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Introduction
Sturgeon brood stock management in aquaculture and in 

conservation programs for endangered species will benefit from the 
improved staging of fish by maturity. Accurately predicting maturity is 
also commercially important in aquaculture and stock management if 
a uniform and consistent egg size and firmness are to be obtained and 
caviar yields are to be optimized [1-3]. Optimizing harvest time could 
extend the caviar production season. 

Currently, the only means to assess ripeness of white sturgeon 
(Acipenser transmontanus, Acipenseridae) females and the proper time 
of harvest is measurement of oocyte polarization index (PI) requiring 
a surgical biopsy. Oocyte PI is a ratio of the distance of the germinal 
vesicle from the animal pole to the oocyte animal-vegetal axis diameter 
[4]. PI indicates morphogenetic changes in the ovarian follicle occurring 
during late vitellogenesis and leading to maturational competence. This 
technique is accurate but invasive and stressful, time consuming, and 
not an effective tool for handling a large number of fish. When applied 
repeatedly, surgical biopsy often results in decreasing caviar yield and 
quality due to ovarian follicular atresia, the phagocytosis of ovarian 
eggs [2]. Females undergoing the first stage of atresia may appear to 
be normal at harvest; but once processed, the caviar may have to be 
downgraded due to egg softness and its yield severely diminished due 
to the loss of eggs bursting during processing and handling [5]. Even 
the early stage of atresia causes a reduction in the firmness, flavor, and 
shelf life of caviar.

To improve harvest prediction, we need to have a better 
understanding of the biochemical and physiological changes during 
ovarian maturation and how these changes correlate with roe quality. 
We also need new methods to predict sturgeon maturity as an alternative 
to the ovarian biopsy and oocyte PI measurement. New methods should 
be less invasive, preferably non-invasive and minimally stressful to fish, 

and quick. Ideally, they would allow female fish to be sorted in the fall 
segregating the fish that are in late vitellogenesis from other fish based 
upon the degree of ripeness so that fish 65 of the appropriate stage of 
maturity can be harvested during the winter and spring.

Infrared spectroscopy provides a unique advantage of simple 
sample preparation while retaining satisfactory precision and 
sensitivity. It is gaining wider use in chemical analysis and in non-
destructive applications. In our previous work, Fourier transform 
infrared (FT-IR) spectroscopy (4000-400 cm-1) was employed to 
investigate the biochemical composition of sturgeon plasma [6] and 
the spectral features could be partially related to sturgeon reproductive 
maturity at different stages [7]. Other research indicates that sex 
steroids and vitellogenin (VTG) in sturgeon blood plasma serve as 
suitable biomarkers for predicting sturgeon maturity [8-11]. Spectra 
reflect important chemical information in plasma, including proteins, 
lipids, polysaccharides, nucleic acids, and constituents important for 
fish reproduction, such as vitellogenin (VTG) and sex steroids. The raw 
FT-IR spectral features of white sturgeon plasma were characterized in 
earlier studies [6,7]. The relationship between an ovarian histological 
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Abstract
Ovarian maturity of white sturgeon (Acipenser transmontanus, Acipenseridae) farmed in California (Sterling 

