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Abstract: Native dry forest habitat is one of the most threatened and rare eco-
systems in the Hawaiian Islands. The Ka‘ūpūlehu Dry Forest Preserve, on the
west coast of Hawaiʻi Island, is one of the few remaining intact examples of this
low elevation habitat. To aid restoration efforts, flowering phenology of nine na-
tive species was estimated monthly from 2001 to 2007. Some species flowered
prolifically, others seldom. Two dioecious tree species are in the survey, one only
has female flowering trees, the second has both male and female trees. Each gen-
der is treated as a separate species, making ten study “species.” The effects of a
number of abiotic factors (precipitation, temperature, photoperiod, and insola-
tion) have on flowering are analyzed. Results indicate that flowering phenology
of eight species is highly periodic, often correlating with photoperiodism or in-
solation. Four species are classified as short-day plants, four as long-day plants,
and two as neutral-day plants. Both neutral-day species flowered continuously.
Critical day length for flowering was determined for four light-dependent flower-
ing species. The amount of precipitation prior to flowering, termed critical rain
lag, was determined for seven species. During a multiyear drought, flowering
periodicity was found not to depend on precipitation, rainfall only modified the
degree of flowering. Several species had significantly more flowering during
drought and ceased flowering during wet years. This analysis offers a unique
finding of photoperiod the dominant abiotic driver and precipitation secondary,
both combining to regulate flowering of dry forest native species.

Keywords: Ka‘ūpūlehu,Hawai‘i, phenology, dry forest,flowering, photoperiodism,
critical day length, critical rain lag, GAM

HAWAIʻI’S LOW-ELEVATION native dry for-
ests are one of the most threatened and rare
ecosystems in the Hawaiian Islands; an esti-
mate found only 2% of the precontact forest
habitat remains today (DOFAW 2019).
However, one excellent example of the habi-
tat can still be found on Hawaiʻi Island.
The Ka‘ūpūlehu Dry Forest Preserve on the

leeward coast of Hawaiʻi Island was fenced
in the 1950s to exclude ungulates. To this day,
it remains one of the best examples of native
dry forests in the archipelago. The assemblage
of species in this dry forest includes several
federally endangered species. Although the
dry forest habitat is rare, it remains the home
to over 40% of all Hawaiʻi’s native land plants,
insects, spiders, snails, birds, and Hawaiʻi’s
sole native bat (DOFAW 2019).

The introduction of the Pacific rat (Rattus
exulans) brought by the Polynesians helped ex-
pedite the decline of dry forests due to heavy
seed predation rates (Cordell and Sandquist
2008). More recent direct impacts such as
grazing, fire, and invasive species, coupled
with the loss of birds and insects that once pol-
linated, aided seed dispersal or scarified the
seeds of the dry forest species (Stiles 1978,
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Olson and James 1982, Wagner et al. 1990,
1999, Libby 2018, Lawson and Rands 2019,
Thuma et al. 2023). These species thrive at
Ka‘ūpūlehu through various agencies’ restora-
tion and protection efforts. To support these
efforts, we studied the phenology of several
dryland tree species. We investigated how
abiotic factors (light, temperature, and pre-
cipitation) affect flowering. The biological
knowledge regarding the time of flowering for
these species should help improve their resto-
ration efforts’ efficiency. Our results demon-
strating how these native species might fare
in the hotter, drier, more erratic climate pro-
jected for Hawaiʻi (EPA 2016, 2024) could be
critical for their continued survival.

Under natural conditions, many environ-
mental factors influence flowering periodicity
(Lang 1965). Primary factors are highly pre-
dictable year after year, including the annual
change in day length and the period of winter
cold (Garner and Allard 1920, Wada 2003,
Bernier and Périlleux 2005). More recently,
maximum insolation, which occurs on each
equinox near the equator, has been found to
trigger the induction of flowering of rubber
trees (Yeang 2007a,b, Calle et al. 2010).
Secondary abiotic factors are less predictable
and include ambient temperature and water
availability. Tertiary factors are unpredictable
and include mineral availability and competi-
tion for resources. Most often, secondary fac-
tors only modify the effects of the primary
factors. Plants can adapt to local conditions,
and species can alternate between primary
and secondary factors under unfavorable
conditions (Borchert 2024). Some tropical
phenological studies still seem to regard pho-
toperiodism and vernalization as unimportant
in the control of flowering in the tropics and
subtropics (Ralph and Fancy 1994, Wolf et al.
2017) despite photoperiodism having been
demonstrated to be a critical trigger in tropical
species phenology (Rivera and Borchert 2001,
Rivera et al. 2002, Borchert et al. 2005, Yeang
2007a,b, Calle et al. 2010, Hart et al. 2011,
Borchert 2024).

Meteorological factors have often been
found not to drive the observed phenology.
Still, tracking the phenology of mature, large
tropical trees can be challenging and relate

it to photoperiod and insolation levels
(Borchert 2024, Borchert et al. 2005, 2015,
Klebs 1914). The same phenological method-
ologies recommended by Borchert (2024)
were followed during the Ka‘ūpūlehu study;
however it lasted >6 years, triple the recom-
mended two-year minimum observation pe-
riod. Depending on the species, the 49–52
monthly observations permit sound statistical
conclusions correlating phenophase to abiotic
factors utilizing nonlinear statistical methods.

The study aimed to investigate the phenol-
ogy of flowering of native dry-land species and
to determine how flowering was correlated to
precipitation, light, and temperature. Field data
are collected for flowering, fruiting, and leaf
flush, and this paper only analyses flowering.
The Ka‘ūpūlehu phenology data is archived
with the USDA Forest Service and is available
for download (Cordell and Cole 2024).

MATERIALS AND METHODS

Study Site

The Ka‘ūpūlehu Dry Forest Preserve is lo-
cated on the northern flank of Hualalai
Mountain on the west coast of Hawaiʻi
Island (Figure 1). The site is just south of
the 20th parallel north, at latitude 19.77°N,

FIGURE 1. Ka‘ūpūlehu Dry Forest Preserve, Ka‘ūpūlehu,
Big Island, State of Hawai‘i.
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longitude –155.94°W. The Ka‘ūpūlehu Dry
Forest Preserve (HFIA 2017) consists of
two adjacent parcels of land owned by
Kamehameha Schools (http://www.ksbe.edu/).
The land is leased to the National Tropical
Botanical Garden and PIA Kona Limited
Partnership for stewardship. The Mamalahoa
Highway (190) bisects the site into a larger
northern parcel of 28.4 ha and a smaller south-
ern portion of 2.3 ha. The southern site was
fenced by the Territory ofHawaiʻi in 1956, and
the larger northern site was fenced in 1997.
Fencing was intended to prevent ungulates
from feeding on the species and protect the
habitat from invasive grass species. Fire breaks
along the fence lines help protect the site from
fire. The average elevation abovemean sea level
is 630 m. Soils at Ka‘ūpūlehu are 1,500–3,000
years old, extremely rocky, with a‘a lava flows
(Moore et al. 1987). Outside the Ka‘ūpūlehu
Dry Forest Preserve, the surrounding habitat
is heavily invaded by the inflammable non-
native fountain grass, Pennisetum setaceum
(Cordell and Sandquist 2008). The climate at
Ka‘ūpūlehu comprises a hot, dry summer and
a wet, stormy winter, a pattern common to lee-
ward coasts of the archipelago (Giambelluca
et al. 2013). In 1993, the North Kona Dry
Land Forest Working Group (http://www.
drylandforest.org/), with numerous partners,
including Institute of Pacific Islands Forestry
(IPIF) researchers, began restoration efforts at
Ka‘ūpūlehu. The institute initiated the present
study to aid those efforts.

