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applications to ecological and 

environmental studies  
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Overview 

Hobson-1(Monday) 

• What are stable isotopes? 

• How are they measured? 

• CNOHS 

• Foodwebs 

• Hydrology 

• Migration 

 



Why are we here? 

1980-2013: L. Wassenaar 



Advantages: 

• Direct linkage between lithosphere, 

biosphere and atmosphere …. 

• Principles are scale independent …. 

• One of the few retrospective tools 

available.. 





Atomic structure 
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Origins of elements and isotopes 

• Hydrogen burning      FUSION:  E = mc2 

– 1H + 1H = 2H +  + 0.422 MeV 

– 2H + 1H = 3He + + 5.493 MeV 

– 3He + 3He = 4He + 1H + 1H + 12.859 MeV 

• Helium burning 

– 4He + 4He +  4He = 12C  



8 

• CNO cycle  
– 12C + 1H = 13N +  

–          13N = 13C + + +  

– 13C + 1H = 14N 

– 14N + 1H = 15O 

–          15O = 15N + + +  

– 15N + 1H = 12C + 4He 

• Carbon burning 
– 12C + 4He = 16O 

• Oxygen burning 
– 16O + 4He = 20Ne 

• Neon burning 
– 20Ne + 4He = 24Mg 

 



Isotopologues 

• Identical compounds having different 

isotopic species distributed among them.  



Natural abundance of common light 

elements 



Some key characteristics 

• Isotopologues generally have equal 
chemical properties. 

• BUT their mass differences confer different 
physical properties. 

– Heavier isotopic molecules have lower 
mobility 

– Stronger binding energy 

– Fewer collisions 

– Lower diffusion energy 



Measurement 
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Dual Inlet vs Continuous Flow 

• Dual Inlet 

– Compares reference 

gas to sample gas 

many times (say n=8) 

– Precision high 

– Sample size 

requirements high 

– Throughput is slow 

– Offline preparation of 

sample needed 

• Continuous flow 

– Compares reference 

to sample ONCE 

– Lower precision 

– Low sample size 

– Throughput high 

– No offline prep. 











Stable isotope measurements 

1950’s 1960’s 

1970’s 1990’s 2000’s 
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Isotope notation and fractionation 

• δ notation (in “parts per thousand” or 

“permil”) 

δHX = [(Rsample/Rstandard – 1)] * 1000 

Where H = heavy isotope mass, X = element,  

R = ratio of heavy to light isotope of the element 

Natural ranges in isotope ratios: 

  ca. 600‰ for δ2H 

  ca. 100‰ for δ13C, δ18O, δ34S 

  ca. 30‰ for δ15N 
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Further notes on δ notation 

• Values can be positive or negative. 

• Linearly related to percent (%) abundance of the heavier 
isotope. 

• Convenient (i.e. 1% change in abundance is 10‰). 

• δ notation is not “exact” in all mathematical applications and 
isotopic ranges and Atom Percent (HAP), Fractional (F) and 
Ratio (R) nomenclature is typically used (see Fry chapter). 

• However, as Biologists, δ-notation will cover all your needs 
unless you delve into “spiking” experiments! 



Stable Isotope Standards 

Standards by definition have a 0‰ value of the -

scale.  

 Internal lab standards must be corrected to 

International reference standards.   

International reference materials are distributed by  

US National Institute of Standards and Technology 

(NIST) and 

International Atomic Energy Agency (IAEA). 

  NIST:   <www.nist.gov>              

   IAEA:  <www.iaea.or.at > 
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Primary Reference Materials 



Isotope fractionation factor (α) 



Sources of fractionation 

• Kinetic or non-equilibrium 

– Diffusion: “lighter is faster” 

– Evaporation: “lighter is preferred” 

– Kinetic effects: “lighter bonds break first” 

– Metabolic effects: e.g. respiration, 
photosynthesis. 

• Equilibrium 

– Ratios can differ among several equilibrium 
phases (e.g. water-vapor). 

 

 

 







Rayleigh Distillation 
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Some examples of isotopic fractionations in 

the Biosphere 

• Elements and isotopes circulate in the 
atmosphere and fractionation and mixing 
bring about characteristic isotope 
distributions. 

• Large (well buffered) pools provide points of 
“stability” 

– E.g. Ocean (H,O,S,C), atmosphere (N). 

• Fractionation is the agent of change. 

• Plants, microbes fix nutrients and change 
isotope distributions for C,N,S. 
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Carbon 
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Carbon cycle 

• Active exchanges between atmosphere, 
terrestrial ecosystems, sea surface. 

• Atmospheric CO2 (~-8 o/oo) 

• C3 Photosynthesis ~-20 o/oo fractionation (-
28 o/oo plant tissue). 

• C4, CAM Photosynthesis ~-5 o/oo(-13 o/oo). 

• Ocean: dissolved CO2 ~ +8 o/oo, bicarbonate 
production ~ 0 to +1 o/oo . 

• Planktonic photosynthesis ~-20 o/oo. 



