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Abstract

Gross Primary Productivity (GPP) of wooded ecosystems (forests and savannas) is
central to the global carbon cycle, comprising 67-75% of total global terrestrial GPP.
Climate change may alter this flux by increasing the frequency of temperatures beyond the
thermal optimum of GPP (T,,). We examined the relationship between GPP and air
temperature (Ta) n 17 wooded ecosystems dominated by a single plant functional type
(broadleaf evergreen trees) occurring over a broad climatic gradient encompassing 5
ecoregions across Australia ranging from tropical in the north to Mediterranean and
temperate insthe seuth. We applied a novel boundary-line analysis to eddy covariance flux
observations‘te:a) derive ecosystem GPP-Ta relationships and T, (including seasonal
analyses for 5 tropical savannas); b) quantitatively and qualitatively assess GPP-Ta
relationships within and among ecoregions; ¢) examine the relationship between T, and
mean daytime air temperature (MDTa) across all ecosystems; and d) examine how down-
welling short-wave radiation (Fsd) and vapour pressure deficit (VPD) influence the GPP-Ta
relationship.»GPP-Ta relationships were convex parabolas with narrow curves in tropical
forests, tropi€al savannas (wet season), and temperate forests, and wider curves in temperate
woodlands, Mediterranean woodlands, and tropical savannas (dry season). Ecosystem T,
ranged from,15 °C (temperate forest) to 32 °C (tropical savanna - wet and dry seasons). The
shape of GPP=Ta curves was largely determined by daytime Ta range, MDTa, and maximum
GPP with the upslope influenced by Fsd and the downslope influenced by VPD. Across all
ecosystemsjithere was a strong positive linear relationship between T, and MDTa (adjusted
R?: 0.81; Slope:.1.08) with T, exceeding MDTa by >1 °C at all but two sites. We conclude
that ecosystem GPP has adjusted to local MDTa within Australian broadleaf evergreen
forests and that«GPP is buffered against small Ta increases in the majority of these

ecosystems:
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Introduction

Gross Primary Productivity (GPP) of wooded ecosystems (i.e. forests and savannas) is
central to the global carbon cycle because they contribute around 67-75% of the terrestrial
GPP flux (Cai et al., 2014), which is the largest global terrestrial carbon flux (Beer ef al.,
2010). Air temperature (Ta) is one of the key climatic variables that determines the spatial
distribution/of terrestrial GPP (Anav et al., 2015, Jung et al., 2011). Hence, with global
average surface temperatures set to increase by 1.0 to 4.0 °C by the end of the century
(Collins et al., 2013), it is crucial to examine relationships between Ta and GPP in wooded
ecosystems.#Understanding these relationships is needed to evaluate and improve Earth
System models«(ILiu, 2020), decrease uncertainty in modelling GPP under current and future
climates (Booth efal., 2012), and improve knowledge of how ecosystems adjust (i.e. adapt
and acclimate) to their environment (Drake ef al., 2015). Crucially, ecosystem-scale
responses of GPP to Ta in wooded ecosystems remain largely under-examined.

Ecosystem-scale studies are needed to assess the relationship between GPP and Ta in
wooded ecosystems. The leaf-level temperature dependencies of photosynthesis are well-
understood;however, multiple factors contribute to differences in optimum temperature of
photosynthesis (To,) between the leaf and ecosystem scale (Huang et al., 2019a). For
example, leaves within ecosystems are non-uniform and leaf-level photosynthesis is also
affected by leaf'age (Wilson ef al., 2000, Wilson et al., 2001), leaf damage (Keith ef al.,
2012, Kirschbaum et al., 2007), leaf water status (Lawlor, 1995), nutrient availability
(Longstreths& Nobel, 1980), and stomatal conductance (Leuning, 1995), each, in turn,
influenced by environmental conditions. Moreover, ecosystem-scale photosynthesis is also
influenced by ecosystem properties such as canopy-structure (Sprintsin ef al., 2012) and
associated effeetsson leaf shading (Boardman, 1977, Valladares et al., 2016), and micro-
climate (De Frenne et al., 2021, Nakamura et al., 2017), as well as species composition
(Wilson etaly2000), phenology (Keenan ef al., 2014) and leaf area index (LAI) (Duursma et
al., 2009).

As T, at'leaf and ecosystem scales differ, so might the shape of the GPP-Ta
relationshipvary with scale and ecosystem type. At the leaf scale the shape of the
relationship between the rate of net photosynthesis (A,) and Ta is a convex parabolic curve
whereby A, increases with Ta to an optimum (T,y,) after which it decreases (Yamori ef al.,
2014). In C3 species, T, ranges between 10-35 °C and the A,-Ta curve is typically
constrained by Ribulose bisphosphate (RuBP) and inorganic phosphate (P;) regeneration at
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low temperatures and by Rubisco activase and electron transport at high temperatures (Sage
& Kubien, 2007, Yamori et al., 2014). In contrast, both T, and the maximum rate of A,
are higher in C4 species and the A, -Ta curve is likely constrained by Rubisco activity or
pyruvate phosphate dikinase (PPDK) at low temperatures and electron transport or
phosphoenolpyruvate (PEP) and RuBP regeneration at high temperatures (Yamori et al.,
2014). A,fis alsolimited by illuminance and vapour pressure deficit (VPD) (Ludlow &
Wilson, 1971, Shirke & Pathre, 2004) and the T, of A, is affected by the prevailing Ta
during plantigrowth through the process of acclimation (ie. environmentally induced, non-
genetic alteration,of the photosynthetic mechanism; Berry & Bjorkman, 1980, Yamori et al.,
2014). Because GPP is the combined photosynthetic rate of all leaves within an ecosystem,
we could reasonably expect the GPP-Ta relationship to take a similar parabolic form (i.e.,
GPP increasing with Ta to an optimum and then decreasing). Yet how the shape of the curve
differs among contrasting ecosystems and how the curve is constrained at high and low Ta is
largely unknown.

Cumulative evidence suggests that the shape of the GPP-Ta relationship varies
considerablysamoeng ecosystems. Relationships include convex curves with a clear peak
(Huang et aly, 2019a, Smith et al., 2020), relatively flat curves that are either convex or
concave (Eet et al’, 2018, Pau et al., 2018), to roughly linear decline (Smith ez al., 2020, Wu
et al., 2017) ordinear increase (Fei et al., 2018, Pau et al., 2018). However, these differences
in shape may be attributed to variations in methodology rather than inherent differences
among ecosystems. For instance, Fei ef al. (2018) presented a relationship between daily
average Ta and GPP that assumed an underlying quadratic model with data aggregation
potentially excluding the high Ta range in some ecosystems. Similarly, Wu ef al. (2017)
presented a relationship between Ta and GPP normalised by a reference light use efficiency
(LUE) that removed observations at low temperatures (< 25 °C). In these two studies, data
aggregation'and.filtering limited the observational Ta range, potentially excluding T, and
resulting in ‘anapparently linear relationship. Likewise, by presenting separate relationships
for morningrandrafternoon observations, Pau et al. (2018) reduced the Ta range in each
period, whieh"may also have excluded T, Furthermore, error may be introduced by using
data derived from gap-filling algorithms (e.g. Smith et al., 2020) or by using MODIS NIR, as
a proxy for GPP (e.g. Huang et al., 2019a) given that correlations between NIR, and eddy-
covariance flux derived GPP at the monthly timescale are not consistently high (Badgley et

