DOI 10.32615/ps.2023.018 PHOTOSYNTHETICA 61 (3): 285-296, 2023
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Abstract

Woody plant areal encroachment is pervasive throughout the Southern Great Plains, USA. The ability of woody plants
to dissipate excess solar radiation — dynamically over the day and sustained periods without recovery overnight —
is key for maintaining photosynthetic performance during dry stretches, but our understanding of these processes
remains incomplete. Photosynthetic performance and energy dissipation were assessed for co-occurring encroachers
on the karst Edwards Plateau (Juniperus ashei, Prosopis glandulosa, and Quercus fusiformis) under seasonal changes
in water status. Only J. ashei experienced mild photoinhibition from sustained energy dissipation overnight while
experiencing the lowest photochemical yields, minimal photosynthetic rates, and the highest dynamic energy
dissipation rates at midday during the dry period — indicating susceptibility to photosynthetic downregulation and
increased dissipation under future drought regimes. Neither other encroacher experienced sustained energy dissipation
in the dry period, though P. glandulosa did experience marked reductions in photosynthesis, photochemical yields,
and increased regulatory dynamic energy dissipation.
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Introduction shifts in semi-arid regions will have considerable impacts

on photosynthetic uptake, with the Southern Great Plains
Semi-arid regions — where potential evapotranspiration of the United States specifically predicted to experience
exceeds precipitation — drive global interannual variation increasing variability in productivity by 2100 (Klemm
in atmospheric CO, due to the variable availability of et al. 2020) due to increased aridity (Seager ez al. 2018) and
water (Poulter et al. 2014, Ahlstrom et al. 2015). Climatic drought severity (Seager et al. 2007, Strzepek et al. 2010,
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Cook et al. 2015). Climatic effects on woody plants of
the Southern Great Plains are particularly concerning due
to their recent areal expansion (Barger e al. 2011) coupled
with their differential responses to water stress and drought
mortality (Fensham et al. 2009, Choat ef al. 2012, Moore
et al. 2016). With water deficits and temperatures expected
to increase in the future, we need a better understanding
of how recent co-occurring encroachers in the semi-arid
region of the Southern Great Plains will photosynthetically
respond to expected water limitations and excess energy.

Absorbed light energy by chlorophyll photosystems
can be dynamically quenched in three ways: (/) photo-
chemically via photosynthesis, (2) fluorescence of excited
chlorophyll electrons, and (3) photoprotective heat release
of excess energy through nonphotochemical quenching
(NPQ; Maxwell and Johnson 2000). Less light quenched
by photosynthesis requires greater dissipation of excess
energy via NPQ (Maxwell and Johnson 2000, Lazar 2015).
The inability to dissipate excess energy creates photo-
damage from reactive oxidants, while photoprotective
mechanisms safely quench excess energy (Demmig-
Adams and Adams 2018, Malno€ 2018).

If photochemical quenching capabilities are surpassed
under stressful conditions, plants may employ both dynamic
and sustained forms of energy dissipation (NPQ) to protect
leaves from photodamage (Malnoé¢ 2018, Verhoeven
et al. 2018). This is in addition to a basal constitutive NPQ
that is nonregulatory in function (Lazar 2015). As dynamic
stressors like excessive light, temperature, and evaporative
demand increase over the day, the fraction of light used
in photochemical quenching decreases due to closing
reaction centers (Adams et al. 2008, Murchie and Lawson
2013). This controlled downregulation causes dynamic
energy dissipation to increase diurnally via regulatory
light-induced NPQ (®'wp)) as photochemical uses are
surpassed. This is a photoprotective mechanism activated
by proton accumulation in the thylakoid lumen in response
to excess light absorption (Demmig-Adams and Adams
1996, Hendrickson et al. 2004). The proton accumulation
induces relative shifts in the xanthophyll cycle pigments,
a pool of three carotenoid pigments, to quench excess
energy quickly under changing dynamic stressors before
relaxing overnight (Demmig-Adams and Adams 1996,
Miiller et al. 2001, Hendrickson ef al. 2004).

Over longer periods of stress, sustained NPQ becomes
necessary which causes sustained photoinhibition of
the maximal quantum yield of PSII photochemistry (F./F.)
which is achieved in a dark-adapted state (Verhoeven
2014, Verhoeven et al. 2018). Photoinhibition refers to
the decreased ability to fix CO, relative to nonstressful
conditions from photoprotective or photodamaging
mechanisms (Malnoé 2018). Photoinhibition can occur
seasonally due to sustained stressors like low temperatures
or water limitations (Fernandez-Marin et al. 2017) by
retaining the xanthophyll cycle in an energy-dissipating
state overnight (Demmig-Adams and Adams 1996).
This dissipating state reduces the F./F. that recovers
overnight (Verhoeven 2014, Fernandez-Marin et al. 2017,
Verhoeven et al. 2018) which can reduce photosynthetic
uptake substantially under light-limiting periods such
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as dawn and light-saturating conditions at midday in
severe cases (Adams et al. 2008, Murchie and Ruban
2020). Additional carotenoid pigments have been found
to dissipate excess energy by increasing in concentration
during droughts, low temperatures, and chilling (Esteban
et al. 2015, Fernandez-Marin et al. 2017). Controlled
photosynthetic downregulation is well documented in
overwintering evergreens where cold environments and
shorter photoperiods impede the ability to fix carbon, which
induces photoprotective sustained dissipation for leaves
until the spring (Verhoeven 2014). Conifers generally
experience more winter-sustained energy dissipation than
broadleaf trees (Miguez ef al. 2015).