What is the typical range of  values? 
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Plant C fixation 

Enzymatic 

fixation CO2 

Diffusion 

C3: Calvin cycle, RUBISCO 

ribulose biphosphate carboxylase 

C4: Hatch-Slack cycle, PEP 

Phosphoenolpyruvate carboxylase 

Diffusion Δδ = ~-4 o/oo 

Rubisco Δδ = ~-29 o/oo 

Diffusion Δδ = ~4 o/oo 

Rubisco Δδ = ~6 o/oo 

CAM: Crassulacean acid metabolism, 

PEP into C4 acids at night, refixed by  

Rubisco during day 
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C4 

C3 



Model estimates of plant organic 13C 

Suits et al. (2005) 
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But, water stress affects isotopic 

discrimination … 

Stewart et al. (1995) 



A: photosynthetic assimilation 

 

R: respiration 

R 

R 

A 

A 

Bowling et al. (2005) 

Isotopic patterns in a 

subalpine forest: 3-

month averages 

0
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Dave Keeling 







13C of the atmosphere is changing 

Francey et al. (1999) 













C Summary 

• Tracer of plant photosynthetic pathway  
(C3, C4, CAM) and water-use efficiency. 

• Marine vs. freshwater/terrestrial C 
sources. 

• Spatial Indicator of aquatic primary 
production (benthic/inshore vs 
pelagic/offshore). 

• Tracer of C source and mechanisms 
related to atmospheric and global change.  
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Nitrogen 
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Nitrogen Cycling 

• Atmospheric reservoir of 0‰ 

• Because N is limiting, fractionation is generally low. 

• Faster loss of 14N than 15N in particulate N 

decomposition leads to increase in 15N with depth in 

oceans and soil. 

• So, plants that rely on soil N tend to be more enriched 

than those depending on atmospheric N. 

• Nitrification and denitrification are the key sources of 

fractionation. 

• Phytoplankton use N2 gas, ammonia and nitrate. 

 



Nitrogen Processes 

• Nitrification - conversion of NH4
+ to NO3

-  

by oxidation 

 

• Ammonification - conversion of organic N 

to NH4
+ 

 

• Denitrification -  NO3
- reduced to N2O or 

N2 



Utility of Nitrogen Isotopes 

• Identify sources of nitrate to aquatic 
systems. 

• Geochemical processes and chemical 
reactions such as nitrification or 
denitrification 

• N sourcing to plants .. 

• Terrestrial vs marine inputs to foodwebs 

• Foodweb trophic level indicator 

 



Using N and O isotopes together… 
Fertilizer 
Nitrate
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**L. Wassenaar 



Variation in Soil and Plants 

Observations from Fry (1991) 

1. Large variation 

2. No correlation with precipitation 

3. Soils more enriched than plants 

4. N2-fixers near 0 ‰  



General Trends in Soil 15N 

Values are usually positive (but there are exceptions) 

Amundson et al. (2003) 
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What Controls Plant 15N? 



Soil Nitrogen Transformations 
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δ15N as a trophic indicator 



Summary N 

• Tracer of N nutrients and contaminants. 

Especially powerful with ∂18O 

• N fixing vs. non-fixing plants. 

• Atmospheric NOx tracing. 

• Soils 

• Foodweb trophic-level and source (marine 

vs terrestrial) indicator. 
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Sulfur 



Sulfur Forms in Environment 

Sulfur  
Valence 

Inorganic  Organic 

   

+6 SO4
= , HSO4

- sulfatides 

+4 SO3
2-, SO2 sulfolipids 

0 elemental S  

-1 pyrite FeS2 dimethyl 
disulfide 

-2 H2S, HS-, S2- amino acids, 
etc 
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Sulfur Cycle 

• Sulfate in the ocean is the primary reservoir 

that is 21o/oo heavier than primordial sulfur 

(e.g. Canyon Diablo Troilite). 

• Fixation by plants has a small isotope effect 

but reduction in sediments and anaerobic 

conditions has a large effect (30-70o/oo). 

• Continental vegetation (+2 to +6o/oo) vs 

marine plants (+17 to +21o/oo). 



Sources of Sulfate 

• dissolution of evaporites (gypsum, 

anhydrite) 

• oxidation of pyrite 

• atmospheric precipitation (minor) 

• volcanic emissions 

• hydrogen sulfide from bogs, fossil fuel 

combustion 
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Pichlmayer et al. (1998) 



Summary S 

• S isotope ratios are frequently used to 
identify sources of dissolved species 

• isotope ratios give information about 
geochemical processes and chemical 
reactions 

• for SO4
= - isotopes of S and O can be 

used 

• Animal studies: marine vs. terrestrial, 
estuaries, marshes; S-amino acids ….. 



Applications (CNS) 

• Foodwebs ….. 



