Research Article
11055 682/101E4 90N EORY

R

vol, 17, vo, 3723-35

Measuring natural sap production in sugar maple at daily temporal
resolution

Sap yield for maple syrup production is well studied at annual scale. However,
the phenological timings of sap production have been less explored. Our study
tested the use of rain gauges for monitoring timings and dynamics of sap pro-
duction at daily temporal resolution. The batteries of the rain gauges were
tested under controlled conditions at temperatures ranging from -20 to 5 °C
and logging intervals of 15 and 30 minutes. In 2022, eight rain gauges were in-
stalled in the field on maples located in four sites along a latitudinal gradient
in Quebec, Canada. The batteries performed well at all temperatures in both
field and controlled conditions, showing a higher state of charge at logging in-
tervals of 30 minutes with temperatures warmer than -15 °C. The dynamics of
sap exudation were correlated among and within sites, demonstrating that
trees respond to common environmental factors at regional scale. The natural
sap production was discontinuous, alternating productive and non-productive
days. Overall, 74% of the sap was exudated during 20% of the sugar season,
which matched the proportions described by the Pareto law. Such a heteroge-
neous and unbalanced distribution in sap exudation exposes small producers
to challenges for the use of equipment and makes maple syrup production sen-
sitive to climate hazards in a context of climate change.
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Introduction

Maple syrup is one of Canada’s leading
products for exportation and the Quebec
region alone has 90% of the total sap yield,
producing around 72.2 million litres in 2022,
an increase of 59.1% from 2021 (Statistics-
Canada 2022). However, sap vyield is ex-
posed to huge variations. Sap yield in 2021
dropped by 24% compared to 2020. These
interannual variations mainly come from
the particular and specific set of meteoro-
logical conditions needed to collected sap
from the sugar maple stems. Sap exuda-
tion depends on specific daily thermal
ranges, from -10 °C to 13 °C for the onset
and -6 °C to 7 °C for the end of the sap sea-
son, and drops sharply with minimum tem-
peratures < -8 °C (Rapp et al. 2019, Kuro-
kawa et al. 2022). Basically, the period time

tion, Sap Yield, Tipping Bucket

of these occurrences for these daily ranges
and the number of their occurrences de-
fine respectively, the sugar season, and its
yield. Although it is known that such a ther-
mal variation is necessary for sap exuda-
tion, there is still a lack of information on
the mechanisms occurring within the tree.
While the total sap yield is known at annual
scale (Rademacher et al. 2023, Rapp et al.
2019), the pattern of sap production at
higher temporal resolution has historically
been less explored, due to the lack of suit-
able equipment. Information on daily and
hourly production patterns could provide
new insight into the eco-physiological pro-
cesses acting at tree scale and have a great
logistic interest for producers.

The sap yield reported in official records
are obtained through annual surveys by
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consultants or from online platforms, using
input coming directly from local producers
(Duchesne et al. 2009, Caughron et al.
2021). Responses to the survey can include
information about location, number of
tapped trees and the producers, but maple
syrup production is provided exclusively in
terms of total sap yield (Duchesne et al.
2009, Caughron et al. 2021). The volume of
sap is collected in reservoirs and the sea-
sonal estimate of the total volume is calcu-
lated. Total yield is determined by the ratio
of annual production to the number of
taps (Duchesne et al. 2009).

In a pioneer study performed in 1956,
Marvin & Erickson (1956) measured the sap
volume using a tipping bucket with a bal-
ance that held 15 ml at a time when it was
completely full. When the bucket tilted to
empty, an impulse was sent to a data log-
ger, which recorded it on a graph at the
same speed as the overturning and thus
with low accuracy, due to the limitations of
the technology at that time. Despite their
work being focused on the effect of envi-
ronmental factors (i.e., temperature and its
fluctuation) on sap production, contempo-
rary equipment such as the modern rain
gauge could represent a reliable tool to
monitor sap production at tree scale, and
daily temporal resolution.