al., 2019, Huang et al., 2019b).
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To our knowledge, there are no studies that have directly assessed the ‘instantaneous’
(i.e., half hourly to hourly) relationship of GPP with Ta across the full range of ecosystem Ta
using eddy-covariance flux derived observations without assuming an underlying model
form. Such studies can reveal the immediate relationship between Ta and carbon exchange
across theffullvecosystem Ta range (i.e., encompassing the complete range of daily and
seasonal Ta). This has been demonstrated by Ma et al. (2017), who examined the NEP-Ta
relationship'in an oak-grass savanna using half-hourly eddy-covariance flux observations. By
studying théxGPP-Ta relationship across broad climatic-gradients we may gain further insight
into the generality of the short-term GPP responses to Ta within and among a range of
growing conditions at a common scale. This may lead to development of the ecosystem-scale
response functions needed to improve predictability of the terrestrial carbon cycle (Luo et al.,
2015).

Relationships between T, of GPP and mean daytime air temperature (MDTa) can
also provide information on how ecosystems have adjusted to prevailing climatic conditions.
It is well-established that plants acclimate the T, of photosynthesis to growth temperature at
the leaf-scales(Berry & Bjorkman, 1980, Kumarathunge et al., 2019, Sage & Kubien, 2007,
Vico et al., 2019,/Y amori ef al., 2014) and there is growing evidence that this also occurs at
the ecosystem scale over fairly short time periods (1-14 days, Vico et al., 2019). Over long
time scales, there'are established linear relationships between the T, of GPP and mean
monthly maximum summer Ta in diverse ecosystems across North America and Europe
(Baldocchi ez al., 2001); between the T, of GPP and mean annual maximum growing season
Ta across a diversity of global biomes (Huang et al., 2019a); and between the T, of GPP and
mean annual Ta across evergreen needleleaf forests, deciduous broadleaf forests, and mixed
deciduous and evergreen needleleaf forests globally (Niu et al., 2012). These studies
demonstrate adjustment of GPP to growing Ta across a broad range of ecosystems dominated
by different plantfunctional types (PFTs) yet it remains unclear if such relationships hold
across ecosystems'dominated by a single PFT. Moreover, restricting the analysis to a single
PFT may reducerthe influence of confounding factors (i.e., phenology, physiology, canopy
structure, hydraulic functioning) on the GPP-Ta relationship. The Australian continent offers
a unique oppottunity to address this knowledge gap because it encompasses a broad Ta range
(Bennett et al., 2020) and supports a diversity of wooded ecosystems dominated by a single
PFT (broadleaf evergreen tree, Bonan et al., 2002) mostly within a single plant family
(Myrtaceae, e.g., Eucalyptus and Corymbia spp.).
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In this paper, we examined the instantaneous GPP-Ta relationship in 17 Australian
broadleaf evergreen ecosystems from five ecoregions using eddy covariance observations
drawn from the OzFlux network (Beringer ef al., 2016). Using a unique boundary-line
analysis, we isolated GPP-Ta relationships and the T, of GPP per ecosystem and examined
their variation"within and among ecoregions. We then examined the continent-wide
relationship‘between the T, of GPP and the annual mean daytime Ta (MDTa) across
ecosystems. We hypothesised that the shape of the instantaneous ecosystem-level GPP-Ta
relationshipfwould 1) take the form of a convex parabola with a clear T, of GPP (i.e.
reflecting the.shape of the A,-Ta response); 2) be more similarly shaped within than among
ecoregions (L.e. sithilar growing conditions will lead to similarly shaped curves); and that 3)
there would/be/a positive linear relationship between the T, of GPP and MDTa across

Australian wooded ecosystems (i.e. that ecosystem GPP adjusts to growing Ta).
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Methods

Study sites

Our study involved 17 Australian wooded ecosystems in the TERN OzFlux network
of micro-meteorological eddy covariance flux stations (Figure 1). We selected 17 of 40
potential Australian eddy covariance flux sites based on the following criteria: 1) tallest strata
dominated by.native woody species (tree or tall shrub); 2) no history of intensive
management for agriculture nor of timber harvesting during the observation period; and 3)
reliable (i.e/unaffected by significant instrument failure) eddy covariance data for more than
1 year (Table F): The selected ecosystems encompassed a diverse range of environmental
conditions including 4 major climate zones (Stern & Dahni, 2013), and 5 world ecoregions:
tropical savannas(SAV); tropical forests (TRF); temperate forests (TMF); temperate
woodlands (TMW); and Mediterranean woodlands (MTW) (Beringer et al., 2016). None of
the sites wereunder any form of intensive management during the study period, however
several sitessweressubjected to disturbances from selective timber harvesting, fire-
suppression, wildfire, cyclones, and insect-attack prior to (1-40 years) the study period.
Across the sites, mean annual Gross Primary Productivity (GPP) ranged from 3.7+ 0.9 (SD) t
C ha'! yr'te:32.1 +£2.5t C ha'! yr'!, mean annual temperature (MAT) from 9.7 £ 0.6 °C to
27.1 £ 1.0.°€; and mean annual precipitation (MAP) from 265 + 108 mm to 4239 + 1461 mm
(Table 1).

Eddy covariance data

All sites.used the eddy covariance method to measure Net Ecosystem Exchange of
CO, (NEE) pnder standard data collection and curation protocols (Isaac et al. (2017), Table SI
1, Supplementary Methods 1). To acquire data, we first contacted all site Principal
Investigators (PIs) as listed on the TERN OzFlux website
(http://ozflux.org.au/monitoringsites) to identify: 1) the preferred data source for their site;
and 2) any site-specific issues that may have impacted data quality for any given period. Of
the 17 sites, nine opted to provide data processed to site-specific standards, and six identified
periods of data to exclude (Table SI 2). We thus obtained data directly from site PI’s for nine
sites and downloaded data from the OzFlux OPeNDAP server (http://dat.ozflux.org.au) for
the remaining eight sites. The PyFluxPro software was used at all sites to quality control and

process data from raw observations as described in Isaac ef al. (2017). Sites either used
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PyFluxPro or the ‘Dynamic Integrated Gap-filling and partitioning for OzFlux’ (DINGO,
Beringer et al., 2017) software to partition NEE into the component fluxes of Ecosystem
Respiration (ER) and GPP. We used GPP estimates that were partitioned from NEE using
Artificial Neural Network algorithms (ANN) after confirming that there was a) strong
correlation(R2>10.98) between GPP estimates partitioned by the two software programs
(Figure SI 1) and b) a consistent ER-Ta relationship among sites (Figure SI 2, Supplementary
methods 2).