Field Sampling

The flowering of nine species growing within
the Ka‘ūpūlehu Dry Forest Preserve was mon-
itored for 6.3 years, from 20 March 2001 to 6
June 2007 (Appendix 1). Approximately every
1.5 months (46 ± 0.5 days), field ecologists vis-
ited Ka‘ūpūlehu and visually estimated flower-
ing density, as a percent of the total crown, of
each study tree (Figure 2). In total, there were
between 49 and 52 estimates of flowering den-
sity for each species, with several (+4) for every
month of the year (Table 1). Canopy density
visual estimation aids were used by ecologists
to also estimate flowering density of our spe-
cies (Phytosphere 2001). The flowering of

10 trees was monitored for each species, except
for the extremely rare Nothocestrum breviflo-
rum, which had 4 individuals. To avoid pseu-
doreplication, the mean of the 10 trees
observed during each monitoring visit (obser-
vation) was calculated and used in the statistical
analysis (Steel and Torrie 1980). The same
IPIF forest ecology staff estimated flowering
for the entire study.

Species

All nine Ka‘ūpūlehu study trees (Table 1) are
endemic to Hawai‘i except for the indigenous
Psydrax odorata, which is pantropical. Two
species are brevideciduous, and the remaining
are evergreen. Three species are listed as
Endangered by the U.S. Fish and Wildlife
Service:N. breviflorum,Dracaena konaensis, and
Colubrina oppositifolia. Pouteria sandwicensis has
been petitioned for listing by the F&WService
(USFWS 2020a,b). Nothocestrum breviflorum is
known to have less than 50 individuals left in
the wild (USFWS 2020a).Diospyros sandwicen-
sis and Xylosma hawaiiensis are dioecious (male
and female flowers on separate trees) (Baker
and Cox 1984, Little and Skolmen 1989,
Wagner et al. 1990, 1999, Sakai et al. 1995).
No male X. hawaiiensis trees are in the study,
but both sexes ofD. sandwicensiswere included,
with each sex treated as a separate species,
increasing the number of “species” to 10.
The remaining two species were Santalum
paniculatum (sandalwood) andMetrosideros pol-
ymorpha var. polymorpha, the most culturally
important of all Hawaiian native species.

Abiotic Factors

The abiotic factors considered were precipita-
tion, light, and temperature. Nine variables
were developed from these abiotic factors.
Two variables considered the effects of precip-
itation, four variables considered the effects of
light, and three considered the effects of tem-
perature on flowering phenology. The IPIF
operated a weather station onsite from 1999
to 2008 (Figures 3A, 3B, and 3C; Appendices
1.1–1.10). The station collected continuous
precipitation, measured in 0.254 mm incre-
ments, and recorded air temperature every
10 min. Missing or questionable data were
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FIGURE 2. Dry land speciesmean flowering by photoperiodic response type, drought, and annual courses for photoperiod
and insolation at 19.8°N latitude. Error bars 95% SE. Ka‘ūpūlehu, Hawai‘i, 2001–2007.
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replaced with daily measurements from the
Ellison Onizuka Kona International Airport
NOAA weather station (WRCC 2012), which
is approximately 11.5 km west of Ka‘ūpūlehu
and at 17 m elevation (Figure 1). The climate
on the coast is both dryer and hotter than at
Ka‘ūpūlehu, with the airport receiving about
half Ka‘ūpūlehu’s 500 mm mean annual
precipitation.

Daily precipitation was classified into two
categories: root-available (total daily precipita-
tion >10 mm) and root-unavailable (total pre-
cipitation <10 mm). The soils at Ka‘ūpūlehu
often develop a crust in dry, hot weather, and
exhibit temporary hydrophobic characteristics
that prevent absorption until wetting occurs.
This moisture, however, tends to evaporate
from the soil surface before being absorbed.
Only the root-available precipitation was used
during the analysis. Removing root-unavail-
able precipitation reduced annual precipita-
tion by 23%.

The first variable examining rainfall (flow-
ering) must consider the lag between rainfall
and each observation. Termed RainLagdays,
the variable quantifies the weekly precipitation
amount before each observation. RainLag was
constructed by summing precipitation weekly
for a year prior to each of the 52 observations
(RainLag7, RL14, RL21, : : : , RL364). This was
a total of 2,704 rain lag variables for each

species. The second precipitation variable
analyzes the relationship between extended dry
conditions and flowering. Termed Drought-
Class, the variable compares flowering during
the multiyear drought, 2001–2003, to wetter
years, 2004–2007. The DroughtClass variable
has a binary data format consisting of two
non-integermembers.This is important as only
integers can be transformed during statistical
analysis.

Light’s influences on flowering were tested
by four variables. The light was quantified as
the daytime photoperiod in daylight hours on
each observation day (PhotoPer). The daily
photoperiod at Ka‘ūpūlehuwas calculated using
a NOAA spreadsheet (Meeus 1999, NOAA
2017). At Ka‘ūpūlehu’s latitude, 19.8°N, the
maximum daytime photoperiod occurs 10
summer days, 16–25 June,with the summer sol-
stice about the midpoint of 20 June. Daytime
photoperiod was 13.3 h, and nights were 10.7 h.
The 10 days, 16–26 December, with winter
solstice about 20 December, had the shortest
days (10.9 h) and longest nights (13.1 h). The
photoperiod difference between the solstices
was thus 2.2 h. An annual plot of photoperiod
from the spreadsheet calculator for 2004 was
used in the figures.

