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1.1 What is SEM? By any other name …

• Structural equation modeling (SEM)

• (Confirmatory) path analysis (observed variables)

• Latent variable modeling (unobserved variables)

• Confirmatory factor analysis

• Directed acyclic graphs



1.1 What is SEM? A graphical approach

𝑦1~ 𝛼1 + 𝛽1𝑋1 + 𝜀

𝑦11 = 𝛼1 + 𝛾11𝑥1 + 𝜁1
Equation form

Graphical form

Graphical form
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1.1 What is SEM? A graphical approach

Odum & Odum, 
“Energy basis for 
Man and Nature” 
(1976)



1.1 What is SEM? SEM vs. Ecosystem models

Ecosystem models Structural equation models

Fit to observed and 
unobserved data

Fit entirely to observed data 
(sometimes)

Complex functional responses Linear or simplified non-linear 
forms

Can be modularized Simultaneous solution 
(sometimes)

Generalized system (e.g., 
Lotka-Volterra)

Specific hypotheses

Validation



1.1 What is SEM? A graphical approach

• SEM can therefore be thought of as all over the 
following:

• Unifying conceptual framework

• Capture field of knowledge

• Workflow process (x leads to y leads to…)

• Means of testing hypotheses (does x cause y?)

• Method of learning (why didn’t my data suggest x causes y?)



1.1 What is SEM? Implies directionality

x1 leads to y1…

x1 is associated with y1



1.1 What is SEM? The elephant in the room

“An equation…can be said to be structural if there exists 
sufficient evidence from all available sources to support 
the interpretation that x1 has a causal effect on y1.” (Grace, 
2006)  



1.1 What is SEM? What is causation?

• Key Point #1: SEM assumes that x
causes y
• Prior observation 

• Prior statistical tests

• Prior experimentation

• Some or all of the above

• Does not assume ultimate
causation



1.1 What is SEM? Nature is complex

vs.



1.1 What is SEM? Incorporating complexity

Graphical model

List of equations



1.1 What is SEM? Building up



1.1 What is SEM? A complicated network

• Key Point #2: By 
combining 
inferences across 
multiple equations, 
SEM addresses both 
direct and indirect 
effects in a system

Estes et al. 1998 Science



1.1 What is SEM? Putting it all together

• Key Point #1: SEM assumes that x causes y

• Key Point #2: By combining inferences across multiple 
equations, SEM addresses both direct (proximate) and 
indirect (ultimate) effects in a system



1.1 What is SEM? Reality vs. model

Model Real world

Real world informs the model, not the other way around!



1.2 A History Lesson



1.2 History. Fit, correlation, and testing models

Karl Pearson 
1857-1936

Francis Galton
1822-1911

Numerical strength of association (Pearson 
product moment correlation, r)

Evaluate model fit (Chi-squared goodness of 
fit, χ2)

Test hypotheses (ANOVA)
Derive effect sizes (maximum likelihood 

estimation)

Ronald Fisher
1890-1962



1.2 History. Path analysis (observed)

Sewall Wright
1889-1988

Path analysis



1.2 History. Causation vs. correlation

“The basic fallacy of the method appears to be the assumption that it is possible 

to set up a priori a comparatively simple graphic system which will truly 

represent the lines of action of several variables upon each other, and upon a 

common result. . . . The pure mathematics by which this is shown is apparently 

faultless in the sense of algebraic manipulation, but it is based upon assumptions 

which are wholly without warrant from the standpoint of concrete, phenomenal 

actuality.” (Niles, 1922)

“The writer has never made the preposterous claim that the theory of path coefficients 

provides a general formula for the deduction of causal relations. He wishes to submit 

that the combination of knowledge of correlations with knowledge of causal 

relations, to obtain certain results, is a different thing from the deduction of causal 

relations from correlations implied by Niles’s statement. Prior knowledge of the causal 

relations is assumed as a prerequisite in the former case. Whether such knowledge is 

ever possible seems to be the subject of Niles’s philosophical discussion of the nature of 

causation.” (Wright, 1923)



1.2 History. Causation vs. correlation

Smoking → Cancer

Cancer → Smoking

Smoking  Gene → Cancer

Ronald Fisher
1890-1962



1.2 History. Causation vs. correlation

http://www.tylervigen.com/

http://www.tylervigen.com/


1.2 History. Factor Analysis  (Unobserved)

Charles Spearman
1863-1945

The “g” factor



1.2 History. 2nd Generation SEM (Hybrid)

Karl Jöreskog
1935-

• LISREL = combine path and factor analysis

• Model fit using covariance and ML estimation

• Assess and compare fit of multivariate model



1.2 History. 3rd Generation SEM

Judea Pearl
1936-

• Unite SEM with graph theory

• Causality is central

• Flexible methods with piecewise approach



1.2 History. SEM and Ecology

You are here



1.2 History. SEM and Ecology

Wootton (1994) Ecology



1.2 History. SEM and Ecology

Jim Grace

2006

Jarrett Byrnes

Bill Shipley

2002
2021



1.3 From ANOVA to SEM



1.3 From ANOVA to SEM. Whalen et al. 2013



1.3 From ANOVA to SEM. Seagrass systems







1.3 From ANOVA to SEM. Experimental Design

What are the relative influence 
of top-down vs. 

bottom-up control in controlling 
seagrass ecosystems?

