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Abstract: Wild lowbush blueberries, an important fruit crop native to North America, contribute
significantly to the economy of Maine, USA, Atlantic Canada, and Quebec. However, its photosyn-
thetic capacity has not been well-quantified, with only a few studies showing its low photosynthetic
rates. Its small leaves make accurate leaf-level photosynthetic measurements difficult and introduce
potential uncertainties in using large leaf chambers. Here, we determined the photosynthetic rate
for five different wild blueberry genotypes using a big leaf chamber enclosing multiple leaves and
a small leaf chamber with a single leaf to test whether using big leaf chambers (branch-level mea-
surements) underestimates the photosynthetic capacity. Photosynthetic rates of wild blueberries
were significantly (35–47%) lower when using the big leaf chamber, and they are not a crop with
low photosynthetic capacity, which can be as high as 16 µmol m−2 s−1. Additionally, wild blueberry
leaves enclosed in the big chamber at different positions of a branch did not differ in chlorophyll
content and photosynthetic rate, suggesting that the difference was not caused by variation among
leaves but probably due to leaf orientations and self-shading in the big chamber. A significant linear
relationship between the photosynthetic rate measured by the small and big leaf chambers suggests
that the underestimation in leaf photosynthetic capacity could be corrected. Therefore, chamber-size
effects need to be considered in quantifying photosynthetic capacity for small-leaf crops, and our
study provided important guidelines for future photosynthesis research. We also established the
relationship between the Electron Transport Rate (ETR) and photosynthetic CO2 assimilation for wild
blueberries. ETR provides an alternative to quantify photosynthesis, but the correlation coefficient of
the relationship (R2 = 0.65) suggests that caution is needed in this case.

Keywords: Vaccinium angustifolium; small leaf; fruit crop; crop physiology; photosynthetic rate;
electron transport rate

1. Introduction

An improved understanding of crop physiology has contributed to the advance-
ment of agricultural production over the past few decades [1–5]. Among a variety of
plant physiological processes, photosynthetic capacity is a major determinant of crop
yield [6,7]. Photosynthesis is the process where crops use sunlight, atmospheric CO2, and
water to produce carbohydrates, referred to as biomass growth or crop grains [8,9]. Since
photosynthesis data are important for carbon flux modeling of agricultural systems and
for predicting crop yield under different environmental conditions [5,10–15], appropri-
ate crop photosynthesis measurement is of the utmost importance for crop management
and modeling.

While photosynthesis measurements and modeling have been conducted extensively
for various crops, only a few studies measured the photosynthesis of the wild lowbush
blueberry crop (Vaccinium angustifolium Aiton) [16–19]. The wild blueberry crop is one of
the most important crops in North America. This crop has played an important role in the
economy of Maine, USA, and part of Canada (Atlantic regions and Quebec) for centuries.
Additionally, wild blueberries naturally grow in the field (not human-planted) and have
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been managed to form a unique semi-natural agricultural system, which has different
genotypes with considerable genetic variation [20–22]. This unique crop is managed on a
two-year cycle. The plants grow vegetatively in the first year (prune year) after the harvest
and pruning of the previous year, and the plants flower and produce fruits in the second
year (crop year). After harvesting the fruits, growers prune the field either by mowing
or burning. This small fruit crop may have low photosynthetic capacity compared to
cultivated crops that are selected to maximize productivity. Yet, there is still a lack of proper
research on the photosynthesis of this crop. Appropriate measurements of photosynthesis
are still needed for better management and estimating its full potential in growth and yield.
Additionally, quantifying the temporal variability in photosynthesis is important for better
management of wild blueberries as it might represent different allocations of assimilated
carbon to fruit production. Precise measurements of photosynthesis of this crop are also
necessary for studying its physiological response to climate change, which is important
because wild blueberry fields experienced higher rates of climate warming compared to
the entire region [23].