There is a paucity of studies evaluating secasonal
stressors on photosynthetic and energy-dissipating
strategies among major co-occurring Southern Great
Plains woody encroachers. Studies have been restricted
to diurnal (Liu and Guan 2012), single species (Msanne
et al. 2017), and potted sapling experiments (Bihmidine
et al. 2010) of related North American species. The most
notable findings of seasonal responses among co-occurring
encroachers come only from similar Mediterranean
chaparral vegetation (Martinez-Ferri et al. 2000, Werner
et al. 2002, Ain-Lhout et al. 2004, Baquedano and Castillo
2007, Fernandez-Marin et al. 2017). Available studies
of woody species indicate leaf traits and water status
are influential with evergreens experiencing sustained
photoinhibition in colder temperatures, but hot, dry
periods causing sustained photoinhibition and decreased
gas exchange for those with lower water status (Martinez-
Ferri et al. 2000, Werner et al. 2002, Ain-Lhout ez al. 2004,
Baquedano and Castillo 2007, Barron-Gafford ez al. 2012).
A comparison of seasonal photoinhibiting responses and
energy-dissipating strategies among the most prevalent
co-occurring woody encroachers in North America or
the Southern Great Plains does not appear to have been
done — particularly without field studies of matured
trees with representative rooting behaviors. This gap is
concerning considering the diversity of strategies that
North American encroachers possess on water-limited
landscapes (Barger et al. 2011), which may induce differing
photosynthetic responses among encroachers under drier,
hotter climatic shifts in the future.

Drought-tolerant Juniperus spp. and drought-avoiding
Prosopis spp. are among the greatest woody encroacher
genera in western North America (Barger et al. 2011) but
differ in both leaf traits and water-use strategies. Drought
tolerators can tolerate lower water potentials by resisting
embolism, and drought avoiders maintain steady water
status (Wei et al. 2019) by minimizing transpirational
water loss or maximizing water absorption with deep
roots (Abobatta 2019). Oak (Quercus spp.) is an additional
encroacher that is prevalent in locally scattered areas
(Van Auken 2009). All three genera have species (J. ashei,
P. glandulosa, Q. fusiformis) in the Southern Great Plains
that co-occur on the Edwards Plateau in West-Central
Texas.

Ashe juniper (J. ashei) is restricted mostly to the
driest part of the landscape with 10—15 cm of soil above
limestone bedrock (Hall 1952) — with reports of taproots
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reaching 7-9 m in depth through cracks or fissures
(Jackson et al. 1999, McElrone et al. 2004) — has small
scale leaves, poorly controlled stomata, low stomatal
densities ranging from 500 to 1,000 cm™ (Johnsen 1963,
Johnson et al. 2018a), and multi-year leaf lifespans. Live
oak (Q. fusiformis) is a semi-evergreen drought avoider
capable of rooting deep in the limestone at 22 m (Jackson
et al. 1999) and has the largest leaves which fall off and
bud anew quickly in the spring (Thyroff et al. 2019).
Honey mesquite (P. glandulosa) is restricted to the deepest
soils of the Edwards Plateau, though relatively shallow
for the species at 1.5-2 m (Eggemeyer and Schwinning
2009), has thin leaflets, high stomatal densities ranging
11,100 to 20,000 cm™, and has the shortest leaf lifespan
as a deciduous species (Meyer et al. 1971). Leaf-level
photosynthesis and generally water status are lower
in J. ashei (some comparable values are exhibited for
P glandulosa in shallow soils) than the other species
(Owens 1996, Eggemeyer and Schwinning 2009, Bendevis
et al. 2010).

The objectives here were to assess the photosynthetic
responses and the energy-dissipating strategies of
co-occurring encroacher genera in the semi-arid Southern
Great Plains to seasonal dry periods with excess energy.
Specifically, J. ashei, P. glandulosa, and Q. fusiformis
were assessed for photoinhibitory responses during
seasonal wet and dry periods with their differential
access to soil moisture and leaf traits. Due to its low
water status and restriction to the driest locations on the
landscape, J. ashei was hypothesized to experience mild
sustained photoinhibition and greater dynamic energy
dissipation during the hot, dry summer compared to
smaller responses from Q. fusiformis and P. glandulosa.
Freezing temperatures were hypothesized to elicit mild
photoinhibition for both overwintering species (J. ashei
and Q. fusiformis).

Materials and methods

Study site, tree selection, and mobile sampling platform:
The study was conducted at the Sonora Experimental
Research Station (30.25873 N, 100.56799 W, 695 m above
sea level) on the karst landscape of the Edwards Plateau in
West-Central Texas (Fig. 1). Daily average temperatures
range from 10.5-26.3°C with annual rainfall averaging
550 mm (Western Regional Climate Center 2020).
The climate is considered semi-arid, and the research site
is dominated by Tarrant stony and silty clays (Crawford
2017).