In addition to site-specific criteria provided by site PI’s (Table SI 2), we
filtered the data to include only paired half-hourly or hourly (TMF-Tum) Ta and GPP
observationsy(i.e<€xcluding data inserted from gap-filling algorithms), derived during the
daytime (shortwave downwelling radiation Fsd > 10 W m %) where GPP > 0 pmol m2s™! (i.e.,
removing negative GPP observations on the basis that they are implausible). All post-fire
data for sites affected by wildfire during the eddy covariance record were excluded from the
date of the fire to the end of the data record, except savanna ecosystems on the basis that a)
fires in Australian savannas are very frequent (i.e. annual to biannual; Beringer et al., 2015);
b) the boundary=line analysis (see below) would minimise the influence of post-fire reduced
GPP on our'tesults; and c) savanna GPP recovers quickly (typically within 60 days) after fire
(Beringer et al:,2007).

Across.the 17 sites there were 139.7 site years of data, with the data record ranging
from 17.9 (SAV-How) to 1.4 (TMF-Wac) site years (Table 1 & Table SI 3). From the
original gap-filled 2,292,814 half-hourly to hourly observations, 680,415 remained after we
applied all filtering criteria. 88% of observations remained after filtering for site-specific
criteria; 31% of observations remained after also filtering out night-time (Fsd > 10 W m)
and gap-filled records; and 29.7% of the original observations remained after filtering for

positive GPP (GPP > 0 umol m2s!; Table SI 3).
Boundary-Line Analysis

To test our first hypothesis, we analysed the GPP-Ta relationship using boundary-line
analysis (BIFA). We selected this method because multicollinearity of Ta with VPD and Fsd
(Table SI 4 and Table SI 5), limited the use of standard regression techniques. BLA is less
sensitive to outliers, and does not introduce circularity or bias, which can occur with
alternative methods of dealing with collinearity in ecology (Dormann et al., 2013). BLA thus

enabled us to isolate the underlying statistical relationship between GPP and Ta at the upper
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boundary of the distribution, thus minimising the effect of other variables that limit GPP (like
Fsd and VPD) below the boundary (Cade & Noon, 2003). Initially proposed by Webb
(1972) BLA has been used to determine the Ta optima of tree stem growth (Hinko-Najera et
al., 2019), tree stomatal responses to Ta (Chambers et al., 1985), and the effect of forest
edges on tree"water relations (Wright ef al., 2012).

We determined the boundary line using a novel approach. BLA commonly uses the
99th quantile, however, indirectly derived GPP from flux observations is inherently noisy,
with occasional GPP spikes across the full Ta range. Thus, to choose the boundary line, we
placed all filtered GPP observations in 1 °C Ta bins and calculated the 50t to 99t quantile of
GPP in increments of 5 (i.e. 50, 55t .. 95t 99t) for each Ta bin. We then removed all Ta
bins containing <30 GPP observations per quantile to ensure adequate observation numbers.
Next, we plotted’GPP against Ta for each quantile, and applied Loess smoothing across bins
using the “Stats” package in R (R Core Team, 2017) to preserve the natural shape of the
GPP-Ta function. We then selected the boundary line as the uppermost quantile in which T
fell within 2.°C across three successive quantiles at all sites (Figure SI 3 and Figure SI 4).
This was the;90%-quantile. We calculated Topt as the Ta bin in which the smoothed GPP
reached its maximum value along the 90" quantile (i.e., on the boundary line, R code is
supplied in Supplementary methods 3).

We alsesexamined the influence of two important covariates, VPD and Fsd, on the
derived GPP-Ta curve and T,. Firstly, we plotted the 90 quantile of binned (i.e., 1 °C Ta
bins at the beundary line) VPD, Fsd, and GPP observations against Ta after normalising data
to the VPD, Fsd, GPP, and Ta ranges across all sites. This allowed us to examine the
variation in Fsd, VPD and GPP with Ta on a common scale. Secondly, we used linear
regression to.examine the relationships of Ty with the 50 and 90 quantiles of VPD and
Fsd.

Tastestsour second hypothesis, we applied both a quantitative and a qualitative
approach. Firstly, for each site we quantified the shape of the GPP-Ta curve at T,,.. Here we
defined T,,/as'the vertex of the parabola and fitted a quadratic function at the 90™ quantile
using the “quantreg” package in R (Koenkier, 2019, R Core Team, 2017). We then
calculated the eusvature (k) of the quadratic function at the vertex for each site using equation
(1), where a, and b are parameter estimates of the fitted quadratic function. k indicates the

direction and extent of curvature. Positive values indicate that the curve is convex, negative
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values indicate that it is concave, large values indicate strong curvature (i.e. sharp curves),
and small values indicate weak curvature (i.e. flat curves).

2a (1)
2

(1+ (2ax + b)?)3

k=

Secondly, we compared site-level normalised GPP-Ta curves to visually examine ecoregion
groupings and to qualitatively assess how Ta and GPP each affected the shape of the GPP-Ta
curve amongsites:

Seasonal analysis.of tropical savannas

Productivity in savannas is highly seasonal (Grace ef al., 2006) and strongly
dependent upon rainfall (Kanniah ez al., 2013). GPP is higher during the wet season (Chen et
al., 2003), when annual C4 grasses contribute approximately half of ecosystem GPP, whereas
in the dry seasen:GPP is driven by perennial C3 wooded species and grass GPP is negligible
(Ma et al., 2020;Moore et al., 2016). To isolate the response of the wooded component we
analysed both the wet and dry season response of GPP to Ta for the five savanna ecosystems
separately (Figure'SI 4). When analysing the shape of the GPP-Ta curve between ecoregions
we limited the tropical savanna data to the dry season to enable direct comparisons of
broadleaved evergreen trees among ecoregions without any confounding effects of the
savanna grasses.

Insthe Australian tropics the wet season onset date varies in space and time (Cook &
Heerdegen, 2001), thus a site-specific onset date for each year was needed. We used the
Australian Bureau of Meteorology’s definition of the wet season as “the date when at least 50
mm of rainfall*has accumulated after 1 September” (Bureau of Meteorology, 2020b), and
calculated the,cumulative yearly sum of precipitation from the gap-filled observations for
each tropical savanna site to identify this date. The end of the wet season was defined as the
first date‘after which no rainfall had fallen for 14 days after March 1 (i.e., the nominal end of
the Australian summer). Where weather data were missing, we used 1 September for the
wet-season onset date and 1 May as the end date. For the majority of sites and years, rainfall
events during the period we defined as ‘dry’ were negligible, though occasional (<25 mm)
rainfall events occurred during the dry season at all sites (for example SAV-Ade in 2007,
SAV-DaS in 2009"and 2010; Figure SI 5, Table SI 6). In three years at SAV-DaS (2012,
2015, 2016) and four years at SAV-How (2004, 2005, 2013, 2016) rainfall events of 10-30
mm occurred soon after we had defined the onset of the dry season. Rather than redefine the

end date, we chose to accept these as isolated events in a minority of years. All GPP
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observations were assigned to either the wet or dry season and boundary-line analysis was

applied to each season separately.
Relationship between T,, and MDTa

To test our third hypothesis, we examined the relationship between site-level T, and
MDTa. We used MDTa in preference to mean annual temperature (MAT) because
photosynthesis and thus GPP are light dependent, and T, is thus likely to be more closely
coupled with MDTa than MAT, which includes night-time Ta. Because wet-season GPP is
equally dominatéd by C4 grasses in the tropical savanna sites (Ma et al., 2020) we used only
dry-season data-and tested the strength of the T,,-MDTa relationship with and without these
sites. MDTa was calculated as the annual mean of daily daytime mean temperatures, which
were calculated from gap-filled observations of Ta where Fsd > 10 W m? and where full

years of data were available (2).

