in plant-soil system



SoiLs—THE FINaL FRONTIER

INTRODUCTION

Ecology in the Underworld

n many ways the ground beneath our feet is as alien as a distant planet. The processes occur-
ring in the top few centimeters of Earth’s surface are the basis of all life on dry land, but the
opacity of soil has severely limited our understanding of how it functions. As creatures of the
aerial world, we have a decidedly distorted view of this nurturing underworld. For ecologists,
; and flummoxes in equal measure. The techniques and approaches of many
pveground ecology don’t translate well to the soil environment.

ves are beginning to change, as the articles in this special issue show. Interest in
ed in part by technical advances of the past decade. Molecular phylogenetics,
ng the extent of the diversity of soil microorganisms and how patterns of diver-

NOIL1D23§ 1¥ID3dS

tanding of the mutual influences of the underground and aboveground compo-
re reviewed by Wardle ef al. (p. 1629). Ecologists have traditionally portrayed
il as a black box labeled “decomposers”™—essentially. a single trophic level
veground material, with its multiple trophic levels, is
Digging deeper, it turns out that the soil food web is
hs the aboveground web, with intricate connections to

CONTENTS

SOILS

Lzrth world, ecology is writ small. The spatial, chemical, News
eneity within a few cubic centimeters of soil rivals UEus Gel it
rest or coral reef. Young and Crawford (p. 1634) de- 1616 Wounding Earth’s Fragile Skin
techniques for documenting and visualizing the mi- From Alaska to Yucatan, a Long-
underfoot. In a News story, Pennisi (p. 1620) pro- Awaited Soil Survey Takes Shape
E:(rilesz a s(.jtagl: for one unsung subsurface duet: soil 1618 Defrusting the Carbon Freezer of
g1 and plant roots. the North
But Earth’s skin is fragile indeed. A map
(p. 1614) vividly illustrates the extent of soil ~ 1620 The Secret Life of Fungi
degradation and loss across the globe, and in a
News story, Proffitt (p. 1617) previews an effort VIEWPOINTS
to ascertain the extent to which contaminants 1623 Soil Carbon Sequestration Impacts
have infiltrated soils in North America. Kaiser on Global Climate Change and
(News, p. 1616) surveys soil degradation and as- Food Security
sesses what it bodes for crop yields, and Lal, in a R. Lal
Viewpoint (p. 1623), outlines the management "
protocols that are needed to enhance the sustain- 1627 E;:::l;g;?ss‘;f' Humankind,
ability of agricultural soils and the ability of soil LR McNeill and V. Winiwarter
to sequester carbon. The prospect of massive
amounts of carbon being liberated with the melt-
ing of frozen soils in the High Arctic is explored 1629

REVIEWS
Ecological Linkages Between

Soils—The Final Frontier:
Wounding Earth's Fragile Skin

S

../' "!,
mycorrhizae

root feeding
fauna

Direct pathway to plants

Indirect pathway to plants

in a News story by Stokstad (p. 1618).

Human attitudes toward soil, as toward the rest of the environment,
range from reverent to cavalier. The historical development of our varied
relationship with soil is charted in a Viewpoint by McNeill and Winiwarter

—ANDREW SUGDEN, RICHARD STONE, AND CAROLINE AsH

Science

CRED I S1EFANGD PAG KILA

Aboveground and Belowground
Biota
D. A Wardle et al.

(p. 1627), and a survey of the soil fertility of an ancient agroecosystem is ~ 1634 Interactions and Self-Organization
given in a Report by Vitousek ef al. (p. 1665). Delving deeper into the hid- in the Soil-Microbe Complex

den world of soils will surely reveal new connections to our familiar envi- I M.Young and |.W. Crawford

rons and make subterraneana seem far less of an alien experience. See also Report on page 1665.

www.sciencemag.org SCIENCE VOL 304 11 JUNE 2004

1613

Soil carbon sequestration impacts on global climate change and
food security R Lal - science, 2004 - sciencemag.org

Beol HikEL: 3804

Ecological linkages between aboveground and belowground
biota. DA Wardle, RD Bardgett, JN Klironomos, H Setdla... - Science,

2004 - sciencemag.org GO Ogle
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Decomposition processes —— :"i= N e—— ( "h-.{.'l' —— (N0 ) —
Assimilative processes — — B