A daily or hourly temporal resolution can
be a solution to reach precise estimations
of sap production. To obtain sap volume
measurements at high temporal resolution,
automatic tools precisely recording the
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Fig. 1- Location of the four study sites in Quebec, Canada.

hourly volumetric flow should be em-
ployed. As an example of automatic tool,
the rain gauge is traditionally used to
record rainfall intensity and duration of
rain events (Stohr & Losch 2004, Wu et al.
2018). Currently, it is widely used due to
their adaptability to different data loggers,
easy manipulation and because they pro-
vide precise measurements, allowing accu-
rate records of local precipitation events to
be obtained (Sypka 2019). The data col-
lected by rain gauges can be registered at
specific intervals, such as minutes or hours.
The measurement is done with rain gauges
recording a minimum volume of 3.73 ml of
water, which can be used to precisely as-
sess rates, times and duration of a rainfall
event (Onset 2018). Tipping bucket rain
gauges could potentially represent an ef-
fective solution for monitoring sap produc-
tion at high resolution temporal scale.
There is a need to quantify sap exudation
during the sap season by means of specific
or adapted measuring tools, e.g., using the
tipping bucket rain gauge. To this end, we
investigate the ability of rain gauge to op-
erate under the harsh conditions typical of
the spring of maple, where temperatures
can drop below -20 °C, a possible primary
constraint for the use of this equipment
(Aris & Shabani 2017). The data logger con-
nected to the rain gauge is indeed sup-
ported by lithium ion (Li-ion) batteries,
whose performance and lifespan can be re-
duced by temperatures above or below a

certain recommended range (Kang & Riz-
zoni 2014). Recently, studies have focused
on the responses of a Li-ion battery to tem-
perature, as this plays a crucial role in get-
ting the batteries to run at maximum effi-
ciency (Ji & Wang 2013, Ahmed et al. 2015,
Aris & Shabani 2017). Most Li-ion batteries
perform well between 15 °C and 35 °C, near
room temperature (Khan & Swierczynski
2017). Batteries lose 1.5% to 2% of their ca-
pacity and 10% of their power capabilities
when the temperature varies by 5 °C (Feng
et al. 2018). Tipping bucket rain gauge
could also be affected by the biochemical
composition of maple sap. Recording the
volume of an aqueous solution, such as
maple sap, that contains low concentra-
tions of reducing sugars, such as glucose,
fructose, and xylose (Lagacé et al. 2015)
could be a challenge for the measurements
by potentially sticking the pivot mechanism
of the tipping buckets.

The aim of this study is to test the use of
the rain gauge as a tool for monitoring the
timings and dynamics of sap production in
sugar maple. We firstly tested the perfor-
mance of the batteries employed in the
data logger in controlled conditions under
a range of temperatures occurring during
the spring. Subsequently, we tested the
rain gauge effectiveness in measuring sap
volume in natural conditions during the
sugar season and by assessing the correla-
tion in sap production between and within
sites along a latitudinal gradient in Quebec,

Tab. 1 - Location and climate of the four study sites in Quebec. (DBH): stem diameter

at breast height.
) Elevation Annual Anpual DBH (cm)
ID Site (m a.s.l.) Teomp Rainfall Tree 1 Tree 2
(°Q) (mm)

RAP Riviére-a-Pierre 201 3.9 1325 34 34
ASJ L’ Anse-Saint-Jean 138 2.0 1221 28 33
LAT Laterriere 200 3.5 1160 37 29
PMV Monts-Valin 926 1.3 1446 22 16
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Canada. We expected that a shorter log-
ging interval or colder conditions would
drain more battery than longer intervals or
measurements realized under warmer
thermal conditions.

Materials and methods

Testing the batteries of rain gauges
under controlled conditions

Tipping bucket rain gauges (HOBO Data
Logging Rain Gauge RG3-M°®, Bourne, MA,
USA) were exposed to four constant tem-
peratures (-20, -15, -10 and +5 °C) in con-
trolled conditions (i.e., room fridge and
freezer) recorded at 15 and 30 minutes.
This range in temperature covered the
thermal conditions experienced during the
sugar season, from mid-February to the
end of April, in Quebec, Canada (Kurokawa
et al. 2022). Two rain gauges equipped with
a new lithium battery (CR-2032 Lithium 3V,
Sony, Japan) were installed at each ther-
mal condition and set up to record data at
a logging interval of 15 or 30 minutes. The
state of charge was recorded every two
days at the beginning of the experiment
and weekly when it reached a stable level.
State of charge was recorded using the
Hobo software (Hoboware software,
Bourne, MA, USA) by connecting a data
logger to a laptop through a coupler and
collecting the measurements after 10 min-
utes. The rain gauges have a time accuracy
of + 1 minute per month at 25 °C, and col-
lect data under a thermal interval ranging
between -20 °C and 70 °C with an accuracy
of + 0.54 °C from 0 °C to 50 °C. The logger
measured the state of charge with a reso-
lution ranging between 3% and 7% (Onset
2018).