Five nonjuvenile individuals from each species (n = 15)
were selected based on isolation from other trees located
at least 1 m away, good leaf health, full canopies, level
terrain, and accessibility for a 4-m mobile sampling
ladder located on a trailer (Fig. 1S, supplement). Selected
trees were within the average tree height classes for
each species (Fortes et al., unpublished) ranging from
2.8-4.2 m. Sampling was conducted equitably across
species during the day to reduce temporal bias for any
one species. Two sunlit leaves located apart on each tree
were sampled and then averaged together to create average
leaf-level values per tree. Horizontal leaves for live oak
and branches of juniper were utilized, while the leaflets
closest to horizontal were selected from the downwards
drooping leaves of mesquite. Separate pairs of leaves
were used for different physiological measurements.
Monthly measurements were taken over ~3—4 d from late
July 2019 to late April 2020. VPD was calculated from
daily measurements of temperature and relative humidity
(model EE184, Campbell Scientific Inc., Logan, UT,
USA) using the plantecophys package (Duursma 2019)
in RStudio version 4.0.2, while daily precipitation was
collected with a tipping-gauge rain bucket (model 7B4,
Campbell Scientific Inc., Logan, UT, USA).

Fig. 1. Map of the study site and selected
trees at the Sonora Experimental Research
Station in Central Texas utilized for
access by mobile sampling platform. Five
individuals of each species were selected
(n = 15) with their locations represented
by red diamonds for J. ashei, green
circles for P. glandulosa, and blue squares
for Q. fusiformis. Two individuals for
Q. fusiformis are located extremely close
(but >1 m away) to each other at both
the northern and southern locations they
are depicted.
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Soil depth survey: Soil depth was recorded by hammering
a metal pole until an impenetrable layer was hit, similar to
the prior methodology on the Edwards Plateau (Elkington
et al. 2014). Measurements were taken in the four
cardinal directions and one meter away from each tree
base. A maximum of 70 ¢cm in soil depth was measured and
an average soil depth measurement per tree was created
from the four subsamples.

Gas-exchange measurements: A portable gas-exchange
system (model LI-6800, LI-COR Biosciences, Lincoln, NE,
USA) was used to measure instantaneous gas-exchange
parameters including light-saturated net photosynthetic
rates (Pnmax) for carbon assimilation, transpiration rates
(E), and stomatal conductance (g;). Leaves smaller than
the 2 cm? gasket were cut and stored in wetted plastic bags
for later leaf-area corrections. Projected leaf areas were
scanned into ImageJ (U.S. National Institutes of Health,
Bethesda, MD, USA), and all gas-exchange parameters
were corrected on a one-sided leaf area basis. The J. ashei
leaflets were debranched and the projected leaf area was
multiplied by n/2 due to their 3-D structure (Cregg 1992).

Environmental parameters were set to ambient
temperature and humidity, 1,500 pumol(photon) m2 s!
for light-saturating conditions, and 415 pmol(CO,) mol.
Warm-up tests were conducted initially, then infrared gas
analyzers were matched before each tree sampling. Three
logs per leaf were taken when sample CO, and H,O vapor
values stabilized according to manufacturer standard
recommendations. Due to the very low transpiration
rates observed some months, E values between 0 and
—0.0005 mol(H,O) m? s were set to 0.000001 mol(H,O)
m~ s7! for the statistical analysis due to the rates falling
within the margin of error for the infrared gas analyzers
and these being indistinguishable from zero.

Fluorescence measurements and calculations: Fluo-
rescence measurements were made with a LI-6800
Multiphase Flash Fluorometer (LI-COR Biosciences,
Lincoln, NE, USA) on two leaves per tree canopy.
Predawn fluorescence measurements were taken with
a saturated rectangular flash of 8,000 pmol(photon)
m~? s to determine the minimal (F,) and maximal (F.,)
fluorescence yields of the dark-adapted state. Midday
fluorescence measurements were taken immediately
after gas exchange under actinic light conditions of
1,500 pmol(photon) m2 s™!. A multiphase saturating flash
was conducted to estimate the most accurate maximal
fluorescence of the light-adapted state (F.') and steady-
state fluorescence (Fs; Loriaux et al. 2013).

The fraction of absorbed light that is used in
photochemistry if all PSII reaction centers are open under
relaxed dark-adapted conditions is represented by F./F.
It is used as a key indicator of sustained regulatory NPQ
and photoinhibition (Lazar 2015, Verhoeven et al. 2018)
and is calculated by (Maxwell and Johnson 2000):

Fo/Fn = (Fn—Fo)/Fn 1)

Healthy leaves have values near 0.83 (Bjorkman and
Demmig 1987) with values lower than this indicating
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photoinhibition (Malnoé 2018). Strong photoinhibition
refers to values below 0.2, moderate photoinhibition
from 0.4-0.7 (Adams et al. 2008), while sustained energy
dissipation is considered present below 0.8 (Verhoeven
2014) which we considered the threshold for mild
photoinhibition.

The effective quantum yield of PSII photochemistry
(Dpsnr) for a light-adapted state is calculated by:

Dpgy = (Fm' - Fs)/ F.' (2)

with @pg;; representing the actual fraction of absorbed light
used for photosynthesis in lighted conditions (Lazar et al.
2015).