Caviar, LLC) (N=400) and Idaho (Fish Breeders and Blind Canyon Aqua Ranch) (N=143) was determined by 
correlating blood plasma spectral features [(Fourier transform infrared (FT-IR, 4000-400 cm-1) spectroscopy] with 
oocyte polarization index (PI), an index of germinal vesicle migration. A total of ~20,000 spectra were collected over 
a period of four years (2007, 2008, 2009 and 2010). Mathematical models could predict maturity in fish at a later 
year of harvest (i.e., 2010) and at either the California or Idaho production sites. PI values of 0.10, 0.15, and 0.20 
were selected for segregating fish into subgroups based on ovarian maturity. Spectral features for specific proteins, 
lipids, carbohydrates and nucleic acids were related to fish maturity stages. Mathematical models could predict the 
actual PI values based on plasma spectral features in fish from 2010 based on models developed and validated 
from fish harvested in 2007-2009. These models worked equally well whether the fish were raised in California or 
Idaho. This research indicates that infrared spectroscopy provides a rapid and less invasive method to segregate 
sturgeon females according to maturity levels and has the potential to substitute for the traditional surgical biopsy to 
determine stage of maturity.
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prediction of sturgeon maturity and the concentration of biochemical 
compounds in plasma can also be determined [10]. The major focus of 
this study was to describe the biochemical characterization of sturgeon 
plasma and caviar. The aim in the current study was to establish that 
reliable chemometric models could be developed for field application 
at different production locations (in this case 2 states (California and 
Idaho) in which the culture conditions for the fish were significantly 
different) and across several harvest years. The significance of this 
work was to lop robust prediction that could be used at multiple 
harvest locations and from year to year. Therefore, it would be best to 
incorporate as many samples as possible into the study, creating some 
overlap. Due to this, current study presents the prediction models of 
oocyte PI from plasma spectral features from 543 female sturgeon 
harvested over a four year period to provide a new means to monitor 
sturgeon maturity.

Materials and Methods
Field studies and sample preparation

The sampling protocol is shown in Table 1. 

 Period I: (Fall 2007-Spring 2008): During the first year, fish were 
selected and harvested at Sterling Caviar LLC (Wilton, CA, USA), a 
farm with a large stock of mature fish and well known chronology of 
the sturgeon ovarian cycle. Here, we developed and refined diagnostic 
tools that were during the remaining three years of the study. Egg and 
blood plasma samples and spectra were repeatedly collected from 
the same group of individually tagged female fish and information 
on morphological and biochemical changes occurring as these fish 
matured were collected exploring the potential of segregating late-
vitellogenic fish into classes of maturity for an extended caviar harvest.

Forty randomly selected fish in the late vitellogenic stage were 
harvested at 2 month intervals (for Period I: September 2007; January, 
March and May 2008) for caviar production. At each sampling, ovarian 
biopsies were performed to measure the oocyte PI and assess the stage 
of oocyte development as previously described [6,12]. During biopsy, 
blood was collected from the caudal vasculature and centrifuged. Blood 
plasma (3.5 ml for each fish) was shipped frozen by overnight courier 
to Washington State University, Pullman, WA, USA for FT-IR spectral 
analysis.

Period II: (Fall 2008-Summer 2009): During the second year of the 
study, we explored protocols for segregation of fish by stage of maturity 
for the purpose of extending the harvest season in California and 
evaluation of diagnostic techniques. In November, we collected blood 

and egg samples from randomly selected females at Sterling Caviar, 
LLC and segregated these fish into subgroups based upon maturity, 
e.g. pre-vitellogenesis, post-vitellogenesis, and atretic as determined by 
PI value. Individuals in these subgroups were individually tagged and 
held at the cold water facility from November to June, with the harvest 
of these fish conducted in January, March, May and June when fish 
were determined to 6be mature and at this point sacrificed for caviar 
production. The harvest interval 111 between subgroups may have 
shifted depending upon the sexual maturity results at segregation and 
modified depending upon optimal yield based upon data from fish in 
Period I. In November 2008 and again in January, March, May, and 
August 2009, 10 sturgeon were selected at random from two different 
locations in Idaho for testing namely Fish Breeders of Idaho and Blind 
Canyon Aqua Ranch (Hagerman, ID, USA). Tissue samples were 
collected and analyzed as described above. Seven out of these one 
hundred fish died after ovarian biopsies during Period II. Collection 
of biological samples and measurements from randomly selected 
sturgeon females from November through August provided a wide 
range of the oocyte PI values to be captured throughout the harvest 
season. Farmers provided information on annual temperature regimes 
and fish age and size in these cohorts. Biochemical and morphometry 
characteristics were compared between Idaho and California fish to 
determine maturity in sturgeon exposed to the different environmental 
conditions at the different production locations.