Monitoring sap production in the field

Four study sites, Riviére-a-Pierre (abbrevi-
ated as RAP), L’Anse-Saint-Jean (ASJ), Lat-
erriere (LAT), and Parc National de Monts-
Valin (PMV) were selected in Quebec,
Canada, at the northern part of sugar
maple distribution in northeastern North-
America (Fig. 1). RAP (46° 91’ N, 72° 03’ W)
is located in the hardwood forest subzone
belonging to the sugar maple-basswood
domain. ASJ (48° 19’ N, 70° 22" W), LAT (48°
28" N, 71° 14’ W) and PMV (48° 61’ N, 70° 79’
W) are located in the mixed forest subzone
belonging to the balsam fir-yellow birch do-
main. PMV hosts the northernmost stand
of sugar maple in North America. The sites
cover a range in annual temperature of be-
tween 1.3 °Cand 3.9 °C(Tab. 1).

Eight rain gauges were used to assess
timings and dynamics of natural sap pro-
duction in tapped trees during spring 2022.
We selected adult sugar maples, two per
site equipped with rain gauges. We re-
corded tree characteristics as well as the
daily air temperatures occurring during the
sap season (see Tab. S1 and Fig. S1 in Sup-
plementary material). A notch was made
on the stem at 2 m from the ground using a
drill following the last tapping procedures.
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A plastic spout was inserted into the notch
and connected by tubing to the rain gauge.
The rain gauge was covered and sealed to
avoid rain, snow and debris from falling in
or otherwise obstructing the measurement
system. The data were recorded continu-
ously by the data logger throughout the
entire sugar season. The rain gauges were
installed before the sugar season (from
late February to late March) and removed
at the end of it (from early May to early
June) according to the weather conditions
of the sites (Kurokawa et al. 2022).

Data analysis and statistics

The state of charge quantified in percent-
age from o % (uncharged) to 100% (fully
charged), was fitted using a nonlinear least
squares regression to describe the varia-
tion in time during the experiment. The ex-
ponential decay model was defined as fol-
lows (eqn. 1):

y=a+b-exp(ct) (1)

where y represents the state of charge and
t the day of experiment. The three coeffi-
cients represent the lower asymptote (a),
the vertical amplitude of the curve (b) and
rate of battery decay (c). The curve fitting
was performed at each temperature and
logging interval (i.e., every 15 and 30 min-
utes) in the controlled conditions. Starting
values were specified for each parameter
and optimized using the Gauss-Newton al-
gorithm by minimizing the sum of squares
errors (Bates & Chambers 1992). Standard-
ized residuals were checked for fitting the
curve. The analysis was performed using
the function “nls” implemented in the
package “stats” in R version 4.2.1 (R Devel-
opment Core Team, Vienna, Austria).

Volumes recorded by rain gauges were
corrected using a conversion rate of 1.32 g
ml" to consider the higher density of the
sap (Duchesne et al. 2009). Indeed, each
tipping bucket records 3.73 ml and it is
equivalent to the sap volume of 2.83 ml,
representing a reduction of 24% in the mea-
surement compared to the density of wa-
ter (1 g ml™). Sap production could be moni-
tored precisely through the process of cali-
bration and conversion to the appropriate
density units.

Cumulative distribution functions were
used for assessing the temporal variations
in sap production. The cumulative percent-
age of the data organized in descending or-
der of daily sap production measurements
was calculated and plotted against the cu-
mulative percentage of elapsed days. It al-
lows a visual comparison of the amount of
sap production along the season at a daily
resolution and the frequency of productive
days. The daily sums of sap production, ex-
pressed as day of the year (DOY), were cal-
culated. Correlations using the non-para-
metric Spearman coefficient (p) were as-
sessed within site (i.e., between trees), and
between sites (i.e., between the averages
of trees from each site). Correlations
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among trees or sites were calculated for
the period of sap production. All statistics
were performed using R version 4.2.1 (R
Development Core Team, Vienna, Austria).