Y Ta,
=11 %
MDTa = ‘T (2)

Where # 18, the number of observations per year, i is the observation number (half-

hourly or hourly), and Ta; is the Ta for the i" observation (°C).
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Results

GPP-Ta relationship in forests and woodlands

The GPP-Ta relationship across all sites took the form of a convex parabola with the
shape varying among ecoregions (Figure 2). At the temperate and tropical forest sites GPP
tended to increase rapidly with Ta to a sharp vertex (T,) after which GPP declined more
steeply (Eigure.2.g-1). This was observed at all tropical forests and the most southerly
temperate forest site (i.e., TMF-Wrr compared with TMF-Tum; TMF-Wom; and TMF-Wac).
Curvature of the quadratic function at T, was highest at the most northerly tropical forest
site (TRF-Ctr,;%=-0.13), followed by TRF-Rob and TMF-Wrr (k=-0.06), and then the
remaining temperate forest sites (TMF-Tum, TMF-Wom, TMF-Wac (k=-0.03, Table 2). In
contrast, the, GPP-Ta relationships at the Mediterranean woodland and temperate woodland
sites were flatter, with GPP increasing gradually to T, and thereafter gradually declining
(Figure 2 a-f)7*The curvature at T,, was lowest for these sites ranging from -0.02 (MTW-
Gin) to < -0:0l=MTW-GWW). At all sites VPD increased with Ta and higher VPD was
associated with the downslope of the GPP-Ta curve beyond T, (Figure 3a-d, Figure SI 6).
This trend was strongest at the Mediterranean (Figure 3a) and temperate (Figure 3b)
woodland sites, where VPD reached the highest value among ecoregions. Fsd also increased
with Ta atall’sites (Figure 3a-d, Figure SI 7) and increasing Fsd was associated with the
upslope of the GPP-Ta curve before T, In the temperate (Figure 3c) and tropical (Figure
3d) forest sites the increase in Fsd with Ta corresponded closely with the GPP-Ta curve
through the lewstemperature range before T,

The Ty range across the ecosystems was 15 °C (TMF-Wac) to 30 °C (TRF-Ctr). The
range in ecosystem T,, was within 1 °C in the temperate woodlands (22 °C at TMW-Cum
and 23 °Crat TMW-Whr) and within 2 °C in the temperate forests (15 °C at TMF-Wac to 17
°C at TMF-Tum and TMF-Wom). In contrast, the range in ecosystem T, was relatively
high in the Mediterranean woodlands (5 °C range; 17 °C at MTW-Boy to 22 °C at MTW-
Gin) and T,y differed significantly between the two tropical forests (6 °C range; 24 °C at
TRF-Robrand 30 °C at TRF-Ctr; Figure 2). T, consistently exceeded or fell within 1°C of
MDTa, and was always within the daytime summer Ta range of mean daytime minimum to
mean daytime maximum Ta except at TRF-Ctr where T, exceeded the mean summer

daytime maximum Ta by ~ 4 °C.

GPP-Ta relationships in tropical savannas
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The GPP-Ta relationship in tropical savannas differed in the wet and dry seasons
(Figure 4 a-e). The dry season GPP-Ta curves were comparatively flat, similar in appearance
to the Mediterranean woodland and temperate woodland curves, although curvature of the
quadratic function at T, ranged from -0.02 to -0.04, which was more similar to that of the
temperateforestsites (Table 2). The wet-season GPP-Ta curves were steeper and narrower
than dry season curves with curvature that ranged from -0.05 (SAV-Dry) to -0.17 (SAV-
Ade). The GPP peak in the wet season exceeded the peak in the dry season by between 4.9
umol CO, mi? s! (SAV-Dry) and 16.7 umol CO, m2 s (SAV-Ade). The VPD range was
relatively uniform across the full Ta and GPP range at all savanna sites in both the wet and
dry seasons (Eigure SI 8). Nonetheless, VPD increased almost linearly with Ta at the 90
quantile in both seasons with a steeper slope that was restricted to the upper 60% of the Ta
range in the wet season (Figure 3e-f). Higher VPD corresponded with the downslope of the
GPP-Ta curve after T,,.. Fsd also increased with Ta in both seasons and there was a tendency
for lower Fsd to correspond with the upslope of the curve before T, (Figure 3e-f, Figure SI
9).

T,p: differed between the seasons at all tropical savanna sites. Wet-season T,,; was
within a 1 °C,range across sites (32 °C at SAV-How and 31 °C at all other sites). In contrast,
the dry-season T, range across savanna sites was 7 °C (25 °C at SAV-Dry to 32 °C at SAV-
Ade). Dry-season T, was usually lower than wet-season T, and the difference ranged from
3 °C (SAV-DaS, SAV-How, and SAV-Lit) to 5 °C (SAV-Dry), though SAV-Ade departed
from this pattern with dry-season T, 1 °C higher than wet-season T,y (Figure 4 a-¢).

Seasonal T, was always within the seasonal range in mean daytime maximum Ta
and mean daytime minimum Ta at the savanna sites. During the wet season T, was
consistently higher than both the annual MDTa (+1.4 °C at SAV-Dry to +3.1 °C at SAV-
How) and the seasonal MDTa (+0.1 °C at SAV-Dry to +2.6 °C at SAV-How). In contrast,
dry-season, Toprexceeded the annual MDTa at only one site (SAV-Ade; +2.6 °C) and fell
either below(=1:1:°C at SAV-DaS; -4.6 °C at SAV-Dry) or within 1 °C of the annual MDTa
(+0.1 °C at SAV=How; -0.2 °C at SAV-Lit) at the remaining sites. Dry season T, also
exceeded dry=season MDTa at SAV-Ade (+3.0 °C), was below dry-season MDTa at SAV-
Dry (-4.6 °C),"and was within 1 °C at the remaining sites (-0.2 at SAV-DaS; +0.4 at SAV-Lit;
+ 0.7 at SAV-How).