Period III: (Fall 2009-Summer 2010): The biological samples 
and spectra collected during Period I and II of the study provided 
information regarding the morphological and biochemical changes 
associated with maturity. FT-IR spectroscopic methods were evaluated 
during Period III at both California and Idaho farms. The validity of 
these various calibrations models has been previously described [6,7]. 
The original model for predicting maturity developed for fish during 
Period I and II was used in November 2009 by culturists to select 
120 fish from California and 50 fish from Idaho into maturity classes 
based upon an FT-IR model for prediction of oocyte PI instead of 
actual measured oocyte PI. These fish were harvested for caviar at the 
predicted optimal stage of oogenesis, i.e., full-grown oocytes during 
January to August 2010, with selected results presented in Table S1.

PI determination

The ovarian follicle diameter was measured for 15 follicles per fish 
(Leica 134 DM 2000, 2.5 x, RT SE Spot camera). These follicles were 
then bisected along the animal-vegetal axis for measurement of oocyte 
PI by image analysis. Oocyte PI, a measure of stage of maturation, is 
the ratio of the distance of the nucleus from the animal pole to the 
oocyte diameter (Figure 1). Follicles designated for histological analysis 
were processed by dehydration, embedding in paraffin, sectioning at 
5 μm, and staining using periodic acid-Schiff’s solution, hematoxylin 
and eosin.

Plasma analysis by FT-IR spectroscopy

Twenty microliters of the plasma was applied to a glass slide and 
air dried under laminar flow at room temperature (ca. 22°C) for 1 
h to obtain a uniform dry film. Three slides were prepared for each 
plasma sample. FT-IR spectra were collected using a Thermo Nicolet 
360 FT-IR spectrometer (Thermo Electron Inc., San Jose, CA, USA). 
Glass slides with dried plasma spots were placed in direct contact with 
an attenuated total reflectance (ATR) zinc selenide (ZnSe) crystal and 
spectra taken (4002 to 399 cm-1). The wave numbers between 3200 
to 2800 cm-1 and 1800 to 900 cm-1 were selected for all chemo metric 
analyses in this study. Thirty spectra were collected for each plasma 

Time Period Harvest location and Number of Fish
California Idaho

Period I (2007-2008 40 (Sept 07) 40 (Jan 08) 40 (Mar 08) 40 (May 08)
Period II*
(2008-2009)
Initial Sampling
Subsequent 
Sampling 

120 (Nov 08)

30 (Jan 09)
30 (Mar 09)
30 (May 09)
30 (June 09)

10×2 (Nov 08)
10×2 (Jan 09)

10 (Nov 09)

10×2 (Mar 09)
10×2 (May 09)
10×2 (Aug 09)
10 (Jan 10)
10 (Mar 10)
10 (May 10)
10 (Aug 10)

Period III
(2009-2010)
Initial Sampling
Subsequent Sam-
pling

120 (Nov 09)

30 (Jan 10)
30 (Mar 10)
30 (May 10)
30 (June 10)

Table 1: Sturgeon selected for analysis by sampling period and harvest location.
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sample, ten for each slide. The resolution of the FT-IR spectroscopic 
instrument was set at 4 cm-1 with spectrum taken of a mean of 36 
separate scans. This spectral collection method was conducted during 
Period I and II to establish models. However, for PI prediction, the 
sample preparation was somewhat different. Twenty micro liters of 
plasma was directly applied to crystal cell of spectrometer and dried 
with a fan within ten minutes. This change of sample preparation 
during Period III was aimed at shortening spectral collection time 
allowing for more rapid PI prediction after chemo metric models had 
been established. The differences between spectral intensity between 
these two methods could be converted using the formulas presented 
below so that spectra for PI prediction could be added into previously 
established models.