Results

State of charge under controlled
conditions

The experiment of state of charge in bat-
teries lasted 110 days. State of charge
showed a negative exponential shape, with
a drop occurring within the first days from
the beginning of the experiment (days 10
to 20), followed by stable values (Fig. 2).
Rain gauges showed starting state of
charge at 100%, except those exposed to
-10 °C, which started at 63%. Despite start-
ing with lower state of charge, the batter-
ies exposed to -10 °C reached the plateau
after a similar number of days than the
other batteries exposed to other tempera-
tures. Logging intervals of 30 minutes
showed the highest state of charge except
at -20 °C comparing to the logging intervals
of 15 minutes. The opposite pattern oc-
curred for the temperature of -20 °C, which
showed the lowest state of charge when
recorded each 30 minutes. In general, the
batteries exposed to warmer temperatures
had a higher state of charge. The variation
in the state of charge was similar between
the two logging intervals. Accordingly, the
two batteries exposed to the same tem-

Logging interval: 15 min

production of natural sap in sugar maple

perature reached 50% of their charge dur-
ing the same period but at different day of
experiment.

Curve fitting of the state of charge

The quality of the fitting was confirmed
by analysis of the residuals, which were
uniformly distributed for all rain gauges.
Most of the standardized residuals of these
eight models converged from -2 to 2, con-
firming the model reliability (Fig. 2). No ap-
parent trend was observed for the residu-
als, confirming that the model well repre-
sented the data. The residuals exhibited a
certain heteroscedasticity, with large resid-
uals being concentrated during the first 20
days of the experiment. Overall, the results
suggest that the model could be consid-
ered suitable for the observed changes in
time of the state of charge.

Comparing the coefficients of the
models

The nonlinear models produced coeffi-
cients varying within similar ranges (Tab.
2). The coefficient a represents the stability
(i.e., constant battery status) of the state
of charge. The 30-minute logging interval
showed higher values of state of charge
than the 15-minute logging interval, except
when exposed to a temperature of -20 °C
where the order was reversed. The lowest
value was observed at -15 °C and logging in-
terval of 15 minutes. The highest value was

Fig. 2 - Variation
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Tab. 2 - Estimated coefficients and statistics of the nonlinear models describing the
variation in the state of charge of rain gauges submitted to different temperatures
and set up at different logging intervals. Values are reported as a mean = standard

error.
Temperature Logging interval a b c
(°C) (minutes)
5 15 51.58 £+ 0.71 50.10 + 3.49 -0.28 + 0.04
5 30 55.44 + 0.42 46.18 + 1.98 -0.33 £ 0.03
-10 15 13.67 + 0.81 50.27 + 4.38 -0.47 + 0.09
-10 30 34.15+1.19 28.85 + 6.79 -1.33 £ 1.68
-15 15 16.28 + 0.88 86.59 + 4.21 -0.25 + 0.02
-15 30 35.64 + 1.54 67.26 + 8.28 -0.43 £ 0.11
-20 15 25.32 + 0.89 72.53 + 4.17 -0.24 £ 0.03
-20 30 18.95 + 0.75 81.85 £ 3.85 -0.34 £ 0.03

calculated at +5 °C and logging interval of
30 minutes. The coefficient b represents
the amplitude of the state of charge and
showed the highest values with the log-
ging interval of 30 minutes. The lowest
value of the coefficient b was observed at
-10 °C and logging interval of 30 minutes.
The highest value was detected at -15 °C
and logging interval of 15 minutes. The co-
efficient c indicated the speed to the bat-
tery drop or the rate of battery decline,
and that the battery ran out faster at -10 °C
and logging interval of 30 minutes. The

lower value was observed at -15 and -20 °C
(logging interval of 30 minutes - Tab. 2).

Rain gauges in the field

We recorded the daily volume of sap pro-
duction at the four sites between DOY 80
and 130. Sap production was discontinu-
ous, as demonstrated during the period
from DOY 104 to 112 at all sites (Fig. 3). We
observed days with high production and
days with low or no production. High pro-
ductions occurred either on single days or
during periods, as detected during DOY 88
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Day of the year (DOY)

and 96 at RAP. Low or no production was
observed between DOY 108 and 110 at all
sites.