In previous studies that measured photosynthesis in wild blueberry plants during
the vegetative year (Table 1; [16–18]) using a controlled leaf gas exchange system, big leaf
chambers enclosing a stem with multiple leaves were used, as shown in Figure 1a. In this
measurement process, the photosynthetic rate (CO2 assimilation rate) needs to be corrected
using the total leaf area of all the leaves inside that big leaf chamber. However, different
orientations of leaves and self-shading among leaves, as shown in Figure 1a, may introduce
errors in estimating the maximum photosynthetic capacity of a crop. Alternatively, a small
leaf chamber, as shown in Figure 1b, could be used to enclose one single leaf so that the
enclosed leaf surface will intercept the light and provide the CO2 assimilation rate per
specific leaf surface area. However, due to its small leaf size and short petioles, it is hard
to fix a single leaf in the chamber. Although it seems to be common sense that using a
single leaf vs. a small branch/stem may affect photosynthetic measurements, surprisingly,
the effects of different-sized chambers on gas exchange measurements have never been
carefully tested to the best of our knowledge. Some previous studies investigated the effects
of gasket leakage on gas exchange measurements for different-sized leaf chambers [24,25],
showing that different-sized chambers had similar leakages [24] and gasket leakage had
negligible effects on photosynthesis measurements [25]. However, the comparison between
measuring a single leaf with a small chamber vs. a branch with a large chamber has not
been performed. In addition, we also explored an alternative to overcome this measurement
challenge using leaf chlorophyll fluorescence by exploring the possibility of using electron
transport rate (ETR) measurements to predict photosynthetic rates (CO2 assimilation) in
wild blueberry plants. Therefore, the objectives of this study were:

1. To test whether using the big leaf chamber (branch level measurements) underestimates
the leaf photosynthetic capacity compared to the measurements with a small leaf
chamber enclosing a single leaf (leaf level measurements), and whether wild blueberry
plants are not a crop with low photosynthetic capacity;

2. To test whether the electron transport rate measured by a chlorophyll fluorescence
meter can be used to predict the photosynthetic rate measured by the gas exchange
system for wild blueberry plants.
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Figure 1. Measuring leaf photosynthesis in wild blueberry plants (Vaccinium angustifolium) using
(a) Li-Cor big leaf chamber (10 cm2; Model Li-Cor 6400-22L) and (b) Li-Cor small leaf chamber (2 cm2;
Model Li-Cor 6400-40).

Table 1. Summary of leaf photosynthesis rates reported for lowbush wild blueberry crop (Vaccinium angustifolium) from
previous field investigations.

References Time Location of
Field Study

Photosynthesis
Measurement Method

Net Photosynthetic Rate
(µmol.m−2.s−1)

Average Range Vegetative
Year (August)

Hicklenton et al.
(2000)

1996
to

1997

Agriculture and
Agri-Food Canada
Experimental Farm,
Sheffield Mills, N.S.

(45◦ N, 64.5◦ W)

ADC LCA-2 portable
open-flow leaf gas exchange

system (ADC Ltd.,
Hoddesdon, UK) with

temperature-
controlled big leaf chamber

(PLC 2A)

5.0
to
6.0

1.0
to

10.0

6.5
to
9.5

Percival et al.
(2003) 2000 Wild Blueberry Research

Centre (WBRC), Debert,
Nova Scotia
(45◦27′ N,
62◦36′ W)

ADC LCA-4 portable leaf gas
exchange system (ADC Ltd.,
Hoddesdon, UK) with big

leaf chamber

4.0
to
5.0

0.5
to
8.5

N/A

Percival et al.
(2012)

1999
to

2000

LI-6250 portable
photosynthesis measurement

system (LI-COR Inc.) with
big leaf chamber

3.5
to
4.0

0.0
to
7.6

5.5
to
7.6

2. Materials and Methods

Five different genotypes were selected from a wild blueberry field at the Blueberry
Hill Farm in Jonesboro, Maine, USA, which is the only university-based (The University
of Maine) wild blueberry research facility in the U.S. The average annual temperature in
Jonesboro, Maine is 6.3 ◦C, with an annual low monthly average temperature of 0.9 ◦C and
an annual high of 11.7 ◦C. The average annual precipitation is 1298 mm, and the average
annual snowfall is 158 cm (climate data for Jonesboro, longitude: −67.6495◦ N, latitude:
44.6454◦ W; average weather Jonesboro, ME—4648–1981–2010 normal).