The GPP-Ta relationship among ecoregions
The shape of the GPP-Ta relationship was largely determined by the ecosystem GPP

and Ta ranges. When the GPP-Ta curves were plotted together there was strong ecoregion
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grouping (Figure 5a) according to similar GPP and Ta ranges. Normalising the Ta range
revealed the effect of GPP upon the shape of the curve (Figure 5b). Temperate and tropical
forests grouped together with GPP at T, exceeding 24 p mol CO, m s! followed by
temperate woodlands (GPP at T, 15 to 18 u mol CO, m s™!), tropical savannas (dry
season; GPPat'Tg,: 9 to 16 p mol CO, m? s!') and Mediterranean woodlands (GPP at Ty 4
to 12 p mol/CO, m~2 s!). Normalising the GPP range (Figure 5c) differentiated the
Mediterranean and temperate from tropical ecosystems based on the x-axis position of the
curve vertexi(i.e. Top), which varied from 15 to 32 °C. Normalising the ranges of both Ta
and GPP (Figure,5d) caused even greater convergence of the curves, revealing that the key
difference inyshape among sites was the location of T, along the ecosystem Ta range. In the
majority of gcoSystems T, was positioned between 0.25 — 0.75 (i.e., in the mid-range of the

site-level daily Ta range).
Relationshipvof T, with MDTa, Fsd and VPD

There,was,a strong positive linear relationship between T, and annual MDTa across
all sites (Adjusted R’: 0.81; Slope: 1.08, Figure 6). Removing the (dry season) tropical
savanna sites'weakened the strength of this relationship (Adjusted R?: 0.66; Slope: 0.94). Top
exceeded MDTa by >1 °C at all of the temperate forests, tropical forests, temperate
woodlands,.and"one of the tropical savanna sites (SAV-Ade) varying from 1.5 °C at TMW-
Cum to 6.4 °C at TMF-Tum. T, was within 1 °C of MDTa at all of the Mediterranean
woodland sites and three of the tropical savannas (SAV-How; SAV-Lit; SAV-DaS); and at
the remaining tropical savanna MDTa exceeded T,y by 3.1 °C (Figure 6). There was a
moderately strong positive relationship between T,y and Fsd at the 50" quantile (Adjusted
R?: 0.61; Slopewl0.9) that was absent at the 90" quantile (Adjusted R?: 0.05; Slope: 4.0;
Figure SL10a).In,contrast, there were strong positive linear relationships of similar slope
between TeyandVPD at the 50" (Adjusted R?: 0.7, Slope: 0.10) and 90 (Adjusted R?: 0.74;
Slope: 0.12) quantiles (Figure SI 10b). With the exception of tropical forests, ecoregions
grouped together such that at the 90" quantile T, occurred at low VPD in temperate forests

(0.9 to 1.3.kPa) compared with high VPD in tropical savannas (2.7 to 3.8 kPa).

This article is protected by copyright. All rights reserved



428 Discussion

429 Examining the relationship between GPP and Ta is important for understanding how
430  ecosystems have adjusted to historical climates and for predicting how they might respond in
431  the future. Previous studies have demonstrated a linear relationship between growing season
432 T, and MDTa that suggests ecosystem-scale adjustment of GPP among PFT’s at the global
433  scale (Baldocchi et al., 2001, Huang ef al., 2019a) and we have shown that this relationship
434  extends to ecosystems dominated by a single PFT (broadleaf evergreen trees) across a broad
435  climatic gradient. We have also established the GPP-Ta relationship at the ecosystem scale
436  among contrastifig ecoregions, showing that the general shape of the curve (i.e., parabolic)
437  reflects the leaf=scale thermal photosynthetic response, with strong similarities in the shape of
438  the curve when normalised across ecosystems. However, while the leaf-scale response is
439  governed by the rate of different photosynthetic processes at low and high Ta (Yamori et al.,
440  2014), the ecosystem scale GPP-Ta relationship is more likely to be constrained by co-

441  varying envirenmental factors (i.e., Fsd and VPD) at the Ta extremes. Leaf-scale functions
442  are incorporated. within many Earth System models for simulating processes at the ecosystem
443  scale or higher and for predicting how ecosystems may respond to future climates (Rogers et
444  al.,2017). Theresults of our study may serve to constrain simulated ecosystem-scale GPP-
445  Taresponses,and be used to predict the GPP-Ta relationship from relatively few ecosystem

446  variables.
447  The GPP-Ta relationship is similar within ecoregions

448 Our boundary-line analysis revealed similar patterns in the shape of the GPP-Ta

449  relationship'within ecoregions. Consistent with our first hypothesis, the GPP-Ta relationship
450  was a convex'parabola with a discernible T, in all ecosystems that was similar in form to the
451  leaf-levelAge=Tarresponse. Consistent with our second hypotheses, while the steepness and
452 width of the'curve and the location of T,y varied among sites they were broadly similar

453  within ecoregionsy Curves were flatter with a lesser curvature and lower peak of GPP in

454  warm/dry ecosystems with an open forest structure (woodlands and savannas) compared to
455  wetter ecoSystems with a more closed forest structure (temperate and tropical forests) where
456  curves were steeper with a greater curvature and higher peak of GPP. While GPP in wooded
457  ecosystems depends upon many factors other than Ta such as Fsd (Hinko-Najera et al., 2017,
458  Moore et al., 2018), VPD (Griebel et al., 2020, Renchon et al., 2018), soil moisture (Moore
459 et al., 2018), rainfall pulses (Bartsch et al., 2020), abiotic emissions (Bartsch et al., 2020),
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and canopy dynamics (Wu et al., 2016), our results indicate that the daytime Ta range,
MDTa, and ecosystem type partially explain the shape of the GPP-Ta curve. The daytime Ta
range sets the overall breadth of the curve (i.e., the x-axis range) such that wider curves are
associated with ecoregions that have a wide range in Ta (e.g., Mediterranean and temperate
woodlands) andmarrower curves are associated with ecoregions with a narrower range in Ta
(e.g.., tropical forests). MDTa is associated with the x-axis position of the curve vertex at
Topt (on average, Top > MDT, by ~ 2 °C) such that a lower T, is associated with ecosystems
from coolericlimates (i.e., temperate forests) and a higher T, is associated with ecosystems
from warmer.climates (i.e., tropical savannas). Ecosystem type indicates the y-axis position
of the curve'vertex at T, by influencing the maximum rate of GPP at the boundary-line such
that shallower ¢urves are associated with ecosystems with a lower maximum (i.e.,
Mediterranean woodlands and tropical savannas dry-season) and steeper curves are
associated with ecosystems with a higher maximum (i.e., tropical forests and temperate
forests). Because ecosystem type is inextricably connected with climatic conditions, it also
conveys theeffect of other growth conditions that limit GPP at its peak such as water and
energy limitations:

The shape/of the GPP-Ta curve is also affected by environmental covariates. On the
upslope of the curve before T,y it is likely that Fsd is co-limiting and that this effect occurs in
the low Ta rangefor all ecosystems in our study. Our analysis suggests that Fsd co-limitation
may be important through the length of the upslope of the GPP-Ta curve in the temperate and
tropical forests and the tropical savannas in the wet season. Potential explanations for this
include ecosystem-scale light-limitation caused by seasonal cloud-cover in tropical
ecosystems(Kanniah et al., 2010, Malhi et al., 2017), decreased light availability during
winter (i.e. during lower Ta conditions) in southern latitudes (Hatzianastassiou et al., 2005)
where temperate forests grow, and the effect of forest microclimates limiting light-
availabilityte lewer canopy leaves (De Frenne et al., 2021). However, the lack of a
relationship'between Fsd and T, (Figure SI 10a) at the 90" quantile suggests that light-
limitation doesmot drive the position of T, on the GPP-Ta curve. On the downslope of the
GPP-Ta curye; after Ty, it is likely that VPD co-limitation becomes important and that this
effect is stronger,for the Mediterranean and temperate woodlands and the tropical savannas in
the dry season. The likely explanation is a limitation to leaf-level photosynthesis driven by
stomatal closure (Farquhar & Sharkey, 1982). However, the magnitude of the VPD
influence on the GPP-Ta curve may be ecosystem dependent. Water availability has been

shown to moderate stomatal closure under high VPD at TMF-Wom (Griebel et al., 2020) and
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the strong positive linear relationship between VPD and T, (Figure SI 10b) indicates
tolerance to higher VPD in warmer ecoregions.