The diameter at breast height of the trees
varied from 16 to 37 cm, with a height of
between 7.5 to 18 m. The maximum aver-
age temperatures varied between 2.8 and
3.6 °C, with the warmer site being RIV (Tab.
S1 and Fig. S1in Supplementary material).
The minimum average temperatures
ranged from 2.2 to 2.9 °C, with the lowest
minimum being recorded in ASJ (Tab. S1
and Fig. S1in Supplementary Material). The
highest correlation between trees was ob-
served at ASJ (p = 0.88, p<0.001 — Fig. 3).
One of the trees at RAP had a short season
of sap production, from DOY 80 to DOY
115, which caused a low correlation be-
tween trees (p = 0.38, p>0.05). The earliest
onsets of sap production were observed at
PMV and RAP (DOY 80). The latest onset of
sap production was detected at ASJ (DOY
95). The earliest ending of sap production
was observed at RAP (DOY 115) and the lat-
est ending at LAT (DOY 130). The total yield
varied between trees and sites. The high-
est volume in one day occurred at PMV,
with a total yield of 4.5 litres for tree 1.

In general, sap production showed a spa-
tial autocorrelation, where sites close to
each other showed higher correlations. For
example, ASJ and LAT showed a higher cor-
relation (p =0.72, p<0.001) compared to
RAP (Tab. 3). The correlation between RAP
and ASJ, and between RAP and LAT were
not significant (p ranging between 0.25 and
0.27, p>0.05). PMV was the only site show-
ing significant correlations with all studied
sites (p ranging between 0.32 and 0.44,
P<0.05).

Cumulative percentage of daily sap
production

The cumulative percentage of daily sap
production showed an exponential decline.
Such a pattern indicated that a substantial
amount of sap production occurred within
a few, very productive days. These produc-
tive days are located at the beginning of
the curves shown in Fig. 4 until the identity
line (line 1:1). Most days of the sap season
(in the middle and right part of the plots)
had low or no sap production. The patterns
are very similar between trees and sites de-
spite the differences observed in the abso-
lute amount of sap production, which indi-

Tab. 3 - Spearman’s correlation coeffi-
cients (p) and relative probabilities of
correlations in daily sap production dur-
ing spring 2022 among the four study
sites. (NS): not significant.

Site RAP ASJ LAT PMV
RAP 0.27 0.25 0.43
ASJ NS 0.72 0.32
LAT NS  p<0.001 - 0.44
PMV  p<0.01 p<0.05 p<0.01

iForest 17: 323-330
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cates a common trend within and across
regions. For example, the trees at RAP
showed a different pattern of volume and
period of sap production compared to
other sites (Fig. 3). Yet, the cumulative per-
centages were very similar to the other
sites and trees (Fig. 4).

The duration of sap production varied
from 35 to 50 days. An average of 74%
(from 62.2% to 84.6%) of the total sap pro-
duction was exuded on eight very produc-
tive days (7 to 10 days), which correspond-
ed to 20.1% (19.4% to 20.9%) of the sugar
season. Most of the days (14 to 35 days)
had low sap production, below 1 litre. No
sap production was observed during 6 to
14 days, which corresponded to 23.7 % (16.6
to 40%) of the sugar season.

iForest 17: 323-330
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Discussion

Our study utilized rain gauges to monitor
sap production in maple at a daily temporal
resolution. To confirm the use of rain
gauges as an adequate tool to measure sap
production, we conducted tests under con-
trolled conditions and in the field. The rain
gauges demonstrated the ability to record
data across a wide range of temperatures
in the field and continued to log data for
over three months under controlled condi-
tions, what is largely exceeding the dura-
tion of the sugar season. Our results de-
monstrated that the rain gauges can re-
main active at temperatures of -20 °C de-
spite sap exudation will not occur at that
low temperature. Field measurements al-
lowed the phenological timings of produc-
tion to be compared among and within
sites. Our findings showed the particular
dynamics of sap exudation, which is con-
centrated in a few, and highly productive,
days of the sugar season.