The second light variable investigated the
effects of insolation on flowering. Insolation
is the total solar radiation received at a specific

TABLE 1

Scientific and Hawaiian Names for Nine Dry Land Species Growing at the Ka‘ūpūlehu Dry Forest Preserve

Scientific Name (Author) Hawaiian Name No Tree No Meas Status

Colubrina oppositifolia Brongn. ex-Mann Kauila 10 52 end
Diospyros sandwicensis (A. DC.) Fosberg Lama 10 52 end
Dracaena konaensisis (H. St. John) Jankalski Hala pepe 10 52 end
Metrosideros polymorpha Gaud. var. polymorpha ‘Ōhi‘a lehua 10 50 end
Nothocestrum breviflorum A. Gray ‘Aiea 4 52 end
Pouteria sandwicensis (A. Gray) Pierre ‘Āla‘a 10 52 end
Psydrax odorata (G. Forst) A.C. Sm. & S. Darwin Alahe‘e 10 52 ind
Santalum paniculatum Hook. & Arn. ‘Iliahi 10 52 end
Xylosma hawaiiensis Seem. Maua 10 49 end

Shown are the number of trees in the study and number of measurements for each species. Codes are listed below. Ka‘ūpūlehu,
Hawai‘i, 2001–2007.
Rock (1913), Wagner et al. (1990), Sakai et al. (1995), Wagner et al. (1999), Little and Skolmen (1989), and USFWS (2020a,b).
Codes: Status: ind = indigenous, end = endemic.
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FIGURE 3. Annual precipitation (A), monthly precipitation (B), and monthly air temperature (C). Error bars 95% SE.
Ka‘ūpūlehu, Hawai‘i, 1999–2007.
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latitude (Figure 4). Maximum insolation af-
fected rubber tree flowering near the equator
and extending to latitude 22° (Yeang 2007a,b,
Calle et al. 2010). Insolation differs from pho-
toperiod in that insolation considers the reduc-
tion in available solar radiation reflected off
the top of atmosphere (ToA) and absorbed
by atmospheric aerosols, especially clouds.
Insolation is, therefore, seasonal following the
tilt of the Earth. At Ka‘ūpūlehu’s latitude
(19.77°N), the top of the atmosphere insola-
tion has its maximum (458W/m2) three weeks
prior (2 June–14 June) to the summer solstice
(NASA 2024). The lowest insolation (298
W/m2) occurs 10 days (15 December–24
December), encompassing the winter solstice.
Ka‘ūpūlehu has no second peak in maximum
insolation nearer the fall equinox, as sites
nearer the equator experience. Insolation for
2004 was used in the analysis and figures.
Solar radiation striking the ground is esti-
mated to be reduced by 57% by the atmo-
sphere (NASA 2024). Midsummer insolation
at Ka‘ūpūlehu is 18% greater than at the equa-
tor. Maximum insolation at the equator occurs
on the equinoxes and averages 5% more than
at the study site. Midwinter solar radiation
available at Ka‘ūpūlehu is 28% lower than at
the equator. Annually, Ka‘ūpūlehu receives
6% less solar radiation than the equator.

The last two class variables compared flow-
ering phenology during opposite seasons at
Ka‘ūpūlehu. The first variable, PrecipClass,

compared flowering in winter to summer or
long to short photoperiods (Borchert 2024).
These are also the traditional Hawaiian wet
and dry seasons, the timing of which was used
to separate the classes. The timing for each
class was taken from the Hawaiian moon cal-
endar, with the dry season running from 7
May to 5 November and the wet season from
6 November to 6 May (Hui Mauli Ola 2024).
The last variable, PhotoClass, compared flow-
ering fall to spring photoperiods, with the class
boundaries being the two solstices or flowering
phenology during decreasing or increasing
photoperiods (Borchert 2024).

The last three variables are based on the am-
bient temperatures recorded at Ka‘ūpūlehu.
The mean annual temperature onsite was
21.6 ± 0.04 °C during the study. The 6.3-year
maximum and minimum temperatures
recorded during the study were 31.5 °C and
10.6 °C. The three temperature variables are
minimum, maximum, and average daily tem-
perature in degrees Celsius. Codes for the var-
iables are MINTc, MAXTc, and AVETc.

Statistical Analyses

Nonlinear generalized additive modeling
(GAM) was used in the analysis of flowering
(Hastie and Tibshirani 1986, 1990, Efron and
Tibshirani 1991,Wood 2006, 2011, Uzoh and
Mori 2012, Polansky and Robbins 2013,
Wood 2023). GAM modeling can analyze

FIGURE 4. Insolation and photoperiod for 2004. Ka‘ūpūlehu, Hawai‘i, 1999–2007.
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both nonlinear and linear data, but patterns of
flowering are typically nonlinear. The inde-
pendent variables can be both data types.
GAM results are easy to interpret, have flexible
predictor functions (that often uncover hidden
data patterns), and have the regularization of
predictor functions, which helps avoid overfit-
ting. The models have no interaction term
(Larsen 2015). In contrast to generalized linear
modeling (GLM), the predictor functions
from the GAM analysis are additive and easily
interpreted. GAM models have been used to
analyze flowering responses to temperature
and precipitation (Hudson et al. 2003, 2009,
Roberts 2008, Gaira et al. 2011).

GAM analyses were performed with R
Statistical Software (R Core Team 2023),
utilizing the “mgcv” software package. Two
functions are run, “gam” and “summary”
(Appendix 2; Wood 2023). The analysis per-
forms a mixed GAM analysis with automatic
smoothness. The default GAM analysis
assumes a Gaussian or two-tailed distri-
bution. The basic GAM statistics include
standard errors, t-values or F-values, and
probability levels for each parameter. The
goodness of fit statistics are adjusted coeffi-
cient of determination (adj. R2) and unadjusted
correlation coefficient (r). The partial residual
graphs for each variable are predictive and are
the standard graphical output.

GAM Models

GAM selection was done stepwise, working
through different combinations of variables and
evaluating the contribution or removal of each
to the finalmodel (Steel andTorrie 1980). Four
models were tested during the GAM selection
process, differing only in which variables re-
ceived transformation. Transforming (ln) flow-
ering data addressed the data’s non-normality
and nonlinearity and often improved model fit.
GAM spline smoothing was done on continu-
ous variables and also often improved model fit
and simplified the predictive functions, making
their interpretation easier. PhotoPer, INSO,
and RainLag were often spline transformed.
Class variables cannot be spline transformed.
The four models tested were:

ðaÞGAM∶ flowering = continuous variables

þclass variables; ð1Þ
ðbÞGAM∶ flowering

= splineðcontinuous variablesÞ
þ class variables; ð2Þ

ðcÞGAM∶ lnðfloweringÞ
= continuous variablesþ class variables;

ð3Þ
ðdÞGAM∶ lnðfloweringÞ

= splineðcontinuous variablesÞ
þ class variables. ð4Þ

Partial residuals graphs are the observed
values plotted against the fitted values for each
predictive function, plus the residuals from the
additive GAM model. The partial residual
graphs permit visual evaluation of each varia-
ble’s effect on flowering. Each variable in
the model has an individual partial residual
graph, but the effects of each are independent
and in total can be discussed additively.
Significant levels are P ≤ .05, and the 95%
CI is indicated.