There is mixed agreement between the parabola-like GPP-Ta curves that we present
and previous studies, and we suggest methodology may explain contrasting results. Our
results agree most strongly with Huang e al. (2019a) who presented a narrow convex
parabolic curve for a sample ecosystem from their global study. Several of the ecosystems
presented by Smith ef al. (2020) are of an apparently similar parabolic shape, however
minimal data in the low Ta range, likely caused by averaging data at the daily timescale,
frequently omitted the upslope of the curve. Our results appear to contrast with Fei et al.
(2018) who ‘presented curves of different form for three forested ecosystems and a savanna in
Southwest China. However, they assumed a quadratic model (as opposed to our boundary
line analysis), aggregated data at the daily timescale (i.e. reducing observational Ta range),
and did not separate the savanna data seasonally (i.e. including wooded and grassy
components in a single relationship). Our results also contrast with Wu et al. (2017), yet this
most likely stems from a limited Ta range below T, in their study (i.e., they only show the
downslope ofithescurve). Finally, our results partially contradict the analysis of Dufty et al.
(2021) whose global study showed a similar parabolic shape of the GPP-Ta relationship in C3
ecosystems, yet with a common Ty, across all ecosystems of 18 °C. The Duffy et al. (2021)
study appears toeeontradict previous findings of T, increasing with Ta (Baldocchi ef al.,
2001, Huang et al., 2019a, Niu et al., 2012) and is lower than the previously established
global average T, of 23 £6 °C (Huang et al., 2019a). Approaches to examining GPP-Ta
relationships vary according to scale and data availability, and it is beyond the scope of this
study to review the relative merits. Nonetheless, with some limitations (see below) we can
recommend boundary-line analysis as a robust approach to assessing ecosystem-scale Ty, of
GPP due to its ability to derive the underlying GPP-Ta relationship and retain the full

ecosystem. Ta.range.
The GPP-Ta relationship is highly seasonal in tropical savannas

Wesobserved large seasonal differences in the shape of the GPP-Ta relationship in
tropical savannasithat likely reflect seasonal shifts in the dominant vegetation. Australian
savannas comprise an overstorey of predominantly eucalypt trees with an understorey of
annual C4 grasses that are only active during the wet season (Beringer et al., 2011). Thus,

grasses and trees contribute to wet-season GPP and only trees contribute to dry-season GPP
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(Ma et al., 2020, Moore et al., 2018, Moore et al., 2016) and the shifting GPP-Ta relationship
reflects this change. The higher peak of GPP and T, in the wet season may be attributed to
the overall increase in photosynthetic activity (i.e., combined photosynthesis of C3 trees and
C4 grasses), a higher T, of C4 photosynthesis (Yamori et al., 2014); and photosynthetic
adjustmenti(ireracclimation and adaptation) of plants to the prevailing Ta. The lower peak
of GPP during the dry season may also be caused by changes in tree phenology and
environmental conditions. For instance, canopy LAI decreases in many species during the
dry season (Moore et al., 2017, Whitley et al., 2011, Williams et al., 1997), levels of solar
radiation are.affected by both decreased cloud cover and increased atmospheric aerosols from
fire-related activity (Kanniah et al., 2010), and there are significant decreases in rainfall that
affect soil moisture. Cumulatively, these changes will contribute to the seasonal differences
in the upper boundary of the GPP-Ta relationship.

Seasonal shifts in T, in the tropical savannas are likely to reflect the T, for tree
species during the dry season and a combination of tree and grass species during the wet
season. Dry-season T, occurred close to annual MDTa, implying that perennial tree species
are adapted tosthe:average annual conditions with the exception of SAV-Ade, where the short
(< 2 yr) obsesvation period may have influenced results. Conversely, wet-season T, was
close to the wet-season mean daily maximum Ta implying that grass species are more
adapted to the higher wet-season Ta and potentially reflecting the higher T, of C4
photosynthesis (Yamori et al., 2014). Our analysis is consistent with Ma et al. (2017) who
examined a Californian oak-grass savanna, and identified that T,, of understory grasses was
~ 2 °C lower than the oak canopy and that T, occurred between MAT and average
maximum Ta. While their analysis used the net carbon flux (i.e., NEP) rather than GPP to
represent ecosystem photosynthesis and they did not separate data seasonally, our studies
both demonstrate that the GPP-Ta relationship of different PFTs growing at the same location
can differ, Ourresults are also consistent with Huang et al. (2019a) who reported a T, of
31.2 °C for SAV=How for the growing season which is within 1 °C of our wet-season T (32

°C) for this site:
GPP adjustment to Ta across ecosystems

Consistent with our third hypothesis, there was a strong linear relationship between
Tope and annual MDTa that implies the ecosystems in our study have adjusted their GPP to

the prevailing Ta regime. The slope and strength of the relationship was similar to
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relationships between monthly T,,; and mean summer Ta in North American and European
ecosystems (Baldocchi ef al., 2001, R2: 0.83; slope: 0.93), and marginally stronger than that
between the mean annual daily maximum Ta of the growing season and mean ecosystem Ty,
across a broad array of ecosystem groups globally (Huang et al., 2019a, Slope: 0.76). These
previous studies'demonstrated that GPP adjustment occurs across ecosystems comprised of
plants from/diverse PFTs and our study extends that knowledge by showing this process also
occurs across ecosystems dominated by plants from a single PFT (the majority from a single
family). While our results cannot distinguish adaptation (long-term genetic response) from
acclimation (shost-term physiological response), they add evidence that the adjustment of
GPP to Ta is\an inherent feature of ecosystems.