Rain gauge as a tool for measuring sap
production

The performance of batteries is known to
decline as the temperature falls below o °C.
According to the coefficient a of our mod-
el, the batteries showed a higher stability
at temperatures > 0 °C, and a lower stabil-
ity at temperatures < -10 °C (Tab. 2). Ac-
cording to previous studies, batteries ex-
posed to -10 °C exhibit a reduction in capac-
ity by up to 95% compared to those ex-
posed to ambient temperature (i.e., 20 °C),
which can explain such low battery status
in the coefficient a values (Zhang et al.
2003). The coefficient ¢ showed a faster
battery decline. This is due to several fac-
tors, including slower chemical reactions,
reduced rates of battery transfer kinetics,
and decreased electrolyte conductivity,
which limit the diffusivity of lithium ions in
a negative electrode potential, making it
easier to oxidize (Shiao et al. 2000, Zhang
et al. 2002, Ji & Wang 2013). At -20 °C, the
extraction of energy is significantly limited
and energy and power of the cells de-
crease, resulting in lower battery-transfer
resistance (Zhang et al. 2003). These op-
posing forces can negatively impact the
performance of the battery during its oper-
ation (Ji et al. 2013, Zhang et al. 2003).

The Lithium batteries were suitable for
dataloggers running at low temperatures.
The supply voltage of Li-Battery is 3V, and
the input resistance of the datalogger is
100 kQ, as mentioned in the datasheet of
the datalogger (Onset 2018). Using Ohm’s
Law, the value of current is 3V/100 kQ =
0.03 mA, ten times less than the rated cur-
rent of the battery (0.3 mA for continuous
drain according to the datasheet of Sony
Li-Battery CR2032). Hence, a fairly low cur-
rent is drawn from the battery by the data-
logger. Even under a constant temperature
of -20 °C, the rain gauge was able to record
data for 110 days during the experiment.
Except for very low temperatures, the time
interval of 30 minutes was the best resolu-

tion to record data while maintaining a
higher state of charge. However, a resolu-
tion of 15 minutes was more effective at -20
°C to ensure a long-lasting performance of
the battery. Lithium batteries should un-
dergo pulse discharge when exposed to
extreme temperatures, which can promote
a better performance, even if lower tem-
peratures result in minimal change com-
pared to -10 °C.

Our experiment showed that the batter-
ies performed better and had a higher bat-
tery level when they were used less fre-
quently, i.e., 30 minutes (Fig. 2). Using the
battery less frequently allowed voltage to
rise and to maintain a higher battery level.
However, at -20 °C, the results were re-
versed, with the battery performance be-
ing higher when the battery was used
more often. When the temperature is be-
low 0 °C, battery discharging warms up the
cells due to an interaction between elec-
trochemical and thermal processes (Jague-
mont et al. 2014). The self-heating process
contributes to maintain the state of charge
stable over time (Jaguemont et al. 2014).
At -20 °C, a shorter logging interval, i.e., 15
minutes, warms up the battery more fre-
quently, likely contributing to maintaining
a higher state of charge than a longer log-
ging interval, i.e.,, 30 minutes. Neverthe-
less, a shorter logging interval, and conse-
quently a more frequent heating of the cell
system, can cause a quicker deterioration
of cells, reducing the battery lifespan (Mar-
tel et al. 2011, Jaguemont et al. 2014).

The high input/output impedance (a low
current flow in a circuit and potentially
high voltage) of 100 kQ of the data logger,
combined with the short duration of cur-
rent flow in a circuit of the battery, reduces
the current requirement to maintain the
battery functioning properly and signifi-
cantly prolongs the battery life. In fact, our
setup was able to use a CR-2032 3V lithium
battery for the entire period of the experi-
ment, exceeding the sap production sea-
son, which on average lasts 8 to 10 weeks
(Kurokawa et al. 2022). As aresult, the data
logger can easily operate with the CR-2032
3V lithium battery for the entire sap pro-
duction season without the need for bat-
tery replacements.

Overall, our experiment in controlled con-
ditions demonstrates the rain gauge’s abil-
ity to function under extreme tempera-
tures for the whole sap season, making it a
reliable tool for recording sap production
in maple trees at high temporal resolution.