The concept of a critical day length (CDL)
important to flowering phenology was first
documented over 100 years ago (Garner and
Allard 1920, Wada 2003). The GAM analysis
identified CDLs for four species (1 SDP and
3 LDP species). CDL was estimated for the
other four species as the photoperiod when
flowering reached ≥1%. CDL was investi-
gated using the partial residual graphs.
CDL was the point where the prediction
crosses the origin. At this point, prediction
effects switch between negative and positive.
Arrows dropped to the x-axis indicate the
CDL.

A second light critical inflection point was
found when total insolation (ToA) affected
flowering phenology. Termed critical daily in-
solation (CDI) and was when the partial resid-
ual prediction crosses the origin. Insolation
was found to be very sensitive to the timing
of maximum flowering; only two species had
insolation significance, and both also had
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photoperiod significance. The critical inflec-
tion points are identified for 1 SDP and 1
LDP species. Each had daily insolation iden-
tical (±400 W/m2) but with opposite slopes
of their predictions. CDI was estimated for
the remaining six species (SDP C. oppositifo-
lia, P. odorata, X. hawaiiensis; and LDP
female D. sandwicensis (female), Dracaena
konaensisis, and P. sandwicensis) as the insola-
tion when flowering reached ≥1%. Mean in-
solation for the 4 SDP species was ≤390 ±
3.5 W/m2 and for the 4 LDP species
≥405 W/m2, mean 398 ± 8.1 W/m2. On the
GAM partial residual plots, the slope of
insolation is reversed.

The partial residual figure for the precipita-
tion also identified a third critical inflection
point, this time for rainfall. Critical rain lag
(RainLagdays = XX mm rainfall) was where the
partial residual function crossed the origin;
arrows to the x-axis indicate the amount of
rainfall. RainLag364 = 500 mm is the average
annual rainfall at Ka‘ūpūlehu.

RESULTS

Early in assessing the data, the authors could
classify all ten species as their flowering re-
sponse to photoperiod. More recently, insola-
tion has been reported to affect flowering
phenology in the tropics (Yeang 2007a,b,
Calle et al. 2010). Each species was classified
into one of three biological photosensitive
response types: long-day plants (LDP),
short-day plants (SDP), or neutral-day plants
(NDP), depending on the timing and duration
of their flowering (Garner and Allard, 1920).
The presentation of the results below is or-
dered by response type and then alphabetically
by species.

The partial residuals graphs are in
Figures 5.1–5.10, and Appendix 3 has the
model statistics. Mean flowering was calcu-
lated from data in Figures 2.1–2.10. A sum-
mary of the abiotic effects that influence
flowering is in Table 2. Please note that the
predictions of insolation on the partial resid-
uals figures have been reversed (Figures 5.2
and 5.7). The figures are labeled to show when
maximum flowering occurs.

Short-Day Plants

As is found with all SDP,C. oppositifolia’s max-
imum flowering occurs during the winter
(Figure 2.1, Table 2). Flowering appears to
be irrespective of drought, and similar flower-
ing patterns are found in dry or wet years.
A wet spring does enhance flowering. The
flowering of C. oppositifolia was 5.0 ± 0.7%
by observation (n = 52). Two abiotic factors
are significant in the GAM analysis, which
showed increased flowering with short photo-
periods (PrecipClass) and wet conditions,
RainLag (R2 = 48.1, Appendix 3). Winter is
also the Hawaiian wet season. The partial
residuals had critical rain lag (CRL42 ≥
0 mm) or any precipitation prior to the obser-
vation of increased flowering. Photoperiod
and insolation are both estimated, CDL
was <12.0 h and CDI was <390 W/m2 when
conditions favor C. oppositifolia flowering
(Figure 5.1).

Nothocestrum breviflorum’s maximum winter
flowering periodicity appeared irrespective
of drought (Figure 2.2, Table 2). Wet-year
flowering still followed the summer/winter
pattern, but there was no summer flowering
during wet years. Nothocestrum breviflorum
flowering was mean 4.1 ± 0.5% by observation
(n = 52). The GAM model showed increased
flowering with short photoperiods (PhotoPer),
low insolation (INSO), and low precipitation
or RainLag (R2 = 49.8, Appendix 3). CDL
was ≤12.2 h and CDI was ≤400 W/m2

(Figure 5.2). Nothocestrum breviflorum flowering
followed insolation patterns seen nearer the
equator, with two flowering peaks, each on an
equinox when maximum insolation occurs
(Figure 4). Critical rain lag indicated that dry
conditions (CRL189≤ 285mm) favorN. breviflo-
rum flowering (Figure 5.2).

Maximum P. odorata flowering occurred in
the fall.Winter and spring flowering was lower
and midsummer flowering was almost zero
(Figure 2.3, Table 2). Mean P. odorata flower-
ing was 2.5 ± 0.6% by observation (n = 52).
Flowering appeared to be irrespective of
drought. Both wet and dry years had similar
patterns, but wet year flowering peaked later.
The GAM model showed fall’s decreasing
photoperiods (PhotoClass) and increased
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TABLE 2

Summary of Environmental Factors That Influence the Flowering of Dry Land Species,
By Photoperiodic Response Type (PRT)