The majority of sites in our study (n=9) were operating at Ta >1 °C below their
thermal optima. In temperate woodlands, temperate forests, tropical forests, and tropical
savannas in the wet season the T,,; of GPP exceeded MDTa by ~1.5 °C or more. The
remaining sites were operating at Ta within 1 °C of their thermal optima, with the exception
of SAV-Dry._This has potential implications for the effect of increasing Ta on GPP under
climate changesassit implies that small increases in Ta would have a limited or small positive
effect on GPP at.the temperate woodlands, temperate forests, tropical forests and tropical
savannas'during the wet-season. However, Mediterranean woodlands and tropical savannas
during the dry.season may be more susceptible to negative impacts upon GPP,
notwithstanding the effects of CO, fertilisation (Schimel ef al., 2015), thermal acclimation of
photosynthesis (Way, 2019), and assuming that VPD-Fsd-Ta interactions remain similar
under changing climates. These results are particularly important for tropical forests because
it has been suggested that they are operating near their thermal optima (Huang et al., 2019a,
Pau et al., 2018), or already exceeding their photosynthetic Ta optima (Mau et al., 2018) and
are particularly sensitive to increasing Ta (Doughty & Goulden, 2008). In contrast to these
prior studies,the. T, of our two tropical forest sites exceeded MDTa by +2.7 °C suggesting
that GPP in'these two Australian tropical forests will be sustained despite increases in Ta
even under the:smost extreme climate change scenario (RCPS8.5, Collins et al., 2013). The
difference insour conclusion, that tropical forests are not operating near or exceeding their
Topt, may be attributed to source data from Australian tropical forests being excluded from the
global analysis (Huang et al., 2019a) and the focus of other studies on Central and South
America (Doughty & Goulden, 2008, Mau et al., 2018, Pau et al., 2018). Our study thus
highlights the importance of studying a diversity of global forests and ensuring that a
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representative sample of forests are included when projecting data across large geographic

scales.
Limitations of the study

We acknowledge several limitations in our approach to examining the GPP-Ta
relationship. First, the BLA technique revealed the GPP-Ta relationship when GPP was
unconstrained by other factors. However, terrestrial ecosystems are often limited by
available water, solar radiation (Churkina & Running, 1998, Nemani et al., 2003), nutrients
(Vitousek etal.,”2010), and the impacts of disturbance (Cooper ef al., 2017, Flower &
Gonzalez-Melery2015). If ecosystems are limited by something other than Ta, the GPP-Ta
relationship/presented here may not often be observed in nature. Furthermore, while we
expect a causal relationship between GPP and Ta, the method cannot conclusively
demonstrate causality and our study indicates that the GPP-Ta curve may have been
constrained by-Fsd and VPD on either-side of T, at some sites (Figure 3, Figure SI 6-9). It
is therefore pessible that collinearity influenced our analysis, and thus the shape of the GPP-
Ta curve, atthe"Ta extremes. In particular, we may not have fully separated the effects of Ta
on GPP fromithese of VPD because of strong covariation at the majority of sites (Table SI 4
& Table SES) and because both VPD and Ta influence the rate of leaf photosynthesis
(Ludlow & _Wilson, 1971). VPD affects stomatal conductance, which in turn regulates the
availability of CO, inside the leaf (Farquhar & Sharkey, 1982) and Ta affects the rate of
several photosynthetic processes (Sage & Kubien, 2007). Experimental manipulation of
VPD and Ta in.a tropical forest mesocosm suggests that the apparent decline in GPP above
Topt is driven by responses to VPD rather than Ta (Smith ez al., 2020). Thus, a similar
response mayshave occurred within the ecosystems in our study and there is some indication
that this was the,case in the Mediterranean woodlands we studied (Figure SI 6).

ThirdpGPP was not directly measured by the eddy covariance method (Reichstein et
al., 2005), rather it was partitioned from NEE using an algorithm that models the relationship
between night-time ER, Ta, soil temperature, soil water content, and the greenness index
(EVI) to predict daytime ER (Beringer et al., 2017, Isaac et al., 2017). Consequently,
predictions of GPP were in some cases (< 3%) made outside the measured Ta range, and
whilst we selected the GPP partitioning method that was least dependent upon Ta as an input
(i.e. ANN), our analysis of the GPP-Ta relationship was not wholly independent of the GPP

partitioning method. Fourth, the length of the data record varied among sites and our analysis
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captured the mean relationship across those periods, the curves may thus be less
representative in ecosystems with a shorter data record (e.g. SAV-Ade and TMF-Wac). The
analytic method also lacked the sensitivity to capture seasonal (except in the tropical savanna
sites), interannual, or decadal variations in the GPP-Ta relationship. Annual shifts in the Ty
of NEE have'been demonstrated (Niu et al., 2012), thus the T, we presented may not
accurately depict current T, Finally, Ta is different from both leaf (Dong et al., 2017,
Helliker & TRichter, 2008, Song et al., 2011) and canopy temperatures (Tcanopy, Pau et al.,
2018) and Tganopy can vary across vertical and horizontal profiles (Anhuf & Rollenbeck,
2001). Ta measurements in our study were taken above the canopy (Table SI 1), thus they
may not accurately represent temperatures at the leaf-level. This limitation may be more
critical at tropi¢al sites where it has been established that T,nepy €xceeds Ta and is more
tightly coupled to GPP (Pau et al., 2018) compared to temperate eucalypt sites where Tcanopy
has been shown to be within 2 °C of Ta (Woodgate et al., 2020).

Overall, our study demonstrates parabola-like GPP-Ta relationships in Australia’s
wooded ecosystems that are similar within ecoregions and that shift seasonally in tropical
savannas. Thesshape of the GPP-Ta relationship is closely linked to ecosystem type, the
annual daytime Ta range, and MDTa such that steep narrow curves with high curvature and
Topt are associated with tropical forests and relatively flat, wide curves with low curvature
and T, are assoctated with temperate woodlands. There was a strong positive linear
relationship between the T, of GPP and MDTa across these 17 wooded ecosystems that
conforms with global relationships. This provides further evidence that plant communities
have adjusted GPP to the prevailing Ta regimes at the ecosystem scale and that this process
occurs not only among ecosystem types but within those dominated by a single PFT. Our
results strongly support the presence of underlying convex GPP-Ta relationships among
ecosystems that are determined by relatively few ecosystem characteristics. Given the broad
climatic range,out study encompassed we expect this relationship to extend to other wooded
ecosystems ‘globally. We suggest future research to examine this question, as it may be
possible to predict the ecosystem-scale GPP-Ta curve from the daytime Ta range, MDTa, and
the maximumrecosystem GPP. The results of our study may thus potentially be used to
develop ecosystem-scale response functions that are needed to improve the predictability of
terrestrial earth system models. Further research should also examine how thermal
acclimation of photosynthesis affects the GPP-Ta curve as this will be critical to
understanding the response of the ecosystem-scale GPP-Ta relationship under climate

change.
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Table 1 Characteristics of the 17 OzFlux study sites ordered by increasing magnitude of annual GPP. World ecoregion reproduced from

