Stable Isotopes In Ecosystem Ecology

* Objectives

- To Introduce:
 Basic terminology, definitions, formulas, etc.

* C, H, O, and N stable isotopes and their
application in ecology




Stable Isotopes In Ecosystem Ecology

» Useful for
- ldentifying source materials
- Quantifying fates (natural tracers)

- Inferring processes that cannot be directly
guantified

- Estimating rates that cannot be directly
guantified

- Widely used in ecological studies today
* C cycling, H,O source, N dynamics, etc.



What are isotopes, and where do they
come from?




Periodic Table of the Elements

» Crash course in chemistry
- Atomic Number = # of protons
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« Atomic Weight is weighted average of all
naturally occurring isotopes

- # of neutrons = Mass number - atomic
number

* How many neutrons does C have?
* Krypton?



Origin of Atoms / Elements

 The BIG BANG Initiated the fusion of “guarks” to form
protons (*H) and neutrons

- Fusion of protons and neutrons - hydrogen (tH) & helium
(*He)

« Stars formed ~1 billion years later

« As a star ages - collapses inward & temperature 1
- “He is “burned” and new elements are synthesized
H + protons and neutrons <----> 4He
“He + “He - ®Be
8Be + “He - 12C
12C + 4He - 160



Origin of Atoms / Elements

Further burning reactions synthesize more new
elements

12C 4+ 12C - 24Mig
160) + 160 _, 325

Loss of 4He in larger elements creates smaller
elements

24Mg - “He - °Ne

25 - 4He - 28S;]

Elements with atomic # >30 form when Fe captures
neutrons during supernovas

Fission and radioactive decay account for odd-
numbered elements, and isotopes

160 + 160 _, 325 _, 31p 4+ 1H



Origin of Atoms / Elements

 Cosmic Abundance of

elements in the Universe R

- Light elements (Atomic # < 30) far .|
more abundant than heavier -
elements

« 3 exceptions
- Even-numbered elements more
abundant than odd-numbered
elements
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Stable Isotopes

« Composition of an atom (“nuclide”) is described by
the number of protons and neutrons in the nucleus:

A=Z+N

where A is mass number (atomic weight rounded
to nearest whole number), Z is number of protons
(=atomic number), N is number of neutrons

- 12C has 6 protons and 6 neutrons (mass number =
12; atomic number (# of protons) = 6)



Stable Isotopes

|sotopes (nuclides) are forms of the same element that
differ in the number of neutrons in the nucleus

- Formed from nucleosynthesis (Big Bang; star formation/collapse),
and for radiogenic isotopes from decay
- Stable isotopes are those that do not decay over time
 vs. radioactive isotopes
- # of protons (and, therefore, electrons) is the same, so isotopes
have only subtle chemical differences
- However, isotopes differ in mass
- C has 6 protons, so 12C has 6 neutrons, and 13C has 7 neutrons,
and 4C has 8 neutrons
« Atomic weights differ (12, 13, and 14)
 Why is C listed in periodic tables as having an atomic weight of 12.01?
« What does that tell you about the ratio of C isotopes?




Stable Isotopes

oH’ C’ N’ and O most Table |. Average abundz?nces of s.table isotopes that are
important for understanding ecological systems

relevant fOI’ eCOIOg|Cal Element Isotope Average abundance (%)
applications rivdrogen 2 "o0s
Carbon 2C 98.89
oWhy’? 3¢ 1.11
Nitrogen N 99.63
SN 0.37
.P? Oxygen 160 99.759
70 0.037
. . . 80 0.204
Lighter isotope is Sulfur a2g 95.00
s 0.76
always more abundant g e
35g 0.014
*Why?