Dissimilative processes — i
20y Autotrophic|nitrification

Ablolic processes

Denitrification

Plant uptake of NH," |

NHY

= =
24| &
HIE
3| The ‘ferrous wheel hypothesis’
E E for abiotic nitrate immobilization
= |/ E
o Ilr"' : / Owichzad
— . {e.9.. HCOOH)
s . . I Hnj "
Immaobilization - —
| A - (e.g. CH,0) Fe(lIlOH),
Ferrous wheel mechanism _
+DOM
Gao, Yang, Kou, Li 2015.JSS (nation)

DOM-N



http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1046/j.1365-2486.2003.00592.x#figure-viewer-f1
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é Fine root mass N,O& mission
) = e 50 +
Nitrate assimilation
Nitrification
0
T T e — : : I = T : :
Additions begin Saturation Decline 0 1 2 3
Stage
Stage 1 2 3 ;

Niu et al. 2016 modified from Aber et al. (1989, 1993), and Gundersen et al., (1998)


http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1111/ele.12591
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SRS 375
z[El 3
ARMEREAS 14N 14.003074 99.634%
o nl‘%ll\ﬂ; ( UnreaCtive, inert) 15N 15.00010896 0.366%
* %E\:(Nitrogen Gas) (N,) Mitragen
Plants
Animal tissues
» P ( reactive ) Soils
. Eﬂﬂﬁ(Organic N) Mitrous oxide
o %ﬁd‘ﬁ%_?(fu'i)Ammonium N (NH4+) Atmecspharic nitrogan
- THERTRESF(FR) Nitrate N (NOy) 60 40 =20 0 20 40
. ﬂﬁﬁ@&*ﬁ%‘?(ﬂ) Nitrite N (Noz_) Mitrogen isctope ratio (AIR), %

* ZAmmonia (NH,)
« —&LE ( nitrogen dioxide (NO,) )
« —FMHZF. —F (A (Nitrous (N,0) and Nitric (NO) Oxides)

Ehleringer & Cerling 2002

« BRRMYE ( dissolvability )
'%Jﬁ A& (particulate nitrogen , PN) : PIN, PON

- BHESE (dissolved nitrogen , DN) : DIN, DON

3 Sk
-|¢t||<

Li et al. 2017
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Nitrogen

/ Inputs \

: : a
Soil Organic
Matter Pools —> |Monhomers|——> Mlcrobes
\ ]

—]F
--l.'—

N,O, NO NO, N,O, N,
O 9%2 0-70%0 /¢ 0-39%,
f
14-20%o
Process
f 13%o

N, fixation

Evans. 2007 Assimilation
Nitrification

Denitrification

Ammonia volatilization

Mineralization
lon exchange

Enzymatic hydrolysis
N transfer, ECM fungi to plant host

N transfer, AM fungi to plant host

Fractionation
(%o)

-2to2

-1to0 1.6

12 to 35
0to 33, 26

20 to 27

-1to1l
-1to -8
10 to 24

8to 10

O0to 3.5

Hobbie & Ouimette 2009



IRER[EIZEI A (Stable N isotope techniques)
« FERIGHIA
- BAEE X (Natural abundance methods)
« BN/REFZE (33N tracer methods)
« LN#&EEZ (F°N pool dilution methods)
- I5N#&#! (15N isotope models)

- ARERUR(BEAEENRF)EICR. B, SaRkRNBEHRIESHTIFESNIE,

th@_ ol

1940s : Pioneering 15N tracer experiments: N2 fixer (% %)
* 1950s : The 15N pool dilution technique
* 1960s : Isotopic methods for soil N determination, BNF
* 1970s : The SIN 015N altered by transformations
« 1980s : reconstruction of the diet and ecology of human and animal species
» 1990s : ON uptake , Injection techniques
« 2000s : N deposition, global change responses
« 2010s : isocape, SP, bioassay