The basic principles of trophic level 

and source determinations 

Primary 

Production 
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Choice of tissue ….. 
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Using a wind tunnel and isotopic 

dietary shifts to mimic migration 

Max Planck Institute for Ornithology 



Metabolic routing: “differential allocation of 

isotopically distinct dietary components to different 

tissues (Schwarcz 1991)”. 

Protein 

Lipid 

Carb. 

DIET 

D,15N ,13C,34S 

D, 13C 

13C 

CONSUMER 

Protein 

Lipid CO2 

H2O 









Advantages of the SI approach 

• Time integrated (depending on tissue) 

• Can trace macromolecules (proteins, 

lipids, carbohydrates). 

• Can trace individual amino acids and fatty 

acids (compound-specific). 

• Can investigate current or historical/paleo 

diets. 



Food adulteration studies 









Some real-world examples … 

15N 



Previous conventional approaches: 



Foodweb theory  

has greatly outpaced  

empirical support …. 





TL = 1 + (δ15Nc – δ15Nbase)/∆δ15N 

 

 

 

TL = 2 + (δ15Nc – δ15NTL2)/∆δ15N 



-20 -19 -18 -17 

13 

14 

15 

16 

17 

13C 

15N 

DOVE (8) 

COEI (10) 

NOFU (16) 
TBMU (11) 

BLKI (11) 

BLGU (16) 

GLGU (13) 

Pelagic                                      Inshore 

T
ro

p
h

ic
 L

ev
el

 



See a benthic vs. pelagic effect in marine 

systems …. 

Hobson et al. 2002 



Using multiple tissues … 
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Further examples of the benefits of a 

dual-isotope approach 



Niche segregation …. 



Rats on seabird islands ….. 
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Shift to terrestrial/freshwater prey or lower TL marine prey? 





Contaminants (OCs) and trophic 

level…. 
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Understanding nutrient 

allocations to reproduction 



Capital vs Income Dichotomy 

Drent and Daan (1980) 



Yolk Protein 

Yolk Lipid 

Albumen 

CaCO3 + Protein 

Protein membranes 



Exogenous egg fractionation 

experiment 

Hobson Condor 97:752-762. 





Gauthier et al. (2003) Ecology 84:3250-3264  



Snow Goose mixing model 
Concentration dependent mixing triangle
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Contributions to eggs …. 

Yolk Protein Albumen 

Reserve 
Gram. 

Forbs 

Reserve 
Gram. 

Forbs 

Egg lipid 

Reserve 

Gram/forbs 
Gauhtier et al. 



The hydrologic cycle 

Evaporation 

Condensation 

Sublimation 

Percolation 

Infiltration 

& Transpiration - of - 

PRECIPITATION 

 Linking it to soils and plants 
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In preparation for the 

Hydrospehere 
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The Global Meteoric Water Line, GMWL 

After Clark and Fritz, 1997; GMWL defined by Craig, 1961 

Condensation 
is an equilibrium process 

 
so 
 

Most precipitation  values 
lie along a Global Meteoric 

Water Line (GMWL) of 
slope ~8 

 
(e2H / e18O = 8) 
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d-excess & the Global Meteoric Water Line 



Isotopes Reflect Soil Water Use Patterns 





O isotopes can be used to infer 

ambient temperatures … 

Wurster et al. 2005 (CJFAS) 

Chinook Salmon otolit T  

based on δ18O increments  

In otolith aragonite  



Paleotemp based  

on δ18O of 

Greenland ice. 

Johnsen et al (2002) Tellus. 



Stable Isotope Tracer of O2 

• O2 Sources 

• Air - globally constant 18O2 =  +23.5 ‰  

• Photosynthesis (biotic inputs)  18O2 = water (0 ‰  to -
25 ‰) 
 

• And Biogeochemical/Physical Processes 

• Water column and benthic respiration– O2 consumption 

• Photosynthesis (algae) – O2 input 

• Dilution (groundwater) – decrease in O2 saturation 

 
•

18O provides an additional tracer concerning DO source and 
process that concentration data cannot provide 



Isotopic DO Trends 
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Summary H,O 

• Tracers of the Hydrologic cycle (H,O). 

• Water sources and evaporative mechanisms 
(H,O). 

• Paleo recorder of past T esp. through ice 
cores and carbonates… (H, O) 

• Precipitation-based isoscapes for animal 
tracking and forensics (mostly H). 

• Metabolism of aquatic systems (dissolved O). 

• Use of δ18O to trace NO3, PO4, SO4 .. (O) 

 



Applications (H,O) 

• Migration tracking using the water 

isotopes. 

• Food web applications to come later in the 

week! 



Migratory tracking breakthrough 

with water isotopes 





Latest growing-season δ2Hp 

Wassenaar, IAEA. 





Hobson et al. PLoS ONE (2012) 



Hobson et al. JFO (2014) 





Hobson et al. JFO (2014) 



Mike Wunder Univ. Colorado (Denver) 



Hobson et al. JFO (2014) 



Forensic applications are broad: 



Murder investigation … 



Trace element/heavy isotope 

Compound specific 

Mass spectrometry 

Future? 