Band Intensity of Spectra glass slide=Peak Intensity of Spectra direct 
157 applied/3.106

Band Area of Spectra glass slide=Peak Area of Spectra direct 
applied/4.762

The intensity and area of spectral bands were measured and 
calculated using OMNIC (Thermo Electron Inc. San Jose, CA, USA) 
and Origin® 160 8.1 (OriginLab Co., Northampton, MA, USA) software 
packages, with the principles for these analytical methods as described 
[13,14]. Either equation presented above could be successfully applied 
for spectral data conversion for PI prediction models.

Spectral processing and chemometrics

FT-IR spectral analyses were conducted using OMNIC and 
Matlab software (The Math Works, Inc., Natick, MA, USA). The steps 
involved in spectra processing included smoothing (using a Gaussian 
function of 9.463 cm-1 ), automatic baseline correction, normalization, 
second derivative transforms (with a gap value of 10 cm-1) and wavelet 
transforms (with a scale of 7) [15]. The reproducibility of the processed 
FT-IR spectra (Table 2) were evaluated by calculating Dy1y2 [6]. After 
data pre-processing as described above, chemometric models were 
established to segregate sturgeon into PI sub-groups based upon 
spectral features. These models including cluster analysis, Principal 
Component Analysis (PCA), dendrogram analysis, class analog analysis 
(SIMCA) and loading plot analysis to show that the models constructed 
for segregation were both valid and stable, a Bayesian probability 
analysis was developed and the stability of the model was determined 
by using a Monte Carlo estimation as described previously [16]. To 
establish a correlation between spectral features and PI, partial least 

squares regression (PLSR) models were developed. In these models, the 
measured oocyte PI values for each fish served as reference values. To 
determine how robust a PLSR model is, the number of latent variables, 
correlation coefficient (R), standard error and outlier diagnostics need 
to be determined [17]. After a PLSR calibration model is established, it 
is validated by cross validation using plasma samples from either 9 the 
same data set that were not used for model construction or with plasma 
samples 180 from new data sets.

A validated calibration model could then be employed to predict 
oocyte PI for other fish.

Results
Determining spectral reproducibility

The reproducibility of FT-IR spectra from three independent 
experiments were calculated using the Pearson coefficient (expressed 
as Dy1y2 value). Here the Dy1y2 value of FT-IR spectra for specific 
wavenumber regions are presented along with a combination of 
wavelength regions [16] (Table 2). Mean Dy1y2 values between 7 and 10 
are considered to be normal [7].

Segregating sturgeon by sexual maturity based upon spectral 
analyses

Sturgeon of different maturity were clearly segregated from each 
other (P<0.05) through a correlation of spectral features with PI values 

 

Figure 1: Photographs of sturgeon eggs for oocyte polarization index (PI) 
measurement (range from 0.063 to 0.346).

 

Figure 2: Principal Component Analysis for PI values of sturgeon. Fish were 
sorted into different maturity levels using the following groupings: group 
1: 0.05<PI<0.10; group 2: 0.10<PI<0.15; group 3: 0.15<PI<0.20; group 4: 
0.20<PI<0.25; group 5: PI>0.25. In this three-dimensional (3D) unsupervised 
PCA model, each point represents one sturgeon plasma sample (average 
spectra (N=30)) randomly selected from both Idaho and California fish during 
Period I and II (2007-2009). This cluster analysis model was validated by using 
fish collected in 2010 from California and is a representative of one of the 
ten models developed (N=10). Each maturity level group was well separated 
(P<0.05) and tightly clustered with interclass distances ranging from 6.49 to 
21.64 based on Mahalanobis distance measurements computed between 
the centroids of the clusters. A Mahalanobis distance of >3 indicates good 
segregation [18].