Dynamics of sap exudation and sap
yield

The rain gauges were used in the field to
assess sap exudation at high temporal res-
olution and validate the performance un-
der natural conditions. The tool enabled ac-
curate measurements and comparisons of
sap production throughout the entire
sugar season. The phenological timings
during the sap season (i.e., the sap flow in
late winter and early spring when tempera-
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tures fluctuate) were correlated between
the study sites, which could be attributed
to the similar climatic conditions that the
maple population experienced across sites.
Indeed, the period of syrup production as
well as the annual yield are known to be
strongly climate-driven (Rapp et al. 2019).
In our study, we observed that the south-
ernmost and warmest site (RAP) concen-
trated most sap production at the end of
March (DOY 88) and beginning of April
(DOY 98). The other sites, ASJ, LAT and
PMV, showed the highest sap volume oc-
curring in mid-April (DOY 108-112). This dif-
ference in timing between sites could be
explained by the earlier warming occurring
at the southern site (RAP), which experi-
enced the ideal conditions for growth reac-
tivation earlier than the northern sites,
leading to an earlier onset of the sugar sea-
son. The later onset of sap production was
observed at ASJ, possibly because of its
cooler temperature compared to the other
sites. Thermal thresholds, above and below
0 °C play a critical role in triggering sap exu-
dation, and the specific conditions required
to initiate the sugar season are well docu-
mented (Skinner et al. 2010, Rapp et al.
2019). In North America, this season typi-
cally occurs within a specific timeframe in
late winter and early spring (Houle et al.
2015). The northern sites, located in the
same climatic zone and experiencing simi-
lar weather, showed similar timings of sap
exudation, with trees within the same site
exhibiting comparable onset, ending and
duration of the sugar season (Kurokawa et
al. 2022). This result suggests that mea-
surements collected in a few individuals
could be sufficient to obtain a precise pic-
ture of the sugar season at site and re-
gional scale. However, further investiga-
tions with a larger sample size are recom-
mended to assess more accurately and ex-
tensively the variability in phenological tim-
ings among trees. The results suggest the
need to evaluate carefully the minimum
sample size for estimating the sap yield for
the future experiments. Moreover, given
the disparities in density between rainwa-
ter and sap, and the potential variations in
sap density throughout the season (Per-
kins et al. 2022), it is advisable to conduct
additional research to better relate sap vol-
ume to its density. Such a study would not
only fulfil the practical necessity of accu-
rately calibrating the rain gauge for fine-
scale sap exudate measurement but could
also yield insights into the underlying physi-
ological processes contributing to sap den-
sity fluctuations during the sugar season.
Our results demonstrate clearly that sap
production is discontinuous, showing ei-
ther productive or non-productive days
during the season. It is known that sap exu-
dation occurs when trees experience
freeze-thaw cycles, which are produced by
the freezing nighttime temperatures fol-
lowed by daytime warmings that induce al-
ternating positive and negative pressures
in the trunk and branches (Tyree 1983, Kim
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& Leech 1985, Tyree & Zimmermann 2002,
Ceseri & Stockie 2013, Graf et al. 2015). The
absence of sap production may be related
to daytime temperatures < 0 °C or by low
daily amplitudes in temperature (Wiegand
1906). While the freeze-thaw cycle plays a
major role in the sap exudation process,
other factors can account for the variation
in productivity (i.e., more or less produc-
tive days), including environmental param-
eters such as maximum temperature dur-
ing the day, water availability and solar ra-
diation (Watterston et al. 1963, Kim &
Leech 1985, Pothier 1995, Robitaille et al.
1995).

According to our results, trees from the
same site show similar phenological tim-
ings and recurrence of productive and non-
productive days, but very different daily
and seasonal volumes of sap production.
Some factors related to tree characteristics
are known to be involved in sap yield. Trees
with greater diameters (Grenier et al. 2007)
and crown size (Tucker 1990), or higher vi-
tality can have higher sap yields (Radem-
acher et al. 2023). Reproduction effort of
sugar maple has also been correlated to
syrup production (Rapp & Crone 2014).
Moreover, anatomical differences (e.g., the
proportions of rays’ cells) between trees
may also explain part of the differences in
sap yield (Gregory 1977). Still, several
sources of variability such as the tapping
procedure or tapping location along the
stem could affect the final production (Ra-
demacher et al. 2023). Additional research
is needed to better understand the dynam-
ics of sap production at higher temporal
resolutions (hourly or sub-hourly) and com-
pare sap exudation with the production us-
ing a vacuum system.