PRT/Species Primary Factor
Secondary
Factors (SF) SF Effects

Flowering
Season

SDP
C. oppositifolia PrCwinter CRL42 ≥ 0 Wet F/W/SP

≈CDL < 12.0 SU little
≈CDI < 390

N. breviflorum PP CRL189 ≤ 285 Dry F/W/SP
CDL ≤ 12.2 SU little
CDI ≤ 400 Dry W

P. odorata PCfall CRL56 ≥ 60 Wet delay F only
≈CDL < 12.0 2 mo SP/SU little
≈CDI < 390

X. hawaiiensis PCfall DCdrought Dry SU/F/W
≈CDL<12.0 SP none
≈CDI<380

LDP
D. sandwicensis (female) PP DCdrought Dry SU

CDL ≥ 12.4 CRL70 ≥ 260 Wet Wet none
≈CDI > 410

D. konaensisis PCspring CRL147 ≥ 340 Wet SP/S only
≈CDL > 12.3 Dry F/W none
≈CDI > 415

M. polymorpha PP – Wet delay 1 mo SU only
CDL ≥ 12.3 SP/S/W little
CDI ≥ 400
PCspring

PrCsummer

P. sandwicensis PP CRL217 ≤ 250 Dry SU only
CDL ≥ 12.2 W none
≈CDI > 400
PCspring

NDP
D. sandwicensis (male) – DCdrought Dry Yr dry

CRL91 ≥ 130 Wet none
S. paniculatum – DCdrought Dry Yr

MINTc Warmer Wet less

References and codes are below. Ka‘ūpūlehu, Hawai‘i, 2001–2007.
a. Photoperiodic Response Types: short-day plants (SDP), long-day plants (LDP), and neutral-day plants (NDP).
b. Factors: PhotoPeriod (PP) in hours sunlight/day; Insolation (INSO) = mean 24 hour daily solar radiation at top atmosphere inW/
m2/d (range 298–458W/m2/d); PhotoClass (PC) = spring/increasing or fall/decreasing photoperiods; PrecipClass (PrC) = summer or
winter photoperiod/seasons; DroughtClass (DC) = drought or wet years; RLAGdays = rain lag (mm); and MINTc = minimum
temperature (degrees Celsius).
c. Flowering inflection points: critical daily insolation (CDI) = daily insolation top atmosphere (W/m2/d); critical daylength (CDL) =
hours sunlight/d; and critical rainlag (CRLDAYS) = sum of precipitation over a fixed time period (mm/d). An approximate symbol (≈)
indicates that CDL and CDI are estimated.
d. Seasons: summer (SU), fall (F), winter (W), spring (SP), and year-round (Yr).
e. Insolation prediction is reversed from GAM partial residual results in Figure 4.
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FIGURE 5. Dry land flowering species generalized additive model (GAM) partial residuals. Arrows indicate flowering
critical inflection points for photoperiod, insolation, and precipitation. Solid lines are model predictions, dashed lines
95% CI. Codes are below.1 Ka‘ūpūlehu, Hawai‘i, 2001–2007.
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precipitation prior to the observation (Rain-
Lag) having a positive effect on flowering
(R2 = 15.6%, Appendix 3). Photoperiod and in-
solation are both estimated, CDLwas<12.0 h,

critical insolation was <390 W/m2, and
wet critical rain lag (RainLag56 ≥ 60 mm)
when conditions favor P. odorata flowering
(Figure 5.3).

FIGURE 5. (Continued)
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Xylosma hawaiiensis’s flowering occurred
primarily in the late summer and fall, and
spring flowering was heavily suppressed
(Figure 2.4, Table 2). Flowering periodicity
was unchanged by drought, but trees flowered
more during dry years. Xylosma hawaiiensis
average flowering was very low, 1.4 ± 0.4%
by observation (n = 49), but occasionally
reached 4–5% of the crown. The GAMmodel
shows increased flowering during drought
years (DroughtClass) and fall photoperiods,

PhotoClass (R2 = 23.6%, Appendix 3).
Photoperiod and insolation are estimated
at <12.0 h, with CDI at <380 W/m2 when
conditions favor X. hawaiiensis flowering
(Figure 5.4).

Long-Day Plants

Female D. sandwicensis is the first of the LDP
and typical of the response type, has a sum-
mer-centric flowering pattern (Figure 2.5,

FIGURE 5. (Continued).
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Table 2). Diospyros sandwicensis flowering peri-
odicity was irrespective of precipitation, but
drought year flowering was prolific and wet
year flowering completely ceased except
for some midsummer. Mean flowering was
3.2 ± 0.5% by observation (n = 52). The
GAM model indicated long photoperiods
(PhotoPer), drought (DroughtClass), and wet
RainLag’s significantly increasing flowering
(R2 = 80.3%, Appendix 3). The significance
of both wet rain lag and drought flowering ap-
pear contradictory. The significant rain lag in-
dicated heavy precipitation in the months
prior to the observation increased flowering.
This precipitation occurred once during the
study, January 2004, and is labeled “drought
broke” in Appendix 1.2. This was not seen as
a positive response to the rainfall, but the last
of the drought year had higher flowering. The
next observation, flowering, had stopped.
CDL was ≥12.4 h, daily insolation was esti-
mated as >410 W/m2, and critical rain lag
(CRL70 ≥ 260 mm), conditions that favor D.
sandwicensis flowering (Figure 5.5).

Dracaena konaensisis flowered only in the
spring and completely stopped flowering just
prior to the summer solstice, timing seen in
drought and wet years (Figure 2.6, Table 2).
Wet-year flowering was 4× greater than
drought-year flowering. Large flowering
pulses were often seen after heavy spring rains
(Appendix 1.4). However, the numerous
months with no flowering resulted in a low
mean, 1.5 ± 0.6% by observation (n = 52).
However, flowering often reached >14% of
the crown when in full bloom. The GAM
model had spring photoperiods (PhotoClass)
and wet RainLag significant (R2 = 48.9%,
Appendix 3). Photoperiod and insolation are
estimated, with the CDL being >12.3 h and
the insolation being >415 W/m2. Rain lag
(CRL147 ≥ 340) indicated wet conditions favor
D. konaensisis flowering (Figure 5.6).

Metrosideros polymorpha flowering periodic-
ity followed the LDP pattern and was identical
to the bell-shaped curves of photoperiod and
insolation (Figure 2.7, Table 2). Precipitation
appeared to not affect M. polymorpha flowering
other than drought flowering occurring a
month earlier than during wet years. Mean
flowering was 4.9 ± 0.8% by observation

(n = 50), and maximum flowering was >16%.
The GAM model for M. polymorpha has all
four light-variables significant. Long photoper-
iods (PhotoPer), high insolation (INSO), sum-
mer photoperiods (PrecipClass), and spring
photoperiods (PhotoClass) are all correlated
with flowering (R2 = 66.7%, Appendix 3).
PrecipClass is also the dry Hawaiian season.
Inflection points for CDL are from each’s
partial residual figures, CDL ≥ 12.3 h and
CDI ≥400 W/m2 when conditions favor
M. polymorpha flowering (Figure 5.7).

The P. sandwicensis LDP flowering pattern
also perfectly matched the photoperiod bell
curve (Figure 2.8, Table 2). Drought condi-
tions did not alter flowering periodicity,
but wet-year flowering was considerably less
than in drought years. Overall, P. sandwicensis
flowering was very low, only 0.6 ± 0.2% by ob-
servation (n = 52). Dry summers do, however,
often see >2.0% flowering. The GAM model
has long photoperiods (PhotoPer), increasing
spring photoperiods (PhotoClass), and dry
RainLag significant (R2 = 44.6%, Appendix 3).
CDL was ≥12.2 h, CDI was estimated at
>400 W/m2, and dry critical rain lag (CRL217
≤ 245mm) when conditions favor P. sandwicensis
flowering (Figure 5.8).

Neutral–Day Plants

Classified as NDP, neither photoperiod nor
insolation appears to affect male D. sand-
wicensis flowering, which occurred year-round
(Figure 2.9, Table 2). Precipitation also did not
affect flowering periodicity, but similar to the
female trees, there was little flowering during
wet conditions. Male flowering D. sandwicensis
trees have a mean of 3.5 ± 0.6% by observation
(n = 52). TheGAMmodel showedwetRainLag
and drought (DroughtClass) highly correlated
to flowering (R2 = 78.0%, Appendix 3). As
with the female trees, these results are contra-
dictory. The GAM model identified the wet
CRL91 ≥ 130 mmwhen precipitation increases
flowering. This amount of precipitation fell
once during the study, January 2004. Just after,
wet conditions again suppressed flowering
(Appendix 1.3). The male trees exhibited no
photoperiodic control of flowering and no
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CDL or CDI inflection points were identified
(Figure 5.9)

Santalum paniculatum flowered through-
out the year at Ka‘ūpūlehu (Figure 2.10,
Table 2) and was the most prolific flowering,
dry land species. Flowering appeared to be
irrespective of light or precipitation, and it
never appeared to cease. Mean flowering was
8.0 ± 0.5% by observation (n = 52). The
GAM model indicated that greater flower-
ing was correlated with hotter minimum
temperatures (MINTc) and dry conditions,
DroughtClass (R2 = 18.7%, Appendix 3).
Although drought flowering was significantly
more than wet year flowering, both are ex-
tremely high. Neither photoperiodic nor in-
solation control of flowering was found and
flowering never stopped during wet or dry
years, summer or winter (Figure 5.10). This
is the only species with no critical inflection
points for light or precipitation.