Leaf stomatal conductance and photosynthetic rate on randomly selected wild blue-
berry stems from the five selected genotypes were measured at a PAR of 1000 µmol.m−2.s−1

by two portable photosynthetic measurement systems (li-6400; Li-Cor Biosciences, Lincoln,
NE, USA) using both a big (10 cm2; Model 6400-22L; Li-Cor, Lincoln, NE, USA) and a small
leaf chamber (2 cm2; Model 6400-40; Li-Cor, Lincoln, NE, USA), as shown in Figure 1a and
b, respectively. These measurements were conducted in a vegetative year of wild blueberry
plants to compare with those taken during the vegetative year in previous studies (Table 1).
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Different genotypes can be easily identified according to morphological traits including
leaf and stem colors, as shown in Figure 2. As the wild blueberry plants naturally grow
in fields, the genotypes have not been tested for their genetic background and have not
been named. For the big chamber (Figure 1a), a branch with 13.6 ± 1.3 leaves was enclosed
in the chamber, whilst for the small chamber (Figure 1b), one single leaf was enclosed
for photosynthesis measurements. Only fully developed mature and healthy leaves were
enclosed in the chambers for the gas exchange measurements (young leaves on the top and
old leaves on the bottom were avoided), and the most visually representative leaf (fully
mature, healthy, in the middle position of the stem) from the section enclosed in the big
chamber was used for the small leaf chamber. The settings for both Li-Cor 6400 systems
were the same during the measurements. The measurements were taken on a typical cool
sunny day (12 August 2019) between 13:00 and 16:30 h solar time. Our diurnal curve mea-
surements showed that wild blueberries maintain the daily maximum gas exchange during
this period of cool and sunny days. During the measurements, the ambient temperature
was 25.3 ± 1.8 ◦C (ranged from 23.5 to 27.1 ◦C), the CO2 concentration was 360± 9 (ranged
from 350 to 370) µmol.mol−1, the relative humidity was 71 ± 11 (ranged from 57% to 83%),
and the air VPD ranged from 0.6 to 1.24 KPa. Although the environmental conditions
changed a bit over the period of measurements, all the large and small chamber measure-
ments are paired. Immediately after measurements using the big leaf chamber (Figure 1a), a
representative leaf (fully mature, healthy, in the middle position of the stem) from the same
stem was measured using the small chamber to make sure that any environmental changes
throughout the day would not affect the comparisons. For the small leaf chamber, we made
sure that the leaf chosen can cover the entire chamber area of 2 cm2. The total leaf area of
all the leaves inside the big chamber (Figure 1a) was later determined using a LI-3000A
area meter (Li-Cor, Lincoln, NE, USA) to calculate leaf area-based photosynthetic rates and
stomatal conductance. In July 2021, we tested whether leaves at different positions in a
stem (that would be enclosed in the large chamber) would have different photosynthetic
rates. Gas exchange measurements were conducted on four leaves located at different
positions (top to bottom) on five stems randomly selected from five different genotypes
at a PAR of 1000 µmol.m−2.s−1 using the small leaf chamber. Afterward, chlorophyll
concentrations (SPAD.m−2) of these same leaves were measured using a CCM-200 plus
chlorophyll content meter (Opti-Sciences Inc., Hudson, NH, USA).
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In addition, we measured both photosynthetic rate and electron transport rate (ETR)
in 80 different fully developed mature and healthy leaves from 80 different wild blueberry
plants by a small chamber with a fluorescence meter (2 cm2; Model 6800-01A, Li-Cor,
Lincoln, NE, USA) attached to a portable photosynthetic measurement system (li-6800;
Li-Cor Biosciences, Lincoln, NE, USA). The photosynthetic rate and ETR were measured
simultaneously for each leaf. We conducted these measurements on a typical sunny day
(15 July 2019) between 10:00 and 15:10 h solar time. Here, we aimed to obtain a high
range of photosynthetic rate and ETR to establish their relationship, thus a long period
with variations in environmental conditions was preferred. During the measurements, the
ambient temperature ranged from 27 to 33 ◦C, the CO2 concentration was ~360 µmol.mol−1,
and the relative humidity ranged from 40% to 75%.

Statistical analyses were applied using SPSS V21 (IBM Corp., Armonk, NY, USA).
One-way ANOVA was conducted to test the difference in photosynthetic rate and stomatal
conductance between values measured by the small and big leaf chambers. The same statis-
tical test was also conducted to test the differences in photosynthetic rate and chlorophyll
content among the leaves at different positions in a stem. The relationship between wild
blueberry photosynthetic rates measured with the small leaf chamber and those with the
big chamber was analyzed using linear regressions. Additionally, the relationship between
wild blueberry photosynthetic rates (CO2 assimilation) and electron transport rates was
analyzed using a linear regression.