Wavenumber (cm-1) Biochemical constituents Dy1y2 values for 
corresponding

wavenumber regions
3300-900 Entire wavenumber region 16.12 ± 3.82 to 24.13 ± 2.91
3200-2800 Fatty acids 8.34 ± 0.17 to 8.91 ± 0.21
1800-1500 Proteins and peptides 7.11 ± 0.39 to 8.56 ± 0.48
1500-1200 Mixed region of proteins, 

fatty acids and
phosphate compounds 7.46 ± 0.31 to 8.81 ± 0.69
1200-900 Carbohydrate 9.01 ± 0.23 to 9.89 ± 0.45

Table 2: Determining FT-IR spectral reproducibility based upon important plasma 
biochemical constituents.
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(Figure 2) and could be differentiated into PI ranges or groupings 
commonly used in the industry for segregating fish. As others have 
found for two-dimensional (2D) cluster analyses it was not possible 
to clearly segregate fish by maturity a common phenomenon observed 
with biological samples [18,19] and a 3-dimensional (3D) model 
was necessary to discern small changes in spectral features between 
fish with similar PI. This model (Figure 2) was established using 7- 
and 8-year old fish in California and 15- to 21-year old fish in Idaho 
sampled over three years (Period I and II) and validated using fish of 
sampled during Period III (N=52). A dendrogram analysis, also based 
upon principal components was established to segregate sturgeon 
based upon different maturity levels (oocyte PI ranges) (Figure 3) also 
using fish from Period I and II and validated with fish from Period 
III. Fish with low PI values of 0.05 or 0.1 could be easily segregated 
10from fish with higher PIs (0.15, 0.2 or 0.25) using a single principal 
component (PC 1). This model may be more robust than the 3D PCA 
(Figure 2) because only a single principal component was necessary 
for its construction. It was possible to validate oocyte PI values of 0.05, 
0.1, 0.15, 0.20 and 0.25 as critical points for segregating sturgeon with 
PI values of 0.1, 0.15 and 0.20. Many combinations of segregation 
models were evaluated during model establishment and we confirmed 
that the dendrogram model presented here (Figure 3) could provide 
the best segregation of the dendrogram analysis models tested. A third 
type of model for segregating fish based upon spectral features was a 
class analog or SIMCA model. This model can be used to determine if 
a certain fish, based upon its blood plasma spectral features would fall 
within a predetermined range of PI values. Using this model, fish could 
be correctly classified 90% of the time based on plasma spectral features 
alone (Table 3).

Loading plot analysis

Loading plot analysis was performed to determine which major 
components in plasma provided the most significant (P<0.05) 
contribution to sample segregation (Figure 4). The first three PCs 
can explain over 80% of segregation capability of either the cluster 
or dendrogram models (Figures 2 and 3) with the most significant 
features being associated with changes to protein secondary structure: 
amide I (1695 cm-1) [7,20,21]; α-helical structures (1655 cm-1) [22]; 
amide II (1525 cm-1) [19]; C=C, deformation C-H of amide II (1487 
cm-1) [22]; symmetric CH3 bending modes of the methyl groups 
of proteins (1399 cm-1) [19]; CO stretching of the C-OH groups of 
serine, threonine and tyrosine in the cell proteins (1172/1173 cm-1) 
[19]. For carbohydrate, the band at 1430 cm-1 is assigned to δ (CH2) 
of polysaccharide [7,20,21], while the band at 1205 cm-1 is dominated 
by the ring vibrations of polysaccharides C-O-P, PO-P [22]. The band 
at 1469 cm-1 is derived from CH2 banding of the acyl chains from 
phospholipids [7,20,21]. The band at 1620 cm-1 is assigned to stretching 
base carbonyl and ring breathing mode of 11 nucleic acids [19], and 
1592 cm-1 is assigned to C=N and NH2 in adenine [22]. These features 
are principally associated with protein and lipid deposition as ovarian 
follicles mature, with carbohydrate features likely associated with 
changes in levels of vitellogenin (VTG).