Energy partitioning estimates the fractions of absorbed
light quenched by different pathways. While complex
energy partitioning strategies have been developed
for specific situations, the partitioning equations by
Hendrickson ef al. (2004) were used due to their simplicity
and lack of lengthy measurements (Lazar 2015). These
include the proportion of light energy allocated to
photochemical pathways (®pg), the quantum yield of
constitutive nonregulatory NPQ (®;p), and the quantum
yield of regulatory light-induced NPQ (®@'wp) with the
latter two calculated as:

@ = FJ/F, 3)
@'\p = FJ/F' — Fy/Fu 4)

where @, represents the heat loss of both fluorescence (f)
and constitutive (D) processes. @\ is associated with
dynamic quenching mediated by the xanthophyll cycle
throughout the day, while ©,p is a contribution of both
nonregulatory thermal dissipation processes and regulatory
sustained NPQ that is not further defined (Hendrickson
et al. 2004, Lazar 2015). Consequently, F,/F, is more
frequently used to assess changes in regulatory sustained
NPQ (Lazar 2015, Verhoeven et al. 2018).

Pigment analyses were used to test for changing
chlorophyll and carotenoid contents due to climatic
stressors. Beads of dry silica gel were used to store
leaves for up to three weeks in a light-free environment
at room temperature to prevent pigment degradation
(Esteban et al. 2009). Equal masses of both leaves were
homogenized together with liquid nitrogen using a mortar
and pestle. Pigments were extracted with 100% methanol
(HPLC grade) under dim lighting before centrifuging.
A methanol blank was measured before each sample in
a spectrophotometer (model Genesys 10 UV Scanning,
Thermo Electron Scientific Instrument Corp., Madison,
WI, USA). Equations calculating total chlorophyll and
carotenoids for low-resolution spectrophotometers were
calculated from Wellburn (1994) and adjusted to a molar
dry mass basis [umol g!(pigment)] using molar masses
from Sims and Gamon (2002). Samples were adjusted
to fall within the linear range (0.3—0.85 absorbance) of
the machine (Fernandez-Marin ef al. 2018) with readings
below 0.010 absorbance at 750 nm requiring greater
centrifuging (Lichtenthaler 1987). The total chlorophyll
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to carotenoid content (Chl:Car) reflects relative shifts
in seasonal light-harvesting to dissipating capacities.
Individual xanthophylls could not be resolved.

Water potential measurements: Predawn water potential
(wrp) measurements were made to indicate the soil-water
availability of the tree. Midday measurements (ywp) were
used to indicate the midday water status of the tree and
were measured by placing plastic bags over the leaves to
bring them into equilibrium with the stem (Turner 1988)
for a minimum of 15 min to stop transpirational water
loss. After excising the leaves, a pressure chamber (model
1000, Edaphic Scientific, Moorabbin, AUS) was used to
record the pressure when water appeared at the cut end of
the stem.

Statistical analysis: Gas-exchange and fluorescence logs
were removed from analysis if logs had leak percentages
greater than 10%, gas-exchange parameters did not achieve
stability following manufacturer recommendations, or the
chamber varied from set CO,, light intensity, and fan speed
levels. Individual leaves were removed from analysis if
they were an outlier (+ 2 SD) from the species' mean each
month.

Extended linear mixed models were employed for each
physiological parameter for pigments, gas exchange, water
potential, and fluorescence in R Studio version 1.3.1056
in the nlme package (Pinheiro et al. 2020). Monthly
samples were treated as one traditional growing season
cohort for analysis. Fixed effects included interactions
with species between a day of the year (DOY) term and
higher ordered DOY? or DOY? terms depending on the
plotted trend with DOY being mean centered to reduce
multicollinearity issues. Random intercepts were used

to account for repeated measures on each tree, while
random slopes for each DOY term were determined
unnecessary during model selection. Heteroscedasticity
was modeled with the varldent variance function in the
‘weights’ argument to allow variance to differ for each
species each month with some values fixed based on visual
inspection of distributions (Pinheiro and Bates 2000).
Variance parameters were checked for optimal estimation
via the presence of positive definite confidence intervals,
reasonable values, and acceptable residual plots (Gatecki
and Burzykowski 2013). Model selection began with
full fixed and random effects, then random effects were
selected only via Akaike's Information Criterion (AIC)
due to the heteroscedastic residuals, followed by fixed
effects selection with the maximum likelihood ratio test
(Gatecki and Burzykowski 2013). Residuals for each
species and the overall model were visually checked for
homogenous patterns of variance and normality followed
by normality checks of the random intercepts (Pinheiro
and Bates 2000, Gatecki and Burzykowski 2013). Minor
departures from normality were accepted as mixed models
are largely robust to nonnormality (Schielzeth et al.
2020, Knief and Forstmeier 2021). Post-hoc analyses
were performed with the emmeans package (Lenth et al.
2020) to determine differences between the species slope
trends with the emtrends function and main effects where
appropriate utilizing the Games-Howell procedure.

Results

Climatic conditions: The period of the highest evapo-
rative demand occurred in late summer with daily air
temperatures averaging around 28°C and maximum
VPD values peaking above 5 kPa (Fig. 2). Only one

Fig. 2. Climatic conditions at the Sonora Research
Station in Central Texas from June 2019 to May
2020. Total daily rainfall [mm] is shown in blue
bars. Five-day rolling averages for average air
temperature [°C] and maximum vapor pressure
deficit (kPa) are shown in pink and black,
respectively. Minimum and maximum daily air
temperatures are shown in grey shading, while
sampling dates are shown with black dots.
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rain event occurred over the three months between late
June to the start of October which happened during the
second sampling period (Fig. 2). The total precipitation of
121 mm that fell during the summer and autumn months
(July—November) was 57% below the average of 281 mm
for these months from 1902-2018 (Western Regional
Climate Center 2020). Winter months reached average
lows of 10°C with three periods (November, January,
and February) having multiple subzero (0°C) nights in
the week leading up to sampling while October had one
night below freezing before sampling (Fig. 2). Cumulative
rainfall for winter months (December—February) was
comparable to historic averages (Western Regional
Climate Center 2020) with minimal amounts between
late November and mid-January. March and April had
four times greater rainfall than historic averages (Western
Regional Climate Center 2020) with the largest events
reaching values of 56, 140, and 47 mm (Fig. 2).