Soil 6°N is usually

positive and increases

with depth
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burned
T1ESSNEIE : LUCC
E unbumed —
L,
% 20+
4 o AM-dominated S
3 |
ol FPasture
E 207 “l . . :
S . 2 - o 1 2 3
£ | ECM-dominated 55N (%o)
2 40 Pine Forest —
o
o
S0 a
60 aboveground inputs
40 8 &6 4 =2 0 2 4 6 8 10 Y
3N (%0) fungal
immobilization
b Litter layer bioturbation
o . root e i
AM-dominated : mycorrhizal inputs
= | inputs
£ 20} With high Nav a
E- g denitrification
S a0}
E L
E N . r
eh leaching assimilation
60 - of leachate
Y
8o | . , 0N (%o)
-2 -1 0 1 2 3 5
55N (%a) N-limited system dominated by mycorrhizal

transfer and organic N cycling

Hobbie & Ouimette 2009

b
aboveground inputs
——
\\ fungal
immabilization
bioturbation
root mycorrhizalinputs
el
= inputs
o
m . . fe .
o denitrification
leaching assimilation
of leachates

Y

- >
01N (%o)

System with less N limitation and
more inorganic N cycling
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BElE ( Nitrogen fixation )

- WFESR ( TAMEIEEF )

- Haber-Bosch /v
- UM

- £¥ES (Biological N fixation)

. Eﬂ*ﬁ% Legumes
- IREE ( Rhlzobla ) — N fixing bacteria
- SRHBYSIRIBELYEXZE ( Symbiotic relationship )
- RERMEYESFIB/MNEIEREREEFLIE

. Eﬂi’.’.":’l?ll
.,fEE:EIJZEHE %:I:EEE!I?Z] ( Free living or non-symbiotic

organisms

|E|§tl Elﬁ?ﬂ]. ( Azotobacter )
ElEIZE ( Azospirillum)

15435% ( Blue-green algae)
ZEEHA& ( mosses and lichens )

common mycelial networks (CMNs)

Taylor 2006

Li et al. 2017
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N2

Reference 815N = 0% No Fixing

Plant Plant
s

815N = 8%

Reference Plant

Low Soil N -

High Soil N

Soybean

No Soil N -
Low Soil N ——
High Soil N ——
L 1 ] ] 1 | ] 1

100 75 50 25
% Nitrogen Fixation

4 N 7i,) 8 \ ; '\‘,:»
| 1‘\\ / ‘ ¥ .‘\ d /7% ) ‘\ ‘)\' : .‘ q

E 2

Nitrogen-Fixing Bacteria in Root Nodules

Assumptions and limitations:

1) The soil N source is isotopically consistent spatially and
through time;

2) Selection of suitable reference species (fixing and non-fixing
species are co-existing and do not in their 6°N values);

3) Isotopic fractionation during plant uptake, assimilation and
turnover is either small or comparable between unrelated
species;

4) The temporal resolution is limited; 8*°N¢, .. represents an
integrated isotopic signature of N during leaf lifetime
(formation, turnover and resorption).
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http://nph.onlinelibrary.wiley.com/hub/journal/10.1111/(ISSN)1469-8137

SRR SEY IR E3 New Phycologist

In fungal fruiting bodas

A 8N, =7.0
100% of N comeas
{ﬂ] from hyphas
Available N Initial In o Inside hyphas
& 3N, BN
e = 10,20 | =10,20 —_—
F*N, = -5.0
= B1-86% of N
comes from hyphae
Direct transler of L
Extracellular enzymes, some soil M 1o plant i
bound proteins, chitin
In hyphag and
Tnsiting bodies
®) 7 |a Final Fungal N G -
{amino acids, 15310 G- m- yr-
Initial available protein) or 8-17% of
olosynthesis
Available N —»= FU“Q&' N F. » S Insida hyphas Bhiotosy I
4 -
z \ Metabolically
I iva M 1.2-2.4
e active 117 g Nir? »
gyt Iny plant
Plant N 09 Cemyr
OOgN-m. gy
Diresct iransfar of n
S0om S0l M 10 plant

Hobbie & Colpaert 2003 . .
Hobbie & Hobbie 2006


http://nph.onlinelibrary.wiley.com/hub/journal/10.1111/(ISSN)1469-8137
http://www.esajournals.org/na101/home/literatum/publisher/esa/journals/content/ecol/2006/00129658-87.4/0012-9658(2006)87[816:nisfap]2.0.co;2/production/images/large/i0012-9658-87-4-816-f01.jpeg

TiER O NRI=F[EFEZ/E ( Spatial pattern of soil 81°N )

- XiF#&fE (along a precipitation gradient or a transect) :
* Mariotti et al. 1980. Catena

» Austin & Vitousek 1998. Oecologia

» Aranibar et al. 2004. Glob. Change Biol.

