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Introduction
SAE in Forest Inventories

Small area estimation (SAE) refers generally to approaches for making population-

level estimates within small domains for which sample sizes are deemed 

inadequate to produce estimates of acceptable precision using traditional design-

based techniques. 

“The term ‘small area estimation' is somewhat confusing because it's the size of the 

sample from the area that causes estimation problems, not size of the area.” 

    Pfeffermann (2013) 
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The term Small Area Estimation refers to a number of methods that rely on 

ancillary data sources in order to “borrow” additional information, increasing the 

effective sample size – and consequently, the precision of the estimates – for the 

selected domain.

Introduction

Design-based inference 

automatically accounts for 
the survey design but has 
limited ability to leverage 

ancillary information and 
deliver precise estimates 

for small sample sizes (i.e., 
small area estimates). 

Model-based inference 

explicitly consider the 
design and data jointly but 
can use ancillary 

information and borrow 
from the rich modeling 

literature to deliver robust 
inference for small 
samples sizes. 



Model based small area estimation are broadly classified into two groups:

• Unit level random effect models, proposed originally by Battese et al.(1988). 

These models relate the unit values of a study variable to unit-specific covariates.

• Area level random effect models, which are used when auxiliary information is 
available only at area level. They relate small area direct survey estimates to area-

specific covariates (Fay and Herriot, 1979).

Introduction
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Justification

Inclusion or removal of potential outliers can have unintended consequences on 

population parameter estimates. When used to inform biomass mapping, carbon 

markets, greenhouse gas reporting and environmental policy, it is necessary to 

ensure the proper use of NFI and remotely sensed data in geospatial data 

harmonization.
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Justification

Mixed linear models have, 

unlike location-scale or 

regression models, no nice 

invariance structure. Notably, 

this means that the parameters 

cannot be estimated 

consistently in the presence of 

contamination—there is an 

unavoidable asymptotic bias. In 

the presence of contamination, 

any method estimates the 

parameter at the core model 

plus an unknown bias. In the 

case of ML estimators, the bias 

can be arbitrarily large and 

renders these estimators 

extremely inefficient (Welsh and 

Richardson, 1997).
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Justification



Stand-level SAE

For sampled stands, the EBLUP is a weighted average of the direct estimator obtained 

using only the ground information and the synthetic estimator.

Stands with one or No Plots

Very few plots with Unreliable Direct 

Estimates

The model relies more or only on synthetic prediction

Justification

Model-based Small Area Estimation (SAE) combines direct and synthetic estimates, 

leveraging specific data while mitigating instability from small sample sizes or variability.
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Hypotheses or Objectives

➢ Traditional SAE techniques often struggle with statistical assumptions, non-

normal data, outliers, and nonlinear relationships. We propose integrating 

robust estimation methods and machine learning algorithms into the SAE 

framework to estimate diameter distributions, a key forest metric.

➢ A comprehensive baseline assessment of traditional SAE versus multiple robust 

and machine learning diameter distribution models will be assessed and 

validated against independent datasets. Model assisted techniques that strike a 

balance between precision and bias will be recommended.

➢ Our post-hoc analysis will quantify uncertainty, sensitivity, and reliability of 

estimates, prioritizing the explainability of machine learning-based SAE 

models.



Study Area and Data Sources

❑ Complex, mixed conifer forests of the Pacific Northwest and Rocky Mountains, 

and more uniform Southeastern pine forests. 

❑ Leverage national CAFS SDImax project dataset (w/permissions), additional 

sourced inventory data from project collaborators.

❑ Auxiliary data from the national CAFS SDImax database (climate, topography, 

geology, soil) + remote sensing data from 3D NAIP, Sentinel, and where available, 

free 3DEP LiDAR.



Discussed SAE methods that are 
developed under weaker 
assumptions and SAE methods that 
are robust in certain ways, such as 
in terms of outliers or model 
failure.  Also includes topics such 
as nonparametric SAE methods, 
Bayesian approaches, model 
selection and diagnostics, and 
missing data

Methods



Machine Learning Based SAE

These techniques excel in leveraging intricate nonlinear relationships and 

interactions within data. They adeptly incorporate spatial and temporal information, 

enhancing the precision and resilience of Small Area Estimation (SAE) estimates.

Methods
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Company Benefits/
Deliverables

Benefits

• ML-based SAE models can demonstrate the ability to develop robust estimates of 

stand characteristics in areas with limited or no sample data. 

• SAE characterization of the diameter distribution of forest stands managed for 
timber production provides improved tree lists for growth and yield modeling and 

carbon estimation. 

Deliverables
• Project model output provided through GitHub (model forms and their coded 

script)

• Methods and outcomes published in a peer-reviewed journal



Summary

Demonstration of robust, bias-controlled, explainable, and independently 
validated SAE models will illustrate their role for resource and time 
efficiency in the development of accurate stand level forest metrics (tree 
lists). Derived methods and models will further support current FIA’s long 
term strategic plan priorities 6,7,8,10,11, and aid the industry’s need for 
growth and yield modeling inputs across large landscapes. 
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