The yep and yup trends experienced high variability
month to month and were strongly coupled to each other
from summer to fall with some divergence among species
occurring over winter. Both J. ashei and P. glandulosa
declined in ypp from —1.7 and —0.8 MPa in July to their
lowest averages of —4.3 and —2.3 MPa respectively by
mid-September, while Q. fusiformis consistently hovered
near ~1 MPa until spring (Fig. 34). Rain events in autumn
led to quick responses by P. glandulosa and J. ashei by
increasing ypp to ~ —1 MPa, while J. ashei was the only
evergreen to experience a decline during the dry January
to —2.7 MPa. All species peaked in the spring for yep with
values near —0.5 MPa. The large decreases in ypp during
the multiple dry periods produced a significantly different
cubic trend between only J. ashei and Q. fusiformis
(Table 1). Overall trends for ymp among species were
not significantly different (Table 1). All species declined
during the summer period, rebounded with autumn rains
with a slight decline in December, before peaking in
the spring near —1.5 MPa for all species (Fig. 3B). Only
J. ashei decreased through the dry January to —3.0 MPa.
The dry period in late summer did show a marked difference
between species with J. ashei reaching the lowest ywp

of all species at —5.1 MPa, followed by P. glandulosa at
—4.0 MPa, and Q. fusiformis at —2.8 MPa (Fig. 3B).

Soil depth: Average soil depth was the lowest for
locations with P. glandulosa at 48 cm (27-70 cm) over
J. ashei at 41 cm (28-66 cm) and Q. fusiformis at 40 cm
(31-45 cm) though these depths were not significantly
different. Maximum soil depths for P. glandulosa were
underestimated for some individuals due to the sampling
technique being restricted to measuring 70 cm in depth.

Seasonal gas-exchange and pigment trends: Variability
in Pymax Was high among species month to month with
overall DOY? trends significantly different between
P. glandulosa and the other two species (both p<0.02;
Table 1, Fig. 44). Late summer produced the highest
rates for P. glandulosa and Q. fusiformis, while J. ashei
peaked during the wetter November and spring months up
to 4.83 umol m~2 s!. The highest Pxmax Of all species was
exhibited by P. glandulosa at 20.9 pmol m? s in July
before declining 46% during the dry period in August.
The decline continued through November to 5.78 umol
m? s as leaf-drop occurred, temperatures cooled, and
daylight decreased (Fig. 44). Pxmax hovered near ~2 pumol
m?2 s! for J. ashei most months with it recording the
lowest levels of all species in July and August at 0.66 pmol
m~2 s and 0.89 umol m= s!, respectively. Overall, Pymax
for J. ashei was significantly lower than for Q. fusiformis
(Table 1) and lower than P. glandulosa for all months
except shortly after budburst. Little variation occurred in
Q. fusiformis with values recorded near ~12.5 pmol m2 s™!
in the summer and ~10 umol m=2 s™! thereafter (Fig. 44).
The E trends for all species declined from summer
to winter before peaking in spring but were significantly
different in the degree they were affected (all p<0.03;
Table 1, Fig. 4B) with P. glandulosa showing the sharpest
swings and the mildest trend occurring in J. ashei. July
to August produced a 19% decline in £ from 3.85 mmol
m? s for P. glandulosa, while J. ashei declined from
0.61 to 0.29 mmol m? s through September. Spring
brought peak E for all species with 1.9 mmol m? s

Table 1. Extended linear mixed model outputs for gas-exchange and water-potential parameters from which posthoc analyses were
performed to determine differences in seasonal trends. P-values less than or equal to 0.05 (*), 0.01 (**), or 0.001 (***) are shown
in bold. Unused predictors indicated by NA. DOY — day of the year; E — transpiration rate; g, — stomatal conductance; Pmax — light-
saturated net photosynthetic rate; yup — midday stem water potential; ypp — predawn water potential.

Predictor Vprp VYmp PNmax E &s

F-value  df(n,d) F-value  df(n,d) F-value  df(n,d) F-value  df(n,d) F-value  df(n,d)
Intercept 497.9" 1,114 4,824™ 1,116 2543 1,116 4194™ 1,116 177" 1,113
Species 1.2 2,12 1.4~ 2,12 60.3"" 2,12 91.6™ 2,12 27.3™ 2,12
DOY 168 1,114 40.7"" 1,116 0.5 1, 116 34.8™ 1,116 20" 1,113
DOY? 57 1,114 29.6"™ 1,116 0.7 1,116 6.5" 1,116 4 1,113
DOY? 12677 1,114 140.1™ 1,116 NA NA NA NA 16.6™ 1,113
Species x DOY 7" 2,114 40.6"" 2,116 4.6 2,116 8.9 2,116 ™ 2,113
Species x DOY? 2.9 2,114 0.3 2,116 6.7 2,116 16.3™ 2,116 24.8™ 2,113
Species x DOY®  18.9™ 2,114 NA NA NA NA NA NA 4.5 2,113
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Fig. 3. Seasonal predawn (4) and midday (B) water potentials [MPa] for J. ashei (dashed squares), P. glandulosa (solid lined circles),
and Q. fusiformis (dotted triangles). Data was unavailable for P. glandulosa during the leaf-off period of January and February. Data are

expressed as means + 1 SE (n = 15).