DISCUSSION

Primary Abiotic Factors

Early in the data analysis, graphs made it clear
that the flowering ofmost species was synchro-
nized to the photoperiodic cycle, with several
patterns identified. The first was flowering
periodicity identical to photoperiod as in M.
polymorpha. Second is flowering periodicity
opposite to photoperiod as in C. oppositifolia.
There are spring flowering-only or fall flower-
ing-only species, as in D. konaensisis and
P. odorata, respectively. Finally, some species
never stopped flowering, for example, S. pan-
iculatum and male D. sandwicensis. Once these
patterns were recognized, each was called the
classical photoperiodic type (C. oppositifolia,
N. breviflorum, P. odorata, and C. oppositifolia
SDP, female D. sandwicensis, D. konaensisis,
M. polymorpha, and P. sandwicensis LDP, and
male D. sandwicensis and S. paniculatumNDP).

The key to classifying these species into the
PRT types was having multiyear, monthly
phenological observations. Only the neutral-
day species did not have one of the significant
photoperiodic variables. The drought enabled
us to separate the effects of precipitation and
photoperiodism on flowering phenology. For
4 of the 10 species, multiyear drought only

modified the amount but not the timing or
duration of flowering. This strengthened the
evidence for precipitation as a secondary fac-
tor at the study site, with photoperiodism the
only primary abiotic factor controlling flow-
ering periodicity. Greater precipitation only
controlled the amount of flowering or, in
some cases, delayed (one to two months)
flowering.

The results found CDLs for four of eight
species (1 SDP/3 LDP). The Ka‘ūpūlehu
results showed that when all SDP trees were
considered, the mean CDL was ≤12.1 ±
0.04 h (n = 4). The SDP response group flow-
ered for 10 months (August–May). Only June
and July had no flowering. The mean CDL
was higher for LDP species, >12.3 ± 0.2 h
(n = 4). LDP species had a shorter seven-
month flowering season (March–September),
centered in the summer. The common break
between SDP and LDP plants has been
reported as ±12.0 h (e.g., Saito 1962,
Pokorny 2024). The mean day length for the
Ka‘ūpūlehu species was slightly higher, 12.2
± 0.1 h (n = 8). Estimating the day length for
mature forests is difficult, so our methodology
could be used to expand phenological studies
in other regions. The availability of photope-
riod and insolation estimates for Ka‘ūpūlehu
allowed them to be statistically tested for cor-
relation to flowering. This information has
not been available except for dark chamber
studies (Garner and Allard 1920, NASA
2024, NOAA 2017).

Secondary Abiotic Factors

The effects of secondary factors on flowering
are either long-term or short-term precipita-
tion (drought vs. wet years), short-term (rain
lag), or temperature. Precipitation was a signif-
icant driver for each secondary factor, including
temperature extremes. Six species had greater
flowering during the drought prior to 2004.
They included all three photoperiodic response
types (SDP N. breviflorum and X. hawaiiensis,
LDP female D. sandwicensis and P. sandwicensis,
and NDP male D. sandwicensis and S. panicula-
tum). Short-day (winter flowering) species
flowering in drought conditions represented a
paradox, they retained their usual photoperiod
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response and did not need more favorable con-
ditions for reproduction. Trees on Ka‘ūpūlehu
may utilize deep water sources for their metab-
olism when necessary. The many freshwater
springs along the leeward coast indicate
perched lens aquifers of available moisture for
deep-rooted species (BWS 2024). LDP species
like hot, dry conditions, so they may be more
resilient to drought. Two species flowered
more during wet years.Dracaena konaensisis and
C. oppositifolia thrived in the dry, rocky habitat,
but both waited to begin reproduction when
wetter conditions returned. The remaining
species, M. polymorpha and P. odorata, showed
only a slight (few months) delay in flowering
with increased precipitation.

Critical rain lag was the most prevalent
short-term precipitation effect, which af-
fected seven species. Five of these reacted
positively to prior wet conditions (C. oppositi-
folia,D. konaensisis P. odorata, female andmale
D. sandwicensis), and all showed more flower-
ing prior (42–147 days) to the observation.
P. odorata’s response to rains was to delay
flowering (as mentioned above). For both
D. sandwicensis genders, more flowering when
the drought broke in 2004 was the last of
dry-year flowering, or more accurately, the
last of the flowering, e.g., N. breviflorum and
P. sandwicensis both stopped flowering after
2004. Their rain lags showed dry conditions
prior (189–217 days) to flowering increased
flowering.

To summarize, six species had greater
drought-year flowering (both D. sandwicensis
genders, N. breviflorum, X. hawaiiensis, P.
sandwicensis, and S. paniculatum), two species
had more wet-year flowering (C. oppositifolia
and D. konaensisis), and two species showed
little effect of precipitation, other than a
slight delay in flowering (M. polymorpha and
P. odorata). Five are drought-adapted species
(D. sandwicensis genders, N. breviflorum, P.
sandwicensis, and X. hawaiiensis), having no
flowering in wet years. The sixth species (S.
paniculatum) flowered more prolifically dur-
ing drought years, but its wet-year flowering
was equally high. The wet-year flowering
species (D. konaensisis and C. oppositifolia) had
little drought flowering and only flowered
with wetter conditions.

Short-Day Plants

Most flowering of C. oppositifolia was in the
winter, which is a relatively short season
(October–February). NPH (2009) reports it
is blooming year-round, but sporadically, with
cultivated trees (perhaps irrigated?) in almost
continuous flower. Rock (1913) describes the
prime habitat for C. oppositifolia as the Kona
area, just south of Ka‘ūpūlehu north of Pu‘u
Wa‘awa‘a Forest Reserve (Figure 1). Trees
here were often 10 m tall and 30 cm in diame-
ter in the late 1800s and 1900s. Little and
Skolmen (1989) observed that this area was
still C. oppositifolia’s prime habitat, which
includes the protected Ka‘ūpūlehu Dry Land
Preserve and the Pu‘u Wa‘awa‘a Forest
Reserve.