* Menge et al. 2011. New Phytol.

* Peri et al. 2012. Glob. Change Biol.

» Diaz et al. 2016. Scientific Reports

 Wang et al. 2015. Nat. Commun.

* Liu et al. 2017. Biogeosciences

- K& ( with precipitation and temperature or latitude )
« Handley et al. 1999. Aust. J. Plant Physiol.

Amundson et al. 2003. Global Biogeochem. Cy.

Craine et al. 2009. New Phytol.

Pardo & Nadelhoffer 2010. Isoscapes.

Craine et al. 2015. Scientific Reports.



| Global Biogeochemical Cycles
Global soil and plant 8°N patterns

Atmospheric N N, Fixation
ot (s bR
{lex: lexRex)

L 4 k 4
SOIL PLANTS
Plant N uptake from soil >

(Ns kp ; 15Ns kp o )

Plant N return to soil

(Npks; Nyks)

N Losses to
environment

{NsKex: : SNS Kexex)

A (plant - Soil)
752

-13.2—-11.8

~i1.8 —-10.3
CJ-103—-929
| J=89—=175
—95—-60
B -60—-45
~d45—-13.1
-3 —-17
3 Mopas

Amundson et al. 2003



http://agupubs.onlinelibrary.wiley.com/hub/issue/10.1002/gbc.v17.1
http://agupubs.onlinelibrary.wiley.com/hub/journal/10.1002/(ISSN)1944-9224
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1029/2002GB001903#figure-viewer-gbc901-fig-0001
http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1029/2002GB001903#figure-viewer-gbc901-fig-0002

Global soil and plant 8°N patterns
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100
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=15

Ericoid Ecto

A Mon
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-15 1 —4.54 + 1.38x; r=0.59; P < 0.001; n = 637
T

—5.54 + 1.20x; r=0.69; P < 0.001; n= 897

0

5 10
Soil 8'°N

15 -15 -10 -5 0 5
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Craine et al. 2009



Global soil and pl

Soil 8'°N (%)

Sail 8'°N (o)

15

15

10

ant 0

1SN patterns

=016

F=012

=006

= 0.41

Soil [C] (mg g™")

T T
50 100
Soll C:N

Strong global relationships among soil N isotopes, mean

annual temperature (MAT), mean annual precipitation (MAP),
and the concentrations of organic carbon and clay in soil.

In both hot ecosystems and dry ecosystems, soil organic
matter was more enriched in >N than in corresponding cold

ecosystems or wet ecosystems.
Below a MAT of 9.8° C, soil 81°N was invariant with MAT.

Craine et al. 2015
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Soil 8N varies with aridity a 3200 km transect in grasslands
of northern China
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Wang et al. 2014. Nature Communications
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e Kirkham & Bartholomew. 1954
* Focht. 1973

e Shearer et al. 1974

* Myrold & Tiedje. 1986

 Mary et al. 1998

e Lietal. 2000

 Miiller et al. 2004, 2007, 2014
* Currie. 2008

* Dijkstra 2009

* Denk et al. 2017
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NH,* 0 NO,- izl M 129% | 24%
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Gao et al. 2016 SBB.

Gao et al. 2016 BFS.



Mechanisms for the retention of
iInorganic N in acidic forest solls of
southern China

- AR TIES NI AESE, NEEEEMTEN
ARFENETREEILHFRIFLIE ;

- BEApHIE , mALIENBFECHIRIEZEERTF
tHLIE;
- EHIEANRSAIIENO-ElF
( immobilization ) AB#H&E . ANii—EREEL
R TiE., SRMRIECEINIGSE ;
« XUEHRERETEAAFMLIIENSSE
( enrichment ) s4E87F ( retention ) BIHil.

SCIENTIFIC Q‘ }EDI'rf'Rln:‘:ggﬁg
REPQRTS h 3 ! / FOR AUTHORS

Zhang et al. 2013
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Northern forest soils.
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Plant-soil feedbacks/plant-microbial
feedbacks
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