Fig. 4. Seasonal trends from 2019 to 2020
of (4) the light-saturated net photosynthetic
rate  (Pwmax), (B) transpiration rate (E),
(C) the chlorophyll to carotenoid ratio of
pigment (Chl:Car), and (D) the stomatal
conductance rate (g) among species
(J. ashei — dashed squares; P. glandulosa —
solid lined circles; and Q. fusiformis —
dotted triangles). Data was unavailable for
P. glandulosa during the leaf-off period of
January and February. Data are expressed as
means + 1 SE (n=15).
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for J. ashei, 471 mmol m? s for P. glandulosa, and
5.37 mmol m~ s7! for Q. fusiformis. While E and g trends
were more tightly coupled to each other in J. ashei and
P glandulosa, some stronger divergence occurred in
0. fusiformis (Fig. 4D). Warm and high VPD months
yielded high values of E for Q. fusiformis at 3.63 mmol
m? s while g, varied little throughout the season at
~0.1 mol m? s and increased slightly during the spring.
The g, trends significantly differed between P. glandulosa
and the other two species with larger swings surrounding
leaf budding and senescence (both p<0.02; Table 1).
The overall £ and g, averages for J. ashei were significantly
lower than for Q. fusiformis (both p<0.0003; Table 1)
and lower than P. glandulosa for all months except shortly
after budburst. The Chl:Car declined across species from
summer to winter lows before peaking in the spring.
The Chl:Car trend was significantly milder in J. ashei
than the other two species which experienced larger
transitional changes (Table 1, Fig. 4C). Peak values
recorded in the spring were the highest in Q. fusiformis
at 7.95 mol mol™' followed by J. ashei at 6.42 mol mol™!
and P. glandulosa at 6.11 mol mol™'. August values of
Chl:Car were 20.4 and 16.0% lower than spring highs
for J. ashei and Q. fusiformis, respectively, while
P glandulosa was only 4.26% lower. The lowest
Chl:Car of all species was recorded at 3.30 mol mol™! for
P glandulosa in December before leaf-off with winter
lows for J. ashei and Q. fusiformis reaching ~4 mol mol™'.

Seasonal photoinhibition trends: Seasonal F,/F,, trends
significantly differed only between P. glandulosa and
the other two species with its rapid changes during late
fall and after bud burst (Table 2, Fig. 54). Isolating just
the late summer period, some mild photoinhibition
was induced only in J. ashei (F.J/F, = 0.75) while
P. glandulosa and Q. fusiformis maintained values above
0.80. Mild to moderate photoinhibition was recorded
for all three species from the freezing night in October
with P. glandulosa declining in F./F,, from 0.83 to 0.68.
The two evergreens maintained values below 0.75

throughout the winter months and showed the greatest
photoinhibition when multiple freezing nights led up
to sampling during November, January, and February.
Only one month of multiple freezing nights preceding
sampling was experienced by P. glandulosa in November,
which led to the lowest F,/F,, recorded among species
at 0.53. The lowest F,/F,, for J. ashei was recorded in
the slightly water-limited but freezing January.

Energy partition analysis: Seasonal ®ps;; trends differed
for all species with each experiencing reductions from
July to August. A significant species and DOY? interaction
(Table 2) was observed only inJ. ashei where ®ps; declined
to the lowest of all species at 4% during August, before
increasing during autumn rains, decreasing in January,
before peaking in March at 26% (Fig. 5B). The DOY?
trends of @pgy; significantly differed between P. glandulosa
and Q. fusiformis (Table 2) where both declined from
summer peaks to winter lows before increasing again in
the spring. The ®psyy for P. glandulosa declined from 42%
in July to a low of 10% in December, while Q. fusiformis
declined from 31% in July to a low of 14% experienced
throughout winter.

Declines in @pgyr led to inverse increases in @'y or Op.
The ®'py among species (Fig. 5D) exhibited significant
cubic trends (Table 1) that increased during warm, dry
periods for J. ashei and P. glandulosa in addition to
the end of leaf lifespan for the latter. The DOY? trend of
@'y for J. ashei peaked during August at the highest
among species at 84% with lows in autumn and spring near
48%. This significantly differed from the Q. fusiformis
trend (p<0.0004), which varied little and showed moderate
energy dissipated by @' consistently near ~50%.
The @'y for P. glandulosa was the lowest recorded among
species and occurred in July at 24% with an increase
to 51% by September and a peak of 59% in December.
The ®;p trends were quadratic (Table 2) with peaks
occurring during freezing periods (October, November,
and January) and lows in the spring and summer (Fig. 5C).
Peak @, was the highest among species in P. glandulosa

Table 2. Extended linear mixed model outputs for fluorescence and pigment parameters from which posthoc analyses were performed
to determine differences in seasonal trends. P-values less than or equal to 0.05 (*), 0.01 (**), or 0.001 (***) are shown in bold. Unused
predictors indicated by NA. A variance function for the Chl:Car parameter was not required to resolve heteroscedasticity. Chl:Car —ratio
of chlorophyll to carotenoid contents; DOY — day of the year; F,/F,, — maximal quantum yield of PSII photochemistry; ®,p — quantum
yield of constitutive nonregulatory NPQ; ®pg — effective quantum yield of PSII photochemistry; ®'wp) — quantum yield of regulatory

light-induced NPQ.