3. Results and Discussion

Using the big leaf chamber with multiple leaves (branch level measurements) sig-
nificantly underestimated the leaf photosynthetic capacity, and our results suggest that
V. angustifolium is not a crop species with low leaf photosynthetic capacity. The leaf pho-
tosynthetic rate measured with the small leaf chamber (leaf level measurements) was
significantly higher (p < 0.001) compared to that with the big leaf chamber (Figure 3a,b) for
all five studied wild blueberry genotypes under 1000 µmol m−2 s−1; PAR. The underestima-
tion of the photosynthetic capacity by using the big chamber was 41.9± 1.85% (Figure 3c,d).
Similarly, stomatal conductance measured with the small leaf chamber was significantly
higher (p < 0.001) compared to that with the big leaf chamber (Figure 3e,f) for all five
studied wild blueberry genotypes. The underestimation rate of stomatal conductance
measurement using the big chamber was 52.2 ± 2.9% (Figure 3g,h). These results suggest
that the photosynthetic rates of wild blueberries reported in the literature (Table 1; [16–18])
could also be underestimated as big leaf chambers were used [16–18]. Under saturated
light, the photosynthetic rates of wild blueberries measured by the small leaf chamber
could be as high as 16 µmol CO2 m−2 s−1 with a mean of 11 µmol CO2 m−2 s−1, which is
higher than those measured by the big leaf chamber and reported in the literature [16–18].
Thus, our results suggest that wild blueberry is not a species with low photosynthetic
capacity as reported. In fact, its photosynthesis is comparable to other temperate crops,
such as wheat with an average photosynthetic rate of ~9 to 20 µmol CO2 m−2 s−1 [26] and
temperate deciduous trees such as Acer saccharum, Betula alleghaniensis, and Tilia americana
with an average peak photosynthetic rate of ~8 to 15 µmol CO2 m−2 s−1 [27]. In contrast,
photosynthetic measurements by the big leaf chamber might represent more realistic pho-
tosynthetic performances at the branch level because of self-shading and different leaf
orientations that exist under natural conditions. However, the photosynthetic capacity of
those leaves or the wild blueberry crop is still underestimated, especially when comparing
with photosynthetic rates of other crops measured using a single leaf.
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Figure 3. Comparison of leaf photosynthetic rate in (a,b); Underestimation of leaf photosynthetic capacity in (c,d); Leaf
stomatal conductance in (e,f); and Underestimation of leaf stomatal conductance in (g,h) between small leaf chamber and
big leaf chamber of Li-Cor under 1000 PAR from five different genotypes of wild blueberry plants (Vaccinium angustifolium)
(bars in figures (a,e) are means ± SEs of different measurements for the same leaf groups enclosed in the big chamber or
single leaf in the small chamber; bars in figures (b,d,f,h) are means ± SEs of the studied five different genotypes; p < 0.05 *,
p < 0.01 **, p < 0.001 ***).

The underestimation of leaf photosynthetic capacity using the big leaf chamber with
multiple leaves (branch level measurements) cannot be explained by variations among
leaves, but could be because of different leaf orientations and self-shading among leaves.
Although it would be expected that the leaves at different positions of that stem inside
the big leaf chamber (Figure 1a) will have different photosynthetic rates due to age effects,
our results from wild blueberry plants suggest otherwise (Figure 4a). No significant differ-
ences were observed in photosynthetic rates (Figure 4a) as well as in chlorophyll content
(Figure 4b) among the leaves at four different positions from the top to the bottom of wild
blueberry stems from five different genotypes. This could be because all the mature leaves
enclosed were developed in the same season and thus at similar ages. The photosynthesis
process in plants begins with light capture or interception by leaves, which is further
converted into plant biomass as a form of carbohydrate [9]. Therefore, the efficiency of light
capture or interception by the leaves [8] is one of the most important factors for efficient
photosynthesis, followed by a better yield of crops. In the big leaf chamber, leaves cannot
be held perpendicular to the light source to maximize light interception. Some leaves
could also be shaded by other leaves, preventing them from fully intercepting the light.
This could be the reason why the photosynthetic rates and stomatal conductivity were
significantly lower in the same wild blueberry plant when they were measured by the big
chamber compared to the measurements by the small chamber. In fact, some researchers
have studied the effects of different orientations of leaves and their interception with the
light for photosynthesis [28,29]. They have found that photosynthesis will be more efficient
if more leaf surfaces can be perpendicular to the light source to intercept the light. Thus, a
further study could be conducted to test whether an improvement in the chamber design
such as using nets to orient the small leaves can help minimize the effect. Here, it is to
be noted that the chamber effect is unlikely to be related to potential high leakage with
the large chamber. A previous study has shown that leakage of the chamber gasket may
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influence respiration measurements due to their relatively low values, but it has negligible
effects on relatively high photosynthetic rates (~23 to 26 µmol m−2s−1) [25].
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different positions (from top to bottom) of a single stem from five different genotypes of wild
blueberry plants (Vaccinium angustifolium). Bars are means ± SEs (n = 5 different genotypes); ns
means no significant difference at p < 0.05.