Control
(D-N-) 

+ Nutrients
(D-N+)

+ Deterrent
(D+N-)

+ Deterrent

+ Nutrients
(D+N+)
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1.3 From ANOVA to SEM. Experimental Design



1.3 From ANOVA to SEM. Whalen et al. 2013



1.3 From ANOVA to SEM. Graphing results

Crustaceans Gastropods Epiphytes



1.3 From ANOVA to SEM. Whalen et al. 2013

DEATH BY F-TABLES!



1.3 From ANOVA to SEM. ANOVA

Pesticide
(0/1)

Epiphytes
R2 = 0.51

0.72

e

Epiphytes ~ Pesticide + Fertilizer

Pesticide 
increases 
epiphytes

Fertilizer
(0/1)



1.3 From ANOVA to SEM. ANCOVA

Pesticide
(0/1)

Epiphytes
R2 = 0.59

0.72

e

Macroalgae Seagrass

-0.13 0.24

0.14

Epiphytes ~ Pesticide + Macroalgae + Seagrass

Pesticide increases 
epiphytes more than 

habitat (substrate) 
increases them



1.3 From ANOVA to SEM. Mediation

Pesticide
(0/1)

Epiphytes
R2 = 0.59

-0.79

e

Macroalgae Seagrass

0.18 0.35

-0.14

Gammarids
R2 = 0.75

-0.75

0.150.42

Pesticide reduces amphipods, 
which reduce epiphytes through 
grazing. Macroalgae and seagrass 
provides habitat for amphipods 

and substrate for epiphytes, 
promoting grazing, but have a 

negative interaction (compete for 
space and resources).



1.3 From ANOVA to SEM. Mediation x2

Pesticide
(0/1)

Epiphytes
R2 = 0.66

-0.64

e

Macroalgae Seagrass

0.28 0.38

-0.14

Caprellids
R2 = 0.38

-0.40 0.15

0.46

Gammarids
R2 = 0.75

-0.75

-0.33

0.42



1.3 From ANOVA to SEM. Increasing inference

Pesticide 
reduces 

epiphytes

ANOVA

ANCOVA

Mediation

Full SEM

Pesticide increases 
epiphytes more than 

habitat (substrate) 
increases them

Pesticide reduces 
amphipods, which 
reduce epiphytes 
through grazing. 
Macroalgae and 

seagrass provides 
habitat for amphipods 

and substrate for 
epiphytes, promoting 

grazing, but have a 
negative interaction 

(compete for space and 
resources).

Pesticide reduces both 
gammarid and caprellid 

amphipods, which in 
turn releases epiphytes 
from grazing, although 
gammarids appear to 
be the predominant 
grazer. Macroalgae 
primarily provides 

habitat for amphipods, 
promoting grazing, 

while eelgrass primarily 
provides substrate for 
epiphytes. Seagrasses 

and macroalgae 
negatively influence 

one another.



1.3 From ANOVA to SEM. Increasing inference

ε

pesticide

epiphytesmacroalgae eelgrass

Caprellids Gammarids

εε

Our model results imply that 
behind this summary of mean 
responses… 

…is a network of effects like this.



1.3 From ANOVA to SEM. Increasing inference

• Teases out complex relationships

• Identification and comparison of direct vs. indirect 
effects & potential mediators

• Precise mechanistic explanations

• Confirms long-standing hypotheses about the system



1.4 From Experiments to 
Observation



John Smith

1.4 The Big Picture. 400 years of change



Eutrophication

Shoreline modification

Orth et al. 2017 BioScience

1.4 The Big Picture. Impacts on the rise



• Submersed aquatic vegetation 
(SAV): 
• Provides habitat
• Stores carbon
• Protects shorelines
• Improves water quality

1.4 The Big Picture. Key foundational species



1.4 The Big Picture. A natural experiment

What are the relative influence 
of nutrients vs other factors on 

SAV in Chesapeake Bay?

Control + Nutrients

+ Everything
+ Everything

+ Nutrients
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1.4 The Big Picture. Aerial monitoring



1.4 The Big Picture. Water quality monitoring
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1.4 The Big Picture. Statistical controls
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1.4 The Big Picture. Statistical controls

Direction of causality!



Flow
Non-PS

Nitrogen

% Agro

Fertilizer

SAV

Species
richness

+

+

–

+

R2 = 0.67 - 0.80

Lefcheck et al. 2018 PNAS

1.4 The Big Picture. Nutrients suck



Nitrogen

Clarity

SAV

Species
richness

+

Chl-a

–

+

R2 = 0.86

+

Lefcheck et al. 2018 PNAS

1.4 The Big Picture. How do nutrients suck?



1.4 The Big Picture. Conclusions

• Implement statistical rather than experimental controls

• Deduce causal flow

• Leverage ‘big data’ from observations

• Incorporate spatial/temporal autocorrelation

• Gain deep insight into both macro- (landscape) and 
micro- (water column) phenomenon



Why SEM?

• SEM is a powerful tool for all kinds of data (the sky is 
the limit)

• “When you have a hammer, everything looks like a 
nail”

• I’m convinced…can you be?