West et al. 2006
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Stable Isotopes - Terms and Definitions

“Heavy” stable isotopes are rare In
abundance but can be measured
very accurately by isotope ratio
mass spectrometers (IRMS)

The ratio of heavy : light isotopes
(rare : abundant)

- ratio in a sample is compared
with the ratio in a standard

- ratio in two samples can also
be compared

| | IDI'I beam

source

Mass Spectrometer
Schematic: depicting a
triple-collector system
arranged to analyze CO3.

e ;E . heavier atom
g . or molecule

or molecule — : e
ion detectors UUU

CO> molecufar mas ':{

11



Stable Isotopes - Terms and Definitions

« Delta (d) notation used to express stable isotope values:
d13C = ([(13C/12C)sample/ (13C/12C)3tandard] - 1) * 1000
di3C = ([Rsample/ Rstandard] - 1) * 1000

« dvalues expressed in parts per thousand, or “per mil” (%),
for ease of interpretation

* |nternational standards exist, so all delta values can be
compared

- PDB limestone for C, Standard Mean Ocean Water
(SMOW) for H and O, atmospheric N, for N
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Stable Isotopes - Terms and Definitions

« If a sample has more heavy isotope than the standard (or
than another substance) it is “enriched” or “heavier”, and if
It has less heavy isotope it is “depleted” or “lighter”

d13C = (IR ]- 1) * 1000

sample standard

(where R = 13C/12C)
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Stable Isotopes - Terms and Definitions

The more negative a d value is, the smaller the amount of
heavy isotope - more depleted

The more positive a d value is, the larger the amount of
heavy isotope - more enriched

Example: C ranges from -50%o to +50%o:
d13C of PDB = 0%o

d3C of atmospheric CO, = -8%o
d3C of C, plants is around -28%o
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Stable Isotopes - Terms and Definitions

 Isotopic differences in different substances are a result
of fractionation (a) that occurs in nature - produces
different isotopic ratios in sources and products

- Kinetic: unidirectional; due to differences in diffusion
coefficients, enzymatic preference for one isotope over another

- Equilibrium: bidirectional; between two substances in
equilibrium (e.g., phase changes; vapor - liquid)
« Heavy isotope concentrates where it is most strongly
bonded

» Impacted by temperature - less fractionation at higher
temperatures because reactions occur more rapidly
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Stable Isotopes - Terms and Definitions

* Fractionation factor (a) typically expressed as
discrimination (D; % or %o)
- How much the heavy isotope is fractionated (i.e., discriminated
against) from source - product

« Can only get discrimination if all of the source is not consumed

a-= Rsource/Rproduct (e-g’ I:Qair/RpIant)
D = (a— 1)*1000, or (Ryyurce/Rproduct — 1)¥1000

D = (dsource ) dDFOdUCt)/(l t dPVOdUCt)

D = dsource B dproduct

16



Photosynthesis and C isotopes

200 T T T T T T T
(n = 965)
- i
@)
G
N0, i
C; and C, plants have =
. . . @
different C isotope ratios IC 4
C;~-28andC, ~-12 o 0 10
Why? Carbon isotope ratio, %o

Cerling et al. 1997
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Photosynthesis and C isotopes

Mesophyll cell ' Bundle sheath cell
CO SO .
C3 and C4 p|antS have 27—04aC|d Cy acudo
. . 2>"PGA
different photosynthetic osohsina e
pathways p;ﬁrruvale
sugars, | K pyruvate sugars,
starch | ) i starch
Cz plants Cs plants’
e cool-season grasses ® warm-season grasses
® most trees ® corn
*® protein crops e sorghum

e rice

* millet



Photosynthesis and C isotopes

« Two main steps in which 3CQO, is discriminated
against: diffusion and carboxylation (kinetic effects)

- Diffusion of heavy atoms or molecules is slower than
diffusion of lighter ones

- Enzymatic discrimination by Rubisco and PEP
carboxylase discriminates (strongly) against *3CO during

carboxylation

19



Photosynthesis and C isotopes

* For C; plants (d = -28%o)

- Fractionation due to diffusion = 4.4%. and fractionation
due to Rubisco = 27%o

- Also depends on ¢;/c,

DI3C, = a+ (b- a*clc,

Where ais the fractionation associated with diffusion (4.4%o), and
b is the fractionation associated with Rubisco (27%o)

*D = 20 (-8%0 - -28%0 = +20%o0); Actual range = 13-25%o
*clc,= 0.69

20



Photosynthesis and C isotopes

* For C, plants, have to separate fractionation
factors for PEP carboxlyase and Rubisco

— PEP carboxylase fixes carbon in the mesophyll for
transport into bundle sheath cells.