Application of PLSR models for oocyte PI prediction

PLSR models established a correlation between plasma spectral 
features and morphological characteristics of ovarian follicles. The 
appendix provides programming of the PLSR model in Matlab used 
for this chemometric analysis based on spectral features and includes 
calibration, cross validation and prediction (Appendix I). Two PLSR 
models were established (Figure 5, Tables 4 and S1): model A and model 
B. For model A, randomly selected fish sampled in 2007, 2008 and 2009 
were used for model establishment. A leave-one-out cross validation 
was performed to challenge the rigorousness of calibrated model and 

 

Figure 3: A composite dendrogram for hierarchical cluster analysis of predicted 
PI Fish were sorted into different maturity levels using the following groupings: 
group 1: 0.05<PI<0.10; group 2: 0.10<PI<0.15; group 3: 0.15<PI<0.20; group 
4: 0.20<PI<0.25; group 5: PI>0.2). Each number on the x-axis represents one 
sturgeon blood plasma (average spectra (N=30)) randomly selected both Idaho 
and California during Period I and II (2007-2009). This segregation analysis 
model is representative of one of the ten models validated by using fish samples 
from 2010 from California (N=10). An asterisk marks a sample used for model 
validation and subsequent validation challenge.

 

Figure 4: Loading plots to explain cluster analysis and dendrogram analysis. 
Band assignment, 1695 cm-1: amide I band component; 1655 cm-1: amide I 
of α-helical structures;1620 cm-1: stretching base carbonyl and ring breathing 
mode of nucleic acid; 1592 cm-1: C=N, NH2 adenine; 1525 cm-1: amide II (1550-
1515); 1487 cm-1: C=C, deformation C-H of amide II; 1469 cm-1: CH2 bending 
of the acyl chains (phospholipids); 1430 cm-1: δ (CH2) of polysaccharide; 1399 
cm-1: symmetric CH3 bending modes of the methyl groups of proteins; 1205 
cm-1: C-O-C, C-O dominated by the ring vibrations of polysaccharides C-O-P, 
P-O-P; 1172/1173 cm-1: CO stretching of the C-OH groups of serine, threonine, 
& tyrosine in the cell proteins as well as carbohydrates.

PI Range No. of correctly 
classified spectra*

% of correctly classified 
spectra

0.05<PI<0.10 278 92.67
0.10<PI<0.15 281 93.67
0.15<PI<0.20 269 89.67
0.20<PI<0.25 271 90.33
PI>0.25 292 97.33

*Note: N=300 spectra from fish in each PI range
Table 3: SIMCA classification accuracy for different ooc yte polarization index (PI) 
ranges.
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value for harvest quality as a prediction of pre-ovulatory follicular 
atresia. 249 The standard deviation of model B is close to 0.01, which is 
suitable even if the reference PI value is around 0.1 (Tables 4 and S1). 
Taken together, the models were equally applicable to unrelated white 
sturgeon stocks raised at two separate locations, California and Idaho, 
under different environmental conditions.

Discussion
Research has been conducted to investigate the reproductive 

physiology of sturgeon due in part to conservation and restoration 
activities for threatened and endangered species but also in support 
of efforts to improve aquaculture practices for these fish. International 
demand for sturgeon caviar is focusing attention of scientists on 
improvement to sturgeon aquaculture that has recently become a 
major source for caviar production [23].

White sturgeon (native to Washington, Oregon, California and 
Idaho in the United States and to the province of British Columbia in 
Canada) [24] are with biennial ovarian cycles starting in captivity at 
age 5-7 years. The phases of the ovarian cycle have been determined 
histologically and through plasma metabolic profiles [10]. Because 
of the asynchronous onset of vitellogenesis and its long duration, 
the maturing stocks will typically have three main ovarian stages if 
sampled in the fall [25]. Currently, measuring the oocyte PI value is the 
only means to accurately assess ripeness of white sturgeon females. It is 
better to select females with the PI scores of less than 0.10 for spawning 
induction, although an egg polarization index of 0.06-0.08 is preferable 
[26]. 