Predictor F./Fn Dpsiy Dp D' np) Chl:Car

F-value df(n,d)  F-value df(nd)  F-value df(nd) F-value df(n,d) F-value df(n,d)
Intercept 157,197.9™ 1,117 866.9™ 1,113 2,664.6" 1,117 9,328 1,109 5,309.9"" 1,100
Species 42.9™ 2,12 51.5™ 2,12 704" 2,12 182.2 2,12 8.9” 2,12
DOY 101.4™ 1, 117 22.8™ 1, 113 13 1, 117 5.7 1, 109 5.1* 1, 100
DOY? 261.4™ 1,117 39.9" 1, 113 19.7* 1,117 0.1 1, 109 198.1" 1, 100
DOY? NA NA 4.3" 1,113 NA NA 4.7 1, 109 NA NA
Species x DOY 374" 2,117 7.2" 2,113 25.2" 2,117 15.3"™ 2,109 7" 2,100
Species x DOY? 43" 2,117 721" 2,113 NA NA 6.6" 2,109 10.4™ 2,100
Species x DOY? NA NA 13.1™ 2,113 NA NA 8.1 2,109 NA NA
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when it increased from 28 to a 64% peak during
the one-night freezing period in October. Increases in @;p
for J. ashei occurred after experiencing multiple freezing
nights during November and January at a maximum of
44%. Little variation occurred in Q. fusiformis with ®@;p
near 25% throughout the period except for a spike to 41%
in January.

Discussion

Woody expansion is pervasive throughout the semi-
arid regions of the Southern Great Plains with varying
functional traits observed among encroachers (Van Auken
2009, Barger et al. 2011). However, little is known about
how various encroachers will photosynthetically and
energetically respond to increased aridity and drought
severity (Seager et al. 2007, Strzepek et al. 2010, Cook
et al. 2015). Evaluating the effects of seasonal stress
among three co-occurring encroachers that vary in soil
water access and leaf persistence in the semi-arid regions
of Southern Great Plains is key to understanding their
potential responses to these climatic shifts — particularly
for the drought-tolerant Juniperus.

Water availability in this study was particularly limited
which allowed for strong comparisons between the
woody encroachers in their light-quenching strategies and
photosynthetic capabilities under drier conditions. Rains
over the summer and autumn were 57% below average
(Western Regional Climate Center 2020) leading to wyep
that were lower (Bendevis e al. 2010, Elkington et al.
2014) or as low as past seasonal studies (Eggemeyer and
Schwinning 2009, Johnson ef al. 2018a,b). These greater
water limitations caused >50% lower stomatal conductance

1.0

0.8

0.6

(DPSII

Fig. 5. Seasonal trends among J. ashei (dashed
squares), P. glandulosa (solid line circles), and
Q. fusiformis (dotted triangles) for: (4) the maximal
quantum yield of photochemistry (F./Fn), (B) the
effective quantum yield of PSII photochemistry
(Dpsi), (C) the quantum yield of constitutive
nonregulatory NPQ (®p), and (D) the quantum
yield of regulatory light-induced NPQ (®"np)). Data
0 was unavailable for P. glandulosa during the leaf-off
period of January and February. Data are expressed
as means = 1 SE (n=15).

NP

¢

values for J. ashei and Q. fusiformis, and average to lower
transpiration rates across species compared to past studies
(Owens and Schreiber 1992, Eggemeyer and Schwinning
2009, Bendevis et al. 2010). Peak Chl:Car in the wet spring
for J. ashei and Q. fusiformis indicated a shift towards
maximizing light harvesting, while the dry summer was
shifted towards increased energy dissipation with lower
Chl:Car (Esteban et al. 2015). All species were shifted
towards their highest energy dissipation and lowest light-
harvesting capabilities over the winter with low Chl:Car
values.

Relative differences in water status were partially
explained by known rooting behaviors and related water
access, but the recorded soil depths provided some
inconsistencies. Though the soil depth of Q. fusiformis
was not significantly deeper (40 cm) than the other
species, its higher ypp indicated more stable water access.
This stability may have been aided by its ability to root
very deep through cracks or fissures in the limestone
and its ability to take up water at greater depths (Jackson
et al. 1999, McElrone et al. 2004). Recorded soil depths
in P. glandulosa and J. ashei were more consistent with
their known rooting depths, water access, and expected
responses during dry periods. A soil depth of 48 cm (likely
underestimated from the sampling technique) is shallow
for Prosopis sp. (Wilson et al. 2001, Lombardini and
Rossi 2019) but consistent with P. glandulosa's apparent
preferential association with the deeper pockets of soil
on the Edwards Plateau (Eggemeyer and Schwinning
2009). Deeper soils on the Edwards Plateau are suggested
to hold more water at depth for the same species
(Elkington et al. 2014) which may have allowed for
relatively higher ypp in P glandulosa than J. ashei but
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still allowed responsiveness to water limitations in the
relatively shallow soils for the species itself (Eggemeyer
and Schwinning 2009). The high responsiveness of Wpp
to water limitations in J. ashei and its shallow soil depth
(40 cm) is consistent with its known rooting depth in the
area (Hall 1952, Thurow and Hester 1997).