— In the bundle sheath cells, Rubisco is physically
Isolated from the stomatal cavity.

* |n the bundle sheath cells all of the substrate is utilized,
so there is no Rubisco fractionation...

— Except CO, (or HCOy) “leaks” out of bundle sheath cells
back into the stomatal cavity

21



Photosynthesis and C isotopes
* For C, plants (d = -12%o)

DBCp=a+ (b,+ b,T - a*c/lc,

Where ais the fractionation associated with diffusion (4.4 %o), b,
IS the fractionation associated with PEP carboxylase (-5.7%o), b,
IS the fractionation associated with Rubisco (27%0), and T is the
leakiness of the bundle sheath

*D =4 (-8%0 - -12 %0) = +4%o0); Actual range = 2.5-5%o
*b,+ b, T - a) =0 in most C, plants

*c;/c, 1s trivial for most C, plants

T = 0.4 (leakiness plays an important role)

22



Photosynthesis and C isotopes

30

20

 c/c, iImportant for C,
plants, not so much
for C, plants

10 £

O Encelia
& Geraea i
O Gutierrezia |
® larrea

Carbon isotope discrimination, %

0.2 0.3 04 05 06 07 0.8

Ci/Ca

* C4 plants mor_e Ehleringer et al. 1992
adapted to arid
conditions

Ehleringer 1979



Photosynthesis and C isotopes

-24 T T E— T T T

\@
26 L AN Fuccinellia

« C;plants | N
discriminate less 3 "
when exposed to
water stress

Guy et al. 1980

6 -5 -4 3 -2 -1 0
¥s of Media, MPa

D85 [T
1988
 Ridges

and 1984
O\S r Slopes T
o%j' -
o 95 1989 Garten & Taylor 1992
8 [ Valley L 1
— | Bottoms 1

-305 [ T TR NS SN TN SR SN NN I T S TR ST T |
200 400 600 800 1000 1200 24

Rainfall (mm)



Utility of C Isotopes

« Water use efficiency = C
gain per unit of H,O lost

C uptake & discrimination,
and water loss are all
dependent on c/c,

d3C values in C; plant
tissue are often considered
to represent a time
weighted average WUE

. r =005

Discrimination { % o0)
p

so 80 70 80 90 100
‘A/g (pmol.mol—l)
Cultivars under water stressed

(closed symbols) and irrigated (open

symbols) conditions (Meinzer et al.,
1993).
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Utility of C Isotopes

« Keeling Plots can be used to
trace sources of CO, flux

- Multiple measurements of d13C
over a range of CO, conc.

« Linear regression model

- Y-intercept of slope is the d
value of the source(s)

-28

Keeling Plot
dB3C =m(1/[CO,]) +Db

_8-

-15°

-20

-25°

30
0 001  .002  .003
1/[CO2] (ppm)

J. Gregg, US EPA



Utility of C Isotopes

Respiration source signatures

“« Upper leaf respiration

~25.,7%o -, Ecosystem keeling plot
3]
e Middle leaf respiration §
—27.0%o ~-.. o
& Ecosystem
respiration
Lower leaf respiration JRNPEL Y —26.0%
‘/ ------------- ‘-," '-"q. N s}
—29.8%o0 ----

1/[CO,] (ppmv~T)

Lichen respiration —23.9%.

Litter decomposition —25.3%. "

Rhizosphere g
: / respiration  ~24-6%o H Tu and Dawson, 2005
° ':“: SOC decomposition —22.:5%0 27
(3 4=



Utility of C Isotopes

 Partitioning sources with mixing models
- Two-member mixing model:

dl?’Cproduct = f(dlscsourcel) + (1 - f)*(dlgcsourcez)
1Esourcel = (dlSCproduct - dlSCsourcez)/(d13Csource1 B dlgcsourcez)

1:above = (dlgcecoresp B dl3Cbelow)/(dlgcabove B dlBCbelow)

28



fabove = (dlscecoresp - dlsteIow)/ (d13Cabove - d:L:E;Cbelow)

Flux partitioning
(Percentage of ecosystem respiration)