Daily distribution of sap exudation

On average, 74% of the total sap yield was
produced during 20% of the sugar season.
Such a pattern matches the proportion de-
scribed in economic studies, and referred
to as the Pareto law, or 80/20 rule (John-
son 1937). This principle, stating that 80% of
consequences come from 20% of causes, is
relevant to understand the processes in-
volved in productive systems and their op-
timisation (Cravener et al. 1993). It also ap-
plies to sap production, with noteworthy
implications for producers and their strate-
gic choices for the sugar farm. A possible
explanation for this pattern may be related
to either the weather conditions during or
preceding the harvesting season (Marvin &
Erickson 1956, Duchesne et al. 2009). A
prompt and reliable use of equipment and
human resources is vital during these few,
very productive days to ensure an optimal
sap collection (Perkins et al. 2022). Equip-
ment involves the correct functioning of
the tubing system, which should avoid
leakages, and losses of vacuum, which can
negatively influence the sap flow and con-
sequently the overall sap yield during the
most productive days (Lagacé et al. 2019).
A strategy is needed to plan for the peaks

in production under the conditions of the
80/20 rule. Producers should ensure an ad-
equate storage capacity for the large
amount of sap that can be collected during
the most productive days, and the neces-
sary human resources to handle the in-
creased volume of sap (Perkins et al. 2022).
Statistics of sap production are commonly
available at annual scale in Quebec, and
there is a need of collecting and analysing
sap production at higher resolution for ex-
ploring the eco-physiological processes in-
volved in sap exudation driven by the
weather (Ahmed et al. 2023, Rademacher
etal. 2023).

The ongoing climate change raise con-
cerns about the future of the maple syrup
industry (Galford et al. 2014, Rapp et al.
2019). Warming winter and spring tempera-
tures might anticipate the onset of sap ex-
udation, forcing producers to modify the
traditional tapping schedules (Skinner et al.
2010). Changes in the frequency of freeze
and thaw events (Rapp et al. 2019) could in
turn affect the occurrence of the most pro-
ductive days, with potential consequences
on the daily sap yield. According to our re-
sults, given that up to 84.6% of the produc-
tion is concentrated in 20% of the sugar
season, changes in weather occurring dur-
ing the most productive days and even
more so the disappearance of the weather
conditions creating the most productive
days will result in a significant alteration of
the seasonal sap yield. There is a need to
increase knowledge on the timings, fre-
quency, and intensity of weather events
under climate change scenarios to better
understand the consequences for sap pro-
duction and the future of the maple syrup
industry (Kurokawa et al. 2022, Marquis et
al. 2022). Data collected at daily temporal
resolution using rain gauges allow our un-
derstanding of the dynamics of sap exuda-
tion to be improved, thus contributing to
optimizing the production practices based
on the Pareto principle and ensure long-
term sustainability of the maple syrup in-
dustry.

Conclusions

Our study has developed and tested the
use of rain gauges for recording sap pro-
duction in maple trees at a high temporal
resolution. Our findings demonstrate that
tipping bucket rain gauges can effectively
perform under the harsh spring tempera-
tures typical of the sugar season, including
the extreme conditions of -20 °C. It has
shown the ability to log data for extended
periods, exceeding the typical duration of
the sugar season. The results have demon-
strated daily synchronisms in sap exuda-
tion among and within sites, showing the
typical pattern described by the Pareto
principle. The sugar season was discontinu-
ous in all sites and exhibited both produc-
tive and non-productive days with most of
the production being concentrated in 7-10
days. The synchronism in phenological tim-
ings among trees presents better than the
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different daily and seasonal volumes in sap
yield.

Our results demonstrated that rain
gauges are a reliable tool for monitoring
sap exudation with high temporal resolu-
tion, offering a new method to deepen our
quantitative understanding of the factors
driving the sugar season and sap produc-
tion. By associating the dynamics of sap
production with weather data, new in-
sights into the eco-physiological processes
involved in sap exudation could be pro-
vided. These insights can directly impact
the maple syrup industry by enabling pro-
ducers to manage resources more effi-
ciently and plan the collection of sap in or-
der to better profit from the peak of pro-
duction.
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