Nothocestrum breviflorum flowered year-
round during dry conditions during the study.
Wet-year flowering ceased during midsum-
mer but continued the rest of the year. Rock
(1913) found N. breviflorum flowering in
January in Kaʻū (Figure 1).Nothocestrum brevi-
florum is important as a host for the endan-
gered Blackburn’s sphinx moth (Manduca
blackburni), the larvae of which only feed on the
leaves, stems, flowers, and buds of members of
the Solanaceae family. Nothocestrum breviflo-
rum is among the few suitable hosts of
Blackburn’s moth and larvae in the dry forests
(CPC 2018). Recently, however, the moth has
shifted its host to tree tobacco (Nicotiana
glauca), an invasive plant and member of the
Solanaceae family that is spreading across dry,
arid landscapes of the archipelago. Blackburn’s
sphinx moth is an important pollinator of N.
breviflorum (CPC 2018) and the moth’s rarity
probably contributes to N. breviflorum’s low
reproduction rate and endangered status.

Psydrax odorata was the only indigenous
species in the survey. Psydrax odorata major
flowering occurred in the fall (August–
January), and less flowering occurred during
the rest of the year. Drought and wet year
flowering are identical, except wet year flow-
ering is delayed (one month). Psydrax odorata
flowers sporadically and mainly in the winter
according to NPH (2009), whereas the
Pollinator Partnership (2020) lists it as
blooming year-round. The Mālama Pua
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(2020) reports blooming only in the fall and
winter.

Most flowering of X. hawaiiensis occurred in
the summer and fall (June–January). It is a
drought-loving species with little flowering dur-
ing spring’s increasing photoperiods and wetter
years. Rock (1913) observed it blooming in mid-
summer, with the timing varying according to
locality and environment. Koebele (2020) stated
that cultivated X. hawaiiensismay flower for lon-
ger than just the summer.

Long-Day Plants

Dracaena konaensisis only flowered in the
spring and had more flowers during wet years,
about three times dry year levels. Rock (1913)
described its golden flowers as appearing in the
early spring in drier regions, but under wetter
conditions, there was a delay until the summer
months. In the Hawaiʻi Volcanos National
Park (HVNP) (Figure 1), the D. konaensisis
population had 31% of the trees in flower
during late summer (Abbott and Pratt 1996).
This site receives much more precipitation
than Ka‘ūpūlehu and may be one of the wetter
localities that Rock (1913) mentioned as
having a delay until the summer. Litteeng-
Rosenberger (2005) found that D. konaensisis
flowered in late spring and that drought con-
ditions delayed flowering, the opposite of what
Rock (1913) described.

Metrosideros polymorpha in Hawai‘i grows
continuously from areas receiving annual
precipitation <500 mm to those receiving
>11,000 mm and at elevations from sea level
to >2,400 m. Old M. polymorpha can be only
a few centimeters tall in the cool, high-altitude
bogs or grow as creepers, crawling along the
boggy surface (Rock 1913, NPH 2009). In for-
est reserves on the Big Island’sHamakua coast,
M. polymorpha can attain heights of 30 m and
diameters over 1 m (Adee and Conrad 1990).
Metrosideros polymorpha var. polymorph changes
leaf morphology in response to environmental
changes and elevation. In dry, low-elevation
habitats, M. polymorpha generally has large,
glabrous leaves with lower nitrogen content
and mass per area. Varieties on wetter, high-
elevation sites tend to have smaller, pubescent
leaves with a greater nitrogen content and leaf

mass. Fine hairs on the leaf undersurfaces help
resist freezing and the leaves are generally
smaller (Berlin et al. 2000). The thick glabrous
leaves at lower elevations are leathery and help
resist drought better.

In general, pubescent leaves are an adaption
to high-elevation varieties. Several studies that
reported on var. polymorpha flowering are avail-
able from the Big Island, including sites near
Hawai‘i Volcanos National Park, Keauhou
Ranch, and Kilauea Forest Reserve and repre-
sented habitats from near sea level to the tree
line with varied precipitation regimes, dry to
wet (Ralph and Fancy 1994, Hart et al. 2011,
Wolfe et al. 2017). These studies showed
spring–summer flowering periodicity (May–
June) including at higher elevations. On the
Big Island and O’ahu from 1970 to 1971,
Porter (1973) found extended spring to winter
flowering, depending on variety and habitat
at study sites that are mostly wet (1,300–
3,000 mm) and elevations from 15 to
>2,100m.Trees at low-mid elevation sites were
the first to flower in the year (March–April).
Next and having the longest flowering period
were trees at mid-high elevations (March–
November). The low-high elevation variety
of M. polymorpha var polymorpha growing at
Ka‘ūpūlehu flowered in the summer (June–
July) but later at higher elevations (August–
September). Berlin et al. (2000) also observed
both winter and summer flowering at several
high-elevation (1,567–2,128 m) sites in the
montane cloud forests where precipitation was
>5,000 mm. Glabrous forms flowered in the
spring and summer (April–July) whereas pubes-
cent forms in the winter (November–January).
Berlin et al. (2000) commented on the paradox
of M. polymorpha flowering in the winter when
irradiance and temperaturewere at their lowest.
Our findings suggested that precipitationmight
be involved in delaying var. polymorpha peak
flowering by one-month during the spring and
summer of wetter years.However, this could be
a response to the cooling effect of precipitation
rather than increased moisture (Figure 3C).

In the southern hemisphere, temperate
zone species of New ZealandM. excelsa flower
2 weeks in the southern summer (December–
January; Bylsma et al. 2014). Flowering onset
is speculated to be initiated by decreasing fall
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day lengths and the immature buds dormant
over winter. In the spring the buds continue
their development and seed in the spring and
summer (Sreekantan et al. 2001).Metrosideros
excelsa has leaf morphology similar to several
forms of M. polymorpha but has both leaf
forms, e.g., glabrous juvenile and pubescent
mature leaves. High-altitude Hawai‘i varie-
ties exhibit one or the other, pubescent or
glabrous leaves. This suggests that since the
Hawai‘i M. polymorpha originates in the
southern hemisphere, some varieties demon-
strate ancestral responses to cold (vernaliza-
tion) and day length. Similar switches are
reported for other LDP plants (Bernier and
Périlleux 2005).

Pouteria sandwicensis was found to be lov-
ing with maximum flowering (March–
September). The NPH (2009) lists it as
summer blooming in the summer as does
(https://www.wildflower.org/plants/result.php?
id_plant=PLSA2).

Diospyros sandwicensis

Both male and female, D. sandwicensis trees
were drought-loving at Ka‘ūpūlehu, with
females classified as summer flowering LDP
plants and males as NDP. Females show flow-
ering peaks in both wet and dry years from
April to September. Males flowered year-
round during dry years, but flowering was
much reduced in wet years. Lamoureux
(1973) found peak D. sandwicensis flowering
spring and early summer in the HVNP. The
Pollinator Partnership (2020) and Mālama
Pua (2020) also listD. sandwicensis as blooming
year-round. We found that males and females
flower continuously during drought but not
during wet years.