Interestingly, a significant positive linear relationship (R2 = 0.83; p < 0.001) was
observed in photosynthetic rate measurement between the small leaf chamber and the big
leaf chamber (Figure 5). The slope (0.26) of the relationship was smaller than the slope
(1) of the 1:1 linear trendline. This suggests that the ratio of underestimation is higher
when the leaf photosynthetic rate is high. In addition, based on this relationship, the
underestimation by using the big leaf chamber could be corrected, and the photosynthetic
rate of wild blueberry plants can be calculated using the linear regression equation if we
measure photosynthesis using the big leaf chamber. However, it cannot be generalized for
all small leaf crops, which would require further investigation.
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Figure 5. Relationship between leaf photosynthetic rates measured by the Li-Cor small leaf chamber
and by the big leaf chamber for wild blueberry plants. The solid line represents the 1:1 linear
trendline. The dashed line represents a linear relationship fitted to the data by linear regression
analysis (p < 0.001).

Furthermore, we found a significant positive linear relationship (R2 = 0.65; p < 0.001)
between photosynthetic CO2 assimilation and electron transport rates (ETR) for wild
blueberries (Figure 6). Although these two measurements represent different processes
of photosynthesis, one can be used to predict the other. Gas exchange measurements of
photosynthetic CO2 assimilation include all the layers of a leaf, whereas ETR measurements
by chlorophyll fluorescence mostly represent the uppermost layer of a leaf [30]. In previous
studies, a linear relationship was found between those two in a C4 plant called red campion
(Silene dioica) [31], whereas curvilinear correlation was found in C3 plants such as pea
(Pisum sativum) and barley (Hordeum vulgare) [32]. Since different plant species showed
different relationships between the photosynthetic rate and ETR, our study specifically
focused on establishing a relationship between those two parameters for the wild blueberry
plants. The significant positive linear relationship found in our study implies that we could
measure the ETR from the wild blueberry leaves to roughly predict their photosynthetic
gas exchange performance instead of conducting time-consuming and challenging gas
exchange measurements on their small leaves. However, caution also needs to be exercised
due to the relatively low correlation coefficient of the relationship (R2 = 0.65).
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Figure 6. Relationship between leaf photosynthetic rates (CO2 assimilation) and electron transport
rates for wild blueberry plants. The dashed line represents a linear relationship fitted to the data by
linear regression analysis (p < 0.001).

4. Conclusions

In conclusion, wild lowbush blueberry is not a crop with low leaf photosynthetic
capacity. Its previously reported low photosynthetic rates represent more stem-level
performance and could be because of the chamber-size effects reported in this study. Thus,
the much lower yield in the wild blueberry system compared to cultivated high bush
blueberries [33] cannot be explained by low photosynthetic capacity. In contrast, the high
maximum photosynthetic rates in wild blueberries suggest the potential to improve the
yield of this unique agricultural system. Further, the lower branch-level photosynthetic
rates measured using the large chamber with multiple leaves cannot be explained by a
variation among leaves from different positions in a stem, but could be related to self-
shading among leaves and different orientations of the leaves. Additionally, we established
the relationship between ETR and photosynthetic CO2 assimilation specifically for wild
blueberries, which suggests the possible use of ETR to assess photosynthesis for this
important native North American crop. In the meantime, the coefficient of the relationship
(R2 = 0.65) suggests the influence of other factors rather than photosynthetic electron
transport efficiency on determining the leaf photosynthetic capacity. Our results indicate
that chamber-size effects need to be considered while measuring the photosynthesis of
small-leaf plants, and previous results measured with big chambers enclosing multiple
leaves need to be interpreted with caution. Also, an improvement in the chamber design
such as transparent nets to arrange and orient small leaves in big chambers could be
helpful. Therefore, our study provides an important experimental guideline in studying
leaf photosynthesis, especially for small-leaf plants.
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