As hypothesized, the water limitations in J. ashei
produced the greatest need for energy dissipation
among species which reduced photosynthetic capacities.
Consequently, during the dry period in late summer
the drought-tolerant J. ashei experienced the lowest
photochemical yields at midday (4% for ®pgy), lowest
Prmax at 0.66-0.89 pmol m2 s, the highest dynamic
energy dissipation (84% for @'p)), the lowest yyp below
—4 MPa, and it was the only species to exhibit mild
photoinhibition with F,/F,, dropping from 0.82 in July
to 0.75 (Fig. 54). Reductions in F,/F,, can substantially
constrain  Pmax during light-limited periods early in
the day (Adams et al. 2008, Murchie and Ruban 2020),
which indicates the mild photoinhibition here would likely
show additional constraints on photosynthetic activity for
J. ashei early in the morning; though, lack of early Pnmax
measurements could not confirm this. The drops in F./F,,
in J. ashei in late summer are consistent with findings
in J. virginiana in the Nebraska sandhills (Msanne ez al.
2017) and less severe than reductions in J. phoenicea in
Mediterranean climates (Werner et al. 2002). Findings
here indicate that the drought-tolerant Juniperus species
was the most photochemically constrained encroacher
with reductions stretching from both light-limiting to light-
saturating periods of the day during the hot, dry periods
with increases in regulatory dynamic and sustained energy
dissipation.

Rooted in the relatively shallow soils of the Edwards
Plateau, P. glandulosa exhibited increases in dynamic
energy dissipation and photochemical reduction but
without the presence of sustained energy dissipation
during the dry period. During peaks in air temperature and
VPD near midday, P. glandulosa experienced substantial
declines in Pamax (48% reduction), the most responsive
increase in dynamic energy dissipation from 24 to 51%, and
the largest decline in @psy; from 42 to 31%. The reduction
in photosynthetic capacities at midday for P. glandulosa
has been exhibited before after sustained dry periods in
late summer, though it only appeared after repeated
periods of low water status without any notable drops
(Eggemeyer and Schwinning 2009). The water limitations
here appeared to have little effect on increasing sustained
energy dissipation and recovery of photosystems overnight
with no notable photoinhibition incurred. Minimal
changes in dynamic and sustained energy dissipation were
observed by Q. fusiformis during this period.

Photoinhibition from freezing conditions is well
documented for many overwintering species (Verhoeven
2014), but it was surprising that J. ashei experienced
peak Pymax at midday during the cool-wet period from late
fall to early spring. Cooler temperatures, greater water
availability, and the earlier peak of Chl:Car during this
period likely allowed for higher ®@ps; and midday Pumax
for the drought-tolerant J. ashei, while P. glandulosa

294

and Q. fusiformis had higher rates in the summer. These
temporally separated peaks for J. ashei and Q. fusiformis
are somewhat similar to patterns recorded by Owens
(1996) and Bendevis et al. (2010) in these systems.
The slightly higher ®@psy and the midday Pmax found
here and in the prior studies (Owens 1996, Bendevis
et al. 2010) may indicate this period provides preferable
conditions for midday net photosynthetic uptake for
J. ashei due to less severe temperature, water availability,
and VPD constraints at midday. Some evidence of
photosynthetic increases in other conifer species (Pinus
halpensis) has been recorded in the similarly cool but
infrequently freezing winters of Mediterranean systems
relative to summer (Werner et al. 2002).

Conclusions: The goal of this study was to compare
photosynthetic and energy-dissipating strategies of
co-occurring woody encroachers in the Southern Great
Plains to determine their potential responses to a changing
climate. Trees likely to experience the greatest water
stress suffered the greatest photosynthetic reductions and
the greatest need for excess energy dissipation through
regulatory pathways. The greatest impacts from hot, dry
periods on photochemical capabilities affected J. ashei
which experienced mild photoinhibition due to sustained
energy dissipation, greatest dynamic energy dissipation,
minimal ®pgy values (4%), and minimal Pymex recorded
(0.66-0.89 umol m s') during the dry summer period.
This evidence suggests that Juniperus may be the most
likely to experience declining leaf-level photosynthetic C
gain over the day during the dry season, while Prosopis
individuals in relatively shallow soils appear additionally
likely to experience substantial declines in photosynthetic
rates at midday. It should be noted that seasonal
photosynthetic downregulation is not always to the
detriment of the plant and may be indicative of beneficial
photoprotective strategies, but the long-term success of
these seasonal strategies is beyond the scope of this study.
In contrast, the cool, wet period from late fall to early
spring may provide optimal photosynthetic conditions
at midday for Jumiperus as it achieved peak Pumax
compared to the other species which peaked in summer.
Freezing periods resulted in moderate photoinhibition of
F./F,, for all species. With increased aridity (Seager et al.
2018) and drought severity (Seager et al. 2007, Strzepek
et al. 2010, Cook et al. 2015) predicted to increase in
the future, the evidence here indicates Juniperus and
shallowly rooted Prosopis on the Edwards Plateau may be
particularly susceptible to photosynthetic downregulation
during dry periods.
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