Ecosystem keeling plot
)
9\_9_,
o
O
Aboveground respiration " ~-~.__ T Ecosystem
8'%C0,=27.5% el respiration
s ~26.0%o
P
1/[CO,] (ppmv™")
/—\ ’1, 3
» / {1
o / > Belowground respiration
T 313C0,=25.5%s
e 0y +— )
®

Tu and Dawson, 2005



Utility of C Isotopes

* Impact of C, grass invasion into Hawaiian Dry Forest




Utility of C Isotopes

* Impact of C, grass invasion into Hawaiian Dry Forest
- What is the impact of grass invasion on forest soil C cycling?

- C, grass invading a C, forest
» Used stable C isotopes to partitioning pools and fluxes of soil C into C, vs.
C; components with two-member mixing models (Litton et a/. 2008)
- Pools: litter, root, and mineral soil C
- Fluxes: Soil CO, efflux, and litterfall

Ve
A — = =
{}A - {)B

31



Utility of C Isotopes

 Impact of C, grass invasion into Hawaiian Dry Forest
- C pool d values (litter, roots, and mineral soil C)

e Sources:
- Cy
Litter C: -23.0 %o
Fine Root C: -22.0 %o _ _
Mineral Soil C: -23.0 %o f — oM — %8
- C,-11.0 %o ! OA — OB
* Products:

- Litter C: -22.5 %0 (Removal); -18.75 %o (Grass)
- Fine Root C: -21.2 %0 (Removal); -15.4 %o (Grass)
- Mineral Soil C: -23.4 %o (Removal); -23.4 %o (Grass)

32



Utility of C Isotopes

 Impact of C, grass invasion
Into Hawaiian Dry Forest

- Carbon Pools

« C, grass contributes a large fraction
of litter (25-34%) and fine root C
pools (72%), but contributes next to
nothing (-3%) to mineral soil C

- How can that be?

- What are the implications for C
sequestration?

C, contribution (%)

C pools
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L 1
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XY @ P PO

Litton et al., 2008

N
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Utility of C Isotopes

* Impact of C, grass invasion into Hawaiian Dry Forest
- C flux d values & Keeling plot analysis

e Sources:

- Cj5: -22.6 %o (average of C; mineral soil & root C)
- C,:-12.8 %. (average of C, mineral soil & root C) fa

 Product:
- Soil CO, Efflux: -18.7 %o

N {}‘A - {)‘B

O
™
—

o

Ka'upulehu Keeling Plot - Soil

0.0

-5.0 ~

-10.0

-15.0

-20.0

0.0000 0.0010 0.0020 0.0030

Respiration

"

y=3371.9x - 18.668
R?=0.9936

1/[CO2]

Sui — 38
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Utility of C Isotopes

* Impact of C, grass invasion into Hawaiian Dry Forest

- Carbon Flux
« C, contribution to soil CO, efflux was 10% (Removal) & 77% (Grass)
« C, contribution to litterfall in Grass plots was 65-85%

« Grass invasion leads to large increases in flux of C into and out of
soils, with no change in soil C storage

C pmls C fluxes

100 | I Hemoval ' 1 F F i
) B Grass « ==
< 75¢ I " -
5 i
B’ 50+ * .
g 25 ﬁ ﬁ‘

TEE{ .LEE hiEIE'

N2 A ol '?f h v
@ Vol o N
\jﬁb' \} ‘% {\e' 'lc:’e %D@ %O@ 6 'Q‘\Ib_ R@f\ﬁ 3 5
P

Litton et al., 2008



Utility of C Isotopes

« EXxplain this figure, and you understand C isotopes...