Besides measuring PI values, hormone levels in fish plasma 
have also been used to determine sturgeon maturity levels. Moberg 
et al. [27] indicated that plasma concentrations of estradiol-17β 
(E2) can discriminate the vitellogenic stage in sturgeon. Webb et al. 
[28,29] reported that plasma testosterone (T) and E2 were the best 
predictors to differentiate sex and stages of maturity in white sturgeon. 
Malekzadeh Viayeh et al. [30] showed that plasma T and E2 plus either 
age, total length, 272 fork length or weight were also good predictors 
for the stage of sturgeon sexual maturity. The most viable methods for 
quantifying sex steroid contents in fish plasma are radioimmunoassay 
(RIA) [12] and enzyme-linked immunosorbent assay (ELISA) [31]. 
The techniques developed here, provide culturists with models that can 
be used to predict PI value for the fish from PLSR models developed 
on the basis of 20,000 FT-IR spectra from a 4-year cumulative study 
of 543 sturgeon females farmed in both California and Idaho. This 
method would be appropriate for conservation and restoration efforts 
in addition to aquaculture been rapidly developed, increasing the field 
applicability of this technology [32].

All species of sturgeon are very sensitive to environmental 
conditions on spawning grounds, such as seasonal temperature, 
river velocity, and availability of specific spawning substrate. Our 
spectroscopic method has a potential application for monitoring the 
stage of the egg maturity and potentially the incidence of pre-ovulatory 
follicular atresia in natural spawning populations, such as the recently 
re-established spawning runs of lake sturgeon and the endangered stock 
of the Kootenai River white sturgeon. These populations, while being 
protected, may still be at risk due to the changes in the river thermal 
regime and the high sensitivity of sturgeon spawning to temperature, 
spawning substrate, and current velocity [4]. A rapid and minimally 
invasive spectroscopic method such as the ones presented here would 
provide a unique opportunity for monitoring reproductive health of 
the brood fish that are on or near natural spawning grounds. It will 

then the PI values of fish samples collected in 2010 were predicted based 
upon the validated calibration model (Figure 5 model A, a prediction 
model). For a second model (model B, a cross-validation model), fish 
from Period I and II and 5 fish from Period III were randomly selected 
and used for model establishment and leave-one-out cross validation 
was performed to challenge the rigor of this calibration model. The PI 
values of all remaining fish collected during Period III were predicte 
based upon the validated calibration model (Figure 5 model B) with the 
accuracy of these predictions shown in Table S1. 

The key parameters of PLSR models are summarized in Table 
4, including range, number of samples, latent variables, standard 
error of calibration and cross validation, and regression coefficient 
of calibration and cross validation. PLSR model B provided a higher 
correlation than model A due to a greater incorporation of spectral 
features for fish collected in 2010. The prediction results for both PLSR 
models are summarized in Table S1. The standard deviation for model 
A is 0.03 and relatively small for an oocyte PI reference value around 0.2 
or 0.3, but relatively high for PI around 0.1 (~30%) which is a 12 critical 

Figure 5: Partial least squares for linear regression analysis between actual 
PI values (measured by traditional surgical biopsy) (N=15) and predicted PI 
values (FT-IR spectral features): model A (above) and model B (below). This 
PLSR model is a representative of one of the ten models developed as part 
of this study.

PI 
model

Range No. of 
Samples*

No. 
Latent 
Variables

R-Val2 SECV R-Cal2 SEC

Model A 0.0640-0.3195 140 14 0.8725 0.0217 0.9227 0.0173
Model B 0.0640-0.3195 160 17 0.8846 0.0129 0.9312 0.0107

*Four spectra for each fish plasma sample were incorporated into the PLSR 
model 
Table 4: Statistical parameters for Partial Least Squares Regression Models 
(PLSR) (1800 to 900 cm-1) for determination of polarization index values of white 
sturgeon eggs.
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also permit the determination of the potential impact of pre-ovulatory 
ovarian follicular atresia, and provide a new tool for predicting the 
impact of environmental changes on sturgeon populations and may 
have applications for rapid determination of reproductive status in 
cobia, barramundi and potentially tunas.
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