Neutral-Day Plants

Santalum paniculatum flowered continuously
with slightly more flowering during the
drought. It is a hemiparasite on root systems
with suitable hosts including S. paniculatum are
ʻaʻaliʻi (Dodonaea viscosa), koa (Acacia koa),
koaiʻa (Acacia koaia), māmaki (Pipturus albidus)
ʻūlei (Osteomeles anthyllidifolia), koʻokoʻolau
(Bidens asymmetrica), naio (Myoporum sandwi-
cense), and four of our study species, both

D. sandwicensis genders, alaheʻe, and ʻōhiʻa
(NPH 2009). Lamoureux’s (1973) area ob-
served that it flowers year-round in the
Volcano area, with less flowering during win-
ter. NPH (2009) indicates it flowers in the
spring, summer, and fall and will not withstand
waterlogging. This matches our findings of S.
paniculatum’s aversion to precipitation. In the
HVNP, 58% of the S. paniculatum were in
flower in November/December (Abbott and
Pratt 1996). The Pollinator Partnership (2020)
lists it as blooming year-round. Mālama Pua
(2020) lists S. paniculatum as blooming only in
the summer.

There is no doubt from our results that
photoperiodism is the major driver of flower-
ing for these dry-land native species, not
precipitation. For M. polymorpha on sites re-
ceiving over 5,000 mm annual precipitation,
flowering is not concurrent with maximum
precipitation (winter) but offset to the sum-
mer when biological activity should be low-
est. It is only at higher elevations that the
periodicity of flowering changes, most likely
due to cold temperatures causing a slowing of
tree metabolism. Insolation did not appear to
be a major driver of flowering at Ka‘ūpūlehu.
Unlike nearer the equator, insolation does
not have major summer fluctuations around
the equinoxes.

The six drought-loving species may have
advantages in surviving climate change, but
only if they remain protected from invasive spe-
cies and fire. Climate change predictions for
Hawai‘i are for dryer and hotter conditions, with
reduced overland water flow (EPA 2016, 2024).
The greatest impact may be through an increase
in the frequency and intensity of the ENSO
cycle.The drought from1998 to 2003was partly
the consequence of an El Niño event.
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APPENDICES

APPENDIX 1. Chronological dry land flowering species, by and measurement. Precipitation for entire study period shown
on right y-axis. Symbols are: white diamonds =meanflowering, black vertical lines = precipitation. Error bars are 95%SE.
Ka‘ūpūlehu, Hawai‘i, 2001–2007.
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Appendix 2. GAM libraries and GAM model
code (R Core Team 2023). Ka‘ūpūlehu,
Hawai‘i, 2001–2007.

1. #Load GAM libraries:
a. library(mgcv) #mixed GAMw/Automatic

Smoothness Estimation
b. library(MASS)
c. library(splines)
d. library(openxlsx)
e. library(nlme)

2. #Variables: mean flowering as dependent
variable (2), independent biotic factors (8)
a. MFLOWER = trees$MFLOWER
b. lnMFLOWER = log(MFLOWER+1.0)
c. PHOTOPER = trees$PHOTOPER
d. INSOL = trees$INSOL
e. AVETEMPC = trees$AVETEMPC
f. MINTEMPC = trees$MINTEMPC
g. MAXTEMPC = trees$MAXTEMPC
h. RAINLAGdays = RAINLAGdays #days: 7,

14, 21 : : : 364 (52 variables)
i. PRECIPCLASS = trees$PRECIPCLASS
j. DROUGHTCLASS= trees$DROUGHT

CLASS

k. PHOTOCLASS = trees$PHOTOCLASS
3. #GAM models: model_1, or model_2 is ln
transformation of flowering
a. model_1<-gam(formula=MFLOWER~

DROUGHTCLASS + s(RAINLAG7),
na.action = na.exclude, data=trees)

b. model_2<-gam(formula=lnMFLO-
WER~DROUGHTCLASS + s(RAIN-
LAG7), na.action = na.exclude, data=
trees)

c. summary(model_1)
d. summary(model_2)

4. #Graph Residuals, change model_1 or
model_2 (title to ln_mflower):
a. pdf(“Species Name flower out.pdf”)
b. par(mfrow=c(2,3),oma=c(0,2,0,2))
c. for (i in 1:10) {
d. lot(model_x,resid=F,all.terms=TRUE,

select=i,scale=0)
e. abline(h=0,col=“black”,lwd = 1)
f. title(main = “MFLOWER”,cex.main=.7)
g. }
h. dev.off()

Appendix 3. General additive models (GAM) and statistics for dry land flowering species models.
Codes are below.1,2,3 Ka‘ūpūlehu, Hawai‘i, 2001–2007.

PRT Species Model
Model
(df)

Adj. R2

(%) r (%)
Parametric
Coefficient P

SDP
C. oppositifolia flower = PrC + RLAG42 3 48.1 50.1 Intercept 3.94e–9

PrC 7.17e–7

RLAG42 .0321
N. breviflorum ln(flower) = s(PP) + 4 49.8 52.8 Intercept <2.00e–16

s(INSOL) + s(RLAG189) s(PP) .0004
s(RLAG189) 8.43e–6

s(INSOL) .0042
P. odorata flower = PC + 3 15.6 19.8 Intercept .0005

s(RLAG56) PC .0176
s(RLAG56) .0369

(table continues)
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PRT Species Model
Model
(df)

Adj. R2

(%) r (%)
Parametric
Coefficient P

X. hawaiiensis ln(flower) = PC + DC 3 23.6 26.8 Intercept .6112
PC .0423
DC .0016

LDP
D. sandwicensis
(female)

ln(flower) = s(PP) +
s(RLAG70) + DC

4 80.3 82.9 Intercept 2.02e–7

s(PP) .0014
s(RLAG70) .0016

DC 2.22e–14

D. konaensisis ln(flower) = PC +
s(RLAG147)

3 48.9 52.3 Intercept .0340

PC .0003
s(RLAG147) .0003

M. polymorpha Flower = PC + s(PP) +
s(INSO) + PrC

5 66.7 69.8 Intercept .0078

PC 2.61e–6

s(PP) .0309
s(INSOL) .0153

PrC .0199
P. sandwicensis ln(flower) = PC +

s(PP) + s(RLAG217)
4 44.6 49.8 Intercept .7895

PC .0349
s(PP) 5.46e–6

s(RLAG217) .0006
NDP
D. sandwicensis
(male)

ln(flower) = DC +
s(RLAG91)

3 78.0 78.9 Intercept 3.73e–10

DC <2.00e–16

s(RLAG91) .0240
S. paniculatum ln(flower) = DC +

MINTC
3 18.7 21.9 Intercept .8906

MINTC .0035
DC .0379
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