AR

1980 1982 1984 1986 1988 1990 1992 1994 1996
Year

(a)

313C (%o)

West et al., 2006 36



Isotope Hydrology

« Commonly used to trace water sources and fates

- D/*H and 180/%0
« There are actually 9 different isotopic configurations of H,O

- H has 2 stable isotopes (H & D), and O has 3 (*°0O, 170, & 180)

170 is very rare, so most H,O has a mixture of H,1°O
(common), H,80 (rare), and HD®O (most rare)

Both D and 180 are commonly used in isotope hydrology

37



Isotope Hydrology

* Equilibrium fractionation:

— Isotopic exchange reactions between 2 different phases
of a compound

— Example: H,O vapor < H,O precipitation in clouds

— Although the process is in equilibrium, the rate of
exchanges is different so that the result is an
enrichment of one of the isotopes in either the source or
the product and, therefore, depletion of the isotope Iin
the other

38



Isotope Hydrology

The Temperature Effect

- Equilibrium fractionation o

IS temperature dependent & 3
* dD and d*®0O values in é %
precipitation are strongly 2 3
related to air temperature §>, §
during condensation g 5

*Provides a basis for
determining seasonality of
water use by plants (e.g.,
with tree rings)

-100

-200

&
3

-60

40 20 0 20
Ambient Air Temperature (°C)
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Isotope Hydrology

 Kinetic fractionation

— Unidirectional; equilibrium is not attained
— Applies to evaporation of surface waters

— Heavy Isotope reacts slower and becomes
concentrated in the source
* And, therefore, depleted in the product

40



Isotope Hydrology

e Global meteoric water line (GMWL) relates O and H
Isotopes In freshwater (precipitation)

*00% of ocean, ground, and atmospheric water cycles every year

Hydrogen

rrrrrrrrrr

&
& A O Ocean
. i’ Water

rd ra
’
& .
d Lt ’ e Evaporative loss
RS
, >
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Isotope Hydrology

 You are what you eat — Tracking criminals with D and 80

stable isotopes in hair
*One hair can be used to determine where you have been drinking
water in the last 2 weeks to multiple years
*E.g., Origins of unidentified murder victims
«Corroborate / dismiss alibis

*Other aspects of criminology
*Sources of drugs (e.g., cocaine and heroin)
*Tracking counterfeit bills to where the cotton was grown
*Does your very expensive bottle of French wine come from France?
*Is your expensive bottle of 100% pure agave tequila really pure
agave (C,; w/ C isotopes)?

42



Isotope Hydrology

e Continental and altitudinal effects

Initial Later
Precipitation Precipitation
590 = - 12%e 590 = - 15%e. %0 =-17%.
§'H=-112%0 | & 5°H = - 128%e
g Vapor

Continent

(Hoefs 1997)

Amount effect: the heavier the rainfall event, the more
depleted the dD and dO values are in precipitation 13



Isotope Hydrology

d180 in average annual precipitation

TRENDS in Ecology & Evalufion

West et al. (2006)



Isotope Hydrology

e Differences in source water signatures can be used to
examine water use by plants

*No fractionation of H or O isotopes across the soil-plant continuum
(except for halophytes)

Compare isotopic signatures of source water (e.g., soil water,

precipitation, cloud water, ground water, etc.) with signature in plant
water extracted from the xylem

45



Isotope Hydrology

e Differences in source water signatures can be used to

examine water use in plants
*Why do you get gradients in D and 180 isotopes along a soil depth
profile?

Dapth (cm)
b4

200

250

300 L

Depth profiles of soil water 8D (a) and §™0 (b} at the iniénd site in winter (
26), 1991. Hatched area shows the range of trec sap & values for five sampling times bety

July 24 and September 3.
Thorburn & Walker 1993 46



Isotope Hydrology

e Differences in source water signatures can be used to
examine water use in plants

rain ' e dry site
p AR o ol AL o—omo\.’# :
Q A

O wet site

-30 |
-40 i

50 -

Xylem sap 0D, %o

_60 ‘;i‘f‘_“:“;_ o

YL .-;'E-?if--;;-{a e A
0 2 4 6 8
Days following the rain event

White et al. 1985



Isotope Hydrology

e Differences in source water signatures can be used to

examine water use in plants

summer
rains

winter
rains

oD of xylem water, %o

P well water
g

-100
< 4
% 9 % % %
%,/ }5‘%@ %-Jf %“f %6;.-'
<, o, <,
& ) () 7
s, 2. % N
S, % %, %,
%, D Ry

Ehleringer et al. 1991

oD of xylem water, %o

-

-100

-120

-130

-140

surface
water

groundwater

Smith et al. 1991
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Isotope Hydrology

e Differences in source water signatures can be used to
examine water use in plants