Tables

Beringer etal, (2016), forest type and site co-ordinates obtained from TERN OzFlux (2020), and observation period is the time period used in

the study. All other values were calculated from gap-filled eddy covariance observations prior to application of filtering steps detailed in the

methods seetion. These data were first filtered to remove incomplete calendar years. Values in parenthesis indicate the standard deviation of the

mean.
World Tower name Location Forest type Dominant species Lat. Long. Observation period GPP MAT MAP
ecoregion (t C ha'lyr?) (°C) (mm)
mean (SD)
Mediterranean _, MTW- Great Western ~ Temperate Eucalyptus salmonophloia -30.19 120.65 1/01/2013 9/07/2019 3.72 (0.87) 19.5 (0.53) 337 (101)
woodlands GWW Woodlands woodland,
shrubland and
mallee
MTW-Cpr Calperum Mallee E. dumosa, E. incrassenta, E. -34.00 140.59 30/07/2010 17/1/2014 4.24 (1.82) 18.1 (0.51) 265 (108)
woodland oleosa, E. socialis
MIW-Boy  Boyagin Wandoo E. wandoo -32.48 116.94 4/12/2017 15/04/2020 8.57 (0.46) 16.3 (0.49) 388 (87)
woodland
MTW-Gin Gingin Coastal heath Banksia menziessi; B. attenuate; -31.38 115.71 13/10/2011 14/10/2016 11.83 (1.60) 18.3 (1.17) 669 (94)
banksia B. grandis
woodland
Temperate TMW-Cum  Cumberland Dry sclerophyll  E. moluccana; E. fibrosa -33.62 150.72 1/01/2014 1/01/2020 15.89 (2.46) 18.5(0.36) 855 (227)
woodlands Plain woodland
TMW-Whr  Whroo Box woodland E. macrocarpa; E. leucoxylon -36.67 145.03 1/12/2011 16/11/2019 14.28 (2.79) 15.6 (0.32) 370 (122)
Tropical SAV-Dry Dry River Open forest E. tetrodonta, E. dichromophloia,  -15.26 132.37 3/09/2008 1/08/2019 11.83 (0.86) 27.1(0.99) 724 (244)
savannas savanna C. terminalis, Sorghum intrans, S. dry 4.55(1.20) 25.3(1.2) 37 (19)
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plumosum, Themeda triandra, wet 728 (0.57) 28.7 (1.0) 687 (238)
SAV-Ade Adelaide Savanna E. tectifica -13.08 131.12 17/10/2007 23/05/2009 18.63 (3.79) 26.8 (0.2) 1857 (111)
River Planchonia careya dry 4.91(0.99) 25.9(0.3) 54 (20)
wet 13.72 (4.91) 27.6 (0.0) 1803 (131)
SAV-Lit Litchfield Tropical E. tetrodonta, E. miniate, -13.18 130.80 23/06/2015 8/08/2019 16.11 (0.95) 26.4 (0.19) 1538 (384)
savanna Erythrophleum chlorostachys dry 4.40(0.75) 25.5(0.2) 43 (4)
wet 11.71 (1.64) 27.1(0.2) 1495 (386)
SAV-DaS Daly Woodland E. tetrodonta, C. latifolia, -14.16 131.39 1/01/2008 4/02/2019 15.00 (1.79) 26.8 (0.52) 1263 (206)
Uncleared savanna Terminalia grandifolia, Sorghum dry 5.13(0.75) 25.7(0.5) 53 (34)
sp. Heteropogon triticeus wet 9.87 (1.69) 27.9 (0.5) 1210 (197)
SAV-How Howard Tropical E.miniate -12.50 131.15 1/01/2002 8/08/2019 21.74 (1.27) 26.8 (0.54) 1526 (318)
Springs savanna E.tentrodonata dry 7.44(1.13) 25.8(1.0) 58 (45)
wet 14.30 (1.74) 27.6 (0.3) 1468 (326)
World Eco Tower Location Forest type Dominant species Lat. Long. Observation period GPP MAT MAP
Region name (t C ha'lyr?) (°C) (mm)
mean (SD)
Temperate TMF-Wac Wallaby Wet sclerophyll  E.regnans -37.43 145.19 25/08/2005 31/12/200  20.25 (NA) 10.6 (NA) 1571 (1098)
forests Creek forest 6
TMF-Wrr  Warra Wet sclerophyll  E.obliqua -43.10 146.65 5/03/2013 1/1/2018 21.58 (0.97) 10.6 (0.43) 1340 (248)
forest
TMF- Wombat State  Dry sclerophyll  E.obliqua -37.42 144.09 20/01/2010 20/01/202  25.44 (2.34) 11.3 (0.34) 859 (203)
Wom Forest forest E.rubida 0
TMF-Tum Tumbarumba  Wet sclerophyll  E.delegatensis -35.66 148.15 23/02/2001 31/12/200  25.71 (3.60) 9.7 (0.65) 1081 (279)
forest 1/4/2004 1
31/12/201
3
Tropical forests ~TRF-Rob ~ Robson Creek  Complex NA -17.12 145.63 1/08/2013 26/08/201  23.24 (1.32) 19.6 (0.48) 2013 (927)
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mesophyll vine 9

forest
-Ctr Cape Complex NA -16.10 145.45 1/01/2010 2/11/2018  32.14 (2.47) 24.1(0.41) 4239 (1461)
Tribulation mesophyll vine
forest
663
664
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665  Table 2 Parameter estimates and curvature at T, for the quadratic function fitted at the 90th
666  quantile for the 17 wooded ecosystems. T,, and GPP are the x and y values of the curve
667  vertex; a, b, and ¢ are parameter estimates of the quadratic function; and k£ denotes curvature
668  calculated using equation (2). The table is sorted in order of greatest to lowest curvature (the
669  negative Sign"denotes convex curvature) with tropical savanna sites listed separately due to

670  the segregation of data into dry and wet seasons.

Tower name Topt GPP at T, a b c k

(oC) (1 mol CO, m?s™)

Tropical forests, temperate forests, Mediterranean woodlands, and temperate woodlands

TRF-Ctr 30.5 38.4 -0.192 11.706 -140.188 -0.13
TMF-Wrr 17.1 29.6 -0.090 3.062 3.438 -0.06
TRF-Rob 24.2 25.4 -0.097 4.674 -31.086 -0.06
TMF-Tum 17.9 30.6 -0.049 1.758 14.820 -0.03
TMF-Wac 14.7 23.8 -0.040 1.171 15.156 -0.03
TMF-Wom 19.5 27.3 -0.039 1.539 12.200 -0.03
MTW-Gin 21.7 11.5 -0.024 1.028 0.366 -0.02
MTW-Boy 17.1 9.8 -0.020 0.685 3.982 -0.01
MTW-Cpr 21.4 7.1 -0.013 0.538 1.369 -0.01
TMW-Cum; 20.4 17.6 -0.020 0.822 9.219 -0.01
TMW-Whr 233 15.3 -0.022 0.999 3.703 -0.01
MTW-GWW 20.5 4.5 -0.006 0.232 2.119 <0.01

Tropical savannas

SAV-Ade 313 25.8 -0.252 15.766  -220.864 -0.17
SAV-How 32.4 28.2 -0.203 13.177  -185.353 -0.14
SAV-Lit 3 30.2 19.9 -0.185 11143 -148.219 -0.12
SAV-DaS 30.1 22.1 0.171 10342 -133.857 0.11
SAV-Dry 29.7 15.8 -0.081 4.794 -55.253 -0.05
SAV-How _ . 30.3 15.7 -0.053 3.203 -32.839 -0.04
SAV-Dry 24.4 10.8 -0.043 2.107 -14.846 -0.03
SAV-Lit £ 27.0 10.5 -0.049 2.636 -25.187 -0.03
SAV-Ade 322 9.4 -0.034 2.182 -25.837 -0.02
SAV-Da$S 27.0 10.8 -0.030 1.646 -11.424 -0.02

671

672
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