2.5
1.5 Surface Soil
0.5
-0.5 Pennisetum
~
§ -1.5 Diospyros
~ o5 grass removed
o- control
[+ 0]
P C B
-4.5
5.5 Deep Soil
-6.5
-7.5

Jan 2001 Jul 2001  Jan 2002  Jul 2002  Jan 2003  Jul 2003

Cordell and Sandquist (2008)
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N Isotopes

* 1N has a history of use in pulse-labeling experiments, but
IS now also being used as a natural tracer

Table 1. Fractionation factors, o, for various processes

i the N evele (A)
14 M !
Process Fractionation . . M B
factor =.F; . ® _ H_,.an‘n .
3 L
™ mineralization = 1-000 £° —4
(org N = NH") " "
NH," < NI, in solution 1-020-1-027#% e - - § -
MNH, volatilization 1-029 et Mineralzation (ma W kg '}
Inffusion of NH, ", WH,, 2 1000 iB) s
NO, o in solution al .
Nitrification 1:015-1-033 £, "
Dentribication 1-000-1-033 % R " " :l'!!-
N assimilation 1:000-1-0204 % M v by
N, -fixation 0-998-1-002 g T
Merabolic steps in plants (-980-1-020 L W
T : 1 8 8

Mt Miseralization (mg M kg™ o)

Hogberg 1997 Templer et al. 2007 ,
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N Isotopes

* 1N has a history of use in pulse-labeling experiments, but
IS now being used as a natural tracer

0 - 2 1 1 2 "
[ ib) ic) i) ie /
-2 ! [ b o o ¥ . o
F L - .
L | =2 - ] L =]
= LI . 2 =1 -2
6] 4| a7 r/,x s _/z,‘
k4 -
i g - o 2 -3 .. *
. '
-10 -8 -3 - -6
=2 =1 0 1 2 =05 0.5 15 .03 oos 0.07 =005 4] ops 0O 5 10 15 20
in &t M min i1 &y W min I sitr N min I'r1 st N min W sifr N miin
z 3 : - -3 9 Lt = o ™ 2—
i i i U Ades
¥ o 2 . "2 4 : S -1 - 0"
':,:, i - - " ' * % - o o o 2w
5 0 -# . i -2 /’f 2 g O
— o) -8 . I af «* 4 * ¢
] w -1 3 L]
% a - =7 Y -4 - =5 .
LL -3 * -8 bl I -5 ’ B
] 1 2 D1 02 03 04 =2 O 2 4 =2 0 2 4 B & 01 1 1[1]
iy &tu M omin Patertial M Min Potertial M Win Polantial M kin Podential M Min
12 a F 4 ]
e in i (i) im) ia)
= 8 4 L] B L]
; - ¢ ", e 2 ""’;
-4.54 + 1.38x; r=0.59; P<0.001; n=697 - o - iy % il 8
_1 5 [ ' 1)
) I LA | . 2 ‘;-"’f 1
0 i 24w
-5 0 5 10 15 REte "t . [
-4 1 -8 -4 r a - RS -
S -| QjIﬁN =1 o 1 2 3 [+ 05 1 o 1 2 3 4 01" 2 3 4 35 o 2 4 6 8 W
Dl ! Patantial N hMan Rasn N min REsin W min REsn N min LpLeH|

Craine et al. (2009) 51



N Isotopes

* 1N has a history of use in pulse-labeling experiments, but
IS now being used as a natural tracer
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N Isotopes

* Alone or combined with C isotopes, N isotopes are now
widely used in trophic studies (Tiunov 2007)

15N becomes more enriched (i.e., accumulates) as you move up the
food chain

* Discrimination against °N in the synthesis & excretion of N metabolites
e Dd™N = d*N — d™Ng, o4
e 2.0-2.5%0 per trophic level in aquatic & terrestrial ecosystems

 Trophic fractionation of 13C is insignificant — 13C used to evaluate
primary food sources
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N Isotopes

* Alone or combined with C isotopes, N isotopes are now
widely used in trophic studies (Tiunov 2007)
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